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Keratoconus (KC) is an etiologically heterogeneous corneal ectatic disorder. To

systematically display the pathogenesis of keratoconus (KC), this study reviewed all the

reported genes involved in KC, and performed an enrichment analysis of genes identified

at the genome, transcription, and protein levels respectively. Combined analysis of

multi-level results revealed their shared genes, gene ontology (GO), and pathway terms,

to explore the possible pathogenesis of KC. After an initial search, 80 candidate genes,

2,933 transcriptional differential genes, and 947 differential proteins were collected.

The candidate genes were significantly enriched in extracellular matrix (ECM) related

terms, Wnt signaling pathway and cytokine activities. The enriched GO/pathway terms

of transcription and protein levels highlight the importance of ECM, cell adhesion, and

inflammatory once again. Combined analysis of multi-levels identified 13 genes, 43 GOs,

and 12 pathways. The pathogenic relationships among these overlapping factors maybe

as follows. The gene mutations/variants caused insufficient protein dosage or abnormal

function, together with environmental stimulation, leading to the related functions and

pathways changes in the corneal cells. These included response to the glucocorticoid

and reactive oxygen species; regulation of various signaling (P13K-AKT, MAPK and

NF-kappaB), apoptosis and aging; upregulation of cytokines and collagen-related

enzymes; and downregulation of collagen and other ECM-related proteins. These

undoubtedly lead to a reduction of extracellular components and induction of cell

apoptosis, resulting in the loosening and thinning of corneal tissue structure. This study,

in addition to providing information about the genes involved, also provides an integrated

insight into the gene-based etiology and pathogenesis of KC.

Keywords: keratoconus, candidate genes, multi-level combined analysis, gene enrichment, pathogenesis

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.770138
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.770138&domain=pdf&date_stamp=2022-01-24
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:haoxiaodan1987@163.com
mailto:wangk696@qdu.edu.cn
mailto:peifli@qdu.edu.cn
https://doi.org/10.3389/fmed.2021.770138
https://www.frontiersin.org/articles/10.3389/fmed.2021.770138/full










Hao et al. Multi-Level KC Related Gene Enrichment

FIGURE 3 | Enriched GO terms and KEGG pathways based on 947 differential genes at the protein level. (A) The classification of the 947 differential proteins

according to the number and results of related studies. (B) Top 10 enriched terms of each GO category at the protein level. The three colors represent biological

process (blue), cell component (green), and molecular function (yellow), respectively. (C) Top ten enriched KEGG pathways at the protein level.

The top 10 significant enriched molecular function terms were
associated various bindings (cadherin, RNA, protein, identical
protein, protease and enzyme bindings), endopeptidase activity,
protein homodimerization activity and electron carrier activity
(Figure 3B). These results once again highlight the importance of
collagen and ECM in the pathogenicity of KC at the protein level.
Except for ECM and its related GO terms, the results showed
that proteolysis, cell-cell adhesion, focal adhesion, protein
binding, and endopeptidase may be involved in the process
of KC (Figure 3B). The top five significant enriched KEGG
pathways were Amoebiasis, Carbon metabolism, ECM-receptor
interaction, Biosynthesis of antibiotics and Biosynthesis of amino
acids (Figure 3C). These results provided further evidence of the

important role of ECM pathways in the pathogenicity of KC at
the protein level.

Combined Analysis of Multi-Levels
To further identify the putative pathogenicity of gene variants
and detect the KC-related gene function and pathway changes, we
conducted a combined analysis of DNA, RNA, and protein level
results. First, we analyzed the genes shared between the different
levels. The results showed that there were 13 overlapping genes
between all three levels (Figure 4A,Table 1). They wereCOL4A3,
COL6A2, MMP9, TIMP1, LOX, TGFBI, TNF, IL1A, IL1RN,
SOD1, CAT, VSX1 and TF. All the genes except TGFBI and
SOD1 were reported to have KC-susceptibility SNPs. Potential
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FIGURE 4 | Overlapping genes, GO terms, and KEGG pathways between multi-levels. (A) Overlapping genes; (B) Overlapping GO terms; (C) Overlapping KEGG

pathways.

