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NUS1 positively regulates autophagic activity in the stem  
cell-enriched limbal epithelium
Jong Kook Park1, Han Peng1, Wending Yang1, Congcong He2, 
Robert M. Lavker1. 1Dermatology, Feinberg School of Medicine, 
Northwestern University, Chicago, IL; 2Department of Cell and 
Molecular Biology, Northwestern university, Chicago, IL.
Purpose: Autophagy is a highly evolutionary conserved cellular 
process by which cytoplasmic material is segregated into 
autophagosomes that fuse with lysosomes for degradation. Blocking 
autophagy diminishes keratinocyte proliferative capacity. High 
proliferative capacity is a feature of epithelial stem cells. Despite its 
importance, how autophagic activity is regulated in the limbal and 
corneal epithelia is largely understudied. We propose that nuclear 
undecaprenyl pyrophosphate synthase 1 (NUS1), which is regulated 
by microRNA-184 (miR-184), preserves autophagic activity.
Methods: Eyes of GFP-LC3 transgenic mice were dissected and the 
GFP punctas in the corneal/limbal epithelia were counted. NUS1 
expression was analyzed by immunofluorescence staining of sections 
of human limbal/corneal epithelium. Loss-of-function experiments 
in primary human cultured limbal epithelial keratinocytes (HLEKs) 
were conducted using siRNA against the NUS1. WST-1 cell 
proliferation assay was used to analyze HLEK proliferation. To 
validate NUS1 as a target of miR-184, we used luciferase reporter 
assays and immunoblotting.
Results: LC3 is an accepted marker of autophagy. Monitoring 
autophagic activity using GFP-LC3 trangenic mice demonstrated 
that limbal epithelial basal cells had significantly greater amounts 
of LC3-positive puncta than corneal epithelial basal cells. 
NUS1 was highly expressed in limbal epithelium and minimally 
detected in corneal epithelium. Knockdown of NUS1 in HLEKs 
resulted in a downregulation of p-Erk1/2 and LC3II protein levels 
concomitant with a decrease in proliferation. Reporter assays and 
immunoblotting indicated that NUS1 is a direct target of miR-184. 
A marked increase in LC3-positive puncta was detected in mouse 
eyes treated with antago-184 in ex vivo organ culture. There was a 
reciprocal association of miR-184 and LC3 expression in the corneal 
epithelium. miR-184 is primarily detected in corneal epithelial basal 
cells, with little expression in wing and superficial cells. Conversely, 
LC3 pucta are low to absent in basal cells and high in wing and 
superficial cells.
Conclusions: Our findings provide strong evidence that NUS1 
functions to maintain autophagic activity in the limbal keratinocytes 
and that miR-184 may suppress this activity via targeting NUS1. Our 
data suggest that a NUS1/miR-184 axis can regulate keratinocyte 
proliferative capacity via modulation of autophagy.
Commercial Relationships: Jong Kook Park, None; 
Han Peng, None; Wending Yang, None; Congcong He, None; 
Robert M. Lavker, None
Support: NIH Grant EY06769, EY017539, and EY019463
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Significant Role of Differentially Expressed miR-10b in Normal 
and Diabetic Limbus in Corneal Epithelial Homeostasis
Mangesh Kulkarni1, Aleksandra Leszczynska1, Gabrielle Wei1, 
Jie Tang2, Vincent Funari2, Nan Deng5, Zhenqiu Liu5, Vasu Punj3, 
Sophie X. Deng4, Alexander Ljubimov1, 4, Mehrnoosh S. Ghiam1, 4. 
1Biomedical Sciences, Regenerative Medicine Institute Eye 
Program, Cedars-Sinai Medical center, Los Angeles, CA; 2Genomic 
Core, Cedars Sinai Medical Center, Los Angeles, CA; 3Norris 
Comprehensive Cancer Center Bioinformatics Core and Division of 
Hematology, University of Southern California, Los Angeles, CA; 
4David Geffen School of Medicine, University of California Los 
Angeles, Los Angeles, CA; 5Cancer Institute, Cedars Sinai Medical 
Center, Los Angeles, CA.
