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Granular corneal dystrophy type 2 (GCD2) is an autosomal dominant disorder that is caused by a point
mutation in transforming growth factor-b-induced gene-h3 (TGFBI), which encodes transforming growth
factor-b-induced protein (TGFBIp). Recently, we found that the autophagic clearance of mutant-TGFBIp is
delayed in GCD2 corneal fibroblasts; however, any potential correlation between mutant-TGFBIp turn-
over and autophagy–lysosome pathway remains unknown. Here, we report that mutant-TGFBIp is accu-
mulated and that autophagy, a key clearance pathway for mutant-TGFBIp, is induced in primary cultured
GCD2 homozygous (HO) and wild-type (WT) corneal fibroblasts that express exogenously introduced
mutant-TGFBIp. Mutant-TGFBI colocalized with LC3-enriched cytosolic vesicles and cathepsin D in pri-
mary cultured GCD2 corneal fibroblasts. We also observed reduced levels of raptor (regulatory-associated
protein of the mammalian target of rapamycin [mTOR]) in GCD2 corneal fibroblasts and WT corneal
fibroblasts expressing mutant-TGFBIp. Strikingly, treatment with MG132, a ubiquitin/proteasome system
inhibitor, significantly increased the levels of both total and ubiquitinated raptor in GCD2 corneal fibro-
blasts. The levels of the autophagy marker LC3-II were also increased in WT corneal fibroblasts that were
treated with shRNA against raptor. However, mutant-TGFBIp accumulated in autophagosomes or/and
lysosomes in spite of the significant activation of basal autophagy in GCD2 corneal fibroblasts. These
results suggest that an insufficient autophagy–lysosome pathway might be responsible for the intracel-
lular accumulation of mutant-TGFBIp during the pathogenesis of GCD2.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

All cells have surveillance systems that regulate the quality of
proteins and organelles and eliminate any misfolded, malfunction-
ing, or damaged intracellular components [1,2]. Two important
proteolytic systems remove abnormal proteins: the ubiquitin/pro-
teasome system (UPS) and the autophagy–lysosome pathway [1].
Although the UPS and autophagy were thought to be independent
degradation pathways, it was recently reported that ubiquitination
could target substrates for degradation via both pathways.
Moreover, impairment of the UPS is compensated for by the upreg-
ulation of autophagy [3].

Autophagy involves the sequestration of macromolecules and
organelles into specialized cytosolic vesicles for their subsequent
degradation in lysosomes [4,5]. It is activated when cells are
exposed to various stresses such as starvation, the accumulation
of damaged organelles, or oxidative stress [6]. Autophagy is tightly
regulated by several signaling pathways, the best-characterized of
which is the mTOR pathway. mTOR is a multi-domain protein
kinase that interacts with other proteins to form two main
complexes: mTORC1 and mTORC2. mTORC1 is composed of mTOR,
G-protein b-subunit like protein (GbL), and regulatory associated
protein of mTOR (raptor), and it is sensitive to rapamycin [7].
The rapamycin-insensitive complex mTORC2 is composed of
mTOR, GbL, rapamycin-insensitive companion of mTOR (rictor),
stress-activated-protein-kinase-interacting protein 1 (SIN1), and
protein observed with rictor (protor) [7,8]. mTORC1 regulates pro-
tein synthesis and nutrient import, and it is a negative regulator of
autophagy that senses signals through an upstream signaling
cascade via class 1 phosphatidylinositol-3 kinase [5,9,10]. The inhi-
bition of mTORC1 is sufficient to induce autophagy, suggesting that
it serves as the major gatekeeper of autophagy induction in
unstressed conditions [11,12].
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Granular corneal dystrophy type 2 (GCD2, also called Avellino
corneal dystrophy) is an autosomal-dominant disorder caused by
a point mutation (R124H) in the TGFBI gene on chromosome
5q31 [13]. The age-dependent progressive accumulation of hyaline
and amyloid in the corneal stroma is a hallmark of GCD2, and this
results in the interference of corneal transparency [13–15].

