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Abstract

Keratoconus, a progressive corneal ectasia, is a complex disease with both
genetic and environmental risk factors. The exact etiology is not known and
is likely variable between individuals. Conditions such as hay fever and al-
lergy are associated with increased risk, while diabetes may be protective.
Behaviors such as eye rubbing are also implicated, but direct causality has
not been proven. Genetics plays a major role in risk for some individuals,
with many large pedigrees showing autosomal inheritance patterns. Several
genes have been implicated using linkage and follow-up sequencing in these
families.Genome-wide association studies for keratoconus and for quantita-
tive traits such as central corneal thickness have identified several genetic loci
that contribute to a cumulative risk for keratoconus, even in people without
a family history of the disease. Identification of risk genes for keratoconus is
improving our understanding of the biology of this complex disease.
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INTRODUCTION

Keratoconus [Online Mendelian Inheritance in Man (OMIM) ID 148300] is a complex disease
characterized by progressive thinning and a conical protrusion of the cornea. If left untreated,
it can result in severe visual impairment or blindness. The etiology of keratoconus is not well
understood. Environmental processes such as oxidative stress from UV light–induced damage or
eye rubbing are thought to play a role, but there is also a strong genetic component that may
provide an underlying susceptibility to such processes in some individuals.

Clinical Signs of Keratoconus

Keratoconus is typically bilateral, although the disease may develop and progress at different
rates in each eye. Diagnosis is often made around puberty or during early adulthood, but the
disease can develop at any time. Symptoms are subtle in early keratoconus, but as the disease
progresses, the cornea thins and protrudes, forming an asymmetric conical shape. Visual acuity
is diminished due to high myopia and irregular astigmatism. Clinically, the first conclusive sign
of keratoconus is steepening of the cornea (Klyce 2009); however, this is commonly preceded by
corneal thinning (Romero-Jimenez et al. 2010). The degree of corneal thinning can vary greatly
between individuals, but a meta-analysis of central corneal thickness (CCT) in keratoconus pa-
tients showed a mean of 0.434 mm across 12 studies (Doughty & Zaman 2000), significantly lower
than populationmeans,which range from 0.513mm to 0.551mm (Dimasi et al. 2011).Other early
signs include distortion of keratometric images and abnormal light reflexes, such as scissoring of
the retinoscopic reflex and oil droplet sign of Charleux (Gordon-Shaag et al. 2015b, Rabinowitz
1998).

As the disease progresses, pigmented iron deposits known as Fleischer’s ring are commonly
observed around the base of the developing cone (Romero-Jimenez et al. 2010). Fine vertical
stress lines, known as Vogt’s striae, resulting from the compression of the Descemet’s membrane
are a sign of moderate keratoconus. Advanced stages are characterized by Munson’s sign, which
describes the V-shaped deformation of the lower eyelid during downward gaze; an abnormal
light reflection known as Rizzuti’s sign; scarring of the cornea; and corneal hydrops (Romero-
Jimenez et al. 2010). Corneal hydrops is a potentially blinding complication of keratoconus in-
volving breaks in the Descemet’s membrane that cause edema of the stroma and loss of corneal
transparency. This complication presents with severe pain, corneal opacity, and photophobia and
requires immediate corneal transplantation (Maharana et al. 2013, Romero-Jimenez et al. 2010).
Vazirani & Basu (2013) reviewed the clinical aspects of keratoconus and provided images of many
of the clinical features observed in patients, as well as a summary of current methods for clinical
management.

The gold standard technique for diagnosis and monitoring of progression is corneal topogra-
phy (or videokeratography), a computer-assisted method for mapping and analyzing the corneal
surface and curvature (Klyce 1984). This highly sensitive method has allowed for the development
of specific indices for the diagnosis of keratoconus (Maeda et al. 1994, Rabinowitz & Rasheed
1999). The most-used indices in research are the central K (CK), describing corneal steepness;
the inferior-superior dioptric power asymmetry (IS); and a combination of CK and IS known as
KISA. The advantage of measuring topography is that subtle manifestations that do not meet the
strict criteria for keratoconus (referred to as forme fruste keratoconus, keratoconus suspect, or
subclinical keratoconus) can also be detected (Saad & Gatinel 2010, Ye et al. 2014). Diagnosis and
monitoring of subclinical manifestations of the disease are important, as these manifestations may
progress and develop into true keratoconus later in life.
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Epidemiology

The prevalence of keratoconus ranges between 0.2 (Gorskova & Sevost’ianov 1998) and 4,790
(Torres Netto et al. 2018) per 100,000, and the annual incidence ranges from 1.3 (Nielsen et al.
2007) to 32.3 (Cozma et al. 2005) per 100,000. These statistics vary greatly among studies, meth-
ods of diagnosis, geographic locations, and populations, with a notably higher prevalence in Asians
and Middle Eastern populations compared to Caucasians. A recent meta-analysis that included
more than 50 million individuals from 15 countries determined that the global prevalence of ker-
atoconus was 138 per 100,000 (Hashemi et al. 2019). Some studies report a higher prevalence in
men, while others demonstrate a higher frequency in women.When these results are considered
together, there is no difference between the sexes, and the conflicting findings might be explained
by different age groups included in each study and a tendency for women to develop keratoconus
slightly younger than men (Hashemi et al. 2019).

ENVIRONMENTAL RISK FACTORS

The environmental triggers for keratoconus remain largely elusive, although progress has been
made on identifying risk factors. Many of the studies evaluating risk factors are relatively small,
with fewer than 500 cases. Several larger studies, mostly using medical or billing records to assess
the association of a broad range of potential risk factors, have emerged in recent years (Table 1).

Allergy and Asthma

Multiple small studies have suggested links between allergy, atopy, or asthma and keratoconus;
however, the most convincing studies are those on larger numbers of individuals. The largest

Table 1 Studies of more than 500 keratoconus patients assessing risk factors for keratoconus

Reference Country
Data
source N cases

N
controls Matched? Allergy Asthma Diabetes

Seiler et al.
(2000)

Germany Notes 571 571 Yes NA NA −

Kuo et al.
(2006)

United States Code 2,102 232,548 No NA NA −

Kosker et al.
(2014)

United States Notes 1,377 4,131 Yes NA NA +

Naderan et al.
(2014)

Iran Notes 1,383 1,383 Yes NA NA −

Merdler et al.
(2015)

Israel Code 807 >600,000 No + + NA

Woodward
et al. (2016)

United States Code 16,053 16,053 Yes +a + −

Naderan et al.
(2017)

Iran E + Q 885 1,526 No + + NA

Bak-Nielsen
et al. (2018)

