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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~'"). Although we also confirmed overwhelming
association at the LOXLT locus, the key SNP marker (LOXL7
rs4886776) demonstrated allelic reversal depending on the
ancestry group (Japanese: ORy gjjele = 9.87, P = 2.13 x 107217;
non-Japanese: ORy yjiele = 0.49, P = 2.35 x 10731). 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 accumulation 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 XFS2.

The first GWAS of XFS was reported in 2007 and successfully
identified LOXLI as a major susceptibility locus®. Since then, mul-
tiple studies have uniformly corroborated the association of genetic
variants of LOXLI with XFS*-2!. 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
rs4886776 (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 10~ 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 XFS 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 107 (ORg apjele = 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 ajiele = 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, a locus 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 rs4926244 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 aliele = 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 rs4926244 with XFS (P = 3.36 x 10711). 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 i P=550x10"°
Black lines denote the 95% confidence intervals g?ﬁgggg?;“’a"‘m
of the OR estimates for each collection. Saudi Arabia
Diamonds denote summary results for the %ﬁm@ge
GWAS, validation and replication stages (blue), Mexicﬁ’,
as well as for meta-analysis of the GWAS and South Africa
validation stages and meta-analysis of data gzgggsmtes
from all collections (red). Asian- and Validation (stage 1) o P=417 %1075
European-ancestry summary results are . GWAS + validation {stage 1) - P=245x10"°
represented by black diamonds. £ ﬁ‘éf:a"a S
© Japan-replication -
Germany R e
with stratification for Asian (ORg el = 1.14, Chine-Beiling
P =7.46 x 1079), European (ORg yyiele = 1.19, ?hfna*xmjiang
P=1.90 x 10-%) or South African (ORg; yjjele = Poland
1.33, P = 0.11) ancestry groups (P value for gf;;‘;?@n (stage 2) - S oooona
heterogeneity (Ppe) = 0.5, I index for hetero- All data meta-analysis < P =336 x 10"
geneity = 0%) (Fig. 1). Summary all Europeans -
SNP rs4926244 resides within an intronic
region near the 3" end of CACNAIA. It is . : : , . .
05 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 rs4926244 (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

10 754226244 (© 280

9 5 2
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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 (eQTL) mapping database indicated that the G risk allele
at 14926244 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®®. 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 rs4886776 (ORy anele = 8.31, P = 7.37 x 107137). The
strength of this association vastly exceeded that of marker rs3825942
(responsible for a p.Glyl53Asp 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 rs4886776 extinguished the signal of
association for every other genetic marker within the LOXLI locus.
Conversely, conditioning the analysis for allele dosage at rs3825942
still resulted in genome-wide significant association at many of the
other LOXL1 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 (ORT el = 8.13,
P =1.32 x 10-126). 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
CACNAIArs4926244 locus. The left y axis represents —log;g (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 CACNA1A 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) CACNALA-positive
immunoreactivity is also seen in the anterior e
iris border, iris stromal celis, and iris dilator
(blue arrowheads) and sphincter muscles 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.

XFS1 o Non-XFS

(2]

XFS2

o

Non XFS

the risk allele is reversed depending on which
ancestry group is being studied!!:?2. This
SNP is also in LD with several other LOXLI

4" Zonules
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Overlay

CACNA1A IHC

100 um

5

SNPs located in potential transcription factor
binding sites (Supplementary Table 6)26-27.

SNPs rs4886776 and rs3825942 are in
moderate pairwise LD (r? = 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 (OR4 apele = 21.7,
P =1.54 x 107135), leading to an overwhelmingly significant associa-
tion in the Japanese cases and controls analyzed (ORy ajjele = 9.87,
P = 2.13 x 10-217), Strikingly, in non-Japanese populations, the
direction of the association was opposite to that seen in the Japanese
(OR4 allele = 0.49, P = 2.35 x 10731) (Supplementary Fig. 5). Such a
scenario echoes recently reported observations for the reversed effect
of r$3825942 on XFS risk in South Africans and suggests that the
genetic mechanism whereby LOXL1I exerts its effect on individual
susceptibility to XFS is complex?2. We failed to detect any evidence
of statistically significant interaction between CACNAIA 154926244
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