pathogenic mutations of seven overlapping genes (LOX, IL1RN,
COL4A3, VSX1, TGFBI, SOD1 and COL6A2) were identified
in KC patients. In addition, LOX and IL1RN were located in
the susceptible loci detected by linkage analysis. Five of the 13
genes (LOX, IL1RN, VSX1, COL4A3, and TGFBI) were identified
by multiple types of analysis at the DNA level. Three of the
13 genes (LOX, TIMP1, and TNF) were verified in multiple
studies with consistent expression changes at the transcription
level. Five of the 13 proteins (LOX, IL1RN, COL6A2, MMP9,
and TNF) were verified in multiple studies with consistent
changes at the protein level. These results suggested that these
overlapping genes might be key genes of KC and might play an
important role in the pathogenesis of KC. As the results show
(Table 1), five genes (TNF, MMP9, IL1A, CAT, and VSX1) had
significant upregulation, and six genes (TIMP1, COL6A2, SOD1,
TGFBI, COL4A3, and LOX) had significant downregulation in

KC at both the transcription and protein levels. The coincident
changes of these genes also indicated the decrease of collagen
(COL4A3 and COL6A2), metallopeptidase inhibitor (TIMP1),
lysyl oxidase (LOX), superoxide dismutase (SOD1), and the
increase ofmetallopeptidase (MMP9), antioxidant enzyme (CAT)
and inflammatory cytokines (TNF and IL1A). These results
highlight the importance of these changes in the pathogenicity
of KC.

Combined analysis of different levels’ enrichment revealed
their shared significant GOs and pathways, allowing the
researchers to explore the possible pathogenesis of KC. The
overlapping significant GOs between all three levels, including 24
biological process, 13 cell component, and six molecular function
terms, are shown in Figure 4B. The shared biological process
terms can divided into four groups, including various response-
related GOs (response to drug, glucocorticoid, hydrogen
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TABLE 1 | Overlapping genes between multi-levels.

Genes Analysis techniques of DNA level Changes of RNA

level (N)

Changes of

protein level (N)

LOX Linkage analysis; candidate gene mutation analysis;

GWAS; candidate gene association studies

down (4) down (4)

IL1RN Linkage analysis; candidate gene association studies down (1) up (2)

COL4A3 Candidate gene mutation analysis; NGS; GWAS;

candidate gene association studies

down (2)/up (1) down (1)

VSX1 Candidate gene mutation analysis; NGS; candidate

gene association studies

up (1) up (1)

TGFBI Candidate gene mutation analysis; NGS down (1) down (2)/up (1)

SOD1 Candidate gene mutation analysis down (1) down (1)/up (2)

COL6A2 NGS down (1)/up (1) down (3)

CAT Candidate gene association studies up (1) up (1)

IL1A Candidate gene association studies down (3)/up (1) up (1)

MMP9 Candidate gene association studies down (1)/up (3) up (2)

TF Candidate gene association studies down (1)/up (1) down (1)/up (3)

TIMP1 Candidate gene association studies down (5) down (1)/up (1)

TNF Candidate gene association studies up (3) up (3)

GWAS, Genome-Wide Association Studies; NGS, Next-Generation Sequencing; N, the number of studies.

The genes with consistent changes in transcription and protein levels are bold.

