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Common Sequence Variants in the
LOXL1 Gene Confer Susceptibility
to Exfoliation Glaucoma

Gudmar Thorleifsson,** Kristinn P. Magnusson,** Patrick Sulem,* G. Bragi Walters,*
Daniel F. Gudbjartsson, Hreinn Stefansson,* Thorlakur Jonsson,* Adalbjorg Jonasdottir,*
Aslaug Jonasdottir,® Gerdur Stefansdottir, Gisli Masson,® Gudmundur A. Hardarson,*
Hjorvar Petursson,® Arsaell Arnarsson,? Mehdi Motallebipour,3 Ola Wallerman,?

Claes Wadelius,? Jeffrey R. Gulcher,® Unnur Thorsteinsdottir, Augustine Kong,*

Fridbert Jonasson,>*t Kari Stefansson’t

Glaucoma is a leading cause of irreversible blindness. A genome-wide search yielded multiple
single-nucleotide polymorphisms (SNPs) in the 15q24.1 region associated with glaucoma. Further
investigation revealed that the association is confined to exfoliation glaucoma (XFG). Two
nonsynonymous SNPs in exon 1 of the gene LOXLI explain the association, and the data suggest
that they confer risk of XFG mainly through exfoliation syndrome (XFS). About 25% of the general
population is homozygous for the highest-risk haplotype, and their risk of suffering from XFG is
more than 100 times that of individuals carrying only low-risk haplotypes. The population-
attributable risk is more than 99%. The product of LOXL1 catalyzes the formation of elastin fibers
found to be a major component of the lesions in XFG.

laucoma is the second most common
Gcause of blindness worldwide (7). Its
pathophysiology is poorly understood,
and there is a compelling need for improved
risk assessment and better treatment.
Glaucoma is a heterogeneous group of dis-
orders that share a distinct optic nerve dam-
age. In most populations, open-angle glaucoma
(OAG), characterized by painless loss of vision,
constitutes the majority of glaucoma cases and
is defined as a progressive loss of neuroretinal
rim tissue within the optic disk and consequent
excavation of the optic disk with correspond-
ing loss of visual field (2, 3). OAG may be di-
vided into primary open-angle glaucoma (POAG)
and secondary glaucoma. POAG is without an
identifiable cause of aqueous outflow resistance,
whereas in secondary glaucoma the outflow re-
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sistance is of a known cause and in exfoliation
glaucoma (XFG) it is considered to be due to the
exfoliative material from which the syndrome
derives its name. Exfoliation syndrome (XFS) is
characterized by accumulation of abnormal mi-
crofibrillar deposits that line the aqueous bathed
surfaces of the anterior segment of the eye. The
prevalence of XFS increases with age, and a
number of studies have pointed to a geograph-
ical clustering of XFS, although this condition
is found worldwide; reported prevalence rates
average about 10 to 20% of the general pop-
ulation over age 60 (4). In the Reykjavik Eye
Study (3), 40% of individuals 80 years and older
were found to have XFS. XFS is the most com-
mon identifiable cause of secondary glaucoma
in most populations. A recent study (5) found
the 15-year risk of XFS conversion to XFG to
be about 60%, which is similar to results of
some previous studies. XFG is characterized
by rapid progression, high resistance to med-
ical therapy, and a worse prognosis than in
POAG (6).

Family history is an important risk factor for
both POAG and XFS which, together with eth-
nic differences in prevalence of POAG, points

to a role of genetic factors in the risk of suffering
from these conditions (7). Three genes, MYOC
(8), OPTN (9), and WDR36 (10), have been
found to be mutated among POAG patients. How-
ever, mutations in these genes are of moderate
frequency and thus explain only a small fraction
of the POAG cases (7).

To identify sequence variants that confer risk
of glaucoma, we conducted a genome-wide as-
sociation study on Icelandic patients with glau-
coma, using the Illumina Hap300 chip. After
quality filtering, 304,250 single-nucleotide poly-
morphisms (SNPs) were tested for association to
glaucoma in a sample of 195 cases and 14,474
population controls [see (/7) for a description of
study groups]. The results were adjusted for re-
latedness between individuals and potential pop-
ulation stratification by the method of genomic
control (/2). Specifically, the chi-square statis-
tics were divided by an adjustment factor of
1.055 [see (/1) for quality-control and statistical
analysis].

