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Abstract

The involvement of genetic factors in the pathogenesis of KC has long been recognized but the identification of variants
affecting the underlying protein functions has been challenging. In this study, we selected 34 candidate genes for KC based
on previous whole-exome sequencing (WES) and the literature, and resequenced them in 745 KC patients and 810 ethnically
matched controls from Belgium, France and Italy. Data analysis was performed using the single variant association test as
well as gene-based mutation burden and variance components tests. In our study, we detected enrichment of genetic
variation across multiple gene-based tests for the genes COL2A1, COL5A1, TNXB, and ZNF469. The top hit in the single
variant association test was obtained for a common variant in the COLI2A1 gene. These associations were consistently
found across independent subpopulations. Interestingly, COL5AI, TNXB, ZNF469 and COLI2Al are all known
Ehlers—Danlos Syndrome (EDS) genes. Though the co-occurrence of KC and EDS has been reported previously, this
study is the first to demonstrate a consistent role of genetic variants in EDS genes in the etiology of KC. In conclusion, our
data show a shared genetic etiology between KC and EDS, and clearly confirm the currently disputed role of ZNF469 in
disease susceptibility for KC.

Introduction thinning of this structure. The average reported prevalence
of KC in Caucasians is about 1 in 2000 [1] but a recent
study in a large Dutch population reports a larger pre-
valence of 1 in 375 [2]. KC is usually diagnosed during
adolescence and appears to stabilize in the 3™ or 4™ decade
of life [1]. The treatment options depend on the severity of
the disease, which shows variable expression. For the
mildest forms of KC, contact lenses and spectacles are

sufficient to correct visual acuity. When these treatment

Keratoconus (KC) is a non-inflammatory corneal ectasia,
characterized by the conical shape of the cornea due to
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Table 1 Genes analyzed in

the study. Gene Full name Gene Full name

COLI2A1 Collagen type XII alpha 1 chain miR184  MicroRNA 184

COL2AI  Collagen type II alpha 1 chain MMP9 Matrix metallopeptidase 9

COL5AI  Collagen type V alpha 1 chain NLRPI NLR family pyrin domain containing 1

COL5A3  Collagen type V alpha 3 chain P3H4 Prolyl 3-hydroxylase family member 4
(non-enzymatic)

DCAF11  DDBI and CUL4 associated factor 11 PARPI Poly(ADP-ribose) polymerase 1

DOCK1 Dedicator of cytokinesis 1 PARP2 Poly(ADP-ribose) polymerase 2

DOCK9  Dedicator of cytokinesis 9 PRPH2  Peripherin 2

EPPKI1 Epiplakin 1 RDHI3  Retinol dehydrogenase 13

FASLG Fas ligand SLC4A11 Solute carrier family 4 member 11

FNDC3B  Fibronectin type III domain SODI1 Superoxide dismutase 1

containing 3B
FoXxo1 Forkhead box Ol TF Transferrin
HIA-G Major histocompatibility complex, TGFBI Transforming growth factor beta induced
class I, G

ILIRN Interleukin 1 receptor antagonist TNXB TENASCIN XB

LAMC3  Laminin subunit gamma 3 VSX1 Visual system homeobox 1

LCAS5 Lebercilin WNTI0A Wnt family member 10A

LOX Lysyl oxidase ZEBI Zinc finger E-box binding homeobox 1

LOXHDI Lipoxygenase homology domains 1 ~ ZNF469  Zinc finger protein 469

options are insufficient, sclera lenses and, in the most
advanced cases, corneal transplantations are necessary [1].

