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Aniridia-associated keratopathy (AAK) is characteristic at ocular surface of
aniridia caused by haploinsufficiency of PAX6. Competing endogenous RNA
(ceRNA) has been reported to play an important role in various diseases,
whereas its function on AAK is unclear. The microarray data of 20 AAK
patients and 20 healthy people were downloaded from the Gene Expression
Omnibus (GEO) database. Differentially expressed IncRNAs, miRNAs, and
mRNAs were analyzed using “limma” packages and weighted gene co-
expression network analysis (WGCNA). A ceRNA network was constructed
by Cytoscape 3.9.1, and miR-224-5p, miR-30a-5p, and miR-204-5p were at
the center of the network. CIBERSORTx algorithm and ssGSEA analyses
revealed that AAK was associated with immune cell infiltration, showing that
activated Mast cells increased while resting Mast cells decreased and NK
cells decreased in AAK. Type Il INF Response, CCR, parainflammation, T cell
co-stimulation, and APC co-stimulation of AAK patients differed from
healthy individuals. Additionally, the ROC curve of five genes, MITF(AUC =
0.988), RHOB(AUC = 0.973), JUN(AUC = 0.953), PLAUR (AUC = 0.925), and
ARGZ2 (AUC = 0.915) with high confidence in predicting AAK were identified.
Gene set enrichment analysis (GSEA) analysis of hub genes enriched in the
IL-17 signaling pathway.

KEYWORDS

AAK, ocular surface, ceRNA network, immune microenvironment, biomarkers,
WGCNA, IL-17 signaling pathway

Introduction

Aniridia is a rare hereditary disorder caused by the haploinsufficiency of PAX6 that
may affect most structures of the eyes (Lim et al, 2017). Among these progressive
pathologies, the ocular surface can suffer severe impairments during eye development by
AAK (2). According to the reccommendations of relevant researchers, AAK subtypes could
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be considered separate diseases, thereby facilitating treatment
decisions and patient stratification for future clinical studies and
trials (Kdsmann-Kellner and Seitz, 2014).

Phenotypes of epithelial, neural, immune, and limbal stem cell
status have recently been extensively studied in phenotypic AAK
(Lagali et al, 2018). A previous study showed that more than
400 unique mutations in the PAX6 gene may lead to a series of
clinical phenotypes (Lim et al,, 2012). As most studies considered
mutations in PAX6 as a homogeneous group, other genes may
interact with it, or the variation of downstream genes of PAX6 may
cause specific phenotypes (Lee and Colby, 2013). Hence, these
heterogeneous gene alterations require more attention.

Microarray data analysis is used to analyze the mechanism of
disease progression to improve diagnosis and treatment. Salmena et al.
(2011) proposed the ceRNA hypothesis that various types of RNAs
can control gene expression at the post-transcriptional level , meaning
IncRNAs competitively bind to miRNAs, thereby up-regulating the
translation of the corresponding mRNAs (Zhang et al., 2019). These
ceRNA networks may reveal novel mechanisms promoting
transcriptional regulatory networks for disease development and
have been studied in many ophthalmic diseases (Salmena et al,
2011; Ye et al, 2017; Wang et al,, 2021). However, the expression
patterns of specific ccRNA networks in AAK patients lacks further
study and the mechanisms by which they work are still unknown.

In this study, we constructed ceRNA networks to thoroughly
understand their pathogenesis. Subsequently, we explored the
immune microenvironment of AAK. Finally, we screened hub
genes for predicting AAK occurrence based on the interaction of
miRNAs and IncRNAs. We believe that this study will shed light
on the pathogenesis of AAK, and provide potential biomarkers
and new insights into its treatment.

Materials and methods
Patients and samples

Raw gene expression data and clinical information on
GSE137996 and GSE137995 were downloaded from GEO
dataset (http://www.ncbi.nlm.nih.gov/geo/). The
GSE137996 dataset contains IncRNA and mRNA of 20 AAK
patients and 20 healthy individuals, and the GSE137995 dataset
contains miRNA data from 40 samples. Samples were taken from
bulbar conjunctival cells, miRNA, IncRNA, and mRNA were
detected, and all clinical information was available.

