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Abstract

Aims: Age-related macular degeneration (AMD), a major cause of legal blindness in the elderly, is associated
with genetic and environmental risk factors, such as cigarette smoking. Recent evidence shows that cigarette
smoke (CS) that contains high levels of potent oxidants preferably targets retinal pigment epithelium (RPE)
leading to oxidative damage and apoptosis; however, the mechanisms are poorly understood. The present study
aimed to investigate the role of endoplasmic reticulum (ER) stress and the unfolded protein response (UPR) in
CS-related RPE apoptosis. Results: ER stress and proapoptotic gene C/EBP homologous protein (CHOP) were
induced in the RPE/choroid complex from mice exposed to CS for 2 weeks and in human RPE cells treated with
hydroquinone, a potent oxidant found at high concentrations in CS. Suppressing ER stress or inhibiting CHOP
activation by pharmacological chaperones or genetic approaches attenuated hydroquinone-induced RPE cell
apoptosis. In contrast to enhanced CHOP activation, protein level of active X-box binding protein 1 (XBP1), a
major regulator of the adaptive UPR, was reduced in hydroquinone-treated cells. Conditional knockout of XBP1
gene in the RPE resulted in caspase-12 activation, increased CHOP expression, and decreased antiapoptotic gene
Bcl-2. Furthermore, XBP1-deficient RPE cells are more sensitive to oxidative damage induced by hydroquinone
or NalO3, a CS-unrelated chemical oxidant. Conversely, overexpressing XBP1 protected RPE cells and attenu-
ated oxidative stress-induced RPE apoptosis. Innovation and Conclusion: These findings provide strong evi-
dence suggesting an important role of ER stress and the UPR in CS-related oxidative injury of RPE cells. Thus,
the modulation of the UPR signaling may provide a promising target for the treatment of AMD. Antioxid. Redox
Signal. 20, 2091-2106.

Introduction

AGE-RELATED MACULAR DEGENERATION (AMD) is a lead-
ing cause of blindness among the elderly in Western
countries, and its prevalence is expected to increase signifi-
cantly in the next decade owing to the rapidly growing aging
population (1, 4). Clinically, AMD is classified into dry
(nonneovascular) and wet (neovascular) AMD. Dry AMD
affects 85%-90% of people with AMD, and a small number of
dry AMD can transform into wet AMD characterized by ab-
normal growth of new blood vessels from the choroid into

the macula. The advanced form of dry AMD, also called
geographic atrophy, and wet AMD is responsible for most
severe vision loss caused by the disease. A major pathological
hallmark of dry AMD is age-dependent degenerative damage
of the retinal pigment epithelium (RPE), a monolayer of
hexagonal epithelial cells located adjacent to and physically
interacted with retinal photoreceptors (45). Normal function
of RPE cells is required for maintaining photoreceptor cell
survival, neuroretinal hemostasis, and visual function. In
advanced dry AMD, RPE atrophy is often accompanied
by photoreceptor degeneration (45). Despite many recent
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Cigarette smoking is a major environmental risk factor
for age-related macular degeneration (AMD). Cigarette
smoke (CS) preferably damages retinal pigment epithe-
lium (RPE) cells through oxidative stress resulting in RPE
apoptosis; however, the mechanisms are poorly under-
stood. In this study, we provided the first evidence that
endoplasmic reticulum (ER) stress and the activation of the
proapoptotic unfolded protein response (UPR) are impli-
cated in RPE apoptosis induced by chemical oxidants,
CS, hydroquinone, and NalO3. In addition, hydroquinone
suppresses X-box binding protein 1 (XBP1)-mediated
adaptive UPR, which is essential for RPE cell survival
during oxidative stress. These findings strongly argue that
ER stress, and more importantly, dysregulated UPR sig-
naling, contributes to CS-related and oxidative injury of
RPE cells in relation to AMD.

advances in clinical management of wet AMD, such as pho-
todynamic and anti-VEGF therapies, interventions that pre-
vent or halt the progression of RPE degeneration and
photoreceptor loss are currently not available.

The pathogenesis of AMD is complex involving a variety
of genetic and environmental factors. Among the environ-
mental factors, cigarette smoking was identified as the
strongest and most consistent risk factor for AMD (9). Clinical
studies have revealed that people who smoke are up to four
times more likely than nonsmokers to develop AMD and
suffer vision loss (51). Chronic exposure of C57BL/6 mice
to cigarette smoke (CS) resulted in mitochondrial DNA
damage, oxidative injury, and apoptosis of RPE cells (12, 53).
Exposure to CS or hydroquinone, a potent pro-oxidant that
presents at high concentration in cigarette tar, led to disrupted
basal infolding of the RPE, sub-RPE deposits, and thickened
Bruch’s membrane (10, 12, 53). Hydroquinone also suppresses
the RPE expression of monocyte chemoattractant protein 1
resulting in reduced recruitment of scavenging macrophages
and accumulation of proinflammatory debris in the RPE (44).
These findings indicate that CS and smoke-related oxidants
induce RPE injury to some extent. However, these changes
are not sufficient to cause severe RPE degeneration and drusen
formation as seen in human AMD (10). Additional mechanisms
apart from the mild oxidative injury may be implicated in the
pathogenesis of RPE damage in this disease (10).

