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Differential Expression of Coding and Long Noncoding RNAs in 
Keratoconic Corneas
Yutao Liu1, Yelena Bykhovskaya2, Mariam L. Khaled1, 
Michelle Drewry1, Inas F. Aboobakar3, Amy Estes4, Xiaoyi Gao5, 
R Rand Allingham3, Michael A. Hauser6, 3, Yaron S. Rabinowitz2. 
1Cellular Biology and Anatomy, Augusta University, Augusta, GA; 
2Regenerative Medicine Institute and Department of Surgery, Cedars-
Sinai Medical Center, Los Angeles, CA; 3Ophthalmology, Duke 
University Medical Center, Durham, NC; 4Ophthalmology, Augusta 
University, Augusta, GA; 5Ophthalmology and Visual Science, 
University of Illinois at Chicago, Chicago, IL; 6Medicine, Duke 
University Medical Center, Durham, NC.
Purpose: Keratoconus (KC) is the most common corneal ectasia. 
The purpose of this study is to investigate differential expression 
of coding and long noncoding RNAs (lncRNAs) in human corneas 
affected with KC, using stranded total RNA Sequencing.
Methods: High quality total RNA was extracted from the corneas 
of 10 KC patients collected during surgery and 8 normal controls 
from post-mortem donors. 200 ng total RNA was used to prepare 
sequencing libraries with the Clontech’s SMARTer Stranded 
RNA-Seq kit after ribosomal RNA depletion using the RiboGone - 
Mammalian kit. Paired-end 50bp sequences were generated using 
Illumina HiSeq 2500 Sequencer. Demultiplexed reads were aligned 
by TopHat in paired-end reading with the approximation of the 
median library size. Normalized counts from Cufflinks were analyzed 
for differential expression analysis by Cuffdiff, using a coding 
gene file from the Ensembl database and a lncRNA file from the 
NONCODE database. WebGestalt software was selected to perform 
pathway analysis.
Results: Using a minimum fold change of 2 and a false discovery 
q-value ≤ 0.05, we identified 249 coding RNAs with differential 
expression, with 86 up- and 163 down-regulated, consistent 
with previous array-based profiles, such as TGFBR3, TIMP1, 
FBLN1, TIMP3, AQP5, and SFRP1. A lot of them are regulated by 
transcription factors such as AP1, AP4, LEF1, NFAT, and FOXO4. 
In addition, many appear to be targets of several cornea-expressed 
miRNAs, such as miR-19b, miR-200c, miR-429, miR-203, miR-30, 
miR-130a, and miR-301, which have been identified through cornea 
miRNA sequencing. Pathway analysis indicated the enrichment of 
genes coding for proteins involved in extracellular matrix, protein 
binding, glycosaminoglycan binding, and cell migration. In addition, 
using a minimum fold change of 2 and a false discovery q-value 
≤ 0.05, we also identified 584 lncRNAs (344 up- and 240 down-
regulated) differentially expressed in KC-affected cornea, which may 
potentially be involved in the regulation of WNT, TGF-b, collagen, 
and PI3 kinase pathways, such as lnc-WNT1-4, lnc-WNT4-2, TGFb2-
AS1, lnc-COL9A1-3, lnc-COL9A2-1, and lnc-PIK3AP1-2.
Conclusions: Using total RNA sequencing, we have successfully 
profiled the expression of coding and long noncoding RNAs in  
KC-affected cornea. The differential expression data may help 
improve our understanding of KC etiology and eventually promote 
the development of novel therapeutic targets.
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Yelena Bykhovskaya, None; Mariam L. Khaled, None; 
Michelle Drewry, None; Inas F. Aboobakar, None; Amy Estes, 
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Mechanisms of corneal epithelial degeneration in keratoconus: 
Histology and microRNA analyses
Yumeng Wang1, Tsz Kin Ng1, Hoi Kin Wong2, Kwong Wai Choy2,  
Chi Pui Pang1, Vishal Jhanji1. 1Department of Ophthalmology and 
visual sciences, The Chinese University of Hong Kong, Hong Kong, 
Hong Kong; 2Department of Obstetrics and Gynaecology, The 
Chinese University of Hong Kong, Hong Kong, Hong Kong.
