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Granular corneal dystrophy type 2 (GCD2) is an autosomal dominant disease characterized by a progressive age-
dependent extracellular accumulation of transforming growth factor B-induced protein (TGFBI). Corneal fibroblasts from
GCD2 patients also have progressive degenerative features, but the mechanism underlying this degeneration remains
unknown. Here we observed that TGFBI was degraded by autophagy, but not by the ubiquitin/proteasome-dependent
pathway. We also found that GCD2 homozygous corneal fibroblasts displayed a greater number of fragmented
mitochondria. Most notably, mutant TGFBI (mut-TGFBI) extensively colocalized with microtubule-associated protein 1
light chain 3 (MAP1LC3B, hereafter referred to as LC3)-enriched cytosolic vesicles and CTSD in primary cultured GCD2
corneal fibroblasts. Levels of LC3-ll, a marker of autophagy activation, were significantly increased in GCD2 corneal
fibroblasts. Nevertheless, levels of SQSTM1/p62 and of polyubiquitinated protein were also significantly increased in
GCD2 corneal fibroblasts compared with wild-type (WT) cells. However, LC3-Il levels did not differ significantly between
WT and GCD2 cells, as assessed by the presence of bafilomycin A, the fusion blocker of autophagosomes and lysosomes.
Likewise, bafilomycin A, caused a similar change in levels of SQSTM1. Thus, the increase in autophagosomes containing
mut-TGFBI may be due to inefficient fusion between autophagosomes and lysosomes. Rapamycin, an autophagy activator,
decreased mut-TGFBI, whereas inhibition of autophagy increased active caspase-3, poly (ADP-ribose) polymerase
1 (PARP1) and reduced the viability of GCD2 corneal fibroblasts compared with WT controls. These data suggest that

defective autophagy may play a critical role in the pathogenesis of GCD2.

Introduction

Degenerative disorders are often characterized by the accumu-
lation of intracellular or extracellular protein aggregates that
form toxic multimeric complexes that eventually promote cell
death. Cells have special surveillance systems to control the
quality of proteins and organelles. Thus, WT cells effectively
clear misfolded, aged, malfunctioning and damaged intracel-
lular components.”? Two important proteolytic systems, the
ubiquitin/proteasome pathway and the autophagy pathway, are
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responsible for the removal of abnormal proteins.! The ubiqui-
tin/proteasome pathway selectively degrades proteins, whereas
autophagy is largely responsible for the degradation of several
classes of macromolecules and for organelle turnover. Any altera-
tions in components of these proteolytic systems may result in
the intracellular accumulation and retention of misfolded pro-
teins or defective organelles, causing pathological processes and
disease.? Similarly, an increase in intracellular aggresome levels
due to functional alterations in one or both systems can occur
with age.>*
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Autophagy occurs at a basal rate in all cells’ and is important
for maintaining normal cellular homeostasis. This degradation
system is induced through either decreased mechanistic target
of rapamycin (MTOR) and/or activation by the BECN1 signal-
ing pathway.® BECNI is a component of the class III phospha-
tidylinositol 3-kinase (PtdIns 3-kinase) complex that regulates
autophagosome biogenesis. Although autophagy is primarily a
survival process for the cell, it can also be a part of a cell death
process. Growing evidence suggests that alterations in autophagy
are involved in the pathogenesis of many diseases.” Recent studies
have determined that accumulation of disease-related proteins is
highly dependent on both autophagy and the ubiquitin/protea-
some pathway.

GCD2, also called Avellino corneal dystrophy, is an autoso-
mal dominant disorder caused by an arginine-to-histidine sub-
stitution at codon 124 (R124H) in the transforming growth
factor B-induced gene (T7GFBI) on chromosome 5q31.%5 TGFBI
encodes a protein of 683 amino acid residues that contain a
secretory signal peptide and an Arg-Gly-Asp (RGD) integrin
recognition sequence.” TGFBI is a component of the extracel-
lular matrix (ECM), where it mediates migration and cell adhe-
sion by interacting with integrins.!”'* Age-dependent progressive
accumulation of hyaline and amyloid containing TGFBI in the
corneal stroma is a hallmark of GCD2, which is characterized
by the production of TGFBI in the corneal epithelia and stroma,
interfering with corneal transparency.”'*'* Moreover, the homo-
zygous R124H mutations are the cause of the severe phenotype
of GCD2 characterized by early-onset and confluent superficial
opacity.”

Corneal fibroblasts, also known as keratocytes, have typical
dendritic morphology and express keratan sulfate proteoglycans
that are necessary for corneal structure, physiology and partic-
ularly for the maintenance of corneal transparency.'>” Under
pathological conditions, corneal transparency often cannot be
maintained due to the degeneration of corneal fibroblasts.'®"
Consistent with this condition, corneal fibroblasts from GCD2
patients show degenerative features, including degenerated
organelles such as mitochondria and rough endoplasmic retic-
ulum.?® Recently, we have reported that the R124H mutation
causes aberrant redistribution of mut-TGFBI into lysosomes.?
However, the precise reason for this redistribution is currently
unclear. Furthermore, we have also shown that oxidative stress
can induce apoptotic cell death of primary cultured GCD2
corneal fibroblasts through decreased catalase levels.”? Reactive
oxygen species (ROS), especially H,O,, produced by starved
cells, function as signaling molecules in starvation-activated
autophagy and are essential for autophagosome formation.?**
Generation of ROS through oxidative stress can also cause auto-
phagic cell death, which can be regulated by the selective degra-
dation of catalase.”” We have recently reported the presence of
abnormal mitochondrial function in GCD2 corneal fibroblasts.*®
These studies led us to hypothesize that GCD?2 is associated with
impaired autophagy, which ultimately leads to cell death. To
examine this hypothesis, we investigated the physiological roles
of autophagy in the pathogenesis of GCD2 by measuring the
extent of autophagosome formation and the status of autophagy
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in primary cultured corneal fibroblasts from heterozygous (HE)