The endoplasmic reticulum (ER) is a central hub in the cell
responsible for the biosynthesis and post-translational modi-
fication of secretory and membrane proteins. Conditions that
lead to an imbalance between protein synthesis and protein
folding disrupt the ER homeostasis resulting in ER stress (24).
In response to the stress, cells have evolved an intricate set of
signaling pathways named the unfolded protein response
(UPR) to restore the ER homeostasis. If this process fails, ER
stress will activate the apoptotic cascades triggering cell
death (56). A variety of ER stress-related genes are involved in
ER stress-associated apoptosis (40), such as caspase-12 and
C/EBP homologous protein (CHOP). The deletion of CHOP
protects cells from ER stress-induced apoptosis in various
disease models (11, 39, 49). In contrast, loss of X-box binding
protein 1 (XBP1), a master regulator of the adaptive UPR,
exacerbates cell death (23, 47). In addition, our recent study
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has implied XBP1 in redox regulation and cell survival in the
RPE (59). Conditional knockout of XBPI gene in RPE cells
resulted in increased oxidative stress and apoptosis in the
RPE, accompanied by mild cone photoreceptor loss and defect
in retinal function (59). These findings suggest that the UPR
signaling may be implicated in RPE degeneration during
AMD. In this study, we investigated the role of ER stress and
the UPR in RPE cell injury induced by chemical oxidants,
including CS, hydroquinone, and NalO3. Our results indicate
that ER stress contributes, at least in part, to RPE apoptosis
and that XBP1-mediated adaptive UPR plays an important
role in protecting RPE cells from oxidative damage.

Results

CS causes differential changes in ER stress
and UPR genes in mouse retina and RPE

CS is a complex chemical mixture that contains high con-
centrations of oxidants and free radicals and is a potent in-
ducer of oxidative damage and apoptosis of RPE cells (3).
To determine if ER stress is involved in CS-induced oxidative
RPE injury and retinal degeneration, we examined the ex-
pression of major ER stress response genes in the retina and
RPE/choroid complex from mice exposed to CS for 2 weeks,
2 months, and 6 months. Two weeks after the exposure to
CS, the expression of CHOP, an ER stress-inducible proa-
poptotic gene, increased by fourfold in the RPE/choroid
complex, which was accompanied by enhanced splicing of
XBP1 mRNA (Fig. 1). These changes indicate an induction of
ER stress in the RPE. With prolonged exposure, CHOP ex-
pression declined to normal levels by 2 and 6 months,
whereas XBP1 splicing continued to increase at 2 months, but
declined by 6 months of CS treatment. Interestingly, while the
level of spliced XBP1 mRNA was significantly higher in
mice after 2 weeks and 2 months of CS exposure, the ex-
pression of P58ipk, a major XBP1 target gene (25), in the RPE/
choroid from the same mice was not altered. This suggests
that the function/activity of XBP1 may be suppressed in the
RPE by CS. In contrast to the upregulation of CHOP in RPE/
choroid complex, CHOP expression did not change in the
retina at any time point of CS exposure (Fig. 1). XBP1 splicing
was increased in the retina after 2 and 6 months of CS expo-
sure. Notably, increased spliced XBP1T mRNA level coincided
with enhanced pb58ipk expression, suggesting that XBP1
function in the retina is intact.

Hydroquinone induces ER stress in human RPE cells

To further confirm the presence of ER stress in CS-related
oxidative injury of RPE cells, we treated a human RPE cell line,
ARPE-19 cells, with hydroquinone, one of the potent oxidants
in CS. Apoptotic markers, mitochondrial cytochrome c release
and caspase 3 activation, were also measured in cells after the
exposure to hydroquinone for 0-6h to determine whether
oxidative stress promoted the cells to enter apoptosis. Our re-
sults show that the expression of 78 kD glucose-regulated
protein (GRP78), a major ER chaperone involved in protein
folding, was increased rapidly in hydroquinone-treated cells
(Fig. 2A, B). XBP1 splicing, a result of inositol-requiring enzyme
1o (IRE1er) activation, was induced as early as 1h and lasted at
least 6h after hydroquinone exposure (Fig. 2C). In parallel,
hydroquinone induced a time-dependent PKR-like ER kinase
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(PERK) phosphorylation (Fig. 2D), accompanied by an in-
creased phosphorylation of eukaryotic translation initiation
factor 2o (elF2x) (Fig. 2E). These changes were followed by
enhanced nuclear activating transcription factor 4 (ATF4) and
CHOP, downstream effectors of the PERK/elF2u pathway (Fig.
2F). To further determine if ER stress is implicated in apoptosis,
we assessed the levels of pro- and cleaved caspase-4, which is
an ER resident, and a counterpart of murine caspase-12 in hu-
man, only activated by ER stress leading to caspase-3 activation
and apoptosis (20). We found that caspase-4 was activated by
hydroquinone in a time-dependent manner (Fig. 2G). In line
with these results, the level of cleaved caspase-3 was increased,
reflecting the activation of caspase-3 in hydroquinone-treated
cells (Fig. 2H). As oxidative stress and mitochondrial dys-
function have been proposed to play a role in CS-induced RPE
cell damage (53), we examined cytochrome c release from mi-
tochondria. We observed that hydroquinone markedly in-
creased cytochrome c release into the cytosol (Fig. 2I), which
supports a role of mitochondria in hydroquinone-induced RPE
cell apoptosis.

Inhibition of ER stress abolishes CHOP activation
and alleviates hydroquinone-induced RPE cell apoptosis

To determine if ER stress is essential for hydroquinone-
induced RPE cell apoptosis, two structurally distinct chemical
chaperones, 4-phenyl butyric acid (PBA) (54) and taur-
oursodeoxycholate (TUDCA) (41, 55), were used to inhibit ER
stress in ARPE-19 cells. Pretreatment with PBA or TUDCA dose
dependently attenuated CHOP activation in hydroquinone-
treated cells (Fig. 3A). Hydroquinone-induced nuclear translo-
cation of CHOP was also abolished (Fig. 3B). As expected, PBA
and TUDCA markedly alleviated hydroquinone-induced apo-
ptosis and cell death (Fig. 3C-E). Furthermore, we examined
whether the protective effect of PBA and TUDCA prevents
mitochondrial dysfunction. We found that cytochrome c release
was not altered by either PBA or TUDCA (Fig. 3F). These results
suggest that ER stress is required for hydroquinone-induced

RPE apoptosis and that inhibition of ER stress by chemical
chaperones might suppress the apoptotic process downstream
of cytochrome c release.