We previously demonstrated the occurrence of oxidative stress
[16] and altered mitochondrial function [17] in primary cultured
GCD2 corneal fibroblasts. We also showed the delayed degradation
of mutant-TGFBIp by the autophagy–lysosome system and ele-
vated levels of ubiquitinated proteins in GCD2 corneal fibroblasts
[18]. However, the mechanisms that stimulate autophagic activity
in GCD2 corneal fibroblasts that accumulate TGFBIp are unknown.
Because autophagy is induced by various stresses including the
accumulation of damaged organelles and proteins, and oxidative
stress [6], we hypothesized that accumulated mutant-TGFBIp is a
proximal trigger of autophagy in GCD2.
2. Materials and methods

2.1. Materials

The proteasomal inhibitor MG132 and the lysosomal inhibitors
bafilomycin A1, leupeptin, rapamycin, cycloheximide, dimethyl-
sulfoxide, and 3-MA were obtained from Sigma (St. Louis, MO).
SuperSignal West Pico chemiluminescent substrate was obtained
from Pierce (Pierce, Rockford, IL). Anti-TGFBIp (R&D Systems,
Minneapolis, MN), anti-b-actin (Sigma), anti-LC3, anti-p70S6K,
anti-p-p70S6K, and anti-beclin-1 antibodies (Cell Signaling Tech-
nology, Beverly, MA), and an mTOR pathway antibody sampler
kit (Cell Signaling Technology) were used as the primary antibod-
ies. Horseradish peroxidase-linked anti-mouse or anti-rabbit IgG
were used as secondary antibodies (Amersham Pharmacia
Biotechnology, Piscataway, NJ).

2.2. Isolation and culture of primary corneal fibroblasts

Wild-type (WT) (n = 3), heterozygous (HT) (n = 3), and homozy-
gous (HO) (n = 3) primary corneal fibroblasts were prepared as
described previously [16]. The age, gender, and diagnosis of all
GCD2 patients from which the cells were generated are listed in
Table 1 of reference #18 [18]. Donor confidentiality was main-
tained in accordance with the Declaration of Helsinki, and the
study was approved by the Severance Hospital IRB Committee
(CR04124), Yonsei University, Seoul, Korea. GCD2 was diagnosed
by DNA sequence analysis for TGFBI gene mutations.

2.3. Cell treatment and serum starvation

Bafilomycin A1, which inhibits autophagy by blocking the vac-
uolar adenosine triphosphate pump, was used at a concentration
of 100 nM. Leupeptin (5–10 lg/ml), which inhibits cathepsins,
was dissolved in dimethylsulfoxide (DMSO). Rapamycin was dis-
solved in DMSO immediately before use, and was added to the cul-
ture medium at concentrations of 100–200 nM. For serum
starvation, cells were washed twice with phosphate-buffered
saline (Gibco, Life Technologies, Grand Island, NY) and incubated
in serum-free Dulbecco’s modified Eagle’s medium (Gibco, Life
Technologies) at 37 �C for 3 h.

2.4. Preparation of cell lysates, Western blotting, immunoprecipitation,
and real-time PCR

Cell lysates were prepared from primary cultured corneal fibro-
blasts in radioimmunoprecipitation assay buffer (150 mM NaCl, 1%
NP-40, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate [SDS],
50 mM Tris–HCl, pH 7.4) containing a protease inhibitor tablet
(Complete Mini Protease Inhibitor Tablet, Roche). Crude cell lysate
preparations and Western blotting were performed as described
previously [16]. Co-immunoprecipitation using magnetic beads
coated with polyclonal anti-raptor antibodies (3 lg/mL lysate;
Bethyl Laboratories, Montgomery, TX, USA) was performed follow-
ing the manufacturer’s instructions (Invitrogen Dynal AS, Oslo,
Norway). The immunoprecipitated proteins were then separated
on 7.5% Tris/glycine SDS polyacrylamide gels. The intensities and
optical densities of scanned immunoreactive protein bands were
quantified using computer software (ImageJ, version 1.37, Wayne
Rasband, NIH, USA), and corrected by background subtraction
and normalization to the intensity of b-actin bands. Real-time
PCR was performed as described previously [19].

