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Abstract—Keratoconus (KC) is the most common form of keratoectasia characterized by changes in corneal
topography and its thinning, stretching, and protrusion. The hereditary or genetic theory of keratoconus
development is widely recognized. To date, a large number of candidate genes have been investigated in
patients with KC. One of the most important of them are the gene encoding a homeodomain-containing pro-
tein that belongs to the subfamily of paired-like homeodomain proteins (VSXI), superoxidedismutase 1
(SOD1) gene, and the gene of lysyloxidase (LOX). The linkage analysis reveals over 17 chromosomal regions
mutations in which can lead to the development of KC. In families with a hereditary form of keratoconus by
GWAS analysis, the association of central corneal thickness (CCT) with a number of genetic loci is revealed.
Thus, diverse results of genetic studies and a large number of identified chromosomal regions associated with
keratoconus, firstly, show marked genetic heterogeneity of the disease and, secondly, are associated with
challenges in DNA diagnosis of this disease. However, there are prerequisites that keratoconus belongs to
both hereditary and genetically caused diseases and identified genetic variants are specific both to individual

populations and to certain ethnic groups in general.
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INTRODUCTION

Keratoconus (KC) is the most common form of
keratectasia characterized by changes in corneal
topography and its thinning, stretching, and protru-
sion. The stroma of the cornea is represented by differ-
ent types of collagen fibers, keratocytes, and glycopro-
tein matrix. Quantitative and qualitative changes in
collagen fibrils lead to their reorganization and change
in the biomechanical properties of the cornea. Kerato-
conus is bilateral, manifesting itself in the second and
third decades of life, and leads to a significant reduc-
tion in vision. Today the hereditary or genetic theory
of the disease is generally recognized. The familial
cases of keratoconus, its frequent combination with a
number of hereditary diseases and syndromes, and the
peculiarities of keratoconus in monozygotic and dizy-
gotic twins serve as irrefutable proof of it [1—6].

The frequency of keratoconus varies consider-
ably—from 0.3 per 100000 population in Russia up to
2300 per 100000 in Central India (0.0003—2.3%).
Hereditary forms occur in 5—-23.5% of cases [7—11].
For example, studies in the northeastern region of Iran
(Mashhad) and in Lebanon (Beirut) showed that the

genetic etiology of keratoconus was confirmed in 11.4
and 12.1% of families, respectively [12, 13]. According
to a multicenter prospective study CLERK (United
States, 1998), familial keratoconus occurs in 13.5% of
cases [14]. Published in 2005, data from population
studies conducted in Saudi Arabia showed that hered-
itary forms of Keratectasia occurred in 16% of cases
[15]. Among the population of Israel and New Zea-
land, this figure was much higher and amounted to
21.74 and 23.5%, respectively [16, 17].

GENETIC DIVERSITY OF KERATOCONUS
HEREDITARY FORMS

To date, a large number of candidate genes in
patients with KC have been investigated. One of the
most important of them are the gene encoding a
homeodomain-containing protein that belongs to the
subfamily of paired-like homeodomain proteins asso-
ciated with the development of eyes and craniofacial
region (VSXI1) and the superoxide dismutase 1 gene
(SOD1I).
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The total length of the VSXI gene, containing five
exons, is about 10.65 kb [18]. It was mapped in 2000
within the short arm of chromosome 20 (20p11.2) [19,
20]. The VSXI gene encodes a homeodomain-con-
taining protein, visual system homeobox 1 (VSXI1),
consisting of 365 amino acids, and it includes a
paired-like domain. The VSXI protein is involved in
the processes of formation and development of the
eyeball structures and craniofacial region. Its intense
expression was detected in embryonic cells, retinal
cells, and keratinocytes. The structure of the human
VSXI1 protein is 55% identical to the same protein of
zebrafish fish and 35% identical to mouse protein
[19-23].