Purpose: Keratoconus is a bilateral, progressive corneal ectasia 
associated with irregular astigmatism and decreased visual acuity. 
We hypothesize that microRNAs (miRNAs) regulate the pathological 
changes during the development of keratoconus. This study aimed to 
delineate the miRNA profile of corneal epithelium from keratoconus 
patients.
Methods: A total of 26 corneal epithelium samples were obtained 
from subjects who underwent surface ablation or collagen 
crosslinking. The expression of miRNAs was determined using 
the microRNA expression microarray (version 19.0, Agilent 
Technologies) and analyzed using the GeneSpring analysis software 
(version 13.0, Agilent Technologies). Differentially expressed 
miRNAs were validated by the TaqMan® quantitative microRNA 
assays (Applied Biosystems). The miRNA target genes were 
predicted using TargetScan and their biological roles were analyzed 
by gene ontology analysis (DAVID, version 6.8; National Institute of 
Health) and pathway analysis (FunRich, version 2.1.2).
Results: Histological assessment by hematoxylin and eosin staining 
showed that the corneal epithelium in keratoconus patients was 
thinner with loosely packed cells as compared to control subjects. 
Microarray analysis demonstrated that 137 of 2006 human miRNAs 
had more than 1.5-fold expression changes, among which 11 showed 
significant differential expression in the keratoconus epithelium, 
compared to the control epithelium (corrected p < 0.05). TaqMan 
PCR validated 7 miRNAs (hsa-miR-138-5p, hsa-miR-146b-5p, 
hsa-miR-151a-3p, hsa-miR-151a-5p, hsa-miR-181a-2-3p, hsa-miR-
185-5p, and hsa-miR-28-5p) that were significantly downregulated 
in the keratoconus epithelium (p < 0.05). Gene ontology analysis 
demonstrated that the predicted miRNA target genes could be 
involved in cell junction, cell division and cell migration. Pathway 
analysis suggested that IGF-1 pathway could be regulated by the 
differentially expressed miRNAs and their target genes.
Conclusions: The miRNA profile of keratoconus corneal epithelium 
suggested that the regenerative properties of corneal epithelium are 
affected in keratoconus. In addition, the differentially expressed 
miRNAs can be regarded as a novel biomarker for keratoconus 
diagnosis.
Commercial Relationships: Yumeng Wang, None; Tsz Kin Ng, 
None; Hoi Kin Wong, None; Kwong Wai Choy, None; Chi 
Pui Pang, None; Vishal Jhanji, None
Support: This study was supported by a Direct Grant from the 
Medicine Panel of The Chinese University of Hong Kong (grant 
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Keratoconus: Cellular and molecular characterization of a novel 
human Corneal Collagen Cross-linking 3-D in vitro model
Rabab Sharif1, Jesper Hjortdal2, Dimitrios Karamichos1. 1University 
of Oklahoma Health Sciences Center, Oklahoma City, OK; 2Aarhus 
University Hospital, Aarhus, Denmark.
Purpose: Keratoconus (KC) is a progressive eye condition, 
represented by biomechanical corneal instability, and severe vision 
impairment. Despite the large number of studies, but no existing 
animal model, the exact underlying KC pathobiology remains 
unclear. We utilized our established 3-D in vitro KC model to study 
the human corneal stroma, and matrix assembly following radiation 
induced corneal collagen crosslinking (CXL). This 2016 FDA 
approved application is the only current aetiopathogenic mechanism 
that promises to halt KC progression. In this study we take the lead 
in determining the cellular and molecular effects on human corneal 
stroma pre/post CXL, which unfortunately, have not been previously 
investigated.
Methods: Human corneal fibroblasts (HCF) and keratoconus (HKC) 
cells were seeded on a poly-carbonate membrane culture plates, at 
initial density of 1×106 cells/well and cultured in a 10% FBS EMEM 
medium supplemented with 0.5 mM of Vitamin C. Cultures were 
grown for 4 weeks, and fresh media was supplied every other day. At 
the end of week 4 all cultures were exposed to UVA light (wavelength 
365 nm) at a 3 cm distance for 3, and 5 minutes with an irradiation 
dose of 3mW/cm2. Cell viability was determined using live/dead 
cell staining technique. All samples were analyzed using RT–PCR 
and western blotting to quantify changes in the expressions of key 
proteins LOX, COL-I,-III,-V, and the transcriptional SMAD proteins, 
between HCFs and HKCs.
