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Introduction
Protein homeostasis (proteostasis) plays an import-

ant role in stem cell identity and function, as it is central 
for self-renewal, pluripotency and cell fate decisions. To 
maintain proteostasis, protein degradation pathways 
operate in a balanced coordination for vital cellular 
functioning [1], prevent the passage of altered proteins 
to daughter during the asymmetric divisions, and con-
sequently prevent an alteration of the resulting lineage 
of cells [2,3]. These proteolytic pathways are respon-
sible for quality control of proteins and organelles, as 
well as for clearing misfolded, aged, malfunctioning and 
damaged intracellular components. Proteasomes and 
lysosomes are the two major proteolytic pathways by 
which cells degrade proteins for turnover and recycling 
purposes. Drs. Hershko, Ciechanover, and Rose were 
awarded the Nobel Prize in Chemistry in 2004 for the 
discovery of ubiquitin-mediated protein degradation. At 
that time, the ubiquitin proteasome pathway was char-
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Abstract
Purpose: Ubiquitin proteasome pathway (UPP) failure has 
been reported in case of rabbit Limbal Stem Cell Deficien-
cy (LSCD). In the present study, we examined the effect 
of LSCD on autophagy in comparison to LSCD’s effect on 
UPP.

Methods: Rabbits with surgically induced LSCD were used. 
Corneal epithelial cells (CEC) were collected to measure 
the levels of autophagy and UPP biomarkers. Rabbit oral 
epithelial cells were isolated, cultured and treated with auto-
phagy and proteasome inhibitors.

Results: Immunofluorescent staining showed that both 
pathways were positive in normal corneal epithelium. 
However, while proteasome subunits were decreased in 
LSCD-CEC, autophagy biomarker MAPLC3B and ATG12-
ATG5 complex were significantly increased in LSCD-CEC, 
compared to healthy CEC. These results indicate that 
LSCD-induced impairment of UPP may cause a compen-
satory stimulation of autophagy. However, despite autoph-
agy up regulation, damaged and unwanted proteins, such 
as modified keratin K4 and K13 aggregates, still deposited 
and accumulated in LSCD-CEC without clearance, possibly 
contributing to CEC haziness. Proteasome inhibition in cul-
tured oral epithelial cell sheet caused an increase in the ex-
pression of MAPLC3B and ATG12-ATG5 complex, support-
ing the observation that when UPP is failing, autophagy is 
stimulated. When autophagy was inhibited with chloroquine, 
proteasome activity was significantly increased compared 
to untreated cells. In addition, there a slight decrease in un-
modified K4 and K13 expression levels with no keratin high 
molecular weight deposition when autophagy was inhibited. 

Conclusions: We report that inhibition of autophagy leads 
to an activation in proteasome activity, which may stimulate 
protein degradation to alleviate the symptoms of LSCD.
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acterized as the “Kiss of Death” because protein sub-
strates are tagged with ubiquitin by the ubiquitination 
system prior to translocation inside the proteasome 
catalytic chamber for degradation by beta subunits [4]. 
Since then, there was an explosion of publications in-
vestigating the cellular function of proteasome, and, 
consequently proteasome inhibitors came to the mar-
ket to treat cancer and suppress tumor formation [5]. 
Velcade, or Bortezomib/PS341, was the first therapeu-
tic proteasome inhibitor to be tested in humans for its 
activity towards hematologic malignancies. Accelerated 
approval by the FDA was granted to the proteasome 
inhibitor Carfilzomib in 2012 for the treatment of pa-
tients with multiple myeloma. Several second-genera-
tion proteasome inhibitors are currently in clinical trials 
for the treatment of hematologic malignancies and solid 
tumors [6].

Lysosomes are membrane-enclosed cytoplasmic 
organelles responsible for the degradation of autoph-
agy-mediated delivery of altered macromolecules, pro-
tein aggregates, and invading pathogens. Lysosome is 
the catalytic component of the autophagy system. All 
macromolecules tagged via autophagy system are con-
sequently digested by the lysosome [7]. Dr. Ohsumi was 
awarded in 2016 the Nobel Prize in Physiology or Medi-
cine for discovering and elucidating mechanisms under-
lying autophagy [8].

In both proteasome and lysosome pathways, protein 
degradation is achieved in a confined compartment, 
the lumen of the lysosome and the catalytic chamber 
of the proteasome, which prevents any unspecific di-
gestion. Both pathways are essential for quality control 
mechanisms and operate with high fidelity in cells. The 
role of proteasomes in neurodegenerative disorders 
[9], cardiovascular diseases [10] and liver diseases [11] 
is well documented. However, studies on the molecu-
lar composition, function, or regulation of proteasome 
complexes of the eyes are scarce. Proteasome subtype 
and plasticity in corneal epithelial cells is also not well 
documented. Proteasome activity has been reported to 
be vital to maintain and regulate the levels of transcrip-
tional factors and epithelial stem cell markers, such as 
DeltaNp63 [12] and PAX6 [13]. These two transcription 
factors are expressed in the limbal stem cells, as well 
as in corneal epithelial basal cells, which are progeny of 
limbal stem cells. Autophagy has also been reported to 
play a central role in limbal stem cell homeostasis and 
proliferation [14]. Both, proteasome and autophagy are 
particularly important for corneal epithelial cell (CEC) 
clearance and are the two most important pathways 
in clearing damaged intracellular proteins. As failure of 
UPP was previously reported [15], we examined in the 
present study the effect of limbal stem cell deficiency 
(LSCD) on autophagy in comparison to LSCD’s effect on 
ubiquitin proteasome pathway (UPP). Hence, our aim is 
to understand the molecular mechanism(s) clearance 
of damaged intracellular proteins in corneal epithelial 

cells with LSCD. Understanding the complexity of pro-
teasome and autophagy pathways and their explicit in-
teractions in corneal tissue will provide the foundation 
for the development of new therapeutic strategies for 
LSCD. 