Overall, three SNPs achieved genome-wide
significance (P < 1.6 x 1077, fig. S1) and are all
located within a small region in strong linkage
disequilibrium on chromosome 15g24.1 (fig. S2).
The strongest association with glaucoma was
observed with allele T of rs2165241 (Table 1)
with an odds ratio (OR) of 2.28 (P=2.0 x 10 ').
Also achieving genome-wide significance are
allele C of rs2304719 (OR =2.07, P=1.2 x
107®%) and allele A of rs893817 (OR = 1.85, P=
1.4 x 1077), but they are both substantially cor-
related with rs2165241 and are no longer sig-
nificant (P > 0.05) after adjusting for the effect
of 1s2165241.

The 195 glaucoma cases included 90 cases
classified as POAG, 75 known XFG cases, and
30 cases without a precise classification. Fur-
ther analysis showed that the estimated effect
of 152165241 was weak and only marginally
significant for POAG (OR = 1.36, P = 0.040), but
very strong for XFG (OR =340, P=43 x 10 '?)
(Table 1). To replicate the observed associa-
tion, we genotyped 152165241 in Swedish sam-
ples including 200 POAG cases, 199 XFG cases,
and 198 controls. No association was seen with
POAG (OR = 0.83, P = 0.18), but association
similar to that in the Icelandic samples was ob-
served for XFG (OR = 3.78, P=3.1 x 10°").
Combining the results from the two sample sets
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for XFG using a Mantel-Haenszel model (73)
gave an OR of 3.62 (P=1.0 x 10727) (Table 1).

To further explore the impact of the variant,
we genotyped an additional 55 Icelandic XFS
cases without glaucoma. Compared to the con-
trols, the OR is 3.18 (P = 1.9 x 10°®), and the
frequency of 152165241 T in XFS cases without
glaucoma is similar to that in XFS cases with
glaucoma (P > 0.5). These results indicate that
the susceptibility variant tagged by rs2165241 T
is a major susceptibility variant for XFS and sup-
port the notion that the variant confers risk of
glaucoma mainly through XFS.

SNP 152165241 is located in the first intron
of the lysyl oxidase-like protein 1 (LOXLI)
gene. To refine the observed association sig-
nal, we identified SNPs that are substantially
correlated with rs2165241 (2 > 0.2) on the basis
of the HapMap CEPH Utah (CEU) data and
are not part of the Illumina Hap300 chip
(table S2). Eight of those SNPs, in addition to
the three best SNPs from the genome-wide scan,
were successfully genotyped in all the Icelandic
and Swedish XFG cases, in all the Swedish
controls, and in 647 of the Icelandic controls.
Also genotyped were two known nonsynon-
ymous SNPs, 151048661 (Arg'*'—Leu, R141L)
and 153825942 (Gly'>—Asp, G153D), both lo-
cated in the first exon of LOXLI. rs1048661
was identified through the dbSNP database and
13825942 is a HapMap SNP. Both nonsynon-
ymous SNPs showed strong association with
XFG (combining Iceland and Sweden, OR =
246, P=2.3 x 10" for allele G of rs1048661,
and OR =20.10, P=3.0 x 10" for allele G of
1s3825942) (Table 1). Further analysis revealed
that, although rs2165241 (P = 1.0 x 107%") was
more significant than rs1048661 and rs3825942

Table 1. Association between POAG, XFG, and XFS and rs2165241,
rs1048661, and rs3825942. The association of the risk alleles of the SNP
rs2165241, located in the first intron of LOXL1, and of the two nonsynonymous
SNPs rs1048661 (R141L) and rs3825942 (G153D) with glaucoma in the
Icelandic discovery case-control group, the Swedish replication case-control
group, and the two groups combined. Results are shown for all glaucoma cases

