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Purrose. Corneal alkali burns (CABs) are a common clinical ocular disease, presenting
a poor prognosis. Although some long noncoding RNAs (IncRNAs) reportedly play a
key role in epigenetic regulation associated with CABs, studies regarding the IncRNA
signature in CABs remain rare and elusive.

MerHoDs. A CAB model was established in C57BL/6] mice and profiling of IncRNA expres-
sions was performed by RNA-Seq. Gene ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were conducted to predicate the related
pathological pathways and candidate genes. RT-qPCR was used to verify the expression
pattern of IncRNAs and related mRNAs, both in vitro and in vivo. Data were statistically
analyzed by GraphPad Prism version 6.0.

Resurs. In all, 4436 aberrantly expressed IncRNAs were identified in CAB mice when
compared with control mice. In the top 13 aberrantly expressed IncRNAs, Bc037156
and 4930511E03Rik were confirmed as the most significantly altered IncRNAs. Pathway
analysis revealed that mitogen-activated protein kinase (MAPK) signaling pathway was
most enriched. Following 4930511E03Rik siRNA treated, Srgn, IL-18 and Cxcr2 were
significant upregulated in corneal epithelial cells, corneal keratocytes, and bone marrow
dendritic cells, with NaOH treatment. Moreover, after Bc037156 siRNA treated, expression
levels of IL-18 and Srgn were significantly downregulated in the three cell lines.

Concrusions. Our study suggests that Bc037156 and 4930511E03Rik may be involved in
inflammation, immune response, and neovascularization by regulating Srgn, IL-18, and
Cxcr2 expression after CAB. These candidate IncRNAs and mRNAs may be the potential
targets for the treatment strategy of the alkali injured cornea.

Keywords: long non-coding RNAs (IncRNAs), corneal alkali burn (CAB), immune
response, neovascularization, inflammation

C orneal alkali burns (CABs) are a common ophthalmic
emergency.! Alkali materials damage the ocular surface
epithelial cells and infiltrate to the stroma. Then dendritic
cells (DCs) migrate into the corneal center in response
to inflammation and immune reaction, resulting in severe
complications, such as opacity, neovascularization, perfora-
tion, decreased visual acuity, and even blindness.?* Corneal
neovascularization (CNV) leads to persistent inflammation,
scar formation, and it is a high risk factor for corneal allograft
rejection.®> The current treatment for inflammation and CNV
after CAB include topical steroid application, ascorbic acid,
artificial tears, and corneal transplantation.®” Unfortunately,
the currently available therapeutic strategies are limited, and,
therefore, the precise molecular mechanisms of inflamma-
tion and CNYV after alkali burns need to be comprehensively

elucidated.
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Long non-coding RNAs (IncRNAs) refer to heterogeneous
transcripts longer than 200 nucleotides, which regulate gene
expression via diverse mechanisms and are involved in
protein translation, messenger RNA (mRNA) decay, and post-
transcriptional processes® Mammalian genomes encode
more IncRNAs than any other types of noncoding RNAs, and
the identification of functional IncRNAs involved in biolog-
ical processes is progressively increasing.” Recently, stud-
ies proved that several common IncRNAs play important
roles in biological processes, such as inflammatory response,
cell proliferation and migration, and neovascularization by
acting as a molecular sponge.!®!! Furthermore, a growing
number of studies revealed that some IncRNAs participate
in the pathogenesis of multiple diseases, including cancer,
cardiovascular disease, diabetes, and ocular alkali burns
by regulating mRNA directly or indirectly.'>~!> In addition,
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IncRNAs have been determined as a potential diagnos-
tic or prognostic biomarkers in diseases progression.!410
However, a limited number of studies have described the
function and regulatory mechanism to a CAB. The role
of IncRNAs in the pathogenesis of a CAB remains largely
unclear.

In the current study, whole-transcriptome sequencing
was used to identify differentially expressed corneal IncR-
NAs and mRNAs in a CAB model and normal mice. Herein,
we aimed to illustrate the comprehensive landscape of IncR-
NAs following a CAB. Furthermore, we explored the poten-
tially regulated IncRNAs and mRNAs involved in inflamma-
tion and CNV after a CAB, identifying a novel target for early
therapy.

MATERIALS AND METHODS
Animals

Sixty female 6 to 8-week-old C57BL/6J mice, weighing 20
to 25 g (provided by Guangxi Animal Experiment Center),
were randomly divided into 3 groups (triplicate), each group
containing 20 mice. The mice were supplied by Labora-
tory Animal Center of Guangxi Medical University and main-
tained under a 12/12 hour light/dark schedule, at approxi-
mately 23°C, and 60% humidity, with adequate rodent chow
and water available. All animals received humane care in
accordance with Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision Research, and experimental proto-
cols were approved by the Ethics Committee of the People’s
Hospital of Guangxi Zhuang Autonomous Region and the
Institutional Animal Care and Use Committee.

CAB Mouse Model

The CAB model was developed based on a previously
described study, with midifications.! Briefly, mice were anes-
thetized using an intraperitoneal injection of 1.5% pento-
barbital sodium (35-40 mg/kg). In addition, proparacaine
hydrochloride eyedrop (Alkaline; Alcon, Belgium) was used
for topical anesthesia. After exposing the eyeball, a filter
paper (1.5 mm diameter), immersed in 2 pL 1IN NaOH
solution, was placed in the center of the right cornea for
50 seconds. After removing the filter paper, the eye was
immediately rinsed with sterile saline until pH 7, and antibi-
otic ointment was applied. The left eyes were maintained
as untreated internal controls. After the establishment of
the animal model, the mice received levofloxacin eye drops
(Cravit; Santen, China), thrice daily for 3 days.