Denmark Code 2,679 26,790 Yes + + No association

aSignificant in univariate but not multivariate analysis.
The column onmatching indicates whether the case and control group were matched for relevant demographics.Notes refers to a review of medical records;
Code refers to data extracted from coded billing or claims records; E + Q indicates examination and questionnaire; + indicates a risk for keratoconus;
− indicates that a factor is protective against keratoconus.
Abbreviation: NA, not assessed.
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study to date (Woodward et al. 2016) utilized coded billing records from a managed care network
in the United States to identify 16,053 keratoconus patients and matched controls with similar de-
mographics to each case. A similar study from Israel (Merdler et al. 2015) used coded records ob-
tained during medical assessments of teenagers during military service. They compared 807 cases
to over 600,000 controls. Another study from Denmark (Bak-Nielsen et al. 2018) investigated
2,679 keratoconus patients andmatched controls identified from several nationwide civil andmed-
ical registers. As shown in Table 1, these three large studies all report both allergy and asthma as
risk factors for keratoconus (Bak-Nielsen et al. 2018, Merdler et al. 2015,Woodward et al. 2016).
The study in Denmark (Bak-Nielsen et al. 2018) also found an association with atopic disease,
which was not assessed by the other studies. The challenge in interpreting these studies is under-
standing the accuracy and scope of the codes used to record a diagnosis of keratoconus and the
myriad of potential risk factors. These can differ markedly between studies conducted in different
countries or within different health systems. The biases and noise are somewhat overcome by the
large sample sizes that are often not possible in studies examining individual patients.One can also
have confidence in the studies due to their general agreement on the direction of the association,
even with different outcome and exposure definitions and different populations. The largest study
to directly assess individual patients for keratoconus risk factors was conducted in Iran (Naderan
et al. 2017). The authors recruited 885 participants with keratoconus, a number comparable to
the medical record review in Israel (Merdler et al. 2015). They reported a similar association of
both allergy and asthma with keratoconus. Several other smaller studies using detailed review of
medical notes or direct patient examination and questionnaires also concluded that allergy and
asthma are risk factors for keratoconus (Naderan et al. 2015, Nemet et al. 2010, Shneor et al.
2013).

Eye Rubbing

It has long been hypothesized that the mechanical trauma induced by prolonged or aggressive
eye rubbing may lead to keratoconus, and several plausible mechanisms have been suggested
(McMonnies 2009). There have been numerous studies evaluating the link, primarily in small co-
horts of under 100 patients. The methods for measuring eye rubbing have not been standardized,
although there has been a recent trend of using visual analog scales. Studies consistently report
significant association of the frequency or intensity of eye rubbing with keratoconus (Bawazeer
et al. 2000; Gordon-Shaag et al. 2013, 2015a; McMonnies & Boneham 2003; Naderan et al. 2015;
Weed et al. 2008). It is strongly hypothesized that allergy and atopy lead to increased eye rubbing,
and thus that these allergic diseases are the root cause. Four small studies that evaluated both al-
lergy or atopy and eye rubbing support this view (Bawazeer et al. 2000, Gordon-Shaag et al. 2013,
McMonnies & Boneham 2003, Naderan et al. 2015); however, none of these studies were ade-
quately powered for multivariate analysis to evaluate the independence of these risk factors. None
of the large studies with allergy data (Bak-Nielsen et al. 2018, Merdler et al. 2015, Naderan et al.
2017, Woodward et al. 2016) have evaluated eye rubbing due to their reliance on coded records.
Shneor et al. (2013) documented eye rubbing and allergy rates across 16 studies and reported
that the rate of allergy is in the range of 30–40% of keratoconus patients, but that eye rubbing
is reported by 50–70% of patients. They suggest that, although allergy might play a role, it does
not account for all eye rubbing. This observation, combined with the data suggesting that not all
keratoconus patients rub their eyes, highlights the heterogeneity of keratoconus.

Diabetes

The association of diabetes with keratoconus was first evaluated by Seiler et al. (2000). They
developed the hypothesis that diabetes would be protective against keratoconus by enhancing
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nonenzymatic glycosylation, which increases protein cross-linking, as seen in other tissues of di-
abetic patients. To test this, they undertook a retrospective study of medical records of patients
between 20 and 40 years old seen in the ophthalmology departments of three German universi-
ties. They found a significantly lower rate of diabetes in the 571 eligible keratoconus patients than
in age- and sex-matched patients attending the same clinics for a range of other (noncorneal and
nondiabetic) ophthalmic indications.Two other studies with similar methodology replicated these
findings (Kuo et al. 2006, Naderan et al. 2014), and one also reported an association between dia-
betes and a reduced severity of keratoconus, defined by visual acuity (Kuo et al. 2006). In contrast,
the study of Kosker et al. (2014) found a higher rate of type 2 diabetes among keratoconus pa-
tients than controls. They also showed that diabetes was associated with more severe keratoconus,
defined by K-readings. The reason for this opposite effect is not clear, but biases created through
clinic-based case-control recruitment, the relatively small sample size in all four studies, the tem-
poral relationship between diabetes and keratoconus, and a failure to account for the degree of
control of diabetes in any of the studies may be important factors. As with the assessment of allergy,
the best-powered study to date to evaluate the association between diabetes and keratoconus is that
of Woodward et al. (2016), who show a clear protective effect of diabetes in their cohort of over
16,000 patients. They showed an even stronger effect of complicated diabetes (a proxy for poorer
diabetic control or longer duration of diabetes), but they were also unable to adjust specifically
for diabetes duration and control. The power of this large cohort study provides reasonable confi-
dence in the findings of a protective effect of diabetes in keratoconus; however, under multivariate
analysis adjusting for all of the measured risk factors, the effect of diabetes is borderline. Given
that the onset of type 2 diabetes is typically much later than the onset of keratoconus, the clinical
relevance of this association is not immediately evident. The role of glycosylated proteins in pro-
moting collagen cross-linking to stabilize early keratoconus is an area of potential future research.

EVIDENCE FOR A GENETIC COMPONENT TO KERATOCONUS

Coinheritance of Keratoconus with Genetic Diseases

Keratoconus has been reported in association with a long list of genetic conditions (Rabinowitz
2003), although it is highly likely that some case reports of comorbidities are coincidental. Estab-
lishing firm links with rare diseases is challenging; however, several interesting associations with
genetic diseases have been reported. A recent study in Down syndrome patients from Spain and
Egypt found that up to 75% of Down syndrome patients have ocular features consistent with
keratoconus (Alio et al. 2018). This rate is higher than reported in most previous studies but is at-
tributed to the use of modern corneal topography to identify keratoconic features not available to
earlier studies. A similar sixfold increased rate of Down syndrome in keratoconus patients com-
pared to controls was reported in the study of Woodward et al. (2016) from the United States,
further strengthening the evidence for an association.