Purpose: Limbal epithelial stem cells (LESC) are indispensable 
for normal function of corneal epithelium. MicroRNAs play a 
major role in modulating a plethora of biological processes through 
post-transcriptional gene regulation; nevertheless, their role in 
maintenance and differentiation of LESC remains unclear. A 
comprehensive analysis of miRNA expression profile and a thorough 
investigation of specific differentially regulated miRNAs can reveal 
their role in corneal limbus in normal and diseased state.
Methods: Age-matched human autopsy normal and diabetic corneas 
were received from the National Disease Research Interchange 
(NDRI) in Optisol medium (Chiron Vision) within 24 hours of donor 
death. Ten normal and 12 diabetic corneas were used for miRNA 
expression profiling using deep sequencing. The in situ hybridization 
for localization of specific miRNA, and immunohistochemistry 
experiments for specific proteins were performed. The in vitro 
experiments were performed with either primary limbal epithelial 
cells (LEC) or telomerase-immortalized human corneal epithelial 
cells (tHCEC). Transfection was performed using lipofectamine 
RNAiMAX (Thermo Fisher) following the manufacturer’s 
instructions. Experiments were analyzed using Prism6 software 
(GraphPad Software) by Student’s t-test for two groups, or ANOVA 
for three or more groups with p < 0.05 considered as significant.
Results: Of many differentially regulated miRNAs, miR-10b was 
one of the most abundant miRNA in limbus (91.844 fold increase 
compared to central cornea, adjusted p-value <1.18E-07) and was 
also up-regulated in diabetic limbus. In situ hybridization confirmed 
this finding and further showed that miR-10b expression was 
more pronounced in the basal and suprabasal epithelial cell layers. 
Overexpression of miR-10b in human organ-cultured corneas and 
primary limbal cells increased the number of Ki-67 positive cells and 
colony formation, respectively. miR-10b transfected human  
organ-cultured corneas showed downregulation of Pax6, Klf-4 and 
Dkk1, and upregulation of limbal keratins K15 and K17.
Conclusions: Distinct miRNA expression profile in limbus vs. 
central cornea suggests a major role of miRNAs in the limbus. It can 
also be concluded that miR-10b is involved in the maintenance and/
or early differentiation of LESC. The role of miR-10b in diabetes and 
therapeutic potential therein needs further investigation.
Commercial Relationships: Mangesh Kulkarni, None; 
Aleksandra Leszczynska, None; Gabrielle Wei, None; 
Jie Tang, None; Vincent Funari, None; Nan Deng, None; 
Zhenqiu Liu, None; Vasu Punj, None; Sophie X. Deng, None; 
Alexander Ljubimov, None; Mehrnoosh S. Ghiam, None
Support: NIH EY025377
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Unfolded protein response coordinates autophagy in maintaining 
proteostasis and clonal survival of limbal stem cells under UVA 
stress
Ying-Ting Chen, Maria Laggner, Ursula Schmidt-Erfurth, 
Andreas Pollreisz. Ophthalmology and Optometry., Medical 
University of Vienna, Vienna, Austria.
Purpose: Unfolded protein response (UPR) and autophagy are 
two evolutionarily conserved pathways for maintaining protein 
homeostasis. Here we test the hypothesis whether an integrated 
induction of UPR and autophagy serves as an adaptive mechanism 
to increase clonal survival of limbal stem cells (LSC) under UVA-
induced proteotoxic stress.
Methods: Low fluency UVA was applied to Krt14-Cre:Atg7f/f 
transgenic mice and ATG7-knockdown primary human LSC culture. 
Transcriptional regulators and effectors for UPR and autophagy 
pathways were profiled by qPCR arrays and immunoblotting. 
Intracellular ROS and proteotoxic stress were measured by CM-
H2DCFDA live staining and by OxyIHC Oxidative Stress Detection 
Kit. Autophagic activity and apoptotic response were determined by 
CytoID staining and Caspase3/7 CytoEvent.