Cell Cultures

Primary corneal epithelial cells (CECs) and corneal kera-
tocytes (CKs) were isolated from normal cornea of
C57BL/6] mice, as previously described with some modi-
fications.!” Shortly, the cornea was cut and washed
thrice with phosphate-buffered saline containing 5% peni-
cillin/streptomycin (Gibco, Carlsbad, CA, USA). Subse-
quently, the epithelial layer of the limbal region contain
progenitor cells was gently peeled off under the micro-
scope using a cell scraper, then trypsinized with 0.25%
trypsin without ethylenediaminetetraacetic acid (EDTA)
for 20 minutes. After neutralized in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Carlsbad, CA, USA) with
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5% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA),
cells were centrifuged and seeded in complete medium
composed of DMEM, 10% FBS, 5 ng/mL epidermal growth
factor (EGF; Peprotech, Cranbury, NJ, USA), and 1% peni-
cillin/streptomycin. Next, the corneal epithelial and endothe-
lial sheets were both removed, and the stroma was obtained.
The remaining corneal stromal layer was minced and incu-
bated with 2 mg/mL collagenase (Sigma, Gaithersburg, MD,
USA), and diluted in DMEM overnight at 37°C. Then, the
samples were centrifuged and resuspended in complete
medium contained DMEM, 10% FBS, 2 mM L-glutamine, and
1% penicillin/streptomycin.

Bone marrow dendritic cells (BMDCs) were generated
from C57BL/6J mice as previously described.!® In brief, bone
marrows from the femurs were flushed, and red blood cells
were lysed in Ammonium-chloride-potassium (ACK) lysing
buffer for 2 minutes. Then, bone marrow cells were filtered
through a 200 pm cell strainer. The remaining samples were
centrifuged, and the supernatant were discarded. Later, the
cells were resuspended in Roswell Park Memorial Institute
(RPMID) 1640 (Invitrogen) medium supplemented with 10%
FBS, 20 ng/mL granulocyte-macrophage colony-stimulating
factor (GM-CSF; Peprotech), 10 ng/mL interleukin-4 (IL-4;
Peprotech), 2 mM L-glutamine (Peprotech), and 1% peni-
cillin/streptomycin.

Cell Treatment and Transfection

On reaching 85% confluency, the cells were passaged 1:3.
Then, P3 generation cells were treated with 0.5 mol/L NaOH
to establish an alkali-burn model in the 3 different cell lines.
Subsequently, the cells were transfected with the constructed
siRNAs (10 nM) specific for 4930511E03Rik and Bc037156
(IGEbio, Guangzhou, China), or their corresponding nega-
tive controls using the Lipofectamine RNAiMax kit (Invit-
rogen), in accordance with the manufacturer’s instructions.
The siRNA sequences are shown in Supplementary Table S1.

Total RNA Extraction and RNA Sequencing

After 7 days, the mice were euthanized by an overdose
of ketamine, and the cornea was cut off for subsequent
experiments. TRIzol reagent (Invitrogen) was used for RNA
extraction according to the manufacturer’s instructions. For
RNA-sequencing (RNA-Seq), RNA was quantified with a
NanoPhotometer (Implen Inc., Westlake Village, CA, USA),
and RNA Integrity Number (RIN) was assessed using the
Agilent 2100 RNA Nano 6000 Assay Kit (Agilent Technolo-
gies, Santa Clara, CA, USA). RIN value of >8 was consid-
ered high quality and was acceptable. In brief, the libraries
were constructed according to the manufacturer’s guide of
NEB Next Ultra Directional RNA LibraryPrep Kit for lllumina
(NEB, Ipswich, MA, USA). First, rRNAs were extracted from
the total RNA with Ribo-Zero Gold Kits (NEB). A fragmenta-
tion buffer was added to fragment the RNA. Then the RNA
fragments were used as the templates to synthesize cDNA
with random hexamers. The double-stranded cDNA prod-
ucts were amplified and purified to prepare the libraries.
Next, the libraries were sequenced using the Illumina MiSeq
platform with MiSeq Reagent Kit version 3 (Illumina Inc.,
San Diego, CA, USA). We have submitted the transcrip-
tome dataset to SRA. The SRA sample IDs are SRR13449163,
SRR13449162, SRR13449161, SRR13449160, SRR13449159,
and SRR13449158.
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Prediction of IncRNA

The original RNA-seq were transformed into raw reads
using the bcl2fastq2 software. Subsequently, raw reads
were filtered to remove low-quality reads (bases qualify
<19), Ns reads, raw Q30 bases, rRNA mapping reads,
and adapter polluted reads. Then, the remaining clean
reads of all samples were aligned to the reference genome
mainly using the Hierarchical Graph FM index (HGFM)
with HiSAT2.' The StringTie’s network flow algorithm®®
was used to accurately reconstruct transcripts. For IncR-
NAs profiling, a transcription length of >200 bp and exons
>2 were selected. Then, the following prediction meth-
ods were utilized: Coding-Non-Coding Index (CNCI), Coding
Potential Calculator (CPC), pfamscan,?® and Coding Poten-
tial Assessment Tool (CPAT) prediction. A CPC score <0 and
CNCI score <0 were selected, with protein families (Pfams)
significantly higher than other transcripts and Fickett and
Hexamer scores of CPAT as potential IncRNAs. The intersec-
tion of performed predictions indicated the potential IncR-
NAs, which was displayed as Venn diagrams. To normalize
gene expression, fragments per kilobase of exon per million
reads mapped (FPKM)?! were determined. Furthermore, the
DEGSeq?*? package was used to determine the differential
expressed genes. The false-discovery rate (FDR) was used
to determine the significance threshold of the P values for
multiple tests. If the |log2Ratio| was >1 and Q-value <0.05,
the genes were selected. The heatmap presents the signifi-
cant differentially expressed IncRNAs.