CACNA1A IHC
Non-XFS

CACNA1A IHC
XFS§ 2

Hematoxylin and eosin
XFS 1

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 CACNA1A expression in
the eye, we examined the mRNA expression profile of CACNAIA
and protein expression of CACNA1A 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 CACNAI1A 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 CACNA1A immunoreactivity in the ciliary body
and iris (Fig. 3). We also found positive staining for CACNAIA in
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the anterior lens epithelium but not in the acellular capsule and the
cornea (Supplementary Figs. 7 and 9). The optic nerve glia and
vascular endothelial cells also showed positive immunoreactivity
for CACNAIA (Supplementary Fig. 9). For the retina, we observed
strong, diffuse CACNAIA staining in the photoreceptor inner seg-
ments, inner nuclear layer (INL) and outer nuclear layer (ONL), and
nerve fiber layer (NFL) of non-XES globes in comparison to XES
globes, where we observed focal and patchy immunostaining of the
inner segments, ONL, INL and NFL. Light-microscopy comparison
of the irides in XFS$-affected eyes against eyes without XFS identified
typical XFS findings of exfoliated material on the posterior iris and
atrophic iris pigment epithelium, as well as possible atrophy of the
iris dilator muscle, in XFS-affected eyes (Fig. 3). We also performed
double-immunofluorescence microscopy for CACNALA and LOXL1
in human eyes with and without XFS and observed colocalization
of CACNAILA and LOXL1 only in the epithelium of the ciliary
processes. The exfoliated material in eyes with XFS showed LOXLI-
positive staining with negligible CACNA1A immunoreactivity. The
ciliary body and iris smooth musculature had CACNA1A-positive
immunostaining but were negative for LOXLI staining in eyes with
and without XFS (Fig. 3). This observation raises the possibility that
CACNAT1A and LOXLI contribute to XFS pathology through different
mechanisms at different ocular sites.

In summary, we have identified a susceptibility locus for XES
mapping to CACNAIA using a three-stage GWAS study design.
Further investigation of this locus is now warranted to uncover
the mechanisms through which CACNAIA affects individual
susceptibility to XFS.

URLs. Hlumina, http://www.illumina.com/; Sequenom, https://www.
sequenom.com/; Applied Biosystems, http://www.appliedbiosystems.
com/; PLINK, http://pngu.mgh.harvard.edu/~purcell/plink/; R sta-
tistical program package, http://www.r-project.org/; IMPUTE2,
http://mathgen.stats.ox.ac.uk/impute/impute_v2.html

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.

ACKNOWLEDGMENTS

The authors thank the staff and participants of all studies for their important
contributions. We thank K.-K. Heng, X.-Y. Chen, H.-M. Soo, S.-Q. Mok,

A. Jamuth, N. Foxworth and M. Elbl for technical assistance. This research was
funded by the Biomedical Research Council, Agency for Science, Technology and
Research, Singapore. J.L.W. acknowledges support from US National Institutes

of Health/National Eye Institute grants (NTH/NEI R01 EY020928 and NIH/NEI
P30 EY014104). S.W.M.]. acknowledges support from grant EY11721 from the

US National Institutes of Health/National Eye Institute and is an investigator of the
Howard Hughes Medical Institute. L.R.P. acknowledges support from a Harvard
Medical School Distinguished Ophthalmology Scholar Award and the Harvard
Glaucoma Center of Excellence. ] H.E acknowledges support from US National
Institutes of Health/National Eye Institute grants (EY023512 and EY(18825).

Z.Y. acknowledges support from the National Natural Science Foundation of
China (81025006 and 81170883), as well as from the Department of Science

and Technology of Sichuan Province, China (20125820219 and 2011jtd0020).

M.S. acknowledges support from Robert Bosch Stiftung (Stuttgart, Germany) and
the German Cancer Consortium (DKTK), Germany. The Australian case cohort
was funded by grants from the Ophthalmic Research Institute of Australia and
National Health and Medical Research Council (NHMRC) project 535044.