Results: In autophagy-competent LSCs, UVA induced autophagy 
as evidenced by 35+/-5% increase of CytoID (+) cells in culture, 
and LC3II lipidation and 15% reduction of p62 in WB. In company, 
regulators and effectors of UPR in PERK arm were transcriptionally 
activated (EIF2AK3 1.27-fold, ATF4 1.85-fold, ATG12 2.05-fold, 
MAP1LC3B 1.21-fold, HMOX1 1.61-fold), while pro-apoptotic 
factors BAD, BAX and BID were down-regulated. After UVA, levels 
of intracellular ROS, oxidized protein and Caspase 3/7(+) cells 
remained unaltered. In autophagy-deficient LSCs, UVA failed to 
induce autophagy. WB probing p62 and ubiquitin demonstrated the 
conjugation of p62 with ubiquitinated polypeptides ranging from low 
(62 kD) to high molecular weight (>250 kD), suggestive of
misfolded protein aggregates. ROS and protein oxidation were 
increased and correlated with caspase 3/7 apoptotic activity. 
At transcriptional level, EIF2AK3 and ATF4 of UPR remained 
upregulated (1.84-fold, 1.66-fold, respectively) while none of core 
autophagy or antioxidant genes was active. 2.08-fold decrease in 
BCL2 and 1.88-fold increase in BAX further supported the activation 
of apoptosis pathway.
Conclusions: Our data suggest that UPR might function as an ER 
stress sensor of oxidized protein aggregates and activate downstream 
cyto-protective autophagy through p62-ubiquitin adaptor protein. 
Modulators targeting the UPR-autophagy axis might be beneficial to 
prevent or treat UVA-associated LSC ocular surface diseases.
Commercial Relationships: Ying-Ting Chen, None; 
Maria Laggner, None; Ursula Schmidt-Erfurth, None; 
Andreas Pollreisz, None
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Prosthetic Replacement of the Ocular Surface Ecosystem 
(PROSE) for the Treatment of Limbal Stem Cell Deficiency
Christopher T. Hood1, Karen S. Deloss1, Kyeong Hwan Kim1, 2. 
1Kellogg Eye Center, University of Michigan, Ann Arbor, MI; 
2Department of Ophthalmology, Inje University College of Medicine, 
Busan, Korea (the Republic of).
Purpose: Limbal stem cell deficiency (LSCD) can have significant 
ocular morbidity, but current medical and surgical treatments are 
often inadequate or have significant risks. We hypothesized that 
the BostonSight Prosthetic Replacement of the Ocular Surface 
Ecosystem (PROSE), a scleral lens that rests on the conjunctiva, 

would improve visual function in patients with LSCD. This 
retrospective, consecutive, interventional case series, therefore, 
evaluated clinical outcomes of the PROSE device in patients 
diagnosed with LSCD secondary to a variety of etiologies.
Methods: We included 31 eyes of 19 patients from November 2010 
to April 2016 who were diagnosed clinically with LSCD and received 
PROSE treatment. The main outcomes were visual acuity and ocular 
involvement score, graded using a previously described system 
for corneal and conjunctival findings. Eight components of ocular 
involvement were scored from 0 to 3 according to severity.
Results: Mean follow-up after PROSE dispensing was 25.1±18.9 
months, with a wearing time of 10.0±4.6 hours per day at final follow 
up. CDVA improved in 27 eyes (87.1%). Mean corrected distance 
visual acuity improved from 0.86±0.50 logMAR (Snellen equivalent 
20/146) at baseline to 0.46±0.44 (Snellen equivalent 20/58) at last 
follow-up (P<0.0001). When categorized by disease severity, CDVA 
improved in less severe eyes (ocular involvement score ≤6) as well 
as more severe eyes (ocular involvement score ≥7, P=0.00016 and 
P=0.017, respectively). Mean total ocular involvement score was 
not significantly different before and after PROSE wear (P=0.645), 
however mean epithelial defect score was significantly less at 
last follow-up (P=0.034). For all other components of the ocular 
involvement score there were no significant differences from baseline 
to final follow-up.
Conclusions: PROSE improved visual acuity in patients with LSCD 
without an overall change in ocular involvement score, suggesting 
that the ocular surface may be stabilized with device wear.
Commercial Relationships: Christopher T. Hood, None; 
Karen S. Deloss, None; Kyeong Hwan Kim, None
Support: This work was supported by a grant from Inje University 
(Project No. 20150894). The funder had no role in study design, data 
collection and analysis, decision to publish, or preparation of the 
manuscript.