2.5. Immunocytochemical staining

Immunofluorescence was performed as previously described
[18]. Cells were viewed under a Leica TCS SP5 confocal microscope
(Leica, Microsystems CMS GmbH, Germany). The following
primary antibodies were used: monoclonal anti-TGFBIp (kindly
provided by Dr. IS, Kim, Kyungpook National University, Korea),
polyclonal anti-TGN 46 (Abcam, Cambridge, MA), anti-cathepsin-
D rabbit polyclonal (Calbiochem, La Jolla, CA), and anti-LC3 (Cell
Signaling Technology). Alexa 594 (red)-conjugated anti-rabbit
(Vector Laboratories Inc., Burlingame, CA) and fluorescein isothio-
cyanate (green)-labeled anti-mouse IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA) secondary antibodies were used.

2.6. Adenoviral vectors

Adenoviruses expressing green fluorescent protein (GFP), or
WT- and mutant-TGFBIp were generated using the AdEasy system
[20]. Infection was performed as described previously [16].

2.7. Statistical analysis

The results were evaluated for statistical significance (P < 0.05)
by using one-way analysis of variance (ANOVA) followed by New-
man–Keuls multiple comparison tests. Results are expressed as
means ± SDs. All data were processed using Graph Pad Prism
software version 4.0 (Graph Pad Software Inc., San Diego, CA).
3. Results

3.1. Decreased TGFBI mRNA expression, and oligomerized and
accumulated mutant-TGFBIp in GCD2 corneal fibroblasts

Because the degradation of mutant-TGFBIp is incomplete in
GCD2 cells [18], we compared the levels of TGFBI mRNA and pro-
tein between three WT and GCD2 cells (three HO and one HT) by
using real-time PCR and Western blotting, respectively, to identify
whether mutant-TGFBIp accumulated in GCD2 cells. Varying
amounts of TGFBIp were produced among samples (Fig. 1A).
Although the protein abundance was comparable between WT
and HO (Fig. 1B), the mRNA abundance was significantly lower
(29.63 ± 10.69%, P < 0.05) in HO compared with WT cells
(Fig. 1C). We next evaluated the ratio of TGFBI protein/mRNA.
ANOVA revealed that the ratio was increased significantly
(346.9 ± 282.5%, P < 0.05) in GCD2 cells compared with WT corneal
fibroblasts (Fig. 1D). These results suggest that the accumulation of
mutant-TGFBIp in GCD2 corneal fibroblasts might be due to defec-
tive degradation. To confirm this, we investigated the localization
of intracellular TGFBIp using immunofluorescence. WT and GCD2



Fig. 1. Accumulated protein and decreased mRNA levels of TGFBI in GCD2 corneal fibroblasts. (A) TGFBIp expression as determined by Western blotting in three WT and four
GCD2 corneal fibroblast samples. (B) Quantification of the TGFBI levels in (A). (C) TGFBI mRNA levels were determined using real-time PCR in WT and GCD2 corneal
fibroblasts. TGFBI mRNA levels were significantly decreased in GCD2 compared with WT corneal fibroblasts. (D) TGFBIp levels in WT and GCD2 corneal fibroblasts were
quantified by assessing the protein/mRNA ratio of TGFBI. Error bars represent the SDs of three independent experiments. ⁄P < 0.05. (E) Representative pictures of WT and HO
corneal fibroblasts showing the localization of TGFBIp (red) and cathepsin D (green). (F) Adv-WT-TGFBIp and Adv-mutant-TGFBIp-infected cells were analyzed by Western
blotting using an anti-TGFBIp antibody 48 h after infection. Dimer formation was detected only in mutant-TGFBIp cells (lane 4). (G) Six days later, dimers and oligomers in
WT-TGFBIp and mutant-TGFBIp-infected cells were identified by Western blotting. (H) Patterns of TGFBIp in GCD2 HO patients. Dimerized or oligomerized TGFBIp was
detected by Western blotting in corneal epithelia from GCD2 patients obtained during phototherapeutic keratectomy. The arrows and bracketed area indicate the position of
the TGFBIp monomer (short arrows), putative dimer (long arrows), and putative oligomers (bracketed area). The right lane shows the molecular mass standards in kDa. N, not
infected; CF, corneal fibroblast; CE, corneal epithelial deposits from GCD2 patients. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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HO corneal fibroblasts were stained with anti-TGFBIp and anti-
cathepsin-D antibodies. Although both mutant- and WT-TGFBIp
were found predominantly in the trans-Golgi network (TGN)
(Fig. 1E), large amounts of TGFBIp were colocalized with cathep-
sin-D in HO cells. The accumulation of mutant-TGFBIp in lysosomal
enzyme-containing vesicles suggests that mutant-TGFBIp is insuf-
ficiently degraded in GCD2 corneal fibroblasts.

