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Autophagy and KRT8/keratin 8 protect degeneration of retinal pigment epithelium
under oxidative stress
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ABSTRACT
Contribution of autophagy and regulation of related proteins to the degeneration of retinal pigment epithelium
(RPE) in age-relatedmacular degeneration (AMD) remain unknown. We report that upregulation of KRT8 (keratin
8) as well as its phosphorylation are accompanied with autophagy and attenuated with the inhibition of
autophagy in RPE cells under oxidative stress. KRT8 appears to have a dual role in RPE pathophysiology. While
increased expression of KRT8 following autophagy provides a cytoprotective role in RPE, phosphorylation of
KRT8 induces pathologic epithelial-mesenchymal transition (EMT) of RPE cells under oxidative stress, which is
mediated by MAPK1/ERK2 (mitogen-activated protein kinase 1) and MAPK3/ERK1. Inhibition of autophagy
further promotes EMT, which can be reversed by inhibition of MAPK. Thus, regulated enhancement of
autophagy with concurrent increased expression of KRT8 and the inhibition of KRT8 phosphorylation serve to
inhibit oxidative stress-induced EMT of RPE cells as well as to prevent cell death, suggesting that pharmacological
manipulation of KRT8 upregulation through autophagy with combined inhibition of the MAPK1/3 pathway may
be attractive therapeutic strategies for the treatment of AMD.
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Introduction

Age-relatedmacular degeneration (AMD) is the progressive degen-
eration of the retinal pigment epithelium (RPE), retina, and chorio-
capillaris among the elderly, and is one of the leading causes of
blindness in the world. AMD is mainly divided into dry (80% to
90%) and wet forms (10% to 20%), and choroidal neovasculariza-
tion (CNV) is a clinical hallmark of wet (neovascular) AMD.1

CNVwith the subsequent development of subretinal fluid accumu-
lation, hemorrhage, exudation, and scarring could lead to the loss
of vision. Currently, the main treatment target for CNV is vascular
endothelial growth factor (VEGF), and thus, anti-VEGF agents
have been used as a standard treatment of CNV.2 However, new
therapeutic targets are being studied continuously to increase both
the safety and efficacy of the treatment of this multifactorial disease
and prevent vision loss.3 Moreover, there is currently no proven
effective treatment of dry AMD.

Although extensive research has focused on understanding
the basic and clinical aspects of AMD, including studies of
AMD risk genotypes,4-6 the pathogenesis of AMD remains
unknown. To date, oxidative stress, hypoxia, chronic inflamma-
tion, and accumulation of drusen have been suggested as the
underlying cellular pathological causes.7

The eye requires high levels of oxygen, especially when it is
continuously exposed to light, because biochemical reactions of
light-electrical energy conversion require increased metabolic
rate in the RPE and retina. Generation of reactive oxygen

species (ROS) during these processes in the outer retina is
involved in light-induced retinal degeneration.8,9 The RPE is
also exposed to an oxidative environment, which is caused by
high oxygen tensions in the epithelium and accumulation of
lipofuscin.10 Particularly, the nondegradable components in
lipofuscin generate ROS in the presence of light, which is toxic
to the RPE.11 Prolonged exposure to light causes RPE cells to
consume a large amount of oxygen to perform visual cycle pro-
cesses, nutrient transport, and phagocytosis of photoreceptor
outer segments. These processes significantly increase the oxy-
gen demand and production of ROS in the RPE.

Accumulation of oxidized proteins in aged cells and in age-
related disorders is caused partly as the autophagic pathways
become less efficient with age.12 The levels of proteins related
to autophagy are increased in older non-AMD donor RPE and
retinas, whereas those from late AMD donors have lower auto-
phagy protein levels.13 During aging, oxidative stress and pro-
tein misfolding in RPE cells produce functional abnormalities
in RPE.14 Well-controlled autophagy could facilitate the clear-
ance of toxic protein aggregates or misfolded proteins in RPE,
thus increasing the ability of RPE to tolerate oxidative
stress13,15,16 Zhao et al. demonstrate that activation of MTOR
(mechanistic target of rapamycin) and the epithelial-mesenchy-
mal transition (EMT) including RPE transdifferentiation are
the general RPE stress responses, resulting in the loss of RPE
characteristics.17 However, the role of autophagy in AMD
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pathology, the changes in proteins related to autophagy that
protect the RPE against oxidative stress as well as the relation-
ship between autophagy and EMT in the RPE remain
unknown.

Failure of or impaired RPE adaptive mechanisms against
oxidative stress could be the major cause of pathogenesis of
AMD. In our previous study, we profiled and characterized
the whole proteome of the aqueous humor (AH) from
patients with AMD as well as that of ARPE-19 cells under
oxidative stress to investigate the molecular and proteomic
changes in the RPE during aging or under oxidative stress
conditions.18 Some of the secretory proteins from the RPE,
retina, and CNV were identified in the AH, which are selec-
tively upregulated in patients with AMD as compared to
controls. Interestingly, among them, KRT8 (keratin 8),
which is a well-known epithelial marker protein, was found
to be elevated more than 2-fold in AMD patients as com-
pared to controls. Only a few studies have reported a role
of KRT8 in the eye other than as a marker of mature RPE
cells.19 In addition, CTSD (cathepsin D), which is one of
the principal lysosomal proteases in the RPE and known to
accumulate in cells following the activation of autophagy,
was found to be elevated more than 1.5-fold in AMD

patients compared to controls.20 This upregulation of CTSD
might be required for the breakdown of toxic aggregated
materials in autolysosomes in the RPE when under oxida-
tive stress; thus, autophagic activity might increase in some
AMD patients as a survival mechanism in response to the
pathologic conditions of AMD.

Herein, we investigated the changes in novel proteins
related to putative endogenous adaptive and protective
mechanisms operating under oxidative stress, which prevent
apoptosis and EMT in RPE cells. Changes in KRT8 and
autophagy marker proteins were scrutinized as potential
endogenous cytoprotective mechanisms triggered by AMD
or oxidative stress, which is a characteristic feature of an
aging RPE. We found that the expression of KRT8 as well
as autophagy markers increases under oxidative stress con-
ditions, possibly contributing to cytoprotection in RPE cells.
Based on the results, we suggest that activated autophagy
and upregulation of KRT8 along with its phosphorylation
suppresses apoptotic cell death. However, under prolonged
oxidative stress, the same processes invoke the dedifferentia-
tion of RPE cells through EMT. These findings will improve
our understanding of the molecular pathology of AMD in
the RPE under oxidative stress.

Figure 1. Oxidative stress induces autophagy in RPE cells. (A) Fluorescence microscopic images of DCFDA-stained ARPE-19 cells exposed to paraquat (400 mM) for 12 and
24 h; scale bar: 20 mm. (B) The localization of GFP-LC3B puncta in ARPE-19 cells treated with paraquat (400 mM) in the absence or presence of 3-MA (10 mM) for 24 h;
scale bar: 10 mm. Nuclei were fluorescently stained with TOPRO-3 and are represented with blue fluorescence. Bar graph indicates the average number of GFP-LC3B
puncta per cell. The data are presented as the mean § SD, n D 3. �P < 0.05 vs. control. (C) Cells were treated with 400 mM paraquat in the absence or presence of either
10 mM 3-MA or 50 nM Baf A1 for 24 h. Fluorescence microscopic images of autophagic vacuoles formed in human primary RPE cells, which are stained as green puncta.
Nuclei are indicated by blue fluorescence (TOPRO-3 staining). Scale bar: 5 mm. (D) Western blot analysis of SQSTM1 and LC3B-II/I in ARPE-19 cells. ARPE-19 cells were
treated with paraquat (400 mM) in the absence or presence of 3-MA (10 mM) or Baf A1 (50 nM) for 6, 12, and 24 h. Bar graph indicates the ratio of LC3B-II to LC3B-I in the
western blot analysis images.
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Results

