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Abstract
Exfoliation syndrome (XFS) is a common, age-related, systemic fibrillinopathy. It greatly increases risk of exfoliation glaucoma
(XFG), a major worldwide cause of irreversible blindness. Coding variants in the lysyl oxidase-like 1 (LOXL1) gene are strongly
associated with XFS in all studied populations, but a functional role for these variants has not been established. To identify
additional candidate functional variants, we sequenced the entire LOXL1 genomic locus (∼40 kb) in 50 indigenous, black South
African XFS cases and 50 matched controls. The variants with the strongest evidence of association were located in a well-
defined 7-kb region bounded by the 3’-end of exon 1 and the adjacent region of intron 1 of LOXL1.We replicated this finding inUS
Caucasian (91 cases/1031 controls), German (771 cases/1365 controls) and Japanese (1484 cases/1188 controls) populations. The
region of peak association lies upstream of LOXL1-AS1, a long non-coding RNA (lncRNA) encoded on the opposite strand of
LOXL1. We show that this region contains a promoter and, importantly, that the strongly associated XFS risk alleles in the South
African population are functional variants that significantly modulate the activity of this promoter. LOXL1-AS1 expression is
also significantly altered in response to oxidative stress in human lens epithelial cells and in response to cyclic mechanical
stress in human Schlemm’s canal endothelial cells. Taken together, these findings support a functional role for the LOXL1-AS1
lncRNA in cellular stress response and suggest that dysregulation of its expression by genetic risk variants plays a key role inXFS
pathogenesis.

Introduction
Exfoliation syndrome (XFS) is a common, age-related, systemic fi-
brillinopathy present in most populations worldwide. It is asso-
ciated with exfoliation glaucoma (XFG), the most common
identifiable secondary form of open-angle glaucoma in the
world (1). Clinically, XFS is diagnosed by the presence of charac-
teristic ocular deposits. Histologically, XFS deposits consist of
extracellular fibrillar material found in multiple ocular tissues,
including the anterior lens capsule, lens zonules, iris, trabecular
meshwork (TM), cornea, ciliary body and the lamina cribrosa of
the optic nerve (2). Compared with primary open-angle glau-
coma, XFG is more clinically severe, with higher mean intraocu-
lar pressure (IOP), more advanced visual field loss at diagnosis
and reduced responsiveness tomedical treatment (3). The preva-
lence of XFS, and associated XFG, dramatically increases with
age, constituting a growing global medical burden (4).

XFS affects an estimated 60–70 million people worldwide (5).
In addition to having ocular manifestations, XFS is also impli-
cated as a risk factor in multiple systemic disorders, including
Alzheimer’s-like dementia, sensorineural hearing loss, cardio-
vascular disease and cerebrovascular disease (6). Both genetic
and environmental factors are believed to contribute to disease
development (7,8). Environmental factors associated with XFS
risk include geographic latitude, sun exposure, caffeine con-
sumption and low folate intake, among others (9).

A genome-wide association study performed in a Scandi-
navian population identified three single-nucleotide polymorph-
isms (SNPs) in the gene lysyl oxidase-like 1 (LOXL1) that are strongly
associated with XFS risk (10). Two of the SNPs, rs1048661 and
rs3825942, are protein-coding variants located in exon 1 of LOXL1
(Arg141Leu and Gly153Asp, respectively). The third SNP,
rs2165241, is located in intron 1 of LOXL1. LOXL1 is a member of
the copper-dependent monoamine lysyl oxidase family, which
is involved in covalent cross-linking of collagen and elastin poly-
mers during extracellular matrix formation (11). Themechanism
whereby genetic variants in LOXL1 contribute to XFS, and ultim-
ately XFG, is poorly understood.

The association of LOXL1-coding variants with XFS risk has
been uniformly replicated in all global populations studied to
date (12,13). However, all currently known LOXL1 risk alleles
for XFS are reversed in one or more populations. For SNP
rs1048661, Arg141 is associated with decreased risk for XFS in

Asian cohorts but with increased risk in all other populations
studied (14–16). For SNP rs3825942, Gly153 is associated with de-
creased risk in a South African XFS data set but with increased
risk in all other populations studied (13,17,18). These coding var-
iants do not affect the amine oxidase activity of the LOXL1 pro-
tein and other functional roles for these variants in disease
pathogenesis have not been identified (19). Collectively, these
data suggest that known coding variants are in linkage disequi-
librium with and therefore tagging as yet unknown functional
variants.

