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Autophagy mediates oral submucous fibrosis
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Abstract. Oral submucous fibrosis (OSF) is a chronic
insidious disease of the oral mucosa, well-recognized as a
premalignant condition and commonly found in Southern
China. It is primarily caused by the habit of areca nut or gutkha
chewing. OSF is believed to be a homeostatic disorder of the
extracellular matrix and fibroblast proliferation. The present
study demonstrated a novel link between autophagy and OSF.
Tissue samples from human OSF showed an overexpression
of the autophagy marker microtubule-associated protein 1
light chain 3 using immunohistochemistry and quantitative
polymerase chain reaction. With regard to the crucial role of
transforming growth factor (TGF)-f in OSF disease, western
blot analysis demonstrated that TGF-f3 signaling was shown to
contribute to the activation of autophagy in fibroblasts in vitro;
however, a cell apoptosis and MTS assay demonstrated that
the suppression of autophagy ameliorated the fibrosis induced
by active TGF-f receptor type I signaling, as well as promoted
fibroblast apoptosis and suppressed proliferation. Therefore,
the present results suggest that autophagy serves a crucial
function in OSF.

Introduction

Oral submucous fibrosis (OSF) has been described as an
insidious chronic disease, affecting any part of the oral
cavity and in certain cases the pharynx (1). The incidence
rate of oral squamous cell carcinoma in patients with OSF,
after a follow-up period of 17 years, has been estimated to be
7.6% (2). Areca-associated oral squamous cell carcinoma is the
third most common malignancy in the developing world (3).
Despite the fact that OSF is, at times, preceded by and/or
linked to vesicle formation, it is known to be associated with
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a juxta-epithelial inflammatory reaction, which is followed
by a fibroelastic change of the lamina propria, with epithelial
atrophy resulting in stiffness of the oral mucosa and causing
inability to eat and trismus (4).

Autophagy is a lysosomal degradation pathway that turns
superfluous or damaged cell components into basic biomol-
ecules, which are then recycled back into the cytosol (5).
Autophagy has been categorized into the following three
catabolic processes: Microautophagy, macroautophagy and
chaperone-mediated autophagy, which are responsible for the
degradation of cell components in the lysosome (6,7). This
morphological process was originally described 50 years
ago (8). A study focusing on determining the pathogenesis
of organic fibrosis emphasized the possibility that the condi-
tion may be linked with autophagy, which triggers tissue
fibrogenesis (9). Markers of oxidative stress have also been
identified in patients with OSF (1,10), and another study has
suggested that elevated reactive oxygen species or oxidative
stress may activate autophagic reaction (11). Autophagy
has also been shown to be sensitive to oxygen tension, and
hypoxia-inducible factor (HIF)-1a has been implicated as a
major regulator of autophagy under hypoxic conditions (12).
Patients with OSF have been found to exhibit elevated levels
of HIF-1a (1), which may contribute to the progression of the
disease, suggesting that autophagy is likely to be induced in
OSF.

In the present study, human tissues and an in vitro trans-
forming growth factor (TGF)-f3 model were used to investigate
the association of autophagy with OSF. The results demon-
strated that autophagy may mediate the TGF-f3-induced OSF.

Materials and methods

Patients. A total of 10 male volunteers were included in the
study (age, 20-45 years). Five OSF buccal mucosa specimens
from areca quid chewers and 5 healthy specimens from
non-areca quid chewers were provided by the Department
of Pathology of Xiangya Hospital, Central South University
(Changsha, China). The diagnosis was based on the histo-
logical examination of the sections following staining with
hematoxylin and eosin. Written informed consent from all
patients and approval from the Institutional Research Ethics
Committee were obtained for the use of these clinical mate-
rials in the present study.
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Reverse transcription quantitative polymerase chain reac-
tion (RT-qPCR). Total RNA from cell cultures was isolated
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol. mRNA (1 pg)
was reverse-transcribed using a PrimarScript RT Regent kit
(Takara Biotechnology Co., Ltd., Dalian, China). RNA was
isolated and reverse transcribed into cDNA. RT-qPCR was
performed using Applied Biosystems 7500 Real-Time PCR
System (Applied Biosystems, Thermo Fisher Scientific, Inc.,
Foster City, CA, USA) by mixing equal quantities of cDNA, iQ
SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules,
CA, USA) and specific primers. PCR thermal cycling condi-
tions were as follows: 95°C For 30 sec, followed by 40 cycles of
95°C for 5 sec, 60°C for 30 sec, 95°C for 15 sec, 60°C for 15 sec
and 95°C for 15 sec. All quantitative data were normalized
against -actin. The primers used in RT-qPCR screening were
as follows: Collagen type 1 alpha 2 (Coll1A2) forward, 5'-AAG
GTCATGCTGGTCTTGCT-3' and reverse, 5'-GACCCTGTT
CACCTTTTCCA-3"; and microtubule-associated protein 1
light chain 3 (LC3) forward, 5-GAGTGGAAGATGTCCGGC
TC-3' and reverse, 5'-CCAGGAGGAAGAAGGCTTGG-3".
The were analyzed using the 2"24% method (13), and presented
as fold increases relative to GAPDH.