Superoxide radicals induce autophagy in retinal pigment
epithelial cells

We first examined generation of oxygen radicals in RPE cell
lines (ARPE-19, hTERT-RPE), and primary RPE cells exposed
to paraquat or H2O2 for 12 or 24 h by monitoring the increase
in fluorescence in cells (Fig. 1A, and Fig. S1A, B). The addition
of paraquat or peroxide elevated the concentration of oxygen
radicals in the RPE cells. Since oxidative conditions or forma-
tion of ROS is known to induce autophagy,12 we next investi-
gated whether the oxidative stress generated by paraquat
induces autophagy in cultured ARPE-19 cells. Prolonged expo-
sure to oxidative stress after 24 h of paraquat treatment resulted
in accumulation of microtubule-associated protein light chain
3B/MAP1LC3B (LC3B) puncta, which is a widely used marker
for autophagosomes (Fig. 1B). Counting of GFP-LC3B puncta
showed that ROS generated by paraquat induces autophagy in
the ARPE-19 cells with a 4- to 5-fold increase in the number
GFP-LC3B puncta, compared to untreated cells. However, treat-
ment with the autophagy inhibitor 3-methyladenine (3-MA)
inhibits autophagosome formation, as indicated by the absence
of obvious puncta in the ARPE-19 cells under oxidative stress
(Fig. 1B). We also investigated the formation of autophagic
vacuoles under ROS stress using a cationic amphiphilic tracer
dye.21 Formation of paraquat-induced punctate structures, rep-
resenting autophagic vacuoles, was inhibited by autophagy
inhibitors such as 3-MA and bafilomycin A1 (Baf A1) in both
primary RPE cells and ARPE-19 cells (Fig. 1C, and Fig. S1C).

Subsequently, we investigated the progression of autophagy in
ARPE-19 cells by monitoring LC3B conversion and SQSTM1
(sequestosome 1) degradation (Fig. 1D). RPE cells treated with
paraquat exhibited the conversion of LC3B-I (cytosolic form) to
LC3B-II (membrane-bound lipidated form), which is an early
event of autophagy during autophagosome formation. In addition,
prolonged exposure to paraquat resulted in gradual degradation of
SQSTM1, suggesting that autophagosomes were readily fused with
lysosomes, and their contents were subsequently degraded in the
autolysome.22 In contrast, 3-MA treatment suppressed the conver-
sion of LC3B-I to LC3B-II and degradation of SQSTM1 in RPE
cells under oxidative stress. Alternative autophagy inhibitor, Baf
A1, which blocks the late steps of autophagy by inhibiting fusion
between autophagosomes and lysosomes via inhibiting the vacuo-
lar-typeHC-ATPase (V-ATPase),23 did not affect LC3B conversion
but inhibited degradation of SQSTM1 in paraquat-treated cells.
Together, these results indicate that RPE cells under oxidative stress
undergo autophagy processes, which can be blocked by 3-MA and
Baf A1 in the early and late phases of autophagy, respectively.

Activation of the AKT-MTOR pathway and autophagy
induction protects RPE cells from apoptotic cell death
under oxidative stress

To address whether ROS-induced autophagy can protect RPE
cells under oxidative stress from apoptotic cell death, we moni-
tored apoptotic cell death using flow cytometry analysis (Fig. 2A,
B and C). A 24 h paraquat treatment did not affect the fate of
ARPE-19 cells, whereas addition of autophagy inhibitors such as
3-MA or Baf A1 significantly increased the population of

apoptotic cells by over 30% under oxidative stress conditions
(Fig. 2A). The apoptotic cell death of human primary RPE cells
was also observed after autophagy inhibitor treatment under oxi-
dative stress (Fig. 2B). Under the ROS stress condition, both
ARPE-19 and primary RPE cells, which were treated with auto-
phagy inhibitors, showed a comparable and significant increment
in apoptotic cell death (Fig. 2C). To confirm apoptosis in ARPE-
19 cells, the cells under oxidative stress with or without auto-
phagy inhibitors were analyzed by monitoring the activities of
apoptotic enzymes, CASP3 (caspase 3) and CASP7. Paraquat
treatment did not induce the activity of CASP3 and CASP7,
while inhibition of autophagy with 3-MA or Baf A1 significantly
enhanced CASP activity by approximately 2.5-fold (Fig. 2D).

It has been previously reported that PPP2/PP2A (protein phos-
phatase 2) is downregulated in ARPE-19 cells exposed to oxidative
stress,24 possibly leading to the stimulation of autophagy.25,26 In
APRE-19 cells exposed to paraquat, significant downregulation of
PPP2 was observed as early as 60 min, but the PPP2 level was
restored to that of the control at 24 h (Fig. S2). Inactivation of
PPP2 has been known to induce phosphorylation of AKT, a sur-
vival or antiapoptotic protein.27 Based on the result that RPE cells
under oxidative stress evaded apoptotic cell death (Fig. 2), we
hypothesized that the amount of phosphorylated AKT would
increase due to PPP2 inactivation.

It has been recently reported that administration of oxidants
to mice caused the activation of the AKT-MTOR (mechanistic
target of rapamycin) pathway, resulting in dedifferentiation of
the retinal pigment epithelium and accompanying photorecep-
tor degeneration.17 To address how the downregulation of
PPP2 affects phosphorylation of AKT and MTOR during the
early stages of ROS induction in the ARPE-19 cells, we moni-
tored the progression of AKT and MTOR phosphorylation in
ARPE-19 cells treated with paraquat (Fig. S2). Phosphorylation
of AKT (Ser473) and MTOR (Ser2481) was augmented during
the downregulation of PPP2, and the autophagy process was
delayed due to reduced conversion of LC3B in response to the
activation of the AKT-MTOR pathway. This suggests that
downregulation of PPP2 induces the activation of the AKT-
MTOR pathway before ROS-mediated autophagy in ARPE-19
cells under oxidative stress. Therefore, decreased levels of early-
elevated p-AKT and p-MTOR and the subsequent onset of
autophagy played a positive role in the survival of RPE cells
under oxidative stress conditions in the present study.

Oxidative stress induces upregulation of KRT8 during
autophagy

In our previous proteomics analysis of the exosomes present in
the AH of neovascular AMD patients, KRT8 (keratin 8) and
CTSD were found to be increased significantly as compared to
the controls.18 Because exosomes derived from the AH con-
tained various molecular constituents of the RPE, we supposed
that exosomes from the AH of neovascular AMD patients
might represent a physiologic condition in AMD patients.
Thus, we selected KRT8 as a potential marker protein associ-
ated with the autophagy induced by oxidative stress.

We first examined the effect of oxidative stress on KRT8
expression in ARPE-19 cells. Expression of KRT8 as well as its
phosphorylated form (p-KRT8) was enhanced in a manner
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that was dependent on both paraquat concentration and expo-
sure time (Fig. 3A). Enhancement of KRT8 expression was con-
comitant with autophagy progression, as indicated by SQSTM1
degradation and LC3B conversion. We next examined whether
inhibition of autophagy progression affects the expression of
KRT8 and its phosphorylated form (Fig. 3B). When the cells
were treated with paraquat (400 mM) for 24 h, expression of
both KRT8 and its phosphorylated form was enhanced without
altering the p-KRT8:total KRT8 ratio. However, these cells
showed decreased expression of KRT8 after cotreatment with
an autophagy inhibitor, 3-MA. On the other hand, the cells
under oxidative stress did not significantly attenuate the upre-
gulation of KRT8 and p-KRT8 when treated with Baf A1, an
autophagy inhibitor working in the late stages. Regulation of
KRT8 phosphorylation is likely not directly involved in auto-
phagy because the p-KRT8:total KRT8 ratio did not signifi-
cantly change under oxidative stress.