Keratoconus is reportedly common in families with the rare genetic disease Leber congenital
amaurosis (LCA). This heterogeneous disease is characterized by a distinctive retinal dystrophy
with at least 16 genes known. Keratoconus may be a feature associated with some LCA-causing
genetic mutations (Dharmaraj et al. 2004,McMahon et al. 2009); for other mutations, the genetic
link is less clear. For example, an LCA-causing mutation was identified in a consanguineous fam-
ily with four children affected by both LCA and keratoconus (Hameed et al. 2000) but was also
reported in two unrelated families with isolated LCA, suggesting that it was not the cause of the
keratoconus in the original family (Sohocki et al. 2000). Further study of individuals with both
LCA and keratoconus is needed to shed light on whether genetic or environmental factors are the
primary causes of keratoconus in these patients.
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There are many reports of co-occurrence with connective tissue disorders such as Ehlers-
Danlos syndrome,Marfan syndrome, and osteogenesis imperfecta (Rabinowitz 1998).Mitral valve
prolapse is part of these collagen disorders, and an association between keratoconus and mitral
valve prolapse is also reported (Kalkan Akcay et al. 2014, Rabinowitz 1998). Mitral valve pro-
lapse is one of the most common genetic conditions known, with a frequency of 2–3% of the
adult population; however, the genetics are not well understood (Le Tourneau et al. 2018). Some
families have clearly inherited high-penetrance mutations (Durst et al. 2015), but the disease is
heterogeneous in inheritance pattern and genetic risk factors, as is keratoconus. Co-occurrence
may ultimately be attributable to the prevalence of both conditions.

Familial Clustering of Keratoconus

Evidence of a genetic component for keratoconus comes from studies evaluating family history
of the disease. The proportion of keratoconus patients who report a family history of the disease
ranges from 5% in Scotland (Weed et al. 2008) to 28% in Israel (Shneor et al. 2013), with most
studies falling between 10% and 25% (Bawazeer et al. 2000; Gordon-Shaag et al. 2013, 2015a;
Ihalainen 1986; Naderan et al. 2015; Owens & Gamble 2003; Zadnik et al. 1998). This is a much
higher rate than that seen in matched controls in the few studies that did recruit and evaluate
controls (Bawazeer et al. 2000; Gordon-Shaag et al. 2013, 2015a; Naderan et al. 2015). A compre-
hensive study of a large series of keratoconus cases and their nuclear families found a prevalence
of 3.34% in first-degree relatives (Wang et al. 2000), which was at least 15-fold higher than the
reported prevalence in that population. A similar study found an even higher rate of 7.6% (Kriszt
et al. 2014). Both studies evaluated family members who had not been previously diagnosed with
keratoconus. Although most keratoconus appears to be sporadic (notwithstanding undiagnosed
relatives), there are numerous reports of extended pedigrees with apparent autosomal-dominant
or autosomal-recessive keratoconus, indicating Mendelian inheritance and the likely presence of
major gene effects in those families (Brancati et al. 2004, Burdon et al. 2008, Bykhovskaya et al.
2014, Gajecka et al. 2009, Hughes et al. 2003, Nowak et al. 2013, Tang et al. 2005). Analysis of
quantitative traits derived from videokeratography also provides evidence of the heritability of
keratoconus. Wang et al. (2000) reported significant familial correlations of CK, IS, and KISA,
even including family members who were not clinically affected with keratoconus. Using segre-
gation analysis of KISA data in 95 families with at least three affected individuals, their study also
suggested that a recessive gene with large effect may be responsible for keratoconus, although
polygenic and environmental contributions were not ruled out. Similarly, Kriszt et al. (2014) re-
ported familial correlations of KISA and suggested a major gene effect with varied inheritance
patterns. As discussed below, research to date has not identified a single major gene, although in
some families the inheritance pattern does suggest such a model. It is clear that keratoconus is a
complex disease, and while some families present with obvious Mendelian inheritance, multiple
factors are at play in most individuals.

FAMILY-BASED STUDIES FOR GENE IDENTIFICATION

Linkage Studies

Linkage studies have highlighted the genetic heterogeneity of keratoconus, with suggestive and
significant linkage regions identified throughout the genome (Figure 1). Although linkage studies
involving multiple small families have the potential to miss key loci due to heterogeneity, these
methods have identified six loci significantly linked to keratoconus—5q32–33 (Bisceglia et al.
2009), two regions on chromosome 9 (Li et al. 2006), 14q24.3 (Liskova et al. 2010), 16q22.3–23.1
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A circos diagram depicting keratoconus-associated loci and the location of candidate genes discussed in this
review. The grey outer track displays the reference genome (hg19), with chromosomes depicted by grey
blocks relative to their size. The linkage track displays the location of linkage regions identified using
extended pedigrees (orange) and multiple small families (yellow). The genome-wide association study (GWAS)
track displays the location of single nucleotide polymorphisms associated with keratoconus identified
through GWASs for keratoconus (red) and central corneal thickness (dark blue). The genes track displays the
location of candidate genes (black), with gene names located in the center of the plot.

(Tyynismaa et al. 2002), and a region on chromosome 17 (Li et al. 2006)—as well as many regions
suggestive of linkage (Bisceglia et al. 2009, Li et al. 2006, Liskova et al. 2010). Linkage analyses in
six extended pedigrees with strong Mendelian inheritance patterns have identified an additional
six loci with at least suggestive linkage with keratoconus: 2q13-q14.3 (Nowak et al. 2013), 3p14-
q13 (Brancati et al. 2004), 5q15-q21.1 (Bykhovskaya et al. 2014, Tang et al. 2005), 13q32 (Czugala
et al. 2012, Gajecka et al. 2009, Karolak et al. 2015), 15q22.33-q24.2 (Hughes et al. 2003, 2011),
and 17p13 (Hameed et al. 2000). In addition, the analysis of a large Australian family with appar-
ent autosomal-dominant keratoconus revealed strong evidence that keratoconus was inherited as
a digenic trait and identified linkage regions on two different chromosomes with equal evidence
of linkage: 1p36.23–36.21 and 8q13.1-q21.11 (Burdon et al. 2008). While it is possible that one
or both of these linkage regions may have cosegregated with keratoconus by chance, this finding
highlights the complex nature of keratoconus genetics, even in families with apparentlyMendelian
inheritance patterns of disease.

Genes Identified from Family Studies

Linkage analysis in families highlights the regions of the genome that are most likely to con-
tain a causative variant in the family. Further detailed analysis of the region(s) in affected and
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unaffected family members aims to pinpoint the specific mutation responsible for the disease.
This is not necessarily straightforward, but several examples exist of successful gene identification
for keratoconus in families.