Heon et al. [21] reported the presence of a hetero-
geneous missense mutation in the VSX/ gene in a
patient with a sporadic form of keratoconus, leading to
an arginine to tryptophan substitution at position 166
(p.R166W). Using the method of shift of electropho-
retic activity of protein fragments, the reduction in the
DNA-binding activity of the mutant protein was
shown. In addition, missense mutation in the VSX/
gene leading to glycine to asparagine substitution at
position 160 (p.G160D) in the CVC domain of the
protein was found in four siblings with the developed
form of posterior polymorphous corneal dystrophy
(PPCD). In one member of the family with advanced
PPCD together with the p.G160D mutation, the mis-
sense mutation leading to the substitution of proline to
arginine at position 247 (p.P247R) in the CVC domain
of VSX1 was also present. These mutations were
absent from 200 healthy individuals without keratoco-
nus in the control group [21]. Later, in 2005, the
results of Bisceglia et al. were published [24], which
confirmed the presence of a heterogeneous p.G160D
missense mutation in an Italian family with keratoco-
nus without concomitant PPCD. The transition
(¢.323T > C) in the first exon of the VSX1 gene leading
to the substitution of leucine to proline in the seven-
teenth position of VSX1 protein (p.L17P) was detected
in three families with keratoconus. This mutation,
along with the previously detected ones (p.D144E,
p.G160D, and p.P247R), occurred in 8.7% of cases
and was completely absent from the control group.
The authors hypothesized that mutations in the VSX/
gene play an important role in the development of
autosomal dominant forms of keratoconus [24]. Dash
et al. found a missense mutation leading to an amino
acid substitution (p.G160D) in patients with a spo-
radic form of keratoconus, which was also absent from
100 individuals from the control group. In a study of
222 patients with keratoconus from Italy, the nucleo-
tide substitution ¢.715G > C leading to the substitution
of arginine to glycine at position 239 (p.G239R) in the
CVC domain of VSXI protein was found [25]. Possi-
bly, this mutation leads to a change in the secondary or
tertiary protein structure. In 4.1% of cases, missense
mutations leading to amino acid substitutions were
found: p.L17P, p.D144E, and p.P247R. However,
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according to Y.G. Tang et al. [26], VSXI1 protein
expression abnormality is the cause of the disease only
in some populations; to determine the role of muta-
tions in the development of keratoconus, further
research is required.

Many studies have shown the role of oxidative
stress in the development of keratoconus [27—35]. The
cornea is exposed to various light spectra, including
ultraviolet. Ultraviolet light is a triggering factor in the
development of oxidative stress, which induces the
release of free radicals. However, a number of enzymes
with antioxidative activity are present in a healthy cor-
nea, in particular, superoxide dismutase, glutathione
reductase, and glutathione peroxidase, preventing the
destruction of the membrane and mitochondria of
keratocytes by free radicals. The SOD1I gene, consist-
ing of five exons, encodes a large group of antioxidant
enzymes. These antioxidants in normal conditions
support the permanent concentration of superoxide
radicals at a certain level, thereby protecting the cell
structures from the damaging effects of oxygen radi-
cals themselves and from occurrence of hydroxyl radi-
cals, which may be formed from oxygen and hydroxide
[36]. Over 50 mutations are described in all exons of
the SOD1 gene (they are mainly represented by point
mutations and less commonly by insertions and dele-
tions) [37—39] and associated with the development of
amyotrophic lateral sclerosis. Some of the mutations
are described in only some families; others are major
in certain populations. However, there is no informa-
tion about the combination of this pathology with KC.
Frequent combination of Down syndrome and KC has
been described by many authors [40, 41]. Approxi-
mately 15% of Caucasoid patients with Down syn-
drome suffer from KC [42]. The intensification of pro-
cesses of oxidative damage and the increase in the
concentration of superoxide radicals occur in Down
syndrome.