rs2165241 T

individually, it was no longer significant (P =
0.71) after adjusting for both nonsynonymous
SNPs simultaneously (tables S3 to S5); the
latter was also true for the other SNPs that we
typed. Results from investigating the joint ef-
fect of two nonsynonymous SNPs rs1048661
and 153825942 are summarized in Fig. 1. The
two SNPs are in substantial linkage disequilib-
rium (D' = 1), and only three of the four possi-
ble haplotypes were detected in our samples.
Among the three observed haplotypes, (G, A)
had the lowest estimated risk. Combining results
from Iceland and Sweden, relative to (G, A),
the (G, G) haplotype had an OR of 27.05 (P =
4.0 x 107?7) and the (T, G) haplotype had an
OR of 8.90 (P = 1.6 x 10°®). Allele T of the
intronic SNP 152165241 was strongly associated
with XFG because it effectively tagged the
high-risk haplotype (G,G) (* = 0.9). On the
basis of a multiplicative model for the risks of
the two risk alleles, allele G of 1s1048661 has a
relative risk of 3.04 = 27.05/8.90 compared to
allele T, and allele G of 1s3825942 has a relative
risk of 27.05 compared to allele A. Notably, the
haplotype (T, A) that was not seen in our
samples would be predicted to have an even
lower risk than (G, A). The three observed
haplotypes did not show deviation from Hardy-
Weinberg equilibrium in either the cases or the
controls, which is consistent with the model that
the risks of the two haplotypes carried by an
individual multiply. Under this model, the risk
of individuals carrying two copies of the high-
risk haplotype (G, G) would be about 700 times
the risk of those carrying two copies of (G, A)
and about 2.47 times the population average
risk. If the risk of the two higher-risk haplo-
types, (G, G) and (T, G), could be reduced to

rs1048661 (R141L) G

that of (G, A), it would eliminate more than
99% of the XFG cases. Hence, the population
attributable risk of the two higher-risk haplo-
types is more than 99%. Sequencing of the
seven exons of LOXLI did not identify further
variants associated with the disease (table S7).

To determine if the nonsynonymous risk
variants could affect the mRNA expression of
LOXLI, we analyzed LOXLI expression in adi-
pose tissue from 659 individuals with genotype
data for rs1048661 and rs3825942 [microarray
expression data (/7)]. LOXLI expression was
reduced by an estimated 7.7% with each copy
carried of the risk G allele of rs1048661 (P =
8.3 x 1077); this effect was significant for both
sexes and did not change if the expression was
adjusted for the weight of the individuals (Fig. 2).
In contrast, weak positive correlation was ob-
served between the risk G allele of rs3825942
and expression of LOXLI (P = 0.034), and this
effect disappeared completely when the correla-
tion was adjusted for the effect of rs1048661 (P =
0.55). The result from the microarray expression
data was confirmed with real-time polymerase
chain reaction for a subset of 564 of the 659
individuals (fig. S3).

The LOXLI gene is a member of the lysyl
oxidase family of proteins that catalyzes oxidative
deamination of lysine residues of tropoelastin,
which leads to their spontaneous cross-linking
with consequential formation of elastin polymer
fibers (14, 15). Elastogenesis also requires fibrillin-
containing microfibrils that act as scaffolds that
guide the cross-linking process and deposition
of elastine (/6). The lysyl oxidase family has
five members, and these encode the prototypic
LOX protein and LOX-like proteins LOXL1 to
LOXLA. All five LOX family members have a

and for POAG cases, XFG, and exfoliation without glaucoma separately. Study
population includes the number of individuals (n). The results include the OR,
95% confidence intervals (Cl), and P values assuming the multiplicative model.
For the Icelandic case-control group, the P values and Cl were adjusted for
relatedness as described in the methods (11). For the combined group, we
calculated OR and P values using a Mantel-Haenszel model.

rs3825942 (G153D) G

Study population (n)

Frq.  OR (95% Cl) P Frq.  OR (95% Cl) Frq. OR (95% Cl) P

Iceland

Controls (14,474) 0.473 0.651 0.847

Glaucoma combined (195) 0.672 2.28 (1.85-2.82) 2.0 x 10™** 0.777 1.87 (1.49-2.35) 7.4 x 107® 0.936  2.66 (1.86-3.80) 7.9 x 1072