Results: Our data indicates small but significant percentage of 
apoptotic keratocytes following in vitro CXL. Upon measurement 
of matrix hydration percentage, HKC-CXL showed a quick water 
loss transition when compared to controls resulting in compaction of 
corneal stroma. Western blot analysis revealed a reduced expression 
of the regulatory SMAD 6 (p<0.0001) in untreated HKCs, contrary to 
SMAD 3 that showed to be downregulated (p=0.02) post KC.CXL, 
suggesting a malfunction in the SMAD regulated downstream 
signaling pathway following CXL. We observed a significant increase 
in LOX expression (p< 0.0001) post-CXL compared to controls.
Conclusions: Our 3-D model provided excellent grounds to 
study CXL effects on the corneal stromal cellular and molecular 
environment. In addition, this in vitro CXL system is promising to 
establish optimized treatment modalities in patients suffering  
from KC.
Commercial Relationships: Rabab Sharif, None; Jesper Hjortdal, 
None; Dimitrios Karamichos, None
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Differential Gene Expression of Extracellular Matrix 
Components in Response to In Vivo Corneal Cross-linking (CXL) 
in Rabbit Corneas
Sabine Kling1, Arthur Hammer2, Farhad Hafezi1, 3. 1Laboratory for 
Ocular Cell Biology, University of Zurich, Zurich, Switzerland; 
2Laborator of Ocular Cell Biology, University of Geneva, Geneva, 
Switzerland; 3ELZA Institute AG, Dietikon/Zurich, Switzerland.
Purpose: To study changes in gene expression after corneal cross-
linking (CXL) in the rabbit cornea in vivo and to identify potential 
molecular signaling pathways.

Methods: 15 male New Zealand white rabbits (2.5 kg) were equally 
divided into 5 groups. All corneas were de-epithelialized using a 
hockey knife. Groups I to IV were soaked with 0.1%-riboflavin for 
20 minutes, followed by UV-A irradiation at a fluence of 5.4 J/cm2, 
delivered at 3 mW/cm2 for 30 min (group I, standard CXL protocol), 
9 mW/cm2 for 10 min (group II, accelerated), and 18 mW/cm2 for 5 
min (group III, accelerated). Group IV served as riboflavin control, 
group V as virgin control. At one week after treatment, corneal 
buttons were obtained, mRNA was extracted and subjected to cDNA 
sequencing (RNA-seq).
Results: CXL down-regulated enzyme activity (enolase 1, 
transketolase, cystatin, serine/threonine kinase) and extracellular 
matrix components (collagen types 1A1, 1A2, 6A2, 11A1, keratocan, 
fibromodulin). CXL activated pathways related to protein cross-
linking (transglutaminase 2, osteonectin, cysteine-rich angiogenic 
inducer). Interestingly, CXL at 3mW/cm2 (Group 1) induced a 
more distinct change in gene expression than the accelerated CXL 
protocols, which induce less stiffening effect.
Conclusions: Several target genes have been identified that might be 
related to the biomechanical stability of the cornea. The differential 
gene expression was dependent on the amount of biomechanical 
stiffening, suggesting the activation of mechano-sensitive pathways.
Commercial Relationships: Sabine Kling; Arthur Hammer, None; 
Farhad Hafezi, None
Support: Gelbert Foundation, Velux Foundation
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Cellular Therapy with Human Autologous Adipose-derived Adult 
Stem Cells for Advanced Keratoconus
Jorge L. Alio del Barrio1, 2, Jorge Alio1, 2, Mona El Zarif3, Maria de 
Miguel4, Charbel Khalil5, Norman Makdissi5, Walid Harb6. 1Cornea, 
Cataract and Refractive Surgery, Vissum Corporación, Alicante, 
Spain; 2Universidad Miguel Hernández, Alicante, Spain; 3Optica 
General, Saida, Lebanon; 4Cell Engineering Laboratory, IdiPAZ, 
La Paz Hospital Research Institute, Madrid, Spain, Madrid, Spain; 
5Reviva Regenerative Medicine Center, Beirut, Lebanon; 6University 
of Kaslik, Beirut, Lebanon.