We next examined the possibility that mutant-TGFBIp could
accumulate in WT corneal fibroblasts by exogenously expressing
mutant-TGFBIp. To overcome the low transfection efficiency in
primary corneal fibroblasts, we used an adenovirus-mediated gene
delivery system to express TGFBI. WT corneal fibroblasts were
infected with adenovirus (Adv)-TGFBI, Adv-mutant-TGFBI fused to
GFP, or control Adv. Corneal fibroblast cell extracts were examined
by Western blotting with anti-TGFBIp antibody. Three days after
infection, major immunoreactive bands were detected at
�70 kDa in cells infected with both Adv-TGFBI and Adv-mutant-
TGFBI (Fig. 1F). Mutant-TGFBIp was also detected at �140 kDa,
corresponding to the dimeric form (Fig. 1F). Moreover, Western
blotting in extracts harvested from mutant-TGFBI transfected cells
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6 days after infection revealed increased levels of high molecular
weight bands corresponding to dimeric and oligomeric TGFBIp,
whereas only a faint band was observed in WT-TGFBI transfected
cells (Fig. 1G). Because these results suggest the presence of
dimeric and/or oligomeric mutant-TGFBIp in the corneal deposi-
tions of GCD2, we performed Western blotting under reducing con-
ditions using corneal tissues isolated from a GCD2 HO patient
under reducing conditions. Distinct bands of TGFBIp were observed
over a broad range of sizes (Fig. 1H). The TGFBIp immunoreactive
band patterns of WT corneal fibroblasts infected with Adv-
mutant-TGFBI (Fig. 1G) were very similar to those from the cornea
of a GCD2 HO patient (Fig. 1H).

3.2. Autophagy is activated in GCD2 corneal fibroblasts

To assess whether autophagy was induced to a greater extent
by the intracellular accumulation of mutant-TGFBIp, we compared
autophagy in WT and GCD2 corneal fibroblasts by using LC3 as a
marker. Increased levels of LC3-II were detected in GCD2 corneal
fibroblasts under normal culture, serum-free, and Earle’s balanced
salt solution (EBSS) conditions (Fig. 2A). In addition, to assess
whether exogenous mutant-TGFBIp could induce autophagy in
Fig. 2. Assessing autophagy induction in GCD2 corneal fibroblasts. (A) Representative
heterozygous (HT), and homozygous (HO) corneal fibroblasts in normal, serum-free
overexpressing mutant-TGFBIp. (C) Representative images of WT and HO corneal fibro
grown in complete media were fixed, permeabilized, and immunostained with antibodies
the number of LC3-positive puncta was higher in GCD2 HO corneal fibroblasts compare
merged image of the red and green channels is shown in the third picture of each row
increased LC3-II levels in a dose-dependent manner in both WT and GCD2 HO corneal fi
wild-type (WT) and homozygous (HO) corneal fibroblasts in three independent experim
interpretation of the references to colour in this figure legend, the reader is referred to
WT corneal fibroblasts, we measured LC3 in WT corneal fibroblasts
infected with Adv-TGFBI, Adv-mutant-TGFBI, or control Adv-GFP
using Western blotting. LC3-II levels were higher in WT fibroblasts
infected with Adv-GFP and Adv-WT-TGFBI compared with non-
infected cells. However, LC3-II levels were higher in WT corneal
fibroblasts infected with Adv-mutant-TGFBIp compared with
Adv-TGFBI (Fig. 2A and B). Because LC3-II levels correlate with
the number of autophagosomes [21], increased LC3-II levels were
consistent with an increased number of endogenous LC3-labeled
puncta (Fig. 2C). Moreover, most endogenous LC3 colocalized with
mutant-TGFBIp (Fig. 2C).