peroxide, reactive oxygen species, and hypoxia), apoptosis-
related GOs (activation of cysteine-type endopeptidase activity
involved in apoptotic process, negative regulation of apoptotic
process, and extrinsic apoptotic signaling pathway via death
domain receptors), ECM-related GOs (ECM organization,
collagen catabolic process, and collagen fibril organization) and
activation and positive regulation of various signaling (MAPK
activity, NF-kappaB activity, and I-kappaB kinase/NF-kappaB
signaling). For the cell components, most of the overlapping
GOs were ECM related (including basement membrane, ECM,
proteinaceous ECM, collagen type IV trimer, and collagen
trimer), extracellular related (extracellular region, extracellular
space and extracellular exosome) and pinocytosis related (caveola
and cytoplasmic vesicle). For the molecular functions, the
overlapping GOs were ECM related (ECM structural constituent
and collagen binding), and various binding-related GOs (protein,
identical protein, protease and chromatin DNA binding).
The combined analysis of the KEGG pathway showed that
Protein digestion and absorption, Focal adhesion, ECM-receptor
interaction, PI3K-Akt signaling pathway, apoptosis, and various
diseases related pathways (including cancer, Prion diseases,
Malaria, Amoebiasis and Chagas disease) were significantly
enriched at DNA, RNA, and protein levels (Figure 4C). Most
GO and pathway enrichments shared at DNA, RNA, and protein
levels were related to collagen, ECM, extracellular, various
responses and apoptosis, suggesting that these GO and pathway
changes might have been etiological—serving as mechanisms
of KC.

DISCUSSION

KC is an etiologically heterogeneous corneal ectatic disorder,
and both environmental and genetic factors play a role in

its etiopathogenesis (194). Based on results from studies
that have investigated the genetic etiology, expression, and
translation changes in the process of development, it is becoming
increasingly clear that KC is a complex disease with a complex
etiology or convergence of multiple disease pathways. However,
the common pathogenesis underlying the different etiologies
remains unclear. In this study, we reviewed all the studies of KC-
related genes identified at the genome, transcription, and protein
levels. Through multi-level related gene enrichment-based
review, we systematically explored the schematic representing
factors responsible for KC at different levels. The results of this
study, in addition to providing information about the genes
involved in the disease, clearly provide an integrated insight into
the gene-based etiology and pathogenesis of KC.

Genetic changes play an important role in the
etiopathogenesis of KC (2, 6, 7, 194). Many forms of gene
variation, such as inheritance gene mutation, de novo mutation,
and polymorphism, have been reported to be involved in
the etiology of KC (7–90). More than half of the genes
were reported in one type of study or in single studies. A
few genes, encoded chains of collagens (COL5A1, COL4A3,
and COL4A4) (57, 59, 61, 67, 72, 76, 78, 84, 87, 88, 90),
collagen cross-linking enzyme (LOX) (18, 30, 90), factor for
the synthesis or organization of collagen fibers (ZNF469)
(27, 32, 34, 46, 47, 62, 65), and others (MIR184 and VSX1)
(6, 7, 16, 19, 24, 40, 56, 82, 85) were identified in different types
of studies, such as pathogenic mutation analysis, polymorphism
association analysis, and family-based linkage analysis. However,
the occurrence rate of these gene mutations in the population
was relatively low, and in many populations, it could not even
be verified (25, 195–202), which suggested that KC is genetically
heterogeneous. Among the reported KC associated genetic
changes, there were 11 genes responsible for apoptosis related
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process (FAS, FASLG, TNF, BIRC2, SMAD3, WNT5A, CAT,
TIMP1, MMP9, FOXO1, and COL4A3), 14 reported corneal
biomechanics loci (MPDZ, COL6A2, MYOF, LOX, ZNF469,
SMAD3, NFIB, FNDC3B, COL5A1, WNT10A, TGFBI, SLC4A11,
FOXO1 and COL4A3) (203), and five genes responsible for
inflammatory processes (IL1A, IL1B, FAS, TNF and IL17B).
Genetic changes in these genes might lead to the changes
in related functions and pathways in the corneal cells, then
lead to induction of apoptosis, inflammatory and altered
biomechanics of cornea, which have been reported involved in
the etiopathogenesis of KC (204–206), and lead to the occurrence
of KC. The top candidate gene based enrichment, including
ECM and their related pathways (76, 90), Wnt signaling pathway
(60), and cytokine activities (204), have been reported involved
in the etiopathogenesis of KC. The role of negative regulation
of fat cell differentiation in the etiopathogenesis of KC has not
been reported, but body mass index was reported associated with
keratoconus before (207). So, more studies are needed on the
relationship between this functional change in order to clarify its
relationship and mechanism of action in KC.