Inhibition of CHOP activation ameliorated
hydroquinone-induced apoptosis in RPE cells

CHOP has been shown to be a major mediator of ER
stress-associated apoptosis in various cell types (40, 41, 48,
55). To elucidate the role of CHOP activation in RPE cell
apoptosis, we used adenoviruses expressing dominant
negative PERK (Ad-PERKDN) or an N-terminal deletion
mutant of growth-arrest and DNA-damage-inducible pro-
tein 34 (GADD34, Ad-GADD34AN), which targets protein
phosphatase-1 to elF2o causing its constitutively dephos-
phorylation (36). Upon PERK inhibition, elF2o phosphory-
lation was attenuated in RPE cells (Fig. 4A). Similarly,
overexpressing GADD34AN also inhibited elF2« phosphor-
ylation (Fig. 4B). As a consequence, CHOP activation, as
indicated by nuclear levels of CHOP, induced by hydro-
quinone, was almost completely abolished (Fig. 4C, D).
Consistently, hydroquinone-induced apoptosis was signifi-
cantly inhibited in Ad-PERKDN- and Ad-GADD34AN-treated
cells. Ad-PERKDN and Ad-GADD34AN alone had no effect on
cell survival or morphology (Fig. 4E, F).

XBP1 protects RPE cells
from hydroquinone-induced apoptosis

XBP1 is a central regulator of the adaptive UPR during ER
stress. We intended to address how XBP1 is implicated in RPE
cell damage induced by CS. We first examined the protein
expression of spliced XBP1 in hydroquinone-treated cells. To
our surprise, we found that despite increased splicing of XBP1
mRNA, the protein level of spliced XBP1 was drastically de-
creased in hydroquinone-treated cells (Fig. 5A). Moreover,
inhibition of protein degradation by proteasome inhibitor
MG132 did not reverse the reduction in spliced XBP1 protein
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FIG. 2. HQ induces ER stress and apoptosis in human RPE cells. ARPE-19 cells were treated with HQ (100 uM) for 0-6 h.
(A) Protein levels of GRP78 were determined by Western blot analysis. Left panel: representative blots. Right panel: densi-
tometry results of GRP78 protein levels at 2 h after HQ treatment. (B) Inmunocytochemistry of GRP78 (red) in cells treated
with HQ for 2h. DAPI was used to stain cell nuclei (blue). (a, b) control; (¢, d) HQ for 2h. b and d are merged images of
GRP78 (red) and DAPI staining (blue). Magnification: 1000 x . (C) XBP1 splicing was detected by RT-PCR (left panel) and real-
time PCR (right panels). Cells exposed to tunicamycin (50ng/ml) for 6h were used as a positive control. (D, E) Levels of
phospho-PERK (D) and phospho-elF2u (E) were determined by Western blot analysis. Lower panels: densitometry results. (F)
Expression of ATF4 and CHOP was measured by Western blot analysis using nuclear extracts. (G) Levels of pro- and cleaved
caspase 4 were assessed by Western blot analysis and quantified by densitometry. (H) Cleaved caspase 3 was determined in
whole cell lysate. (I) Cytosolic cytochrome c was detected by Western blot analysis. All data were expressed as mean+SD
from three independent experiments. *p < 0.05, **p< 0.01. ATF4, activating transcription factor 4; elF2«, eukaryotic trans-
lation initiation factor 2o; GRP78, glucose-regulated protein; HQ, hydroquinone; PERK, PKR-like ER kinase. To see this
illustration in color, the reader is referred to the web version of this article at www .liebertpub.com/ars

(Fig. 5B), which suggests that the inhibition was proteasome-  RPE cells from hydroquinone-induced apopotosis (Fig. 5E).
independent. To explore the role of XBP1 in RPE cell survival, Conversely, knockdown of XBP1 using siRNA resulted in
we overexpressed spliced XBP1 by adenovirus in ARPE-19  apoptosis in unstimulated RPE cells and further exacerbated
cells. As expected, overexpressing XBP1 inhibits elF2« phos-  hydroquinone-induced cell death (Fig. 5F, G). These results
phorylation and CHOP activation (Fig. 5C, D) and protected = suggest that XBP1 is a crucial survival factor in RPE cells.
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FIG. 3. Inhibition of ER stress and CHOP activation protects RPE cells against HQ-induced apoptosis without altering
cytochrome c release. ARPE-19 cells were pretreated with chemical chaperone PBA or TUDCA for 12h, followed by HQ
(100 uM) treatment for 6 or 24h. CHOP expression and cytosolic cytochrome C were measured at 6h (A, B, F), whereas
apoptosis and cell death were examined at 24 h (C-E) after the treatment (A). Nuclear expression of CHOP was determined
by Western blot analysis. (B) Immunocytochemistry demonstrates increased expression of CHOP (red) and nuclear trans-
location after HQ treatment, which was abolished by pretreatment with PBA and TUDCA. Blue: nuclear staining with DAPI.
Magnification: 400 x. (a, e) control; (b, f) HQ; (¢, g) HQ+PBA; (d, h) HQ+TUDCA. (C) Cell apoptosis was determined by
TUNEL assay. Red: TUNEL staining of apoptotic cells; Blue: nuclear staining with DAPI. Magnification: 400 x. (a, d) control;
(b, e) HQ; (¢, £f) HQ+TUDCA; (D) Quantification of TUNEL-positive cells. (E) Quantification of cell death using the trypan
blue method. (F) Level of cytosolic cytochrome c was detected by Western blot analysis. Data were expressed as mean+SD
from three independent experiments. **p< 0.01 versus control, *p< 0.05, “p< 0.01 versus HQ. PBA, 4-phenyl butyric acid;
TUDCA, tauroursodeoxycholate; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling. To see this illus-
tration in color, the reader is referred to the web version of this article at www liebertpub.com/ars