The Thessaloniki Eye Study was cofunded by the European Union (European

Social Fund) and Greek national funds under act ‘Aristia’ of the operational program
‘Education and Lifelong Learning’ (Supplementary Note). Blue Mountains Eye Study
(BMES) GWAS and genotyping costs were supported by the Australian NHMRC

(Canberra, Australia; NHMRC project grants 512423, 475604 and 529912) and

the Wellcome Trust, UK, as part of the Wellcome Trust Case Control Consortium 2
(A. Viswanathan, P. McGuffin, P. Mitchell, F. Topouzis, P. Foster; grants 085475/B/
08/Z and 085475/08/7). K.P.B. is an NHMRC Senior Rescarch Fellow, and J.E.C. is
an NHMRC Practitioner Fellow. M.A.B. is an NHMRC Principal Research Fellow.
AW is an NHMRC Peter Doherty Fellow.

AUTHOR CONTRIBUTIONS

T.A, M.O.and C.-C.K. conceived the project. M.O., TM,, RR.A, AL, SN, LEC,,
AWH, DAM,PM, LIW, YS A, LCZ, Y.N, TZ, M.P, LI, YX.W, SW, D.P,
PGS, Y.L, RS.K, MU, §. Manabe, K.FH,, S. Kazama, R.L, Y.M., K. Miyata, K.S.,
TH.LEC, KL, S.LLAY, MY, YK, M.A., T.O, T. Sakurai, T. Sugimoto, H.C.,
K.Y,SYA,EAQ,SAA-0,0.0,LA-,SAS,YY, CO,MRK,ANB,
S.Y,ELA,EK-], UL, PC, RM.R, A.Z, T.C, R. Ramakrishnan, KN, R.V,,
PZ,X.C, D.G.-V,S.AP, RH, S.-LH., U-CW.-L, CM., US.-§., §. Moebus,

N. Weisschuh, R.S., A.G,, LL, ].G.C, M.C,, QY,, V.V,, P. Founti, A.C., AL, EA,
ALC, MRW, DJR, LM.-B, K. Mori, S. Heegaard, W.L.M.A., ].B.J., LX,, IM.L.,
EL., N. Wang, P, Frezzotti, S. Kinoshita, J.HL.E, M.I, D.PE, LR.P, TK, J.LW, ET,
N.Y. and R, Ritch conducted patient recruitment and phenotyping. Z.L., S.U, M.K,,
K.PB, M.A.B, JJW, Y.G,, K-Y.T,, L.H,, PS, WY.M,, S.QP, B.Z, .S, N.Z, Z.Y. and
S.V. performed genotyping experiments. J.M.H., A.S.Y.C, M.C.L, EN.V, GR.H.
and S.W.M.]J. led and performed immunohistochemistry and immunofluorescence
experiments. Z.L., KPB, RA.E, PL, KKA.-A, LAS, LH,KSS, JN.E, M.N,,
EM, N.G, MM, S.U, MK, Y.YT, LHK, AEAK,S. Herms, Y.L, KT, B.Z,

1.8, N.Z,, S.V, Z.Y.,, G.R.H, PS, A.C.O, EP. and A.G. performed analysis. EN.V,,
TY.W, CY.C, PS.,, AM.H.,, M.M.N,, B.C,, ES., M.S. and A.R. contributed genetic
and genotyping data from control populations. The manuscript was drafted by
C.-C.K., with critical input from T.A., RR.A., LR.P, .L.W, EP, ET, M.D,,
S.W.MLT, R. Ritch and M.A.H. The manuscript was approved by all authors.
C.-C.K. was responsible for obtaining financial support for this study.

COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests.

Reprints and permissions information is available online at hitp:/fwww.nature.corm/
reprints/index. himl.

1. Schlttzer-Schrehardt, U. & Naumann, G.0. Ocular and systemic pseudoexfoliation
syndrome. Am. J. Ophthalmol. 141, 921-937 (2006).

2. Ritch, R. & Schiotzer-Schrehardt, U. Exfoliation syndrome. Surv. Ophthalmol. 45,
265-315 (2001).

3. Thorleifsson, G. et al. Common sequence variants in the LOXLI gene confer
susceptibility to exfoliation glaucoma. Science 317, 1397-1400 (2007).