The aimof this studywas to identify functional variants in the
LOXL1 locus that may play a role in XFS pathogenesis. Through
deep sequencing, we have identified a peak region of XFS associ-
ation at the LOXL1 exon 1/intron 1 junction, a region that lies im-
mediately upstream of the LOXL1 antisense RNA (LOXL1-AS1). An
analysis utilizing a dual-luciferase reporter (DLR) assay demon-
strates promoter activity in this region, and this activity ismodu-
lated by XFS-associated variants. We also show that both
oxidative stress in lens epithelial (LE) cells and cyclic mechanical
stress (CMS) in Schlemm’s canal (SC) cells significantly alter
LOXL1-AS1 expression, suggesting a critical role for this long
non-coding RNA in the cell stress response. Collectively, these
data demonstrate that both genetic risk variants and environ-
mental stressors alter the levels of LOXL1-AS1, potentially con-
tributing to the pathogenesis of this complex inherited disease.

Results
Sequencing and genetic analysis

A 40-kb region spanning the LOXL1 locus was sequenced in 50
black South African XFS cases and 50 age- and gender-matched
controls, a data set that has been described previously (17). The
sequenced region included all LOXL1 and LOXL1-AS1 introns
and exons, a 10-kb region upstream of LOXL1, and two potential
regulatory regions located even further upstream of LOXL1
[hg19: chr15: 74199311–74201249 (1939 bp); chr15: 74189280–
74190441 (1162 bp)]. A total of 351 sequence variants were identi-
fied when compared with the UCSC genome browser reference
sequence hg19 (SupplementaryMaterial, Table S1). The allele fre-
quencies for these variants ranged from 0.005 to 0.4895. These
variants included 247 known SNPs (dbSNP version 141) and 104
novel SNPs.
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We used a logistic regression model adjusted for age and
gender to test these variants for association with XFG risk.
Twenty-five of the identified sequence variants were significantly
associated with XFG risk (2.90E−6 < P <4.59E−2) (Supplementary
Material, Table S2). Consistent with previously published data
from multiple populations (10,13), the LOXL1-coding SNP
rs3825942 was strongly associated with XFG risk (P = 2.9E−6). An
additional 13 transcribed variants in LOXL1 and 5 transcribed var-
iants in LOXL1-AS1 displayed no significant evidence of associ-
ation (P > 0.05) (Supplementary Material, Table S3). The variants
showing the strongest evidence of association were located in a
well-defined region (∼7 kb) that includes the boundary of LOXL1
exon 1 and a portion of intron 1 (Fig. 1).

We next selected eight of the most highly associated SNPs
within the peak 7-kb region to test for association with XFS in
additional data sets: an expanded South African data set (103
cases/136 controls) (17,18), as well as US Caucasian (91 cases/
1031 controls) (20), German (771 cases/1365 controls) (21,22) and
Japanese (1484 cases/1188 controls) (12) data sets. All analyses
were performed with a logistic regression model adjusted for
age and gender. Seven of the eight variants were significantly as-
sociated with XFS risk in all four populations (Table 1).

Conditional association analysis

We next performed a series of conditional analyses in order to
evaluate the relative importance in XFG pathogenesis of the in-
tronic SNPs (Table 1) compared with the coding SNPs (rs3825942
and rs1048661). As seen in Supplementary Material, Tables S4
and S5, in both the Japanese and South African data sets, the in-
tronic SNPs remain highly significant after conditioning on
rs3825942, although many cannot be analyzed in the Japanese
owing to high inter-marker linkage disequilibrium. The intronic
SNPs also remain significant in both data sets (although with re-
duced level of support) after conditioning on rs1048661. After
conditioning on the intronic SNPs, the association of rs3825942

Figure 1. LocusZoomplot of association in a SouthAfricanXFS data set. The entire

LOXL1 genomic region (∼40 kb) was sequenced in a data set of 50 black South

African XFS cases and 50 age- and gender-matched controls. This region

included all LOXL1 and LOXL1 antisense (LOXL1-AS1) introns and exons, a 10-kb

region upstream of LOXL1, and two annotated potential regulatory regions

located even further upstream of LOXL1 [hg19: chr15: 74199311–74201249

(1939bp) and chr15: 74189280–74190441 (1162 bp)]. Association analysis was

performed using a logistic regression model adjusted for age and gender. The

area between the two red lines indicates the region of peak association. This

∼7-kb region contains portions of LOXL1 exon 1 and intron 1. The sequenced

region upstream of chromosomal position 74196000 did not contain any

strongly associated variants and is therefore not displayed. T
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is completely eliminated in the Japanese, while being retained in
the South Africans. After conditioning on the intronic SNPs, the
strength of association of rs1048661 is reduced in the Japanese.
The variant rs1048661 is not associated with the South African
data set (P = 0.99) so we did not condition on this SNP. In sum-
mary, this conditional analysis is inconclusive, as the association
with disease risk is retained for both the coding and intronic SNPs
after conditioning on the other. The association results implicate
the entire locus, and conditional analysis is unable to conclusively
identify either LOXL1 or LOXL1-AS1 as the causative gene.