A series of papers was devoted to the search for
mutations in the SODI gene in patients with KC [43—
47]. Udar et al. [46] in 2006 conducted an analysis of
the exon—intron structure of the SODI gene in 15
unrelated patients with familial keratoconus. The
splice site mutation in the second intron was found in
three patients with KC. This mutation was absent in
156 individuals of the control group. Later, in 2011,
Bonis et al. [44] published data of a genetic study of a
population of patients from Italy and confirmed the
presence of IVS2 +50del7 deletion in the second
intron of the SODI gene in two patients with the spo-
radic form of the disease. The mutation was absent in
200 individuals of the control group. However, in the
study of a population of patients with KC from Slove-
nia, the aforementioned mutation was absent in both
patients and control individuals [43]. Similar results
were obtained by Samira Sae-Rad et al. [48] in a pop-
ulation of Iranian patients, where three previously
undescribed SNP variants (g.4886G > A, £.4990C >
G, and g.9061T > A) in the SODI gene were
Vol. 53
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described. The Iranian researchers demonstrated that
the expression of the SODI gene in the cornea of
patients with KC was slightly lower than in the cornea
of healthy individuals, but the difference was not sta-
tistically significant [49]. But when looking for the
IVS2 +50del7 deletion in individuals from Greece in
patients with KC, the heterozygous variant of this
mutation was observed more frequently than in
healthy individuals (P = 0.002). The homozygous
mutation was not detected in any of the studied groups
[50]. Also among patients from Saudi Arabia, the IVS2
+50del7 mutation in the SODI gene was not detected
in any of the examined individuals [51].

Another candidate gene involved in the pathogen-
esis of KC is the LOX gene. Lysyl oxidase (LOX) is the
extracellular Cu-dependent enzyme that catalyzes the
removal of NH, groups of lysine and oxylysine resi-
dues in nonspiral NH,- and COOH-terminal regions
and simultaneously oxidizes €-carbon in CHO (alde-
hyde). This produces d-semialdehyde of o.-aminoad-
ipic acid (allizin) and 8-tolualdehyde of §-oxy-ci-ami-
noadipic acid, respectively. The cross-links make only
the d-semialdehyde of oi-aminoadipic acid and d-semi-
aldehyde of §-oxy-o-aminoadipic acid [52]. The
enzyme specifically deaminates the lysine residues of
polypeptide chain, showing no activity in relation to
free lysine and being inhibited by B-aminopropioni-
trile. In fibroblast cell culture in vitro, the cross-links
in collagen monomers do not occur if B-aminopropi-
onitrile is added to the medium or the medium is cop-
per poor. Hamalainen et al. [53] mapped the gene
encoding LOX on chromosome 5 at 5q23.3-q31.2.
LOX protein deficiency is detected in the following
diseases: Ehlers-Danlos syndrome type IX (OMIM
304150) and type V (OMIM 305200) and Menkes dis-
ease (OMIM 309400). Recently, the role of the LOX
gene in suppression of carcinogenesis, in the aging
process of cells, and in chemotaxis [54, 55] was
demonstrated, and also its association with athero-
sclerosis, dissecting aortic aneurysm, with the devel-
opment of hypertrophic scars, and with proliferatinoy
retinopathy was revealed [56, 57].

Currently, the role of the LOX gene in the develop-
ment of keratoconus is actively being investigated. For
the first time, the immunohistochemical studies of
lysyl oxidase were performed by Nielson et al. [58] in
2003, according to which in patients with keratoconus
the gene expression was increased in the diseased cor-
nea. However, Dudakova et al. obtained controversial
results, confirmed in subsequent studies: in a group of
patients with keratoconus, LOX gene expression was
decreased [59] and the expression level was inversely
related to the stage of keratoconus. Rohit Shetty et al.,
besides LOX, also examined the expression of the COL
IAI (type I collagen), COL IVAI (type IV collagen),
MM P9 (metalloproteinase 9), and /L6 (interleukin 6)
genes in the epithelial substrate obtained from cornea
of patients with keratoconus [60]. The immunocyto-
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chemical analysis revealed the increased MMP9 and
IL6 activity together with the reduced level of lysyl oxi-
dase in epithelial cells and type IV collagen in the
basement membrane of epithelium.