There are several indications for a role of genetic varia-
tion in KC. First of all, higher concordance for KC severity
has been reported in monozygotic twins [3]. Additionally,
the prevalence in family members of KC patients is 15-67
times higher compared to the general population, with a
broad sense heritability of up to 60% [4]. Positive family
history has been reported in 18% of patients in the large KC
population included in the Collaborative Longitudinal Eva-
luation of Keratoconus (CLEK) Study [5]. Finally, 16 loci
for keratoconus were identified through linkage analysis in
large pedigrees with segregation of the disease in multiple
generations, but the responsible genes have never been
identified. In most of these families, the disease seems to
display an autosomal dominant pattern of inheritance with
reduced penetrance and/or variable expression [6], although
other types of inheritance have also been described [4].

In a large group of patients, KC seems to be a multi-
factorial genetic disease [7]. Several association studies in
either KC or related syndromes involving corneal thinning
point to an involvement of variants in collagen genes, in
particular COL5AI, and the zinc-finger gene ZNF469.
COL5A1 (Collagen type V alpha 1 chain) has also been
associated with central corneal thickness through genome-
wide association studies (GWAS) [8]. Variants in this gene
cause Ehlers—Danlos syndrome (EDS) [9] and corneal
thinning has been described in patients with COL5AI
haploinsufficiency [10]. Some of the significant Single
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Nucleotide Polymorphisms (SNPs) in this gene, previously
identified in GWAS, have been associated with KC [11],
but this was not confirmed across all investigated popula-
tions [12—-14]. The ZNF469 gene was selected as a candi-
date for KC since bi-allelic loss-of-function mutations cause
Brittle Cornea Syndrome (BCS), wherein extreme corneal
thinning is a key symptom [15]. Furthermore, genetic var-
iation near this gene has been associated with Central
Corneal Thickness (CCT) with the lowest p value obtained
for SNP 159938149 (p value of 2.4x 10™* in the largest
meta-analysis [8]). However, the exact role of genetic var-
iation in both ZNF469 and COL5AI in the pathogenesis of
KC remains to be elucidated. Therefore, we analyzed these
genes and 32 other candidate genes (selected based on lit-
erature and prior unpublished whole-exome sequencing
(WES) experiments (Table 1 and Table S1) in a large
population of patients and ethnically matched phenotypi-
cally unscreened controls.

Methods
Study population

Patients were recruited from three different European
countries. The Belgian patients were collected at the Oph-
thalmology Department of the Antwerp University Hospital
(UZA, Edegem, Belgium) and the Belgian control indivi-
duals were recruited from a collection available at the
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Center of Medical Genetics Antwerp (CMG, Antwerp,
Belgium). The French patients and controls were recruited
at the Centre Hospitalier Universitaire de Toulouse (Tou-
louse, France). In both centers, the diagnosis was based on
slit-lamp biomicroscopy and tomographic evaluation of the
cornea using the Pentacam (Oculus, Wetzlar, Germany)
Scheimpflug camera. Italian patients and controls were
collected at the Istituto di Ricovero e Cura a Carattere
Scientifico (IRCCS) Hospital Casa Sollievo della Soffer-
enza (San Giovanni Rotondo, Italy). The diagnosis was
based on slit-lamp biomicroscopy and videokeratographic
evaluation by using the OPD-Scan ARK-10000 (NIDEK,
Tokyo, Japan) and ALLEGRO Oculyzer (WAVELIGHT
AG, Erlangen, Germany). Within the case group, there was
no selection regarding uni- or bilaterality, age at onset, or
familiality of the trait, as this information was only spor-
adically available. We made sure, however, that no related
subjects were included. Controls were not screened for the
absence of keratoconus, but since the prevalence of KC in
the general population is low, this is unlikely to have an
effect on the results [16]. In total, 787 patients and 856
ethnically matched controls were included in this study. The
numbers are shown in Table S2. Informed consents were
obtained for all participants and all procedures were
approved by the local ethical committees, in accordance
with the ethics of the World Medical Association Declara-
tion of Helsinki. DNA was isolated from fresh or frozen
peripheral blood using standard techniques.