To further examine KRT8 expression in the RPE under oxi-
dative stress, we performed immunocytochemistry analysis

using fluorescent antibodies specific to KRT8 (Fig. 3C). The
result showed that KRT8 expression increased throughout the
cells, from the circumference of the nucleus to the cell periph-
ery, upon exposure to paraquat for 24 h. However, cotreatment
with paraquat and 3-MA markedly decreased expression of
KRT8, especially in the cell periphery. In contrast, cotreatment
with Baf A1 did not diminish the expression level of KRT8,
which was elevated due to oxidative stress. These immunocyto-
chemistry results were consistent with the KRT8 expression
pattern analyzed from the western blot assay (Fig. 3B). These
results suggest that the oxidative stress induces upregulation of
both KRT8 and its phosphorylated form in RPE cells. More
importantly, the enhanced expression of KRT8 was attenuated
when RPE cells under oxidative stress were treated with 3-MA,
indicating that KRT8 upregulation was related to an early stage
of autophagy progression. This result was further corroborated
by the observation that the KRT8 upregulation was not dimin-
ished with Baf A1 treatment, which blocks the late steps of
autophagy.

Figure 2. Inhibition of autophagy increases apoptotic cell death in RPE cells under oxidative stress. ARPE-19 and human primary RPE cells were treated with 3-MA
(10 mM) or Baf A1 (50 nM) in the absence or presence of paraquat (400 mM) for 24 h. (A) ARPE-19 and (B) human primary RPE cells were stained with FITC-conjugated
ANXA5 and propidium iodide (PI) and analyzed by FACS. (C) The graph represents the mean percentage of apoptotic cells (n D 3). �P < 0.01 vs. paraquat. (D) Apoptotic
enzyme CASP3 and CASP7 activity was measured after ARPE-19 cells were treated with 400 mM paraquat in the absence or presence of either 10 mM 3-MA or 50 nM Baf
A1 for 24 h. Cells were also treated with staurosporine (1 mM) to serve as positive controls for apoptotic cell death. The data are presented as the mean § SD, n D 3. �P
< 0.01 vs. paraquat.
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KRT8 facilitates autophagosome-lysosome fusion during
autophagy in RPE cells

Since KRT8 expression was observed to be related with the
early stage of autophagy in RPE cells under the oxidative stress,
we examined whether inactivation of autophagy initiation by

knockdown of ATG5 (autophagy-related 5) diminishes KRT8
expression under oxidative stress. ATG5 is required for auto-
phagosome elongation due to its ubiquitin ligase activity.28

ATG5 knockdown with ATG5-specific siRNA resulted in
decreased expression of KRT8 and its phosphorylated form, as
compared with untreated RPE cells under oxidative stress

Figure 3. Oxidative stress upregulates KRT8 and its phosphorylated form. (A) Western blot analysis of KRT8 and its phosphorylated form (p-KRT8), and autophagy markers
such as SQSTM1 and LC3B-II/I in ARPE-19 cells. Cells were exposed to various concentrations of paraquat (0 to 400 mM) for 24 h (left panel). The same western blot analy-
sis was performed for the cells that were treated with paraquat (400 mM) for various times (0.5 to 24 h) (right panel). Bar graphs indicate the level of total KRT8 expression
(KRT8C p-KRT8). The protein band intensities were normalized to GAPDH. The p-KRT8:total KRT8 ratio was determined from the western blot analysis, and it is shown on
the top of each bar graph as a number. (B) Western blot analysis of KRT8, p-KRT8, SQSTM1, and LC3B-II/-I present in ARPE-19 cells treated with paraquat (400 mM) in the
absence or presence of either 10 mM 3-MA or 50 nM Baf A1 for 24 h. Bar graphs indicate the total KRT8 expression level (KRT8 C p-KRT8) normalized to GAPDH, and the
p-KRT8:total KRT8 ratio is shown as a number on the top of each bar graph. (C) Fluorescence microscopy images of ARPE-19 cells immunostained for KRT8 (red fluores-
cence). Cells were exposed to paraquat (400 mM) in the absence or presence of either 3-MA (10 mM) or Baf A1 (50 nM) for 24 h. Scale bar: 10 mm.
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(Fig. 4A). Thus, expression of the intermediate filament KRT8
is enhanced during the initial stages of autophagy induced by
oxidative stress in RPE cells.

Next, we investigated the relationship between KRT8 and auto-
phagy through the knockdown of KRT8 (Fig. 4B). Under oxidative
stress, KRT8 knockdown using anti-KRT8 siRNA resulted in accu-
mulation of LC3B-II and decreased degradation of SQSTM1.
Because LC3B-I to LC3B-II conversion and SQSTM1 degradation
occurs at early and late stage of autophagy, respectively, knock-
down of KRT8 is likely to affect the later stages of autophagy such
as the fusion between autophagosomes and lysosomes. Thus, we
tested the potential relationship between the late stage of autophagy
(i.e., autophagosome-lysosome fusion) and KRT8 expression using
paraquat-treated RPE cells. We induced oxidative stress in RPE
cells with different expression levels of KRT8, using paraquat,
KRT8-overexpressing cells (Fig. 4C), and KRT8-specific siRNA
treated cells (i.e., KRT8 knockdown cells). To observe the autopha-
gosome-lysosome fusion in ARPE-19 cells at different KRT8
expression levels, autophagosomes were traced with GFP-LC3B
and lysosomes were stained with lysosome-specific fluorescent dye
(LysoTracker Red DND-99), respectively. The ARPE-19 cells
under oxidative stress and a control group showed accumulation of
GFP-LC3B puncta and lysosomal organelles with partial colocali-
zation (Fig. 5A). Autophagosomes traced with GFP-LC3B puncta
and lysosomes mostly colocalized in the KRT8-overexpressing
cells, as visualized with orange-colored fluorescence in the merged
image. On the contrary, GFP-LC3B puncta did not overlap with
lysosomes inARPE-19 cells withKRT8 knockdown. Thus, it is pos-
sible that enhanced expression of KRT8 during the paraquat-
induced autophagic process facilitates autophagosome-lysosome
fusion in ARPE-19 cells under oxidative stress.

To further determine if the loss of KRT8 negatively
affects the fusion between autophagosomes and lysosomes,
we transfected cells with mCherry-EGFP-LC3B to label
autophagic vacuoles (yellow) and performed cell imaging
analysis after inducing autophagy (Fig. 5B). The

autophagosomes are stained as yellow fluorescence puncta
due to the FRET of mCherry (red) and EGFP (green) fluo-
rescence. After autophagosome-lysosome fusion, EGFP is
released from mCherry-EGFP-LC3B and degraded in lyso-
somes. Thus, autolysosome formation will lead to a fluores-
cence change from yellow to red. Similar to the above
result (Fig. 5A), the fusion to form autolysosomes, as indi-
cated by an increase in red puncta, was observed in the
KRT8-overexpressing cells treated with paraquat. However,
the KRT8 knockdown cells did not show red fluorescence
and maintained yellow fluorescence puncta, indicating that
autophagosomes did not readily fuse with lysosomes. These
results indicate that KRT8 enhances autophagy clearance by
facilitating autophagosome-lysosome fusion.