POAG (90) 0.550 1.36 (1.01-1.83) 0.04 0.711 1.32 (0.96-1.82) 0.085 0.872  1.25(0.81-1.91)  0.32

XFG (75) 0.753 3.40 (2.41-4.81) 4.3 x 107*% 0.827 2.56 (1.74-3.77) 1.8 x 107® 0.987 13.23 (5.59-31.29) 4.1 x 1077

XFS no glaucoma (55) 0.740 3.18 (2.12-4.76) 1.9 x 107® 0.789 2.02 (1.32-3.09) 1.3 x 107> 0.982 10.10 (4.02-25.36) 8.5 x 10~/
Sweden

Controls (198) 0.535 0.682 0.879

Glaucoma combined (399) 0.649 1.61 (1.26—2.05) 0.00016 0.737 1.31 (1.00-1.70) 0.048 0.929  1.79 (1.19-2.70)  0.0052

POAG (200) 0.488 0.83 (0.63—1.09) 0.18 0.638 0.82 (0.61-1.10) 0.19 0.863  0.87 (0.57-1.31)  0.49

XFG (199) 0.813 3.78 (2.77-5.14) 3.1 x 107" 0.834 2.39 (1.72-3.34) 2.7 x 107" 0.995 27.28 (11.44-65.07) 9.1 x 107**
Combined

Controls (14,672)

Glaucoma combined (594) 1.96 (1.67-2.29) 1.3 x 107¢ 1.59 (1.35-1.89) 7.5 x 107° 2.20 (1.69-2.85) 3.4 x 1077

POAG (290) 1.04 (0.85-1.28) 0.67 1.02 (0.83-1.27) 0.83 1.04 (0.78-1.39)  0.81

XFG (274) 3.62 (2.87-4.55) 1.0 x 10°%’ 2.46 (1.91-3.16) 2.3 x 107 20.10 (10.80-37.41) 3.0 x 107!

7 SEPTEMBER 2007 VOL 317 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on September 21, 2007


http://www.sciencemag.org

similar exon structure consisting of seven exons,
five of which (exons 2 to 6) exhibit strong ho-
mology and encode the C-terminal catalytic do-
main of these proteins. The sequence difference
between the LOX genes resides mainly in exon
1, which encodes pro-peptide that is, after the
attachment of LOXLI to the scaffolding struc-
ture, cleaved off for catalytic activation of the
enzyme. Several studies have demonstrated that
the LOXLI pro-peptide binds to both tropo-
elastine and fibulin-5 and that these interactions
are essential for directing the deposition of the
enzyme onto elastic fibers (74, 16).

The pathology of XFS is characterized by
chronic accumulation of abnormal fibrillar ma-
terial in the anterior segment of the eye, leading
to numerous clinical complications apart from
secondary glaucoma development. From analy-
sis of the XFS material, it has been proposed
that XFS arises from abnormal aggregation of
elastin microfibrillar components (elastic micro-
fibrillopathy) produced by various intraocular
cell types (6, 17). Although a role for LOXL1 in
the formation of the extracellular matrix of the
eye has not been documented, LOXL1 expres-
sion is detected in ocular tissues such as lamina
cribrosa, lens epithelium, cornea, ciliary mus-
cle, and trabecular meshwork, all of which may
be involved in extracellular matrix formation
(18-20) [data accessible at NCBI GEO database
(11)]. We demonstrate here the association of
two coding SNPs, rs1048661 and rs3825942,
with XFG that leads to an amino acid change at
position 141 (Arg—Leu) and 153 (Gly—Asp),
respectively, both of which are located in the

Fig. 1. Association of A
XFG with haplotypes
formed by the two nonsyn-
onymous SNPs, rs1048661
and rs3825942. Pairwise
comparison of the risk of
carrying the three haplo-
types (G, G), (G, A), and
(T, G), formed by the al-
leles of the two nonsyn-
onymous SNPs rs1048661
(R1411) and rs3825942
(G153D). Arrows indi-
cate the comparison of c
two haplotypes, and the
OR is that of the haplo-
type the arrow is point-
ing to relative to the
haplotype from which it
originates. The results are
shown for (A) Iceland
and (B) Sweden sepa-
rately, and (C) for the
two populations com-
bined. For (A) and (B),
estimated haplotype fre-

Iceland

OR = 18.94
P=33x10""?