Candidate gene selection

Candidate genes were selected based on either a reported
contribution to the pathogenesis of KC in the literature and/
or from the results of WES analysis (unpublished results).
In brief, in this unpublished study, we carried out a WES on
22 families in which KC segregates. WES was performed
on one to five individuals per family starting from a long list
of genes for which a link to KC was found in the literature,
and that were known to be expressed in the cornea. The
variants in this long list of genes were filtered using the
criteria listed in detail in Table S1, to obtain a short list of
candidate genes harboring one or more rare variants
potentially affecting protein function, and segregating — at
least partially — with the KC phenotype. An overview of the
genes selected to be analyzed in this study can be found in
Table 1.

Target enrichment and sequencing

Candidate genes were sequenced using molecular inversion
probes (MIPs). MIP design was performed using the MIP-
gen pipeline [17]. The coding regions and exon-intron
boundaries were included in the design, and for SODI

probes targeting intron 2 were also designed, since a dele-
tion in this intron has been reported in KC [18]. All iso-
forms available through NCBI RefSeq were taken into
account during the design of the MIPs. An overview of all
isoforms studied is provided in Supplementary Report 1. To
provide uniform reporting of variant positions, we con-
sistently selected the first isoform per gene, mentioned in
Supplementary Report 1.

The MIP sample preparation was performed using the
protocol described elsewhere [19, 20]. The final library was
diluted to 1.7 pM and sequenced on the NextSeq 500
(Illumina, CA, USA) using custom sequencing and index
primers in three 2 x 76 bp, dual indexed runs using a 150
cycles High-Output Illumina kit (Illumina, CA, USA).
Afterward, the data from all three runs was merged.

Data analysis

VCF-files were generated using an in-house bioinformatics
pipeline. Briefly, alignment of the fastq reads to the human
genome was performed using BWA (v0.7.4). Afterwards,
overlapping fragments of each read pair were trimmed and
multi-sample variant calling was performed by Unified
Genotyper from GATK (v3.5.0). We used hg19 as reference
genome throughout this study and Supplementary Table S3
contains an overview of the exact reference sequences.

Quality parameters

Quality parameters for next-generation sequencing (NGS)
were optimized based upon Sanger sequencing in 34 dif-
ferent samples, across different regions of the area targeted
by the MIPs. Cutoffs for average base coverage, genotype
calling based upon allelic fraction, sequencing depth, and
quality by depth were optimized in order to exclude as
many false positives from the analysis as possible. Full
details on the optimization and Sanger-based validation are
given in the Supplementary Methods and Supplementary
Fig. S1.

The quality of the sequencing results in terms of cover-
age was expressed in 3 ways, by calculating (i) the median
coverage within each transcript, across all positions and all
individuals, (ii) the average coverage of each position
(across all individuals within one transcript), and subse-
quently calculated the percentage of positions with an
average coverage of at least 50x. (iii) the average coverage
for each individual (across all positions) within each MIP.
MIPs where more than 20% of the individuals have cov-
erage of less than 50x, were omitted from all further ana-
lyses. A graphical overview of the performance of each MIP
is given in Supplementary Report 2. A list of the MIPs not
reaching the aforementioned quality criteria, is provided in
Supplementary Report 3.

SPRINGER NATURE
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Statistical analysis

The association between the individual variants and the
affection status (KC case or control) was carried out using
Fisher’s exact test, as implemented in the software vTools.
Gene-based tests included the Combined and Multivariate
Collapsing test (CMC) [21], kernel-based adaptive cluster
(KBAC) test [22], and Variable Thresholds methods tests
(VT) [23] and SNP-set (Sequence) Kernel Association Test
Method (SKAT) [24] and cAlpha test [25], as implemented
in the software package vTools [26]. Gene-based tests used
the following subsets of variants as input: (1) nonsense and
frameshift variants, (2) nonsynonymous and in frame var-
iants, (3) synonymous variants, (4) intronic variants, (5) 5’
UTR variants, (6) 3° UTR variants, (7) noncoding RNA
exonic variants, (8) noncoding RNA upstream variants, and
(9) noncoding RNA downstream variants (the latter for
miR184). All tests listed were carried out twice, using either
the variants with a MAF< 1% in controls, or using the
variants with a MAF <0.1% in controls.