Differences between the expression of genes in normal and
KC corneas suggested disease pathways. The top 13 verified
differentially expressed genes at RNA level indicated a decrease
of growth factor, transcription factor, superoxide dismutase, and
metalloproteinase inhibitor, which highlights the importance of
these changes in the pathogenicity of KC. The top differentially
expressed genes based enrichment were similar to the GOs at
the genomic level, mainly including ECM and its related GO
terms, response to inflammatory and various bindings. These
results represent further confirmation of the importance of
collagen (61, 67, 75, 78, 84, 87, 88, 113, 117, 125, 163–165),
ECM (76, 90, 97, 158), cell adhesion (72, 97), and inflammatory
(49, 101, 124, 128, 139, 204) in the pathogenicity of KC. In
addition, cell proliferation, angiogenesis, and response to drug
have not been reported before, which may be involved in the
process of KC, and should be investigated further. For reported
differentially expressed proteins, the genes with upregulation or
downregulation in at least four studies highlight the importance
of transcription factor (98, 106, 112, 128, 145, 160), lysyl
oxidase (18, 30, 81, 125, 150, 151), small heat shock protein
(156, 188, 193), vimentins (126, 156, 188, 193), thiosulfate
sulfurtransferase and ATPase (188) in KC corneas. Gene-based
enrichment analysis showed that the differentially expressed
proteins were significantly enriched in ECM and its related GO
terms, proteolysis, and various bindings. These results once again
highlight the importance of these GO terms in the pathogenicity
of KC at the protein level.

Different approaches have been used to investigate and define
the phenotype, mechanisms, and causes of KC. Thousands of
genes were identified at genomic, transcription, and protein
levels. Observations of corneal changes that occur in KC often
do not distinguish between primary changes and secondary
inflammatory or degenerative effects. Although research has
identified many differences that distinguish KC corneas from
normal corneas, it has not been possible to trace these changes
back to primary causes or to identify the triggers that precipitate
the cascade of events that leads to the clinical picture of KC. The

results at different levels were clearly similar. In order to explore
the key points, combined analysis of multi-levels was performed.
Integrated genomics, transcription, and protein data can be
leveraged to systematically analyze multiple consecutive events
occurring in diseases. According to the changes in candidate
factors at different levels, the candidate pathogenic factors can
be thoroughly explored and the target of pathogenicity can be
identified. The consistent changes in these factors at different
levels suggested that these factors play an important role in
the pathogenesis of KC. The DNA, RNA, and protein changes
represented the cause and process changes of KC, respectively.

Based on the results of multi-level combined analysis, we
hypothesized that the pathogenic relationships among these
related factors is as follows. The etiology of KC can be divided
into environmental and genetic factors. The environmental
factors may include endogenous and exogenous factors, such as
glucocorticoid, hydrogen peroxide, and reactive oxygen species
(ROS) (120). The gene mutations or variants involved in collagen
(57, 61, 64, 67, 75, 76, 78, 88), metallopeptidase inhibitor (75, 81,
109, 157), lysyl oxidase (18, 30, 81, 90), metallopeptidase (64),
antioxidant enzyme (16, 25, 81, 199), inflammatory cytokines
(11, 45, 83, 201), and others cause insufficient protein dosage
or abnormal function. These genetic changes, together with
the aforementioned stimulation, lead to the changes in related
functions and pathways in the corneal cells. The related functions
include the response to the stimulation of hormones and reactive
oxygen species (96, 106, 120, 121, 189), activation and positive
regulation of various signaling (MAPK activity, NF-kappaB
activity, and I-kappaB kinase/NF-kappaB signaling) (123, 128),
upregulation of cytokines and collagen-related enzymes (49,
101, 122, 124, 147, 174, 187), and downregulation of collagen,
collagen-crossing, and other ECM-related proteins (97, 103, 117,
163, 164), and regulation of apoptosis (36, 175, 186). These
undoubtedly lead to the reduction of extracellular components
and the induction of apoptosis and aging. The change in
extracellular structure, decrease of extracellular composition, and
apoptosis of corneal cells all lead to the loosening and thinning of
corneal tissue structure, which leads to the occurrence of KC.