Purpose: To evaluate the in vivo safety and efficacy of grafts 
composed of sheets of decellularized human corneal stroma with or 
without the recellularization of autologous adipose derived adult stem 
cells (ADASC) within the corneal stroma of patients with advanced 
keratoconus
Methods: 
Fourteen consecutive patients were selected and randomly distributed 
into 3 experimental groups: 1. Implantation of autologous ADASC 
alone (3x 106/1mL ); 2. Decellularized donor 120 µm thick corneal 
stromal lamina alone; 3. Recellularized donor lamina with 1x106 
autologous ADASC+ another 1x106/1mL cells at the time of the 
surgery. Autologous ADASC were obtained by elective liposuction. 
Implantation was performed into the corneal stroma through a 
femtosecond-assisted 9.5mm diameter lamellar dissection under 
topical anesthesia. Patients were reviewed at 1 day, 1 week, 1, 3 
and 6 months postop. Visual function, manifest refraction, slit lamp 
biomicroscopy, intraocular pressure (IOP), endothelial cell density 
(ECD), corneal topography, corneal optical coherence tomography 
(OCT) and corneal confocal biomicroscopy were recorded
Results: 
No intra or postoperative complications were recorded, with a full 
corneal transparency recovery in all patients. All patients improved 
their visual function (complete clinical data with full follow up to be 
shown). Manifest refraction and topographic keratometry remained 
stable in group 1 and improved in groups 2 and 3  
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(mean improvement of 2D in mean keratometry). Cornea OCT 
showed a mean improvement of 16.5µm (group 1) and 123 µm 
(groups 2-3) in the central corneal thickness, and new collagen 
production was observed as patched hyperreflective areas at the level 
of the stromal pocket (group 1). Confocal biomicroscopy confirmed 
the survival of the implanted stem cells at the surgical plane  
(groups 1 and 3)
Conclusions: 
Cellular therapy of the human corneal stroma in vivo with autologous 
ADASC is safe. Stem cells survive in vivo with intrastromal new 
collagen production.

Autologous ADASC (group 1) before (A, x10) and after 
transplantation (B, confocal microscopy 1 month postop). Slit lamp 
pictures preop (C) and 6 months (D) after transplant. Cornea OCT 
image (D) 6 months postop

Decellularized lamina (group 2): slit lamp pictures preop (A), 1 day 
(B) and 3 months (C) after transplant. Cornea OCT image (D) and 
keratometric with pachymetric change (E) 3 months postop
Commercial Relationships: Jorge L. Alio del Barrio; 
Jorge Alio, None; Mona El Zarif, None; Maria de Miguel, None; 
Charbel Khalil, None; Norman Makdissi, None; Walid Harb, 
None
Clinical Trial: NCT02932852
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Shift in Progression Rate of Keratoconus before and after 
Corneal Collagen Crosslinking
Vishal Jhanji1, Yumeng Wang1, Tommy Chung Yan Chan1, Marco Yu2. 
1Ophthalmology & Visual Sciences, Chinese Univ of Hong Kong, 
Kowloon, Hong Kong; 2Hang Seng Management College, Hong 
Kong, Hong Kong.
Purpose: To evaluate the shift in keratoconus progression rate before 
and after corneal collagen crosslinking
Methods: Patients with keratoconus were followed up every 3 
to 4 months before surgery. Slit lamp examination, visual acuity 
measurement and corneal topography was performed at each visit. 
Accelerated crosslinking was performed (365-nm, 18-mW/cm2 
irradiance, 5 minutes) after documentation of ≥1.00 D change in 
refractive astigmatism, loss of ≥ 2 lines of best-corrected visual 
acuity or ≥1 diopter (D) increase in the steepest keratometry (Ks). 
Postoperatively, patients were followed up on day 1, day 3, week 1, 
month 1, month 3, and every 3 months thereafter. The main outcome 
parameters were rates of progression for anterior and posterior Ks, 
flat keratometry (Kf), average keratometry (Avg K), best-fit sphere 
(BFS), and spherical equivalent (SEQ) were estimated before and 
after crosslinking using linear mixed effect models. Log-likelihood 
was used to compare the strength of association between different 
preoperative parameters and postoperative progression rate of 
anterior or posterior Avg K.