Material and Methods

Animal experiment
New Zealand white rabbits weighing 2.5-3 kg were 

used. They were maintained according to the Guide-
lines of Animal Care, as described by the National Acad-
emy of Sciences published by the Institute of Laboratory 
Animal Resources Commission on Life Sciences National 
Research Council. The experimental protocol was ap-
proved by the IACUC and performed as previously re-
ported [16]. Briefly, rabbits were sedated, subjected to 
lamellar limbectomy and followed for 3 months until 
LSCD was confirmed stable.

Corneal epithelial cells (CEC)
Corneal epithelial cells (CECs) were collected as 

previously reported [17]. Briefly, healthy (control) and 
diseased (LSCD) rabbit corneal epithelial cells were col-
lected by exposing the corneas to 20% isopropyl alco-
hol. The corneas were then washed 3 times with saline 
and epithelial cells were scraped and removed from 
the corneal surface using a scalpel blade. The collect-
ed cells were then suspended in lysis buffer containing 
20mM Tris-HCl pH = 7.5, glycerol 10% EGTA 1mM, DTT 
1mM, protease and phosphatases inhibitor cocktail, as 
instructed by the supplier (Sigma, St Louis, MO). Cell 
membranes were disrupted by pipetting 25 times the 
cells trough a hypodermic 18G needle.

Immunohistochemistry
Paraffin-embedded rabbit corneal tissue sections 

were used to conduct immunohistochemical analysis. 
Slides were stained in immunofluorescent staining us-
ing MAPLC3B (Santa Cruz Inc., Santa Cruz CA), ATG12-
ATG5 complex (Novus Biological, Centennial, CO), con-
stitutive proteasome (CPR) beta1 (Enzo Life Sciences, 
Inc.) antibodies. Alexa Fluor® 488 and Alexa Fluo® 568 
donkey anti-rabbit/mouse/goat fluorophore conjugat-
ed secondary antibodies were used. Staining cell nuclei 
was performed using propidium iodide (Invitrogen, Eu-
gene, OR). Stained tissue sections were analyzed using 
a Nikon 400 fluorescent microscope. Picture processing 
and analysis was performed using Adobe Photoshop 
CS5.

Proteasome and autophagy inhibition
Rabbit’s buccal mucosa was biopsied, and tissue was 

cut in pieces and placed in Dispase (Millipore Sigma St. 
Louis, MO), solution to dissociate the tissue and isolate 
epithelial cells [16]. Epithelial cells were then cultured 
as previously reported [16].

Briefly, cells were grown in co-culture with mouse 
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of AMC (λ excitation: 370nm, λ emission: 410nm), using 
a Perkin Elmer LS 30 spectrofluorometer.

Western blot analysis
Two µg of total protein from sample homogenates 

were separated by SDS-PAGE gels and transferred to 
a PVDF membrane (Bio-Rad, Hercules, CA) for 1h in 
25mM Tris-HC1 (pH = 8.3), 192mM Glycine and 20% 
methanol. Membranes were probed with primary an-
tibodies against proteasome subunits beta 5, FK2 (used 
to detect high molecular weight poly-ubiquitinated 
proteins) from (Enzo Life Sciences, Inc.), MAPLC3B, and 
K13and K4 from (Santa Cruz Inc., Santa Cruz CA), Beta 
Actin (Sigma, St. Louis, MO), ATG12-ATG5 complex (No-
vus Biological, Centennial, CO), LAMP2 from (Abcam, 
Cambridge, MA), GAPDH (Millipore Burlington, MA). 
Polyclonal and monoclonal HRP-conjugated antibodies 
were used as secondary antibodies. Membranes were 
subjected to chemiluminescence detection using Lumi-
nal according to the manufacturer’s instructions (Amer-
sham Pharmacia Biotech, Piscataway, NJ).

Statistics
Data were obtained from at least three different bi-

ological samples. Bars represent mean values ± SEM. P 

NIH3T3 feeder on TransWell insert (Corning Inc. St. Lou-
is, MO). After two weeks of cell culture, proteasome in-
hibitor (50nM) and chloroquine (20mM) were separate-
ly added to cell culture media and cells were incubated 
for 24 hours before collection. Cells were then washed 
and scrapped of in lysis buffer for enzyme assays and 
biochemical proteomic analysis.

Cell culture experiments were carried out with one 
rabbit biopsy. Cells were isolated and cultured in three 
separate wells to obtain the n = 3 replicates. It is not 
possible to perform three biopsies and three-cell isola-
tion in the same day. Experiments were reproduced an-
other time with another rabbit biopsy to investigate the 
reproducibility among biological replicates.