MIR184.One of the first large families with keratoconus to be described was a three-generation
Northern Irish family with cosegregating keratoconus and pediatric cataract with autosomal-
dominant inheritance (Hughes et al. 2003) showing linkage to a 5.5 Mb region on 15q22.33–24.2
(Dash et al. 2006). Via targeted resequencing, a novel heterozygous variant (r.57c>u) inMIR184
was proposed as the causative variant (Hughes et al. 2011).MIR184 encodes miR-184, the most
abundant microRNA in corneal and lens epithelia (Ryan et al. 2006). The r.57c>u variant is lo-
cated in the seed region of miR-184, the region that binds to complementary target messenger
RNA (mRNA) molecules. (Hughes et al. 2011). Using a cell model system, the authors showed
that this variant influenced expression of target genes through altered competitive binding with
miR-205. This work confirmed that theMIR184 r.57c>u variant had a functional effect on pro-
tein expression; however, the critical target genes in the cornea and altered interactions that cause
the phenotype observed in the family have not yet been elucidated.

The same MIR184 r.57c>u variant was identified in a Caucasian-American family with a
broader ocular phenotype with linkage to 15q22.1–25.3 (Iliff et al. 2012, Jun et al. 2002). The
phenotype included endothelial dystrophy, iris hypoplasia, congenital cataract, and stromal thin-
ning, dubbed EDICT syndrome (Akpek et al. 2002). It was also found to segregate in a Spanish
family with a combined cataract and corneal phenotype (Bykhovskaya et al. 2015a). The pheno-
type observed in the Spanish family was reminiscent of theNorthern Irish family, as neither family
displayed iris defects.Only the proband in the Spanish family was diagnosed with keratoconus, and
all other affected family members displayed uniform corneal thinning (Bykhovskaya et al. 2015a).
Despite the phenotypic similarities, the authors demonstrated that the two families did not share a
common haplotype, indicating that theMIR184 r.57c>u variant was a recurrent germline variant
(Bykhovskaya et al. 2015b). They went on to hypothesize that the differences in phenotype, both
within and between families,may be modulated by polymorphisms located within the gene targets
of miR-184 (Bykhovskaya et al. 2015b). There is also a chance that the keratoconus was inherited
independently of theMIR184 r.57c>u variant in the Spanish family, as the paternal grandmother
also had keratoconus, while theMIR184 r.57c>u variant was maternally inherited.

MIR184 has now been screened in four ethnically diverse keratoconus cohorts, as well as a
small Chinese cohort with axial myopia (Abu-Amero et al. 2015b, Cagil et al. 2017, Farzadfard
et al. 2016). A total of 1,144 unrelated keratoconus patients were included across all four stud-
ies; however, only two potentially pathogenic variants were identified: miR-184(+3A>G) and
miR-184(+8C>A) (Lechner et al. 2013). Two Caucasian patients were identified, each carry-
ing one of these variants, and neither displayed any evidence of anterior segment dysgenesis or
iris abnormalities. Furthermore, the patient with miR-184(+8C>A) had no lens abnormalities.
The patient with miR-184(+3A>G) had both keratoconus and cortical granular cataracts, as did
his brother, who also carried the same variant. Their mother had similar cataracts, but the miR-
184(+3A>G) variant was paternally inherited. This suggests that the cataracts and keratoconus
were inherited independently, assuming that the miR-184 variant is responsible for keratoconus
(Lechner et al. 2013). Both variants are located in the stem and loop region of the precursor miR-
184 and were predicted to alter the stability of the secondary structure using in silico tools. An
ex vivo model demonstrated that both variants significantly reduced the expression of the mature
miR-184 compared to the wild-type precursor (Lechner et al. 2013). Taken together, this evi-
dence indicates that functional variants inMIR184 are rare causes of anterior segment dysgenesis,
including keratoconus, and may contribute to isolated keratoconus in a small number of patients.
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LOX. A large linkage study including 351 individuals across 67 small families identified regions
with at least suggestive linkage (logarithm of the odds score >2) on nine chromosomes, including
a peak at 5q23.2 (Li et al. 2006). This peak was of particular interest because it encompassed the
lysyl oxidase (LOX ) gene, which had previously been shown to be differentially expressed in corneal
epithelia from keratoconus patients compared to healthy controls (Nielsen et al. 2003). The LOX
gene encodes a copper-dependent extracellular enzyme that cross-links collagens and elastin in
a variety of tissues, including the cornea. As both a positional and biological candidate gene for
keratoconus, LOX was screened by direct sequencing in an Italian cohort of 302 keratoconus pa-
tients (De Bonis et al. 2011). Known polymorphisms were identified but none were considered
to be disease causing. Subsequently, Bykhovskaya et al. (2012) conducted association analyses for
variants in LOX in two independent Caucasian case-control cohorts and a familial cohort con-
sisting of Caucasian and Hispanic individuals. A meta-analysis of these results revealed that two
intronic single-nucleotide polymorphisms (SNPs) were associated: rs10519694 (p = 4.0 × 10−5)
and rs2956540 (p= 2.5× 10−7).The association at rs2956540 was replicated in aHanChinese co-
hort (Hao et al. 2015) and a Czech cohort (Dudakova et al. 2015). In contrast, rs10519694 did not
replicate (Dudakova et al. 2015). When considering only the case-control cohorts, rs10519694
showed a nominal association (p = 0.03), while rs2956540 reached genome-wide significance
(p = 1.4 × 10−8) (Zhang et al. 2015). To date, there are no functional data to support a direct
link between any particular variant in the LOX gene and keratoconus pathogenesis. The associa-
tion studies do suggest a role for the locus, indicating that it is worthy of further evaluation.

DOCK9. An Ecuadorian family with 10 affected family members across three generations showed
significant linkage to a 5.6 Mb region on 13q32 (Gajecka et al. 2009). Eight of the 25 genes in the
region were selected as candidates and screened using direct sequencing methods (Czugala et al.
2012). Only one variant, c.2262A>C in the dedicator of cytokinesis 9 (DOCK9) gene, was shared
by all affected family members and was absent in 105 ethnically matched controls (Czugala et al.
2012). The DOCK9 gene encodes a guanine nucleotide–exchange factor that activates a GTPase
involved in the regulation of cell adhesion and migration (Kulkarni et al. 2011). The DOCK9
protein contains three key domains, a pleckstrin homology (PH) domain and two evolutionarily
conserved dock homology regions (DHRs), DHR1 and DHR2. The PH and DHR1 domains
mediate membrane localization, while the DHR2 domain is the catalytic domain responsible for
the guanine nucleotide-exchange activity (Cote &Vuori 2006,Cote et al. 2005,Meller et al. 2002).