As a result of the search for LOX gene mutations in
an Italian population, two polymorphic variants were
identified—rs41407546 (c.476C > A, p.P159Q) and
rs1800449  (¢.473G > A, RI158Q). The
rs41407546*A*C (c.476C > A, p.P159Q) genotype was
detected in five patients with the sporadic form of ker-
atoconus. The rs41407546*G*A (c.473G > A, R158Q)
genotype was identified in 78 patients; the frequency
of G allele (0.844) and A allele (0.155) was comparable
with the distribution of allele frequencies of the Hap-
Map project [61]. Studies in patients with the sporadic
form of keratoconus from a Czech population revealed
the presence of a polymorphic variant rs2956540
(c.1035 + 528C > G, n.312-1830G > C, and
g.122073485G > C), whose allele turned out to be
associated with the sporadic form of KC [62].

By linkage analysis, more than 17 chromosomal
regions were determined in which mutations can lead
to the development of KC (table), confirming the
genetic heterogeneity of this disease [63].

According to three independent studies, only some
genomic regions were further obtained, in particular,
chromosomal region 5g21.2 [26, 62]. Recently, the
role of this region was confirmed by linkage analysis
(high density SNPs). Similar results of the three stud-
ies may indicate the possible presence of a common
locus in chromosome 5, which plays a role in the KC
pathogenesis [74].

The screening for mutations in KC candidate
genes, located at 16g22.3-g23.1 (OMIM 608932),
3pl4-ql13 (OMIM 608586), 13q32, 2p24 (OMIM
609271), 5ql14.3-q21.1, 15q23-24, 20ql2, 20pll.2
(VS8X1), and 21q22 (SOD1), was carried out in 18 fam-
ilies of patients from Ecuador with autosomal domi-
nant KC form. The previously identified 13932 region
was interpreted as linked with this disease [68]. Czu-
gala et al. [75] conducted a search for possible muta-
tions in candidate genes in the 13q32 region: MBNL 1,
IPOS5, FARPI, RNF113B, STK24, DOCKY, ZICS5, and
ZIC2. The researchers identified a mutation ¢.2262A >
C (p. GIn754His) in the DOCK?9 gene (dedicator of
cytokinesis 9) only in patients with KC. The mutation
was absent in the control group of healthy individuals.
This gene encodes a member of a family of proteins
involved in cytokinesis (DOCK) of atypical factors of
guanine nucleotides metabolism. The factors of
metabolism of guanine nucleotides interact with small
GTPases and the components of intracellular signal-
ing networks. This protein from the group of C DOCK
proteins plays a role in reorganization of the actin
cytoskeleton by activating Rho GTPases Cdc42 and
Racl, actively expressed in the cornea [68, 76]. To
determine the functional significance of the mutation
identified by Czugala et al. [75], the influence of it on

2017



522 BIKBOV et al.

Genetic loci associated with keratoconus

Region of residence of patients

Reference

Region Inheritance
1p36.23-36.21 Autosomal dominant Australia
2p24 -
3pl4-ql3 Autosomal dominant Italy
5q14.3-q21.1 Autosomal dominant Italy (south)
5g23.2 — Spain
5932-q33 — Italy
8ql13.1-q21.11 Autosomal dominant Australia
9q34 — Spain
13932 Autosomal dominant Ecuador
14q11.2 — Italy (south)
14q11.2 — Spain
14924.3 —
15g2.32 — Italy (south)
15922.33-24.2 Autosomal dominant Ireland
16g22.3-q23.1 Autosomal dominant Finland
17q13 Autosomal recessive Pakistan
20q12 Autosomal dominant Australia