The significance level of the results, accounting for
multiple hypothesis testing, was carried out using False
Discovery Rate (FDR) analysis. Through a QQ-plot and a
histogram, the distribution of the observed p values was
compared to the uniform distribution (U(0,1)), which is the
expected null distribution if none of the genes is associated
with the phenotype. Q values, describing the expected false
discovery rate in case a given p value is declared sig-
nificant, were calculated as described by Storey and Tib-
shirani [27], via the R-package g value. In line with the
recommendations of the developers of the g value techni-
que, we are deliberately not using strict cutoffs for sig-
nificance, but rather use the g value as a metric of how
likely it is that an association signal represents a genuine
association signal.

For variants from the single SNP association test located
in the exon-intron boundaries, predictions of the effect of
the variant on splicing were performed using Alamut Visual
v.2.8. rev. 1.

Results
Recruitment

In a collaborative effort between 3 recruiting centers, a total
of 787 independent keratoconus patients and 856 ethnically
matched controls were collected. Based upon the results
from a previous whole-exome study on small families
segregating KC (unpublished results), combined with a
literature search into genes with a reported contribution to
KC, we composed a set of 34 candidate genes for targeted
resequencing. An overview of these genes is given in

SPRINGER NATURE

Table 1, and a more detailed overview of the selection of
these genes can be found in Table S1.

Sequencing

The yield and quality of the sequencing runs was: 74.38
Gbp and 94.53% > Q30 (run 1), 69.88 Gbp and 95.65% =
Q30 (run 2) and 67.58 Gbp and 95.71% > Q30 (run 3).
After merging of the three runs, the average base coverage
per sample for the target region was 350.66x%. Eighty-eight
samples had an average base coverage for the target region
below 100x and these were excluded from the analysis.
Supplementary Reports 1 and 2 give an overview of the
coverage across all the transcripts from all candidate genes,
including the median coverage of each transcript (across all
positions and all individuals), and the percentage of posi-
tions within the transcript, that reaches an average coverage
of at least 50x across all individuals. Supplementary Report
3 provides an overview of the MIPS where more than 20%
of the individuals showed an average coverage (across all
positions within that MIP) below 50x. These 439 MIPS,
covering a total of 17.876 basepair positions, were omitted
from the analysis.

Quality parameters for including samples and variants
were fine-tuned by comparing the NGS results — subject to
varying quality parameter cutoffs — to Sanger sequencing
results, whereby this latter technique was considered to be
the gold standard. Details on the optimization of the quality
parameters and the metrics used is provided in Supple-
mentary Methods. After quality control, 745 patients and
810 controls were retained that were included in the sta-
tistical analyses. A total of 2699 unique variants fulfilled the
quality criteria.

To test the effects of genetic variants in the candidate
genes on susceptibility for KC, we have carried out a
separate analysis for the common variants (MAF > 1%) on
the one hand, and the rare and very rare variants (MAF <
1% and MAF <0.1%, respectively) on the other hand.
Common variants are individually tested for association
(single-variant association test), whereas for the rare and
very rare variants the cumulative effect of the variants
within a gene is tested (gene-based tests). To account for the
multiple testing burden, we evaluated the significance level
of the results using an FDR analysis, as described in the
methods [27].

