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A common variant mapping to CACNA1A is associated
with susceptibility to exfoliation syndrome

Exfoliation syndrome (XFS) is the most common recognizable
cause of open-angle glaucoma worldwide. To better understand
the etiology of XFS, we conducted a genome-wide association
study (GWAS) of 1,484 cases and 1,188 controls from Japan
and followed up the most significant findings in a further

6,901 cases and 20,727 controls from 17 countries across

6 continents. We discovered a genome-wide significant
association between a new locus (CACNATA rs4926244)

and increased susceptibility to XFS (odds ratio (OR) = 1.16,

P =3.36 x 10-17). Although we also confirmed overwhelming
association at the LOXLT locus, the key SNP marker (LOXL1
rs4886776) demonstrated allelic reversal depending on the
ancestry group (Japanese: ORg aliele = 9.87, P = 2,13 x 107217;
non-Japanese: ORy giete = 0-49, P = 2.35 x 10-37). Our findings
represent the first genetic locus outside of LOXLT surpassing
genome-wide significance for XFS and provide insight into

the biology and pathogenesis of the disease.

XFS is a generalized disorder of the extracellular matrix that manifests
most conspicuously in the eye. The exfoliation material consists of
cross-linked, amyloid-like fibrillar material and glycoproteins. Apart
from in ocular tissues, this material deposits around blood vessels, par-
ticularly in association with elastic connective tissue, and can be found
in other organs!. The accurnulation of exfoliation material deposits and
pigment in the trabecular meshwork can damage this tissue and impede
the drainage of aqueous humor from the eye, thus resulting in elevated
intraocular pressure and glaucomatous optic neuropathy. Exfoliation
glaucoma is the most serious known complication of XFS?.

The first GWAS of XFS was reported in 2007 and successfully
identified LOXL1 as a major susceptibility locus®. Since then, mul-
tiple studies have uniformly corroborated the association of genetic
variants of LOXLI with XFS*-21. However, data from these studies
showed that associated alleles for LOXL1 SNPs frequently undergo
allelic reversal depending on ancestry group??. These findings suggest
that complex genetic mechanisms are present in XFS pathogenesis
and that additional susceptibility loci for XFS remain to be identified.
We assembled an international, multi-institutional collaborative
effort across 6 continents and 17 countries to conduct a GWAS
discovery and 2-stage replication study of XFS (Online Methods,
Supplementary Fig. 1 and Supplementary Table 1). Participating
subjects provided written informed consent under the oversight of
all local institutional review boards in accordance with the tenets of
the Declaration of Helsinki.

For the GWAS discovery stage, we genotyped 717,991 SNP markers
in 1,578 Japanese subjects with XFS (cases) and 1,215 controls using
the Illumina HumanOmniExpress-12 v1.0 DNA analysis BeadChip
microarray. Control subjects were drawn from the same hospital where
the XFS cases were first identified. A total of 1,484 cases and 1,188 con-
trols passed quality control filters for call rate, relatedness, heterozygos-
ity and ancestry (see the Online Methods for details on quality control)
and were included for downstream association analysis. Multiple mark-
ers in strong linkage disequilibrium (LD) at the LOXLI locus showed
strong evidence of association with XFS (Supplementary Fig. 2a), with
154886776 (P =7.37 x 107137) serving as the sentinel SNP.

A total of 66 SNPs outside of LOXLI showed evidence of associa-
tion with XFS surpassing P < 1 x 1074 at the GWAS discovery stage.
We thus designed validation assays for these 66 SNP markers, together
with LOXLI rs4886776, and genotyped them in a follow-up collec-
tion of 2,628 XES cases and 8,947 controls drawn from 9 countries
(stage 1 validation; Supplementary Table 1). For each SNP exam-
ined, we conducted a fixed-effects meta-analysis to summarize the
observations across the nine studies. One SNP marker (rs4926244)
mapping within the CACNAIA gene was associated in the GWAS
discovery stage at P = 5.50 x 1075 (ORg apele = 1.29) and was also
significantly associated in the validation stage (ORg apele = 1.17,
P =4.17 x 1075). For rs4926244, meta-analysis of both the discovery
and validation stages showed a genome-wide significant association
(ORG aliele = 1.20, P = 2.45 x 1078) (Fig. 1, Supplementary Fig. 2b
and Supplementary Table 2). Results for all 67 SNP markers from the
GWAS discovery and stage 1 replication are shown in Supplementary
Table 2. We did not observe consistent evidence of association at
CNTNAP2, alocus previously reported to associate with XFS in a
pooled GWAS analysis?3, or at other previously reported candidate
genes (Supplementary Table 3).