103 % F

FPKM = ——
NL/10

Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes Pathway Analyses

To analyze the potential functions of significant differentially
expressed genes, Gene Ontology (GO) enrichment analy-
sis (http://amigo.geneontology.org/amigo) was performed
in molecular function (MF), cellular component (CC), and
biological process (BP), using the “clusterProfiler” package.
GO terms with P values < 0.05 were identified significantly
enriched. Additionally, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database (https://www.genome.jp/
kegg/) was used to analyze the pathway among these candi-
date genes. To visualize the pathway relationships with a
high coefficient, a hypergeometric distribution analysis was
performed to identify GO annotation and KEGG pathway
enrichment coding genes.

Construction of the IncRNA-mRNA Co-Expression
Network

Trans-regulation and cis-regulation were used to predict
potential genes. The mRNAs were identified as potential
target genes when loci were ranged 100 kb upstream and
downstream of the specified IncRNAs. Next, we constructed
a co-expression network, as shown in Figure 6 A, to deter-
mine the relationship between the candidate IncRNAs and
regulated mRNAs. Pearson’s correlation co-efficient was
calculated, and the R-value was used to compare the corre-
lation co-efficient of expression levels between differentially
expressed IncRNAs and mRNAs. If the P value was less than
0.001, we considered this IncRNA-mRNA pair to be linearly
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correlated. Finally, we selected the most significantly upreg-
ulated and downregulated IncRNAs and target mRNAs to
visually represent a IncRNA-mRNA co-expression network
via Cytoscape (http://www.cytoscape.org).

Real-Time Quantitative Polymerase Chain
Reaction

To verify the significantly differentially expressed IncR-
NAs and potential target mRNAs expression, RT-qPCR was
performed using different corneal samples and cells. Expres-
sion levels were measured using the Platinum SYBR Green
qPCR SuperMix-UDG with ROX kit (Invitrogen), in accor-
dance with the manufacturer’s standard instruction and
the primers listed in Table 1. Relative gene expression
levels were normalized to GAPDH (housekeeping gene). The
following conditions were used as cycle parameters: 50°C for
2 minutes (UDG incubation), 95°C for 2 minutes, 40 cycles
of: 95°C for 15 seconds and 60°C for 30 seconds. The relative
expression of the chosen transcripts was quantified using the
2(—AACt) method and experiments were performed in trip-
licate. Primers were designed by NCBI’s Primer blast3 and
Origene.

Statistical Analysis

All data were analyzed using GraphPad Prism version 6.0
(GraphPad Software Inc., San Diego, CA, USA). The distri-
bution of characteristics between two groups of variances
were determined by Student #-test. The data were presented
as mean =+ standard error of the mean (SEM). The P values
< 0.05 were considered statistically significant.

RESULTS

Expression Profiling of IncRNAs in the Mouse
CAB Model

Seven days after NaOH injury, CNV was found to origi-
nate from the limbal vessels, extending to the central of
the cornea (Fig. 1B). An obvious inflammatory response
presenting corneal edema and opacity was observed. More-
over, epithelial lesions were detected using a fluorescence
sodium dye (Fig. 1C). We then performed RNA-Seq to iden-
tify IncRNAs linked to the cornea following NaOH injury. Six
RNA-Seq libraries were constructed, and duplicate samples
were obtained. The IncRNAs were longer than 200 bp, with
more than 2 exons (Figs. 1D, 1E). Subsequently, a heatmap
cluster of Pearson correlation coefficients demonstrated the
reproducibility of biological and sequencing technical repli-
cates (Fig. 1F). The Venn diagram presents the intersection
of four computational approaches (CPC/CNCI/PFAM/CPAT)
for candidate IncRNA from putative protein-coding RNAs,
and 10,706 IncRNAs were predicted as potential IncRNAs
(Fig. 1G).

Identification of the Significant Differentially
Expressed IncRNAs and mRNAs after a CAB