Single variant association tests

All variants having passed the quality control criteria and
having a MAF in controls of at least 1%, were individually
tested for association with the disease status. The QQ-plot
and the histogram shown in Fig. 1, show a clear enrichment
in low p values compared to the expected uniform
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Fig. 1 Evaluation of
significance for single variant

Single variant association test
MAF > 0.01

association tests. The observed
distribution of the p-values for < -
the single variant association
tests (for variants with

MAF > 1% in controls) is
plotted in a Q-Q plot (left) and a
histogram (right), showing an
enrichment of low p-values. The
black line in the Q-Q plot
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distribution in case of no associations. The association
results of the 15 most significant variants are shown in
Table 2. A nominally significant p value below 0.05 was
reached in 49 variants, 8 of which retained a g value below
0.05 upon FDR correction. The variant ranking 15th in the
table with association results has a ¢ value of 0.11. This
means that 11% (i.e., one or two) of the 15 most significant
variants, is expected to be a false positive, whereas the other
13 or 14 variants probably represent genuine association
signals.

Most variants remaining significant upon FDR correction
have an intermediate MAF. The most significant signal was
obtained for a nonsynonymous common variant in
COLI2A1. Two of the significant common variants (c.2952
+11A>T in COL5AI and c.7624+15G>A in COL2Al) are
located in the exon-intron boundaries and are predicted to
affect splicing (Fig. S2). Amongst these 15 most significant
variants, the indel in DOCK?9 is located in a polyT-stretch
and is probably a sequencing artifact (rather than a true
variant). This is supported by the fact that three deletions of
different sizes are present in the data on this position.
Remarkably, despite excellent coverage of intron 2 of SOD/
in our population of patients and controls (average cover-
age = 229x, Fig. S3), the previously reported SOD/ ¢.169
+50_169+456del was not identified.

Variants with a MAF below 1% were omitted from the
single variant association testing, as these variants offer
limited statistical power to detect association. Only one
SNP with a MAF below 1% would rank within the top 15 of
the single SNP test: a synonymous ¢.573C>T variant in
COL5A1, observed nine times in cases but never in controls
(p =0.0013).

Gene-based tests

Only common variants offer sufficient power for single-
variant association testing. The effect of rare variation on
the phenotype was tested gene-by-gene, using the cumula-
tive effect of multiple rare variants within a gene. Since
there is no information on neither the effect sizes of the

—log10(Expected)

T T T T [ T T T T 1
1.0 15 20 25 0.0 0.2 0.4 0.6 0.8 1.0

p-values

variants (deleterious or beneficial) nor on the fraction of
causal variants within the genes, it is recommended to carry
out several statistical tests, to have robust power across a
wide range of disease models [28]. As described in the
methods, we have used three implementations of the variant
burden tests and two variance components analyses. To
avoid association results being driven by the more common
variants that were already tested in the single SNP testing,
we only used variants with a MAF below either 1% or 0.1%
(in the controls) as input for the gene-based test. The
remaining variants were split into 9 subsets by variant type
and position, as described in the methods. Hence, we car-
ried out the 5 association tests, starting from 9 subsets of
variants, with 2 cutoffs for MAF, for each of the 34 genes.

In Fig. 2, we plotted the distribution of the observed p
values in a histogram and a QQ-plot. The graphs from the
gene-based tests using variants with MAF < 1% (upper row)
show no indication for an enrichment of low p values, as the
observed distribution of p values closely resembles the null
distribution. Calculation of the g values showed no variant
with a g value below 0.05 (lowest g value = 0.41; Table S4
and S4bis). Remarkably, much more enrichment in low p
values was observed for the gene-based test using the var-
iants with MAF < 0.1% (bottom row), with a clear deviation
from the expected null distribution. Calculation of the g
values showed that, among the 83 nominally significant
associations, 10 show a g value below 0.05. In Table 3, we
show the 25 most significant hits from this analysis. Full
results are given in Supplementary Table S4ter.

