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Abstract

Autophagy is a lysosome-mediated degradative process that removes damaged proteins and organelles, during which
autophagosome-lysosome fusion is a key step of the autophagic flux. Based on our observation that intermediate cytofila-
ment keratin 8 (KRT8) enhances autophagic clearance in cells under oxidative stress condition, we investigated whether
KRT8 supports the cytoplasmic architectural networks to facilitate the vesicular fusion entailing trafficking onto filamentous
tracks. We found that KRTS interacts with actin filaments via the cytolinker, plectin (PLEC) during trafficking of autophago-
some. When PLEC was knocked down or KRT8 structure was collapsed by phosphorylation, autophagosome-lysosome
fusion was attenuated. Inhibition of actin polymerization resulted in accumulation of autophagosomes owing to a decrease
in autophagosome and lysosome fusion. Furthermore, myosin motor protein was found to be responsible for vesicular traf-
ficking along the actin filaments to entail autolysosome formation. Thus, the autophagosome-lysosome fusion is aided by
PLEC-stabilized actin filaments as well as intermediate cytofilament KRTS that supports the structural integrity of actin
filaments during macroautophagic process under oxidative stress condition.
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Introduction

Autophagy is a process that maintains cellular homeostasis
through degradation of long-lived proteins and damaged
organelles [1, 2]. Macroautophagy, which is the most preva-
lent form of cellular autophagy [3], begins with formation
of a membrane structure called a phagophore. The phago-
phore then engulfs its cargo, forming a double membrane
vesicle called an autophagosome [4]. Autophagosomes may
fuse directly with lysosomes or they may first fuse with late
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endosomes creating amphisomes, which then fuse with lys-
osomes [5, 6]. Fusion with the lysosome creates a structure
called an autolysosome, in which occurs extensive degra-
dation of entrapped cargoes within membranous vesicles,
culminating in autophagic flux [7, 8]. Autophagy is linked
to several diseases that are likely caused by dysfunctional
degradation of cargo proteins and organelles in the autolyso-
some [9]. Impairment of autophagosome—lysosome fusion
causes accumulation of autophagosomes in dystrophic neu-
rites of patients with Alzheimer’s disease and in a mouse
model of the disease [10]. Lysosome dysfunction is also
responsible for autophagosome accumulation, resulting in
an X-linked genetic disorder such as Lowe syndrome [11].
Movement of mature autophagosomes toward lysosomes
requires stable microtubules, which is apparent in several
diseases possibly caused by dysfunctional autophago-
some-lysosome fusion [12]. Autophagosome formation
requires microtubules to recruit necessary factors, in which
the intact structure of microtubules and microtubule-based
motors are required [13, 14]. Participation of the microtu-
bule plus-end kinesin motor in the compartmentalized path-
way for autophagosome maturation has been evidenced in
primary neurons [15]. The kinesin motor protein is involved
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in autophagic lysosome reformation through autolysosome
tubulation, in which the kinesin motor remains on the micro-
tubule and pulls on the autolysosomal membrane [16].
Another class of cytoskeletal structures, actin filaments,
are also known to be implicated in macroautophagy, which
was shown by failure of autophagosome formation in the
starved cells treated with actin-depolymerizing agents such
as cytochalasin D and latrunculin B [14]. The actin cytoskel-
eton was suggested to be necessary in the early events of
autophagosome formation, because actin filaments have
been observed colocalized with autophagy initiation markers
[17, 18]. Proteomics analysis of autophagy-deficient mouse
cells showed that depolymerization of filamentous actin
(F-actin) resulted in a failure of autophagosome matura-
tion, suggesting a requirement for an intact actin network in
the autophagic flux [19]. Actin-based motor proteins, espe-
cially non-muscle myosins, are needed for several stages
in autophagy, such as distribution of membranous vesicles
and autophagic cargo along the dynamic actin cytoskele-
ton [20]. For instance, myosin VI (MYO6) and myosin 1C
(MYOIC) were known to be involved in autophagosome
maturation and lysosome fusion [21]. In particular, MYO6
delivers endocytic cargo to autophagosomes and facilitates
autophagosome maturation and lysosomal fusion by binding
to autophagy receptors, and an accumulation of autophago-
somes was observed in MYO6 knockout mice [22].
Microtubules, actin filaments, and intermediate filaments
are components of the main cytoskeletal system and form
constant and intimate interactions with each other. Actin fila-
ments and microtubules display a polarity with a fast and a
slow growing end, and motor proteins track for unidirec-
tional transport using this polarity. In contrast, intermediate
filaments form apolar, flexible, and smooth filaments without
tracking motor proteins due to the absence of polarity [23].
Despite the absence of tracking motor proteins, intermediate
filaments form immense networks in cytoplasm, extending
into all areas of the cytoplasm. Intermediate filaments are
important components in mediating the cross talk between
microtubules and actin filaments [24]. Recent studies have
revealed that interaction of these cytoskeletal components is
necessary for structural dynamics in cells, such as maintain-
ing cellular mechanical stability and morphological changes
[25, 26]. Intermediate filaments require cytolinker proteins,
such as plectin (PLEC), to connect cytoskeletal components.
PLEC is a major component of intermediate filaments,
which connects intermediate filaments to microtubules, actin
filaments, and membrane adhesion sites [27]. PLEC is thus
a cross-linking element of the cytoskeleton, which contrib-
utes to integration of the cytoplasm [27, 28]. We previously
showed that an intermediate filament, keratin 8 (KRTS),
facilitates vesicular fusion between autophagosomes and
lysosomes [29]. However, as intermediate filaments do not
have motor proteins, it remains to be answered how vesicular
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fusion between autophagosome and lysosome is facilitated
by KRTS. Thus, understanding the molecular basis of the
cytoskeletal architecture through physical interaction with
other cytoskeletal components harboring the tracking motors
is warranted to elucidate the dynamics of autophagy flux.

Herein, we investigated the role of KRTS in autophago-
some and lysosome fusion in cells undergoing macroau-
tophagy. When expression of KRT8 was inhibited or its
structure was disrupted, autophagosome and lysosome
fusion was significantly decreased. In addition, we found
that KRTS interacts with actin filaments via the cytolinker,
PLEC. We tested whether inhibition of actin polymeriza-
tion and disruption of actin filaments decrease vesicular
fusion between autophagosomes and lysosomes. We further
examined whether the movement of autophagosomes and
lysosomes is aided by actin filaments with the support of
KRT8 and PLEC through the structural integrity of actin
filaments. Our results will contribute to understanding the
molecular details of autophagosome—lysosome fusion with
an emphasis on the roles of cytofilaments in the dynamic
flux of macroautophagy.

Materials and methods
Reagents and antibodies

Methyl viologen dichloride hydrate (paraquat; 856,177),
cytochalasin D (C8273), Torinl (475,991), okadaic acid
(O0810) and tetramethylrhodamine B isothiocyanate (phal-
loidin; P1951) were purchased from Sigma-Aldrich. Dul-
becco’s modified Eagle medium: nutrient mixture F-12
(DMEM-F12; 11,330,032) and Opti-MEM (31,985,070)
were supplied by GIBCO®. The pBABE-puro mCherry
plasmid was purchased from Addgene (22,418), which was
originally oriented by Jayanta Debnath (University of Cali-
fornia at San Francisco, USA). Plasmid DNAs (pSELECT-
GFP-LC3B [psetz-gfplc3b] and pUNO1-hKRT8, coding for
Homo sapiens (Hs)/human KRTS [punol-hkrt8]) were pur-
chased from InvivoGen. siRNAs targeting KRT8 (sc-35156),
PP2A (sc-44033), PLEC (sc-29453), and RABIIFIP2
(sc-90683) were purchased from Santa Cruz Biotechnol-
ogy. LysoTracker Red DND-99 (L7528), 4',6-diamidino-
2-phenylindole (DAPI; D1306), and Lipofectamine 3000
(L3000015) were purchased from Invitrogen Life Tech-
nologies. The following antibodies were used: anti-KRT8
(ab9023), anti-p-KRT8 (ab109452), GAPDH (ab9484), and
SQSTM1 (ab56416) were from Abcam; anti-LC3B (2775 s)
was purchased from Cell Signaling Technology; anti-RAB-
11FIP2 (NBP1-57,009) was purchased from Novus Biolog-
icals; anti-PLEC (sc-33649), anti-pB-Actin (sc-47778) and
horseradish peroxidase-conjugated anti-rabbit and mouse
immunoglobulin (sc-2357, sc2031) were from Santa Cruz
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Biotechnology; Alexa Fluor 488-conjugated anti-mouse
immunoglobulin (A11001) was obtained from Invitrogen
Life Technologies.