DNAse hypersensitivity site mapping in the LOXL1 and
LOXL1-AS1 genomic region

We hypothesized that the region of strongest association in
intron 1 of LOXL1 contained transcriptional regulatory elements.
To test this hypothesis, we performed DNase I hypersensitivity
site mapping as previously described (23). This methodology al-
lows identification of regions of open chromatin corresponding
to potential regulatory regions (enhancers, silencers, promoters,
insulators and locus control regions) (24). We used cell nuclei ob-
tained from three human ocular cell types: TM, SC and LE cells.
TM and SC cell nuclei were obtained from primary cell cultures
of postmortem human donor tissues. LE cell nuclei were ob-
tained from discarded lens tissue following routine cataract sur-
gery. All cells and tissues came from donors without clinical
evidence of XFS. These cell types were chosen because TM, SC
and LE cells all produce abnormal LOXL1-positive exfoliationma-
terial in donor eyes with XFS and XFG (25), which supports their
involvement in the disease process. DNase I hypersensitivity
sites were present in the highly associated LOXL1 intron 1 region
in all three cell types examined, supporting a regulatory role for
this region. (These data have been submitted to the Gene

Expression Omnibus accession #GSE66877) (Fig. 2). Importantly,
several of the strongly associated variants in the intron 1 region
(Table 1) overlie DNase hypersensitivity peaks in these three
cell types, further supporting the hypothesis that altered gene
expression underlies the pathogenesis of XFS.

Dual-luciferase reporter assays

The presence of DNase I hypersensitivity sites upstream of the
LOXL1 antisense RNA (LOXL1-AS1) transcription start site in
intron 1 suggests that this region contains a promoter for
LOXL1-AS1. To test this hypothesis, we PCR-amplified and cloned
a series of nested deletions spanning the region upstream of
LOXL1-AS1 (Fig. 3A). These constructs were amplified from a
South African subject with XFG who was homozygous for all
highly associated risk variants (8) in this region (Table 1). This
series of nested deletions were inserted into the promoter-less
pGL4.10 [luc2] luciferase vector upstream of the luciferase gene
in the antisense orientation, ensuring measurement of LOXL1-
AS1 promoter activity rather than LOXL1 promoter activity.
A DLR assay performed in HEK293 (human embryonic kidney)
cells demonstrated promoter activity, with the highest activity
localized to the 1240 bp immediately upstream of the LOXL1-
AS1 start site (Fig. 3B). Reductions in the promoter activity of lar-
ger fragments imply the presence of transcriptional repressors in
this region. Interestingly, three of the most strongly associated
XFS variants in the South African XFG data set were locatedwith-
in this 1240-bp region (rs1550437, rs6495085 and rs6495086). We
used site-directed mutagenesis to substitute non-risk alleles
for each of these SNPs both individually and collectively to deter-
mine their effect on promoter activity. In the HEK293 cell line,
substitutionwith each non-risk allele individually did not signifi-
cantly affect promoter activity (n = 15, P > 0.05) (data not shown);
however, simultaneous substitution with all three non-risk

Figure 2.DNase I hypersensitivity sitemapping in the LOXL1/LOXL1-AS1 genomic region in ocular cells. DNase I hypersensitivity mappingwas used to query the region of

interest at the LOXL1 exon 1/intron 1 boundary for evidence of regulatory elements. Cells from three different human ocular tissues involved in the XFS disease process

were used to prepare DNase-seq libraries: (1) TM, (2) SC and (3) LE. DNase I hypersensitivity sites are present in this peak region of association in all three ocular tissues

tested, indicating regions of open chromatin andpotential regulatoryactivity. Positions of eight strongly associated SNPs in this region (Table 1) are indicated (Lines 1 and 3

both correspond to two SNPs located in close proximity). Interestingly, several of these SNPs overlie DNase I hypersensitivity peaks, suggesting that these variants directly

affect gene expression.
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alleles reduced promoter activity 28% compared with the all-risk
haplotype (n = 15, P = 4.5E−7) (Fig. 4). Importantly, the haplotype
that contains these three risk alleles is the most common haplo-
type in the South African XFG data set, found in 53% of cases.