Discussion

In this study, we investigated the genetic architecture
underlying keratoconus, using targeted resequencing and
association tests on rare and common genetic variation in 34
candidate genes. Candidate genes were selected based upon
previous associations in the literature and our own pre-
liminary results in small families with KC. The results from
the statistical analysis show a substantial consistency in the

SPRINGER NATURE
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association signals across the single-SNP association testing
on the common variants and the gene-based testing based
upon the rare variants. Both types of tests show several
association signals with low ¢ values, from the TNXB,
COL5AI, and COL2A1 genes (Supplementary Tables S5,
S6 and S7). ZNF469 shows a consistent association through
several gene-based tests, but no single SNP within this gene
ranked within the top 15 of single SNP associations. The
strongest association among the single-SNP tests was found
for a nonsynonymous variant in the COLI2A] gene (p =
3.0E—5), while gene-based signals from this gene ranked
within the top-25. Furthermore, the DOCK9 and RDH13
gene both show two single SNP with a g value below 0.05,
but no gene-based signal.

Our choice of candidate genes was driven by either our
own preliminary results on familial cases with KC or pre-
viously published association results and hypotheses about
the genetic background of KC. For example, one particular
set of candidate genes had some reported link with central
corneal thickness. Keratoconus is one of the eye disorders
that involves a reduction of the CCT, other syndromes that
are associated with a reduction of CCT include Brittle
Cornea syndrome, Ehlers—Danlos syndrome and primary
open-angle glaucoma (POAG). Estimated heritabilities for

CCT reach up to 95%, making it one of the most heritable
human traits [29]. A systematic review by Swierkowska
et al showed that genetic variation in genes associated with
CCT could contribute to the corneal thinning in BCS, KC,
and EDS, suggesting an underlying genetic connection
between these three disorders [30]. A cross-ancestry gen-
ome-wide association study into CCT showed that the effect
sizes of CCT-associated variants are strongly correlated to
keratoconus susceptibility, with alleles associated with an
increase in CCT, tend to lower the susceptibility to KC [31].
Many results from the current study lend further support to
the hypothesis that corneal thinning is at least partly
responsible for the KC phenotype, with several associations
between the CCT genes and keratoconus.

The ZNF469 gene was included as a candidate gene in
our study due to its reported involvement in BCS [15],
which has been recently reclassified as a subtype of EDS
[32], and the association with CCT [8]. In addition, we
detected several rare variants in ZNF469 in our prior WES
experiments (unpublished results), although they did not
completely segregate with the phenotype in the families.
Here we find a consistent association between KC sus-
ceptibility and ZNF469 variants across several gene-based
tests, based upon the nonsynonymous, in frame and the
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Table 3 Gene-based tests (MAF

<0.1%) separately by variant Gene p value q value Test Variant category EDS gene

category. COL2A1 2.00E—04 0.0318 kbac Intronic variants Non-EDS gene
TNXB 3.00E—-04 0.0318 CMC Nonsynonymous variants and in-frame indels EDS gene
TNXB 4.00E—04 0.0318 kbac  Nonsynonymous variants and in-frame indels EDS gene
ZNF469  4.00E—04 0.0318 kbac  Nonsynonymous variants and in-frame indels EDS gene
TNXB 5.00E—04 0.0318 skat Nonsynonymous variants and in-frame indels EDS gene
ZNF469  6.00E—-04 0.0318 kbac  Synonymous variants EDS gene
TNXB 6.00E—04 0.0318 vt Nonsynonymous variants and in-frame indels EDS gene
ZNF469  6.00E—04 0.0318 vt Nonsynonymous variants and in-frame indels EDS gene
COL5A1  6.00E—04 0.0318 skat Synonymous variants EDS gene
COL2AI  0.001 0.0446 vt Intronic variants Non-EDS gene
COL2AI  0.0013 0.0516 CMC Intronic variants Non-EDS gene
ZNF469  0.0019 0.0714 CMC Nonsynonymous variants and in-frame indels EDS gene
ZNF469  0.003 0.1004 vt Synonymous variants EDS gene
ZNF469  0.0032 0.1004 CMC Synonymous variants EDS gene
PARP2 0.0043 0.1268  skat Nonsynonymous variants and in-frame indels Non-EDS gene
MMP9 0.0046 0.1282 kbac  Intronic variants Non-EDS gene
TF 0.0056 0.1365 kbac  Synonymous variants Non-EDS gene
TF 0.0058 0.1365 vt Synonymous variants Non-EDS gene
COL5A1  0.0058 0.1365  skat Intronic variants EDS gene
COLI2A1 0.0062 0.1382 vt Intronic variants EDS gene
COLI2A1 0.0067 0.1396  skat Synonymous variants EDS gene
PARP2 0.0072 0.1396 kbac  Nonsynonymous variants and in-frame indels Non-EDS gene
COL5A1  0.0072 0.1396 kbac  Synonymous variants EDS gene
COL5AI  0.0078 0.1449 kbac  Intronic variants EDS gene
MMP9 0.0082 0.1462  calpha Intronic variants Non-EDS gene