In addition to the different levels and combined analysis
results of this paper, our hypothesis was supported by many
other studies of molecular mechanisms and cell events of KC.
A few hormones and substances have been reported to be
associated with KC (208–214). However, the relationship between
glucocorticoid and KC has not been studied before, and should be
investigated further. Chronic inflammatory events were detected
in the tears of KC patients (215–217). A significant increase in
the apoptosis of KC cells has been reported in several studies
(186, 218, 219). Moreover, a decrease of dulfated epitopes of
keratan sulfate KC corneas was also reported (220). The electron
microscope results of KC showed that the content of the stroma
increases, whereas the fibril diameter is reduced, the mean
diameter and interfibrillar spacing of collagen fibrils are reduced,
and the collagen fibrils and proteoglycans number density and
area fractions are significantly increased (138).

Our study has some limitations. All the results were obtained
through multi-level related gene enrichment-based analysis.
More studies are needed on the relationship between these
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functional changes in order to clarify their relationship and
mechanism of action, which could provide a new direction
for the treatment of KC. For the expression studies collected
in this study, there were several different corneal tissue types.
Most of the studies used the corneal tissue, and a few studies
used the corneal epithelia, corneal stroma or primary stromal
fibroblast (see Supplementary Tables S1–S3). In this analysis-
based study, because of the limited space, instead of categorizing
different genes detected in different tissues, we just conducted
a unified analysis in different levels. Analysis that is more
detailed needs to be carried out in the future to find the role
of different corneal cells in KC pathogenesis. Furthermore, the
interaction between genetic factors and environmental factors
in the pathogenesis of KC has not been effectively solved,
and further research is needed. Epigenetic mechanisms might
help explain environmental contributions to the pathogenesis
of KC (221). There are few studies on the relationship between
epigenetic changes and KC (60). Recently, certain epigenetic
changes, such as circle RNA, have been confirmed to play an
important role in other diseases having overlapped pathogenesis
pathway with KC (222–225), suggesting its potential role in KC
pathogenesis. Study the role of these epigenetic changes might be
a new research direction of KC in future.

Conclusions
Keratoconus is an etiologically heterogeneous corneal ectatic
disorder, and both environmental and genetic factors play a
role in its etiopathogenesis. Based on results from studies
that have investigated the genetic etiology, expression, and
translation changes in the process of development, it is
becoming increasingly clear that KC is a complex disease with a
complex etiology or convergence of multiple disease pathways.
The common pathogenesis underlying the different etiologies
remains unclear. In this study, we reviewed all the studies of KC-
related genes identified at the genome, transcription, and protein
levels. Through multi-level related gene enrichment-based
review, we systematically explored the schematic representing
factors responsible for KC at different levels. The results of this
study, in addition to providing information about the genes
involved in the disease, clearly provide an integrated insight into
the gene-based etiology and pathogenesis of KC. Base on the
results, we hypothesized that the pathogenic relationships among
these related factors is as follows. The gene mutations/variants
caused insufficient protein dosage or abnormal function, together
with environmental stimulation, leading to the changes in the
related functions and pathways in the corneal cells. These
included response to the glucocorticoid and reactive oxygen
species; regulation of various signaling (P13K-AKT, MAPK and
NF-kappaB), apoptosis and aging; upregulation of cytokines

and collagen-related enzymes; and downregulation of collagen
and other ECM-related proteins. These undoubtedly lead to
a reduction of extracellular components and induction of cell
apoptosis, resulting in the loosening and thinning of corneal
tissue structure. This hypothesis was supported by many other
studies of molecular mechanisms and cell events of KC. More
studies are needed on the relationship between these functional
changes in order to clarify their relationship and mechanism of
action, which could provide a new direction for the treatment
of KC.
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