The c.2262A>C variant occurs at the penultimate nucleotide in exon 20 of DOCK9 and is
predicted to result in a nonsynonymous substitution within the DHR1 domain, p.(Q754H), and
to impact gene splicing (Karolak et al. 2015). When HeLa cells expressing mini gene constructs
containing the variant were used, an aberrant transcript lacking exon 20 was observed, along with
a low level of the wild-type transcript, confirming that the variant could induce exon skipping in
vitro (Karolak et al. 2015). The aberrant transcript was predicted to produce a premature stop
codon, resulting in a truncated protein with only 722 amino acids, disrupting the DHR1 and
eliminating the DHR2 domain (Karolak et al. 2015). Further investigation could not confirm
the presence of the aberrant transcript in RNA samples extracted from lymphoblastoid cell lines
derived from affected family members; however, Karolak et al. (2015) presented evidence that the
aberrant transcript may undergo nonsense mediated decay.While further evidence is required to
confirm the role of the c.2262A>C variant and DOCK9 in keratoconus, this work highlights one
of very few candidate variants or genes with functional support.

Massively parallel sequencing methods and GALNT14. In recent years, genetic studies have
often bypassed linkage analysis and have instead utilized whole-exome sequencing or whole
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genome sequencing to identify candidate variants that segregate with disease in families without
a priori hypotheses. Massively parallel sequencing methods can also be applied in combination
with linkage analysis to focus analyses on smaller regions of the genome and fast-track the iden-
tification of causative variants while removing the biases and time-limiting step of sequencing
individual candidate genes.

A promising candidate gene identified using this technology isGALNT14. Via exome sequenc-
ing data, a novel, homozygous, loss-of-function variant (c.60delC) was identified in the two af-
fected children of unaffected, first-cousin parents from Jordan (Froukh & Hawwari 2019). The
variant is predicted to result in a truncated protein only 27 amino acids in length [p.(L21Cfs∗6)].To
date, no homozygous loss of function variants in GALNT14 have been observed in the large pub-
licly available data set of human genome sequences in gnomAD (Lek et al. 2016). The GALNT14
gene encodes a glycosyltransferase that catalyzes the first step in the O-glycosylation of target
proteins, including mucins. Ocular mucins are glycoproteins that play a critical role in the protec-
tion of the epithelia in both the cornea and conjunctiva. In healthy corneas, 55% of the structure
of ocular mucins is made up of carbohydrates attached to the protein core (Chao et al. 1988),
corresponding to O-linked glycans. Alterations in ocular mucins have been described in ocu-
lar allergy, dry eye, and infectious diseases of the ocular surface (for a review, see Mantelli &
Argueso 2008). Current therapies for keratoconus (reviewed elsewhere) aim to increase cross-
linking of proteins, a process that is enhanced by glycosylation, as seen through increased cross-
linking in tissues of patients with diabetes (Seiler et al. 2000). The GALNT14 gene is a strong
candidate for keratoconus but requires further assessment of both the specific variant and the
gene itself in large, unbiased case-control studies to confirm a role in disease, as well as carefully
designed functional studies to determine the mechanism of disease.

CASE-CONTROL AND COHORT STUDIES

Candidate Genes

Candidate genes are often proposed based on a gene’s function, expression pattern, or proximity
to an association signal or linkage peak (Figure 1). Despite dozens of genes having been hypothe-
sized to play a role in keratoconus susceptibility, the collective results of candidate gene studies in
keratoconus have not led to substantial success. Most studies screened candidate genes to identify
variants present in cases and absent in controls or with significantly different allele frequencies.

Many published candidate gene studies have small numbers of patients and/or controls (n <

100). Small sample sizes do not allow the frequency of rare variants to be accurately estimated and
can lead to false conclusions. Many studies also did not fully screen the controls for rare variants
and instead only assessed control samples for the variants that were identified in the case cohort.
This led to a lack of recognition of the true variability of several key genes in the general pop-
ulation. These issues may have stemmed from a lack of appreciation in the genetics community
of the vast number of benign rare missense variants, even in healthy individuals. Furthermore,
few follow-up studies have been conducted to determine if the specific variants identified actually
have a role in keratoconus susceptibility or are biologically relevant. Some papers have been able
to demonstrate a functional effect for some variants; however, none have gone as far as linking the
functional effect to a disease mechanism. Together, these issues have limited the success of candi-
date gene studies in keratoconus and perpetuated the field’s focus on candidate genes with limited
evidence. The visual system homeobox 1 (VSX1) gene is a prime example of this cautionary tale.

VSX1. In the landmark paper by Heon et al. (2002), the transcription factor VSX1 was reported
as the first gene for keratoconus. VSX1 was initially proposed as a candidate gene for posterior
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polymorphous corneal dystrophy (PPCD; OMIM ID 122000). The gene was located within a
linkage region identified in a family with 21 PPCD cases and was known to be expressed in ocular
tissues. The authors were unable to confirm VSX1 expression in adult cornea, and no variants
were identified in the PPCD family; however, they explored VSX1 in keratoconus due to the co-
occurrence of PPCD and keratoconus in a small number of case reports (Heon et al. 2002). In
their cohort of 63 keratoconus patients, four missense variants were identified, two of which were
absent in controls. Based on these findings, the authors concluded that missense variants within
VSX1 were the cause of keratoconus in at least 4.7% of cases. This finding was supported by
Bisceglia et al. (2005) in their subsequent paper, which identified missense variants in VSX1 in
seven out of 80 (8.8%) Italian keratoconus patients. The authors suggested that two previously
reported variants, p.(G160D) and p.(D144E), were likely to be rare polymorphisms based on their
observations in unaffected relatives and controls. They also suggested that a variant that was pre-
viously observed in a healthy married-in spouse in a PPCD family was likely to cause keratoconus
in one of their families with keratoconus [p.(P247R)]. This is controversial, as the spouse from the
PPCD family did not have keratoconus and is an example of an unaffected control carrying the
variant of interest. The alternative interpretation is that this variant is not associated with PPCD
or keratoconus.

Aldave et al. (2005) published the first paper that did not support a role for VSX1 in kera-
toconus. This study screened the five known exons and intron–exon boundaries of the gene in
100 US keratoconus patients and identified only one missense variant, p.(D144E), in a single case.
This variant had previously been identified in unaffected controls and was considered a rare poly-
morphism. Similarly, Liskova et al. (2007) screened VSX1 in 85 unrelated probands from UK
families with multiple cases of keratoconus and 50 unrelated controls of mixed ethnicities. This
study was the first that fully screened VSX1 in the control cohort. The only potentially disease-
causing variant identified in the case cohort was the p.(D144E) variant; however, it did not segre-
gate with keratoconus in the pedigree. The authors conducted a meta-analysis of the p.(D144E)
variant, including the results of the three previous studies (Aldave et al. 2006, Bisceglia et al.
2005, Heon et al. 2002), and demonstrated that the variant was not associated with keratoconus
(p = 0.14). The controversial p.(P247R) variant was also identified in a control, which added fur-
ther evidence that the variant does not directly cause keratoconus.Based on these findings,Liskova
et al. (2007) concluded that coding variants in VSX1 were not involved in keratoconus.