We subjected CACNAIA 1rs4926244 to further technical scrutiny
in a third, independent data set consisting of 4,273 XFS cases
and 11,780 controls drawn from 8 additional countries (stage 2
replication; Supplementary Table 1). The association maintained
significance, consistent with the findings from the two previous stages
(ORG allele = 1.13, P = 1.14 x 107%). Together, the combined discov-
ery and 2-stage replication collections consisting of 8,385 XFS cases
and 21,915 controls provided evidence for association of the minor
G allele at 154926244 with XFS (P = 3.36 x 107!1). These data sug-
gest that risk for XFS increases by approximately 1.16-fold for each
copy of the minor G allele (Fig. 1 and Supplementary Table 4). This
association appeared to be consistent, with minimal heterogeneity

A full list of authors and affiliations appears at the end of the paper.
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Figure 1 Forest plot for the associations
between CACNAIA 154926244 and XFS in

discovery and follow-up case-control collections. Japan-GWAS e P=550x10"°
Black lines denote the 95% confidence intervals “S'?‘f;;‘;;’f;“m“
of the OR estimates for each collection. Saudi Arabia
Diamonds denote summary results for the %‘f:ece
GWAS, validation and replication stages (blue), Mex;cé
as well as for meta-analysis of the GWAS and South Africa
validation stages and meta-analysis of data gggzgsmtes
from all collections (red). Asian- and Validation (stage 1) e P =447 %107
European-ancestry summary results are . GWAS + validation (stage 1) L P=2.45x107°

: o Australia :
represented by black diamonds. 5 India :

© Japan-replication .
Germany e
with stratification for Asian (ORg apete = 1.14, gi:iyna—-Bei]ing
P =7.46 x 107%), European (ORg yyjele = 1.19, China-Xinfang
P=1.90 x 107%) or South African (ORG yyjele = Poang
1.33, P = 0.11) ancestry groups (P value for g;%ﬁg‘;‘t‘%n (stage 2) - oo
heterogeneity (Pp) = 0.5, I? index for hetero- All data meta-analysis & P=336x 10"
geneity = 0%) (Fig. 1). Summary all Europeans -
SNP 154926244 resides within an intronic
region near the 3" end of CACNAIA. It is . K ; . ‘ ‘
0.5 1.0 1.5 2.0 25

closely flanked by recombination events 0
(Fig. 2) and is confined to its own LD block

(Supplementary Fig. 3). We did not observe association with any
genetic marker surpassing the nominal threshold of P < 0.001 outside
of this region (Fig. 2)*%. We next performed imputation for ungeno-
typed SNPs at the CACNAIA locus on the basis of 1000 Genomes
Project cosmopolitan data using the Phase 3 release (June 2014;
Online Methods) across the GWAS discovery collection. We were
able to successfully impute 5,602 SNPs across the CACNAIA locus.
However, subsequent association analysis using the imputed SNPs
did not identify additional genetic associations that surpassed the
statistical significance of 1s4926244 (Supplementary Fig. 4). Notably,
the most significant SNPs emerging from the cosmopolitan imputation
analysis were intronic and all showed moderate-to-high correlation
with rs4926244 (Supplementary Table 5). None of these correlated
SNP markers were located in strong motifs for transcription factor
binding sites as identified by the Encyclopedia of DNA Elements
(ENCODE). They also did not tag any common nonsynonymous
variants in CACNAIA (Supplementary Table 6). Haplotype asso-
ciation analysis assessing SNPs in a two-, three- or four-marker
sliding window did not find evidence of an association surpass-
ing that observed for rs4926244 (lowest haplotype P = 0.00021;
Supplementary Table 7), and we further note that all but one
haplotype showing evidence of association exceeding P < 0.0005
in the GWAS data set contained SNP rs4926244 (Supplementary
Table 7). These findings suggest that rs4926244 is likely driving the