DEGseq were performed for differential expression anal-
ysis. Genes with a Q-value < 0.05 and |log2Ratio| >1
were identified as differentially expressed genes. In total,
14,464 differentially expressed IncRNAs were identified in
the 3 groups. The histograms present aberrantly expressed
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TaBie 1. Primers for Identifying Genes (Including 13 Dysregulated IncRNAs and 13 Dysregulated mRNAs)
Gene Forward Primer Reverse Primer
GAPDH CATCACTGCCACCCAGAAGACTG ATGCCAGTGAGCTTCCCGTTCAG
Neatl TGTATTGCCTCTGCCTGTGG GGCAACAAAAGCAAACGCAC
H19 AGAGTGGCTCTGGCAAAGTC TCTGCTGGAGACCTGGCTAT
2310001H17Rik CAGGATGACTTAGTGTCCCACTA GTATGTTCTGGGAAAGGAACTGG
Gm38171 AGACAGCTGTTTTCATGTGGC ACCGTTCAAGTCCAGGACGAT
Gm29113 CTTTCTGAGCCGATAAATCCCA GAAGGAAGGGTATATGAGTTTGCC
Bc037156 GAAAACTCTTCTCCTGCTCGC CCGTATGGGGGAAAGGGAATC
Ac160051.2 TCCAGCTAATGCCAGGTAACA CATCTCACGGCCTCCCATTC
Ac118476.6 GATGAAACCCCGGTCCACAT GAGCCTAGAGTCGGGGCTAT
Gm16025 CCTCCCTCTACCTCTGGCTT AAGGGTCATCGGTCTAGGCT
Gm38348 GCCTGGGTGGTGTACATTGA GGATGAGAGACCCCAGTCCT
Gm37107 CTGTTCTACACATTCTGCTGGAG CTTAGGGTCACTCAGAGACATGA
Gm11611 CTCCCTTCCTTGTGTGATTCTTC GTAAGGAGCAGCATATGACTCAC
4930511E03Rik CTTCAGTGGCCACCCGTAAT CCTGAGCCTACTGGGTCTCT
Slurp1l GTGCAAGATGGAAGACACAGCC AGACAGGATGGGCAACGCCAAT
Lypd2 TCCAACTGTGTCACCACCAC CACATCCGAAGGCTCACACT
Ppbp CTGATCCTTGTTGCGCTGGCTC GCCTGTACACATTCACAAGGGAG
Sell TTCCTGTAGCCGTCATGGTC TCCATCCTTTCTTGAGATTTCTTGC
Cxcl5 CGGTTCCATCTCGCCATTCA GCTATGACTGAGGAAGGGGC
Npy TACTCCGCTCTGCGACACTACA GGCGTTTTCTGTGCTTTCCTTCA
Cxcr2 CTCTATTCTGCCAGATGCTGTCC ACAAGGCTCAGCAGAGTCACCA
Krt12 CGAGAGTGGTATGAAACACGGAG CGTTGCTGACTCTGGCAGAAAC
Erich5 CCAGCCGAAACTGGAGAGACAG GCTTCCACCTTTTCTCCTGTCTC
Ppplr3c TGCTTGGCTCATTCACCACCTC CACTCTGCGATTTGGCTTCCTG
IL-18 TGGACCTTCCAGGATGAGGACA GTTCATCTCGGAGCCTGTAGTG
Srgn TGCGAACTGCATCGAGGAGAAG CCCGAACCTGACCCATAGTCAT
Rascrfl AAGGTCACCGTGCCTCAGATGA ACGCTGGCATAGCGGATCTGAA
E F ©
Novel_LncRNA Exon Distribution | 8
Novel_LncRNA Length Distribution P I . o | o .. i H
Ig 58 - -l
£ g ° g bl | Y 0000 gy
: g Bl
Ficure 1. Identification of related IncRNAs in the CAB model. (A) Representative slit-lamp biomicroscopic images from normal mice.

(B) Representative slit-lamp biomicroscopic images of the normal cornea with fluorescein sodium staining. (C) Representative slit-lamp
biomicroscopic images on day 7 after a CAB. (D) Representative images of fluorescence sodium staining on day 7 after a CAB. (E) Histogram
presenting length distribution of novel IncRNA. (F) Histogram presenting the number of novel IncRNA. (G) Heatmap of gene expression
correlation, the numerical value refers to the correlation coefficient. (H) Venn diagram presents overlapping potential IncRNAs of four
computational approaches (CPC/CNCI/PFAM/CPAT). CAB, corneal alkali burns; IncRNAs, long noncoding RNAs; AB, alkali burn.

IncRNAs, mRNAs, and total RNA numbers in each group of
CAB mice compared with their age-matched normal controls
(Figs. 2A—C). Moreover, the Volcano plot revealed the differ-
ent IncRNA expression profiles in each group (Figs. 2D-
F). The heatmap of hierarchical clustering revealed that the
IncRNA and mRNA expression patterns among samples were
distinct (Figs. 2G, 2H). Furthermore, a Venn diagram was
used to analyze the changes in IncRNAs, with 4436 aber-

rantly expressed IncRNAs (3147 known and 1289 new) iden-
tified (Fig. 2D).

Table 2 and Table 3 present the top 13 dysregulated
known IncRNAs and mRNA, respectively. The top 13 dysreg-
ulated novel IncRNAs are list in Supplementary Table S2.
We verified the expression of these select genes by RT-qPCR
in three duplicate samples. The results showed that Neatl,
H19, 2310001H17Rik, Gm29113, Bc037156, and Ac118476.6
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Identification of the significant differentially expressed IncRNAs and mRNAs. (A) Comparing the sum count of differentially

expressed IncRNA and mRNA in the three groups. (B, C) Comparison of the number of differentially expressed IncRNA B and mRNA C.
(D-F) Volcano plot of the different IncRNA expression profiles in each group. (G, H) Heatmap of hierarchical clustering of IncRNA G and
mRNA H expression patterns among samples. (I) Venn diagram of aberrantly expressed IncRNAs. CAB, corneal alkali burns; IncRNAs, long
noncoding RNAs; AB, alkali burn.

TasLe 2. The List of the Top 13 Dysregulated Known Lncrnas

Gene Gene Name Biotype Regulation Log2 Fold Change FDR Value Locus
ENSMUSG00000087042 Neatl lincRNA Up 1.0418163 1.53E-95 chr19:5824708-5845478:-
ENSMUSG00000000031 H19 lincRNA Up 2.859068166 7.92E-76 chr7:142575529-142578143:-
ENSMUSG00000097354 2310001H17Rik lincRNA Up 1.813001523 8.38E-63 chr6:129208412-129238725:-
ENSMUSG00000102196 Gm38171 lincRNA Up 7.075608527 1.39E-61 chr2:11315372-11319874:-
ENSMUSG00000100354 Gm29113 lincRNA Up 1.310736936 6.50E-58  chr1:69490357-69493788:-
ENSMUSG00000105888 Bc037156 lincRNA Up 5.831682944 4.86E-56 chr5:87908779-87914171:+
ENSMUSG00000111167  Ac160051.2 lincRNA Up 5.522354886 4.25E-45 chr9:42141993-42146506:+
ENSMUSG00000111720 Ac118476.6 lincRNA Up 6.320721025 1.24E-39 chr9:120834363-120844936+
ENSMUSG00000089652 Gm16025 lincRNA Down -3.56006368 2.93E-180  chrl1:85326729-85342615:+
ENSMUSG00000102357 Gm38348 sense_intronic Down -4.711405755 8.40E-102  chr2:4217081-4219353:+
ENSMUSG00000102136 Gm37107 sense_intronic Down -4.377073972 9.96E-97 chr2:4178110-4180661:+
ENSMUSG00000087042 Gm11611 sense_intronic Down -2.027108934 7.25E-61 chr11:97519612-97521895:-
ENSMUSG00000108187 4930511E03Rik  lincRNA Down -5.130490087 1.93E-48 chr6:94943834-94951545:+
TasLe 3. The List of the Top 13 Dysregulated mRNAs
Log2 Fold FDR Related With the