Cell culture and transfection

Retinal pigment epithelial cells, ARPE-19 (ATCC CRL-
2302), were purchased from American Type Culture Col-
lection. ARPE-19 cells were maintained in DMEM-F12 sup-
plemented with 10% fetal bovine serum and 1% penicillin/
streptomycin and cultured at 37 °C in 5% CO,. To prepare
KRTS8 overexpressing ARPE-19 cells, cells were seeded
in a 60 mm dish and incubated in Opti-MEM medium at
37 °C for 2 h. Then cells were transfected with 10 pg of
KRTS overexpression plasmid (pUNO1-hKRTS) using Lipo-
fectamine 3000 (Invitrogen Life Technologies, L3000015).
After 6 h, cells were washed thrice with phosphate-buffered
saline (PBS; Welgene, LB 201-02). Then, cells were main-
tained in DMEM-F12 medium containing 10% fetal bovine
serum, 1% penicillin/streptomycin and 20 pg/mL blastici-
din (InvivoGen, antbl-1). To knock down the expression of
KRTS, PP2A, PLEC and RAB11FIP2, ARPE-19 cells were
transfected with anti-KRTS8, PP2A, PLEC and RAB11FIP2
siRNAs. Cells were seeded (~3 % 10°) in a six-well plate.
After seeding, cells were incubated in OPTI-MEM medium
at 37 °C for 2 h. Then, cells were transfected with 50 nM
anti-KRT8, PP2A, PLEC and RABII1FIP2 siRNA using
Lipofectamine 3000. After incubating at 37 °C for 9 h, cells
were washed thrice with PBS and the medium was changed
to DMEM-F12 supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin.

Autophagy assays; mCherry-EGFP-LC3B
and GFP-LC3B analysis

ARPE-19 cells were seeded (~5 x 10%) in a 24-well plate and
incubated in Opti-MEM medium at 37 °C for 2 h. After 2 h,
cells were transfected with 1 pg of pBABE-puro mCherry-
EGFP-LC3B using Lipofectamine 3000. After transfec-
tion, cells were treated with 400 pM paraquat, 2 pM Torinl
or 50 nM okadaic acid for 24 h. Cells were fixed with 4%
paraformaldehyde for 1 h at room temperature. After fixa-
tion, cells were washed three times for 10 min with PBS
and nuclei were stained with DAPI (1:1000) for 2 h at room
temperature. Cells were then mounted on the coverslip using
ProLong Gold antifade reagent (Invitrogen life Technol-
ogy, p36934). After mounting, cells were observed under a
confocal fluorescence microscope (LSM800, Carl Zeiss) at
495-530 nm (EGFP) and 580 to 650 nm (mCherry).
ARPE-19 cells were seeded in a 24-well plate and incu-
bated in Opti-MEM medium at 37 °C for 2 h. Next, cells
were transfected with 1 pg of pSELECT-GFP-LC3B for
6 h using Lipofectamine 3000. After transfection, cells

were treated with 400 pM paraquat, 2 pM Torinl or 50 nM
okadaic acid for 24 h. Cells were stained with 250 nM
Lysotracker Red DND-99 for 2 h in the dark. After staining,
cells were fixed in 4% paraformaldehyde at room tempera-
ture for 1 h. Then, cells were washed three times for 10 min
with PBS and nuclei were stained with DAPI (1:1000) for
2 h. Cells were mounted in ProLong Gold antifade reagent.
After mounting, cells were observed under a confocal fluo-
rescence microscope (LSM800, Carl Zeiss).

Western blot analysis

RIPA buffer (50 mM Tris—HCI, pH 8, 150 nM NaCl, 0.1%
SDS, 0.5% sodium deoxycholate, 1.0% Tergitol®, 10 mM
2-mercaptoethanol, 1 mM phenylmethanesulfonylfluoride)
and a protease and phosphatase inhibitor cocktail (Thermo
Fisher Scientific) were used to lyse the cells. To determine
the protein concentration, the Bradford method was used.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
was used to separate proteins (35 pg per lane). After SDS-
PAGE, proteins were transferred to an Immobilon-P PVDF
membrane (Millipore, IPVH00010). Then, membranes
were blocked with 5% skim milk dissolved in TBST buffer
(25 mM Tris, 150 mM NaCl, 2 mM KCI, 0.1% Tween 20,
pH 7.4) for 1 h at room temperature. Thereafter, membranes
were incubated in primary antibodies (1:1000 to 1:2000)
at 4 °C overnight. Next, membranes were incubated with
horseradish peroxidase-conjugated anti-rabbit and mouse
immunoglobulin for 2 h at room temperature. After 2 h, sig-
nals were detected using a G:BOX Chemi XL (Syngene,
Ozyme, Saint-Quentin-en-Yvelines) with an enhanced
chemiluminescence system (Millipore, WBKLS0500). The
protein band intensities were normalized to GAPDH which
is expressed relative to control using GeneTools (software
included in G:BOX Chemi XL).

Analysis of KRT8 and actin fillaments morphology

ARPE-19 cells were seeded in a 24-well plate containing
coverglasses. Then cells were incubated in the medium
with 400 pM paraquat and 20 pM Torinl at 37 °C for
24 h. After washing, cells were fixed with 4% paraform-
aldehyde for 1 h at room temperature. Then, cells were
permeabilized with 0.2% Triton X-100 for 15 min and
blocked with 3% bovine serum albumin for 1 h at room
temperature. Next, cells were incubated at 4 °C overnight
with anti-KRTS8 primary antibody (1:200) and treated
with the fluorescence-conjugated secondary antibody
(1:1000; Alexa Fluor 488) for 2 h at room temperature
in the dark. The nuclei and actin filaments were stained
with DAPI (1:1000) and phalloidin (1:1000), respectively.
Cells were washed three times with PBS for 10 min after
each step. Then, cells were mounted with ProLong Gold
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antifade reagent. After mounting, the morphology of the
KRTS and actin filaments was observed with a confocal
fluorescence microscope (LSM800, Carl Zeiss).