or homozygous (HO) GCD2 patients and WT subjects.
Results

Characterization of GCD2 corneal fibroblasts. Phase contrast
microscopic analysis was used to measure the morphological
changes between WT and GCD2 corneal fibroblasts. GCD2
homozygous corneal fibroblasts displayed a number of mor-
phological abnormalities, including increased size, intracellular
deposits and senescence-like morphology, which were not seen in
control cells (Fig. 1A). Results suggested that mutTGFBI may
accumulate intracellularly in GCD2 corneal fibroblasts. We then
examined the subcellular localization of WT- and mut-TGFBI.
Double immunostaining showed colocalization of the punctate
TGFBI with CTSD, a lysosomal enzyme. Colocalization of
TGFBI with CTSD indicates a lysosomal location of this protein,
and GCD2 homozygous corneal fibroblasts showed much more
extensive pattern of colocalized mut-TGFBI with CTSD than
observed in WT corneal fibroblasts (Fig. 1B). Ultrastructural
analyses using electron microscopy revealed that WT cor-
neal fibroblasts had mitochondria with normal morphology
(Fig. 1C). Ultrastructural analysis also indicated the presence of
short, fragmented mitochondria with abnormal morphology in
GCD2 corneal fibroblasts. Furthermore, GCD2 corneal fibro-
blasts had a higher number (2.86 + 0.19 fold) of mitochondria
compared with WT corneal fibroblasts (Fig. 1D). As shown in
Figure 1D, WT corneal fibroblasts had 23.27 + 5.78% proxi-
mal cells with fragmented or short mitochondrial form, which
increased to 96.03 + 1.23% in GCD2 corneal fibroblasts.
Degradation of mitochondria by autophagy is a known process,
and autophagy selectively degrades dysfunctional mitochondria.”
Mitochondrial fragmentation also occurs in response to apoptotic
stimulation and this process requires fission.?®** Dysfunctional
mitochondria have been reported to accumulate in corneal fibro-
blasts isolated from GCD2 patients.*® These results indicated
that accumulated mut-TGFBI and abnormal mitochondria in
GCD2 corneal fibroblasts may be associated with defective auto-
phagy, which could act as a protector or activate cell death pro-
cesses such as apoptotic and/or autophagic cell death.
MutTGFBI accumulated intracellularly in GCD2 cor-
neal fibroblasts. To measure the secretory status of intracellular
TGFBI in WT and GCD2 HO corneal fibroblasts, cells were
incubated in medium containing a protein synthesis inhibitor,
cycloheximide (CHX, 100 pg/ml), for various time periods, and
cell lysates were subjected to immunoblotting with anti-TGFBI
antibody. As shown in Figure 2A and B, TGFBI was completely
undetectable 40 min after CHX addition in WT corneal fibro-
blasts. In contrast, the level of mut-TGFBI remained constant in
GCD2 HO corneal fibroblasts up to 60 min after CHX addi-
tion, despite the lack of ongoing protein synthesis (Fig. 2A and
B). These results suggested that mut-TGFBI may accumulate in
GCD2 corneal fibroblasts as a result of either impaired degra-
dation or delayed extracellular secretion. To further investigate
these possibilities, we examined the status of intracellular TGFBI
using immunofluorescence analysis after exposure to CHX. The
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Figure 1. Morphological, histological and ultrastructural characterization of primary cultured GCD2 corneal fibroblasts. (A) Phase-contrast micrograph
of WT and GCD2 HO corneal fibroblasts. Cells were analyzed and photographed using an inverted microscope. The GCD2 HO corneal fibroblasts
showed a number of morphological abnormalities that are different from WT corneal fibroblasts, and the GCD2 cells contain different-sized intracel-
lular deposits. The increased granularity within the cells was not seen in WT cells. (B) WT and GCD2 HO corneal fibroblasts were costained with anti-
TGFBI and anti-CTSD antibodies. GCD2 homozygous corneal fibroblasts showed much more extensive pattern of colocalized mut-TGFBI with CTSD
than observed in WT corneal fibroblasts. (C) Electron microscopy (EM) of WT and GCD corneal fibroblasts. Cells were fixed and processed for EM. Many
abnormal mitochondria (short or fragmented) were observed in GCD2 cells compared with WT cells. Bars: 2000 nm. (D) Quantitation of mitochondrial
numbers. Mitochondrial numbers were measured in six WT cells and six GCD2 cells. Results represent the mean + SD *p < 0.05; **p < 0.01.

Figure 2 (See opposite page). Kinetics of TGFBI synthesis and secretion in WT and GCD2 corneal fibroblasts. (A) Corneal fibroblasts were incubated
with 100 pg/ml CHX for the indicated time periods, and the cells were then harvested and subjected to immunoblot analysis using an anti-TGFBI
antibody. WT-TGFBI was not detected in corneal fibroblasts after treatment for 50 min; in contrast, mut-TGFBI remained in corneal fibroblasts for up
to 60 min after treatment. (B) Most TGFBI was secreted by WT corneal fibroblasts after 40 min. However, secretion of mut-TGFBI from GCD2 homo-
zygous corneal fibroblasts was incomplete after 60 min. (C and D) mut-TGFBI accumulates intracellularly. WT and GCD2 HO corneal fibroblasts were
incubated with 100 wg/ml CHX for the indicated times and then fixed and double stained with anti-TGFBI, anti-TGN 46 and anti-CTSD. Visualization
was performed with FITC-conjugated goat anti-rat IgG for TGN 46 and CTSD and with rhodamine-conjugated goat anti-rabbit IgG for TGFBI. Images
were obtained with a scanning laser confocal microscope separately for TGFBI, TGN 46 and CTSD. In the combined FITC and rhodamine images, the
yellow color indicates overlap between the red and green fluorescent secondary antibodies. Both WT- and mut-TGFBI colocalized with the TGN and
lysosomal compartments. (C) WT-TGFBI completely disappeared after 60 min, and it could not be observed inside the cell. (D) In contrast, mut-TGFBI
was colocalized with lysosomes and was maintained even after 60 min.
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Figure 2. For figure legend, see page 1784.
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cells were again incubated for various time periods in medium
containing CHX (100 pg/ml). WT and GCD2 HO corneal
fibroblasts were stained with anti-TGFBI, anti-TGN 46 and anti-
CTSD antibodies at various time intervals after CHX treatment.
At 0 min after CHX treatment, both mut- and WT-TGFBI were
found predominantly in the trans-Golgi network (TGN), as
shown in Figure 2C and D. Thirty minutes after CHX treat-
ment, WT-TGFBI could not be detected in the TGN, and only
a small amount colocalized with CTSD in cytosolic vesicles
(Fig. 2C). However, in GCD2 HO corneal fibroblasts, less mut-
TGFBI was observed in the TGN after 30 min of CHX treatment
(Fig. 2D). Instead, mutTGFBI remained in cytosolic vesicles
where it was colocalized with CTSD (Fig. 2D), and this colo-
calization persisted for up to 60 min (Fig. 2D). These cytosolic,
CTSD-positive perinuclear vesicles could represent lysosomes or
small bodies containing lysosomal enzymes (engulfed endosomes
or autophagolysosomes). In summary, the massive colocalization
of mut-TGFBI in vesicles containing lysosomal enzyme indicated
that mut-TGFBI may be insufficiently degraded in GCD2 cor-
neal fibroblasts.