Gene Gene Name Regulation Change Values Candidate IncRNA Locus
ENSMUSG00000022596 Slurpl Down —9.939610494 0 - chr15:74724318-74728034:-
ENSMUSG00000022595 Lypd2 Down —9.422862851 0 - chrl5:74732247-74734329:-
ENSMUSG00000029819 Npy Down —7.570429779 0 - chr6:49822710-49829507:+
ENSMUSG00000020912 Krt12 Down —6.754788086 0 - chr11:99415666-99422259:-
ENSMUSG00000044726 Erich5 Down —4.389439667 0 - chr15:34453312-34473892:+
ENSMUSG00000067279  Ppplr3c Down —7.138198182 0 - hr19:36731737-36736653:-
ENSMUSG00000032356 Rasgrfl Down —5.925387838 0 ENSMUSG00000000031  chr9:89909908-90026977:+
ENSMUSG00000029372 Ppbp Up 8.384511557 0 ENSMUSG00000111720  chr5:90768518-90770063:+
ENSMUSG00000026581 Sell Up 5.401482037 0 ENSMUSG00000111167  chr1:164061982-164084181:+
ENSMUSG00000020077 Srgn Up 5.08293694 0 ENSMUSG00000105888  chr10:6249383362527451:-

ENSMUSG00000108187
ENSMUSG00000027398 IL-18 Up 5.190080668 0 ENSMUSG00000105888  ch2:129364570-129371139:-

ENSMUSG00000108187
ENSMUSG00000026180 Cxcr2 Up 5.359540274 0 ENSMUSG00000105888  chr1:7415398974161246:+

ENSMUSG00000108187
ENSMUSG00000029371 Cxcl5 Up 6.870698167 0 - chr5:90759360-90761624:+
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Ficure 3. Validation of expression profiles of IncRNAs and mRNAs via RT-qPCR. (A, B) Expression levels of top eight upregulated and top
five downregulated IncRNAs in the cornea after alkali burn. (C, D) The expression levels of top six upregulated and top seven mRNAs in
the cornea after alkali burn, respectively. Experiments were performed in triplicate. AB, alkali burn. #: P > 0.05, *: P < 0.05, **: P < 0.01,
*#: P < 0.001. CAB, corneal alkali burns; IncRNAs, long noncoding RNAs; RT-PCR, reverse transcription-polymerase chain reaction.

were significantly increased following CAB injury (Fig.
3A). Among them, Bc037156 was the most significantly
upregulated. In addition, Gm16025, Gm38348, Gm11611,
and 4930511E03Rik were significantly downregulated, with
4930511E03Rik most significantly downregulated (Fig. 3B).
Next, we verified the top 13 dysregulated mRNAs expres-
sion level, revealing significantly altered expression levels
of chosen mRNAs. Among them, expression levels of Ppbp
(Pro-platelet basic protein), Sell (selectin L), Srgn (serglycin),
IL-18, Cxcr2 (CXC chemokine receptor 2), and Cxcl5 (C-
X-C motif chemokine 5) were significantly elevated (Fig.
3C), whereas those of Slurpl (secreted Ly6/uPAR-related
protein-1), Lypd2 (LY6/PLAUR domain category 2), Npy
(neuropeptide Y), Krt12 (Keratin 12), Erich5 (glutamate rich
5), Ppplr3c (protein phosphatase 1), and Rasgrfl (Ras-
specific guanine nucleotide-releasing factor 1) were reduced
(Fig. 3D). The above-mentioned genes may be potential
regulatory genes associated with CAB injury.

Bioinformatic Functional Analysis of
Differentially Expressed IncRNAs

To further analyze the function of differentially expressed
IncRNAs and the potential target mRNAs among samples,
GO enrichment analyses were performed. If the Jensen-
Shannon (JS) score >0.5, the significantly altered IncR-
NAs and mRNAs were selected. The expression levels of
the remaining tissue-specific IncRNAs (Fig. 4A) and mRNAs
(Fig. 4B) were illustrated in a heatmap. To identify poten-
tial protein-coding genes proximal to tissue-specific IncR-

NAs, we performed cis and trans analyses for all aber-
rantly expressed known IncRNAs. Subsequently, GO annota-
tion was utilized to investigate the function of differentially
expressed IncRNAs, enumerating the number in GO terms.
In BP, CC, and MF, the numbers of differentially expressed
IncRNAs in cell process and biological regulation, cell part
and organelle, catalytic activity, and binding were the high-
est (Fig. 4F). To decipher biological processes involved
in response to the microenvironment, GO enrichment of
DEGseq was applied with g < 0.05, which was considered
to be significantly enriched. As shown in Figures 4C to E,
differentially expressed IncRNAs were significantly enriched
in AMPA glutamate receptor, B cell activation and differentia-
tion, and 1-acylglycerol-3-phosphate O-acyltransferase activ-
ity. These results indicated that the differentially expressed
IncRNA-mRNA interaction pairs may participate in patholog-
ical changes observed after CAB injury.