European, Arab, and African families

Europe, Asia, and Africa

K.P. Burdon et al., 2008 [64]
H. Hutchings et al., 2005 [65]
F. Brancati et al., 2004 [66]

L. Bisceglia et al., 2009 [61]
Y.G. Tang et al., 2005 [26]

X. Liet al., 2006 [67]

L. Bisceglia et al., 2009 [61]
K.P. Burdon et al., 2008 [64]
X. Lietal., 2006 [67]

M. Gajecka et al., 2009 [68]
L. Bisceglia et al., 2009 [61]
X. Lietal., 2006 [67]

P. Liskova et al., 2010 [69]

L. Bisceglia et al., 2009 [61]
A.E. Hughes et al., 2003 [70]
H. Tyynismaa et al., 2002 [71]
A. Hameed et al., 2000 [72]
J. Fullerton et al., 2002 [73]

the splicing process in vitro was investigated. It was
found that the ¢.2262A > C variant in the twentieth
exon of dedicator of cytokinesis 9 gene led to the dis-
ruption of splicing and formation of two protein iso-
forms. Changing the balance between these isoforms,
with a predominance of a defective form, may lead to
functional impairment of the domain of DOCK pro-
teins as activators of Cdc42 and development of KC.

ROLE OF MiRNAs IN THE ETIOLOGY
OF KERATOCONUS

Mutation r.57c¢ > u was identified in the miR-184
gene. MiRNAs are short (19—25 nucleotides) noncod-
ing, regulatory RNAs that are involved in the suppres-
sion of gene activity, complementarily binding to
3'-UTR of mRNA of target genes according to the
principle of complete or partial complementarity; they
regulate gene expression post-transcriptionally and
induce degradation of mRNA inhibition of translation
[77]. This mechanism allows miRNAs to be involved
in the regulation of many cellular processes, including
growth, differentiation, apoptosis, proliferation, stress
response, metabolism, and insulin secretion [78]. The
family of miRNA genes occupies a little over 1% of the
human genome, but regulates the expression of almost
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a third of all genes at the post-transcriptional level, at
the same time being the most conservative in
sequences and mechanisms of expression. The key
role of miRNAs in the imbalance of proliferation, dif-
ferentiation, and programmed cell death during the
development of various diseases, including cancer, has
been revealed. Significant tissue specificity of expres-
sion of miRNAs leads to probably the variability of the
protein profile in various organs and systems. The
miR-184 gene (encoding MIR184 [MIM 613146]) is
expressed in the basal membrane of the epithelium of
the cornea and the lens and is involved in the regula-
tion of protein level in these tissues. One of the func-
tions of MIR 184 is competitive inhibition of MIR-205
binding to mRNA of inositol polyphosphate phospha-
tase-like 1 gene INPPL 1 (MIM 600829). Thus, INPPL1
expression increases indirectly, which maintains the
level of the phosphorylated AKT (RAC-alpha ser-
ine/threonine-protein kinase, protein kinase B alpha)
and BAD (BCL-2-associated death promoter). The
latter, in turn, participate in the regulation of apoptosis of
corneal cells [79]. Hughes et al. [80] found the r.57¢ > T
transition in the MIR- 184 gene in patients with famil-
ial keratoconus and early-onset anterior polar cataract
from Northern Ireland. The authors conducted a
search for possible mutations in more than 20 candi-
Vol. 53
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date genes in the 15g22-g25 region 5 Mb in size [70],
and the mutation was found only in the MIR184 gene.
Subsequently, Lechner et al. [81] identified two substitu-
tion-type mutations in MIR184 (+3A > G and +8C > A)
in two patients with sporadic forms of keratoconus.
Similar results were obtained by Y. Bykhovskaya et al.
[74] during the examination of familial cases of keratoco-
nus. However, no mutations in this gene were found
among 134 patients with keratoconus but without con-
comitant ocular pathology in Saudi Arabia [82].