TGFBI was degraded by autophagy. To determine if insuf-
ficient degradation of mut-TGFBI and the accumulation of
abnormal mitochondria in GCD2 corneal fibroblasts were due
to defects in any major degradation system, we focused on the
two main cellular protein degradation pathways, the autophagy
and the ubiquitin/proteasome pathways, by using specific inhibi-
tors for each pathway. Corneal fibroblasts were incubated in com-
plete medium for 12 h with or without 0.1 WM bafilomycin A,
an inhibitor of autophagy, and then TGFBI was detected using
an anti-TGFBI antibody. Treatment with bafilomycin A, signifi-
cantly increased WT-TGFBI levels by 215.8 + 35.5% relative to
controls (Fig. 3A and B). TGFBI degradation was also inhibited
in HE and HO corneal fibroblasts by 198.9 + 75.7% and 196.8 +
83.0%, respectively, vs. control levels (Fig. 3B). Furthermore, the
effect of bafilomycin A, on TGFBI levels was both dose-depen-
dent (Fig. 3C) and time-dependent (Fig. 3D). We also analyzed
the effects of MG132, a proteasome inhibitor, on the degrada-
tion of TGFBI and the amyloid 3 (A4) precursor protein (APP).
Blockage of the ubiquitin/proteasome pathway by MG132 did
not alter TGFBI levels (Fig. 3A and B). In further studies, WT
corneal fibroblast cells were incubated with leupeptin, a mod-
erate cell-permeable inhibitor of lysosomal cysteine proteases.
Leupeptin treatment (100 or 200 wM) for 12 h increased the
levels of intracellular TGFBI in WT (Fig. 3E), HE and HO cells
(Fig. S1), demonstrating the importance of lysosomal enzyme
activity. None of the inhibitors altered B-actin (ACTB) levels,
indicating the specificity of this pathway for TGFBI. In addi-
tion, reverse transcription polymerase chain reaction (RT-PCR)
analyses showed that these inhibitors did not interfere with
TGFBI transcription as measured by mRNA expression (data not
shown). These results demonstrated that autophagy was mainly
responsible for TGFBI degradation.

Autophagy markers were increased in cultured corneal fibro-
blasts from GCD2 patients. Next, we determined whether the
massive colocalization of mut-T'GFBI in vesicles containing lyso-
somal enzyme (Fig. 1B) or the presence of fragmented, abnormal
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mitochondria in GCD2 corneal fibroblasts (Fig. 1C and D) was
involved in activation of, or defects in, the autophagic machinery.
The autophagic state of both WT and GCD2 corneal fibroblasts
were compared, using LC3 as a marker. As shown in Figure 4A,
levels of LC3-1I were significantly increased in GCD2 corneal
fibroblasts under normal culture conditions. Quantification of
three independent experiments showed an increase of approxi-
mately 2.1-fold (210.6 + 53.32%) in the LC3-II/ACTB ratio
in GCD2 corneal fibroblasts relative to WT controls (Fig. 4A
and B). Because the levels of LC3-II correlate with the num-
ber of autophagosomes,*® the increased LC3-II/ACTB ratio may
result from increased formation of autophagosomes. To test this,
a detailed quantitative analysis was conducted by counting the
number of endogenous LC3-labeled puncta in both WT and
GCD2 HO corneal fibroblasts. As expected, GCD2 HO corneal
fibroblasts contained numerous LC3-positive structures, whereas
few LC3-labeled structures were detected in WT corneal fibro-
blasts. Quantitative analyses showed that the average number of
LC3-reactive dots in WT corneal fibroblasts was 11.2 (SD + 5.3,
n = 10), whereas in GCD2 HO corneal fibroblasts, the average
number of LC3 puncta increased to 84.2 (SD + 27.2, n = 10)
(Fig. 4C and D). Of note, most of the endogenous LC3 label
colocalized with mutTGFBI (Fig. 4C). To determine whether
expression of exogenous mut-T'GFBI could increase LC3-II lev-
els in WT corneal fibroblasts, we assayed LC3 in WT corneal
fibroblasts infected with either Adv-7GFBI and Adv-mut-7GFBI
or the control Adv-GFP, by immunoblotting with an anti-LC3
antibody. LC3-1II levels increased in WT fibroblasts infected with
Adv-GFP (1.670 £ 0.154), Adv-WT-TGFBI (2.093 + 0.333) and
Adv-mut-7GFBI (4.739 + 0.762) compared with noninfected
cells (1.000). However, as shown in Figure 4E and F, LC3-II
levels were increased more (about 2.2-fold) in WT corneal fibro-
blasts infected with Adv-mut-7GFBI than in cells infected with
the Adv-WT-7GFBI (Fig. 4E and F).

Increased levels of LC3-1I and increased numbers of auto-
phagosomes in GCD2 corneal fibroblasts can be due either to
increased formation of autophagosomes or to inhibited degra-
dation of autophagosomes. Defective autophagy causes accu-
mulation of damaged mitochondria, polyubiquitin-containing
protein aggregation and accumulation of SQSTMI protein.®%
Therefore, we measured levels of polyubiquitinated proteins and
found that the levels were higher in GCD2 corneal fibroblasts
compared with WT cells (Fig. 4H and J). Next, to examine
whether TGFBI is ubiquitinated, we performed coimmunopre-
cipitation with anti-TGFBI antibody using lysate of WT and HO
corneal fibroblasts treated with or without MG132, a ubiquitin
proteasome inhibitor. The TGFBI immune complex was ana-
lyzed by western blot with the anti-ubiquitin antibody. When
the lysates were immunoprecipitated with the anti-TGFBI anti-
body, ubiquitin was not detected in the TGFBI immune complex
(Fig. S2). These results indicated that ubiquitination was not
involved in targeting TGFBI to autophagosomes. Thus, TGFBI
might be incorporated into autophagosomes in a ubiquitin-inde-
pendent manner.

It is well known that SQSTMI protein is involved in the tar-
geting of polyubiquitinated proteins to autophagosomes and that
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Figure 3. TGFBI was degraded by autophagy. (A) The levels of intracellular TGFBI and APP [amyloid  (A4) precursor protein] in primary WT, HE and HO
corneal fibroblasts were examined by immunoblot analysis following bafilomycin A, (Baf A) and MG132 treatment. At approximately 60-80% conflu-
ence, cells were treated with inhibitors for 12 h. (B) Quantification of the TGFBI levels in (A) from three independent experiments using image analysis
software. Intracellular TGFBI levels were highly increased after Baf A, (0.1 M) treatment, whereas the levels were decreased by MG132 treatment

(0.1 wM). (C) Primary corneal fibroblasts were incubated with Baf A, (0.1,0.3, 0.6, 1 or 2 uM) for 12 h and harvested. TGFBI levels were determined by
immunoblot analysis with an anti-TGFBI antibody. The levels of intracellular TGFBI increased in a dose-dependent manner. (D) Primary corneal fibro-
blasts were incubated with Baf A, (0.1 uM) for 1, 3,6 and 12 h, and the TGFBI levels were determined by immunoblot as shown in (C). Intracellular TGFBI
increased in a time-dependent manner. (E) Primary corneal fibroblasts were incubated with different doses of leupeptin (100 and 300 pg/ml) for 12 h
and TGFBI levels were determined by immunoblot analysis with an anti-TGFBI antibody. Vertical bars: SD *p < 0.05; NS, not significant.