We next examined the role of KRT8 in autophagosome
blockage and clearance in ARPE-19 cells under oxidative stress
conditions using transmission electron microscopy (Fig. 5C).
Autophagic flux was observed in ARPE-19 cells when under
oxidative stress, as indicated by the presence of autophago-
somes with a double membrane and autolysosomes with
degraded autophagic cargo inside. Autolysosome formation
was facilitated in the KRT8-overexpressing cells treated with
paraquat, as many autolysosomes reflecting autophagy clear-
ance appeared in the cytosol. In contrast, the KRT8 knockdown
ARPE-19 cells showed only the double membranous vacuole
form of autophagosomes, indicating diminished autolysosome
formation due to autophagosome blockage. Together with the
fusion assay data on LC3B fluorescence puncta, the transmis-
sion electron microscopy results indicate that KRT8 facilitated
autophagosome clearance by enhancing the fusion process
between autophagosomes and lysosomes.

KRT8 protects RPE cells from apoptotic cell death

KRT8, an intermediate filament, is known to maintain and
support the shape and compartmentalization of organelles

Figure 4. KRT8 expression is related to autophagy progression in RPE cells under oxidative stress. Western blot analysis of ARPE-19 cells after paraquat (400 mM) treat-
ment of 24 h in the absence or presence of either (A) anti-ATG5 siRNA or (B) anti-KRT8 siRNA. Bar graphs indicate each protein expression level or the total KRT8 expres-
sion level (KRT8 C p-KRT8), and the numbers on the top of the quantitative bar graph represent the p-KRT8:total KRT8 ratio. Each protein band intensity was normalized
to GAPDH. (C) Western blot analysis of KRT8 and its phosphorylated form (p-KRT8) in ARPE-19 cells overexpressing ARPE-19 and KRT8. Bar graphs show KRT8 and p-KRT8
expression levels normalized to GAPDH in western blot analysis.
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such as the mitochondria.29 In addition to its structural
role, KRT8 has been reported to play a cytoprotective role
against apoptosis through the modulation of mitochondria
shape and function.30 To determine whether KRT8 protects
RPE cells from apoptotic cell death under oxidative stress,
we monitored apoptotic cell death in RPE cells with differ-
ent expression levels of KRT8 (Fig. 6A). When the KRT8-
overexpressing cells were treated with paraquat, the apopto-
tic cell count did not alter significantly, compared to the
control group (ARPE-19). Interestingly, overexpression of
KRT8 in RPE cells significantly decreased apoptosis to

normal levels, as compared with RPE cells cotreated with
paraquat and 3-MA or Baf A1 (Fig. 6A and B). Thus, apo-
ptotic cell death caused by autophagy inhibitors in RPE
cells under oxidative stress (see also Fig. 2) was attenuated
with KRT8 expression. We analyzed the population of apo-
ptotic cells using KRT8 knockdown cells, which were pre-
pared with KRT8-specific siRNA, under oxidative stress.
When these cells were subjected to paraquat treatment, the
apoptotic cell count significantly increased by approximately
9-fold as compared with the control cells. The apoptotic cell
population also increased than the paraquat-treated control

Figure 5. KRT8 facilitates autophagosome-lysosome fusion in RPE cells under oxidative stress. ARPE-19 cells, which were differently prepared for KRT8 expression, were
transfected with (A) GFP-LC3B or (B) mCherry-EGFP-LC3B. The cells were then incubated in the absence or presence of paraquat (400 mM) for 24 h. (A) Fluorescence
microscopy images of the cells were obtained by monitoring GFP-LC3B puncta (green fluorescence) and the lysosomes were stained with LysoTracker Red DND-99 (red
fluorescence). Insets show an enlarged image of the merged field of interest. Scale bar: 3 mm. The fluorescence levels of GFP-LC3B puncta and lysosomes were quantified
and presented as a graph; counts are the mean § SD of 3 individual experiments. (B) The autophagosomes (yellow puncta) and autolysosomes (red puncta) in the
mCherry-EGFP-LC3B-transfected cells were visualized with a confocal fluorescence microscope. Insets show an enlarged image of the merged field of interest. Scale bar:
3 mm. Bar graph indicates the counts of autophagosomes and autolysosomes in each cell. (C) Transmission electron microscopy images showing autophagic vesicles in
the cells, which were prepared differently than for KRT8 expression. Blue-colored arrows indicate double-membrane autophagosomes (AP), and red arrows indicate sin-
gle-membrane autolysosomes (AL). The enlarged images show each autophagic vacuole that is indicated by an arrow.
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cells (ARPE-19), when cellular autophagy was inhibited
with 3-MA or Baf A1 under oxidative stress conditions.

Further, to confirm the cytoprotective role of KRT8
against apoptotic cell death in ARPE-19 cells under oxida-
tive stress, the KRT8-overexpressing RPE cells under oxi-
dative stress with or without autophagy inhibitors were
analyzed by monitoring CASP3 and CASP7 activity
(Fig. 6C). Treatment with autophagy inhibitors such as 3-
MA or Baf A1, significantly enhanced the CASP activity in
RPE cells under oxidative stress (Fig. 2D). However, the
elevated CASP3 and CASP7 activity was diminished in
KRT8-overexpressing cells, which is consistent with the
results obtained using flow cytometry. Thus, KRT8 expres-
sion in ARPE-19 cells under oxidative stress protects the
cells from apoptotic cell death, playing a positive role in
cell survival of RPE cells under oxidative stress conditions.
This effect is likely brought about by KRT8 compensating
for the blocking of autophagy by 3-MA or Baf A1 to cope
with oxidative damage in the cells.

Oxidative stress induces MAPK1-mediated KRT8
phosphorylation and perinuclear reorganization in RPE
cells

The structures of intermediate filaments including KRT8
respond dynamically to various cellular conditions such as
stress and mitosis. Particularly, assembly and reorganization

of KRT8 often requires its phosphorylation.31 KRT8 is
phosphorylated by the mitogen-activated protein kinase
(MAPK) family at Ser73.32 First, we determined whether
KRT8 is phosphorylated by the MAPK kinase family in
ARPE-19 cells under oxidative stress. During oxidative
stress, phosphorylation of KRT8 was inhibited by a
MAP2K1 inhibitor (PD98059), but not by a MAPK8/9/10
inhibitor (SP600125) in RPE cells (Fig. 7A). This result
indicates that MAP2K1 is responsible for KRT8 phosphory-
lation at Ser73 during oxidative stress. When the ARPE-19
cells were treated with paraquat for 24 h, the level of p-
MAPK1, an active form of MAPK1, increased and was
accompanied by the upregulation of p-KRT8 (Fig. 7B).
However, PD98059 suppressed paraquat-induced MAPK1
activation and KRT8 phosphorylation in RPE cells under
oxidative stress, in which PD98059 attenuated MAPK1
through inhibiting MAP2K1, the upstream kinase of
MAPK1. When the RPE cells were treated with paraquat,
the MAP2K1 inhibitor PD98059 caused neither apoptotic
cell death nor inhibition of autophagosome-lysosome fusion
during autophagy (Fig. S5).

Next, we determined the presence of p-KRT8 in both
ARPE-19 and human primary RPE cells under oxidative
stress. It has been reported that KRT8 and p-KRT8 are usu-
ally abundant in the cytoplasm of epithelial cells under nor-
mal conditions. 31 RPE cells under normal conditions
showed widespread p-KRT8 in the cytoplasm, while

Figure 6. KRT8 protects RPE cells from apoptosis. ARPE-19 cells, which were differently prepared for KRT8 expression, were incubated with 400 mM paraquat in the
absence or presence of either 10 mM 3-MA or 50 nM Baf A1 for 24 h. (A) A population of apoptotic cells was analyzed by FACS. (B) The bar graphs represent the mean per-
centage of apoptotic cells (n D 3). �P < 0.05 vs. control group, ��P < 0.01 vs. control group. (C) Apoptotic enzyme CASP3 and CASP7 activity was measured for ARPE-19
and KRT8-overexpressing ARPE-19 cells. Staurosporine (1 mM) treatment was used as a positive control for apoptotic cell death. The data are presented as the mean §
SD, n D 3. ��P < 0.01 vs. control group.
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paraquat treatment, which upregulates p-KRT8 resulted in
the perinuclear presence of p-KRT8 (Fig. 7C). The reorgani-
zation of p-KRT8 was suppressed by PD98059 treatment in
RPE cells under oxidative stress. This result suggests that
KRT8 phosphorylation and its perinuclear reorganization
are mediated by MAPK1 activation.