Loss of XBP1 sensitizes RPE cells (XBP1~/7) and littermate XBP1 flox/flox (XBP1*/*) mice. A

to hydroquinone-induced apoptosis through
regulation of CHOP and Bcl-2

To further confirm the role of endogenous XBP1 in the RPE,
primary RPE cells were isolated from RPE-XBP1 knockout

representative image of mouse RPE cells is shown in Fig. 6A.
Downregulation of XBP1 is indicated by a decreased XBP1
protein in the presence of MG132 (Fig. 6B). When compared to
XBP1*/* cells, XBP1 ™/~ cells exhibited increased caspase-12
activation and expressed lower levels of antiapoptotic gene
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Inhibition of PERK and eIF2a phosphorylation abolishes HQ-induced CHOP activation and apoptosis of RPE

cells. ARPE-19 cells were transfected with adenovirus expressing dominant negative PERK (PERKDN) or GADD34AN,
followed by HQ treatment for 6 or 24 h. Adenovirus expressing LacZ was used as control. (A, B) Levels of phospho- and total
elF20 were determined by Western blot analysis. (C, D) Nuclear CHOP levels were measured by Western blot analysis and
quantified by densitometry. (E) Apoptosis of RPE cells was examined by TUNEL assay after HQ treatment for 24 h. (F)

Representative icphase—contrast images after HQ 24 h treatment in RPE cells. Magnification: 100x. n= 3. *p< 0.05, *p < 0.01

versus control, *p < 0.05, iip< 0.01 versus HQ.

Bcl-2 (Fig. 6C, D). After hydroquinone treatment, CHOP was
significantly induced in XBP1~ /= cells at a much higher level
than in XBP1*/* cells (Fig. 6E, F). Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining showed
an increased number of apoptotic cells in XBP1~ /= RPE cells
under both untreated and hydroquinone-treated condi-
tions when compared to XBP1*/* cells (Fig. 6G, H). These
results suggest that the loss of XBP1 sensitizes RPE cells to

hydroquinone-induced apoptosis. To determine if XBP1 regu-
lates anti- and proapoptotic genes, we examined mRNA ex-
pression of CHOP and antiapoptotic gene Bcl-2 in RPE explants
from XBP1 knockout mice. We found that Bcl-2 level was si;—
nificantly lower in XBP1~/~ mouse RPE than XBP1*/*
RPE, and the difference was more remarkable after hydro-
quinone incubation (Fig. 7A). In the untreated condition,
CHOP mRNA level in XBP1~/~ mouse RPE was double that
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FIG. 5. XBP1 protects RPE cells from HQ-induced apoptosis. (A) Protein level of spliced XBP1 in ARPE-19 cells after HQ
treatment for 6h. Lower panel: densitometry of Western blots. (B) Protein level of spliced and unspliced XBP1 after HQ
treatment with or without proteasome inhibitor MG132. (C-E) ARPE-19 cells were transfected with adenovirus expressing
spliced XBP1 followed by HQ treatment. Adenovirus expressing LacZ was used as control. Level of phospho- and total elF2x
(Q) in the whole cell lysate and expression of CHOP (D) in the nucleus were detected by Western blot analysis. Apoptosis
of RPE cells was examined by TUNEL assay (E) after HQ treatment for 24h. (F, G) ARPE-19 cells were transfected with
siRNA against XBP1 or scrambled siRNA as control. Transfected cells were exposed to HQ for 24 h. Apoptosis was deter-
mined by TUNEL assay. Representative pictures of TUNEL staining were shown in (F). Red: TUNEL staining of apoptotic
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Quantification of TUNEL-positive cells was shown in (G). *p< 0.05, *p< 0.01 versus control, *p< 0.05, *p< 0.01 versus HQ.
To see this illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars
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FIG. 6. Loss of XBP1 augments HQ-induced CHOP expression and exacerbates apoptosis in primary RPE cells from
RPE-specific XBP1 KO mice. (A) Representative phase contrast image of isolated mouse RPE cells. Magnification: 100 x. (B)
Expression of spliced and unspliced XBP1 in RPE cells isolated from wild-type (XBP1+/ ") and RPE-specific XBP1 KO
(XBP1~/~) mice after treatment with proteasome inhibitor MG132. (C, D) Expression of cleaved caspase-12 and Bcl-2 in XBP1-
deficient mouse RPE cells. Results were quantified by densitometry (D). (E, F) CHOP expression was determined by Western
blot analysis in RPE cells treated with HQ (50 uM) for 8 h. (G) Apoptosis was examined by TUNEL assay in RPE cells after HQ
(50 uM) treatment for 24h. Upper panels: phase-contrast images merged with DAPI staining of nuclei (blue). Lower panels:
TUNEL staining (red) merged with DAPI (blue). Magnification: 100x. Arrow: TUNEL-positive cells. (H) Quantification of
TUNEL-positive cells. *p < 0.05, **p < 0.01 versus untreated XBP1*/* cells, *p< 0.05, *p < 0.01 versus XBP1*/* cells treated with
HQ. To see this illustration in color, the reader is referred to the web version of this article at www liebertpub.com/ars
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observed in XBP1*/" mouse RPE, which was further in-
creased after hydroquinone incubation (Fig. 7B). These re-
sults together indicate that normal function of XBP1 is
essential for protecting RPE cells from oxidative stress-
induced damage and apoptosis.