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) was conducted using the
Dynabeads Co-Immunoprecipitation kit (Thermo Fisher
Scientific, 14321D) to determine KRT8 binding proteins
in ARPE-19 cells and PLEC knockdown ARPE-19 cells.
40 pg of anti-KRTS8 antibody was covalently conjugated
to 10 mg of Dynabeads and immunoprecipitation was
performed according to the manufacturer’s instructions.
Cell lysates were incubated with the antibody-coupled
Dynabead at 4 °C for 2 h. After incubation, the beads
were separated by magnet and washed three times. Cap-
tured proteins were eluted twice with the addition of 50
pL of HPH EB buffer (0.5 M NH,OH, 0.5 mM EDTA).
Immunoprecipitated proteins that were separated by SDS-
PAGE were analyzed by LC-MS/MS peptide mapping
and identified by Life Science Laboratory (Seoul, Korea).
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Fig.1 KRT8 expression level is associated with autophagy pro-
gression in RPE cells under oxidative stress condition. A Confocal
microscopic images in mCherry-EGFP-LC3B-expressing ARPE-19
cells. Cells were incubated in the absence or presence of paraquat
for 24 h. Enlarged images of the white boxed areas are shown in the
lower panels. Scale bar: 5 pm. Bar graph indicates the percentage
of each fluorescence level in the merged images of mCherry-EGFP-
LC3B under paraquat treatment conditions. Data are presented as
the mean+SEM, n=3. **P <0.01. B Confocal microscopic images
of Lysotracker Red-stained and GFP-LC3B-transfected ARPE-19
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Statistical analysis

Replicate data are expressed as means + standard error
of the mean (SEM). Paired data indicate the independent
experiments that were evaluated by Student’s ¢ test. One-way
analysis of variance (ANOVA) was used for multiple com-
parisons through Dunnett’s test, in which a value of P <0.05
was considered statistically significant.

Results

KRT8 facilitates fusion between autophagosomes
and lysosomes during ROS-induced autophagy
process

To investigate the role of KRTS8 on autophagosome-lyso-
some fusion, we first examined the effects of different
expression levels of KRTS8 on the autophagic flux in the
cells exposed to a redox-active compound such as para-
quat. We transfected cells with mCherry-EGFP-LC3B to
label autophagic vacuoles and performed cell imaging
analysis after inducing autophagy (Fig. 1a). Autophago-
somes are indicated by yellow fluorescence puncta due to

KRT8 kid __KRT8 ole ;k{lﬁgﬁ,‘;@ﬁome
Con Para Con Para Con Para =3 Autophagosome
m 570 .
o &/60 —
9 £ 50
c
HENEEL]
&) B 20
S 270
0
% A9
BN <
S
= _15 -
-8
3G 10
2=
Sgo0s
S
0.0
+ o+ - KRT8siRNA - - + + - -
- -+ o+ KRT8pDNA - - - - + +
+ - -+ Paraquat - + - + - +

cells under paraquat treatment for 24 h. Scale bar: 5 pm. Bar graph
indicates the percentage of each fluorescence level in the merged
images of GFP-LC3B and Lysotracker Red under the oxidative stress
condition. Data are presented as the mean+SEM, n=3. **P<0.01.
C Immunoblots of KRT8, SQSTMI1, and LC3B in ARPE-19 cells
treated with paraquat for 24 h. Bar graphs indicate SQSTM1 expres-
sion level or the ratio of LC3B-II to LC3B-I (triplicate western blot
images with ratios of LC3B-II/LC3B-I, shown in Fig. S1). Each pro-
tein band intensity was normalized to GAPDH. Data are presented as
the mean + SEM, n=3. *P <0.05
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the colocalization of mCherry (red) and EGFP (green).
After autophagosome—-lysosome fusion, EGFP is released
from mCherry-EGFP-LC3B and degraded in lysosomes,
resulting in a fluorescence change from yellow to red.
When cells were exposed to paraquat, the number of LC3B
puncta increased as compared with untreated cells, indicat-
ing induction of autophagy in cells under oxidative stress.
In the KRTS8 overexpressing cells under oxidative stress,
the merged fluorescence micrographs were dominated
with red-colored fluorescence representing autolysosomes.
In contrast, merged images of cells in which KRT8 was
knocked down and which were under oxidative stress
exhibited mainly yellow fluorescence puncta prevalent in
the cytoplasm. These results indicate that autophagy was
stalled prior to autophagosome-lysosome fusion.

To determine whether different expression levels of
KRTS affects the autolysosome formation, we monitored
the presence of autophagosomes and lysosomes in the
cells under oxidative stress (Fig. 1b). Autophagosome
was tracked with GFP-LC3B and lysosome was stained
with lysosome-specific fluorescent dye (LysoTracker Red
DND-99). ARPE-19 cells under oxidative stress showed
accumulation of GFP-LC3B puncta (green) and lysoso-
mal organelles (red), which were colocalized with yellow-
colored puncta in the merged image. In the KRTS8-over-
expressing cells under oxidative stress, yellow-colored
fluorescence puncta that indicate the presence of autol-
ysosomes were found in the merged fluorescence image.
However, in the KRTS8 knocked down cells under oxida-
tive stress, colocalization between GFP-LC3B puncta and
lysosomal organelles was rarely observed. Consistent with
the result observed in Fig. la, this result indicates that
KRTS8 facilitates the autolysosome formation during the
later stage of autophagy.

Under the oxidative stress condition, there was accu-
mulation of LC3B-II and degradation of sequestosome 1
(SQSTM1), showing that the cells underwent autophagy
(Figs. 1c & S1). In the KRTS8 knockdown cells, the LC3B
conversion representing the induction of autophagy was
enhanced, but degradation of SQSTM1 was not pro-
moted compared with control cells. This result suggests
that autophagic flux was steadily halted before lysosomal
fusion of the autophagosome. However, when cells were
made to overexpress KRT8, LC3B conversion and sub-
sequent SQSTM1 degradation were increased more than
it was in the paraquat-treated control cells. Thus, KRT8
expression efficiently facilitates lysosomal fusion of
autophagosomes in cells undergoing extensive autophagy.
Taken together, these results indicate that KRT8 facilitates
vesicular fusion between the autophagosome and the lyso-
some during the macroautophagy, likely resulting in more
rapid autophagic flux.

Disruption of KRT8 filamentous structure
attenuates autophagosome-lysosome fusion
under ROS-induced autophagy process

We next hypothesized that disruption of KRT8 filamentous
structure may attenuate the fusion between autophagosomes
and lysosomes. Phosphorylation of cytoskeletal components
has been suggested to regulate intermediate filament polym-
erization and dynamics [30, 31]. Okadaic acid was used to
regulate the filamentous structure of KRTS8 by preventing
the dephosphorylation of KRT8 through inhibition of phos-
phatase 2A (PP2A) [32, 33]. We monitored how disruption
of KRTS filamentous structure with okadaic acid treat-
ment affects the shape of KRTS in the cells under oxidative
stress (Fig. 2a). When the cells exposed to paraquat were
treated with okadaic acid, KRTS filaments were disrupted
and assembled at perinuclear sites and actin filaments were
collapsed. We next investigated whether the fusion between
autophagosomes and lysosomes was affected by okadaic
acid treatment (Fig. 2b). When cells were treated with oka-
daic acid, the relative amount of phosphorylated KRT8 was
greater than that in untreated cells under oxidative stress.
Degradation of SQSTM1 was less pronounced in okadaic
acid-treated cells than in untreated cells under oxidative
stress. SQSTM1 degradation is a hallmark of autolyso-
some formation following fusion between autophagosomes
and lysosomes. In contrast, the autophagic marker LC3B-
II conversion was not affected by okadaic acid treatment
of cells under oxidative stress. These results suggest that
autophagy was hindered at the stage of vesicular fusion
between autophagosomes and lysosomes. Hence, we sug-
gest that disruption of the filamentous structure of KRT8
by okadaic acid halts the progression of autophagy at the
vesicular fusion stage.

To test whether the loss of KRTS filamentous structure
caused by okadaic acid treatment hinders the fusion between
autophagosomes and lysosomes, we monitored vesicular
fusion between autophagosomes and lysosomes in the oka-
daic acid-treated cells (Fig. 2¢). Red fluorescence puncta
were predominantly present in the cytoplasm in cells under
oxidative stress, indicating a prevalence of autolysosomes.
In contrast, the cells treated with okadaic acid lacked red
fluorescence and were dominated by yellow fluorescence
puncta. This result represents that the autophagic process
is paused before the lysosomal fusion of autophagosomes.
Thus, consistent with the above result (Fig. 2b), disruption
of KRT8 structure with okadaic acid halts the progression of
autophagy with an aborted autophagosome-lysosome fusion
process.