Full results are shown in Supplementary Table S4ter.

Vt Variable Thresholds methods, kbac kernel-based adaptive cluster, CMC Combined and Multivariate
collapsing, skat SNP-set (Sequence) Kernel Association Method, EDS Ehlers—Danlos Syndrome.

synonymous variants (Supplementary Table S8). None of
the single variants in ZNF469 shows a significant associa-
tion with the KC phenotype, which seems to indicate that
ZNF469 variants act through a cumulative effect of several
very rare variants.

The gene-based association with ZNF469 is only found
through variant burden tests, and not through variance
component tests. Differences in significance between the
gene-based tests are attributable to the difference in
assumptions between the tests, and how these assumptions
match with the actual underlying genetic architecture. The
burden tests (CMC, VT, KBAC) make the implicit
assumption that all variants are deleterious, whereas the
variance component tests (SKAT, cALPHA) assume the
effect sizes of the rare variants represent a spectrum, ran-
ging from benign, over neutral, to deleterious. Which test
offers the most power to detect an association, depends on
the genetic architecture of the disease. Since this genetic
architecture is unknown, we carried out several gene-based
association tests with different assumptions, testing for
association under a wide range of possible models [33].

SPRINGER NATURE

The COL5AI gene was previously associated with cor-
neal thinning and with EDS. In the current study, we found
several association signals in this gene, both through gene-
based tests (based upon synonymous and intronic variants)
and through single variant tests. Single variant association
tests showed significant enrichment in cases of five variants
in this gene, all of which are located in an intron (Supple-
mental Table S5). None of these variants have been pre-
viously described in KC. Despite being noncoding, a
causative role in KC is not unlikely. Recent studies into
complex disease show that variants associated with complex
traits are often located in regulatory regions, with noncod-
ing variant having a subtle effect on the transcription of the
downstream gene. The dosage of this downstream gene then
has an effect on disease susceptibility [34]. Whether this is
the case for these variants remains to be elucidated.

The TNXB gene was included in our study because
homozygous variants in this gene also cause EDS [35].
Haploinsufficiency of TNXB is associated with hypermo-
bility of the joints [35], but corneal abnormalities have not
(yet) been described for patients with this subtype of EDS,
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Fig. 3 Overrepresentation of known Ehlers-Danlos Syndrome genes. Bar chart of the fraction of EDS genes among all tested associations,

binned according to the g value.

and no involvement with KC was ever reported. In our
analyses, we identify a significant single variant association
between a TNXB variant and KC. In addition, we find a
significant enrichment of very-rare nonsynonymous var-
iants, indicating that rare variants in TNXB are risk factors
for KC (Tables S4 and S7). None of the identified variants
are located in exons 32-44 of TNXB for which a highly
similar pseudogene exists [36]. Based on these observations
we hypothesize that loss-of-function variants lead to an
EDS-phenotype while missense variants can be risk factors
for KC. The underrepresentation of the synonymous
¢.7797G>A variant in KC patients versus controls (Single
variant association test g value =0.01297) provides an
additional argument for a role of this gene in KC.