NalO3 induces RPE cell apoptosis through ER stress

To determine whether ER stress is involved in RPE cell
apoptosis induced by other oxidants, we treated ARPE-19
cells with a potent reactive oxidant, NalO3, and measured the
ER stress and apoptosis after exposure for up to 24 h. Six hours
after NalO3 treatment, ER stress markers, including PERK
and elF2o phosphorylation, XBP1 splicing, and CHOP ex-
pression, were significantly upregulated (Fig. 8A-C). No-
tably, the nuclear level of spliced XBP1 was increased in
NalO3-treated cells. Apoptosis was induced after 24h of
NalO3 treatment and was largely prevented by pretreatment
of cells with PBA or TUDCA (Fig. 8D, E). These results suggest
that NalO3 induces RPE cell apoptosis, at least partially,
through ER stress.

XBP1 knockout exacerbates NalO3-induced RPE
damage and photoreceptor degeneration in mice

To further evaluate the role of endogenous XBP1 in RPE
cells in vivo, RPE degeneration was induced with systemic
injection of NalO3 in wild-type and XBP1 knockout mice.
NalO3 selectively targets the RPE resulting in an acute injury
of RPE cells followed by a secondary apoptosis and degen-
eration of photoreceptors (22, 30). In contrast, the CS model
only demonstrates relatively mild changes of the RPE, in-
cluding oxidative damage, ultrastructural abnormalities, and
apoptosis, and these changes take at least 6 months to develop
(12, 53). Thus, we chose the NalO3 model to investigate the
role of XBP1 in oxidative damage of the RPE. Consistent with
previous reports (22, 30), in wild-type (XBP1 + / +) mice, RPE
cell apoptosis was observed by 6h after injection, peaked at
12h, and declined by 24 h after tail vein injection of NalO3
(Fig. 9A). Photoreceptor apoptosis was not observed until 24 h
after injection, peaked at 3 days, and diminished by 5 days
(Fig. 9A). Compared with XBP1*/* mice, XBP1~/~ mice had
significantly increased RPE apoptosis at 6h after injection,
which was accompanied by a higher number of apoptotic
photoreceptor cells (Fig. 9B). We next examined retinal his-
tology in NalO3-treated mice. In wild-type mice, NalO3 in-
duced a time-dependent RPE atrophy and degenerative

change of choriocapillaries, accompanied by loss of photore-
ceptor cells (reduction in outer nuclear layer [ONL] thickness),
disorganization of the inner segment/outer segment (IS/OS)
junction, and inflammatory cell infiltration (Fig. 9C). When
compared to XBP1 */* mice, XBP1~/~ mice exhibited more
severe damage in the RPE and photoreceptors, as evidenced
by much thinner RPE layer and ONL, disruption of the IS/OS
junction, and more inflammatory cells (Fig. 9D, E). These re-
sults suggest that the loss of XBP1 potentiates oxidative
damage of the RPE.

Discussion

It is well established that cigarette smoking is an important
risk factor for AMD and is highly associated with RPE injury
(33) and progressive loss of RPE in advanced dry AMD (8). CS
contains high concentrations of free radicals and a large
number of pro-oxidants, which have been shown to induce
oxidative damage in various organs and tissues (2, 3, 50). In
animals, CS induces mitochondrial DNA damage and apo-
ptosis to RPE cells (12, 53); however, the molecular mecha-
nisms underlying CS-related and oxidative RPE damage
are poorly understood. In the present study, we investigated
the implication of ER stress and the UPR in RPE apoptosis
induced by different chemical oxidants and our results sug-
gest that ER stress and dysregulated UPR induced by CS and
oxidative stress in general may play a role in RPE cell death.

CHOP, also known as growth-arrest and DNA damage-
inducible gene 153 (GADD153), is an ER stress-associated
proapoptotic gene and belongs to the C/EBP family. It is ex-
pressed at very low levels under physiological conditions
but upregulated robustly in response to perturbations that
induces severe or persistent ER stress. We observed CHOP
induction, mediated primarily by the PERK-elF20-ATF4
pathway, in RPE cells treated with hydroquinone or NalO3.
As a transcription factor, CHOP has been shown to suppress
antiapoptotic genes such as Bcl-2 and upregulates proa-
poptotic genes such as Bax (32), PUMA (13), and tribbles-
related protein 3 (TRB3) (5), contributing to ER stress-related
apoptosis. In hydroquinone-treated RPE cells, suppressing
PERK-elF2« activation by various approaches reduces levels
of CHOP and protects RPE cells from apoptosis, suggesting
a role of ER stress and CHOP in RPE apoptosis. In addition,
enhancing CHOP activity could deplete cellular glutathione
and exaggerate ROS production leading to disturbance in
cellular redox status (32). The impact of CHOP on oxidative
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stress in RPE cells is yet to be investigated. Interestingly, al-
though increased CHOP expression is often seen in conditions
with intense or prolonged ER stress, we observed a temporal
induction of CHOP in mouse RPE after short-term exposure
to CS. While the unexpected decline in CHOP expression after
2 and 6 months of CS exposure may reflect the complex in vivo
situation, we suspect that these changes could be related to a
negative feedback mechanism that tightly regulates the
CHOP expression/activity. Indeed, studies by Ohoka et al.
(38) and Jousse et al. (21) suggest that TRB3, one of the CHOP
target genes that promote apoptosis, also acts as a regulator of
CHOP reducing its expression and suppressing its transacti-
vation. Whether CHOP is regulated by such a feedback
mechanism involving TRB3 and/or other regulatory mole-
cules in RPE cells warrants future investigation.