Screening differentially expressed
IncRNAs(DEIncRNA), miRNAs (DEmiRNA),
and mRNAs (DEmRNA)

Using the R package (limma), the expression profiles of
20 patients and 20 normal samples were compared to identify
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DEmRNASs, DEIncRNAs, and DEmiRNAs. Genes were retained
under the rule of a |log2 (fold-change) | > 1 and an adjusted
p < 0.05.

Weighted gene co-expression network
analysis (WGCNA) for mRNA

A gene co-expression network analysis was specifically
performed using mRNA data of the 40 microarray-measured
samples from GSE137996 using the R package WGCNA
(Langfelder and Horvath, 2008). A hierarchical clustering analysis
of AAK and normal samples was performed, based on the
expression of AAK to remove outlier samples. An adjacency
matrix was transformed from the correlation matrix using the
adjacency function (ai, j = | Cor (Xi, Xj)|B). The fit soft threshold
power (B) was screened to ensure the construction of scale-free
networks, based on Pearson’s correlation coefficient between two
groups. Topology overlap measurement and robust network
measurement were calculated in pairs based on the adjacency
matrix. The best soft threshold was selected to construct a scale-
free network. Then, the dissimilarity based on topological overlap
was used as the input for unsupervised hierarchical clustering using
the dynamic tree cutting algorithm (Langfelder et al,, 2008). As a
result of the TOM-based dissimilarity measure, average linkage
hierarchical clustering was implemented, and genes with similar
expression modes were classified into the same modules by step-by-
step network construction and module detection with the following
parameters: the softPower = 4, minModuleSize = 30, and
035. The (MEs)
represents the first principal component-related module, which is

mergeCutHeight = module eigengenes
considered to represent all genes in the module. Eigengenes were
performed to identify modules that are significantly associated with
a disease. The whole process of WGCNA was performed using the R
program (Li et al., 2018).

Functional enrichment analysis

The module genes obtained by WGCNA and the differential
expressed genes obtained by limma analysis were intersected to
obtain crossed differentially expressed mRNAs (co-DEmRNAS).
Ontology (GO) biological
Encyclopedia of Genes and Genomes (KEGG) pathway

Gene functions and Kyoto
enrichment of co-DEmRNAs were analyzed by R packages
“DOSE,” “clusterProfiler”, and“pathview” and visualized by
the “enrichplot” package. The significant enrichment threshold
was set as p-value < 0.05. Transcription factors (TFs) of
DEmiRNA and GO annotation were realized by Funrich
software (version 3.1.3) (Pathan et al., 2015), which revealed
the TFs enrichment analysis of DEmiRNAs and biological
processes (BP), cellular components (CC), and molecular
functions (MF) of the miRNAs separately.
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Construction of IncRNA-miRNA-mRNA
related ceRNA network

A miRcode database (http://www.mircode.org/download.
php) was used to integrate evidence for direct interaction
between DEIncRNA and DEmiRNA (Jeggari et al, 2012).
MultiMiR packages (Ru et al, 2014) were used to predict
validated DEmiRNA-DEmRNAs pairs based on fourteen
databases. Finally, ceRNA networks based on differentially
expressed genes were constructed and visualized using
Cytoscape software (version 3.9.1).

Analyses of the ceRNA network-related
hub genes

GO annotation and visualization of the hub genes were
performed by the Metascape database (https://metascape.org/
gp/index.html#/main). Next, the abundance of infiltrating
immune cells of 40 samples was estimated and analyzed by
the CIBERSORTx algorithm (http://cibersortx.stanford.edu/),
based with  batch
100 permutations. Single-sample gene set enrichment analysis

on  running correction  and
(ssGSEA) was performed to evaluate the correlation of immune

function between AAK patients and the control group.