Immunohistochemistry. Paraffin-embedded samples
were obtained from 5 healthy volunteers with non-areca
quid chewers for immunohistochemical analysis.
Paraffin-embedded sections (4 gm) were deparaffinized and
rehydrated. Endogenous peroxidase activity was blocked
using 3% H,0, for 15 min at 95°C. Following antigen retrieval,
the sections were incubated with 5% serum (Gibco; Thermo
Fisher Scientific, Inc.) to avoid non-specific binding. The
sections were incubated overnight at 4°C with an anti-LC3
rabbit polyclonal primary antibody at a dilution of 1:100
(cat. no. 3868; Cell Signaling Technology, Inc., Danvers,
MA, USA). Following washing of the primary antibody,
the sections were incubated with a peroxidase-conjugated
AffiniPure goat anti-rabbit antibody (1:500; cat. no. sc-45101;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) for
90 min at room temperature. Immunoreactivity was visual-
ized using 3',3-diaminobenzidine reaction, then hematoxylin
was used to counter-stain the sections (both purchased
from ZSGB-BIO, Beijing., China). For the blank control,
the primary antibody was omitted. For the negative control,
the primary antibody was replaced with non-immune
serum. The stained slides were scored independently by two
pathologists blinded to the clinical data. Staining was graded
semi-quantitatively as follows: 0, Absent expression or
nuclear expression only; 1+, cytoplasmic faint, barely percep-
tible staining not exceeding background in any percentage of
cells; 2+, cytoplasmic staining exceeding background in O to
50% of tumor cells; and 3+, cytoplasmic staining exceeding
background in >50% tumor cells.

Cell culture. Human fibroblasts were prepared as outgrowth
cultures from 5 healthy oral mucosa biopsies, and were
subsequently cultured as previously described (14). In selected
experiments, fibroblasts were stimulated with recombinant
TGF-f (10 ng/ml; R&D Systems, Ambington, UK) and 5, 10
and 15 uM chloroquine (CQ; C6628; Sigma-Aldrich, St. Louis,
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MO, USA), an autophagy inhibitor. Stimulation experiments
were performed in Dulbecco's modified Eagle's medium/10%
phosphate-buffered saline (PBS) (both purchased from Gibco;
Thermo Fisher Scientific, Inc.). Fibroblasts from passages 4-8
were used for the experiments.