0.1

In contrast to increasing CHOP expression, hydroquinone
reduces XBP1 protein level in RPE cells, despite inducing its
mRNA splicing. This result corroborates our in vivo finding
which suggests that XBP1 activity may be blunted in RPE/
choroid complex from mice exposed to CS. Interestingly, re-
duction in XBP1 protein was not observed in RPE cells treated
with NalO3, another potent but CS-unrelated oxidant, which
indicates a differential regulation of UPR by distinct oxidants.
Furthermore, inhibiting proteosomal activity did not rescue
the reduction in XBP1 protein by hydroquinone. This suggests
a potential effect of hydroquinone and CS on XBP1 protein
synthesis. In a previous study, Carbonnelle and associates
(6) reported that hydroquinone inhibited IL-1x and IL-1$
protein synthesis in human monocytes. Acrolein, another
major component of CS, also reduces protein synthesis in
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FIG.9. Knockout of XBP1 in the RPE exaggerates NalO3-induced RPE damage and photoreceptor degeneration in mice.
Wild-type and RPE-specific XBP1 KO mice were injected NalO3 (30 mg/kg body weight) through lateral tail vein and
sacrificed at various time points. (A) TUNEL staining of eye sections from wild-type mice at different time points after
injection. Red: TUNEL. Blue: DAPI. (B) TUNEL staining of eye sections from untreated or NalO3-treated wild-type and XBP1
KO mice at 6h after injection. Left panel: representative images. Magnification: 200x. Red: TUNEL. Blue: DAPL Arrow:
TUNEL-positive RPE cells. Right panel: quantification of TUNEL-positive RPE cells per section (average of five sections per
mouse eye) and photoreceptor cells (expressed as sum of five sections). Mean+SD, XBP1*/*: n= 5, XBP1~/~: n= 7. *p<
0.05. (C). Histology of eye sections from wild-type mice at different time points after injection. (D) Histology of eye sections
from wild-type and XBP1 KO mice 3 days after NalO3 injection. (E) Quantification of ONL thickness in wild-type and XBP1
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ONL, outer nuclear layer; IS, inner segment; OS, outer segment. To see this illustration in color, the reader is referred to the
web version of this article at www.liebertpub.com/ars
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pulmonary artery endothelial cells (42). In line with these
studies, a recent clinical research shows that the basal rate of
skeletal protein synthesis was markedly reduced in middle-
and older-aged heavy smokers compared with age-matched
individuals who had never smoked (43). Since RPE cells
synthesize and secrete many growth factors and enzymes,
which are important for visual activity and neural retinal
homeostasis, the potential effect of CS-related oxidants on
RPE protein synthesis worth further investigation (44, 57).

Our data emphasize a role of XBP1 in protecting RPE cells
against oxidative damage imposed by hydroquinone or
NalO3. XBP1 is a basic leucine zipper transcription factor
activated by IRE1 during ER stress (16). Active XBP1 induces
a large set of UPR genes, predominantly ER chaperones
such as p58ipk (16), and has been reported to exert anti-
apoptotic function in cancer cells (17) and neurons (7). How-
ever, sustained expression of XBP1 inhibits beta-cell function
and induces apoptosis in aortic endothelial cells (58). In the
present study, we investigated the role of XBP1 in oxidative
injury of RPE cells. We found that overexpressing spliced
XBP1 protected RPE cells from hydroquinone-induced apo-
ptosis, whereas the deletion of XBP1 gene led to decreased
Bcl-2 and exacerbated CHOP expression in the RPE. More-
over, mice deficient of XBP1 in RPE cells developed more
profound RPE apoptosis and photoreceptor loss in the NaIO3
model. These observations, together with previous finding
reported by Lin and colleagues that persistent ER stress sup-
presses IRE1 and ATF6 activity resulting in apoptosis (28),
provide strong evidence that integrity of the adaptive UPR is
important for RPE cell survival.

Although we have shown a role of ER stress in RPE apo-
ptosis, our findings do not rule out the role of mitochondrial
dysfunction and oxidative stress in CS-associated tissue in-
jury, which has been shown by many elegant studies (12, 53).
Similar to mitochondria, the ER is extremely sensitive to oxi-
dative stress and is a major target of endogenous ROS gen-
erated during aging (37). In aged mouse liver, several major
ER chaperones such as protein disulfide isomerase and
GRP78 were oxidatively modified, resulting in the decline in
protein folding activities and ER stress (37). It is possible that
the induction of ER stress by CS, hydroquinone, and NalO3 is
mediated by a common mechanism, namely oxidative stress.
Future studies are needed to test this hypothesis. Another
interesting finding from our study is that chemical chaperones
protect RPE cells without altering cytosolic cytochrome c
level. This may suggest that these chaperones suppress the
apoptotic process downstream of cytochrome c release. In-
deed, PBA has been shown to upregulate heat shock protein
70 (HSP70), which acts downstream of cytochrome C and
suppresses caspase-3 activation (19, 26). In addition, we ob-
served that the loss of XBP1 increased the activation of cas-
pase-12, a proapoptotic enzyme specifically activated by ER
stress but not by membrane- or mitochondrial-targeted apo-
ptotic signals (35). We also observed a time-dependent acti-
vation of caspase-4 by hydroquinone in ARPE-19 cells.
Caspase-4 is the counterpart of murine caspase-12 and func-
tions as an ER-specific caspase in humans (20). Activated
caspase-12 (caspase 4 in humans) cleaves pro-caspase-9 into
active caspase-9, which in turn activates caspase-3, leading to
apoptosis (34). Caspase-12 can also be activated by its
downstream executioner caspase-7 to form an amplification
loop in the apoptotic cascades (46). Mice lacking caspase-12
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are resistant to ER stress-induced apoptosis (35). Notably, in
caspase-12-mediated apoptosis, cytochrome c is not released
from mitochondria, which suggests that cytochrome c is
not involved in the caspase-12-dependent apoptosis (34).
Future studies that investigate the role of caspase-12 in
RPE apoptosis may help in developing new approaches that
target apoptotic cascades involving both the ER and mito-
chondria and protect the RPE in AMD.