Extrusion of LOXL1-containing exfoliation material from the
pre-equatorial lens epithelium (LE) through the lens capsule
and onto the lens surface has been demonstrated in human
XFS lens tissues, strongly supporting involvement of the LE in
the disease process (25). For this reason, the dual-luciferase
assay experiment comparing risk and non-risk haplotypes was
repeated using B-3 immortalized human LE cells (CRL-11421,
ATCC). After substitution with the three non-risk alleles, pro-
moter activity was reduced 43% compared with the all-risk

haplotype (n = 9, P = 4.3E−8) (Fig. 4). Interestingly, the three tested
SNPs overlie a DNase hypersensitivity site that is especially
prominent in LE cell nuclei, further supporting the hypothesis
that these variants directly affect gene expression (Fig. 2). Expres-
sion data for LOXL1-AS1 at the BROAD Institute’s GTEx reveal no
significant eQTLs; however, no ocular tissues were represented.

We next explored the 7-kb region of peak association for en-
hancer activity. The 1240-bp risk and non-risk fragments were
cloned into the pGL4.23 luciferase vector containing the CMV
minimal promoter downstream of the luciferase gene in both
sense and antisense orientations and transfected into the
HEK293 cell line (Supplementary Material, Fig. S1). No enhancer
activity was observed for either fragment in either orientation

Figure 3. Dual-luciferase reporter assay to test for promoter activity in the LOXL1 intron 1 region. (A) To test the hypothesis that the highly associated ∼7-kb region at the

LOXL1 exon 1/intron 1 boundary contains a promoter for the LOXL1 antisense RNA (LOXL1-AS1), we generated a series of eight nested deletions that were inserted into the

promoter-less pGL4.10 luciferase vector upstreamof the luciferase gene in the antisense orientation. These constructswere amplified fromaSouthAfricanXFG individual

who had risk alleles for all eight of the most strongly associated variants in this region (Table 1). The amount of sequence upstream of the LOXL1-AS1 transcription start

site (arrow) is indicated for all constructs. All eight constructs also contain the first 362 bp of LOXL1 intron 1 (including the entire LOXL1-AS1 exon 1) and the terminal 28 bp

of LOXL1 exon 1. (B) A DLR assay was performed in the HEK293 (human embryonic kidney) cell line. This region contains clear promoter activity, with the highest activity

localized to the 1240 bp immediately upstream of the LOXL1-AS1 start site. Datawere normalized relative to the empty pGL4.10 vector andwere analyzed using an ANOVA

adjusted for batch. The experiment was performed three times in triplicate (n = 9). Error bars indicate standard error.
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(n = 9, P > 0.05). These data provide further evidence that the LOXL1
intron 1 region contains a promoter driving LOXL1-AS1 transcrip-
tion, rather than an enhancer affecting expression of LOXL1.

LOXL1-AS1 expression studies

Data from the dual-luciferase assay suggest that LOXL1-AS1 is ac-
tively transcribed from the peak association region at the LOXL1
exon 1/intron 1 junction and that dysregulation of its expression
as a result of XFS-associated variants may contribute to disease
pathogenesis. To confirm the expression of LOXL1-AS1 in ocular
tissues, PCR was performed using primers designed to amplify
a previously reported LOXL1-AS1 isoform [ENST00000566011].
Interestingly, we identified a novel LOXL1-AS1 isoform that was
found in all (7) ocular tissues tested. These ocular tissues in-
cluded ciliary body, lens capsule, optic nerve, optic nerve head,
retina, retinal pigment epithelium and TM. The novel LOXL1-
AS1 isoform contains two introns not found in the previously re-
ported isoforms (Fig. 5A). As XFS is a systemic disorder, we also
examined non-ocular tissues. The novel LOXL1-AS1 isoform
was expressed in all (8) tissues contained in a human cDNA
panel (Human MTC™ Panel I, Clonetech). These tissues, most
of which have previously been implicated in XFS (25), include
brain, heart, kidney, liver, lung, pancreas, placenta and skeletal
muscle (Fig. 5B). Only a dermal fibroblast cell line (NHDF-Ad,
Lonza) expressed the previously reported LOXL1-AS1 isoform
[ENST00000566011] whereas all other tissues tested expressed
the novel isoform. This suggests that LOXL1-AS1 is broadly ex-
pressed in tissues relevant to XFS/XFG and that the novel splice
variant is the predominant LOXL1-AS1 isoform.