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Keratin-14+ progenitor cells contribute to corneal epithelial 
maintenance
Alexander Richardson, Denis Wakefield, Nick Di Girolamo. 
Pathology, The University of New South Wales, Sutherland, NSW, 
Australia.
Purpose: The mammalian cornea is a transparent, avascular tissue 
whose epithelium is maintained by stem cells (SC) residing in 
the limbus, and are thus known as limbal epithelial SC (LESC). 
However, controversy continues to surround the designation and 
destination of LESCs and their progeny. Therefore, this study was 
initiated to ascertain when LESCs evolve and their fate during 
development and aging.
Methods: Female K14CreERT2-Confetti mice were time-mated then 
injected with tamoxifen (TAM) for transgene induction at embryonic 
(E) day 15.5. Embryos (n=22) and pups (n=4) were harvested 
between E16.5 and post-natal day 14 for microscopic analysis. 
Additionally, 1-60 wk old transgenic mice (n=28) were sacrificed at 
selected time-points post-TAM and their corneas imaged by confocal 
and intra-vital microscopy.
Results: Individual fluorescent cells were detected in E16.5 corneas 
1-day post-transgene induction which formed small colonies at 
E18.5. By E19.5, K14+ cells were distributed across the primordial 
corneal epithelium, seeding new fluorescent clones that persisted 
into post-natal life. Six-week old transgenic mice injected with TAM 
developed radial streaks derived from fluorescent K14+ progenitors, 
which migrated towards the central cornea. With age, fluorescent 
clones decreased in number from 63.6±4.2 to 26.8±9.8, while 
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those remaining became wider (86.5±9.7μm to 281.6±51.7μm). In 
addition, clones deviated from their linear trajectory, converging on a 
central nasal-temporal demarcation zone. TUNEL staining identified 
increased apoptosis in this midline region.
Conclusions: Herein, we demonstrated clonal dynamics of K14+ 
corneal epithelial progenitor cells during development and aging. We 
observed limbal segregation and loss of clones over time, possibly 
due to SC quiescence, functional decline, or symmetric division of 
SC into two differentiated daughters. Clone broadening could also be 
the result of symmetric division, whereby both daughters are retained 
in the SC pool as neighbours. Increased central apoptosis could result 
from eyelid frictional forces, explaining why cells deviated from their 
linear path to the corneal apex. This is a robust model of age-related 
corneal epithelial cell dynamics and may be useful to ascertain SC 
activity under a myriad of conditions.
Commercial Relationships: Alexander Richardson, None; 
Denis Wakefield, None; Nick Di Girolamo, None
Support: NHMRC Grant APP1101078
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The mechanical properties of the human corneal limbus and its 
influence on epithelial stem cell phenotype
Che J. Connon1, Ricardo Martins Gouveia1, Carl Paterson2, 
Guillaume Lepert2, Rajiv R. Mohan3, Suneel Gupta3. 1Institute of 
Genetic Medicine, Newcastle University, Newcastle Upon Tyne, 
United Kingdom; 2Imperial College London, Loondon, United 
Kingdom; 3University of Missouri, Columbia, MO.
Purpose: The function of the cornea is largely dependent on the 
maintenance of a healthy stratified epithelium, a process that relies 
on a population of stem cells residing in the limbus. Limbal epithelial 
stem cells migrate from the edge towards the center of the cornea, 
where they undergo differentiation and stratification. However, 
the mechanisms underpinning this homeostatic process are still 
unclear. We have hypothesized that the biomechanical properties of 
the surface supporting the corneal epithelium play a fundamental 
role in this tissue’s homeostasis. In this study we address this 
hypothesis by mapping the bulk modulus of fresh human corneas at 
an unprecedented resolution as well as pharmacologically altering the 
corneas stiffness to affect epithelial phenotype in vitro and in vivo.
Methods: Brillouin spectro-microscopy was used to accurately 
measure differences in mechanical response across the human cornea. 
Limbal stem cell markers were qualitatively and quantitatively 
assessed by immunohistochemistry and in-cell Westerns across 
corneal tissue and in vitro models with differing levels of substrate 
compliance. Central areas of the rabbit cornea were softend by 
application of collagenase and the effect on epitheial phenotype 
quantified.