Western blot analysis. Protein was extracted from the fibro-
blast in radio-immunoprecipitation assay buffer (50 mM
Tris-hydrochloride, pH 8, 150 mM NacCl, 0.1% SDS, 1%
NP-40, 0.5% sodium deoxycholate, 0.57 mM phenylmeth-
anesulfonyl fluoride and 1 pxg/ml aprotinin), consisting of the
following: 50 mM Tris-hydrochloride, pH 8, 150 mM NaCl,
0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, 0.57 mM
phenylmethanesulfonyl fluoride and 1 yg/ml aprotinin. Protein
samples (30 pg) were separated using 12% sodium dodecyl
sulfate polyacrylamide gel electrophoresis gels (Bio-Rad
Laboratories, Inc.) and transferred to polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA). The membranes
were blocked with 5% non-fat milk in Tris-buffered saline
(Sigma-Aldrich) with 1% Tween-20 for 1 h at room tempera-
ture, and immunoblotted with an anti-LC rabbit polyclonal
antibody (1:1,000; Cell Signaling Technology, Inc.) and an
anti-tubulin mouse monoclonal antibody (cat. no. sc-69969;
Santa Cruz Biotechnology, Inc.) at 4°C for 1 h. The binding of
the primary antibodies was detected following incubation with
goat anti-rabbit or anti-mouse horseradish peroxidase-conju-
gated secondary antibodies (cat. no. sc-395758; Santa Cruz
Biotechnology, Inc.) at room temperature, and was visualized
using ECL Western Blotting Detection Reagents (Amersham
Pharmacia Biotech (UK) Ltd., Little Chalfont, UK) following
exposure to chemiluminescent film (Bio-Rad Laboratories,
Inc.). Densiometry analysis was performed using an ImageJ
Gel Analysis tool (National Institutes of Health, Bethesda,
MA, USA).

MTS assay. Measurements were made according to the
manufacturer's protocol. Briefly, 20 ul MTS reagent (Promega
Corporation, Madison, WI, USA) was added directly to the
wells of the 96-well plates, and cells were incubated at 37°C
for a minimum of 2 h. Absorbance was measured using a
SpectraMax Plus 384 reader (Molecular Devices; Sunnyvale,
CA, USA) at 490 nm. Initially, background absorbance was
subtracted using a set of wells that only contained medium.
It was then normalized against and expressed as a relative
percentage of the plate-averaged dimethyl sulfoxide (Amresco,
Inc., Farmingham, MA, USA) control.

Cell apoptosis assay. Cell apoptosis was analyzed using flow
cytometry (FCM) (Guava easyCyte; EMD Millipore). The
apoptotic cells were differentiated from the viable or necrotic
ones by combined application of annexin V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI). The
samples were washed twice and adjusted to a concentration
of 1x10° cells/ml with cold PBS. Subsequently, 10 1 annexin
V-FITC and 10 pl PI (both purchased from BD Biosciences,
Franklin Lakes, NJ, USA) were added into 100 u1 cell suspen-
sion, and incubated for 15 min at room temperature in the
dark. Finally, 400 p1 binding buffer was added to each sample
without washing, and analyzed using FCM. Each experiment
was performed at least in triplicate.
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Figure 1. (A) The mRNA levels of the autophagy gene LC3 were significantly increased in patients with OSF compared with those in the control (n=5 per
group). (B) LC3 was overexpressed in specimens from 5 patients with OSF; 5 samples of non-fibrotic oral submucous are shown (magnification, x400). All
data are expressed as the mean + standard error. "P<0.05 vs. healthy volunteers (analyzed using the Mann-Whitney U-test). OSF, oral submucous fibrosis;
LC3, microtubule-associated protein 1 light chain 3.
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Figure 2. (A) Human oral fibroblasts were cultured and treated with TGF-f. (B) TGF-f induced the overexpression of LC3 mRNA and promoted the activation
of LC3, increasing the intensity of the lower band on the western blot. "P<0.05 vs. control. TGF-B, transforming growth factor-f; LC3, microtubule-associated
protein 1 light chain 3.

Statistical analysis. Data are expressed as the mean + stan-  control groups was set to 1. All other values were expressed as
dard error. The Wilcoxon signed-rank test was used for related  x-fold changes, compared with the respective controls used as
samples, and the Mann-Whitney U test was used for non-related ~ ‘comparison mean values’. P<0.05 was considered to indicate
samples. In subsets of experiments, the mean value of the a statistically significant difference.
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Figure 3. Incubation with CQ decreased the mRNA levels of collagen type 1 alpha 2 and counteract the effect of TGF-f3 on the fibroblast (n=3). "P<0.05 vs.

control. CQ, chloroquine; TGF-f, transforming growth factor-f3.