Effects of oxidative stress on LOXL1-AS1 expression
in lens epithelial cells

There is a growing body of evidence that environmental and
other factors modulate expression of long non-coding RNAs
(26–30) and also influence risk of developing XFS and XFG

Figure 4. Effects of XFS-associated alleles on LOXL1-AS1 promoter activity. The

highest promoter activity was seen in the construct containing 1240 bp of

sequence upstream of the LOXL1-AS1 start site (Fig. 3). This −1240-bp construct

contains risk alleles for three SNPs strongly associated with XFS risk in the

South African data set: (1) rs1550437 (allele T), (2) rs6495085 (allele C) and (3)

rs6495086 (allele T). Non-risk alleles were substituted for all three of these SNPs

(rs1550437 allele C, rs6495085 allele G and rs6495086 allele C) to generate the

−1240-bp Non-Risk construct. In the HEK293 cell line, the non-risk construct

showed 28% lower promoter activity than the risk construct (n = 15, P = 4.5E−7).
Similarly, in the B-3 (human LE) cell line, substitution with all three non-risk

alleles resulted in 43% reduction in promoter activity (n = 9, P = 4.3E−8). Data

were normalized relative to the empty pGL4.10 vector and were analyzed using

an ANOVA adjusted for batch. Error bars indicate standard error.

Figure 5. Identification of a novel LOXL1-AS1 isoform. Forward and reverse primers (arrowheads) were designed to amplify a known LOXL1-AS1 isoform

(ENST00000566011). This isoform was expressed in a dermal fibroblast cell line (NHDF-Ad, Lonza), resulting in a 2099-bp PCR product. Using these same primers, we

detected a novel LOXL1-AS1 isoform (1358 bp). Sequence analysis revealed two additional introns not present in the known isoform. This novel isoform was expressed

in all seven ocular tissues examined and in all eight tissues contained on a human cDNA panel, suggesting that this is the predominant LOXL1-AS1 isoform.
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(7,8,31,32). We hypothesized that the LOXL1 antisense RNA re-
sponds to environmental stressors that are relevant to XFS/XFG
pathobiology.

Lens epithelial cells are a critical site of exfoliation material
production and deposition and are particularly susceptible to
oxidative damage. Thus, we examined whether oxidative stress
alters LOXL1-AS1 expression in the B-3 human LE cell line. B-3
cells were treated with varying concentrations of H2O2 for a per-
iod of 48 h, and the effects on LOXL1-AS1 gene expression were
determinedwith quantitative real-time PCR. A dose–response re-
lationship was seen and a significant, 2.9-fold decrease in LOXL1-
AS1 expression was observed with 500 μ H2O2 treatment (n = 6,
P = 0.002) (Fig. 6A).

Effects of cyclic mechanical stress on LOXL1-AS1
expression in Schlemm’s canal cells

XFG is uniformly associated with elevated IOP, suggesting that
conventional aqueous humor outflowdysfunction plays a critical
role in this disease. Cells of the conventional outflow tract, in-
cluding TM and SC cells, reside in amechanically demanding en-
vironment, because IOP undergoes dynamic changes depending
on time of day, period in the cardiac cycle and, following blinks,
saccades (rapid eye movement between fixation points) and eye
rubbing (33). SC cells can deform by up to 50% of their length
when IOP is elevated and return to their original dimensions
upon IOP normalization (34–36).

To test the hypothesis that LOXL1-AS1 plays a functional role in
response to this stressor, we exposed primary cultures of human
SC cells to CMS (15% at 1 Hz) using the Flexercell strain unit. Total
RNAwas collected after both 24 and 48 h of CMS and quantitative
real-time PCR were used to determine the effects on LOXL1-AS1
gene expression. IL6 gene expression was also monitored, serving
as a positive control for induction of CMS (37). After 24 h of CMS,
LOXL1-AS1 expression increased 5.2-fold (n = 3, P = 0.08) (Fig. 6B).
Strikingly, LOXL1-AS1 expression increased 41-fold after 48 h of
CMS (n = 4, P = 0.009). IL6 expression increased 4-fold (n = 3, P = 0.10)
at 24 h and 4.4-fold (n = 4, P = 0.005) at 48 h, consistent with previ-
ously published data from human TM cells (37).

Discussion
In this study, we have localized alleles associated with XFS
risk to a small region within the first intron of LOXL1 in four

independent human populations. Further, we have shown that
this region contains a promoter-driving expression of the LOXL1
antisense RNA (LOXL1-AS1) and that XFS-associated risk alleles
in this region have a strong and statistically significant effect
on this promoter activity. Importantly, oxidative stress in LE
cells and CMS in SC cells both significantly alter the expression
of LOXL1-AS1, suggesting that it plays a functional role in re-
sponse to environmental cell stressors relevant to the XFS
phenotype. Taken together, this evidence is consistent with the
hypothesis that both disease-associated genetic variants and cel-
lular stressors increase the risk of XFS through their effects on
LOXL1-AS1 expression levels.