Per-allele effect size

common-variant haplotype association results and that detailed fine
mapping of this locus using deep resequencing may be required.
Examination of a recently available large-scale expression quantitative
trait locus (¢QTL) mapping database indicated that the G risk allele
at 154926244 is modestly correlated with lower CACNAIA mRNA
levels in peripheral blood cells (z = -3.00, P = 0.0027), suggesting
that it may influence XFS risk through an effect on CACNA 1A expres-
sion?3, Further work will be needed to evaluate its effect in human
ocular tissues.

Initial analysis of the LOXLI locus in the GWAS discovery data
set comprising individuals of Japanese descent demonstrated strong
association at 154886776 (ORy ajele = 8.31, P = 7.37 x 107137). The
strength of this association vastly exceeded that of marker rs3825942
(responsible for a p.Gly153Asp substitution encoded in exon 1 of
LOXLI), which has been the most widely tested and reported SNP
association before this analysis??. Performing the analysis after con-
ditioning for the allele dosage at 14886776 extinguished the signal of
association for every other genetic marker within the LOXLI locus.
Conversely, conditioning the analysis for allele dosage at 13825942
still resulted in genome-wide significant association at many of the
other LOXLI SNPs, including rs4886776 (Supplementary Table 8).
These data suggest that, within the Japanese GWAS discovery set, the
observed association at LOXLI can be attributed to rs4886776 alone.
We note that rs4886776 is in high LD with rs1048661 (12 = 0.98 in
1000 Genomes Project Asians), a SNP that is responsible for another
nonsynonymous substitution in LOXLI (encoding p.Argl41Leu) but
that was not directly genotyped in our data set. However, we were able
to successfully impute rs1048661 in our GWAS discovery data set,
and we confirmed its strong association with XFS (OR7 jjele = 8.13,
P =1.32 x 107126). SNP rs1048661 has previously been reported to
show strong association with XFS in multiple populations, although

Figure 2 Regional association and recombination rate plot for the
CACNA1Ars4926244 locus. The left y axis represents ~logyg (P values)
for association with XFS, and the right y axis represents the recombination
rate. The x axis represents base-pair positions along the chromosome
(human genome Build 37). Diamonds denote the summary results for
each experimental stage. (a) GWAS discovery. (b) Meta-analysis between
the GWAS discovery and validation stages. (c) Meta-analysis between the
GWAS discovery, validation and replication stages.
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Figure 3 CACNA1A and LOXL1 protein
expression and light-microscopy analysis

in XFS and non-XFS control eyes.

(a-d) Immunolocalization of CACNALA in
human non-XFS globes (a,d) and in XFS1 (b)
and XFS2 (c) globes with XFS shows CACNA1A-
positive immunoreactivity in the smooth
musculature of the ciliary body (CB) and
pigmented and non-pigmented ciliary process
(CP) epithelium, with variable staining in the
zonules (white and black arrows; exfoliated
material, green asterisks). In contrast,

LOXL1 immunoreactivity is present only in

the exfoliated material and the ciliary process
epithelium (zonules, white arrows). Double-
immunofluorescence analysis (overlay) shows
colocalization of CACNALA and LOXL1 in the
non-pigmented and pigmented epithelium of
the ciliary process but not in the ciliary body
smooth musculature or the zonules (white
arrows). Light-microscopy comparison of
non-XFS and XFS irides identifies the typical
XFS findings of exfoliated material (green
asterisks) on the posterior iris and atrophic

iris pigment epithelium with possible atrophy
of the iris dilator muscle (IDM; blue
arrowheads) in XFS irides. The sphincter
pupillae in non-XFS and XFS eyes show
negligible differences. (d,e) CACNA1A-positive
immunoreactivity is also seen in the anterior e
iris border, iris stromal cells, and iris dilator
(blue arrowheads) and sphincter muscies as
well as in the iris pigmented epithelium in
both XFS (e) and non-XFS (d,e) irides. Stromal
cells are highlighted by the blue ovals in e.
IHC, immunohistochemistry.