The increase in LC3-II levels and autophagosome numbers in
GCD2 corneal fibroblasts is indicative of increased autophagy,
and it could result from either increased autophagosome formation
or decreased autophagosome degradation. To distinguish between
these two possibilities, cells were treated with the lysosomal pro-
tease inhibitor leupeptin. If leupeptin did not increase LC3-II levels
in GCD2 corneal fibroblasts relative to WT cells, then the increased
LC3-II in GCD2 cells would be due reduced autophagic degradation,
such as inhibited or delayed fusion between autophagosomes and
lysosomes. However, treating GCD2 corneal fibroblasts with 5-lg/
mL and 10-lg/mL leupeptin increased the levels of LC3-II by
analysis of the LC3-II by Western blotting using samples from wild type (WT),
and EBSS culture conditions. (B) Activation of autophagy in corneal fibroblasts
blasts expressing endogenous LC3. TGFBIp (WT or mutant)-expressing fibroblasts
against endogenous TGFBIp (red) and LC3 (green). LC3 exhibited vesicular staining;

d with control cells. Insets show a 3.5-fold magnification of the indicated region. A
; yellow indicates overlapping localization. (D) Leupeptin treatment significantly

broblasts. (E) Densitometric analysis of the LC3-II/b-actin ratio using samples from
ents. Error bars represent the SDs of three independent experiments. ⁄P < 0.05. (For
the web version of this article.)
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5.326 ± 0.625-fold and 7.630 ± 0.703-fold, respectively (P < 0.05).
In comparison, 3.831 ± 0.672-fold and 6.352 ± 0.741-fold increases
were significantly observed in WT cells treated with 5 lg/mL and
10 lg/mL leupeptin, respectively (P < 0.05) (Fig. 2D and E). These
results suggest that the increased LC3-II levels and autophagosome
numbers could be due to the induction of autophagy.
3.3. Decreased levels of raptor induce autophagy in GCD2 corneal
fibroblasts

To understand how mutant-TGFBIp induces autophagy, we next
assessed whether the activation of autophagy in GCD2 corneal
fibroblasts was mediated via mTOR. The levels of total and
phosphorylated mTOR in WT corneal fibroblasts infected with
Adv-mutant-TGFBIp were unchanged; however, raptor levels were
decreased (Fig. 3A and D). Raptor was also expressed at signifi-
cantly lower levels in GCD2 HO compared with WT primary
corneal fibroblasts (Fig. 3B and E). GbL was not significantly
expressed in WT corneal fibroblasts infected with Adv-mutant-
TGFBIp (Fig. 3A and C). These data suggest that raptor might be
downregulated in response to mutant-TGFBIp. In addition, the
levels of p-P70S6K, the downstream substrate of mTOR, were
reduced and was accompanied by an increase in LC3-II in WT
corneal fibroblasts expressing reduced level of raptor after
transfection with shRNA-raptor (Fig. 3F).
3.4. Selective degradation of raptor in mTORC1 through the UPS in
GCD2 corneal fibroblasts