KRT8 phosphorylation elicits epithelial-mesenchymal
transition and migration in RPE cells under oxidative stress

Besides increased intraocular level of VEGF, loss of epithelial
features19 and junction integrity in the RPE33 are responsible
for the development and unhampered growth of CNV,

Figure 7. Oxidative stress induces MAPK1 mediated-KRT8 phosphorylation and its reorganization in RPE cells. (A) Western blot analysis of KRT8 and its phosphorylated form
(p-KRT8) in ARPE-19 cells. ARPE-19 cells were treated with MAPK8/9/10 inhibitor; SP600125 (10 mM) or MAP2K1 inhibitor; PD98059 (20 mM) in the absence or presence of
paraquat (400mM) for 24 h. Bar graph indicates the expression level of p-KRT8 normalized to GAPDH in the western blot analysis. Data are presented as the mean§ SD, nD
3 (�P< 0.05, ��P< 0.01). (B) ARPE-19 cells were exposed to paraquat (400mM) for 24 h in the absence or presence of PD98059 (20mM). Western blot analysis for expression
levels of MAPK1, phosphorylated MAPK1/3 (p-MAPK1/3), KRT8, p-KRT8, and LC3B-II/I. Bar graph shows p-MAPK1 and p-KRT8 expression level in western blot analysis images.
The protein band intensities were normalized to GAPDH, expressed relative to control. Data are presented as the mean § SD, n D 3. ��P < 0.01. (C) Both ARPE-19 (upper
images) and human primary RPE cells (bottom images) were treated with paraquat (400mM) in the absence or presence of PD98059 (20mM) for 36 h. The cells were immu-
nostained for p-KRT8 (green fluorescence). Nuclei are represented with blue fluorescence (TOPRO-3 staining). Scale bar: 3mm. Bar graphs indicate the percentage of p-KRT8
distribution as either a ramified presence or a perinuclear presence in cells. Data are presented as the mean§ SD, nD 3. �P< 0.05; ��P< 0.01.

256 A. BAEK ET AL.



subsequent hemorrhage, and disciform scar formation that
eventually result in the loss of vision when left untreated.
When RPE cells are exposed to stress for a long-term, cells col-
lapse their secure barrier to invade new blood vessels easily into
the retina.34 Based on this pathology, we investigated the epi-
thelial to mesenchymal transition (EMT) that causes loss of
cell-cell tight junctions in epithelial cells and their ability to
migrate.35

To monitor EMT in RPE cells under the oxidative stress, we
examined the expression of CDH1/E-cadherin and VIM
(vimentin), which are markers for epithelial and mesenchymal
stages, respectively, when RPE cells were exposed to paraquat
under various conditions for 48 h (Fig. 8A). Normal RPE cells
maintain the epithelial morphology and show high expression
of CDH1 in cell-cell junction with little expression of VIM in
the cytoplasm. However, cells under continuous oxidative stress
underwent EMT and exhibited downregulation of CDH1 and
overexpression of VIM. Importantly, when the RPE cells were
treated with the MAP2K1 inhibitor (PD98059) and paraquat,
paraquat-induced EMT was significantly suppressed through
the maintenance of CDH1 expression and inhibition of VIM
expression.

Next, we monitored distribution and expression level of
CDH1 and p-KRT8 in ARPE-19 cells under various conditions
to investigate the relationship between the perinuclear reorga-
nization of phosphorylated KRT8 and progression of EMT
under oxidative stress conditions (Fig. 8B). In ARPE-19 cells

under normal conditions, CDH1 was expressed in cell-cell
junctions, and p-KRT8 was widely distributed in a ramified
form in the cytoplasm. When the cells were treated with para-
quat, expression of p-KRT8 significantly increased, and p-
KRT8 was distributed in the perinuclear region, accompanied
by decreased CDH1 expression. When the MAP2K1 inhibitor
PD98059 was added to the cells under oxidative stress, the reor-
ganization and expression of p-KRT8 were inhibited, and intact
CDH1 was present in tight junctions. Thus, these results indi-
cate that the phosphorylation of KRT8 and its subsequent peri-
nuclear reorganization are closely related to EMT progression
in ARPE-19 cells under oxidative stress. Furthermore, we
examined the migratory properties of stressed ARPE-19 cells
by performing the transwell migration assay, in which the
migrated cells were traced with methylene blue staining. The
ARPE-19 cells under oxidative stress showed an enhanced
transwell migratory effect as compared with the control group
(Fig. 8C). This migratory property of the paraquat-treated RPE
cells was significantly reversed by cotreatment with PD98059,
indicating that KRT8 phosphorylation via MAPK1 was respon-
sible for EMT and subsequent cellular migration.

To confirm the effect of KRT8 phosphorylation that results
in loss of RPE junction integrity, oxidative stress was induced
using iodate in mice; C57BL/6 mice were treated with saline
(n D 6) or NaIO3 (20 mg/kg, n D 5). As shown in Fig. 8D,
homogenous hexagonal staining of TJP1/ZO-1 was clearly seen
in the controls (saline, left), whereas there was a highly

Figure 8. Oxidative stress induces epithelial-mesenchymal transition as well as RPE degeneration in vitro and in vivo. Both ARPE-19 and human primary RPE cells were
treated with paraquat (400 mM) in the absence or presence of PD98059 (20 mM) for 48 h. The cells were immunostained for CDH1 (green fluorescence) and (A) VIM or
(B) p-KRT8 (red fluorescence). The nuclei were visualized with TOPRO-3 staining (pseudo-colored blue). Scale bar: 10 mm. (C) ARPE-19 cells after paraquat (400 mM) treat-
ment of 36 h in the absence or presence of PD98059 (20 mM) were assayed for cell migration using a transwell. Images show the presence of migrated cells, which were
stained with methylene blue. Scale bar: 0.5 mm. Bar graph represents the relative number of migrated cells, which was quantified by measuring the blue-colored area.
The data are presented as the mean§ SD, nD 3. ��P< 0.01. (D) Immunohistochemical analysis of mice retinas at 7 to 9 wk of age using antibodies against the tight junc-
tion marker TJP1/ZO-1 (green fluorescence). Saline treated group received a single intravenous injection of 0.9% NaCl and served as controls. Mice were intravenously
injected with NaIO3 (20 mg/kg) in the presence or absence of PD98059 (10 mg/kg). Animals were killed 2 wk after a single intravenous injection. Fluorescent images
were obtained using a confocal microscope. Scale bar: 50 mm.
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disorganized pattern of staining in NaIO3 injected mice
(NaIO3, center). To study the effect of PD98059 treatment on
NaIO3-induced RPE degeneration in vivo, mice were immedi-
ately administrated with PD98059 (10 mg/kg, n D 4) after tail
vein injection of NaIO3. MAP2K1 inhibitor PD98059 (10 mg/
kg) markedly reversed the damaging effect of NaIO3 in the RPE
(PD98059CNaIO3, right), suggesting that RPE degeneration
induced by oxidative stress could be prevented by MAP2K1
inhibition. Together with in vivo results, the results suggest
that prolonged oxidative stress leads to EMT in RPE cells and
subsequent loss of cell junction integrity via KRT8 phosphory-
lation, which can be attenuated by inhibiting MAPK1 activity
and preventing the phosphorylation of KRT8.

