










0.15 (p=3.31x10−10) or 4.68 (p=8.55x10−3), and 2.34
(p=5.52x10−4) or 1.63 (p=0.410), respectively, were obtained.
When the same three associated haplotypes were individually
compared to the combined haplotypes of GGC or TGT, the
estimated odds ratios of 1.44 (p=0.087), 6.42 (p=3.02x10−10),
and 2.24 (p=6.13x10−4) were obtained, respectively.
Interestingly, the lowest significant risk was associated with
the GAC haplotype (reduced by 83%), which accounted for
the greatest protection against XFS with an AR% associated
value of 457 (Table 5).

In addition to the abovementioned case-control
association studies, we also tabulated the odds ratios, AR%,
and population attributable risk percent (PAR%) for each of
these haplotypes. As presented in Table 5, risk reduction (or
risk protection for developing XFS) for highly associated
haplotypes of GA (SNPs 1 and 2), GC (SNPs 1 and 3), AC
(SNPs 2 and 3), and GAC were 394, 135, 430, and 457,
respectively. Once the combined effect of these three SNPs
was considered collectively, this data suggests that the GGT
haplotype is overrepresented by 66% in the affected patients
and therefore, is a major risk factor for XFS. On the contrary,
the GAC haplotype is underrepresented in the cases by 83%
and therefore, may play a protective role against the
development of XFS. Table 5 also provides the odds ratios
and the 95% confidence intervals for each haplotype as well
as percentages of theoretical reduction in overall incidence of
exfoliation (PAR%) if the corresponding associated haplotype
is to be eliminated (or elevated) from (or in) the population.

DNA sequencing of LOXL1 in exfoliation syndrome: To
determine the potential effect of LOXL1 mutations in XFS
patients from the population under our study, we directly

sequenced the seven coding exons of this gene in a total of 95
unselected and unrelated affected patients. The results of these
sequencings are presented in Table 6. A total of 14 DNA
variations were observed in this gene of which six were in the
coding exons and eight were in the adjacent introns. In
addition to R141L (rs1048661) and G153D (rs3825942) that
were also used in our association studies, we identified two
novel variations, G240G and V385V, each in 1 out of 95
patients. No other significant differences were observed from
the normal referenced sequence.

DISCUSSION
Recent genome-wide association studies in the Icelandic
population identified multiple SNPs from the lysyl oxidase-
like 1 (LOXL1) gene that were highly associated with XFS and
XFG [19]. The same observations were also made in the
Swedish population [19] and have further been confirmed for
two other populations [22,23]. This topic has also been
subjected to several commentaries and reviews [24-28].

We studied 620 subjects, 287 exfoliation and 333 healthy
controls from American and European populations. All
patients were genotyped using the SNaPshot Assay for three
SNPs from LOXL1 that were reported to have strong
associations with XFS in the Icelandic and Swedish
populations [19]. We also confirmed a strong association with
LOXL1 variants in our patients (Table 3–Table 5). The G
alleles of rs1048661 (SNP 1) and rs3825942 (SNP 2) together
with the T allele of rs2165241 (SNP 3) are highly associated
with XFS and XFG. When two-locus haplotypes were
tabulated between SNP 1 and SNP 2, the GG haplotype was
overrepresented in the affected cases while the TG and GA

TABLE 5. ESTIMATED TWO- AND THREE-LOCI HAPLOTYPE FREQUENCIES FOR THREE LOXL1 SNPS AND THEIR CORRESPONDING ASSOCIATION TESTS BETWEEN EXFOLIATION

SYNDROME AND CONTROLS.

SNP1 alleles SNP2 alleles XFS Controls Association tests between exfoliation and controls
rs1048661 rs3825942 n=566 n=658 p-Values Odds (95% C.I.) AR% PAR%

G G 0.8021 0.503 1.47x10−27 4.00 (3.10–5.18) 37 22
T G 0.1572 0.2964 9.01x10−9 0.44 (0.33–0.59) 88 28
G A 0.0406 0.2006 4.83x10−17 0.17 (0.11–0.27) 394 58

rs1048661 rs2165241 n=560 n=650 p-Values Odds (95% C.I.) AR% PAR%
G T 0.7284 0.4362 1.29x10−24 3.46 (2.71–4.41) 40 24
T C 0.1499 0.287 1.14x10−8 0.44 (0.33–0.58) 91 28
G C 0.1126 0.2653 2.26x10−11 0.35 (0.26–0.48) 135 36
T T 0.0091 0.0115 0.6812 0.83 (0.26–2.62) 21 9

rs3825942 rs2165241 n=560 n=654 p-Values Odds (95% C.I.) AR% PAR%
G T 0.7364 0.4458 2.02x10−24 3.45 (2.71–4.40) 39 23
G C 0.2266 0.3547 1.16x10−6 0.53 (0.41–0.69) 56 20
A C 0.037 0.1995 1.49x10−17 0.16 (0.10–0.25) 430 60
Combined haplotypes* n=566 n=666 p-Values Odds (95% C.I.) AR% PAR%

GGT 0.7278 0.4382 1.93x10−24 3.43 (2.69–4.36) 40 23
GAC 0.0346 0.1973 4.99x10−18 0.15 (0.09–0.24) 457 60
TGC 0.1486 0.2877 5.82x10−9 0.43 (0.32–0.57) 94 29
GGC 0.0795 0.0661 0.3693 1.22 (0.79–1.88) 17 9
TGT 0.0097 0.0107 0.8595 0.84 (0.26–2.66) 19 8