4. Chen, H. et al. Ethnicity-based subgroup meta-analysis of the association of LOXL1
polymorphisms with glaucoma. Mol. Vis. 16, 167-177 (2010).

5. Fingert, J.H. et al. LOXL1 mutations are associated with exfoliation syndrome in
patients from the midwestern United States. Am. J. Ophthalmol. 144, 974-975
(2007).

6. Hayashi, H., Gotoh, N., Ueda, Y., Nakanishi, H. & Yoshimura, N. Lysyl oxidase-like
1 polymorphisms and exfoliation syndrome in the Japanese population.
Am, J. Ophthalmol. 145, 582-585 (2008).

7. Fan, B.J. et al. DNA sequence variants in the LOXLI gene are associated with
pseudoexfoliation glaucoma in a U.S. clinic-based population with broad ethnic
diversity. BMC Med. Genet. 9, 5 (2008).

8. Yang, X. et al. Genetic association of LOXLI gene variants and exfoliation glaucoma
in a Utah cohort. Cell Cycle 7, 521-524 (2008).

9. Hewitt, AW. et al. Ancestral LOXLI variants are associated with pseudoexfoliation
in Caucasian Australians but with markedly lower penetrance than in Nordic people.
Hum. Mol. Genet, 17, 710-716 (2008).

10. Pasutto, F. et al. Association of LOXL1 common sequence variants in German and
Italian patients with pseudoexfoliation syndrome and pseudoexfoliation glaucoma.
Invest. Ophthalmol. Vis. Sci. 49, 1459-1463 (2008).

. Ozaki, M. et al. Association of LOXL1I gene polymorphisms with pseudoexfoliation
in the Japanese. /nvest. Ophthalmol. Vis. Sci. 49, 3976-3980 (2008).

12. Fan, B.J. et al. LOXLI promoter haplotypes are associated with exfoliation syndrome in

a U.S. Caucasian population. /nvest. Ophthalmol. Vis. Sci. 52, 2372-2378 (2011).

13. Wolf, C. et al. Lysy! oxidase-like 1 gene polymorphisms in German patients with
normal tension glaucoma, pigmentary glaucoma and exfoliation glaucoma.
J. Glaucoma 19, 136-141 (2010).

14. Lemmeld, S. ef al. Association of LOXLI gene with Finnish exfoliation syndrome
patients. J. Hum. Genet. 54, 289-297 (2009).

15. Aragon-Martin, J.A. et al. Evaluation of LOXLI gene polymorphisms in exfoliation
syndrome and exfoliation glaucoma. Mol. Vis. 14, 533-541 (2008).

16. Chen, L. et al. Evaluation of LOXLI polymorphisms in exfoliation syndrome in a

Chinese population. Mol. Vis. 15, 2349-2357 (2009).

. Mossbéck, G. et al. Lysyl oxidase-like protein 1 (LOXL1I) gene polymorphisms and
exfoliation glaucoma in a Central European population. Mol. Vis. 14, 857-861
(2008).

1

—

1

~

ADVANCE ONLINE PUBLICATION NATURE GENETICS

_94_



g
[
>
3
[
]
(]
=
(7]
-

K
[=2]

=

<
5]
£
]
o
=
[
E
<
g
3
=
1]
p=

o]
-
(=]
N
©

LETTERS

18. Challa, P. et al. Analysis of LOXL1 polymorphisms in a United States population ~ 24. Rioux, J.D. et al. Genetic variation in the 5g31 cytokine gene cluster confers