Discussion

In this study, we found that a short-term challenge by reactive oxy-
gen species generated with paraquat (oxidative stress) in ARPE-19
or human primary RPE cells did not result in cell death due to
induction of AKT phosphorylation via inactivation of PPP2 in the
early phase and subsequent activation of autophagy (Fig. S2, Figs. 1
and 2). However, inhibition of autophagy under similar conditions
led to increased cell death (Fig. 2). Thus, we speculated that RPE
cells in vivo could maintain their functional and anatomic integrity
in their young or healthy state, when their autophagy processes
work efficiently despite continuous exposure to oxidative stress.
However, in aged cells or during pathological conditions, auto-
phagy is impaired, leading to RPE cell death, and development of
degenerative diseases such as AMD.34 Previous studies have shown
that a low level of autophagy is necessary to degrade and recycle
long lived or toxic proteins and damaged organelles to maintain
cell viability and cellular homeostasis.36-38

Cells can respond to a variety of insults, including oxidative
stress with increased autophagic activity,39 and mutations that
compromise the autophagy system result in increased stress sensi-
tivity.40 Autophagy, a key cellular adaptive mechanism for main-
taining cellular homeostasis involving the efficient clearance of
harmful protein aggregates, is decreased in aged cells or in cells
exposed to various stress condition including AMD in the
eye.13,37,41-44 Although autophagy could be both protective and
harmful in the setting of oxidative stress or an environment causing
AMD, it remains to be determined whether increasing the level
autophagy could be used as a preventive mechanism in RPE, and
several recent studies have demonstrated that enhanced autophagy
protects the RPE from oxidative damage and cell death.13,15,16,36,37

Studies also have reported that enhanced autophagy rescues cellu-
lar function in various diseases other than AMD such as Hunting-
ton disease45 or Mallory-Denk body formation in liver diseases.46

Thus, based on results of our studies along with others,47,48 treat-
ments that enhance autophagy (i.e., rapamycin) would be expected
to increase resistance to oxidative stress.

In this and in our previous studies,18 we observed that KRT8
was significantly upregulated in patients with neovascular AMD as
well as in the RPE under oxidative stress. Our data indicated that
the upregulated KRT8 after the early stage of autophagy under oxi-
dative stress in RPE cells expedites autophagosome-lysosome
fusion, the late stage of autophagy (Fig. 3, Fig. 4 and 5). Further-
more, overexpression of KRT8 was shown to protect RPE cells
under oxidative stress from apoptotic cell death (Fig. 6). In

epithelial cells, the predominant intermediate filaments are the ker-
atins, which constitute the largest and most complex class of inter-
mediate filaments.49 They are expressed in epithelial cells
throughout the body, where they form structural networks to span
the cell cytoplasm linking the plasma membrane, nucleus, and
other cytoskeletal components.50 Keratins are divided into type I
(K9-K20) and type II (K1-K8) and organized into bundles, com-
posed of heterodimers; one type I and one type II keratin mono-
mer.31 Each type I keratin has a specific type II keratin partner,
depending on a tissue- or differentiation type; KRT8, a major com-
ponent of intermediate filament in epithelial cells, has been known
to pair with KRT18 of type II.31 Disruption of keratins can weaken
the mechanical integrity of the cell. Besides providing structural
support for the cells, accumulating evidence has shown that KRT8,
with its filament partner KRT18, plays an important role in modu-
lating cellular response to apoptotic stimuli.29,30 KRT8-KRT18 is
reported to be responsible for cell resistance to tumor necrosis fac-
tor-induced cytotoxicity51,52 or Fas-mediated apoptosis.53 Thus, we
suggest that elevated levels of KRT8 contribute to the enhanced
survival of the RPE under pathological conditions.

We also demonstrated that activated MAPK1 mediates phos-
phorylation of KRT8 under oxidative stress (Fig. 7A). Phosphoryla-
tion of KRT8-KRT18 is required for the regulation of KRT8-
KRT18 filament organization, turnover, and interaction with other
proteins.54-56 KRT8 phosphorylation is caused by cell cycle pro-
gression, exposure to various growth factors, or stress-activated
kinases including MAPK kinase family.57,58 We observed that oxi-
dative stress leads to phosphorylation of KRT8 and its reorganiza-
tion to a perinuclear place in the RPE cells; this can be reduced by
the MAP2K1 inhibitor, PD98059 (Fig. 7). According to several
studies, phosphorylation of keratin, which results in its reorganiza-
tion, has been known to increase cell migration in epithelial cells.59-
61 We found that oxidative stress induces EMT, and cell migration
in RPE is mediated by phosphorylated KRT8 reorganization
(Figs. 7 and 8). EMT, whose loss of epithelial and gain of mesen-
chymal character, is one of the key events in tumor progression,
metastasis, hypoxia, fibrosis, and aging.62 Because maintenance of
the epithelial characteristics of RPE is essential for the health of the

Figure 9. Proposed mechanism of the cellular fate of the RPE under oxidative
stress via autophagy and the epithelial-mesenchymal transition (EMT).
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overlying photoreceptors as well as the underlying choriocapillaris,
stress-induced failure of RPE functions, well before overt RPE cell
loss or death, may contribute to the pathogenesis and progression
of AMD.17,63 Thus, maintaining RPE integrity by inhibiting KRT8
phosphorylation should prove to be clinically useful. According to
our findings, the MAP2K1 inhibitor diminishes KRT8 phosphory-
lation and reorganization, and suppresses oxidative stress-induced
cell degeneration both in vitro and in vivo (Fig. 8).

As summarized in Fig. 9, our results demonstrate that short-
term exposure to oxidative stress does not trigger RPE cell
death. Instead, this oxidative stress triggers autophagy, an anti-
apoptosis and cytoprotective process of the RPE. In addition,
we suggest that upregulation of KRT8 with the inhibition of its
phosphorylation is an essential cytoprotective mechanism and
is required for preserving RPE integrity. We provided evidence
to show that autophagy could have an essential role in the cop-
ing mechanisms of RPE cells under oxidative stress, and upre-
gulation of KRT8 is a key component of this response. Elevated
KRT8 in stressed RPE cells may be responsible for resistance to
apoptosis. Besides, phosphorylated KRT8 induces EMT with
enhanced cell migration via perinuclear reorganization.
Because the loss of the epithelial features of RPE might be an
early sign of the development of degenerative eye diseases such
as AMD, our results indicate that KRT8 might be a new target
for oxidative stress in RPE. Assuming that oxidative stress and
aging are the major underlying causes of AMD, the upregula-
tion of KRT8 and downregulation of phosphorylated KRT8
may have therapeutic applications in AMD, as these changes
can promote resistance to oxidative stress and prevent RPE
degeneration. Our previous study18 demonstrates that levels of
KRT8 and proteins related to autophagy in AMD patients are
higher than those in control subjects, indicating that these bio-
marker proteins could be novel targets for the treatment of
AMD. Further studies will be thus needed to substantiate that
targeting autophagy and KRT8 can be a therapeutic approach
to stimulate endogenous protective mechanisms as well as to
enhance cell survival while suppressing EMT, thus subse-
quently preventing the deterioration of neighboring photore-
ceptors and visual loss.