Subsequent research also excluded VSX1 as candidate for PPCD (Gwilliam et al. 2005); how-
ever, a paper by Barbaro et al. (2006) reinvigorated the field’s interest in VSX1 in keratoconus
susceptibility. Their paper analyzed adult human corneas from deceased donors and showed that
VSX1was expressed in those with corneal defects and abrasions—dubbed wounded corneas—that
were likely caused by incomplete closure of the eyelids after death. Conversely, VSX1 expression
was not detected in freshly obtained intact corneas (Barbaro et al. 2006). Using an in vitro model,
the authors demonstrated that VSX1 mRNA expression was 8–10 times higher in activated ker-
atocytes compared to quiescent keratocytes in culture, suggesting that VSX1 was likely to play a
role in keratocyte transformation and wound healing.

Dozens of papers on VSX1 in keratoconus have since been published, with many conclud-
ing that VSX1 is likely to be involved in keratoconus, as well as a similar number of studies
reporting no evidence of association. VSX1 has been screened in a broad range of populations
and cohorts; however, differentiating between population-specific polymorphisms and potentially
disease-associated variants has been challenging. A recent meta-analysis assessed five recurrent
variants identified across multiple cohorts and found no evidence for association with kerato-
conus (Rong et al. 2017). Furthermore, while subtle changes have been noted in the retinas
of humans carrying rare missense VSX1 variants, there is a lack of evidence for any functional
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impact on corneal biology, including in Vsx1-null mice models (Chow et al. 2004, Litke et al.
2018). Taken together, the burden of evidence suggests that VSX1 does not contribute to kerato-
conus susceptibility.

SOD1.The superoxide dismutase 1 (SOD1) gene was first proposed as a candidate gene for kerato-
conus based on the observation that individuals with Down syndrome (trisomy 21) have a much
higher prevalence of keratoconus, compared to the general population, as well as the gene’s loca-
tion on chromosome 21 (Udar et al. 2006).SOD1 encodes an enzyme that is responsible for detox-
ifying superoxide radicals, a form of reactive oxygen species, in the cytoplasm of cells throughout
the body, including the cornea. Oxidative stress from free radicals has been proposed as a mech-
anism involved in keratoconus pathogenesis. Udar et al. (2006) screened the exons and intron–
exon junctions of SOD1 by direct sequencing in 15 probands with keratoconus from the United
States. They identified an intronic seven-base-pair (bp) deletion (reported as IVS2+50del7) in
two cases that was absent in 156 older, examined controls. Segregation was confirmed in one
small family but could not be determined in the other family due to lack of DNA availability.
While most other studies have not observed the variant in their cohorts, an Italian study observed
the deletion in two sporadic cases from a cohort of 302 patients but not in 200 controls (De Bonis
et al. 2011). A Greek study identified the variant in 9 of their 33 cases, as well as in 4 of their 78
healthy controls, also demonstrating that the variant was enriched in keratoconus (p= 0.002; odds
ratio = 6.94; 95% confidence interval = 1.96–24.58) (Moschos et al. 2013). RNA collected from
one of the probands in the original study demonstrated that the variant resulted in two splice vari-
ants: one lacking exon 2 and one that lacked both exon 2 and exon 3. Both transcripts result in a
shifted reading frame and inactive protein (Udar et al. 2006). The 7-bp deletion corresponds to
hg19:chr21:33036248ATAAACAG>A (rs541000032), which is rare in all populations represented
in gnomAD (v2.1.1) except Ashkenazi Jews, who have a minor allele frequency of around 1.5%.
Much larger case-control cohorts are required to determine the true frequency of the variant
in keratoconus patients. To date, gene-screen studies have not identified any potentially disease-
causing variants in the coding regions of SOD1 in a total of 597 unrelated probands or sporadic
keratoconus patients (Al-Muammar et al. 2015, Gajecka et al. 2009, Lucas et al. 2018, Saee-Rad
et al. 2011, Stabuc-Silih et al. 2010). This is unsurprising, as rare missense variants in SOD1 are
known to cause the neurodegenerative disease amyotrophic lateral sclerosis, which has never been
associated with keratoconus.

Loci with Genome-Wide Significant Association with Keratoconus

The term genome-wide significance refers to a statistical threshold for declaring a true associ-
ation, driven by the number of independent tests (or genetic variants). It is generally accepted
that a p-value threshold of 5 × 10−8 provides a sufficiently robust cutoff for declaring statistically
significant association in studies that assess the whole genome. Eight loci, identified through a
variety of approaches, have so far been associated with keratoconus, surpassing this genome-wide
significance threshold (Figure 1,Table 2).

Genome-wide association studies for keratoconus.Three genome-wide association studies
(GWASs) for keratoconus have been conducted in cohorts of individuals of European descent.
The first identified a suggestive association at rs3735520 (p = 9.9 × 10−7) located in the promo-
tor ofHGF (Burdon et al. 2011). Independent replication studies showed either a weak association
with keratoconus or no association (Dudakova et al. 2015, Hao et al. 2015,Wang et al. 2018), and
when considered together, the evidence suggests that rs3735520 is not strongly associated with
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Table 2 SNPs reaching genome-wide significance for association with KC

Locus Cytoband SNP A1/A2 P-value OR (95% CI)
Original

phenotype Study
RAB3GAP1 2q21.3 rs4954218 G/T 9.3 × 10−9 0.62a KC Bae et al.

(2013)
COL4A4 2q36.3 rs2229813 G/A 1.3 × 10−12 2.38 (1.87–3.03) KCc Rong et al.

(2017)
FNDC3B 3q26.31 rs4894535 T/C 4.9 × 10−9 1.47 (1.29–1.68) CCT Lu et al.

(2013)
MPDZ-NFIB 9p23 rs1324183 A/C 5.0 × 10−8 1.68 (1.22–2.30) CCT Sahebjada

et al. (2013)
RXRA-COL5A1 9q34.3 rs1536482 G/A 2.5 × 10−8 0.77 (0.70–0.84) CCT Rong et al.

(2017)
PNPLA2 11p15.5 rs61876744 T/C 2.45 × 10−8 0.59 (0.49–0.71)b KC McComish

et al. (2019)
FOXO1 13q14.11 rs2721051 T/C 2.7 × 10−10 1.62 (1.40–1.88) CCT Lu et al.

(2013)
LOX 5q23.2 rs2956540 C/G 1.4 × 10−8 0.71 (0.63–0.80) KCc Zhang et al.