To further determine whether disruption of KRT8
negatively affects the late stage of autophagic flux, we
monitored the colocalization of autophagosomes and lys-
osomes. We transfected cells with GFP-LC3B to track the
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Fig.2 Treatment of RPE cells with okadaic acid suppresses
autophagosome-lysosome fusion. ARPE-19 cells were treated with
paraquat in the presence or absence of okadaic acid (OA) for 24 h.
a Confocal microscopic images of KRT8-immunostained (green) and
Alexa 555-Phalloidin-stained (red) ARPE-19 cells. Scale bar: 5 pm. b
Immunoblots of KRT8, p-KRTS and autophagic markers (SQSTM1,
LC3B) in ARPE-19 cells. Bar graphs indicate SQSTM1 expression
level or the ratio of LC3B-II to LC3B-I. Each protein band intensity
was normalized to GAPDH. Data are presented as the mean+ SEM,
n=3. ¥*P<0.05. ¢ Confocal microscopic images of mCherry-EGFP-

autophagosome and stained the lysosome with lysosome-
specific fluorescent dye (Lysolracker Red DND-99). ARPE-
19 cells under oxidative stress showed accumulation of
GFP-LC3B puncta and lysosomal organelles, with yellow
puncta showing much colocalization (Fig. 2d). However,
the okadaic acid-treated cells did not show colocalization
of GFP-LC3B puncta and lysosomal organelles with yellow
fluorescence. These results suggest that autophagosome—lys-
osome fusion was hindered when the filamentous structure
of KRT8 was disrupted.

PP2A dephosphorylates the phosphorylated KRTS, by
which unphosphorylated KRTS retains filamentous struc-
ture in a branched form in the cytoplasm. To further cor-
roborate that autolysosome formation is diminished when
the filamentous structure of KRT8 is disrupted, we examined
whether autophagy progression is attenuated by knockdown
of PP2A. PP2A knockdown with PP2A-specific siRNA in
RPE cells under oxidative stress resulted in perinuclear pres-
ence of sparse KRT8 filaments with disrupted actin filaments
compared with the control RPE cells (Fig. 3a). In addition,
PP2A knockdown with PP2A-specific siRNA resulted in
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LC3B-expressing ARPE-19 cells. Magnified images of the white
boxed areas are shown as insets. Scale bar: 5 pm. Bar graph indi-
cates the percentage of each fluorescence level in the merged images
of mCherry-EGFP-LC3B under paraquat treatment condition. Data
are presented as the mean+SEM, n=3. ***P<(0.001. d Confocal
microscopic images of LysoTracker Red-stained and GFP-LC3B-
transfected ARPE-19 cells. Scale bar: 5 pm. Bar graph indicates the
percentage of each fluorescence level in the merged images of GFP-
LC3B and Lysotracker Red under oxidative stress condition. Data are
presented as the mean+SEM, n=3. ***P <0.001

Merge Lyso

decreased degradation of SQSTM1 with accumulation of
LC3B-II in RPE cells under oxidative stress (Fig. 3b). Thus,
disruption of the filamentous structure of KRT8 by PP2A
knockdown is likely to inhibit the progression of oxidative
stress-induced autophagy at a late stage in RPE cells.

Next, we investigated whether the loss of the filamentous
architecture of KRT8 caused by PP2A knockdown inhibits
autophagy progression during the late stage by hindering
fusion between autophagosomes and lysosomes. We moni-
tored vesicular fusion in RPE cells under oxidative stress
that were transfected with mCherry-EGFP-LC3B (Fig. 3c).
Untreated and scrambled siRNA-transfected RPE cells
exhibited accumulation of red fluorescence puncta in the
cytoplasm, representing ready formation of autolysosomes
under oxidative stress. In contrast, PP2A knockdown using
anti-PP2A siRNA resulted in yellow fluorescence puncta
in cytoplasm, indicating that autophagy was halted prior to
vesicular fusion between autophagosomes and lysosomes.
To keep track of the autophagosome—lysosome fusion in
ARPE-19 cells with PP2A knockdown, autophagosomes
were traced with GFP-LC3B and lysosomes were stained
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Fig.3 Knockdown of the PP2A expression level diminishes

autophagosome and lysosome fusion. a Confocal microscopic images
of anti-PP2A siRNA-transfected ARPE-19 cells with or without para-
quat. Cells were stained with Alexa 555-Phalloidin-stained (red) and
immunostained for KRTS8 (green). Scale bar: 5 pm. b Immunoblots of
PP2A, KRTS8, p-KRT8, SQSTM1, and LC3B in anti-PP2A siRNA-
transfected ARPE-19 cells. Cells were treated with paraquat for 24 h.
Bar graphs indicate SQSTM1 expression level or the ratio of LC3B-II
to LC3B-1. Each protein band intensity was normalized to GAPDH.
Data are presented as the mean+SEM, n=3. *P <0.05 ***P <0.001.
¢ Confocal microscopic images of mCherry-EGFP-LC3B-expressing
ARPE-19 cells. Cells were transfected with anti-PP2A siRNA and

with lysosome-specific fluorescent dye. The ARPE-19 cells
under oxidative stress and a negative control group (scram-
bled siRNA) accumulated GFP-LC3B puncta and lysosomal
organelles with significant colocalization, visualized as yel-
low-colored fluorescence in merged micrographs (Fig. 3d).
On the contrary, GFP-LC3B puncta did not colocalize with
lysosomes in ARPE-19 cells with PP2A knockdown. Thus,
we suggest that maintenance of the filamentous structure of
KRT8 in the dephosphorylated state facilitates autophago-
some-lysosome fusion during the late stage of autophagy in
ARPE-19 cells under oxidative stress.

Unphosphorylated KRT8 is associated with actin
filaments through the cytolinker, PLEC

Although KRT8 does not have motor proteins to move
autophagosomes and lysosomes along the cytoskeletal track,
filamentous KRTS still facilitates vesicular movement of
autophagosomes and lysosomes. To delineate this appar-
ent paradox, we hypothesized that actin filaments harboring
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incubated with paraquat for 24 h. Scale bar: 5 pm. Bar graph indi-
cates the percentage of each fluorescence level in the merged images
of mCherry-EGFP-LC3B under paraquat treatment condition. Data
are presented as the mean+SEM, n=3. ***P<(0.001. d Confocal
microscopic images of LysoTracker Red-stained and GFP-LC3B-
transfected ARPE-19 cells. Cells were transfected with anti-PP2A
siRNA and incubated with paraquat for 24 h. Scale bar: 5 pm. Bar
graph indicates the percentage of each fluorescence level in the
merged images of GFP-LC3B and Lysotracker Red under oxida-
tive stress condition. Data are presented as the mean+SEM, n=3.
*#%P <0.001

motor proteins for vesicular movement are physically asso-
ciated with KRT8 filaments through a mediating factor.
Through the analysis of KRT8 binding proteins by immuno-
precipitation, several proteins were found to associate with
KRTS (Table 1). Among them, PLEC was selected as the
putative protein that mediates association between KRT8
and actin filaments, because PLEC has been known to play
versatile roles such as connecting intermediate filaments
to microtubules, actin filaments, and membrane adhesion
sites [27, 28]. We used the PLEC knockdown to determine
whether PLEC mediates the association of KRT8 with actin
filaments. PLEC knockdown with PLEC-specific siRNA
resulted in a decreased association of actin filaments with
KRT8 compared with untreated RPE cells under oxidative
stress (Fig. 4a).