Materials and Methods
Animals

All animal procedures were conducted according to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and approved by the Institutional Animal
Care and Use Committees at the University of Oklahoma
Health Sciences Center or by the Institutional Research Board
at the Johns Hopkins Medical Institutions. C57BL/6 (wild-
type) mice were purchased from the Jackson Laboratory.
RPE-specific XBP1 knockout mice were generated by crossing
XBP1 flox/ flox mice, which contains two loxP sites in the exon
2 of XBP1 gene, with RPE-specific cre transgenic mice, which
express Cre recombinase in the RPE (59). Littermates that
were Cre recombinase negative were used as controls in all
experiments. All mice were maintained on a 12-h light-dark
cycle and were allowed free access to standard rodent chow
and water ad libitum.

Exposure to CS

An equal number of male and female C57BL/6 mice were
used for the experiments. At 8 weeks of age, mice were placed
into a smoking chamber for 2.5h/day, 5 days/week for
2 weeks, 2 months, and 6 months. This chamber contains a
smoking machine (Model TE-10; Teague Enterprises) that
burns five cigarettes (2R4F reference cigarettes, 2.45 mg nic-
otine/cigarette; Tobacco Research Institute, University of
Kentucky) at a time, taking 2 s duration puffs at a flow rate of
1.05 L/min, to provide a standard puff of 35 cm®, providing
a total of eight puffs per minute. The machine is adjusted to
produce side stream (89%) and mainstream smoke (11%).
The chamber atmosphere is monitored to maintain total sus-
pended particulate at 250 mg/m?. Control mice were kept in
a filtered air environment. After CS exposure, mice were sac-
rificed, eyes were harvested, and retinas and RPE/choroids
were dissected for RNA extraction.

Cell culture

Human RPE (ARPE-19) cells were purchased from the
American Type Culture Collection (ATCC) and maintained in
the DMEM/F12 medium containing 10% fetal bovine serum
and 1% antibiotic/antimycotic. For all experiments, undif-
ferentiated cells were grown to 90% confluence and quiescent
overnight with the serum-free DMEM/F12 medium before
treatment.

Transduction of adenoviruses and transfection
of siRNA in ARPE-19 cells

ARPE-19 cells at 50%-60% confluence were transduced
with adenoviruses expressing PERK-DN (18), GADD344N
(18), or spliced XBP1 (27). Adenovirus expressing LacZ or
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GFP was used as control. After 24 h transduction, cells were
quiescent overnight with the serum-free DMEM /F12 medium
before treatment. ARPE-19 cells at 40%-50% confluence were
transfected with XBP1 siRNA or control siRNA (Santa Cruz
Biotechnology) using Lipofectamine 2000 (Invitrogen) fol-
lowing the manufacturer’s instruction (27). Cells were quies-
cent overnight with the serum-free DMEM/F12 medium
before treatment.

Immunocytochemistry

Immediately after treatment, cells were fixed with 4%
paraformaldehyde for 20 min at room temperature and then
permeabilized with 0.1% Triton X-100 for 10 min. After block-
ing with 1% BSA for 1h, cells were incubated with anti-GRP78
(1:100; Abacm) or anti-CHOP (1:100; Santa Cruz Biotechnol-
ogy) at 4°C overnight. After incubation with Cy3-conjugated
secondary antibody (1:500; Jackson Immunoresearch Labora-
tories), fluorescence was observed and pictures were taken
under a FluoView FV500 confocal laser scanning microscope
(Olympus).

Primary RPE cell culture

Primary mouse RPE cells were isolated as previously de-
scribed (15) with minor modification. Briefly, 14-day-old mice
were sacrificed by cervical dislocation, and eyeballs enucle-
ated. Ten to 16 eyes were pooled, washed in 5ml DMEM/F12
medium and then digested with 2% (wt/vol) dispase (GIBCO;
#17105-041) in DMEM/F12 at 37°C for 1h. After digestion,
anterior segments of the eyeballs were removed, and neural
retinas were discarded. Single RPE sheets were peeled off
the eyecups and centrifuged in growth medium at 1500 rpm
for 3 min. The pellet was digested with 0.05% trypsin and the
resulting single cells were seeded in 12-well plates and grown
for 7-10 days until confluent. To insure sufficient Cre re-
combinase expression, RPE cells from RPE-XBP1 knockout
mice were transduced with adenovirus expressing Cre re-
combinase, and the cells from XBPI flox/flox mice were
transfected with adenovirus expressing GFP as control.

RPE explants and hydroquinone incubation

Mouse RPE sheets were isolated as described above. RPE
sheets from one mouse (two eyeballs) were pooled and in-
cubated with the growth medium in the presence or absence
of hydroquinone (50 uM) in a 12-well plate at 37°C for 6h.
Immediately after incubation, total RNA was extracted and
used for quantitative real-time PCR.

NalO3 injection, TUNEL assay, and histology study
in mice

NalO3 was purchased from Sigma, dissolved in PBS at
5mg/ml, and filtered before use. Mice were injected with
NalO3 (30mg/kg body weight) through the tail vein and
sacrificed from 6h to 5 days after injection. Eyeballs were
enucleated and prepared for cryosectioning or paraffin sec-
tioning as described previously (27). Cryosections were cut at
7 um thickness through the optic nerve and used for TUNEL
assay. For each eyeball, five sections with 50 um intervals
were stained with TUNEL, and the average TUNEL-positive
RPE cell number per section was used for statistical analysis.
Paraffin sections were cut along the vertical meridian through
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the optic nerve at 5 um thickness and stained with hematox-
ylin and eosin. The thickness of ONL was measured under a
light microscope using SPOT Advanced imaging software
(SPOT Imaging Solutions). Measurements were taken every
240 um from the optic nerve head to the peripheral retina
in both the superior and inferior portions of the retina as de-
scribed previously (31).