SQSTML is selectively degraded via autophagy.”® Therefore, we
measured the levels of SQSTMI1 protein by western blotting,
which showed an increase of SQSTM1 in GCD2 corneal fibro-
blasts (Fig. 4G and I). However, expression of BECN1 that is
involved in the early stage of autophagosome formation® was

unchanged in GCD2 fibroblasts (Fig. 4G). The unchanged
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BECNI1 level in GCD2 may explain the increased level of LC3-11
in GCD2, and thus it may not be involved in increased auto-
phagosome formation in GCD2 cells.

Fusion between autophagosomes and lysosomes was
impaired in GCD2 corneal fibroblasts. These findings raised
the possibility that autophagy was defective in GCD2 corneal
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Figure 4 (See opposite page). Assessment of levels of autophagic vacuoles in GCD2 corneal fibroblasts. (A and B) At 60-80% confluence, cells were
used for LC3 western blotting analysis. Representative LC3 blots and densitometric analysis of the LC3-1I/ACTB ratio using samples from wild-type
(WT), heterozygous (HE) and homozygous (HO) corneal fibroblasts (three independent experiments). (C) At 60-80% confluence, cells were used for
LC3 staining. Representative pictures of WT and HO corneal fibroblasts expressing endogenous LC3. WT and homozygous corneal fibroblasts grown
in complete media were fixed, permeabilized and immunostained with a monoclonal antibody to endogenous TGFBI (red) and a polyclonal antibody
to endogenous LC3 (green). LC3 showed vesicular staining, and the number of LC3-positive puncta was higher in GCD2 HO corneal fibroblasts
compared with control cells. Insets show a 3.5-fold magnification of the indicated region. A merged image of the red and green channels is shown

in the third picture in each row; yellow indicates overlapping localization. (D) Endogenous LC3 puncta per cell were quantified from WT and GCD2
corneal fibroblasts. (E) Higher LC3-Il levels in corneal fibroblasts overexpressing mut-TGFBI via adenovirus-mediated gene transfer. (F) Representative
LC3 blots and densitometric analysis of the LC3-1I/ACTB ratio in WT, Adv-GFP, Adv-WT-TGFBI/ and Adv-mut-TGFBI transfected corneal fibroblasts (three
independent experiments). (G) SQSTM1 and BECN1 expression levels were analyzed using anti-SQSTM1 antibody and anti-BECN1 antibody in primary

cultured corneal fibroblasts (PK) from patient corneas and age-matched WT corneas. (H) Levels of total polyubiquitinated proteins were analyzed
using the anti-polyubiquitinated protein polyclonal antibody in primary cultured corneal fibroblasts from patient corneas and age-matched WT
corneas. (I and J) Representative western blots of polyubiquitinated proteins and SQSTM1 protein were quantified from WT and GCD2 corneal fibro-
blasts. Polyubiquitinated proteins, SQSTM1 and BECN1, were normalized to ACTB. Error bars: SD from three independent experiments. *p < 0.05.

fibroblasts. Increased levels of LC3-II and number of auto-
phagosomes in GCD2 corneal fibroblasts can be due either to
increased formation of autophagosomes or to inhibited deg-
radation of autophagosomes. To distinguish between these
possibilities, we tested whether inhibition of fusion between
autophagosomes and lysosomes could alter LC3-II levels in
GCD2 corneal fibroblasts. If an inhibition of fusion between
autophagosomes and lysosomes did not increase LC3-II levels
in GCD2, compared with WT corneal fibroblasts, the results
would suggest that there was already a block in autophagosome-
lysosomal fusion.”> Figure 5A and B show that bafilomycin A
increased LC3-II levels in WT and GCD2 corneal fibroblasts.
However, in GCD2 corneal fibroblasts, bafilomycin A, did not
increase LC3-1I levels compared with WT corneal fibroblasts.
Likewise, effects of bafilomycin A, showed a similar trend in lev-
els of SQSTML in both cell types (Fig. 5A and C). These results
indicated that the increased LC3-I1 in GCD2 cells could be due
to delayed autophagic flux.

Suppression of autophagy increased susceptibility to cell
death in GCD2. Autophagy can serve to protect cells,**¥ but
may also paradoxically contribute to cell death.’®* To exam-
ine whether defective autophagy promotes the survival or death
of corneal fibroblasts, we assayed cell viability with or without
3-MA treatment for 12 h. In a dose-response manner, treatment
with 3-MA resulted in a more significantly decreased cell prolif-
eration of HE and HO corneal fibroblasts than of WT corneal
fibroblasts (Fig. 6A). To further confirm the roles of defective
autophagy in GCD2 corneal fibroblasts, we determined cell
death by measuring caspase activation, because activation of
caspases plays a central role in the execution of apoptosis. The
cleavage of procaspase-3 (32 kDa) and the formation of corre-
sponding active forms (17/19 kDa) were observed in both WT
and GCD2 HO corneal fibroblasts when treated with bafilomy-
cin A, (ranging from 0.3 to 1.0 nM) for 36 h (Fig. 6B). However,
different concentrations of bafilomycin A treatments revealed
significantly more activated CASP3 and PARP1 in HO than in
WT corneal fibroblasts (Fig. 6B). These results suggested that
defective autophagy may contribute to cell death resulting from
putative mut-I'GFBI cytotoxicity.