KEGG Pathway Analysis of Differentially
Expressed IncRNAs

The KEGG pathway analysis demonstrated that the genes
were enriched in multiple pathways (Fig. 5A), among them,
the MAPK (mitogen-activated protein kinase) signaling path-
way was the most enriched (Fig. 5B). Furthermore, the
vascular endothelial growth factor (VEGF) signaling path-
way, tumor necrosis factor (TNF) signaling pathway (Fig.
5C), Thl and Th2 cell differentiation, Th17 cell differenti-
ation, T cell receptor signaling pathway, PI3K-Akt signal-
ing pathway, cytokine-cytokine receptor interaction, and the



IOVS | April 2021 | Vol.62 | No.4 | Article 28 | 7

IncRNA and mRNA Analysis After Corneal Alkali Burn

A

111 (]

£
g

§ listogs
° -2 -1 0 1 2
Value

Golor Ky
istog
i8
o
2 a0 02
Value

€av

v

W

Lay

€N

€av

ay

Lav

1198 3SEB|INUOGLIOXS-,G-E

158 35EIINUOXD G-, €

o€ asesaisaipoydsoyd apnoajanu-d124>-,5'.€

noe asesaisalpoydsoyd dwo-d12£2-,5" €

e asesysaipoydsoyd diny-11243-,5" €

buipuiq uijoid €-€-pT

Buipuiq |oyisouljApneydsoyd-1

Ayande aseuny-p joyisounApneydsoyd-t

Ayande aseiajsuenjhoe-o ajeydsoyd-g-1013d4|614de-T

= o oo
5353
w 5 8 8
EE-
o0 oSN
g™ S S oo
R
ssadoud dnayjuksolq [013416)40e1p-dad
- uodsuel ajejAxoquedip-4d
w
] uawdojanap peay ui panjonur Aemyied buleubis dwg
m Kemyzed Buijeubis dwg
o as5uodsal aunwiwi Ul panjoAur uonesayiold 1123 g
S uonenuUIIBYIP 122 8
Ws 35u0dSa1 UNWIWI Ul PIAJOAUI UORRAIIDE |20 §
“m uoneane |25 g
= Buuaisn|d J0ydadas ajeweIn|b vdwy
o ssad0.d d1j0qeaw auljosdAxXoIpAy-p
z 2 2
[a] m, m, M_
22 2
oXeIqN
x— S S S o
[
x3]dwod 13AY0D
- 3]d1san podsuesy 16/09 03 Y3 PaIeod-lldod
c
3 1802 3IS3A 10D
2 awosoleubis 640D m
£ X31dwod LON-#Y¥ID ]
OF awosgg £
5 5
3 x3|dwod 3sedLy -
w x3|dwo> Joydepe Je0d aueiquiaw adAy-dy
© x3]dwo> J01dadas ajeweln|b vdiy
'
= &8 oo
v 53
5 8 8
EIE--3

Term name

Term name

25
T =
*
PO
Vg
E=RS
1%2]
LA
= m m/m
e e)
O =
» Q
20 =
S3UID JO JAqUWINN B &) m
©or < < £ )
~ o
~ ® < g 3 m
L @ ¢ ]
i e ~ oc =.a0
= H&ecm & c
8|5 [ G030 "e 200
— U057 45,16, o S
© L o3 Uny S U 7}
> 46 Y0y, 7}
c 78, o,tw ) (9}
2 — %S\N%x KMWWE&M@B%@W# [ = ANA
1 = 215, YxgPun, Poy. o)
= L e X0y~ Y o, 16,
3 .Pua - &a_cuwuwuabuc S.Vw\o“ a9 A
L A 850,28In6c 4 4 e
- & —— %:Cm 1o wgccm\ew m =i m
E = ﬁ%\s&e@\«oc .55@% £33
e 73
- A«SS 0, v 20
— \mscumwsb Tsye, T ¢ <
- 04508 45 S0y, = O
 doste s e, aEE
[ ugaes,uen 18 7 Rug gl T o0
— Mw%&umwun&&mfm IS A, v m
——
= YogeogSiey Py, it
— wkumw%&\mwm.ocg Ups, R
" |uH ma\mw\\mwsom\fawwo&cm@o_5 7oy S5y < m <
o | Ssgydls “n, Suog, Osg M = m
() 952010 9 & W o, Nd 9]
9 - 9Sey 19 o1, S o ey, = 9
8 I o6yl ss, €inyss fay %8G &2
g o+ Yongiouglong R
= JE— m\m\;&mﬁ@ of T s W
S — 55350
2 T ss3.0/0 ?
g - %Meuoé\ GEEQ 3 = 9
° — co\wmcmmm:@cmmo\w;wb 2 % m
| - o
= - 55930108 e, Otey 28 an
— 103010 55 260, s, )
o, &l
| 0o, 09 1 U0 e -
—_ cmwms\\w%s\\wwbs& 2oy
[ 5378457, 96, S 20 4
= 1052025104 1 PAyq p=I 71
T e, e 528
N 0 W
L Oy id = »w O
5 wlypsoss, Chal
1 Sdiyooas, My 5%
C eeugs ‘e 29 3
= - Heg 'S/0, w g ]
€ P—E7)5>/CH) e g, SRR IR= )
g - Ve 3Sey,, : w BT O
S - A e 2203
m. — thwotsSwE 2.0 2=
5 - Yegdletes,, TELL
o — €0 [0S = ar
1 | 5y Wy, [=}
: — SZoE
= | uaWoy o X —_ (SIS
= -1 coms\b%%\gw\o SO m
o i Y0500 225205 S
B QQMS 185 SUp, R RERS]
L POMQEwE Yy, S LE g
o+ /13> PNy m O§5E
T T T co&w\ i~ ﬂ -
g 8 8 % R’ ° st\\&mé gRE .m
X5 T o5
< 9
SBU39 JO JUBII3d g 2 = 2
= m =}
S —
SE D E
(=1 8 -
- F
5T E
= & =
A<z
<y g
. 1)
£z a
=] M B
sT-E
HER S