Proteasome enzyme assay

One µg of total protein from cell lysates was used. 
Reaction mixture contained 50 mM Tris–HCl pH = 8.1 
mM DTT, and 40 µM Suc-Leu-Leu-Val-Tyr-AMC (Sigma 
Aldrich, St. Louis, MO) substrate for chymotrypsin-like 
activity. The mixture was then incubated for 30 min 
at 37 °C. The reaction was stopped by adding 100 µM 
monochloroacetate and 30mM sodium acetate pH=4.3. 
Fluorescence was determined by measuring the release 
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Figure 1: LSCD is associated with proteasome dysfunction and activation of autophagy in corneal epithelial cells. 
A is measurement of proteasome subunit beta 5 levels in rabbit healthy CEC (Control) and in LSCD-CEC (LSCD). B and C are 
respectively measurements of microtubule-associated protein 1 light chain 3 B (MAPLC3B) and ATG12-ATG5 complex levels 
in healthy rabbit CEC (Control) and in LSCD-diseased CEC (LSCD). D is the sample loading control with beta-actin staining. 
Mean +/- SEM, n = 3 biological replicates.
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that proteasome subunit beta [5] levels were significant-
ly decreased in LSCD-CEC, when compared to healthy 
control CEC, indicating a decreased proteasome activity 
in the ocular surface. However, autophagy’s proteins 
microtubule-associated protein 1 light chain 3 B (MA-
PLC3B) (Figure 1B) and ATG12-ATG5 complex (Figure 
1C) expressions were found elevated in LSCD-diseased 
CEC, when compared to control CEC, suggesting an acti-
vation of autophagy in the ocular surface with LSCD. We 
examined MAPLC3B and ATG12-ATG5 complex as they 
play an important role in autophagosome formation.

Rabbit corneal tissue sections were used to morpho-
logically evaluate the expression of proteasome and au-

values were determined by one-way ANOVA and Stu-
dent–Newman Keuls for multiple group comparisons 
(Sigma-Stat softdish, San Francisco, CA). Statistical sig-
nificance was set at p= or < to 0.05. Bar graphs were 
shown as Mean+/- SEM, n = 3-5 biological replicates.

Results
Limbal Stem Cell Deficiency (LSCD) has previous-

ly been found to be associated with proteasome dys-
function in corneal epithelial cells [15]. These results 
are confirmed in the present study by measuring the 
expression of proteasome subunits beta [8], as this pro-
teasome subunit carries the major proteasome catalytic 
activity, the chymotrypsin-like activity. Figure 1A shows 
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Figure 2: Immunofluorescent staining of rabbit corneal tissue sections. 
A and B are respectively control and LSCD corneal epithelium, stained with proteasome subunit beta 1. C and D are respectively 
control and LSCD corneal epithelium stained with MAPLC3B. E and F are respectively control and LSCD corneal epithelium 
stained with ATG12-ATG5 antibody that detect both proteins as a complex. Mag x40. 
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quine (ChQ) at 2mM for 24 hours before cells lysis and 
biochemical analysis. Proteasome chymotrypsin-like 
activity was measured, and results showed a significant 
increase in proteasome activity (Figure 4A), suggesting 
that autophagy inhibition may lead to proteasome ac-
tivation. The expression of proteasome subunit beta 5, 
the active site of proteasome Chymotrypsin-like activ-
ity, was unchanged (Figure 4B). It is possible that the 
mechanism of proteasome activation does not required 
an increase in beta 5 expression but rather an increase 
in the proteasome subtype assembly. The levels of MA-
PLC3B and ATG12-ATG5 complex were also unchanged 
(Figure 4B, Figure 4C and Figure 4D). Lysosome-associ-
ated membrane protein 2 (LAMP2) was found up regu-
lated with ChQ treatment (Figure 4E), which documents 
efficient autophagy inhibition in our experiment.

Results showed an increase in the expression of 
autophagy biomarkers when proteasome activity was 
decreased in corneal epithelial cells with LSCD. Using 
cell culture, the mechanistic in vitro experiments also 
demonstrated that proteasome inhibition is associat-

tophagy proteins. Figure 2 shows that proteasome beta 
1 subunit was expressed in all corneal epithelium cells 
in control corneal tissue. The expression of proteasome 
beta 1 subunit was decreased in LSCD-diseased corneal 
epithelial cells (Figure 2A and Figure 2B). However, the 
expression of MAPLC3B and ATG12-ATG5 complex was 
scattered in healthy corneal epithelium and markedly 
expressed in LSCD-diseased corneal epithelium (Figure 
2C, Figure 2D, Figure 2E and Figure 2F), respectively.

Proteasome inhibition was achieved in cultured oral 
mucosal epithelial cell sheet for 24 hours before cell col-
lection. MAPLC3B and ATG12-ATG5 complex expression 
levels were then measured using Western blot analysis. 
Proteasome chymotrypsin-like activity was significantly 
inhibited by proteasome inhibitor (Figure 3A). The ex-
pression of MAPLC3B was increased, as were the lev-
els of autophagy conjugation factor ATG5 and ATG12 in 
cells treated with proteasome inhibitor (Figure 3B and 
Figure 3C).