Mut-TGFBI was cleared by autophagy inducer. To test
whether activation of autophagy could reduce accumulated mut-

TGFBI in GCD2 corneal fibroblasts, both WT and GCD2 HO
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corneal fibroblasts were treated with either rapamycin (an auto-
phagy activator) or 3-MA (an autophagy inhibitor), and the levels
of TGFBI were examined by immunoblot analysis. Rapamycin
treatment led to an increased ratio of LC3-1I/ACTB in both WT
and GCD2 HO corneal fibroblasts (Fig. 7A, lanes 2, 3, 6 and 7;
Fig. 7B, lanes 2, 3, 6 and 7) and decreased levels (80.33 + 5.85%
with 200 nM treatment and 84.00 + 4.58% with 100 nM treat-
ment normalized to 100% without rapamycin) of mut-TGFBI in
GCD2 HO corneal fibroblasts (Fig. 7A, lanes 6 and 7; Fig. 7C,
lanes 6 and 7). However, rapamycin treatment did not alter the
levels of WT-TGFBI in WT corneal fibroblasts (Fig. 7A, lanes 2
and 3; Fig. 7C, lanes 2 and 3). The addition of 3-MA to rapamy-
cin-treated corneal fibroblasts abolished the effect of rapamycin
on mut-TGFBI levels (Fig. 7A, lane 8 compared with lanes 6
and 7), but did not change WT-TGFBI levels (Fig. 7A, lane 4;
Fig. 7C, lane 4). Together, our data indicated that the degrada-
tion of mut-T'GFBI can be enhanced by activation of autophagy,
but that mutTGFBI may be incompletely degraded by auto-
phagy under basal levels (nonrapamycin conditions) in GCD2
corneal fibroblasts.

Autophagy inducers can further increase LC3-II levels in
bafilomycin A -treated cells.***" In this study, rapamycin treat-
ment increased LC3-II in both WT and GCD2 corneal fibro-
blasts (Fig. 7D). However, rapamycin significantly decreased
LC3-II levels in the presence of bafilomycin A, in both cell types
(Fig. 7D; Fig. S3), suggesting an increase in degradation of the
autophagosome and/or induction of autophagosome-lysosome
fusion. Furthermore, although WT-TGFBI did not significantly
change with rapamycin-only treatment, levels of mutTGFBI
were significantly reduced by the treatments (Fig. 7D and F).
These data indicated that rapamycin reduced accumulated auto-
phagosomes by bafilomycin A, but had additional effects on
autophagy. Thus, the autophagy-inhibitory effect of bafilomycin
A, was rescued by rapamycin. Rapamycin treatments also elimi-
nated the mut-TGFBI accumulated by blockage of autophago-
some-lysosomal fusion. Notably, in the presence of rapamycin,
mut-TGFBI was significantly decreased in GCD2 HO corneal
fibroblasts compared with WT cells (Fig. 7D and F). Together,
these findings provided the possibility for new therapeutic
approaches for GCD2 based on pharmacological activation of
autophagy. In addition, to assess whether increased LC3-1I in
GCD2 cells resulted from defective or protective autophagy, the
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Figure 5. Evaluation of LC3-Il and SQSTM1 in the presence of Baf A, after induction and/or inhibition of autophagy. (A) Corneal fibroblasts were
cultured in the presence of Baf A, (0.1-0.2 pM) for the indicated times and then subjected to immunoblot analysis using anti-LC3, anti-SQSTM1,
anti-TGFBI and anti-ACTB antibody. (B and C) Quantification of the LC3-Il, SQSTM1 and TGFBI levels in (A) from three independent experiments
using image analysis software. Error bars: SD from three independent experiments. *p < 0.05. Baf A, (0.1-0.2 M) were added to the medium where

changes of GCD2 cell death were examined after treatment with
or without bafilomycin A and/or rapamycin. Cells were divided
into four groups according to treatment: control (no treatment),
bafilomycin A, (treated with 0.1 uM bafilomycin A,), rapamy-
cin (treated with 100 nM rapamycin) and combination (treated
with both bafilomycin A, and rapamycin). Levels of cell death
were measured by fluorescence-activated cell sorting (FACS)
analysis.”? Cell death was detected in both types of cells after
bafilomycin A, treatment, but levels of cell death were higher
in HO GCD2 cells than WT cells (Fig. S4). Interestingly,
rapamycin treatment only induced cell death of HO GCD2
cells. Furthermore, the combined treatment of bafilomycin A,
and rapamycin greatly increased cell death of HO GCD2 cells,
but cell death of WT cells was only caused by treatment with
bafilomycin A, (Fig. S4). Thus, levels of cell death in WT cells
showed no difference between cells treated with bafilomycin
A, alone and bafilomycin A, with rapamycin (combination).
Consequently, these results also indicated that increased LC3-11
and autophagosomes may be due to defective autophagy, as
opposed to being some type of protective mechanism in GCD2
corneal fibroblasts.
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Discussion

In this study, we investigated the role of autophagy in degen-
eration of GCD2 corneal fibroblasts. Our results revealed strik-
ing differences in autophagy between GCD2 and WT corneal
fibroblasts, which led us to conclude that autophagy is defective
in this disease. Thus, defective autophagy in this disease causes
dysfunction of corneal fibroblasts. This was demonstrated by
the lack of autophagic clearance of mut-TGFBI, accumulation
of dysfunctional mitochondria, increased ubiquitinated proteins
and autophagosomes, and by increased levels of SQSTM1 and
LC3-II in GCD corneal fibroblasts. Not only was accumulated
mut-TGFBI toxic to GCD2 cells, but autophagy inducers were
also capable of causing elimination of accumulated mut-TGFBI.

Our data demonstrated that autophagy was the main intra-
cellular degradation mechanism for TGFBI, because TGFBI
accumulated in cells treated with bafilomycin A, an autophagy
inhibitor. Furthermore, inhibitors of lysosomal cathepsins, such
as leupeptin, substantially reduced the rate of TGFBI degrada-
tion. TGFBI is found within lysosomal compartments of corneal
fibroblasts. Most notably, the levels of mut-TGFBI in lysosomes
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Figure 6. Inhibition of autophagy led to reduced cell
viability and CASP3 activation. At 60-80% conflu-
ence, cells were used for this study. (A) WT and GCD2
corneal fibroblasts were exposed to 3-MA for 14

h, and the number of viable cells was determined
using an MTS assay. Cell viability was calculated

by dividing the MTS OD value of an experimen-

tal sample by the MTS OD value of the control

(cells treated with medium). (B) WT and GCD2 HO
corneal fibroblasts treated with 0, 0.3, 0.5 or 1.0 .M
bafilomycin A, (Baf A) for 12 h. Procaspase-3, cleaved
CASP3, cleaved PARP1 and ACTB were determined
by western blot. Cleaved CASP3 had two major

Cleaved -
CASP3 -

fragments, migrating at 17 kDa and 19 kDa. Western
blot analysis of extracts from WT and HO corneal
fibroblasts, untreated or Baf A -treated (36 h), show-
ing CASP3 and PARP1 activation as evidence of
induction of apoptosis. (C) Quantification of cleaved
CASP3 levels in (B) from three independent experi-
ments using image analysis software. Similar results
were obtained from at least three independent
experiments. Significantly more cell death occurred
in GCD2 corneal fibroblasts relative to WT cells,
-20 indicating that GCD2 corneal fibroblasts were much
-15 more vulnerable to 3-MA-treatment. Error bars: SD
from three independent experiments. *p < 0.05.