(1.3%, 15.3%)

(81.4%, 49.8%) OR=3.30 9
P=1.3x10
on

R =574
P=0.0027

OR = 27.05 (14.85 —49.24)
P=40x10"%

N-terminal pro-peptide. Based on the functional
role of the pro-peptide, these alterations could
affect both the catalytic activity of the protein
through modifications of pro-peptide cleavage
and the binding to substrates like tropoelastine
and fibulin-5. In addition, we demonstrate that
the risk allele of rs1048661 associates with lower
expression levels of the LOXLI mRNA in adi-
pose tissue. This effect could be mediated through
its linkage disequilibrium to noncoding regula-
tory elements or through its own effect on mRNA
stability or processing, as previously documented
for both synonymous and nonsynonymous cod-
ing mutations in genes such as DRDI, MDRI,
and OPRM1 (21-23). Assuming a similar reg-
ulatory network for LOXLI expression in adi-
pose and ocular tissues, these data suggest that
low levels of LOXLI expression could predis-
pose to XFS.

Ocular tissue was not available to us to study
the effect of the risk alleles on the expression of
LOXLI, and we considered it unlikely that we
could obtain such tissue from a sufficiently large
number of individuals to do a meaningful study.
Our assumption was that it would be difficult to
predict what tissue would best reflect ocular tis-
sue in this respect and that any tissue expressing
the gene in an easily detectable amount would
serve our purpose as well as other such tissues.
LOXLI is expressed at very low levels in the
blood, and thus we were unable to determine
whether the risk variants affect its expression.
Hence, we analyzed RNA from adipose tissue
because samples from several hundred individ-
uals were available to us. In adipose tissue, the

B Sweden

(83.3%, 56.1%) OR=2.89
\Y 5.9x107"°

OR=35.72
[ 76 ]

P=22x10""9
(16.2%, 31.8%)
R=12.36

=1.6x10°

(17.3%, 34.9%)

(os% 12.1%)

Combined

[Ge |

OR = 3.04 (2.37 -3.91)
\\P= 2.9x107'8

%; =8.90 (4.17 -19.02)
P=1.6x10"%

Not observed

quencies in cases and controls are given in parentheses below each haplotype. For (C), the Mantel-
Haenszel model was used to compute ORs and the 95% confidence intervals in parentheses. The
haplotype formed by the protective alleles, (T, A), is not observed in the Icelandic or the Swedish case-

control groups.

REPORTS I

expression of LOXLI is decreased by 7.7% per
risk allele of rs1048661 (R141L), which is a
small change and not necessarily biologically
meaningful, although in a late-onset disease it
could be relevant. It is, however, notable that the
risk allele of 1s3825942 (G153D), the variant
that confers the greater risk, has no effect on
LOXL1 expression.

In summary, we have shown in two inde-
pendent study groups that two nonsynonymous
changes in exon 1 of the LOXLI gene on chro-
mosome 15q24.1 confer risk to XFG, possi-
bly through XFS. In Iceland and Sweden, the
high-risk haplotype is very common with an
average frequency of about 50% in the general
population. About 25% of individuals in the
general population are homozygous for the
haplotype with the highest risk, and their risk
of suffering from XFG is estimated to be about
700 times that of individuals carrying only
the low-risk haplotype, or about 2.47 times
that of the population average. Jointly, the two
nonsynonymous changes account for more
than 99% of all XFG cases. The product of
the LOXL1 gene modifies elastin fibers that
are a major constituent of the intraocular le-
sions in XFG. As to other forms of glaucoma,
after removing the SNPs in the LOXL region,
the genome-scan Q-Q plots for POAG and glau-

1.2
5 | opl
g 11 P < 0.000001
~J
= T
- "
5 T
(7]
S 09
o
>
Ll
0.8
e GT GG
(85) (313) 261)

Genotype for rs1048661 (R141L)