20udI0g |ensiA ¥ Abojoweyydo annebiisau)



Investigative Ophthalmology & Visual Science

IncRNA and mRNA Analysis After Corneal Alkali Burn

IOVS | April 2021 | Vol.62 | No.4 | Article 28 | 8

G eeses -

BHT

E
H

Ficure 5. Signaling pathway analysis of differentially expressed IncRNAs. (A) The KEGG pathway analysis demonstrates that the genes are
enriched in multiply pathways. (B) MAPK signaling pathway map. (C) TNF signaling pathway map. Dot size A indicates the gene numbers
enriched in this pathway. Red B and C indicates upregulated genes. Green B and C indicates downregulated genes. IncRNAs, long noncoding
RNAs; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen-activated protein kinase; TNF, tumor necrosis factor.

AMPK (5’ AMP-activated protein kinase) signaling pathway
closely correlated with pathological changes in the CAB
model.

IncRNA/mRNA Co-Expression Network and
Validation of Regulated mRNAs

Based on the above results, Bc037156 and 4930511E03Rik
were the most significantly altered IncRNAs and may play
a critical role in the molecular network of CAB. Figure
6A shows the co-expression network of Bc037156 and
4930511E03Rik and target mRNAs. For further corrobora-
tion, we compared the expression levels of the two IncR-
NAs in CEC, CK, and BMDC. These three types of cells are
commonly present in the cornea and may play key roles in
pathological changes following a CAB. Consistent with the
gRT-PCR results in the cornea, Bc037156 was significantly
increased after NaOH treatment in all three cell types (Fig.
6B). Moreover, 4930511E03Rik was significantly reduced
(Fig. 60C).

By performing an IncRNA-mRNA co-expression network
analysis, we observed that Bc037156 and 4930511E03Rik
both regulated the genes Srgn, IL-15, and Cxcr2. To verify
the regulatory mechanism, knockdown of the two IncRNAs

was performed in vivo. As shown in Figures 6D to I, the
expression levels of IL-18, Cxcr2, and Srgn were significantly
elevated following 4930511E03Rik knockdown in all 3 cell
lines. IL-18 and Srgn were significantly reduced in the three
cells treated with si-Bc037156. Besides, Cxcr2 expression
was significantly reduced in CEC and CK, but not in BMDCs.
These results were consistent with the RNA-Seq profiling.

Di1scusSION

Chemical injury, especially alkali injury, is one of the most
devastating injuries to the cornea. Persistent inflammation
releases inflammatory factors, which are recognized and
processed by antigens present cells (APCs), affecting the
balance of Th1/Th2, Th17 cells secrete cytokines to regu-
late Th1 cells, which led to induces of the immune cells
activation.?-?* During inflammation, activated immune cells
produce angiogenic factors and promote aberrant CNV.
Simultaneously, neovascularization will aggravate inflamma-
tion and immune reaction.?>2° Additionally, the process of
epithelial wound healing is the decisive factor for injured
tissue. Current studies reported that controlling inflamma-
tion, promoting wound healing, reducing CNV, and regulat-
ing immune cells are the key strategies for the treatment of
CAB.”?7:® However, the molecular mechanism underlying a
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Figure 6. Validation of IncRNAs Bc037156 and 4930511E03Rik, regulating the potential target mRNAs in vivo. (A) The IncRNA-mRNA
co-expression network of Bc037156 and 4930511E03Rik, and their regulated mRNAs. (B, C) The expression levels of Bc037156 and
4930511E03Rik in CEC, CK, and BMDC after NaOH treatment. (D-F) After transfection with si-4930511E03Rik, the mRNA levels of IL-
18, Cxcr2, and Srgn in CEC, CK, and BMDC following NaOH treatment. D to F After transfection with si- Bc037156, the mRNA levels of
IL-18, Cxcr2, and Srgn in CEC, CK, and BMDC following NaOH treatment. #: P > 0.05, *: P < 0.05, **: P < 0.01, **: P < 0.001. CEC, corneal
epithelial cell; CK, corneal keratocyte; BMDC, bone marrow dendritic cell; IL-18, interleukin-18; Cxcr2, CXC chemokine receptor 2; Srgn,

serglycin.

CAB remains incompletely understood, warranting further
exploration.

Increasing evidence has shown that IncRNAs partici-
pated in numerous biological process.?’ Huang et al. have
performed IncRNAs microarrays analyses using an alka-
line burn-induced CNV model, identifying 154 differentially
expressed IncRNAs. These results suggested that IncRNAs
were the potential regulators of CNV:*° However, our results
were not consistent with these previous findings. On review-
ing their data, we observed that only 2 identified IncRNAs,
A930006I01Rik and Gm2109, were consistent with our find-
ings. It should be noted that the study by Huang et al.
was published in 2015 and performed microarray analysis
for 16,251 IncRNAs, identifying 154 differentially expressed
IncRNAs. However, in the present study, we identified 4436
differentially expressed IncRNAs, a much larger number than
that reported by Huang et al. Moreover, microarray anal-

ysis cannot determine a large number of potential IncR-
NAs and target mRNAs. We performed whole transcriptome
sequencing and detected additional known and novel IncR-
NAs, finally identifying the most related IncRNAs. Hence,
we speculated that the identified IncRNAs might be more
credible than those that were presented in the study by
Huang et al.