PLEC has been known to not only act as a cytolinker
between actin filaments and intermediate filaments, but also
maintain the architecture of intermediate filaments [34].
When the expression of PLEC is inhibited, keratin filament
bundles become sparse and there is increased distribution of
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Table 1 List of proteins Accession Protein name Molecular Sequence
found to associate with KRT8 weight (kDa) coverage
through immunoprecipitation (%)
and subsequent LC-MS/MS
analysis XP_005251033.1 Plectin isoform X3 532.145 34.72
XP_005251037.1 Plectin isoform X5 516.563 35.61
EAWS82172.1 Plectin 1 289.821 31.58
CAG30412.1 MYH9 226.392 16.12
AAA60137.1 Poly(ADP-ribose) polymerase 113.011 24.85
XP_016882820.1 Alpha-actinin-4 isoform X3 107.175 39.55
BAA04656.1 Motor protein (Mitofilin) 83.626 17.55
EAW68921.1 Heterogeneous nuclear ribonucleoprotein M 77.596 32.05
P11142.1 Heat shock cognate 71 kDa protein 70.854 18.42
AAH12295.1 Lamin B1 66.367 19.28
AFA52005.1 Keratin 1 66.086 12.56
EAW52998.1 Lamin A/C 62.105 47.77
ACA06101.1 Vimentin variant 1 53.619 65.02
a b PLEC siRNA
Input (10%) IP:KRT8
[ee]
PLECSRNA - - + + - - + + £ B
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Fig.4 Inhibition of KRTS8 dephosphorylation attenuates the inter-
action between actin filaments, PLEC, and KRT8. a Immunoblots
of KRTS and actin in anti-PLEC siRNA-transfected ARPE-19 cells
after co-immunoprecipitation with anti-KRT8 antibody. Cells were
incubated with paraquat for 24 h. Bar graph indicates level of co-
immunoprecipitated actin with KRT8. Each protein band intensity
was normalized to KRTS8. b Confocal microscopic images of KRT8-
immunostained (green) and Alexa 555-Phalloidin-stained (red)

actin stress fibers [35]. Thus, we investigated the morphol-
ogy of KRT8 and actin filaments in the PLEC knockdown
cells (Fig. 4b). Under oxidative stress, KRTS filaments held
a densely branched shape, while bundles of KRTS8 and actin
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ARPE-19 cells. Cells were treated with paraquat for 24 h. Scale bar:
5 pm. ¢ Immunoblots of KRT8, actin, and PLEC in ARPE-19 cells
after co-immunoprecipitation with anti-KRT8 antibody. Cells were
incubated with paraquat in the presence or absence of okadaic acid
for 24 h. Bar graph indicates the level of co-immunoprecipitated actin
and PLEC with KRT8, in which KRT8 was used to normalize each
protein band intensity

filaments were sparse. These results indicate that PLEC
mediates physical association between KRT8 and actin fila-
ments under oxidative stress by maintaining the cytoskeletal
architecture composed of KRTS and actin filaments.
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Next, we investigated whether the loss of KRTS filamen-
tous structure by preventing dephosphorylation of KRT8
may affect cytoskeletal interaction between actin filaments,
PLEC, and KRT8 (Fig. 4c). Loss of KRT8 filamentous struc-
ture by treating okadaic acid, which inhibits dephosphoryla-
tion of KRTS, resulted in a decreased association between
KRT8 and actin filaments. Because oxidative stress-induced
phosphorylation of KRT8 decreases the association of KRT8
with actin/plectin, inhibition of KRTS8 dephosphorylation
caused by the okadaic acid treatment under oxidative stress
condition (Fig. 2b) is likely to induce attenuation of KRT8
interactions with actin and/or plectin. As expected, both
KRT8-actin and KRT8-PLEC interactions were signifi-
cantly decreased with the okadaic acid treatment under oxi-
dative stress. These results suggest that disruption of KRTS
filamentous structure by preventing the dephosphoryla-
tion of KRTS8 diminishes the physical interaction between
actin filaments and KRT8. Taken together, we suggest that
phosphorylation of KRTS8 causes disruption of filamentous
actin (F-actin) structure and the filamentous structure of
unphosphorylated KRTS is associated with actin filaments
via PLEC.

PLEC is required for autophagosome-lysosome
fusion by supporting the cytoskeletal architecture

Since PLEC was observed to mediate a physical association
between KRTS and actin filaments in RPE cells under oxida-
tive stress, we examined whether inhibition of association
between KRTS8 and actin filaments by PLEC knockdown
affects progression of autophagy under oxidative stress
(Fig. 5). PLEC knockdown using anti-PLEC siRNA resulted
in accumulation of LC3B-II and decreased degradation of
SQSTM1, compared with untransfected controls (Fig. 5a).
To monitor the progression of autophagy in PLEC knock-
down RPE cells under oxidative stress, we transfected cells
with mCherry-EGFP-LC3B to label autophagic vacuoles
and performed cell imaging (Fig. 5b). Untransfected cells
showed mainly red fluorescence puncta, indicating formation
of autolysosomes under oxidative stress. However, in the
PLEC knockdown cells treated with paraquat, the autolyso-
some formation was significantly decreased, as evidenced
by extensive yellow fluorescence puncta. This is consistent
with the above result (Fig. 5a). These results indicate that
PLEC facilitates the progression of autophagy by enhanc-
ing autophagosome-lysosome fusion. To further examine
whether PLEC knockdown attenuates vesicular fusion of
autophagosomes and lysosomes, autophagosomes were
traced with GFP-LC3B and lysosomes were stained with the
lysosome-specific fluorescent dye (Fig. 5c). RPE cells under
oxidative stress and a control group transfected with scram-
bled siRNA showed accumulation of GFP-LC3B puncta
and lysosomal organelles with extensive colocalization

visualized as yellow fluorescence. On the contrary, GFP-
LC3B puncta did not colocalize with lysosomes in the PLEC
knockdown RPE cells. Taken together, these results suggest
that PLEC mediates physical association between actin fila-
ments and KRT8 filaments and plays a supporting role in
autolysosome formation during autophagy induced by oxida-
tive stress in RPE cells.

KRT8 and PLEC facilitates autophagosome-
lysosome fusion in macroautophagy process