o Non-XFS o
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i >

XFS1

XFS2
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Non XFS

Iris

the risk allele is reversed depending on which
ancestry group is being studied!!:22, This
SNP is also in LD with several other LOXLI

LETTERS

CACNA1A IHC

Overlay

Zonules

SNPs located in potential transcription factor
binding sites (Supplementary Table 6)26:27,

SNPs rs4886776 and rs3825942 are in
moderate pairwise LD (7? = 0.23). When we genotyped rs4886776
for the 2,628 XFS cases and 8,947 controls from stage 1 valida-
tion (Supplementary Table 1), we noted very strong evidence of
consistent association for Japanese individuals (ORy apele = 21.7,
P =1.54 x 10713%), leading to an overwhelmingly significant associa-
tion in the Japanese cases and controls analyzed (ORp ayjele = 9.87,
P = 2.13 x 10727). Strikingly, in non-Japanese populations, the
direction of the association was opposite to that seen in the Japanese
(OR4 aftele = 0.49, P = 2.35 x 10~31) (Supplementary Fig. 5). Such a
scenario echoes recently reported observations for the reversed effect
of rs3825942 on XFS risk in South Africans and suggests that the
genetic mechanism whereby LOXLI exerts its effect on individual
susceptibility to XFS is complex?2. We failed to detect any evidence
of statistically significant interaction between CACNAIA rs4926244
and the sentinel LOXLI polymorphisms, suggesting that these loci
affect XFS risk via distinct biological pathways.

CACNAIA encodes the ollA subunit of the type P/Q voltage-
dependent calcium channel. Calcium channels are responsible for the
transport of calcium ions across cell membranes and have a key role
in a cell’s ability to generate and transmit electrical signals. Previous
electron microscopy studies on human eyes with XFS showed the
presence of high calcium concentrations in direct association with
aggregating XFS fibrils?®. In addition, it is well known that fibrillin

Non-XFS

Hematoxylin and eosin

Bhins 5 Y,
Hematoxylin and eosin CACNA1A IHC CACNA1A IHC
XFS 1 XFS 2 Non-XFS

uses calcium to form stable aggregates?®. Thus, it can be hypothesized
that the altered function of a calcium channel could lead to altera-
tions in calcium concentrations that might facilitate the formation
of XFS aggregates.

As there is a paucity of information on CACNAIA expression in
the eye, we examined the mRNA expression profile of CACNAIA
and protein expression of CACNAI1A in a variety of human ocular
tissues and cell lines, respectively (Supplementary Fig. 6). We
detected CACNAIA mRNA expression in all of the ocular tissues we
studied, with the exception of the optic nerve head (Supplementary
Fig. 6a). Expression of different CACNA1A isoforms appears to be
higher in human ocular tissue-derived cells than in cells of non-ocular
origin (Supplementary Fig. 6b). We also performed immuno-
fluorescence and immunohistochemistry analysis on adult human
eyes and observed positive immunoreactivity for CACNA1A in mul-
tiple human ocular tissues (Fig. 3, and Supplementary Figs. 7 and 8).
The distribution of CACNA1A was similar in human ocular tissues
from individuals with or without XFS (Fig. 3, and Supplementary
Figs. 8 and 9). Positive staining and localization of CACNA1A in the
human eye was further corroborated by immunofluorescence micros-
copy analysis in mouse eyes (Supplementary Fig. 10). In human eyes,
we observed positive CACNA 1A immunoreactivity in the ciliary body
and iris (Fig. 3). We also found positive staining for CACNAIA in
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