Autophagy inhibition was achieved by incubating 
cultured oral mucosal epithelial cell sheet with Chloro-
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Figure 3: Proteasome inhibition activates autophagy. 
A is proteasome chymotrypsin-like activity assay; B and C are respectively MAPLC3B and ATG12-ATG5 complex levels in 
cultured oral mucosal epithelial cell sheet (OMECS) treated with proteasome inhibitor (PI). Control is untreated OMECS. Note 
that proteasome inhibition (PI) lead to a significant increase in ATG12-ATG5 complex expression levels. D is beta-actin levels 
measurement for gel loading control.  Mean+/- SEM, n = 3 biological replicates.
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corneal epithelial cell function Figure 6.

In summary, the present study demonstrates that 
in corneal epithelial cells with LSCD, proteasome dys-
function is associated with an activation of autophagy, 
which was not efficient in clearing abnormal and dam-
aged accumulated proteins.

Discussion
The present study shows evidence that protein deg-

radation mechanisms are unbalanced, and consequent-
ly abnormal proteins accumulate to causing cellular dys-
function in case of LSCD. Constitutive proteasome (CPR) 

ed with an activation of autophagy. However, despite 
the increase in the expression of autophagy biomark-
ers, damaged proteins and unwanted proteins were still 
accumulated without clearance (Figure 5A, Figure 5C, 
and Figure 5E). When autophagy was inhibited, there 
was no accumulation of damaged and aggregated pro-
teins and results showed a slight reduction in the levels 
of cytokeratin K4 and K13 expression in cells treated 
with chloroquine, suggesting that autophagy inhibition 
may lead to reduction in keratins accumulation in case 
of proteasome failure. Modulating the activity of these 
two pathways is a promising approach to increase dam-
aged protein clearance by the proteasome and improve 
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Figure 4: Autophagy inhibition activates proteasome. 
A is proteasome chymotrypsin-like activity assay; B is proteasome subunit expression levels. C and D are respectively 
autophagy component MAPLC3B and ATG12-ATG5 complex levels. E is LAMP2 expression levels and F is GAPDH levels 
verifying the samples gel loading control. Mean+/- SEM, n = 3 biological replicates. 
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Figure 5: Autophagy inhibition activates proteasome. 
A, C and E are cultured cells treated with proteasome inhibitor. B, D and F are cultured cells treated with chloroquine to inhibit 
autophagy. FK2 antibody staining showed the accumulation of poly-ubiquitinated proteins in case of proteasome inhibition. 
The whole poly ubiquitin smear was measured.  Keratins K4 and K13 (respectively 59 and 55 kDa bands) were significantly 
accumulated when proteasome was inhibited. Control is untreated OMECS. Mean+/- SEM, n = 3 biological replicates.

deliver cytoplasmic bulk to the vacuole/lysosome for 
degradation and recycling [19].

The results of the present study provide evidence 
that autophagy is induced when CPR activity is reduced 
in corneal epithelial cells with LSCD. The correlation be-
tween both proteolytic pathways have been reported 
in numerous studies [20,21] and the adaptive activation 
of autophagy is consistently reported when protea-
some activity is decreased [22]. We showed that MA-
PLC3B was significantly upregulated in LSCD-diseased 

activity was found decreased in corneal epithelial cells 
with LSCD [15]. CPR is responsible for the major clear-
ance and turnover of damaged and abnormal proteins 
in the cytosol. Proteins identified for degradation are 
first tagged with ubiquitin through multiple reactions 
of poly-ubiquitination and are finally digested inside the 
proteasome catalytic chamber formed by CPR [15,18].

Autophagy is a membrane trafficking mechanism in 
which cytoplasmic components, including organelles, 
are sequestered within double-membrane vesicles that 
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Figure 6: Schematic and hypothetical illustration of pathological cascade of events in corneal epithelium with LSCD. 
Accumulation of modified cytokeratin proteins (K13 and K4) may overwhelm the capacity of proteasomal degradation with 
accumulating protein burden leading to further impairment of these pathways. Autophagy is induced as a compensatory action, 
but is not sufficient to preserve protein homeostasis, which may promote cellular dysfunction in corneal tissue. Autophagy 
inhibition activates constitutive proteasomes and could improve corneal transparency.

tion [15]. It has been well documented that IPR is re-
sponsible for generating peptides for antigen presenta-
tion, but recent studies point toward the additional role 
of IPR, not only in activating cytokine productions, but 
also in the clearance of oxidized and altered protein [30-
31]. The latest role of IPR in protein degradation and 
protein quality control, as well as the consequences of 
proteasome population shift in LSCD are still not well 
understood. Further studies will examine the effect of 
IPR activation in modulating autophagy and thus pro-
tein clearance.

A previous study demonstrated that proteasome 
system was affected and changed in case of LSCD [15]. 
However, despite autophagy up regulation, damaged 
and unwanted proteins, especially modified keratin K4 
and K13 aggregates, were still deposited and accumu-
lated in LSCD-diseased corneal epithelial cells without 
clearance [17], possibly contributing to corneal epithe-
lial cell haziness. 