Based on previous observation that KRT8 was phosphoryl-
ated and reorganized to a perinuclear place under oxidative
stress [29], we substantiated that phosphorylation of KRTS8
attenuates the fusion between autophagosome and lyso-
some in macroautophagy under oxidative stress (Figs. 2,3).
These results were explained by disrupted architecture of
KRT8-actin filaments, which is mediated by PLEC linker,
during the macroautophagy process. Next, we investigated
whether shortage of KRT8 would diminish the autophago-
some-lysosome fusion in macroautophagy process. To this
end, we monitored the role of KRTS8 in macroautophagy by
treating cells with Torinl, a mechanistic target of rapamy-
cin (MTOR) inhibitor, to induce autophagy by inhibiting
mTORC1/2. Unlike the oxidative stress condition, Torinl
treatment maintains the cytoskeletal architecture compris-
ing KRT8-actin filaments in the cells undergoing macroau-
tophagy. Cells harboring mCherry-EGFP-LC3B were treated
with Torinl to monitor the autophagy process (Fig. 6a).
Torinl treatment readily caused autophagy, with cells
showing red mCherry fluorescence dominantly. In contrast,
merged micrographs of KRT8 knockdown cells were over-
whelmed with yellow fluorescence puncta, consistent with
the result in cells under oxidative stress (Fig. 1a,b). We next
monitored autolysosome formation in the cells undergoing
autophagy with Torinl treatment under the different expres-
sion levels of KRT8 condition (Fig. 6b). The cells treated
with Torinl showed accumulation of both GFP-LC3B
puncta and lysosomal organelles with extensive colocaliza-
tion that was visualized as yellow fluorescence in the merged
image. Similar to the results shown in the KRT8 knockdown
cells under oxidative stress, GFP-LC3B green fluorescence
puncta were not colocalized with lysosomes in KRT8 knock-
down cells treated with Torinl. Furthermore, cells treated
with Torinl were analyzed for autophagic marker proteins
(Fig. 6¢). Degradation of SQSTM1 was more pronounced in
the cells with Torinl than the cells with KRT8 knockdown.
Thus, macroautophagy caused by Torinl treatment entails
robust autophagosome-lysosome fusion, while shortage of
KRT8 significantly decreases autolysosome formation dur-
ing the macroautophagy process. Therefore, either shortage
or phosphorylation of KRTS causes attenuation of macro-
autophagy flux.
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To verify the role of PLEC on vesicular fusion during
macroautophagy caused by Torinl treatment, we moni-
tored vesicular fusion and the progression of autophagy
induced by Torinl under PLEC knockdown cells. First,
we monitored the progression of autophagy in RPE cells
treated with Torinl using mCherry-EGFP-LC3B to label
autophagic vacuoles (Fig. 6d). The cells treated with
autophagy inducer Torinl without PLEC knockdown
exhibited mainly red fluorescence puncta, indicating for-
mation of autolysosomes. On the contrary, autolysosome
formation was inhibited in the PLEC-knockdown cells
treated with Torinl, as evidenced by extensive yellow
fluorescence puncta, which is consistent with the result
observed in paraquat-treated cells (Fig. 5b). Furthermore,
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autophagosome-lysosome fusion in PLEC knockdown
RPE cells treated with Torinl was monitored (Fig. 6e).
Torinl1-treated cells showed accumulation of GFP-LC3B
puncta and lysosomal organelles with extensive colocali-
zation visualized as yellow fluorescence in the merged
micrographs. In contrast, GFP-LC3B green fluores-
cence puncta did not colocalize with lysosomes in PLEC
knockdown cells. In addition, RPE cells treated with
Torinl showed increased hallmarks of autophagy, includ-
ing LC3B-II conversion and degradation of SQSTM1,
compared with control cells (Fig. 6f). When the cells
were treated with PLEC-specific siRNA, progression of
autophagy in RPE cells was delayed with decreased degra-
dation of SQSTM1. Thus, knockdown of PLEC expression
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Fig.6 KRT8 and PLEC is required for autolysosome formation in
macroautophagy caused by MTOR inhibition condition. a Confocal
microscopic images in mCherry-EGFP-LC3B-expressing ARPE-
19 cells. Cells were incubated in the absence or presence of Torinl
for 24 h. Enlarged images of the white boxed areas are shown in
the lower panels. Scale bar: 5 pm. Bar graph indicates the percent-
age of each fluorescence level in the merged images of mCherry-
EGFP-LC3B under Torinl treatment condition. Data are presented
as the mean+SEM, n=3. ***P<0.001. b Confocal microscopic
images of Lysotracker Red-stained and GFP-LC3B-transfected
ARPE-19 cells under Torinl treatment for 24 h. Scale bar: 5 pm.
Bar graph indicates the percentage of each fluorescence level in
the merged images of GFP-LC3B and Lysotracker Red under the
MTOR inhibition condition. Data are presented as the mean + SEM,
n=3. ***P<(0.001. ¢ Immunoblots of KRT8, SQSTM1, and LC3B
in ARPE-19 cells treated with Torinl for 24 h. Bar graphs indicate
SQSTM1 expression level or the ratio of LC3B-II to LC3B-1. Each
protein band intensity was normalized to GAPDH. Data are presented

results in failed autolysosome formation in cells under-
going Torinl-activated macroautophagy. Taken together,
these results suggest that KRT8 facilitates vesicular fusion
between the autophagosome and lysosome during macro-
autophagy, likely resulting in more rapid autophagic flux.
In addition, PLEC mediates physical association between
actin filaments and KRTS filaments and plays a supporting
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as the mean+SEM, n=3. *P<0.05, **P<0.01. d Confocal micro-
scopic images of mCherry-EGFP-LC3B-expressing ARPE-19 cells.
Cells were transfected with anti-PLEC siRNA and incubated with
Torinl for 24 h. Scale bar: 5 pm. Bar graph indicates the percentage
of each fluorescence level in the merged images of mCherry-EGFP-
LC3B under Torinl treatment condition. Data are presented as the
mean+SEM, n=3. ***P <(0.001. e Confocal microscopic images of
LysoTracker Red-stained and GFP-LC3B-transfected ARPE-19 cells.
Cells were transfected with anti-PLEC siRNA and incubated with
Torinl for 24 h. Scale bar: 5 pm. Bar graph indicates the percent-
age of each fluorescence level in the merged images of GFP-LC3B
and Lysotracker Red under the MTOR inhibition condition. Data are
presented as the mean+ SEM, n=3. ***P <0.001. f Immunoblots of
PLEC, SQSTMI1, and LC3B in anti-PLEC siRNA-transfected ARPE-
19 cells. Cells were treated with Torinl for 24 h. Bar graphs indicate
SQSTM1 expression level or the ratio of LC3B-II to LC3B-1. Each
protein band intensity was normalized to GAPDH. Data are presented
as the mean+ SEM, n=3. *P<0.05

role in autolysosome formation during autophagy induced
by mTORC 1/2 inhibition.
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Impairment of actin polymerization diminishes
autophagosome-lysosome fusion

Since we observed that progression of autophagy was
facilitated by filamentous KRT8 and PLEC, we investi-
gated whether the structure of the cytoskeletal architec-
ture, including KRT8 and actin filaments, affects the pro-
gression of autophagy in RPE cells. We examined whether
disruption of actin filaments by inhibition of actin polym-
erization would affect autophagy in Torinl-treated cells.
Disruption of the actin filaments was induced by cytocha-
lasin D, which inhibits polymerization of actin filaments
by binding to the ends of actin nuclei and filaments with
high affinity [36, 37]. First, we examined the morphology
of the KRT8 and actin filaments during autophagy in RPE
cells treated with cytochalasin D and Torinl (Fig. 7a).

a C
i Torin1
Torin1 - + - Cyto D
Cyto D - - ¥

KRT8

Actin filaments were broadly disrupted, as evidenced by
the presence of small red fluorescence dots when the cells
were treated with cytochalasin D under both normal and
autophagic conditions. Interestingly, the branched struc-
ture of KRTS filaments was less evident in cells harboring
disrupted actin filaments than in cells with intact polymer-
ized actin filaments. It is likely that actin filaments must
be intact for maintaining the branched shape of KRTS fila-
ments in RPE cells.