TGN are delivered to lysosomes, and others are
delivered to secretory vesicles in a constitutive
or regulated fashion.”” In this study, we found
that both mut- and WT-TGFBI were localized
to TGN, and later appeared in lysosomes, then
in the cell media.

1.0 Translated TGFBI may be translocated into the

endoplasmic reticulum via its signal peptide and

then matured during passage through the Golgi.
Therefore, TGFBI molecules may be transported
to the ECM via conventional secretory vesicles.
However, we cannot rule out the possibility that
TGFBI might also be secreted via the unconven-
tional secretory pathway, which is involved in
autophagy and endocytosis. Although autophagy
is considered as degradative machinery, it also
participates in protein secretion. For example,
the autophagy-based unconventional secretory
route for extracellular delivery of interleukin-1 3
(IL1B) has recently been reported.”* Here, we
proposed the possibility that accumulated mut
TGFBI in GCD2 cells might be secreted into the
ECM via the unconventional secretory pathway.
10 TGFBI may undergo reinternalization through
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either the formation of clathrin-coated vesicles or

caveolae-mediated endocytosis and then be selec-

appeared to be much greater than the levels of WT-TGFBI.
However, it remains to be determined which mechanisms are
responsible for lysosomal targeting of TGFBI as a secretory pro-
tein. Most proteins are sorted in the TGN into different Golgi-
derived secretory vesicles, which translocate their contents to
different intracellular destinations. Some proteins processed in

www.landesbioscience.com

tively sorted into multivesicular bodies (MVBs),
which accumulate small membrane vesicles termed exosomes.
Exosomes, small 40- to 100-nm cup-shaped vesicles surrounded
by a lipid bilayer,” are generated as intraluminal vesicles within
MVBs. Fusion of MVBs with the plasma membrane results in
the release of exosomes into the ECM.* Furthermore, MV Bs
can also fuse with autophagosomes for degradation. Autophagy
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Figure 7 (See opposite page). Rapamycin-mediated activation of autophagy enhanced the clearance of Mut-TGFBI. At 60-80% confluence, cells were
treated with inhibitors for 14 h. (A) Cells were treated with either rapamycin or DMSO, and extracts were probed with anti-TGFBI and anti-LC3 antibod-
ies. Rapamycin (Rap) decreased the levels of mut-TGFBI in HO corneal fibroblasts. Representative blots are shown of samples from three independent
experiments. (B) Autophagy was measured as the ratio of LC3-1I/ACTB from immunoblots shown in (A) following normalizing of protein levels to ACTB
using densitometry. (C) Quantification of the TGFBI levels in (A). Baf A, (0.1-0.2 p.M) and Rap (100 nM) were added to the medium where indicated.

(D) WT and GCD2 HO corneal fibroblasts were treated with Rap (100 nM) and Baf A, (0.1 M) individually and in combination for 14 h. Cells were lysed
and immunoblotted with anti-LC3 (first panel), anti-TGFBI (second panel) or anti-ACTB (third panel) antibodies. Autophagy was measured as the ratio
of LC3-1I/ACTB and is represented as the fold increase in this ratio relative to WT untreated corneal fibroblasts. (E) The ratio of LC3-II/ACTB shown in (D).
(F) Quantification of the TGFBI levels shown in (D). Results represent the mean + SD (n = 3). *p < 0.05; **p < 0.01; NS, not significant.

induction diverts MVBs toward the autophagic pathway with the
consequent inhibition of exosome release and leads to increased
associations between MVBs and autophagosomes, resulting in
the generation of big, enlarged organelles (amphisomes). These
studies suggested that MVBs, which contain mutTGFBI, might
be accumulated due to decreased or incomplete fusion between
MVBs and either autophagosomes or lysosomes in GCD2 corneal
fibroblasts. In addition, exosome-mediated secretion of aggrega-
tion-prone proteins such as B-amyloid, o-synuclein and prion
#4-46 3ls0 reveals the possibility that TGFBI might also be
secreted and ultimately deposited in the corneal matrix via this

protein,

mechanism. However, whether or not extracellular deposition
of mut-TGFBI occurs through exocytosis in corneas of GCD2
patients remains to be investigated.

After inhibition of protein synthesis by CHX, mut-
TGFBI inside the GCD2 corneal fibroblasts.

Immunofluorescence staining of GCD2 corneal fibroblasts also

remained

showed that mutTGFBI was primarily retained in lysosomes
and persisted for long periods. It is likely that trafficking defects,
problems in autophagy, and/or impaired lysosomal functions
were responsible for the incomplete, slower degradation of mut-
TGFBI. Among several possibilities, we determined that defec-
tive autophagy could be involved in accumulated mutTGFBI in
GCD2 corneal fibroblasts. This idea was subsequently confirmed
by the following experimental data. First, although the levels of
LC3-II and SQSTM1 were more increased in GCD2 corneal
fibroblasts compared with WT corneal fibroblasts, no differ-
ences in LC3-1T and SQSTMI levels were found between GCD2
and WT cells after blocking autophagosome-lysosome fusion.
Second, the number of endogenous LC3 puncta was significantly
increased in GCD2 corneal fibroblasts and these puncta colo-
calized with mut-TGFBI. Third, levels of LC3-II and SQSTM1
were significantly increased in GCD2 compared with WT cor-
neal fibroblasts. Finally, GCD2 corneal fibroblasts contained
dysfunctional mitochondria (short or fragmented mitochondrial
shapes) and polyubiquitinated proteins. It is well known, in con-
trast to the ubiquitin/proteasome system, that the autophagy/
lysosome system not only degrades proteins, but also intracel-
lular organelles such as mitochondria.”* In particular, damaged
mitochondria are preferentially targeted for autophagy. In addi-
tion, accumulation of ubiquitinated proteins has been observed
in a defective autophagy model and likely results from increased
polyubiquitinated substrates with longer half-lives.’® Therefore,
these results also indicated that autophagy was defective in
GCD2 corneal fibroblasts.