The top hit among the single variant association tests is
the nonsynonymous c.6479A>T; p.(Glu2160Val) variant in
the COLI2AI gene. This gene is expressed in the cornea
and interacts with TNXB (in which we also detected
enrichment) [37]. Homozygous loss-of-function variants
and a heterozygous missense variant in this gene cause a
syndrome showing an EDS and myopathy phenotype [38].

One of the most striking findings in our study, is the
overrepresentation of known EDS genes, among the genes
for which we find significant association signals. Figure 3
shows the fraction of EDS genes among all tested asso-
ciations, binned according to the g value. Both for the
single-gene tests and for the gene-based tests, the associa-
tions with a g value below 0.05, are vastly enriched in EDS
genes. In general, it seems that the more severe variants on
the protein level (such as frameshift and nonsense variants
or glycine substitutions in the collagen helix) in these genes

cause EDS, while less severe variants seem to contribute to
susceptibility for KC, although we could not identify a clear
genotype-phenotype correlation. Additionally, KC has been
described as a symptom that can co-occur with EDS [39].
Joint hypermobility in KC has been reported [40] but this
association has also been refuted [41]. We have no infor-
mation on e.g., joint mobility or skin hyperextensibility of
the included patients in this study to further investigate the
hypothesis that KC and EDS might show a phenotypic
continuum. A study examining the contribution of genetic
variation in all described EDS genes in the pathogenesis of
KC would undoubtedly provide novel insights.

An additional gene in which we detected enrichment but
that has not yet been described in KC is COL2AI. Het-
erozygous variants in this gene cause Stickler syndrome
[42] and various skeletal dysplasias [43]. We observe sig-
nificant enrichment of intronic variants in this gene in our
patient population, but the pathogenic effect of these
intronic variants is currently unclear (Supplementary
Table S6).

Quite remarkably, our study does not confirm a role for
SODI, VSXI, and LOX in keratoconus, despite earlier
reports attributing a role to these genes in the pathogenesis.
This demonstrates that, if they are indeed involved in KC
development, they only account for a minority of cases.

A weakness of this study is the scarcity of information on
the severity of the KC phenotype in patients. For most
patients, information on familial occurrence of the trait,
comorbidity, age at onset, and unilaterality or bilaterality is
not available. It is unlikely though that the scarcity of this
information has influenced the conclusions of the current
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study. None of this information was used to select patients
for inclusion, except for the exclusion of cases that were
known to be related, and it is unlikely that this led to any
recruitment biases. A study that includes more detailed
information on the clinical picture would enable us to find
more subtle genotype-phenotype correlations between the
variants in the candidate genes and the clinical picture.

A second weakness of this study is that only a small
number of candidate genes was tested. After finishing the
analyses for this study, a genome-wide association analysis
into KC was published by McComish et al. [44]. The 3
genes reaching genome-wide significance in this latter study
(PNPLA2, MAML?2, and CSNKIE), were not tested here and
there is no obvious functional link between these genes and
KC. The previously reported genes, involved in CCT, did
not reach genome-wide significance. Although our study
did not identify any possible monogenic variants causing
KC, several significant associations in different genes were
identified. One of the strengths of our study results is that
these were consistent across the three subpopulations from
different countries, which were collected completely inde-
pendently by different research teams. Our most consistent
finding is that variants in several EDS genes play a role in
the pathogenesis of the multifactorial genetic form of KC,
which seems to be in favor of a role for CCT in KC.
Combined with the GWAS results from McComish et al.
the conclusion seems that corneal thinning is one of the
mechanisms through which KC arises, but certainly not the
only one [44].

Data availability

The datasets generated and/or analyzed during the current
study have been submitted to the European Genome-
Phenome Archive, accession number EGAD00001006825.
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