mTORC1 is known to be degraded via a UPS-dependent mecha-
nism [22]. The findings of the present study indicate that the
Fig. 3. Autophagy is induced by reduced raptor-dependent mTOR pathway in GCD2 corn
TGFBI, Adv-mutant-TGFBI, or Adv-GFP were examined by Western blotting for the indica
infected with Adv-mutant-TGFBI. (B) The levels of raptor, beclin-1, and p62 were exami
Expression of mutant-TGFBI decreased the levels of raptor, whereas beclin-1 and p62 wer
of the levels of raptor shown in (A). (E) The expression of raptor decreased significantl
accompanied by an increase in LC3-II in WT corneal fibroblasts expressing reduced rap
⁄P < 0.05. ; denotes slower migrating bands.
reduction in raptor levels in GCD2 corneal fibroblasts was most
likely caused by proteolytic degradation rather than by the inhibi-
tion of transcription and/or translation. To confirm this, GCD2 HO
corneal fibroblasts were pretreated with or without MG132, a spe-
cific inhibitor of the 26S proteasome. Without MG132 pretreat-
ment, raptor levels were reduced in GCD2 corneal fibroblasts
compared with WT corneal fibroblasts (Fig. 4A and B, lane 3). Inter-
estingly, MG132 pretreatment inhibited the reduced raptor levels
(Figs. 3A, lane 3 vs. lanes 4 and 5, and 4B).

Proteasome-mediated protein degradation signaling is generally
initiated by the covalent attachment of multiple ubiquitin moieties
to target proteins [23]. Therefore, we assessed the interaction
between ubiquitin and raptor in WT and GCD2 corneal fibroblasts
to investigate whether raptor is a UPS substrate. Corneal fibroblasts
were treated for 12 h with or without MG132. Typical high molecu-
lar weight smeared bands of ubiquitin molecules were detected in
both WT and GCD2 corneal fibroblasts treated with or without
MG132 (Fig. 4C, lanes 1–4). Next, immunoprecipitations using
anti-raptor antibodies were performed in the lysates of cells treated
with or without MG132, followed by Western blotting for ubiquitin.
More ubiquitinated raptor accumulated in MG132-treated cells
(Fig. 4C, lanes 5 and 6 vs. lane 7 and 8). Furthermore, this degradation
was blocked by pretreatment with MG132 (Fig. 4C, lane 8).
4. Discussion

The data described in the current study provide strong evidence
that autophagy is induced in GCD2 corneal fibroblasts, but that its
activation might be insufficient to facilitate the removal of mutant-
TGFBIp. This leads to the pathological accumulation of autophago-
somes and/or autophagolysosomes containing mutant-TGFBIp.
eal fibroblasts. Cell lysates prepared from WT corneal fibroblasts infected with Adv-
ted proteins. (A) The expression of raptor was decreased in WT corneal fibroblasts

ned by Western blotting in primary cultured GCD2 HO and WT corneal fibroblasts.
e unchanged. (C) Quantification of the levels of GbL shown in (A). (D) Quantification
y in GCD2 HO corneal fibroblasts. (F) The p-P70S6K levels were reduced and was
tor after transfection with shRNA-raptor. Data are presented as the means ± SDs,



Fig. 4. Inhibiting proteasome activity increases the levels of endogenous raptor. (A) The proteasome inhibitor MG132 prevented raptor degradation and increased the levels
of LC3-II in a dose-dependent manner. (B) Quantification of the raptor from (A). (C) Corneal fibroblasts were incubated in control medium or in the presence of MG132 for
12 h, and total cell lysates were immunoblotted with anti-ubiquitin antibodies. The bracket denotes higher molecular mass ubiquitinated products (lanes 1–4). Raptor was
immunoprecipitated from cells, and the resulting immunoblots were probed with anti-ubiquitin antibodies (lanes 5–8). Arrow marks the position of bands from
approximately 150 kDa to the ubiquitinated raptor. ⁄P < 0.05.