In case of LSCD, the ocular surface is eroded and is 
clinically characterized by recurrent epithelial defects, 
conjunctivalization, neovascularization, and corneal 
opacity. Conjunctivalization is the hallmark of LSCD be-
cause the limbus is the barrier to conjunctival epithelial 
and goblet cells invasion of central cornea with or with-
out neovascularization [32]. Conjunctival epithelium is a 
thin transparent layer of cells covering the sclera - the 
white part of the eye. Corneal invasion by this transpar-
ent layer may not be totally responsible for the ocular 
surface haziness associated with LSCD-induced conjunc-
tivalization. It is possible that invasive conjunctival epi-
thelial cells are different type of cells with different pat-
tern of keratins. Healthy corneal epithelial cells express 
keratin K3/K12 [33] and the absence of K3 is used as a 
diagnostic tool for LSCD [34] as the expression of corne-
al keratins changes by expressing K4/K13 instead of K3/

corneal epithelial cells, indicating its adaptive role in the 
pathogenesis of LSCD. MAPLC3B protein is important 
for the induction of autophagy through elongation and 
expansion of the phagophore to form the autophago-
some [23]. Autophagy has two ubiquitin-like conjuga-
tion systems, the MAPLC3B and Atg12 systems. In Atg12 
conjugation system, ATG5 covalently bounds to ATG12 
and conjugate functions as an important regulator for 
MAPLC3B lipidation [24] and autophagosome formation 
[25]. ATG5 then bounds to ATG16 and facilitates cyto-
plasmic proteins delivery to lysosomes for degradation 
[26]. Along with MAPLC3B, ATG12-ATG5-ATG16 com-
plex elongates the phagophore membrane and dissoci-
ates when autophagosome formation is complete [27]. 
We found that the conjugated ATG5-ATG12 complex 
was up regulated in LSCD-diseased corneal epithelial 
cells.

To further understand this phenomenon, cultured 
oral mucosal epithelial cell sheet were treated with pro-
teasome inhibitor. The levels of autophagy elements 
were then measured. In OMECS proteasome caused a 
significant upregulation of ubiquitin-like conjugation 
ATG12-ATG5 complex but did not significantly upregu-
late the levels of other ubiquitin-like conjugation com-
plexes, i.e., MAPLC3B, in OMECS. Literature reports an 
increase in all ubiquitin-like systems of autophagy in 
case of treatment with the proteasome inhibitor PS341 
(Bortezomib, Millennium Pharmaceuticals Inc.) [28]. In 
addition, early steps of autophagosome formation re-
quire ATG12 to be up regulated and covalently bound d 
to ATG5 [29]. LSCD caused a significant up regulation of 
MAPLC3B and ATG12-ATG5. It is possible that pharma-
cologic-induced proteasome inhibition will be different 
from LSCD-induced CPR dysfunction that was translated 
with a shift of proteasome population from CPR to IPR 
(immunoproteasome) due to high levels of inflamma-
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tion of neurogenic transcription factor Pax6 through ubiqui-
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14. Pengy H, Parky JK, Lavker RM (2017) Eyeing autophagy 
and macropinocytosis in the corneal/limbal epithelia. Auto-
phagy 13: 975-977.
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16. Bardag-Gorce F, Oliva J, Wood A, Hoft R, Pan D, et al. 
(2015) Carrier-free cultured autologous oral mucosa epi-
thelial cell sheet (CAOMECS) for corneal epithelium recon-
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17. Bardag-Gorce F, Makalinao A, Meepe I, Hoft RH, Cortez 
D, et al. (2018) Corneal keratin aggresome (CKAGG) for-
mation and clearance by proteasome activation. Heliyon 4: 
e01012.
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Ubiquitin degradation with its substrate, or as a monomer in 
a ubiquitination-independent mode, provides clues to pro-
teasome regulation. Proc Natl Acad Sci U S A. 106: 11907-
11912.
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gy in yeast. J Mol Biol 428: 1681-99.
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da A, et al. (2016) Inhibition of autophagy with chloroquine 
potentiates carfilzomib-induced apoptosis in myeloma cells 
in vitro and in vivo. Cancer Lett 382: 1-10.

21. Choi SI, Maeng YS, Kim KS, Kim TI, Kim EK (2014) Auto-

K12, which is typically the indication of corneal conjunc-
tivalization [35,36]. In a previous study [17], the pattern 
of K4/K13 expression in diseased CEC was found differ-
ent from those of healthy conjunctival epithelial cells 
[37]. Briefly, keratins modified protein isoforms were 
detected and high molecular levels of keratins formed, 
indicating the formation of corneal keratin aggregates 
(CKAGG). It is not known whether LSCD-induced forma-
tion of CKAGG is a contributing factor to corneal opacity. 

The ubiquitin proteasome pathway (UPP) is respon-
sible for degrading misfolded proteins but was unable 
to sufficiently clear K4 and K13 in this study. It is possi-
ble that UPP is overcrowded by the build-up of K4 and 
K13, leading to the corneal aggresome formation, which 
could activate autophagy pathway to clear the buildup 
of modified K4 and K13 in the ocular surface of rabbit 
with LSCD. Autophagy acts to clear large groups of pro-
teins or even organelles by forming a membrane bound 
autophagosome, which fuses with a lysosome [38]. It is 
possible that autophagy was activated to clear modified 
K4 and K13 after UPP was overwhelmed but was still un-
able to prevent the accumulation of K4 and K13 in the 
corneal epithelial cells with LSCD.