Next, we examined the effect of disrupting actin polym-
erization on the progression of autophagy by monitor-
ing autophagy markers such as LC3B-II conversion and
degradation of SQSTM1 (Fig. 7b). When RPE cells were
treated with cytochalasin D, progression of autophagy was
delayed, illustrated by decreased degradation of SQSTM1
and accumulation of LC3B-II. Thus, disruption of actin
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Fig.7 Disruption of actin filaments inhibits autophagosome-lyso-
some fusion. ARPE-19 cells were treated with Torinl in the presence
or absence of cytochalasin D (Cyto D) for 24 h. a Confocal micro-
scopic images of KRT8-immunostained (green) and Alexa 555-Phal-
loidin-stained (red) ARPE-19 cells. Scale bar: 5 pm. b Immunoblots
of autophagic markers (SQSTM1, LC3B) in ARPE-19 cells. Bar
graphs indicate SQSTM1 expression level or the ratio of LC3B-II
to LC3B-I. Each protein band intensity was normalized to GAPDH.
Data are presented as the mean+ SEM, n=3. *P<0.01 ***P <0.001.
¢ Confocal microscopic images of mCherry-EGFP-LC3B-expressing
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ARPE-19 cells. Scale bar: 5 pm. Bar graph indicates the percentage
of each fluorescence level in the merged images of mCherry-EGFP-
LC3B under Torinl treatment condition. Data are presented as the
mean+SEM, n=3. ¥***P <(.001. d Confocal microscopic images of
LysoTracker Red-stained and GFP-LC3B-transfected ARPE-19 cells.
Scale bar: 5 pm. Bar graph indicates the percentage of each fluo-
rescence level in the merged images of GFP-LC3B and Lysotracker
Red under MTOR inhibition condition. Data are presented as the
mean+ SEM, n=3. ***P <(0.001
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polymerization delays progression of Torinl-activated
autophagy in RPE cells. We next monitored lysosome
formation during Torinl-activated autophagy by using
mCherry-EGFP-LC3B to label autophagic vacuoles in RPE
cells treated with cytochalasin D (Fig. 7c). Autolysosome
formation was inhibited in these cells, with extensive yel-
low fluorescence puncta in the Torinl-activated autophagic
cells. This result indicates that autophagosome-lysosome
fusion is inhibited when actin filament polymerization is
impaired. In addition, autophagosome-lysosome fusion in
RPE cells treated with Torinl and cytochalasin D was moni-
tored (Fig. 7d). GFP-LC3B (green fluorescence) autophago-
some puncta did not colocalize with lysosomes (red fluores-
cence) in cells treated with Torinl and cytochalasin D. In
contrast, cells treated with only Torinl showed accumulation
of GFP-LC3B puncta and lysosomal organelles with signifi-
cant colocalization, visualized as yellow fluorescence in the
merged micrographs. Therefore, we suggest that disruption
of cytoskeletal architecture induced by impairment of actin
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Fig. 8 Expression level of RAB11-FIP2 is associated with autophagy
progression in RPE cells under oxidative stress. a Immunoblots of
RABI1-FIP2 (RAB11), SQSTM1, and LC3B in anti-RABII-FIP2
siRNA-transfected ARPE-19 cells. Cells were treated with para-
quat for 24 h. Bar graphs indicate SQSTM1 expression level or the
ratio of LC3B-II to LC3B-1. Each protein band intensity was nor-
malized to GAPDH. Data are presented as the mean+SEM, n=3.
*P <0.05. b Confocal microscopic images of mCherry-EGFP-LC3B-
expressing ARPE-19 cells exposed to paraquat for 24 h. Scale bar:
5 pm. Bar graph indicates the percentage of each fluorescence level
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polymerization diminishes autophagosome-lysosome fusion
under macroautophagy induced condition.

RAB11-FIP2 is necessary for facilitation
of autophagosome-lysosome fusion

Since we observed that actin filaments must be intact for effi-
cient autolysosome formation in the late stage of autophagy,
we postulated that motor proteins working on the actin fila-
ments are responsible for vesicular trafficking along actin
filaments during autolysosome formation. Actin filaments
have motor proteins that distribute membranous vesicles and
autophagic cargoes [20]. Myosins are actin-based cytoskel-
etal motors that walk along the actin filaments through con-
tinuous ATP hydrolysis for directional movement, resulting
in trafficking and localization of cellular components [38].
Myosin Va (MYO5A) and Vb (MYOS5B) interact with orga-
nellar cargoes from the endoplasmic reticulum and recy-
cling endosomes, respectively, in which both MYOS5A and
MYOS5B need the receptor protein Rab11 family-interacting
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treatment condition. Data are presented as the mean+SEM, n=3.
*#%P <0.001. ¢ Confocal microscopic images of LysoIracker Red-
stained and GFP-LC3B-transfected ARPE-19 cells. Cells were treated
with paraquat for 24 h. Scale bar: 5 pm. Bar graph indicates the per-
centage of each fluorescence level in the merged images of GFP-
LC3B and Lysotracker Red under oxidative stress condition. Data are
presented as the mean+ SEM, n=3. ***P <0.001. d Graphical sum-
mary of the results
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protein 2 (RAB11-FIP2) to interact with their cargoes
[39]. Thus, we examined whether disrupting the associa-
tion of myosin V with autophagic vesicles by knockdown
of RAB11-FIP2 diminishes fusion of autophagosomes and
lysosomes in RPE cells (Fig. 8).

Under oxidative stress, RAB11-FIP2 knockdown (with
anti-RAB11-FIP2 siRNA) resulted in decreased degrada-
tion of SQSTM1, compared with untransfected control cells
(Fig. 8a). We next monitored the progression of autophagy in
RAB11FIP2 knockdown cells under oxidative stress, where
cells were transfected with mCherry-EGFP-LC3B to label
autophagic vacuoles (Fig. 8b). Compared with untransfected
cells and cells transfected with scrambled siRNA, autolyso-
some formation was severely inhibited, showing yellow
fluorescence puncta in the RAB11-FIP2 knockdown cells
treated with paraquat. Thus, the receptor protein RAB11-
FIP2, which interacts with myosin motor proteins working
on the actin filaments, is responsible for formation of autol-
ysosomes during the late stage of autophagy.

To confirm that the RAB11-FIP2 knockdown results in
failed autophagosome-lysosome fusion, autophagosomes
and lysosomes were traced with GFP-LC3B and LysoTracker
Red, respectively (Fig. 8c). When RPE cells under oxida-
tive stress were transfected with anti-RABIIFIP2 siRNA,
GFP-LC3B puncta did not colocalize with lysosomes. In
contrast, extensive colocalization between autophagosomes
(green fluorescence) and lysosomes (red fluorescence) was
observed in untransfected RPE cells and a control group
transfected with scrambled siRNA. Importantly, structural
disintegration or disruption of KRTS8 and actin filaments did
not occur under the RAB11-FIP2 knockdown condition;
shapes and presence of KRTS and actin filaments (phalloidin
fluorescence) were similar in both absence and presence of
the RAB11-FIP2 siRNA treatment (Fig. S2). These results
indicate that the receptor protein RAB11-FIP2 is likely
required for vesicular trafficking in autolysosome formation
in RPE cells. Thus, vesicular trafficking along the actin fila-
ments by myosin motor proteins is presumably responsible
for vesicular fusion necessary for autolysosome formation
during the late stage of autophagy in RPE cells.

Discussion

In this study, we observed that the intermediate filament
KRT8 promotes the progression of autophagy by facilitat-
ing vesicular fusion of autophagosomes and lysosomes.
Maintenance of actin filament and intermediate filament
structure was crucial to autolysosome formation. Vesicular
fusion is a seminal event in the late stages of autophagy in
cells under oxidative stress. Thus, facilitation of vesicular
trafficking with intact cytoskeletal architecture is highly
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important for uninterrupted autophagic flux. Cellular pro-
teostasis is often achieved by clearance of harmful protein
aggregates through autophagy [40]. However, efficiency of
autophagy is decreased in aged cells or in pathologically
dysfunctional cells, which are often observed in patients
with age-related macular degeneration (AMD) [41, 42]. Sev-
eral studies, including one from our lab, have demonstrated
that enhanced autophagy protects cellular function in various
diseases such as AMD [29], Huntington’s disease [43], and
Mallory—Denk body formation in liver disease [44].