A 1.5 1 B & Plot P02, gated on PO1.R1 & Plot P02, gated on PO1.R1
. ~ 1251 330 ~T1.38 413
[3 = - PG = B
< g - g
>3 101 * * Control g‘ 2 . E‘&
= = = ) TR -1 wlae -
D - ~JrR2 - A2
g3 * 7 4 . o 4
==
3T o054 8 o] ga‘
8 ~— g - o =
= ca 8 8
o o
0.0 T T : 2 21 22f
= -
Y ar ® & LA A
Time (h) s 8911 500 < 18471+ 978
T100 100 102 100 10 40 10" 10  10°  10°
Green fluorescence (GRN-HLog) Green flucrescence (GRN-HLog)
Control €Q (5 uM)
5 Plot P02, gated on P01.R1 , Plot P02, gated on P01.R1
—~ T41.00 14.21 ~7066 14.09
§’ T '§ g
L2 < o
: 3+ 3&
Control cQ (10 pM) « u
o —_
£% gy
2 1 g
o o]
S = o
<F 32
= -';0'14 - - - --53-14-'-65 26805 1630
10 10010t 1 0 Sl 100 1 100 100
Green fluorescence (GRN-HLog) Green fluorescence (GRN-HLog)
CQ (10 pM) CQ (15 uM)

Figure 4. (A) MTs analysis of cell viability following incubation with CQ (5 #M) or control plasmid. (B) Flow cytometric analysis of cell apoptosis following
incubation with different concentrations of CQ, or with control plasmid. (C) CQ induced bubble formation. All experiments were repeated at least in triplicate.

Scale bar, 200 ym. “P<0.05 vs. control. CQ, chloroquine; OD, optical density.

Results

Overexpression of autophagy in OSF. In order to determine
the role of the autophagy in OSF, the expression profiling of
LC3 in OSF, which was commonly used to monitor autophagy
in cultured cells and organization tissue, was investigated. As
shown in Fig. 1A, LC3 was significantly upregulated in OSF
samples compared with normal oral mucosa tissues. Overall,
the paraffin-embedded OSF samples showed positive expres-
sion of LC3. The representative immunostaining of LC3 in

OSF samples was shown in Fig. 1B. All the results show that
autophagy is activated in OSF.

TGF-f activates autophagy in fibroblasts. Due to the crucial
role of TGF-f in fibrotic disease, we speculated that TGF-3
signaling might contribute to the activation of autophagy.
To investigate the effect of TGF-f§ on autophagic activity, the
turnover of LC3 in lysosomes was directly evaluated (15).
Stimulation with TGF-f in cultured fibroblasts induced the
overexpression of LC3 mRNA (Fig. 2A). In addition, the LC3-II
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protein levels were found to be significantly higher than those in
the control group.

LC3, also known as MAPILC3, is commonly used to
monitor autophagy in cultured cells and animal tissues (16).
The cytosolic form of LC3 (termed LC3-I) is represented by
the upper band of the immunoblot, and the autophagosomal
membrane lipidated form of LC3 (termed LC3-I1) is represented
by the lower band (17). In combination, these data indicated that
TGF-f induced autophagy in cultured fibroblasts.

Inhibition of autophagy decreased critical fibrogenic gene
(CollA2) expression in fibroblasts. To investigate the functional
role of the autophagy in OSF, human oral fibroblasts were
incubated with CQ, the only inhibitor of autophagy available
for use in clinical practice (18). CQ suppresses the transcrip-
tional activity in CollA2 reporter assays. Consistently, a
dose-dependent reduction in collagen release was observed in
the supernatants of fibroblasts stimulated with CQ. Notably, the
stimulatory effects of CQ were comparable to those of TGF-f,
which is considered to be a potent profibrotic mediator (Fig. 3).

Suppressing autophagy promotes apoptosis in fibroblasts
while suppressing proliferation. Fibroblasts were incubated
with CQ and subjected to MTS assay. A significant reduction
was observed in the growth rate of 5 ym CQ-incubated cells,
as compared with those incubated with the control (Fig. 4A).
In order to determine the mechanism of growth inhibition in
CQ-incubated fibroblasts, the apoptotic rate of the cells was
analyzed. FCM showed that CQ increased the apoptotic rate,
as compared with the control group (Fig 4B). In addition, the
inhibition of autophagy was shown to disrupt the physiological
tissue architecture (Fig. 4C). These data suggested that CQ
inhibited the growth of fibroblasts by inducing cell apoptosis
via the suppression of autophagy.