We believe that the subsequent activation of UPP 
would effectively clear protein aggregates and restore 
ocular transparency. To find a method to improve the 
transparency of corneal epithelial cells with LSCD, we 
focused on modulating the activity of autophagy, which 
would then indirectly act to modulate the activity of 
UPP. When autophagy pathway was inhibited with chlo-
roquine, proteasome chymotrypsin-like activity was sig-
nificantly increased, compared to untreated cells. There 
was a trend of decreasing unmodified K4 and K13 levels 
with no keratin high molecular weight deposition when 
autophagy was inhibited. These results suggest that au-
tophagy inhibition can increase the proteasome activity 
and possibly prevents accumulation of high molecular 
weight keratin deposition.

Acknowledgement
Grant support: Research is fully supported by Em-

maus Medical Inc. Dr. Fawzia Bardag Gorce and Mrs. Ka-
vita Narwani salaries were fully supported by Emmaus 
Medical Inc.; and Dr. Yutaka Niihara is the CEO and the 
Chairman of Emmaus Medical, Inc.  Dr. Joan Oliva is an 
employee of Emmaus Medical, Inc.  The rest of the au-
thors has no support from Emmaus Medical, Inc. and no 
conflict of interest.

References
1. Ji CH, Kwon YT (2017) Crosstalk and interplay between 

the ubiquitin-proteasome system and autophagy. Mol Cells 
40: 441-449.

2. Voutsadakis IA (2017) Proteasome expression and ac-
tivity in cancer and cancer stem cells. Tumour Biol 39: 
1010428317692248.

3. Vilchez D, Boyer L, Morantte I, Lutz M, Merkwirth C, et al.  
(2012) Increased proteasome activity in human embryonic 

https://doi.org/10.23937/2376-346X/1410112
https://www.ncbi.nlm.nih.gov/pubmed/22972301
https://www.ncbi.nlm.nih.gov/pubmed/16026142
https://www.ncbi.nlm.nih.gov/pubmed/16026142
https://www.ncbi.nlm.nih.gov/pubmed/16026142
https://www.ncbi.nlm.nih.gov/pubmed/29047025
https://www.ncbi.nlm.nih.gov/pubmed/29047025
https://www.ncbi.nlm.nih.gov/pubmed/29047025
https://www.ncbi.nlm.nih.gov/pubmed/29047025
https://www.ncbi.nlm.nih.gov/pubmed/21247387
https://www.ncbi.nlm.nih.gov/pubmed/21247387
https://www.ncbi.nlm.nih.gov/pubmed/21247387
https://www.ncbi.nlm.nih.gov/pubmed/21247387
https://www.ncbi.nlm.nih.gov/pubmed/27566190
https://www.ncbi.nlm.nih.gov/pubmed/27566190
https://www.ncbi.nlm.nih.gov/pubmed/27566190
https://www.ncbi.nlm.nih.gov/pubmed/27566190
https://www.ncbi.nlm.nih.gov/pubmed/24366340
https://www.ncbi.nlm.nih.gov/pubmed/24366340
https://www.ncbi.nlm.nih.gov/pubmed/31133790
https://www.ncbi.nlm.nih.gov/pubmed/31133790
https://www.ncbi.nlm.nih.gov/pubmed/31133790
https://www.ncbi.nlm.nih.gov/pubmed/30342797
https://www.ncbi.nlm.nih.gov/pubmed/30342797
https://www.ncbi.nlm.nih.gov/pubmed/22577887
https://www.ncbi.nlm.nih.gov/pubmed/22577887
https://www.ncbi.nlm.nih.gov/pubmed/22577887
https://www.ncbi.nlm.nih.gov/pubmed/22577887
https://www.ncbi.nlm.nih.gov/pubmed/27929429
https://www.ncbi.nlm.nih.gov/pubmed/27929429
https://www.ncbi.nlm.nih.gov/pubmed/27929429
https://www.ncbi.nlm.nih.gov/pubmed/18628401
https://www.ncbi.nlm.nih.gov/pubmed/18628401
https://www.ncbi.nlm.nih.gov/pubmed/18628401
https://www.ncbi.nlm.nih.gov/pubmed/28402214
https://www.ncbi.nlm.nih.gov/pubmed/28402214
https://www.ncbi.nlm.nih.gov/pubmed/28402214
https://www.ncbi.nlm.nih.gov/pubmed/28528957
https://www.ncbi.nlm.nih.gov/pubmed/28528957
https://www.ncbi.nlm.nih.gov/pubmed/28528957
https://www.ncbi.nlm.nih.gov/pubmed/28528957
https://www.ncbi.nlm.nih.gov/pubmed/28528957
https://www.ncbi.nlm.nih.gov/pubmed/25881998
https://www.ncbi.nlm.nih.gov/pubmed/25881998
https://www.ncbi.nlm.nih.gov/pubmed/25881998
https://www.ncbi.nlm.nih.gov/pubmed/25881998
https://www.ncbi.nlm.nih.gov/pubmed/30619956
https://www.ncbi.nlm.nih.gov/pubmed/30619956
https://www.ncbi.nlm.nih.gov/pubmed/30619956
https://www.ncbi.nlm.nih.gov/pubmed/30619956
https://www.ncbi.nlm.nih.gov/pubmed/19581590
https://www.ncbi.nlm.nih.gov/pubmed/19581590
https://www.ncbi.nlm.nih.gov/pubmed/19581590
https://www.ncbi.nlm.nih.gov/pubmed/19581590
https://www.ncbi.nlm.nih.gov/pubmed/19581590
https://www.ncbi.nlm.nih.gov/pubmed/26908221
https://www.ncbi.nlm.nih.gov/pubmed/26908221
https://www.ncbi.nlm.nih.gov/pubmed/27565383
https://www.ncbi.nlm.nih.gov/pubmed/27565383
https://www.ncbi.nlm.nih.gov/pubmed/27565383
https://www.ncbi.nlm.nih.gov/pubmed/27565383
https://www.ncbi.nlm.nih.gov/pubmed/25044116
https://www.ncbi.nlm.nih.gov/pubmed/28743182
https://www.ncbi.nlm.nih.gov/pubmed/28743182
https://www.ncbi.nlm.nih.gov/pubmed/28743182
https://www.ncbi.nlm.nih.gov/pubmed/28345458
https://www.ncbi.nlm.nih.gov/pubmed/28345458
https://www.ncbi.nlm.nih.gov/pubmed/28345458
https://www.ncbi.nlm.nih.gov/pubmed/22972301
https://www.ncbi.nlm.nih.gov/pubmed/22972301