Individual p-values for each haplotype, odds ratios, 95% confidence intervals, their associated attributable risks percentages
(AR%), and population attributable risks percentages (PAR%) between exfoliation syndrome and controls are provided. * Order
of the alleles are: rs1048661, rs3825942, and rs2165241.
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haplotypes were significantly underrepresented in the cases.
Comparison of the two haplotypes of GG and TG relative to
GA had odds ratios of 7.87 (p=1.31x10−22) and 2.62
(p=1.51x10−4), respectively. The two haplotypes of GG and
TG accounted for 96% of the XFS cases, and this observation
is in full agreement with the original report for the Icelandic
and Swedish populations [19]. Similarly, for each two-set of
SNP, the GG, GT, and GT haplotypes were significantly
overrepresented in the XFS patients. Seven of the other eight
haplotypes were significantly more frequent in the control
patients. When the combined effects of these three SNPs were
tabulated, the GGT haplotype was significantly
overrepresented while the two haplotypes of GAC and TGC
were significantly underrepresented in the XFS patients
(Table 5). These three haplotypes accounted for 91% of the
XFS cases in the studied population. In summary, for these
three SNPs, the GGT haplotype was overrepresented by 66%
and constituted a major risk haplotype for XFS while the GAC
haplotype was underrepresented by 83% and had the lowest
associated risk in XFS patients. DNA sequencing of 95
affected patients did not show any mutations in LOXL1 in our
studied population.

LOXL1 belongs to a family of extracellular copper-
requiring enzymes (i.e., LOX, LOXL1–4) that facilitate cross-
linking of collagens and elastins through oxidative
deamination of lysine or hydroxylysine side chains [29]. The
reported LOXL1 risk-associated polymorphisms in XFS [19]
may be a significant finding as this condition is considered to
be a type of elastosis that affect elastic microfibrils. However,
as the most highly XFS-associated haplotypes were also
present in 44%–50% of our control subjects (Table 5), it is not
clear at this point how these naturally occurring variations
work individually or cooperatively to contribute to this
phenotype. Since LOXL1 interacts with other proteins [30,
31] such as fibulin-5 (FBLN5) and elastin (ELN), it is likely

that through these protein–protein interactions and their
anticipated common biochemical pathways, the effect of such
polymorphisms on XFS becomes more significant. The two
highly associated SNPs of rs1048661 (R141L; basic arginine
replaced by neutral and hydrophobic leucine) and rs3825942
(G153D; neutral and polar glycine replace by acidic aspartic
acid) are part of the coding region of the LOXL1 protein, and
these two amino acids are highly conserved during evolution.
There is also a strong linkage disequilibrium between these
two SNPs (D’=0.996) thus suggesting that the effect of these
two amino acid polymorphisms on XFS is probably
influenced by protein–protein interaction of LOXL1 with
FBLN5, ELN, or other, unidentified LOXL1-interacting
proteins. Identification of specific polymorphisms in LOXL1
that are highly associated with XFS and XFG provide a good
starting point for future research into the etiology of this
condition. Although LOXL1 null mice [32] have not been
specifically reported to have any ocular phenotype resembling
XFS, perhaps the study of such animals at very old stages of
life and/or their cross-breeding with other animals lacking
LOXL1-interacting proteins such as FBLN5 and ELN are now
warranted. However, as LOXL1 polymorphisms are
frequently seen in normal patients, it is not clear at this point
how such information can provide any immediate assistance
to patients having this condition or being at high risk for
development of XFS or XFG.

It is now possible to determine specific haplotype
composition of LOXL1 polymorphisms in an individual
patient and use the anticipated population-related risk
frequencies to categorize a person into a relatively high or low
risk group. However, it is not clear at this point if such
information should be used to alter the normal clinical
management of an individual as these risk estimates are
relative, tentative, conditional, and probably population
specific. More importantly, such polymorphisms are also
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TABLE 6. DNA SEQUENCING RESULTS OF 95 PATIENTS WITH EXFOLIATION SYNDROME.

Location Nucleotide change Amino acid
change

SNP number Wildtype homozygous Number of subjects observed with this variant
Heterozygous Homozygous

Exon 1 CGG>CTG R141L rs1048661 61 33 1
GGC>GAC G153D rs3825942 90 5 0
GGC>GGT G240G - 94 1 0
GAC>GAT D292D - 93 2 0
GCG>GCT A320A - 82 12 1

Exon 2 GTG>GTC V385V - 94 1 0
Intron 2 IVS2+197C>T - rs2304719 84 11 0
Intron 3 IVS3+23C>T - - 94 1 0

IVS3–155G>A - - 82 13 0
IVS3–101G>A - - 66 28 0

Intron 4 IVS4+49G>A - - 94 1 0
Intron 5 IVS5+111C>A - rs2304721 79 15 1

IVS5–121C>T - - 88 6 0
IVS5–51T>C - rs2304722 67 28 0

A total of 14 DNA variations were observed in this gene of which six were in the coding exons and eight were in the adjacent
introns.

http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1048661
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3825942
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=1048661
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=3825942
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2304719
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2304721
http://www.ncbi.nlm.nih.gov/SNP/snp_ref.cgi?rs=2304722
http://www.molvis.org/molvis/v14/a65


significantly observed in healthy control subjects. Therefore,
it is unlikely that such information will be useful for
immediate day-to-day clinical management of patients.

It is also interesting that LOXL1 polymorphisms are
highly associated with both XFS and XFG, but no such
association was reported for subjects only affected with
primary open-angle glaucoma [19]. This in turn suggests that
other factors must exist that predisposes an individual to
develop glaucoma. Therefore, it is likely that XFG represents
a group of patients that were hereditarily predisposed to
glaucoma, but they instead developed XFG either because of
LOXL1 associated polymorphisms impacting the predisposed
glaucoma gene expression and protein function or because of
other as yet unknown systemic, hereditary, or environmental
factors. Further research into the role of the LOXL1 protein
in the etiology of exfoliation syndrome and exfoliation
glaucoma is urgently needed.
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