(2015)

aFrom the original study by Li et al. (2012); no 95% confidence interval reported.
bOR and 95% CI as reported in the discovery cohort.
cIdentified by a candidate gene approach.
Abbreviations: A1, keratoconus-associated allele; A2, alternate allele; CCT, central corneal thickness; CI, confidence interval; KC, keratoconus; OR, odds
ratio; SNP, single-nucleotide polymorphism.

keratoconus (p = 0.027) (Rong et al. 2017). The second GWAS for keratoconus showed a sug-
gestive association at rs4954218 upstream of RAB3GAP1 (p = 1.6 × 10−7) (Li et al. 2012) and
reached the genome-wide threshold following replication and meta-analysis (p = 5.0 × 10−8)
(Bae et al. 2013). However, the involvement of this locus in keratoconus susceptibility remains
unclear, with a weaker association (p = 8.2 × 10−4) reported in a separate meta-analysis (Rong
et al. 2017). Most recently, our group conducted a larger GWAS including 522 cases that iden-
tified a genome-wide significant association for keratoconus at rs61876744 (p = 7.46 × 10−9),
located on chromosome 11 in the second intron of the PNPLA2 gene (McComish et al. 2019).
This association was replicated in a United States–based cohort but was not replicated in two
other cohorts, although it remained significantly associated with keratoconus at the genome-wide
threshold following a meta-analysis of all four cohorts (p = 2.45 × 10−8).

The major limitations of GWASs for keratoconus to date are the relatively small size of the
cohorts and the lack of ethnic diversity. Cohorts of many thousands of cases are typically required
to identify the genetic variants of small effect sizes that contribute to complex disease. These early
GWASs have served to establish international collaborations that will lead to far larger studies in
the near future that are better powered to detect genetic effects. All of theGWASs reported to date
are in predominantly white populations of European descent (the United States and Australia).
Larger studies in these populations will identify additional loci, but to fully understand the genetics
of the disease, studies in other ethnic groups with different genetic diversity and higher rates of
disease are clearly warranted.

Genome-wide association studies for central corneal thickness. Leveraging endophenotypes
for keratoconus has been a successful strategy for identifying keratoconus-associated loci. An
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endophenotype refers to a quantitative trait that is associated with the disease of interest in the
population, is heritable, is measurable in both healthy and affected individuals, and is genetically
correlated to the disease. Endophenotypes are hypothesized to be less complex and closer to the
underlying genetics than the disease of interest, as they reflect just one of many pathophysio-
logical pathways that contribute to disease susceptibility (Gottesman & Gould 2003). This al-
lows the dissection of complex diseases, which directs investigators toward the relevant biological
pathways and ultimately aiding the identification of functional variants and target genes. A re-
cent study identified genetic loci for the corneal biomechanical measures corneal hysteresis and
corneal resistance factor and assessed them for association with keratoconus (Khawaja et al. 2019).
While the hypothesis was sound, and suggestive association was reported, larger cohorts of ker-
atoconus patients need to be assessed to confirm the genetic links between these measures and
keratoconus.

CCT is considered a strong endophenotype for keratoconus. CCT is a quantitative trait with
a normal distribution in the general population (mean = 536 µm; standard deviation = 31 µm)
(Doughty & Zaman 2000). Although the genetic correlation between CCT and keratoconus has
not been calculated, keratoconus is associated with extremely low CCT, with a mean of 434 µm
reported in keratoconic eyes (Doughty & Zaman 2000), well outside the normal variance ob-
served in the general population. CCT is one of the most heritable human traits, with heritability
estimates of up to 95% (Alsbirk 1978, Charlesworth et al. 2010, Landers et al. 2009, Toh et al.
2005, Zheng et al. 2008). Unaffected family members of individuals with keratoconus have been
shown to have thinner corneas when compared to population controls (Colin et al. 1996, Steele
et al. 2008), with some evidence of an autosomal-dominant pattern of inheritance (Steele et al.
2008).

Using this endophenotype approach, Lu et al. (2013) identified two CCT-associated SNPs
that were also associated with keratoconus at the genome-wide significance threshold: rs2721051,
downstream of FOXO1 (p = 2.7 × 10−10), and rs4894535, located in an intron of FNDC3B
(p = 4.9 × 10−9). Replication studies for rs2721051 (FOXO1) revealed that the risk (A) allele
is extremely rare in the Chinese population (Hao et al. 2015, Wang et al. 2018). The association
at rs2721051 was replicated in a Czech cohort (Liskova et al. 2017) but not in an Australian co-
hort of European descent (p = 0.06) (Sahebjada et al. 2013) or a Saudi Arabian cohort (p = 0.2)
(Abu-Amero et al. 2015a), although both of these latter studies observed similar trends in allele
frequency differences between cases and controls to those reported by Lu et al. (2013). The as-
sociation at rs4894535 (FNDC3B) was not replicated in the Czech, Saudi Arabian, or Chinese
studies but did show trends toward a higher frequency of the minor allele in cases compared to
controls (Abu-Amero et al. 2015a, Hao et al. 2015, Liskova et al. 2017, Wang et al. 2018). Meta-
analysis of studies published prior to 2017 demonstrated that both rs2721051 and rs4894535 were
significantly associated with keratoconus at a genome-wide level (p = 5.6 × 10−11 and p = 1.4 ×
10−8, respectively), indicating that these loci are involved in keratoconus risk (Rong et al. 2017), al-
though there may be differences between ethnic groups. The mechanisms that drive the increased
keratoconus risk at these loci remain to be elucidated.

A suggestive association for keratoconus at rs1324183 (MPDZ-NFIB) was first reported by Lu
et al. (2013) and reached genome-wide significance following replication in an Australian cohort
of European descent and meta-analysis with the original report (Sahebjada et al. 2013). The asso-
ciation at this SNP has since been replicated in a Han Chinese cohort from northern China (Hao
et al. 2015), a Chinese cohort from Hong Kong (Wang et al. 2018), and a Czech cohort (Liskova
et al. 2017), with notably larger effect sizes in the Chinese studies (3.11 and 2.22, respectively,
versus 1.58). The Hong Kong study also demonstrated that rs1324183 was associated with an in-
creased risk of severe keratoconus based on the Amsler-Krumeich classification (OR = 5.10). In
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contrast, there was no evidence of association in a Saudi Arabian population (Abu-Amero et al.
2015a). A large meta-analysis conducted prior to the Czech and Hong Kong studies did not show
a genome-wide significant association with keratoconus at rs1324183 (p= 5.5× 10−3) (Rong et al.
2017); however, overall, the evidence suggests that this is a true association.