Discussion

Activation of the autophagy appears to be a general feature
of OSF, well-described elevations in endoplasmic reticulum
stress (19,20), oxidative stress (21), and HIF-1a (22), all of
which are known to induce autophagy. Indeed, pathologically
activated autophagy has been associated with various fibrotic
diseases (23-27). An overexpression of the autophagy marker
LC3 was observed in human samples from a number of patients
with OSF. These changes resulted in the activation of the
autophagy pathway and increased transcription of target genes
in OSF.

Autophagy is crucially involved in collagen release
in OSF (28). In the present study, CQ inhibits the release
of collagen in fibroblasts, indicating that the inhibition of
autophagy may be effective in acute and chronic fibrotic
diseases. The activation of the autophagy pathway and its
potent profibrotic effects suggest that autophagy may be
a potential target for novel antifibrotic approaches. In the
present study the autophagy inhibitor CQ was selected for
the inhibition of the autophagy pathway for the following
reasons: Firstly, it is able to diffuse across cell membranes,
undergo protonation and accumulate in acidic organelles, such
as lysosomes (29); secondly, it is a 4-aminoquinoline drug
used in the treatment of numerous diseases; and thirdly, this
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approach allows broader inhibition of autophagy compared
with targeting single autophagy proteins (30).

Activated TGF-f signaling is considered to be a common
characteristic of fibrotic diseases (31). The present results high-
lighted the crosstalk between TGF-f signaling and autophagy,
while suggesting that TGF-f3 activates autophagy. Stimulation
with TGF-f in cultured fibroblasts induced the overexpression
of LC3; a TGF-B-mediated increase of LC3 was identified as
a potential molecular mechanism. Furthermore, autophagy
inhibition by CQ significantly reduced the stimulatory effects of
TGF-f on fibroblasts. These findings suggested that the interac-
tion between autophagy and TGF-f is a crucial mechanism in
fibrotic diseases. TGF-p3 has been shown to trigger the activation
of numerous intracellular signaling cascades (32); however, the
molecular mediators of the profibrotic effects of TGF-} are not
yet fully understood, and the optimal targets for antifibrotic treat-
ments have not yet been identified. Although the central role of
TGEF-f signaling in the fibrotic process has been confirmed (33),
the first attempts of targeting TGF-f signaling in humans
failed (34). CAT-192, a neutralizing antibody against TGF-f1,
was inefficient in this regard due to the low-affinity binding of
TGF-f1 (34). Furthermore, an attempt to target the downstream
mediator c-Abl, in combination with platelet-derived growth
factor receptor, did not prove particularly successful (35).
The inhibition of the autophagy pathway may provide a novel
approach for the prevention of the profibrotic effects of TGF-f§
signalling.

It was observed in the present study that suppressing
autophagy promoted apoptosis in fibroblasts while suppressing
proliferation, demonstrated that autophagy promoted fibroblast
proliferation and anti-apoptosis. In fibrogenic cells, the lipo-
phagy of lipid droplets (LDs) by autophagy provides cellular
energy critical to fuel the catabolic pathways of cellular
activation. The inhibition of autophagy leads to an increase
in triglyceride-containing LDs, which is associated with a
reduction in the total adenosine triphosphate levels and may be
partially reversed by the addition of the free fatty acid oleate (9).
The crucial role of autophagy in cell survival was demonstrated
in previous studies using Atg-knockout mice. Mice deficient in
Atg3, Atg5, Atg7, Atg9 or Atgl6Ll failed to induce autophagy
and died on the day of birth, due to the starvation that followed
the disruption of the trans-placental nutrient supply (36).
Furthermore, mice with neuron-specific Atg5 or Atg7 knockout
suffer from neurodegeneration and apoptotic neuronal death,
and T-cell-specific Atg5 deficiency leads to an increase in the
peripheral T-cell apoptosis upon T-cell activation (37-39). In
addition, it has been reported that autophagy is not induced
in idiopathic pulmonary fibrosis, despite the upregulation of
several activators of autophagy (40).

In conclusion, autophagy is a complex process and the exact
mechanism remains to be elucidated. It was demonstrated in the
present study that the inhibition of autophagy can decrease the
expression of Coll A2 and protect from TGF-B-induced fibrosis,
indicating one mechanism by which autophagy may mediate
fibrogenesis.
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