Results: Forty-seven eyes of 38 patients (mean age 27.6 ± 6.5 
years) were included. The median number of preoperative and 
postoperative visits was 3 (median follow-up, 13 months) and 
6 (median postoperative follow-up, 20 months) respectively. 
Postoperatively, significant changes in mean progression rate were 
observed in anterior Ks, Kf, Avg K and BFS, posterior Ks, Avg K 
and BFS (p ≤ 0.001). A significant reduction in progression rate 
of anterior (0.063 ± 0.138 D/month to -0.033 ± 0.039 D/month) 
and posterior Avg K (-0.011 ± 0.025 D/month to 0.000 ± 0.008 
D/month) was observed after crosslinking (p < 0.001 for both). 
Univariate analysis demonstrated that baseline anterior Avg K had 
the strongest association with the progression rate of anterior Avg 
K after crosslinking (log-likelihood -264.7). Multivariate analysis 
showed that baseline SEQ and anterior Ks were the most important 
parameters associated with postoperative progression rate of anterior 
Avg K (log-likelihood -206.7) (p < 0.001).
Conclusions: Crosslinking results in significant slowing down of 
keratoconus progression. Corneal topographical parameters are more 
sensitive to gauge the shift in disease progression after collagen 
crosslinking as compared to corneal thickness and refraction.
Commercial Relationships: Vishal Jhanji, None; Yumeng Wang, 
None; Tommy Chung Yan Chan, None; Marco Yu, None
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Collagen fiber crimping following in vivo UVA-induced corneal 
crosslinking (CXL)
Samantha Bradford1, Eric R. Mikula1, Tibor Juhasz1, 
Donald J. Brown2, James Jester2. 1Biomedical Engineering, 
University of California, Irvine, Irvine, CA; 2Ophthalmology, 
University of California, Irvine, Irvine, CA.
Purpose: While studies have shown that UVA CXL induces 
mechanical stiffening of the cornea, less is known regarding changes 
in the collagen fiber organization. The purpose of this study was 
to measure collagen fiber crimping (CFC) using nonlinear optical 
imaging of second harmonic generated (SHG) signals to determine 
the effects of UVA CXL on collagen structure.
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Methods: One cornea per rabbit was treated with standard Dresden 
UVA CXL. In vivo confocal microscopy was performed at 7, 14, 
and 28 days after treatment to measure epithelial/stromal thickness 
and position of demarcation line (DL or transition between acellular 
anterior and untreated posterior stroma) during recovery. Rabbits 
were sacrificed at six weeks and their corneas fixed under pressure 
(20mmHg) with 2% paraformaldehyde. Corneas were then vibratome 
sectioned (250µm) and collagen organization from the peripheral to 
central cornea was imaged using SHG microscopy. Regions of CXL 
were identified by the presence of collagen autofluorescence (CAF), 
which was localized to the central anterior stroma. The degree of 
CFC was then determined by measuring the percentage difference 
between the length of the collagen fiber and the linear distance 
traveled. CFC was measured in the anterior corneal CXL region, 
the posterior non-CXL region, the non-CXL peripheral region in the 
same cornea, and the central cornea of the non-CXL contralateral eye.
Results: No change in corneal thickness was detected from 7-28 
days, however there was a significant decrease in the depth of DL 
from 175.9±25.7µm to 126.8±28.3µm (P<0.001). Increased CAF 

was detected in all CAL corneas, localized to the anterior stroma and 
extending to a depth of 140.9±27.5µm. CFC measurements in regions 
showing no CAF showed no significant differences and ranged from 
1.7±0.4% in the control corneas, 1.7±0.1% in the peripheral CXL 
corneas and 1.9±0.7% in the central, posterior stroma underlying the 
CAF region. There was a significant (P<0.05) reduction in CFC in the 
CAF region in all eyes averaging 0.67±0.58%.
Conclusions: These results indicate that there is a significant 
reduction in collagen crimping following UVA CXL of approximately 
1%. This loss of crimping may be due either to shortening of the 
collagen fibers over the CAL region, or due to the resistance of fiber 
relaxation after corneal removal.
Commercial Relationships: Samantha Bradford, None; 
Eric R. Mikula, None; Tibor Juhasz, None; Donald J. Brown, 
None; James Jester, None
Support: NIH Grant EY24600