Western blot analysis

For extraction of total cellular protein, cells were lysed in
RIPA buffer with protease inhibitor cocktail, PMSF and so-
dium orthovanadate (Santa Cruz Biotechnology). Nuclear
protein was extracted using a nuclear extract kit (Active
Motif; #40010). For detection of cytochrome c release, the cy-
tosolic portion was prepared as described previously (29).
Protein concentration was quantified using the BCA kit
(Pierce Biotechnology, Inc.). Twenty-five micrograms of pro-
tein was resolved by SDS-PAGE gel and electrotransferred to
nitrocellular membranes. After blocking, membranes were
blotted overnight at 4°C with following primary antibodies:
anti-p-PERK (1:1000), anti-ATF4 (CREB2, 1:1000), anti-CHOP
(GADD153, 1:1000), anti-GADD34 (1:1000), anti-XBP1 (1:500;
Santa Cruz Biotechnology), anti-p-eIF2a (1:1000), anti-cleaved
caspase-3 (1:500), anti-PERK (1:1000), anti-cleaved caspase-12
(1:500; Cell Signaling Technology), anti-caspase-4 (1:1000;
Medical & Biological Laboratories Co., Ltd.), anti-Bcl-2
(1:1000; BD Biosciences), anti-GRP78 (1:1000; Abcam), and
anti-e[F2«¢ (1:1000; Novus Biologicals). Anticytochrome c
(1:1000) and anti-RPE65 (1:1000) antibodies were kindly gifts
from Dr. Luke Szweda (Oklahoma Medical Research Foun-
dation) and Dr. Jian-xing Ma (University of Oklahoma Health
Sciences Center), respectively. After incubation with HRP-
conjugated secondary antibodies, membranes were devel-
oped with chemiluminescence substrate (Thermo Fisher
Scientific; #34076) using Vision Works LS image acquisition
and analysis software (UVP). Membranes were reblotted with
anti-f-actin (1:5000; Abcam) or anti-Nucleoporin-P62 (1:1000;
BD Biosciences) for normalization. The bands were semi-
quantified by densitometry using the same software.

RT-PCR and quantitative real-time PCR

Total RNA were extracted from ARPE-19 cells and mouse
tissues using an E.Z.N.A. total RNA kit I (Omega bio-tek) or
an RNeasy Mini Kit (Qiagen) following the manufacturers’
instructions. cDNA was synthesized using a Maxima First
Strand ¢cDNA synthesis kit (Fermentas) or a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems). To
investigate XBP1 splicing, RT-PCR was performed using the
c¢DNA template and PCR Master Mix (Fermentas; #K1081) as
described previously, and PCR products were resolved on a
2.5% agarose/1x TAE gel (28). Quantitative real-time PCR
was performed on a StepOnePlus Real-Time PCR System
(Applied Biosystems) or Bio-Rad Real-Time PCR System (Bio-
Rad Laboratories) according to the manufacturers’ recom-
mendations using the following primers: human total XBP1:
forward 5-CCATGGATTCTGGCGGTATTGACT-3, reverse
5-CCACATTAGCTTGGCTCTCTGTCT-3"; human spliced
XBP1: forward, 5-CCGCAGCAGGTGCAGG-3’, reverse 5'-
GAGTCAATACCGCCAGAATCCA-3" (14); mouse spliced
XBP1: forward 5-ACACGCTTGGGAATGGACAC-3, reverse
5" CCATGGGAAGATGTTCTGGG-3"; mouse Bcl-2: forward
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5-CCTGGCATCTTCTCCTTC-3’, reverse 5-GCTGACTGGA
CATCTCTG-3; mouse CHOP: forward 5-GTCCCTAGCTT
GGCTGACAGA-3, reverse 5-TGGAGACGCAGGGCTTTG-3'
(52); mouse P58ipk: forward 5'TCCTGGTGGACCTGCAG
TACG-3’, reverse 5-CTGCGAGTAATTTCTTCCCC 3'. Data
were analyzed by the comparative threshold cycle method
using 18s ribosomal RNA or f$-actin as an internal control.

TUNEL assay in cultured RPE cells

Apoptosis was detected using the In Situ Cell Death De-
tection TMR red kit (TUNEL Assay; Roche Diagnostics Corp.)
according to manufacturer’s protocol both for cells and for
cryosections. Briefly, for cells, coverslips were fixed with
4%PFA for 1h, followed by permeabilization for 2 min on ice
in 0.1% citrate buffer containing 0.1% Triton X-100. Then,
coverslips were incubated at 37°C in TUNEL reaction mix
containing nucleotides and terminal deoxynucleotidyl trans-
ferase (TdT). Incubation without TdT enzyme was conducted
as a negative control. After three washes of PBS, coverslips
were mounted to a slide with a mounting medium for fluo-
rescence with DAPI (Vector Laboratories; #H-1200). For tissue,
cryosections were rinsed in PBS to remove the OCT com-
pound and then subjected to the same procedures as for cells.

Statistical analysis

The quantitative data were expressed as mean=*SD. Sta-
tistical analyses were performed using unpaired Student’s
t-test when comparing two groups and one-way analysis of
variance with Bonferroni’s multiple comparison test for three
groups or more. Statistical differences were considered sig-
nificant at a p-value of less than 0.05.
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ATF4 = activating transcription factor 4
CHOP = C/EBP homologous protein
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elF20 = eukaryotic translation initiation factor 2o
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GRP78 = glucose-regulated protein
HQ =hydroquinone
IREle = inositol-requiring enzyme 1o
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TUNEL = terminal deoxynucleotidyl transferase dUTP nick
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XBP1 = X-box binding protein 1