Fig. 2. Correlation between genotypes of rs1048661
(R141L) and expression of LOXLI in adipose tis-
sue. Expression of LOXLI measured in adipose tis-
sue from 659 individuals by means of a microarray
for the different genotypes of the nonsynonymous
at-risk SNP rs1048661 (R141L). The expression of
LOXL1 is shown as 10exp (average MLR), where MLR
is the mean log expression ratio and the average is
over individuals with a particular genotype. Re-
gressing the MLR values on the number of copies of
the at-risk variant G that an individual carries, we
find that the expression of LOXL1 is reduced by
an estimated 7.7% with G allele carried (P =
0.00000083). The effect of age and sex is taken
into account by including an Age x Sex term
among the explanatory variables in the regression.
The error bars indicate the SEM. The correlation
remains if the expression is adjusted for weight of
the individual by including body-mass index as an
explanatory variable (P = 0.0000013). Similar
results are obtained if the 275 males and the 384
females are analyzed separately (P = 0.00029 and
P = 0.00060, respectively).
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coma overall cannot be distinguished from that
resulting from random noise (fig. S1b), which
suggests that POAG may be a more complex
disease than XFG.
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The Fusarium graminearum Genome
Reveals a Link Between Localized
Polymorphism and Pathogen Specialization
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We sequenced and annotated the genome of the filamentous fungus Fusarium graminearum, a
major pathogen of cultivated cereals. Very few repetitive sequences were detected, and the process
of repeat-induced point mutation, in which duplicated sequences are subject to extensive mutation,
may partially account for the reduced repeat content and apparent low number of paralogous
(ancestrally duplicated) genes. A second strain of F. graminearum contained more than 10,000
single-nucleotide polymorphisms, which were frequently located near telomeres and within other

discrete chromosomal segments. Many highly polymorphic regions contained sets of genes
implicated in plant-fungus interactions and were unusually divergent, with higher rates of
recombination. These regions of genome innovation may result from selection due to interactions

of F. graminearum with its plant hosts.

usarium, a genus of plant pathogenic
F fungi, causes diseases that affect most
species of cultivated plants, including
root and stem rots, blights, and wilts (/). F
graminearum, which causes Fusarium head
blight (FHB) disease on wheat and barley, is a
leading cause of economic loss in these crops
(2). In addition to reducing seed mass and qual-
ity, the fungus contaminates grain with toxic
metabolites that are a threat to human health
(3). Fusarium species also can directly infect
humans, causing localized necrotic diseases (4)
and invasive infection, especially in immuno-
compromised individuals (5).
The F graminearum genome was whole-
genome shotgun sequenced by paired-end se-

quencing of plasmid, Fosmid, and bacterial
artificial chromosome (BAC) clones. The result-
ing assembly totals 36.1 Mb and displays high
sequence quality and continuity. Nearly all
(99.8%) of the assembly was anchored to the four
chromosomes by genetically mapping markers
derived from the genome sequence (6), and an
initial set of 11,640 genes was predicted (table S1
and SOM text). Functional categories for the
predicted genes were inferred by the presence of
conserved InterPro domains (7) and were com-
pared with those found in genomes of the related
fungi, Neurospora crassa, Magnaporthe grisea
and Aspergillus nidulans. The F graminearum
genome has greater numbers of genes for several
protein categories, including predicted transcrip-

tion factors, hydrolytic enzymes, and transmem-
brane transporters (Fig. 1 and table S2).

The F graminearum genome has few high-
identity duplicated sequences, fewer by at
least a factor of 15 than other related fungi,
including Saccharomyces cerevisiae (table S3
and SOM text). Only a few gene pairs orig-
inated from recent duplications (fig. S1 and
table S4), and we identified only two small
families of transposons (table S5 and SOM
text). F. graminearum differs from other fila-
mentous fungi because it is homothallic (self-
fertile) and rarely out-crosses, which limits the
opportunity to acquire new repeats (2). In some
ascomycetous fungi, including F. graminearum,
the lack of repetitive sequence is due to a
genome-wide defense system known as repeat-
induced point mutation (RIP) (8). RIP identi-
fies duplicated sequences (9) and introduces
C:G to T:A transition mutations in both copies
during the sexual cycle; this mutational bias
was observed in F. graminearum transposons
(tables S6 and S7 and SOM text).
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