ISSN: 2376-346XDOI: 10.23937/2376-346X/1410112

Bardag-Gorce et al. Int J Ophthalmol Clin Res 2020, 7:112 • Page 10 of 10 •

30. Krüger E, Kloetzel PM (2012) Immunoproteasomes at the 
interface of innate and adaptive immune responses: two 
faces of one enzyme. Curr Opin Immunol 24: 77-83.

31. Pickering AM, Davies KJ (2012) Differential roles of prote-
asome and immunoproteasome regulators Pa28αβ, Pa28γ 
and Pa200 in the degradation of oxidized proteins. Archives 
Biochem Biophy 523: 181-90.

32. Johnston-Carey HK, Pomatto LC, Davies KJ (2016) The 
immunoproteasome in oxidative stress, aging, and disease. 
Crit Rev Biochem Mol Biol 51: 268-281.

33. Le Q, Xu J, Deng SX (2018) The diagnosis of limbal stem 
cell deficiency. Ocul Surf 16: 58-69.

34. Chaloin-Dufau C, Sun TT, Dhouailly D (1990) Appearance 
of the keratin pair K3/K12 during embryonic and adult cor-
neal epithelial differentiation in the chick and in the rabbit. 
Cell Differ Dev 32: 97-108.

35. Barbaro V, Ferrari S, Fasolo A, Pedrotti E, Marchini G, et 
al. (2010) Evaluation of ocular surface disorders: a new di-
agnostic tool based on impression cytology and confocal 
laser scanning microscopy. British J Ophtalm 94: 926-932. 

36. Poli M, Janin H, Justin V, Auxenfans C, Burillon C, et al. 
(2011) Keratin 13 immunostaining in corneal impression cy-
tology for the diagnosis of limbal stem cell deficiency. Invest 
Ophthalmol Vis Sci 52: 9411-9415. 

37. Haagdorens M, Van Acker SI, Van Gerwen V, Ní Dhubh-
ghaill S, Koppen C, et al. (2016) Stem cell deficiency: Cur-
rent treatment options and emerging therapies. Stem Cells 
Int 2016: ID 9798374.

38. Cohen-Kaplan V, Livneh I, Avni N, Cohen-Rosenzweig C, 
and Ciechanover A (2016) The ubiquitin-proteasome sys-
tem and autophagy: Coordinated and independent activi-
ties.  Int J Biochem Cell Biol 79: 403-418.

phagy is induced by raptor degradation via the ubiquitin/
proteasome system in granular corneal dystrophy type 2. 
Biochem Biophys Res Commun 450: 1505-1511.

22. Viiri J, Amadio M, Marchesi N, Hyttinen JM, Kivinen N, et al. 
(2013) Autophagy activation clears ELAVL1/HuR-mediated 
accumulation of SQSTM1/p62 during proteasomal inhibi-
tion in human retinal pigment epithelial cells. PLoS One 8: 
e69563. 

23. Fujita N, Itoh T, Omori H, Fukuda M, Noda T, et al. (2008) 
The Atg16L complex specifies the site of LC3 lipidation 
for membrane biogenesis in autophagy. Mol Biol Cell 19: 
2092-2100.

24. Otomo C, Metlagel Z, Takaesu G, Otomo T (2013) Struc-
ture of the human ATG12~ATG5 conjugate required for 
LC3 lipidation in autophagy. Nat Struct Mol Biol 20: 59-66.

25. Mizushima N, Yamamoto A, Hatano M, Kobayashi Y, 
Kabeya Y, et al. (2001) Dissection of autophagosome for-
mation using Apg5-deficient mouse embryonic stem cells. 
J Cell Biol 152: 657-668.

26. Kuma A, Mizushima N, Ishihara N, Ohsumi Y (2002) For-
mation of the approximately 350-kDa Apg12-Apg5.Apg16 
multimeric complex, mediated by Apg16 oligomerization, is 
essential for autophagy in yeast. J Biol Chem 277: 18619-
18625.