Validation and clinical characters of hub
genes

The top 10 hub genes from ceRNA network were screened
in the PPI network using the MCC algorithm based on the
CytoHubba plugin without checking the first-stage nodes
(Chin et al., 2014). Then ROC analyses of hub genes were
performed using the R package pROC and genes with AUC
greater than 0.9 were selected (Robin et al., 2011). Next, the
samples were divided into the high-risk group and the low-
risk group according to the median value of the screened hub
genes, and GSEA was used to compare the differences in
signaling pathways between the two groups and explore
possible molecular mechanisms. Finally, we determined the
expression levels of the hub genes with gender and stage of
AAK and screened out genes that related to clinical
characters.

Statistics analysis

R software (R version 4.1.3) was used for all statistical
analyses, and the “ggplot2” and “pheatmap” packages were
used for graphical visualization. Statistical significance was
defined as p < 0.05, and all p-values were two-tailed. The
predictive accuracy of the disease prognostic model was
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assessed by performing a ROC curve analysis. The Mann-
Whitney test was used to compare the proportion of tumor-

infiltrating immune cells.

Results

Identification of differently expressed
genes

The flow chart is shown in Figure 1. Based on annotation
files downloaded from the GENCODE database, the
expression profile of GSE13996 was divided into mRNA
files containing 17,696 genes that can encode proteins and
files that contain 1,981 IncRNAs. Meanwhile, we filtered
2449 miRNAs from GSE13995. Differential expression
profiling was performed on the three RNAs, respectively.
422 differential expressed mRNAs (DEmRNAs), including
230 up-regulated genes and 192 down-regulated genes,
were found in the mRNA expression profile, shown in the
heatmap and a volcano plot (Figure 2A); 8 differential
expressed miRNA (DEmiRNAs), including 5 up-regulated
and 3 down-regulated were found in the miRNA expression
profile (Figure 2B); 16 differential expressed IncRNA
(DEIncRNAs), including 10 up-regulated and 6 down-
regulated were found in the IncRNA expression profile
(Figure 2C). Supplementary Table S1 showed the detailed
differently expressed genes.

AAK-related WGCNA modules and genes

To identify groups of genes with highly similar binding
“signatures,” we adapted WGCNA to describe the correlation
patterns of AAK, as it was one of the best methods for the
construction of large networks in an unsupervised manner. The
WGCNA package in R was applied to construct a co-expression
network using the expression values of mRNA included in the
40 samples from the GSE137996 dataset. No sample was
excluded from subsequent analysis. The scale-free topology
network model was built to study gene expression networks.
Based on the correlation coefficients for genes in the cohort, the
adjacency matrix was transformed from the correlation matrix,
with its power value of 4 as the soft threshold (Figure 3A). The
scale independence was 0.90, and the mean connectivity of the
co-expressed network was solid enough, ensuring a scale-free
network (Figure 3B). Sixteen non-overlapping modules were
constructed, and two highly AAK-correlated modules were
detected (Figures 3C,D). The magenta module (r = -0.9, p =
2 x 10-15) module and the skyblue3 (r = 0.67, p = 2 x 10-6)
module were strongly correlated with AAK. We obtained
2001 genes through this step, 1040 from the magenta module
and 961 from the skyblue3 one. Correlation between module
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FIGURE 1

Flow chart of identification of ceRNA-related network hub genes in AAK.
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FIGURE 2
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Differentially expressed genes between the AAK group and the control group. (A) Heatmap and volcano plot of differentially expressed mRNAs

between AAK and control group. (B) Heatmap and volcano plot of differentially expressed miRNAs between AAK and control group. (C) Heatmap and
volcano plot of differentially expressed IncRNAs between AAK and control group. Red points represent up-regulated genes. Green points represent
down-regulated genes. Black points represent genes with no significant difference; AAK: aniridia-associated keratopathy.
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FIGURE 3

Construction of weighted co-expression network and module analysis. (A) With 0.90 being decided as scale independence, the power value of