GENOME-WIDE ASSOCIATION
IN KERATOCONUS RESEARCH

The method of genome-wide association study
(GWAS) to date is widely used in ophthalmic genetics
and provides information about the genetic relation-
ship of symptoms and diseases. In families with a
hereditary form of keratoconus, GWAS revealed asso-
ciation of central corneal thickness (CCT) with a
number of genetic loci—ZNF469, COL5A1, RXRA-
COL5A1, COLSA2, AKAPI3, AVGRS, FOXOI,
FNDC3B, TJPI, NR3C2, LRRKI, FDF9-SGCG,
LCNI12-PTGDS, ADAMTS6, CHSYI, HS3ST3BI-
PMP22, GLTSD2, SMAD3, VKORCILI, COL4A3,
FAM46A-IBTK, LPARI, ARID5B, TBLIXRI-
KCNMB2, ARHGAP20-POU2AF1, C70ORF42, MPDZ-
NFIB, USP37, GPR15, and TIPARP |83—86]. Several
genetic loci and regions associated with the CCT of
the region, including FOXOI and FNDC3B, are risk
factors for the development of keratoconus, which
indicates the role of collagen and extracellular matrix
in the pathogenesis of the disease [85]. Currently, the
results from two GWAS are available, according to
which missense mutations in the ZNF469 gene were
identified in 12.5 and 23.3% of patients with sporadic
forms of keratoconus in the United Kingdom and New
Zealand, which may indirectly suggest the possible
involvement of the ZNF469 gene in the development
of keratoconus [87, 88].

In 2014, Y. Liu et al. showed multiple deletions in
patients with hereditary forms of keratoconus in chro-
mosomal regions associated with the CCT, including
RXRA-COLS5SAI and HS3ST3BI-PMP22, as well as
with refraction errors in the GRIA4 region [89].

In 2012, Li et al. [90] conducted a GWAS study for
222 patients with KC. They reported on the associa-
tion of the genomic region adjacent to the RAB3GAP1
gene (2q21.3), although the subsequent replication
analysis appeared unreliable. This association was also
found by Bae et al. [91]. The RAB3GAPI gene regu-
lates the activity of RAB3 protein, activating subunit 1
of RAB3GTPase catalytic enzyme. The encoded pro-
tein forms a heterodimer with the noncatalytic sub-
unit, specifically regulating the activity of the repre-
sentatives of the Rab3 subfamily of small proteins.
This protein mediates hydrolysis of GTP, bound with
Rab3, to GDP. Interestingly, the mutation in this gene
is associated with Warburg syndrome—a rare autoso-
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mal recessive disorder, which manifests itself with
microphthalmia, microcornea, congenital cataract,
and optic atrophy [92—95].

Burdon et al. [96] conducted a GWAS study among
Australian patients with keratoconus. The association
with the gene of hepatocyte growth factor (HGF) had
the greatest importance. This association was also
found by Sahebjada et al. [97] in patients with KC
from an Australian population (P < 0.003). The HGF
gene stimulates proliferation of some types of epithe-
lial cells, vascular endothelial cells, and melanocytes.
According to other authors, the HGF gene was associ-
ated with refraction errors in Caucasoid and Chinese
populations [98—100].

No copy number variations (CNV) have been
found in patients with sporadic forms of keratoconus,
indicating that this mechanism does not participate in
keratoconus pathogenesis [100].

CONCLUSIONS

Thus, heterogeneous results of genetic studies and
a large number of identified chromosomal regions
linked with keratoconus, firstly, show marked genetic
heterogeneity of the disease and, secondly, are associ-
ated with challenges in DNA diagnosis of this disease.
Nevertheless, there are marked prerequisites that ker-
atoconus relates to both hereditary and genetically
caused diseases and the identified genetic variants are
specific both to individual populations and to certain
ethnic groups in general. Identification of genetic vari-
ants the most important and universal for different
groups of patients will help to develop methods for
early diagnosis and effective prevention of this disease.
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