However, the above results did not resolve whether defec-
tive autophagy in GCD2 corneal fibroblasts is a mechanism for

www.landesbioscience.com

degeneration of GCD2 corneal fibroblasts. This question is par-
ticularly important, as defective or excessive activation of auto-
phagy is also associated with cell death that can occur either in
the absence of detectable signs of apoptosis or concomitantly
with apoptosis. Furthermore, according to several studies, lyso-
somal accumulation of undegraded substrates results in impaired
autophagosome-lysosome fusion. As a consequence of this block,
toxic proteins and dysfunctional mitochondria accumulate, ulti-
mately leading to cell death.” It is likely that fragmented mito-
chondria may release proapoptotic factors such as cytochrome
¢, which can activate the intrinsic apoptotic pathway.’>* Thus,
GCD2 corneal fibroblasts with impaired autophagy may have
an increased susceptibility to cell death. Our data also supported
this idea. Treatment of cells with a well-known inhibitor of the
initiation stage of autophagy (3-MA)* significantly reduced cell
viability of GCD2 corneal fibroblasts compared with WT cor-
neal fibroblasts. In addition, blocking autophagosome-lysosome
fusion with bafilomycin A, an end stage inhibitor of autophagy,
activated CASP3 and PARP1 in GCD2 corneal fibroblasts more
than in WT corneal fibroblasts. This disease specifically causes
severe corneal fibroblast degeneration compared with other
TGEFBl-expressing cell types such as skin fibroblasts and epithelial
cells. Thus, corneal fibroblasts may be more susceptible to defec-
tive autophagy than other cell types. This may be because other
cells undergo more rapid division than corneal fibroblasts, which
may be helpful in preventing the accumulation of misfolded or
aggregated proteins by cell division-mediated dilution. Therefore,
corneal fibroblasts may be more susceptible to cell death from
defective autophagy because they are quiescent, remain in resting
phase (G), and have a longer life span.”> This may explain the
prevalence of corneal fibroblast degeneration in GCD2.

Further points to be emphasized from this study were not only
that autophagy was defective in GCD2, but also that it could be
cytotoxic to corneal fibroblasts. Autophagy inducers are indeed
capable of providing therapeutic treatment options for GCD2.
Induction of autophagy has also been reported for therapeutic
treatments in age-related diseases.”® In one study, it is proposed
that aggregation-prone proteins could be cleared by induction of
autophagy.”” Thus, the autophagy inducer, rapamycin, has been
used to modify Huntington’s disease pathogenesis. Huntington’s
disease is caused by an abnormal polyglutamine expansion
(polyQ) repeat in the disease protein huntingtin, and is charac-
terized by inclusion bodies of aggregated huntingtin protein and
by neuronal cell death. In cultured cells and in Drosophila and
mouse models, rapamycin reduces levels of mutant huntingtin
and attenuates toxicity through activation of autophagy.’® Berger
et al. report that rapamycin reduces both the toxicity of mutant
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microtubule-associated protein tau in fronto-temporal demen-
tia/tauopathy and also the polyglutamine-containing neurode-
generative protein ATXN3 in a Drosophila disease model.”” We
also observed a reduction in the level of mutTGFBI in rapamy-
cin-treated GCD2 corneal fibroblasts. However, no change in
TGFBI levels was detected in WT corneal fibroblasts. These
results indicated that treatment with rapamycin had a significant
effect only in cells with defective autophagy. The above results
strongly suggested that the activation of autophagy is important
for the clearance of accumulated mutTGFBI in GCD2 patients.
Taken together, these data revealed that the therapeutic poten-
tial of MTOR inhibition deserves important consideration.
Furthermore, because the mechanism of action of rapamycin is

60

known and rapamycin is already used clinically,*®® this drug or

related analogs may be suitable candidates for therapeutic use in
GCD2.

The molecular mechanisms underlying the defective auto-
phagy in GCD2 corneal fibroblasts are still unknown. Wen et
al.,’" have reported that PI3K/AKT/MTOR signaling is activated
in TGFBI-deficient cell lines. Furthermore, it has been demon-
strated that constitutive activation of the MTOR signaling path-
way induces defective autophagy.®> We therefore suggest that,
although 7GFBI mutations associated with GCD2 pathogenesis
are still not identified, these point mutations could result in either
a loss of function or gain of function. Loss of function of TGFBI
may induce defective autophagy through activation of the PI3K/
AKT/MTOR signaling pathway.

In conclusion, we propose that the lack of autophagic clear-
ance of proteins such as mut-TGFBI and of organelles caused by
impairment of the autophagy/lysosomal degradation pathway,
may contribute to GCD2 pathogenesis. Although the molecu-
lar mechanisms leading to the defective autophagy are still not
known, our studies suggested that activation of autophagy may
be a therapeutic strategy for patients with GCD2.

Materials and Methods

Materials. The following compounds were obtained from Sigma-
Aldrich: Proteasomal inhibitor MG132 (C2211), lysosomal
inhibitor bafilomycin A (B1793), leupeptin (L2884), rapamy-
cin (R117), cycloheximide (CHX) (C4859), dimethylsulfox-
ide (DMSO) (D8418) and 3-methyladenine (3-MA) (M9281).
The SuperSignal West Pico Chemiluminescent Substrate was
obtained from Pierce (Pierce, NC14080KR).

Isolation and culture of primary corneal fibroblasts. WT
(n =5), HE (n = 3) and HO (n = 4) primary corneal fibroblasts
were prepared using previously described methods.?* The age,
gender and diagnosis for all GCD2 patients from which cells
were generated for this study are listed in Table 1. Donor con-
fidentiality was maintained in accordance with the Declaration
of Helsinki and was approved by the Severance Hospital IRB
Committee (CR04124), Yonsei University, Seoul, Korea. GCD2
was diagnosed by DNA sequence analysis for 7GFBI mutations.
After removal of the corneal button for penetrating keratoplasty,
the remaining corneal rims were harvested for WT corneal fibro-
blast culture. The medical records of the control donors from
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Table 1. Subject data for GCD2 and wild-type samples

Wild type Heterozygous Homozygous
Sex/Age Nll\egaen Sex/Age NA::" Sex Age Nll\egaen
F/20 F/37 F/13
M/10 F/20 M/6
M/45 26.4 F/49 33 F/27 20.5
M/22 M/36
M/35

F, female; M, male

the eye bank of Yonsei University Severance Hospital did not
show any history of genetic or systemic metabolic disease. The
fibroblasts grown from the pieces of corneal rims were treated as
WT controls, and DNA sequencing analysis was performed to
verify genetic normality of 7GFBI. Table 1 presents information
regarding the corneal fibroblasts used in this study.
Transmission electron microscopic examination of cor-
neal fibroblasts. Primary cultured corneal fibroblasts were fixed
overnight, dehydrated and processed for electron microscopy as

described previously.?® Evaluation was performed using a trans-

mission electron microscope (JEM1200 EX2; JEOL Ltd.).