We acknowledge that genetic analysis alone has limitations,
and in this case association and conditional analysis cannot dis-
tinguish between the two coding variants in LOXL1 and variants
in the promoter of LOXL1-AS1 as the definitive cause of disease. In
lieu of genetic evidence, we have presented functional data that
we feel implicate the intronic promoter variants. We present evi-
dence in this manuscript that these strongly associated intronic
variants directly affect the strength of the LOXL1-AS1 promoter.
In contrast, Kim and Kim (19) have demonstrated that the two
coding variants, either singly or acting together, have no effect
on the enzymatic activity of LOXL1, on multiple substrates. It is
possible that these coding variants may have functional conse-
quences not yet detected, such as altering protein binding inter-
actions. Continued functional testing of these variants is critical.

It is important to note that the LOXL1-AS1 transcript that we
identified inmultiple ocular and systemic tissues does not direct-
ly overlap with the transcript for the neighboring protein-coding
gene LOXL1; thus, it shouldmore accurately be described as a long
non-coding RNA (lncRNA) rather than an antisense RNA.
lncRNAs, which are defined as non-coding RNAs greater than
200 nucleotides in length, comprise a significant portion of the
human transcriptome. LncRNAs can dramatically affect target
gene transcription and/or translation via alterations in chroma-
tinmodification, RNAmaturation and transport, and protein syn-
thesis, among othermechanisms (38–41). This can occur through
either cis-acting (local regulation) or trans-acting mechanisms
(regulation at distant loci) (42,43). Recent studies have identified
lncRNA involvement in a variety of disease states, including can-
cer, ischemic heart disease, central nervous system dysfunction
and autoimmune disease, among others (44–48). Importantly,
several SNPs associated with disease risk alter the expression
of long intergenic RNAs (49), consistent with what we observed

Figure 6. Effects of Ocular Cell Stressors on LOXL1-AS1 gene expression. (A) To test for the effects of oxidative stress on LOXL1-AS1 expression, B-3 human LE cells were

treatedwith 100, 250 or 500 μH2O2. A dose–response relationshipwas seen, and comparedwith control cells, 500 μH2O2 treatment led to a significant 2.9-fold reduction

in LOXL1-AS1 expression (n = 6, P = 0.002). Datawere normalized relative to GAPDHexpression. Error bars indicate standard error. (B) To test for the effects of CMS on LOXL1-

AS1 expression, primary cultures of human SC endothelial cells were subjected to CMS using the Flexercell strain unit (15% at 1 Hz). After 24 h of CMS, LOXL1-AS1

expression increased 5.2-fold (n = 3, P = 0.08). Interestingly, 48 h of CMS led to a 41-fold increase in LOXL1-AS1 expression (n = 4, P = 0.009). IL6 gene expression increased

4-fold at 24 h (n = 3, P = 0.10) and 4.4-fold at 48 h (n = 4, P = 0.005), serving as a positive control for known cellular responses to CMS. Data were normalized relative to 36b4

expression. Error bars indicate standard error.
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in the present study. Identification of themechanism of action of
the LOXL1-AS1 lncRNA, its target gene(s) and the cellular path-
ways in which it functions are important areas of future investi-
gation that will help clarify the mechanism of disease.

Notably, the LOXL1-AS1 expression changes that we observed
with genetic variants and with oxidative and CMS in ocular cells
may also have functional relevance in other tissues and organs
affected in XFS. For instance, like SC cells, vascular endothelial
cells experience significant mechanical stress (50,51); altered
levels of LOXL1-AS1 owing to genetic variants may therefore con-
tribute to the increased risk for cardiovascular and cerebrovascu-
lar diseases in XFS patients. Similarly, increased oxidative stress
is seen in neurodegenerative disorders (52) and cardiovascular
diseases (53), both of which are associated with XFS. LOXL1-AS1
dysregulation and an impaired response to oxidative stress may
play a role in these disease states as well.

In summary, we have (1) identified a peak XFS-associated re-
gion at the LOXL1 exon 1/intron 1 boundary in black South Afri-
cans, which lies in a potential regulatory region for LOXL1-AS1,
(2) replicated the association of this specific region in populations
of European and Asian ancestry, (3) identified DNase I hypersen-
sitivity sites lying within the region of interest, (4) used in vitro lu-
ciferase assays to demonstrate that this associated region
contains promoter activity and that XFS-associated genetic var-
iants alter this activity, (5) determined that this region does not
enhance LOXL1 promoter activity, (6) identified a novel LOXL1-
AS1 isoform that is broadly expressed in tissues known to be
affected in XFS and (7) demonstrated that the expression of
LOXL1-AS1 is significantly altered in response to oxidative stress
and CMS in ocular cells. Taken together, these findings strongly
suggest that LOXL1-AS1 dysregulation contributes to XFS patho-
genesis, highlighting a critical role for a long non-coding RNA
in this common systemic disease. Further investigation of this
functional model will greatly improve the understanding of XFS
disease pathogenesis and could help pave the way for improved
diagnosis and treatment of this potentially blinding disorder.