In addition, Lu et al. (2013) revealed suggestive associations for keratoconus at two indepen-
dent SNPs near the collagen gene COL5A1: rs7044529 in the first intron (p = 8.0 × 10−6) and
rs1536482, located upstream between RXRA and COL5A1 (p = 2.6 × 10−7). Using the United
States–based replication cohort from the original publication, Li et al. (2013) fine-mapped the
COL5A1 region and used an independent case-control cohort and a familial cohort for repli-
cation. Meta-analysis of the three cohorts demonstrated that rs1536482 was the only SNP that
remained significantly associated with keratoconus following correction for multiple testing (Li
et al. 2013). The associations with keratoconus at these loci have not been replicated in more re-
cent studies (Abu-Amero et al. 2015a, Hao et al. 2015, Sahebjada et al. 2013, Wang et al. 2018),
although a trend toward a higher frequency of the minor allele (A) at rs1536482 was observed in
cases compared to controls in a Czech cohort (Liskova et al. 2017). A meta-analysis that included
only the cohorts of European descent published prior to 2017 showed a genome-wide significant
association for keratoconus at rs1536482 (p = 2.5 × 10−9) (Rong et al. 2017). In contrast, meta-
analysis at rs7044529 including all cohorts except that of the more recently published Hong Kong
study demonstrated an overall p-value of 7.0 × 10−3. This locus still did not reach genome-wide
significance when the analysis only included the individuals of European descent (p = 9.9 × 10−4)
(Rong et al. 2017).

The sameGWAS for CCT (Lu et al. 2013) identified a suggestive association with keratoconus
at the CCT-associated SNP rs9938149, located between the genes BANP and ZNF469.However,
the allele that increased keratoconus risk was the allele associated with a thicker CCT. Replication
studies have only added to the confusion, with one suggesting that the association is likely to
be real despite the nonintuitive direction of effect (Sahebjada et al. 2013), while others showed
no evidence of association (Abu-Amero et al. 2015a, Hao et al. 2015, Liskova et al. 2017, Wang
et al. 2018). When these results are combined together in a meta-analysis, excluding the study
published after 2017, rs9938149 shows a suggestive association with keratoconus (p = 1.3 × 10−5)
(Rong et al. 2017). The closest gene to rs9938149—ZNF469, a transcription factor gene located
162 kb downstream—was considered an appealing candidate for keratoconus based on the gene’s
involvement in brittle cornea syndrome type 1 (BCS1; OMIM ID 229200).

BCS1 is a rare, autosomal-recessive connective tissue disorder caused by biallelic loss-of-
function variants in ZNF469. A key feature of this syndrome is extremely thin corneas that are
prone to spontaneous rupture, indicating that ZNF469 is important for the structural integrity
of the cornea. It was therefore hypothesized that rare heterozygous coding variants in ZNF469
could be involved in keratoconus pathogenesis. Early reports supported an enrichment of rare,
heterozygous potentially pathogenic variants in ZNF469 in European and New Zealander pop-
ulations of keratoconus patients compared to ethnically matched controls (Lechner et al. 2014,
Vincent et al. 2014). However, two subsequent case-control studies in cohorts of European de-
scent showed no association with disease (Karolak et al. 2016, Lucas et al. 2017). Furthermore,
the analysis of rare ZNF469 variants in 11 families with multiple cases of keratoconus did not
support the involvement of this gene in keratoconus (Davidson et al. 2015). Perhaps the strongest
evidence against a causative role for heterozygous variants in ZNF469 in keratoconus comes from
the lack of clinical keratoconus in parents of children with BSC1. The parents carry rare het-
erozygous loss-of-function variants that are pathogenic when inherited in the homozygous or a
compound heterozygous state by their affected children (Davidson et al. 2015). The more recent
studies also demonstrated the highly variable nature of the ZNF469 gene and that the frequency
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of many variants in publicly available databases has been underestimated due to poor capture in
early exome sequencing studies (Davidson et al. 2015, Karolak et al. 2016, Lucas et al. 2017). On
the whole, the evidence suggests that rare coding variants in ZNF469 do not cause keratoconus. If
ZNF469 is involved in keratoconus susceptibility, then it is via an alternative mechanism such as
gene expression. It is also worth noting that the closest gene to a GWAS hit is not necessarily the
causative gene, and therefore, the unlikely effect direction observed at the rs9938149 locus may
indicate that a gene other than ZNF469 is involved in keratoconus risk.

Genome-wide significant loci for keratoconus identified using a candidate-gene approach.
Two additional SNPs, initially identified through a family-based or candidate-gene approach, have
reached genome-wide significance with keratoconus: rs2956540, located in an intron of LOX (de-
scribed above), and rs2229813, a missense variant in the collagen gene COL4A4.COL4A4 encodes
a constituent of type IV collagen, is a major structural component of basement membranes, and
is known to be expressed in human cornea. Stabuc-Silih et al. (2009) conducted an association
study in a Slovenian cohort and demonstrated that the A allele at rs2229813 [p.(V1327M)] was
associated with reduced risk of keratoconus (p < 0.0001). This finding was replicated in a sec-
ond Slovenian cohort, as well as a Greek cohort (Kokolakis et al. 2014, Stabuc-Silih et al. 2010).
Conversely, an Iranian study showed that the A allele at rs2229813 was associated with increased
keratoconus risk, and no evidence of association was reported in a Han Chinese study (Wang et al.
2013). When considered together, these results indicate that there was no significant association
with keratoconus; however, two separate meta-analyses revealed that the A allele was protective at
a genome-wide significance threshold in the European cohorts, while a nominal association with
an opposite effect direction was observed in the Iranian and Han Chinese cohorts (Rong et al.
2017). This may reflect real differences in the susceptibility to keratoconus between European
and non-European groups; however, this locus requires further dissection.

SUMMARY AND CONCLUSION

Keratoconus is a complex disease.We do not understand all the factors that contribute to kerato-
conus risk and pathogenesis, but there is clear evidence that genetics plays a role in susceptibility.
In most individuals, there is likely a combination of genetic and environmental factors. In patients
from extended families with early onset, severe disease, and dominant or recessive inheritance,
genetics may confer almost all of the risk. Conversely, in individuals with mild disease, later onset,
and no family history, environmental factors may play a much greater role. The interplay between
genes and environment is yet to be understood in the context of keratoconus.

Identifying genetic risk factors for keratoconus has proved challenging. As with most complex
diseases, candidate gene and linkage studies of multiple small families have failed to make ma-
jor contributions to our understanding. In addition, many studies were conducted on very small
cohorts and without replication or subsequent follow-up. For most reported loci, it is not clear
that the association is a true effect, and for those loci that have been confirmed, mechanistic stud-
ies to understand the biology have yet to emerge. Recent advances in genomic methodologies
and recruitment of ever larger patient cohorts have left the field poised for major breakthroughs.
For example, detailed genomic studies of extended families with clear inheritance patterns are
beginning to pinpoint specific genes, and well-powered GWASs for keratoconus and CCT have
highlighted multiple risk loci. The challenge now lies in identifying the full spectrum of genetic
risk and determining how specific variants contribute to disease development. Achieving these
goals will improve our ability to use genetics in the diagnosis and management of keratoconus
and to develop precision medicine treatments focused on the molecular cause of the disease.
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