In previous studies, we found that unhampered autophagy
could maintain the functional and anatomic integrity of RPE
cells despite continuous exposure to oxidative stress [29].
We found that KRT8 was upregulated in cells of patients
with neovascular AMD under oxidative stress [45]. We also
observed that the upregulated KRT8 facilitated autophago-
some-lysosome fusion in RPE cells undergoing autophagy
[29, 45]. Other cytoskeletal structures such as microtubules
and actin filaments are known to affect the autophagy pro-
cess [13, 17]. However, the role of intermediate filaments
in autophagy has not been explored outside our previous
study [29]. Since intermediate filaments do not harbor motor
proteins that transport autophagy cargoes [23], it is not well
understood how KRTS facilitates autophagosome-lysosome
fusion in RPE cells undergoing autophagy.

In epithelial cells, keratins are one of the dominant inter-
mediate filaments and form cytoplasmic structural networks
to link the plasma membrane, nucleus, and other cytoskeletal
components by traversing the cell cytoplasm [46, 47]. Kerat-
ins are divided into type I (K9-K20) and type II (K1-K8) and
they form heterodimers of a type 1 and a type 11 keratin,
which then form bundles [48]. KRTS8 forms heterodimers
with KRT18 (i.e., KRT8/18) and is responsible for regulat-
ing the cellular response to apoptotic stimuli [49]. KRT8/18
has been known to affect TNF signaling in liver cells and
TNF-dependent apoptotic liver damage is more pronounced
in KRT8/18 deficient mice [50]. KRT8/18 also modulates
Fas ligand targeting to the cell surface, thereby providing
resistance to Fas-mediated apoptosis [51]. In addition to
these roles, we demonstrated that KRTS facilitates vesicular
fusion of autophagosomes and lysosomes in stress-induced
autophagy.

Macroautophagy is regulated via several pathways;
class III PI3K forms a complex with beclin-1 (BECN1)
and generates phosphatidylinositol 3-phosphates to control
membrane dynamics, resulting in autophagosome forma-
tion [52, 53]. It has been reported that the formation and
motility of autophagosomes is influenced by cytofilament
microtubules (MTs) but not their fusion with lysosomes
[13]. LC3 and ATG proteins, which are involved in the
early stages of autophagosome formation, associate with
MTs [13, 54]. Motors associated with MTs participate in
important steps of autophagosome formation, such as the
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fusion of ATG16-positive membranes, which then matu-
rate into phagophores [55]. In addition, it has been reported
that MTs and their motors are involved in initiation of the
autophagic response by regulating MTORCI1 and the class
III PI3K complex. MTOR activity is also controlled by lyso-
some localization, which is organized by MTs and kinesin
motors. When nutrients are in short supply, MT motors are
released from lysosomes, facilitating MTORC1 inactiva-
tion and autophagosome formation, and then newly formed
autophagosomes can fuse with lysosomes by moving along
MTs in perinuclear regions [56, 57]. However, the role of
MTs in autophagosome-lysosome fusion has long been
controversial due to several reports showing that MTs are
dispensable for the fusion between autophagosomes and
lysosomes [13, 58, 59].

We observed that fusion of autophagosomes and lys-
osomes is affected by KRTS8 knockdown or disruption. The
knockdown or disruption of KRTS inhibited autophagosome
and lysosome fusion during autophagy, resulting in accu-
mulation of autophagosomes. We also found that disruption
of KRTS architecture by KRTS8 phosphorylation reduces
the efficiency of autophagy. Dephosphorylation of KRTS8
by PP2A maintained cytoskeletal architecture for efficient
trafficking of vesicles, while the PP2A inhibitor okadaic
acid severely attenuated fusion of autophagosomes and lys-
osomes. Consistent with our result, okadaic acid treatment
of neurons elicited disruption of intracellular trafficking with
accumulation of several organelles and autophagosomes in
neurites [43]. It has been reported that the expression and
activity of PP2A is readily declined during aging [60, 61].
This age-related decline of PP2A activity promotes hyper-
phosphorylation of neurofilaments, which is accompanied
with cytoskeleton breakdown [62], leading to neurode-
generative diseases such as Alzheimer’s disease [63, 64].
In addition, okadaic acid suppresses autophagic lysosomal
degradation in hepatocytes, possibly due to disruption of
the cytoskeleton [65]. We previously reported that the inhi-
bition of ROS-induced KRT8 phosphorylation maintains
autophagy and epithelial integrity of the RPE layer in a
model of AMD [29]. Lysosomal degradation of damaged
or modified proteins may be part of a homeostatic and pro-
tective response against oxidative stress exerted on RPEs.
Therefore, autophagic flux relies on KRTS8 intermediate fila-
ments for the fusion of autophagosomes with lysosomes,
which may be therapeutically beneficial in patients with
AMD.

We speculated that interaction between KRTS8 and
actin filaments is essential for autophagosome-lysosome
fusion because KRT8 filaments do not bind with any
motor proteins. Accordingly, a cytolinker protein PLEC
that was known to play a role in connecting intermediate
filaments with microtubules and actin filaments [27, 28]

was hypothesized to be involved in physical interaction
with KRTS8 (Table 1). We observed that the interaction
between KRTS8 and actin filaments was diminished when
PLEC was knocked down (Fig. 4a), and vesicular fusion
of autophagosomes and lysosomes was inhibited (Fig. 5,
Fig. 6). Our results on the architectural role of PLEC are
consistent with previous reports on the structure and bind-
ing of PLEC. PLEC-IF complexes with irregular networks
have been produced by in vitro reconstitution from puri-
fied proteins [27]. When PLEC is not available, physi-
cal interaction between KRTS8 and actin filaments is thus
unattainable, resulting in lower frequency of autophago-
some—lysosome fusion. We also found that inhibition
of actin polymerization negatively affects autophagy by
preventing the fusion of autophagosomes and lysosomes
(Fig. 7).

In addition, we found that autophagosomes and lys-
osomes use actin filaments as a tracking lattice for their
vesicular fusion by investigating the actin-based motor
protein, myosin V. Several factors, including RAB11FIP2,
are required as adaptor molecules between cargoes and
motor proteins in the process of cargo trafficking by myo-
sin V. It has been known that RAB11FIP2 is involved in
endosome recycling and receptor-mediated endocytosis
[66], which are targeted processes involving fusion with
lysosomes. We have found that knockdown of the myosin
V cargo adaptor protein RAB11FIP2 impeded vesicular
fusion of autophagosomes and lysosomes (Fig. 8). The
actin cytoskeleton actively participates in generation of
omegasomes and subsequent elongation of the phagophore
to meet the need for increased rate of autophagosome for-
mation in cells under autophagic stimulation [17]. Not
mutually exclusive with that report, it is tempting to sug-
gest that the cytoplasmic architecture linking intermedi-
ate filaments (IFs) and actin filaments is also important
to ensure a tight regulation in the late stage of oxidative
stress-induced autophagy. Given that intact cytoplas-
mic architecture is required for macroautophagy, further
studies are necessary to elucidate the roles of both actin
modulatory proteins and IFs in the precise regulation of
autophagic flux under cellular stress.

In the present study, we have demonstrated a role of
KRT8 in the macroautophagy process. It is likely that
the movement of autophagosomes and lysosomes pro-
ceeds along actin filaments and that KRTS, along with
PLEC, provides a structural framework for this process.
In contrast, the impairment of autophagy by the attenua-
tion of autophagosome-lysosome fusion is induced by the
destabilized cytoskeleton. (Fig. 8D). Thus, IF-PLEC com-
plexes comprise an extensive cross-linking of cytofilament
including actin filaments to provide an intact cytoplasmic
architecture required for macroautophagy process, which
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helps in understanding of the pathogenesis of degenerative
diseases in retinal epithelium and neurons.
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