4 was selected as the soft threshold of the adjacency matrix; (B) The branches of the cluster dendro-gram correspond to the 16 gene modules, each
piece of the leaves on the cluster dendrogram corresponding to a different gene module. (C) The magenta module (r = =0.9, p = 2 X 107**) module
and the skyblue3 (r = 0.67, p = 2 X 10°) module were the most strongly correlated with AAK. (D) Heat map of the eigengene adjacency. The
color bars on the left and below indicate the modules for each row or column; (E) Correlation between module membership of magenta module and
gene significance with AAK (cor = 0.92, p = 1072°°). (F) Correlation between module membership of skyblue3 module and gene significance was
shown in cor = 0.55 and p = —4.5 x 107".

membership of magenta module and gene significance with AAK Gene functional enrichment based on co-

was shown in cor = 0.92, p = 10> and skyblue3 module in cor = DEmRNA and DEmiRNA

0.55 and p = —-4.5 x 1077 (Figures 3EF). In addition, we

performed GO and KEGG enrichment on two modules By intersecting the genes of the magenta and
separately. They are both enriched in the same biological skyblue3 module and DEmRNA, we obtained 315 co-
process involved in ossification, fatty acid metabolic process, DEmRNA, including 157 upregulated and 158 downregulated.
and cell-cell adhesion via plasma—membrane adhesion GO analysis was performed to search for biological functions
molecules, etc (Supplementary Figures S1A,B), and they were (Figure 4A). We found that among the top ten enriched
both enriched in the same pathway involved in PI3K-Akt biological processes of co-DEmRNA, lymphocyte migration,
signaling pathway, Neuroactive ligand-receptor interaction, cellular response to interleukin-1, and negative regulation of
Cytokine—cytokine receptor interaction, etc., (Supplementary immune system process were all related to the function of
Figures S1C,D). immunity. Cellular component (CC) analysis showed co-
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DEmRNA were mainly enriched in the collagen—containing

extracellular matrix, endoplasmic reticulum lumen, and
basement membrane. Molecular function (MF) analysis
showed co-DEmRNA mainly enriched in DNA-binding
transcription activator activity, receptor ligand activity, and
signaling receptor activator activity. These results indicated
co-DEmRNA was involved in immunity. KEGG was also used
to investigate the enriched pathways. The most enriched
pathways were the cytokine-cytokine receptor interaction and
the PI3K-Akt signaling pathway (Figure 4B), both of which were
involved in immune processes (Giannone et al., 2020; Chauhan
et al., 2021).

As for the DEmiRNA, the transcript factor (TF) enrichment
analysis result is presented in Figure 5A, where the blue bar and
the red bar illustrated the percentage of genes that miRNA
enriched in TFs, and the p-value, respectively; The percentage
of genes enriched for miRNA in TFs was shown. Enrichment
analysis of the miRNAs based on GO revealed the ten most
significant functional enrichments in BP, CC, and MF.
Specifically, genes were mostly enriched in the regulation of
nucleobase, nucleoside, nucleotide, and nucleic acid metabolism
on BP and mostly distributed in the nucleus and nuclear inner
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membrane part related to CC (Figures 5B,C); as for MF, genes
were particularly enriched in transcription factor activity,
transcription regulator activity, and transporter activity, DNA
binding, and ubiquitin-specific protease activity (Figure 5D).

Construction of CeRNA Network in AAK

Based on the ceRNA theory, IncRNAs compete for the
binding of miRNA response elements (MREs) to manipulate
the activity of mRNA. Thus, we constructed a ceRNA network of
IncRNA-miRNA-mRNA using DEIncRNA, DEmiRNA and co-
DEmRNA to further elucidate the interaction among the three
and visualized with Cytoscape (Figure 6A). There were
38 ceRNA-related genes in the network, including 20 up-
regulated genes and 18 down-regulated genes excluding genes
without DEIncRNA linkages. Up-regulated LINC00342 can
down-regulate miR-204-5p. In addition, miR-5787, miR-5703,
miR-630, and miR-224-5p were upregulated and has-miR-204-
3p and has-miR-30a-5p downregulated in the network. They
may regulate those 38 genes and their regulatory network was of
interest. Finally, using the MCC algorithm in the cytoHubba
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plugin, we further obtained ten hub genes namely JUN, CXCLS,
FOS, SOCS3, EGRI1, RHOB, PLAUR, LPL, MITF, and ARG2
(Figure 6B).