Materials and Methods
Study participants

This study adhered to the tenets of the Declaration of Helsinki.
The research protocol was approved by all participating univer-
sities, including Duke University, National University of Singa-
pore, University of Regensburg, University of the Witwatersrand
and Stellenbosch University. Black South African participants
with clinically diagnosed XFS and unaffected control subjects
were recruited from St. John Eye Hospital in Soweto (Johannes-
burg, South Africa) and East London Hospital Complex (Eastern
Cape, SouthAfrica), as previously described (17,18). US Caucasian
XFS patients and controls were recruited from Duke University
Eye Center (Durham, NC). Japanese patients and controlswere re-
cruited at multiple sites in Japan as previously described (12).
German cases and controls were recruited at the University of Er-
langen-Nuremberg Department of Ophthalmology (Erlangen,
Germany). Written informed consent was obtained from all par-
ticipants. Ethnic affiliation was established by the home lan-
guage of participants and that of their parents and grandparents.

All participants underwent a standardized ophthalmic exam-
ination by an ophthalmologist. The examination included slit
lamp biomicroscopy, gonioscopy, dilated examination of the
lens and fundus, visual field testing and measurement of IOP
by applanation tonometry. Subjects with XFG were defined as
those with clinical evidence of (1) exfoliative material on the

anterior lens surface or pupil margin, (2) glaucomatous optic
neuropathy and 3) visual field loss. Gender- and ethnicity-
matched subjects with a normal anterior segment and optic
nerve examination as well as an IOP of <21 mmHg at time of
examination were recruited as control subjects. Control subjects
were selected to be older than XFS participants in order to reduce
risk of misclassification.

DNA sequencing of South African samples

Genomic DNA was extracted using a standard salting out meth-
odology (54). The region selected for sequencing covered the en-
tire 25 690-base pair genomic region of LOXL1, 10 000 base pairs of
potential regulatory region upstream of LOXL1 (including the
whole genomic region of the LOXL1 antisense RNA, LOXL1-AS1)
and two potential regulatory regions [hg19: chr15: 74199311–
74201249 (1939bp); chr15: 74189280–74190441 (1162 bp)] located
even further upstream of LOXL1. For neighboring PCR products,
the amplified regions overlapped by at least 80 base pairs. Plat-
inum Taq DNA polymerase (Invitrogen, Carlsbad, CA) and Ther-
moHybaid MBS PCRmachines (Thermo Scientific, Waltham, MA)
were used for all PCR. Products were sequencedwith the ABI 3730
DNA analyzer (Applied Biosystems, Foster City, CA) in both the
forward and reverse directions using BigDye® Terminator v3.1
Cycle Sequencing Kits (Applied Biosystems, Foster City, CA). All
sequences were analyzed using the Sequencher 4.9 software
package (Gene Codes, Ann Arbor, MI) and comparedwith the ref-
erence human genome sequence (hg19). All sequence variants
for the 100 samples were manually examined and exported
from the Sequencher software for additional statistical analysis.

Analysis of sequencing data

The identified sequence variants were tested for associationwith
XFG risk using Fisher’s exact test. The exact test was also used to
examine Hardy–Weinberg equilibrium for the observed variants.
The genotypes for all 100 individuals, which included all identi-
fied variants, were coded using a multiplicative (log-additive)
model inwhich the disease risk in carriers of two copies of the al-
lele is assumed to be the square of the risk in carriers of a single
allele. Genotype frequencies in XFG cases and controlswere com-
pared using logistic regression adjusted for age and gender. SAS
softwarewas used for data analysis (SAS Institute, Inc., Cary, NC).

DNA genotyping for selected variants

Eight strongly associated SNPs were selected for further analysis
in a larger South African data set (103 cases/136 controls) as well
asUSCaucasian (91 cases/1031 controls), German (771 cases/1365
controls) and Japanese (1484 cases/1188 controls) data sets. These
SNPs included rs1550437, rs6495085, rs6495086, rs8034403,
rs8034017, rs1078967, rs28522673 and rs8041642. TaqMan allelic
discrimination assays (Applied Biosystems, Foster City, CA)
were used to genotype these SNPs in the entire South African
data set and in our US Caucasian data set following manufac-
turer’s protocols as previously described (21). German and Japa-
nese XFS GWAS imputed data were used for association
analysis in these cohorts (12,21,22). A logistic regression model
adjusted for age and gender was used to determine the genetic
association of these SNPs with XFS risk in each of the popula-
tions. SAS software was used for data analysis. Conditional
regression analysis was performed using the PLINK software
package, as previously described (13). In brief, single-marker as-
sociation analysis across the newly reported intronic SNPs were
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further adjusted for the allele dosage of the conditioning SNPs
(previously reported; rs3825942 encoding for p.Gly153Asp and
rs1048661 encoding for p.Arg141Leu) within a logistic regression
framework.