In the present study, 4436 aberrantly expressed IncRNAs
were identified, notably, Bc037156 and 4930511E03Rik were
verified as the potential regulated IncRNAs. The two IncRNAs
are well-known IncRNAs. Bc037156 ENSMUSG00000105888
(lincRNA), located in chr5, was significantly upregulated.
4930511E03Rik ENSMUSG00000108187 (lincRNA), located
in chr6, was significantly downregulated. Based on previ-
ous studies, Bai et al. selected® Neatl may be a poten-
tial target for CNV as it is a key transcriptional regulator
in cancer cell growth and inflammatory diseases. However,
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they were unable to accurately identify the IncRNAs via
sequencing. Nevertheless, they demonstrated that IncRNA
Neatl promotes an inflammatory response and induces
CNV after an alkali burn?! In another study, they further
reported that corneal angiogenesis is alleviated by regulat-
ing the IncRNA Neatl.!> These results are consistent with
our findings. However, we demonstrated that the expression
level of Bc037156 was markedly higher than that of Neatl.
Hence, Bc037156 and 4930511E03Rik were selected for
subsequence research. To date, this is the first study to detect
deferentially expressed IncRNAs in the CAB model using
whole-genome sequencing. These novel IncRNAs provide a
guide for future research and need to be comprehensively
investigated to determine the functional role and regulatory
mechanisms underlying the pathology of a CAB.

To explore signaling pathways and their relationship of
biological systems, we performed GO and KEGG enrichment
analyses. The results revealed that IncRNAs participate in cell
process and biological regulation, cell part and organelle,
catalytic activity, and binding. The pathway analysis demon-
strated that MAPK signaling pathway was the most enriched,
which is involved with cell proliferation, cell differentia-
tion, and inflammation. In addition, the other signaling path-
ways, such as the TNF signaling pathway, VEGF signaling
pathway, Th1l and Th2 cell differentiation, Th17 cell differ-
entiation, the T cell receptor signaling pathway, PI3K-Akt
signaling pathway, cytokine-cytokine receptor interaction,
and MAPK signaling pathway were also enriched. Chen et al.
have demonstrated that of MAPK-activated protein kinase 2
(MK?2) activation selectively inhibited alkali induced corneal
inflammation via p38/MAPK.>? Furthermore, VEGF acti-
vates downstream PI3K-AKT-mTOR and Erk-MAPK signal-
ing pathways to induce the transcription of angiogenesis-
related genes.?® Additionally, TNF, as a critical cytokine, can
induce diverse intracellular signaling pathways, including
apoptosis, cell survival, inflammation, and immunity. After
stimulation of the cornea with an alkaline solution, the TNF
signaling pathway is initiated. Reportedly, the anti-TNF-«
antibody causes a marked reduction in CNV, protecting the
retina and cornea from alkali damage.>* Downstream of the
TNF signaling pathway, the MAPK cascade is activated in
response to pro-inflammatory stimuli. Furthermore, leuko-
cytes are recruited and activated, promoting T cells, includ-
ing Th1, Th2, and Th17 cell differentiation, and stimulating
a strong cell-mediated immune response. Notably, modulat-
ing the balance between Th1/Th2 cell differentiation and
cytokine production is crucial for immunity and host protec-
tion.

To further investigate the regulation between candi-
date IncRNAs and target mRNAs, we selected the top
13 aberrantly expressed mRNAs. The results of RT-qPCR
validated that all selected genes were significantly and
differentially expressed in the alkali-burned cornea when
compared with the normal cornea. Combined with the
IncRNA-mRNA co-expression network analysis, we revealed
that both Bc037156 and 4930511E03Rik regulated Srgn, IL-
18, and Cxcr2. IL-18 is upregulated in multiple signaling
pathways, such as MAPK and TNF, triggering downstream
inflammation, and promoting T cell differentiation and acti-
vation. Cxcr2 is involved in the MAPK and cytokine-cytokine
receptor interaction signaling pathway. Reportedly, an MK2
inhibitor suppressed IL-18 and IL-6 expression via the MAPK
signaling pathway, resulting in reduced alkali burn-induced
inflammation and inflammatory cell infiltration.?> Addison
et al. have detected that Cxcr2 played a functional role
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in angiogenesis.>> Moreover, another research has revealed
that Cxcr2 was critical to the extravasation of neutrophils
into the avascular cornea.® In addition, we performed the
experiments in vivo to verify the regulatory mechanism.
The expression levels of IL-18, Cxcr2, and Srgn after si-
4930511E03Rik treatment were significantly elevated in the
CEC, CK, and BMDC groups. Moreover, IL-18 and Srgn were
significantly reduced following Bc037156 knockdown in all
three cell types. In CEC and CK, expression levels of Cxcr2
were significantly reduced. These results confirmed that
Bc037156 and 4930511E03Rik may regulate the target genes
IL-18, Cxcr2, and Srgn during the pathological process of a
CAB.

In conclusion, our study was the first to demonstrate the
IncRNA and mRNA high-transcriptome sequencing analysis
of CAB. Based on the results, 4436 dysregulated IncRNAs
were predicted. Among them, Bc037156 and 4930511E03Rik
were verified as potentially regulated IncRNAs. Furthermore,
Srgn, IL-18, and Cxcr2 were regulated by Bc037156 and
4930511E03Rik, respectively, and may be involved in the
pathological process of a CAB. Thus, our study provided
a clue to understand the molecular machine and therapeu-
tic targets based on the differential expressed IncRNAs and
mRNAs.
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