Materials and methods

Reagents and antibodies

Methyl viologen dichloride hydrate (paraquat; 856177), 3-
methyladenine (M9281), bafilomycin A1 (B1793), PD98059
(P215), SP600125 (S5567), and 20,70-dichlorofluorescin diace-
tate (D6883) were purchased from Sigma-Aldrich (numbers in
parentheses indicate catalog numbers). Dulbecco’s modified
Eagle’s medium: nutrient mixture F-12 (DMEM-F12;
11330032) and Opti-MEM (31985070) were supplied by
GIBCO�. Plasmid DNAs (pSELECT-GFP-LC3B [setz-gfplc3b]
and pUNO1-hKRT8, coding for the sequence of Homo sapiens
(Hs)/human KRT8 [uno1-hkrt8]) were purchased from Invivo-
Gen. The pBABE-puro mCherry-EGFP-LC3B plasmid was
obtained from Addgene (22418), which was originally depos-
ited by Jayanta Debnath (University of California at San Fran-
cisco, USA). Cyto-ID� autophagy detection kit was purchased
from Enzo Life Sciences (ENZ-51031). The siRNA of KRT8

(Santa Cruz Biotechnology, sc-35156) and ATG5 (Cell Signal-
ing Technology, 6345S) were supplied as indicated. The nega-
tive control siRNA (SN-1001) was purchased from Bioneer.
TOPRO-3 (T3605) was purchased from Invitrogen Life Tech-
nologies. The following antibodies were used: anti-PPP2/PP2A
was from BD Biosciences (610556), anti-LC3B, AKT, p-AKT,
MTOR, p-MTOR, CDH1/E-cadherin, ATG5 (for detection of
ATG12-ATG5), and PathScan� EMT Duplex IF Antibody Kit
were purchased from Cell Signaling Technology (3868s, 9272,
9271, 2972s, 2974s, 3195, 2630, and 7771); anti-GAPDH,
KRT8, and p-KRT8 were from Abcam (ab9484, ab9023, and
ab32579); anti-SQSTM1, MAPK1, p-MAPK1/3, and horserad-
ish peroxidase-conjugated anti-rabbit and mouse immunoglob-
ulin were from Santa Cruz Biotechnology (sc-28359, sc-154,
and sc-7383); anti-TJP1/ZO-1 was purchased from Life Tech-
nologies (61-7300); fluorescence (Alexa Fluor 488 and 555)-
conjugated anti-mouse and rabbit immunoglobulin were pur-
chased from Invitrogen Life Technologies (A11008, A11001,
and A21428) (Table 1).

Cell culture and transfection

ARPE-19 cells (retinal pigment epithelial cell line; purchased
from American Type Culture Collection, ATCC CRL-2302) were
maintained in DMEM-F12 supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Human primary RPE cells
purchased from Lonza Biologics (00194987) were maintained in
Retinal Pigment Epithelial Cell Basal Medium (Lonza Biologics,
195409) containing supplements (L-glutamine, GA-1000, and
bFGF). ARPE-19 and human primary RPE cells were cultured at
37�C in 5% CO2. To prepare the ARPE-19 cells overexpressing
KRT8, cells were seeded in a 60 mm dish and incubated with
Opti-MEM medium at 37�C for 2 h. Cells were then transfected
with 5mg of the KRT8 overexpression plasmid (pUNO1-hKRT8)
using Lipofectamine 2000 (Invitrogen Life Technologies,
11668019). After 6 h, cells were washed with phosphate-buffered
saline (PBS; Welgene, LB 201-02), and maintained in complete
DMEM-F12 mediumwith 20mg/mL blasticidin (InvivoGen, ant-
bl-1). To knockdown KRT8 expression in ARPE-19 cells, cells
were transfected with anti-KRT8 siRNA. Cells were seeded (»2.5
£ 105) in a 6-well plate and incubated with Opti-MEM medium
at 37�C for 2 h. Cells were then transfected with 50 nM of KRT8
siRNA or negative control siRNA using Lipofectamine 2000.
After incubation at 37�C for 6 h, cells were washed with PBS and
complete DMEM-F12 (supplemented with 10% FBS, 1% penicil-
lin/streptomycin) was added.

Reactive oxygen species detection

Paraquat-induced ROS formation in ARPE-19 cells was detected
by fluorescence microscopy. ARPE-19 cells (»80% confluent) in
a 6-well plate were incubated with 400 mM paraquat at 37�C for
12 or 24 h. Cells were then loaded with 10 mM 20,70-dichloro-
fluorescin diacetate (DCFDA) for 10 min at 37�C in the dark. At
the end of incubation, the medium containing DCFDAwas aspi-
rated. Cells were then washed once with serum free DMEM-F12
medium, and then supplemented with complete DMEM-F12
medium. Cells were examined under a fluorescence microscope
(AxioVert 200, Carl Zeiss, Oberkochen, Germany) with
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excitation and emission set at 525 and 550 nm, respectively.
Fluorescence of oxidized DCFDA in cells was captured with Axi-
oCam using AxioVision software (Carl Zeiss).

Autophagy assay; GFP-LC3B analysis

ARPE-19 cells were seeded in a 60-mm dish and incubated with
Opti-MEM medium at 37�C for 2 h. Next, cells were trans-
fected with 4 mg of pSELECT-GFP-LC3B using Lipofectamine
2000. After 6 h, cells were washed with PBS and complete
DMEM-F12 medium with 400 mM paraquat, 10 mM 3-MA
and/or 50 nM of Baf A1 for 24 h. Cells were fixed in 4% parafor-
maldehyde at room temperature for 1 h. Cells were then
washed twice with PBS and stained with TOPRO-3 (1:1000),
and observed under a confocal fluorescence microscope (Olym-
pus FV-1000 spectral, Tokyo, Japan) with excitation and emis-
sion set at 525 and 550 nm, respectively.

Autophagosome fusion assay; mCherry-EGFP-LC3B
analysis

ARPE-19 cells were seeded in a 12-well plate and incubated
with Opti-MEM medium at 37�C for 2 h. Next, cells were
transfected with 1 mg of pBABE-puro mCherry-EGFP-LC3B
using Lipofectamine 2000. After transfection, cells were treated
with 400 mM paraquat for 24 h. Cells were fixed in 4% parafor-
maldehyde at room temperature for 1 h. Cells were then
washed twice with PBS and observed for EGFP fluorescence
and mCherry fluorescence with excitation laser at 488 and
543 nm, respectively, under a confocal fluorescence microscope
(Olympus FV-1000 spectral). The fluorescence images were
captured at 495 to 530 nm (EGFP) and at 590 to 650 nm
(mCherry) and emission signals were quantified with FV10-
ASW 2.0 (Olympus software).

Transmission electron microscopy

ARPE-19 cells were seeded in a 100-mm dish and incubated
with 400 mM paraquat for 24 h. Cells were fixed with 2% para-
formaldehyde and 2% glutaraldehyde in 0.05 M sodium caco-
dylate buffer (pH 7.2) at 4�C for 2 h. Cells were washed 3 times
with 0.05 M sodium cacodylate buffer (pH 7.2) and postfixed
with 1% osmium tetroxide and 0.05 M cacodylate buffer at 4�C
for 2 h. After postfixation, cells were washed twice with distilled
water and en bloc stained in 0.5% uranyl acetate at 4�C over-
night. The cells were dehydrated with various concentrations of
ethanol and transitioned into 100% propylene oxide. The dehy-
drated cells were infiltrated with Spurr resin (Electron Micros-
copy Sciences, 14300) in propylene oxide and polymerized in
Spurr resin at 70�C overnight. The cells were sequentially
stained with 2% uranyl acetate and Reynolds’ lead citrate after
ultramicrotome sectioning (MTX, RMC, Tucson, AZ, USA).
The prepared cells were observed by transmission electron
microscopy (LIBRA 120, Carl Zeiss, Oberkochen, Germany).

Autophagy assay; autophagy fluorescence detection

Cells were washed using the Cyto-ID� Autophagy detection kit
(Enzo Life Sciences, ENZ-51031) according to the

manufacturer’s protocol. ARPE-19 and human RPE cells were
exposed to 400 mM paraquat in the absence or presence either
10 mM 3-MA or 50 nM Baf A1 for 24 h. Cells were washed
with 1X assay buffer provided with the detection kit and incu-
bated in a culture medium containing 2 mL/mL of Cyto-ID�

Green Detection Reagent and 1 mL/mL of TOPRO-3 for
30 min at 37�C. Cells were washed with 1X Assay buffer and
fixed with 4% paraformaldehyde. The fluorescence was mea-
sured with a confocal microscope (Olympus FV-1000 spectral).