Treatment of cells with 3-MA, bafilomycin A, leupeptin
and rapamycin. The autophagy inhibitor 3-MA was freshly dis-
solved in culture medium at 37°C for 1 h before use. To analyze
the effects of 3-MA on TGFBI accumulation, corneal fibroblasts
were incubated with 3-MA and analyzed for TGFBI levels by
immunoblot analysis. Bafilomycin A, which inhibits fusion
between autophagosomes and lysosomes by blocking the vacu-
olar adenosine triphosphate (ATP) pump, was used at 100 nM.
Leupeptin, which inhibits cathepsins, was dissolved in dimeth-
ylsulfoxide (DMSO). Rapamycin was dissolved in DMSO
immediately before use and added to the culture medium at con-
centrations of 100—200 nM.

Western blot analysis. Cell lysates from corneal fibroblasts
were prepared using a radioimmunoprecipitation assay buffer
(RIPA buffer; 150 mM NaCl, 1% NP-40, 0.5% deoxycholate,
0.1% SDS, 50 mM TRIS-HCI, pH 7.4) containing protease
inhibitors (Complete Mini Protease Inhibitor Cocktail Tablet,
1836170) and phosphatase inhibitors (PhosSTOP, Roche,
04906845001). Crude cell lysates were centrifuged at 10,000 x ¢
for 10 min at 4°C to remove nuclear fragments and tissue debris.
A portion of the supernatant was used to determine the total pro-
tein concentration using a bicinchoninic acid kit (Pierce, 23228).
Total cellular protein was electrophoresed on TRIS-glycine SDS
polyacrylamide gels. Proteins were transferred onto polyvinyli-
dene difluoride membranes (Millipore Corp., IPVH00010) and
then blocked in 5% nonfat dry milk (Santa Cruz, sc-2325) in
TRIS-buffered saline containing Tween-20 (TBS-T) [20 mM
TRIS (pH 7.5), 150 mM NaCl, 0.1% Tween 20] at room temper-
ature for 1 h. After washing three times with TBS-T, blots were
incubated with primary antibodies to TGFBI (0.2 pwg/ml; R&D
Systems, AF2935), ubiquitin (1:100 dilution; Sigma-Aldrich,
U5379), ACTB (1:5000 dilution; Sigma-Aldrich, A-5441) and,
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LC3 (Cell Signaling Technology, 3868), BECN1 (Cell Signaling
Technology, 3738), CASP3 (Cell Signaling Technology, 9662),
cleaved CASP3 (Cell Signaling Technology, 9661), cleaved
PARPI (Cell Signaling Technology, 5625) (1:1000 dilution each)
and SQSTM1 antibody (1:1000 dilution; BD Transduction
Laboratories, 610833) overnight at 4°C. After three washes with
TBS-T, blots were incubated with secondary antibodies conju-
gated to horseradish peroxidase at room temperature for 1 h.
Horseradish peroxidase-linked anti-mouse IgG (1:5000 dilution;
Amersham Pharmacia Biotechnology, NA931V) or anti-rabbit
IgG (1:5000 dilution; Amersham Pharmacia Biotechnology,
NA934V) was used as a secondary antibody. Western blots were
visualized using the enhanced chemiluminescence system (Pierce,
NCI4080KR). Immunoreactive protein bands were scanned at
two intensities, and the optical densities of the bands were quan-
tified using Image] software, version 1.37 (Wayne Rasband,
National Institutes of Health), corrected by background subtrac-
tion, and normalized to the intensity of the corresponding ACTB
protein bands.

Kinetics of TGFBI secretion. WT and GCD2 HO corneal
fibroblasts were grown to 70-80% confluency on culture slides
(BD Falcon Labware, REF 354108) and then were incubated for
various time periods (0, 30 or 60 min) with 100 pg/ml CHX.
Cells were then processed for immunocytochemical staining.

Immunocytochemical staining. WT and HO corneal fibro-
blasts grown on culture slides (BD Falcon Labware, REF 354108)
were permeabilized and fixed in methanol at -20°C for 3 min.
Cells were washed with phosphate-buffered saline (PBS), blocked
with 10% bovine serum albumin (Sigma-Aldrich, A3311) with
PBS for 10 min, and incubated with primary antibody in block-
ing buffer for 1 h at room temperature (RT). Cells were hybrid-
ized with secondary antibodies for 1 h at RT. The coverslips were
mounted on glass slides using Vectashield mounting medium
(Vector Labs Inc., H-1200). Cells were viewed under a Leica TCS
SP5 confocal microscope (Leica, Microsystems CMS GmbH,
Germany). The following primary antibodies were used: mono-
clonal anti-TGFBI (1:300 dilution; kindly provided by Dr. IS,
Kim, Kyungpook National University, Korea), polyclonal anti-
trans golgi network (TGN) 46 (5 pg/ml; Abcam, ab50595), anti-
CTSD rabbit polyclonal antibody (5 pg/ml; Calbiochem, IM16)
and anti-LC3 (1:100 dilution; Cell Signaling Technology, 3868).
The following secondary antibodies were used: Alexa 594 (red)-
conjugated anti-rabbit IgG (1:200 dilution; Vector Laboratories
Inc., DI-1488) and fluorescein isothiocyanate (green)-labeled

anti-mouse IgG (1:200 dilution; Jackson ImmunoResearch
Laboratories, 315-097-003).

Adenoviral vectors. Adenoviruses expressing green fluores-
cent protein (GFP) or WT- and mutTGFBI were generated
using the AdEasy system (developed by Seolin Bioscience Co.,
Ltd.). The open reading frame of TGFBI was subcloned into a
transfer vector. The resultant plasmids were linearized with Pme 1
and cotransformed with the pAdEasy into Escherichia coli B]5183
cells. Recombination was confirmed by restriction analysis and
sequencing. High titer stocks were generated by transfecting lin-
earized recombinant plasmid with Pac I into 293 cells. The effec-
tive titer was determined by the frequency of GFP-positive 293
cells 30 h after infection. For infection, primary corneal fibro-
blasts were plated in 30 mm 6-well dish, and approximately 1-3
x 107 infectious units per dish were added. Cells were infected in
the presence of polybrene (4 wg/ml) (Sigma-Aldrich, 107689).

Cell viability. Corneal fibroblasts were plated in 96-well plates
at a density of 10,000 cells/well and incubated overnight. Cell
proliferation was determined using the CellTiter 96 Aqueous
One Solution Reagent Cell Proliferation Assay (MTS assay)
(Promega, G3580). Briefly, the culture medium was removed,
and 20 pl MTS solution was added to each well in 100 pl culture
medium. Cultures were incubated at 37°C for 2 to 4 h under 95%
humidity and 5% CO,. Optical density was measured at 490 nm
using a microplate reader (VERSAmax, Molecular Devices).

Statistical analysis. The results were statistically evaluated
for significance (p < 0.05) using one-way ANOVA. Results
are expressed as the mean + SD. All data were processed using
GraphPad Prism software version 4.0 (GraphPad Software Inc.).
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