Immune infiltration analysis of AAK based
on ceRNA-related genes

We further performed GO enrichment analysis on the
38 related genes obtained from the ceRNA network. We
enriched 15 biological processes with GO analysis, and we
consider the developmental process and the immune system
process to deserve further attention (Figure 7A). Combined with
the enrichment results of co-DEmRNA, which was involved in
the developmental process and immunity, we speculated that
immune infiltration may participate in the occurrence of AAK.
Thus, we calculated the ratio of 22 immune cells using the
CIBERSORTX algorithm and plotted it in Figure 7B.
Comparing the immune cells of the two groups, we found
that infiltrating fraction of activated Mast cells increased in
the AAK group while resting Mast cells decreased; the
infiltrating fraction of activated NK cells decreased in the
AAK group (Figure 7C). We then used ssGSEA to score
immune-related functions and further analyzed differences in
immune responses between the two groups. AAK scored higher
in Type II INF Response, CCR, Parainflammation, and T cell co-
stimulation, while APC co-stimulation showed the opposite
trend (Figure 7D).

Verification of hub genes and clinical
significance

Next, we seek to explore whether the ten hub genes (Figure 6B)
can be used to predict the occurrence of AAK as independent genes.
By applying logistics regression analysis between diagnosis and gene
expression (Supplementary Table S2), we drew the receiver
operating characteristic curve (ROC) of these hub genes and
calculated the area under the curve (AUC).
AUC>0.9 were considered to have satisfying predictive power,
which were MITF (AUC = 0.988); RHOB(AUC = 0.973),
JUN(AUC = 0.953), and PLAUR (AUC = 0.925), ARG2 (AUC =
0.915) (Figure 8A-E). Meanwhile, we investigated specific signaling

Genes with

pathways related to these five hub genes and explored the potential
molecular mechanism of AAK progression based on ssGSEA.
Enrichment of the top five pathways for these five genes was
shown (Figures 8F-]). Except for MITF, the top five enriched
pathways of the other four genes all contained IL-17 signaling
pathway, indicating that IL-17 signaling pathway may play an
important role in the occurrence and development of AAK. We
then analyzed the expression levels of the five hub genes. All genes
did not differ by gender. RHOB, JUN, PLAUR, and ARG2 elevated in
AAK patients, while MITF was down-regulated (Figures 9A-E).
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Notably, although there was no statistical difference in gene
expression between the mild group and the severe group, RHOB,
JUN, PLAUR, and ARG2 showed higher expression during the mild
stage, suggesting that they may become effective biomarkers for early
diagnosis (Figures 9F-J).

Discussion

A ceRNA regulatory network was constructed for AAK
patients with limbal stem cell deficiency. MiR-30a-5p, miR-
204-5p, and miR-224-5p have connections to most of the
genes in the network. Previous research revealed that miR-
204-5p,
downregulated in severely vascularized corneas (Latta et al,

an inhibitor of corneal neovascularization, was
2020). Our results demonstrated that the upregulation of
LINCO00342, which was associated with macrophage M1 (Li
et al,, 2022) can down-regulate the expression of miR-204-5p,
and subsequently up-regulate CXCL8, EFNB2, EGRI, MEIS2,
LPL, PLAUR, MDFI, TNFRSFI12A, LDLR, and RHOB genes.
There are also studies showing that miR-30a-5p can regulate
the endothelial to mesenchymal transition, which was a key link
between inflammation and vascular calcification (Ciavarella
et al, 2021). In uveal melanoma, miR-224-5p expressed lower
compared to normal tissue and was involved in the proliferation,
invasion, and migration via regulating the expression of PIK3R3
and AKT3 (Li et al., 2019). In conclusion, this network revealed
the mechanism by which differently expressed genes are
regulated at the transcriptome level.