Western blot analysis

Cells were first lysed in RIPA buffer (50 mM Tris-HCl, pH 8,
150 mM NaCl, 0.1% SDS [Bio Basic Inc., SB0485], 0.5% sodium
deoxycholate [Sigma-Aldrich, D6750], 1.0% Tergitol� [Sigma-
Aldrich, NP40], 1 mM phenylmethanesulfonylfluoride, 10 mM
2-mercaptoethanol). The protein concentration was deter-
mined using the Bradford method (Bio-Rad, 5000006). A total
of 30 mg of protein was separated by gradient SDS polyacryl-
amide gel electrophoresis (4-12% Tris-glycine gradient gel;
Invitrogen, NP0322). Proteins were then transferred to an
Immobilon-P PVDF membrane (Millipore, IPVH00010), and
the membranes were blocked with 5% skim milk in TBST
buffer (25 mM Tris, 150 mM NaCl, 2 mM KCl, 0.1% Tween 20
[Sigma-Aldrich, P5927], pH 7.4) for 1 h at room temperature,
followed by overnight incubation in primary antibodies (1:500
to 1:2000) at 4�C. The membrane was subsequently incubated
with horseradish peroxidase-conjugated anti-rabbit and mouse
immunoglobulin, and signals were detected with an enhanced
chemiluminescence system (Millipore, Bedford, MA, USA) by
using G:BOX Chemi XL (Syngene, Ozyme, Saint-Quentin-en-
Yvelines). The protein band intensities were measured by den-
sitometry (GeneTools software included in G:BOX Chemi XL)
and normalized to each corresponding loading control
GAPDH.

Flow cytometric analysis

After the cells were treated with paraquat plus each inhibitor
(3-MA, Baf A1, and PD98059) and/or anti-KRT8 siRNA for
24 h, they were washed with cold PBS and resuspended in
staining buffer containing fluorescein-5-isothiocyanate,
ANXA5, and propidium iodide, provided in the apoptosis
detection kit (BD Biosciences, 556547), according to the manu-
facturer’s instructions. Flow cytometric data were obtained
using a FACSCalibur Flow Cytometer (BD Biosciences, San
Jose, CA, USA) equipped with BD CellQuest Pro software (BD
Biosciences). Caspase-3 and 7 activity in apoptotic cells was
measured using the Caspase-Glo 3/7 reagent (Promega, G8091)
according to the manufacturer’s instructions, and a VICTOR
X3 Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA)
was used to measure the luminescence emitted from the cleaved
substrates.

Cell migration assay

Cellular migration assays were performed using ARPE-19
cells in a 24-well plate with transwell inserts (Costar�,
6.5 mm, 5.0-mm pore size, Corning Costar; CLS3421).
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Approximately 1£105 cells were seeded into transwell
inserts with serum free DMEM-F12 medium. The transwell
inserts, which contained the cells, were transferred into the
lower chamber with DMEM-F12 medium supplemented
with 10% FBS, 1% penicillin/streptomycin and 400 mM
paraquat and/or 20 mM of PD98059. After incubation for
36 h at 37�C in a 5% CO2 atmosphere, cells were fixed with
4% paraformaldehyde for 1 h at room temperature. Cells
were then permeabilized with 100% methanol for 20 min at
room temperature. The cells were stained with methylene
blue, and nonmigrated cells were removed using cotton
tips. The migrated cells were observed under a light micro-
scope (Eclipse TS100; Nikon, Tokyo, Japan).

Experimental animals and immunostaining

Mice were maintained in accordance with the policies of the
Konkuk University Institutional Animal Care and Use Com-
mittee (IACUC). These mice were housed in a controlled bar-
rier facility within the Konkuk University Laboratory Animal
Research Center. All animals were handled in accordance with
the policies set forth in the ARVO Statement for the Use of
Animals in Ophthalmic and Visual Research. C57BL/6 male
mice at an age of 7 to 9 wk were purchased from the Orient Bio
(Seongnam, Korea) and were allowed one wk to acclimate to
the facility before the following experiments. All mice were
anesthetized with CO2 gas deeply and their eyes enucleated
immediately. Anterior eye cups were dissected on cold PBS.
After removal of the retina carefully, RPE/choroids were fixed
4% paraformaldehyde. RPE/choroids flat mounts were incu-
bated in blocking solution including 1% BSA (Sigma-Aldrich,
A7906) and 0.2% Triton X-100 for 30 min at room tempera-
ture. Tissues were incubated with TJP1/ZO-1 antibody for
overnight at 4�C. Flat mounts were rinsed in PBS containing
0.5% BSA and then incubated with a secondary antibody 1 h at
room temperature and mounted. All stained samples were cap-
tured using a CCD camera (Axio Cam MRc, Carl Zeiss, Ober-
kochen, Germany).

For cellular immunostaining, ARPE-19 and primary RPE
cells were cultured in 24-well plate with auto-coverglass
(12 mm ;). Cells were fixed with 4% paraformaldehyde for 1 h
at room temperature. Cells were then blocked with 3% BSA for
1 h after permeabilized with 0.2% Triton X-100 for 15 min.
Cells were incubated overnight at 4�C with the primary anti-
bodies (1:200; KRT8 and p-KRT8 or 1:100; PathScan� EMT
Duplex IF Kit Primary Antibody Cocktail) and treated with the
fluorescence-conjugated secondary antibodies (1:1000; Alexa
Fluor 488 and 555) for 2 h at room temperature in the dark.
The cells were washed 3 times with PBS for 10 min each after
every step, and the nuclei were stained with TOPRO-3 (1:500
diluted). Cells were mounted on the coverslip with ProLong
Gold antifade reagent (Invitrogen Life Technologies, P36934)
and observed with a confocal microscope (Olympus FV-1000
spectral). To quantify the fluorescence intensity distribution of
p-KRT8, 3 linear region of interests (ROIs) of equal length
were placed in the perinuclear and cytoplasmic regions of each
cell (software included in Olympus FV-1000). The normalized
intensity profile for all ROI was obtained and used as an indica-
tor of p-KRT8 distribution under different conditions.

Statistical analysis

Replicate data are expressed as means § standard error of
mean (s.e.m.). Paired data were evaluated by the Student t test,
and a one-way analysis of variance (ANOVA) was used for
multiple comparisons. A value of P < 0.05 was considered sta-
tistically significant.

Abbreviations

3-MA 3-methyladenine
AH aqueous humor
AMD age-related macular degeneration
ATG5 autophagy-related 5
Baf A1 bafilomycin A1

CASP caspase
CDH1/E-cadherin cadherin 1
CNV choroidal neovascularization
CTSD cathepsin D; DCFDA, 20,70-dichlorofluor-

escin diacetate
EMT epithelial-mesenchymal transition
GAPDH glyceraldehyde-3-phosphate

dehydrogenase
KRT8 keratin 8
MAP1LC3B/LC3B microtubule-associated protein 1 light

chain 3
MAPK1/ERK2 mitogen-activated protein kinase 1
MAPK3/ERK1 mitogen-activated protein kinase 3
MTOR mechanistic target of rapamycin (serine/

threonine kinase)
PPP2/PP2A protein phosphatase 2
ROI region of interest
ROS reactive oxygen species
RPE retinal pigment epithelium
SQSTM1 sequestosome 1
TJP1/ZO-1 tight junction protein 1
VEGF vascular endothelial growth factor
VIM vimentin
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