1510 S.-i. Choi et al. / Biochemical and Biophysical Research Communications 450 (2014) 1505–1511
Mutant-TGFBIp accumulate in the autophagosomal and/or auto-
phagolysosomal compartment of GCD2 corneal fibroblasts [18].
This could be explained by the increased expression of TGFBI gene
in GCD2 corneal fibroblasts. In the present study, TGFBIp levels
were not significantly different between WT and GCD2 HO corneal
fibroblasts, which is consistent with the results of a previous study
[24]. However, TGFBI mRNA levels were significantly lower in
GCD2 HO corneal fibroblasts. This discrepancy suggests that
mutant-TGFBIp is accumulated after defective degradation, rather
than high gene expression. This is further supported by our obser-
vation that mutant-TGFBIp accumulates in corneal fibroblasts
expressing exogenous mutant-TGFBI.

Autophagy is induced in GCD2 corneal fibroblasts, as confirmed
by the following data. First, the basal levels of LC3-II were
increased in GCD2 corneal fibroblasts and in a previously study
[18], as well as in WT primary corneal fibroblasts overexpressing
mutant-TGFBIp. Second, the number of endogenous LC3 puncta
was significantly increased in GCD2 corneal fibroblasts; these
puncta colocalized with mutant-TGFBIp [18]. Third, further accu-
mulation of LC3-II occurred in GCD2 corneal fibroblasts in the pres-
ence of leupeptin. Fourth, increased levels of LC3-II were observed
in GCD2 corneal fibroblasts compared with WT cells incubated in
normal or serum-free media, and EBSS. Finally, the levels of raptor
were significantly decreased in GCD2 corneal fibroblasts. Collec-
tively, these data suggest that autophagy was induced but that
its activation was insufficient to facilitate the removal of mutant-
TGFBIp, leading to the pathological accumulation of autophago-
somes and/or autophagolysosomes containing mutant-TGFBIp.
This conclusion is supported by clearance of mutant-TGFBIp by
activated autophagy (Supplementary data 1) and a previous study
reporting that melatonin and rapamycin enhanced the elimination
of mutant-TGFBIp by inducing autophagy in GCD2 fibroblasts
[18,19]. Taken together, we can conclude that mutant-TGFBIp is
insufficiently degraded by the autophagy–lysosome system in
GCD2 corneal fibroblasts, even though they exhibit elevated basal
levels of autophagy.

This study also demonstrated that, MG132 significantly pre-
vented raptor reduction in GCD2 corneal fibroblasts, but that ubiq-
uitinated raptor is increased in GCD2 compared with corneal
fibroblasts. Once tagged with ubiquitin, substrate proteins are
often targeted for rapid degradation in the UPS. Taken together,
these data suggest that raptor could be rapidly degraded by the
UPS during GCD2. Indeed, UPS should be activated in GCD2 corneal
fibroblasts, which is supported by the accumulation of ubiquitinat-
ed proteins in GCD2 corneal fibroblasts [18]. Moreover, this UPS
activation might play a protective role in GCD2 corneal fibroblasts
because MG132 treatment significantly induced apoptotic cell
death in a dose-dependent manner (Supplementary data 2). In
addition, these data indicate that there is extensive crosstalk
between the UPS and autophagy–lysosome systems, which were
long considered independent degradation pathways with few or
no points of interaction [25].

During the regulation of autophagy, reduced levels of raptor
indicate that the activation of autophagy via mTOR pathway is
related to the functional activity of the UPS. This notion is also sup-
ported by previous studies, where several key mTORC1 compo-
nents such as mTOR, GbL, and raptor were degraded via the UPS
following treatment with the anticancer agent perifosine [22].
However, in the present study, raptor was the only mTORC1
protein that was decreased in GCD2 corneal fibroblasts. Therefore,
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further studies are required to understand the mechanism of selec-
tive raptor degradation associated with the ubiquitin–proteasome
system.

In conclusion, the induction of high levels of autophagy could
have beneficial effects in GCD2. It might enhance the removal of
the toxic, disease-causing, and aggregation-prone mutant-TGFBIp
protein, and might attenuate the cellular responses to various toxic
insults. The results of this study suggest that an insufficient
autophagy–lysosome pathway might be responsible for the intra-
cellular accumulation of mutant-TGFBIp during the pathogenesis
of GCD2.
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