27. Alloza I, Goikuria H, Freijo MDM Vandenbroeck K (2016) A 
role for autophagy in carotid atherosclerosis. Eur Stroke J 
1: 255-263. 

28. Wu G, Li H, Ji Z, Jiang X, Lei Y, et al. (2014) Inhibition 
of autophagy by autophagic inhibitors enhances apoptosis 
induced by bortezomib in non-small cell lung cancer cells. 
Biotechnol Lett 36: 1171-1178.

29. Radoshevich L, Debnath J (2011) ATG12-ATG3 and mito-
chondria. Autophagy 7: 109-111.

https://doi.org/10.23937/2376-346X/1410112
https://www.ncbi.nlm.nih.gov/pubmed/22296715
https://www.ncbi.nlm.nih.gov/pubmed/22296715
https://www.ncbi.nlm.nih.gov/pubmed/22296715
https://www.ncbi.nlm.nih.gov/pubmed/22564544
https://www.ncbi.nlm.nih.gov/pubmed/22564544
https://www.ncbi.nlm.nih.gov/pubmed/22564544
https://www.ncbi.nlm.nih.gov/pubmed/22564544
https://www.ncbi.nlm.nih.gov/pubmed/27098648
https://www.ncbi.nlm.nih.gov/pubmed/27098648
https://www.ncbi.nlm.nih.gov/pubmed/27098648
https://www.ncbi.nlm.nih.gov/pubmed/29113917
https://www.ncbi.nlm.nih.gov/pubmed/29113917
https://www.ncbi.nlm.nih.gov/pubmed/1707331
https://www.ncbi.nlm.nih.gov/pubmed/1707331
https://www.ncbi.nlm.nih.gov/pubmed/1707331
https://www.ncbi.nlm.nih.gov/pubmed/1707331
https://www.ncbi.nlm.nih.gov/pubmed/19740872
https://www.ncbi.nlm.nih.gov/pubmed/19740872
https://www.ncbi.nlm.nih.gov/pubmed/19740872
https://www.ncbi.nlm.nih.gov/pubmed/19740872
https://www.ncbi.nlm.nih.gov/pubmed/22064992
https://www.ncbi.nlm.nih.gov/pubmed/22064992
https://www.ncbi.nlm.nih.gov/pubmed/22064992
https://www.ncbi.nlm.nih.gov/pubmed/22064992
https://www.ncbi.nlm.nih.gov/pubmed/26788074
https://www.ncbi.nlm.nih.gov/pubmed/26788074
https://www.ncbi.nlm.nih.gov/pubmed/26788074
https://www.ncbi.nlm.nih.gov/pubmed/26788074
https://www.sciencedirect.com/science/article/abs/pii/S1357272516301935
https://www.sciencedirect.com/science/article/abs/pii/S1357272516301935
https://www.sciencedirect.com/science/article/abs/pii/S1357272516301935
https://www.sciencedirect.com/science/article/abs/pii/S1357272516301935
https://www.ncbi.nlm.nih.gov/pubmed/25044116
https://www.ncbi.nlm.nih.gov/pubmed/25044116
https://www.ncbi.nlm.nih.gov/pubmed/25044116
https://www.ncbi.nlm.nih.gov/pubmed/23922739
https://www.ncbi.nlm.nih.gov/pubmed/23922739
https://www.ncbi.nlm.nih.gov/pubmed/23922739
https://www.ncbi.nlm.nih.gov/pubmed/23922739
https://www.ncbi.nlm.nih.gov/pubmed/23922739
https://www.ncbi.nlm.nih.gov/pubmed/18321988
https://www.ncbi.nlm.nih.gov/pubmed/18321988
https://www.ncbi.nlm.nih.gov/pubmed/18321988
https://www.ncbi.nlm.nih.gov/pubmed/18321988
https://www.ncbi.nlm.nih.gov/pubmed/23202584
https://www.ncbi.nlm.nih.gov/pubmed/23202584
https://www.ncbi.nlm.nih.gov/pubmed/23202584
https://www.ncbi.nlm.nih.gov/pubmed/11266458
https://www.ncbi.nlm.nih.gov/pubmed/11266458
https://www.ncbi.nlm.nih.gov/pubmed/11266458
https://www.ncbi.nlm.nih.gov/pubmed/11266458
https://www.ncbi.nlm.nih.gov/pubmed/11897782
https://www.ncbi.nlm.nih.gov/pubmed/11897782
https://www.ncbi.nlm.nih.gov/pubmed/11897782
https://www.ncbi.nlm.nih.gov/pubmed/11897782
https://www.ncbi.nlm.nih.gov/pubmed/11897782
https://www.ncbi.nlm.nih.gov/pubmed/31008286
https://www.ncbi.nlm.nih.gov/pubmed/31008286
https://www.ncbi.nlm.nih.gov/pubmed/31008286
https://www.ncbi.nlm.nih.gov/pubmed/21068544
https://www.ncbi.nlm.nih.gov/pubmed/21068544

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Material and Methods 
	Animal experiment 
	Corneal epithelial cells (CEC) 
	Immunohistochemistry
	Proteasome and autophagy inhibition 
	Proteasome enzyme assay 
	Western blot analysis 
	Statistics

	Results
	Discussion
	Acknowledgement
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	References 