Results: Brillouin spectro-microscopy revealed a significantly 
different mean frequency shift between central cornea and limbus 
(6.66±0.04 compared with 6.24±0.09 GHz shifts). These areas 
corresponded to predictable presence/absence of differentiation or 
limbal stem call markers i.e. cells on the softer parts expressed limbal 
stem cell markers wheresas cells on the stiffer parts of the cornea 
expressed diffferentiation markers.
Collagenase treatment successfully modulated the stiffness of the 
cornea both in vitro and in vivo and that this treatment subsequently 
influenced the behavior of human corneal epithelial cells. The results 
showed that softened tissues supported the growth of ABCG2+/
CK15+/α9-integrin+/CK3- corneal epithelial cells capable of 
depositing a limbus-characteristic basement membrane in the central 
cornea following collagenase treatment.

Conclusions: Overall, our data supports the existence of a correlation 
between the mechanical properties of the corneal matrix and the 
phenotype of corneal epithelial cells. Moreover, it showed that this 
phenotype can be controlled through the modulation of substrate 
stiffness, both in situ and in vitro.
Commercial Relationships: Che J. Connon, None; 
Ricardo Martins Gouveia, None; Carl Paterson, None; 
Guillaume Lepert, None; Rajiv R. Mohan, None; Suneel Gupta, 
None
Support: Medical Research Council, UK, MR/K017217/1 
Modulation of limbal niche stiffness to regulate stem cell 
differentiation and University of Missouri Ruth M. Kraeuchi 
Missouri Endowed Chair Ophthalmology Fund (RRM)
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PAX6, OVOL2, KLF4 coordinately contribute the 
reprogramming of the corneal epithelial cellsTranscription 
factors PAX6, OVOL2, and KLF4 coordinately contribute to the 
reprogramming of corneal epithelial cells
Rei Murakami1, 2, Koji Kitazawa3, 2, Takafusa Hikichi2, 
Takahiro Nakamura3, Chie Sotozono1, Shigeru Kinoshita3, 
Shinji Masui2. 1ophthalmology, kyoto prefecture university of 
medicine, Kyoto, Japan; 2Center for iPS Cell Research and 
Application, Kyoto University, Kyoto, Japan; 3Department of 
Frontier Medical Science and Technology for Ophthalmology, Kyoto 
Prefectural University of Medicine, Kyoto, Japan.
Purpose: We previously reported the direct reprograming of 
human corneal epithelial cells (CECs) from skin fibroblasts with 
the following 6 transcription factors (TFs): PAX6, OVOL2, KLF4, 
SOX9, P63, and MYC. (ARVO 2015). However, the molecular 
mechanism of that reprogramming has yet to be fully elucidated. The 
purpose of this present study was to clarify the underlying molecular 
mechanism of the reprogramming of CECs.
Methods: We analyzed the expression level of keratin K3 and 
K12 genes by quantitative reverse transcription polymerase chain 
reaction (RT-PCR) at 10 days after the transduction of 5 TFs, were 
each removed from the pool of 6 TFs, to human skin fibroblasts. We 
then examined whether or not neural progenitor cells derived from 
neuroectoderm, which is closely related to the corneal epithelial 
lineage, a derivative of surface ectoderm, could be reprogrammed to 
CECs and analyzed the gene expression level in the same method as 
skin fibroblasts.
Results: The expression levels of K3 and K12 decreased when 
TFs PAX6, OVOL2, and KLF4 were each removed from the pool 
of 6 TFs. Moreover, the overexpression of OVOL2 in the neural 
progenitor cells highly expressing PAX6 and KLF4 dramatically 
changed the morphology of neural progenitor cells which took 
on the appearance of epithelial-like cells at 2 weeks. RT-PCR 
analysis revealed that those induced-cells highly expressed K12 and 
ALDH3A1 (corneal epithelial specific genes) and low expression of 
Zeb1, Zeb2 and Snail2 (neural and mesenchymal-related genes).
Conclusions: Our findings revealed that the transcriptional network 
consisting of TFs PAX6, OVOL2, and KLF4 is important for the 
reprograming of CECs.
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