The progression of AAK may be associated with immune cell
infiltration. Studies have shown that inflammation can modulate
limbal stem cell function and may lead to limbal stem cell
deficiency in some cases (Puangsricharern and Tseng, 1995; Li
et al, 2007). In this study, co-DEmRNA was considered to
regulate immune system process, epithelial cell proliferation,
and extracellular structure organization. The ceRNA-related
genes were also enriched in immune system process. Among
the symptoms of AAK are erosion of the corneal surface,
epithelial thinning or loss, inflammation, vascularization, and
chronic progressive opacification (Latta et al., 2021). The density
of mature dendritic cells is significantly elevated in aniridia
individuals compared to normal individuals (Lagali et al,
2020). Likewise, our immune infiltration analysis found that
activated Mast cells were elevated considerably while resting
mast cells decreased in AAK patients, and activated NK cells
decreased in patients with AAK, indicating that these two types
of immune cells may be involved in the progression of AAK. IL-
17 is a pro-inflammatory cytokine and is released predominantly
by activated Th17 cells, invariant natural killer T (NKT) cells, and
mast cells (Cua and Tato, 2010). Many eye diseases, such as
uveitis, dry eye, and keratitis, involve IL-17 (Qin et al., 2019;
Zhong et al., 2021; Wang et al.,, 2022). Of note, in addition to
down-regulated MITF, the GSEA analysis of the other four up-
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regulated hub genes and the KEGG analysis of co-DEmRNA also
enriched the IL-17 signaling pathway, which indicates that IL-17
played an important role in the pathogenesis of AAK.

MITF is a microphthalmia-associated transcription factor
and its germline mutations are associated with clinically distinct
disorders (Ma et al., 2019). A previous study showed that both
PAX6 and MITF are required for pigment epithelium
development in vivo (Bharti et al, 2012). Similarly, in AAK
patients with PAX6 mutations, we observed that MITF was also
downregulated. When used as a gene for predicting the
occurrence of AAK, its AUC also reached 0.988.

RHOB is a key regulator of multiple cellular processes and
can be rapidly induced by a variety of stimuli to regulate cell
proliferation, survival, and apoptosis. A recent study has shown
that hypoxia significantly upregulates the expression of RHOB
(Huang et al,, 2017). Concurrent studies suggested that RHOB
was genetically required for pathogenic retinal angiogenesis
(Almonte-Baldonado et al., 2019). Likewise, RHOB was also
up-regulated in AAK patients. PLAUR encodes the receptor
for urokinase plasminogen activator and could be related to
tumor growth and angiogenesis (Lakka et al., 2003). ARG2 is one
of two isoforms of arginase. ARG2 impaired endothelial
autophagy through the regulation of mTOR and PRKAA/
AMPK signaling (Xiong et al., 2014) and global deletion of
ARG2 limited I/R-induced retinal layer disruption, fundus
by
mitochondrial dynamics and function (Shosha et al, 2021).
Consistent with these studies, we observed that RHOB,
PLAUR, and ARG2 were upregulated in both mild and severe
stages, indicating the upregulation of these genes may play an

abnormalities, and albumin extravasation altering

important role in the occurrence of AAK.

Currently, AAK patients were treated symptomatically by
either eye drops (artificial tears, serum eye drops) or surgical
treatment (amniotic membrane transplantation, corneal
transplants, etc.). (Landsend et al., 2021) In a previous study,
aloe emodin inhibited colon cancer cell migration/angiogenesis
by downregulating MMP-2/9, RhoB, and VEGF (Suboj et al.,
2012). Masatoshi Hara etc. considered that an ARG2-specific
inhibitor may effectively treat kidney ischemia-reperfusion
injury (Hara et al, 2020). Hence, the five hub genes may
provide a reference for the drug development of AAK.

However, there were certain limitations in this study.
Additional in vitro and in vivo experiments, such as cell
culture and establishment of animal models are required to
further investigate the potential mechanisms underlying AAK.
The present study may provide a research basis for the diagnosis

and treatment of AAK.

Conclusion

We constructed a ceRNA network, revealed that AAK was
associated with immune infiltration, and identified hub genes
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with high confidence (AUC>0.9) that can be used for analysis
and diagnosis. We hope our results may provide a reference value
for future researchers.
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