with pseudoexfoliation glaucoma. Mol. Vis. 14, 146-149 (2008). susceptibility to Crohn disease. Nat. Genet. 29, 223-228 (2001).
19. Ramprasad, V.L. et al. Association of non-synonymous single nucleotide  25. Westra, H.J. et al. Systematic identification of trans eQTLs as putative drivers of
polymorphisms in the LOXLI gene with pseudoexfoliation syndrome in India. known disease associations. Nat. Genet. 45, 1238-1243 (2013).
Mol. Vis. 14, 318-322 (2008). 26. Boyle, A.P. ef al. Annotation of functional variation in personal genomes using
20. Nakano, M. et al. Novel common variants and susceptible haplotype for exfoliation RegulomeDB. Genome Res. 22, 1790-1797 (2012).
glaucoma specific to Asian population. Sci. Rep. 4, 5340 (2014). 27. Ward, L.D. & Kellis, M. HaploReg: a resource for exploring chromatin states,
21. Mori, K. et al. LOXL1 genetic polymorphisms are associated with exfoliation conservation, and regulatory motif alterations within sets of genetically linked
glaucoma in the Japanese population. Mol. Vis. 14, 1037-1040 (2008). variants. Nucleic Acids Res. 40, D930-D934 (2012).
22. Williams, S.E. et al. Major LOXLI risk allele is reversed in exfoliation glaucoma in  28. Schistzer-Schrehardt, U., Kortje, K.H. & Erb, C. Energy-filtering transmission
a black South African population. Mol. Vis. 16, 705-712 (2010). electron microscopy (EFTEM) in the elemental analysis of pseudoexfoliative
23. Krumbiegel, M. ef al. Genome-wide association study with DNA pooling identifies material. Curr. Eye Res. 22, 154-162 (2001).
variants at CNTNAPZ2 associated with pseudoexfoliation syndrome. Eur. J. Hum.  29. Reinhardt, D.P., Ono, R.N. & Sakai, L.Y. Calcium stabilizes fibrillin-1 against
Genet. 19, 186-193 (2011). proteolytic degradation. J. Biol. Chem. 272, 1231-1236 (1997).

Tin Aung!~>%, Mineo Ozaki®”*°, Takanori Mizoguchi®*’, R Rand Allingham®®°, Zheng Li*,

Aravind Haripriyal?, Satoko Nakano!l, Steffen Uebe!?, Jeffrey M Harder!3, Anita S Y Chan'-2, Mei Chin Leel,
Kathryn P Burdon!41%, Yury S Astakhov!6, Khaled K Abu-Amero!”-18, Juan C Zenteno!%29, Yildirim Nilgiin?!,
Tomasz Zarnowski??, Mohammad Pakravan?3, Leen Abu Safieh?4, Liyun Jia?®, Ya Xing Wang?S,

Susan Williams?7, Daniela Paoli?8, Patricio G Schlottmann?®, Lulin Huang3-32, Kar Seng Sim*, Jia Nee Foo?,
Masakazu Nakano??, Yoko Ikeda34, Rajesh S Kumar3?, Morio Ueno34, Shin-ichi Manabe’, Ken Hayashi’,
Shigeyasu Kazama3®, Ryuichi Ideta?’, Yosai Mori’8, Kazunori Miyata3%3°, Kazuhisa Sugiyama?,

Tomomi Higashide’, Etsuo Chihara*!, Kenji Inoue*?, Satoshi Ishiko?3, Akitoshi Yoshida*4, Masahide Yanagi?’,
Yoshiaki Kiuchi*’, Makoto Aihara“®, Tsutomu Ohashi?’, Toshiya Sakurai“®, Takako Sugimoto®,

Hideki Chuman?®, Fumihiko Matsuda®®, Kenji Yamashiro®?, Norimoto Gotoh%%, Masahiro Miyake*%:50,

Sergei Y Astakhov!6, Essam A Osman'’, Saleh A Al-Obeidan!?, Ohoud Owaidhah?3, Leyla Al-Jasim?3,

Sami Al Shahwan?3, Rhys A Fogarty!4, Paul Leo®!, Yaz Yetkin?!, Cilingir Oguz?!, Mozhgan Rezaei Kanavi?3,
Afsaneh Nederi Beni?3, Shahin Yazdani?3, Evgeny L Akopov!®, Kai-Yee Toh?, Gareth R Howell!3, Andrew C Orr*?,
Yufen Goh*, Wee Yang Meah*, Su Qin Peh*, Ewa Kosior-Jarecka??, Urszula Lukasik??, Mandy Krumbiegel'?,
Eranga N Vithana!, Tien Yin Wong!-3, Yutao Liu>>%4, Allison E Ashley Koch?3, Pratap Challa®,

Robyn M Rautenbach®3, David A Mackey®®, Alex W Hewitt!%57, Paul Mitchell®3, Jie Jin Wang>8, Ari Ziskind®>,
Trevor Carmichael?’, Rangappa Ramakrishnan!Y, Kalpana Narendran!?, Rangaraj Venkatesh!0,

Saravanan Vijayan®’, Peiquan Zhao, Xueyi Chen®!, Dalia Guadarrama-Vallejo!%2?, Ching Yu Cheng'?3,
Shamira A Pereral>2, Rahat Husain!2, Su-Ling Ho%2, Ulrich-Christoph Welge-Luessen®?, Christian Mardin%?,
Ursula Schloetzer-Schrehardt®3, Axel M Hillmer®4, Stefan Herms®5-68, Susanne Moebus®®, Markus M Nothen5-66,
Nicole Weisschuh”?, Rohit Shetty3>, Arkasubhra Ghosh!7!, Yik Ying Teo%72, Matthew A Brown>l,

Ignacio Lischinsky’?, Blue Mountains Eye Study GWAS Team?4, Wellcome Trust Case Control Consortium 274,
Jonathan G Crowston®”75, Michael Coote>”>7>, Bowen Zhao?4, Jinghong Sang?®, Nihong Zhang?>,

Qisheng You?®, Vera Vysochinskaya’®, Panayiota Founti”’, Anthoula Chatzikyriakidou’8, Alexandros Lambropoulos’8,
Eleftherios Anastasopoulos’’, Anne L Coleman’?, M Roy Wilson8, Douglas ] Rhee?!, Jae Hee Kang®?,

Inna May-Bolchakova®3, Steffen Heegaard348>, Kazuhiko Mori33, Wallace L M Alward3®%7, Jost B Jonas®,

Liang Xu?, Jeffrey M Liebmann®’, Balram Chowbay®’, Elke Schaeffeler®!, Matthias Schwab®!1-%3,

Fabian Lerner®*, Ningli Wang?®, Zhenglin Yang30-32, Paolo Frezzotti”, Shigeru Kinoshita®, John H Fingert86:87,
Masaru Inatani®®, Kei Tashiro3, André Reis!?, Deepak P Edward?4%7, Louis R Pasquale8!:82, Toshiaki Kubotall,
Janey L Wiggs81:190, Francesca Pasutto!%19, Fotis Topouzis’”>190, Michael Dubina!®7%1%, Jamie E Craig!41%,
Nagahisa Yoshimura®%1%0, Periasamy Sundaresan>®1%0, Simon W M John!310%, Robert Ritch®8:100,

Michael A Hauser®53:100 & Chiea-Chuen Khor!-3:4:100

1Singapore Eye Research Institute, Singapore. 2Singapore National Eye Center, Singapore. 3Department of Ophthalmology, Yong Loo Lin School of Medicine,

National University of Singapore, Singapore. 4Division of Human Genetics, Genome Institute of Singapore, Singapore. 5Duke University-National University of
Singapore Graduate Medical School, Singapore. 80zaki Eye Hospital, Hyuga, Japan. 7Hayashi Eye Hospital, Fukuoka, Japan. 8Mizoguchi Eye Hospital, Sasebo, Japan.
9Department of Ophthalmology, Duke University Eye Center, Durham, North Carolina, USA. 10Intraocular Lens and Cataract Clinic, Aravind Eye Hospital, Madurai,
India. 1*Department of Ophthalmology, Oita University Faculty of Medicine, Oita, Japan. 12|nstitute of Human Genetics, Friedrich Alexander Universitat Erlangen-
Nurnberg, Erlangen-Nirnberg, Germany. 13Howard Hughes Medical Institute, Jackson Laboratory, Bar Harbor, Maine, USA. 14Department of Ophthalmology, Flinders
University, Adelaide, South Australia, Australia. 15Menzies Institute for Medical Research, University of Tasmania, Hobart, Tasmania, Australia. 16Department of
Ophthalmology, First Paviov State Medical University of St. Petersburg, St. Petersburg, Russia. 17Department of Ophthalmology, College of Medicine, King Saud

NATURE GENETICS ADVANCE ONLINE PUBLICATION 5

_95_