DNase I hypersensitivity sites in ocular cells

Primary cultures of human TM (derived from 74-year-old donor
eyes) and SC (derived from 68-year-old donor eyes) cells were iso-
lated and cultured according to established protocols (55,56).
Nine million cells from each cell strain were used to prepare
the DNase-seq library for DNase I hypersensitive sites as
described previously (57). Lens capsules were collected from
non-glaucomatous individuals during routine cataract surgery
performed at Duke University Eye Center. The nuclei were iso-
lated from fresh lens capsules and were pooled to prepare the
DNase-seq library as described previously (57). The peak calls
for the DNase-seq data were made with the F-seq application to
give a discrete number of DNase I hypersensitive sites within the
examined cells (58,59). All cells and lens capsules used for this ex-
periment were derived from individuals with no evidence of XFS
or XFG.

Cloning of pGL4.10 [luc2] and pGL4.23 [luc2/minP]
reporter constructs

To generate the LOXL1 luciferase reporter constructs, the ∼7-kb
region of peak association at the LOXL1 exon 1/intron 1 junction
was amplified as two fragments using long-range PCR from a
South African XFG patient’s genomic DNA (Expand Long-Range
PCR System, Roche, Basel, Switzerland). The proximal fragment
spanned chr15:74220199–74223652 (3454 bp) whereas the distal
fragment spanned chr15:74223649–74227406 (3758 bp). This indi-
vidual’s DNA harbored risk alleles for all eight of the SNPs most
strongly associated with disease risk in this region (Table 1).
The proximal and distal inserts were sub-cloned in the antisense
orientation into the BglII site (located 5′ to the Luciferase gene) in
the pGL4.10 [luc2] reporter (Promega, Madison, WI) vector. The
proximal insert contained a NotI site immediately proximal to
the BglII site at the 3′ end. The distal insert contained a Not I
site immediately distal to the BglII site at the 5′ end. A reporter
construct containing both the proximal and distal inserts
(7208 bp; chr15: 74220199–74227406) was generated by: (1) diges-
tion of the distal insert with BglII/NotI (NEB), (2) digestion of the
proximal insert-containing pGL4.10 vector with Not1 and (3) sub-
cloning in the antisense orientation.

Six additional nested deletion constructs were created for fur-
ther fine mapping of promoter activity in this 7208-bp fragment.
The pGL4.10 construct containing the proximal insert was
used as a template for three PCR reactions that generated three
different sized fragments, each containing a BglII site at the 5′
end and an XhoI site at the 3′ end: (1) 572 bp (chr15:74220199–
74220770); (2) 1630 bp (chr15:74220199–74221828) and (3) 2880 bp
(chr15:74220199–74223078). These fragments were restriction
digested with BglII/XhoI (NEB) and cloned in the antisense orien-
tation into a BglII/XhoI digested pGL4.10 vector. The pGL4.10 con-
struct containing the proximal and distal insert was also used as
a template for three different PCR reactions to generate different
sized fragments, each containing a BglII site at the 5′ end and an
XhoI site at the 3′ end: (1) 4467 bp (chr15: 74220199–74224665);
(2) 5389 bp (chr15: 74220199–74225587) and (3) 6334 bp (chr15:
74220199–74226532). These fragments were restriction digested
with BglII/XhoI (NEB) and cloned in antisense orientation into a
BglII/XhoI digested pGL4.10 vector.

All eight of these constructs (572, 1630, 2880, 3454, 4467, 5389
and 6334 bp) contain the first 362 bp of LOXL1 intron 1 (including
the entire LOXL1-AS1 exon 1) and the terminal 28 bp of LOXL1
exon 1. The amount of sequence upstreamof the LOXL1-AS1 tran-
scription start site contained in these constructs (182, 1240, 2490,
3064, 4077, 4999, 5944 and 6818 bp, respectively) is used to iden-
tify each construct in all text, figures and figure legends.

Site-directed mutagenesis was performed with the GeneArt®

Site-Directed Mutagenesis system (Invitrogen) using the manu-
facturer’s protocol to substitute non-risk alleles individually
for SNPs rs1550437, rs6495085 and rs6495086. The pGL4.10 con-
struct containing 1240 bp of sequence upstream of the LOXL1-
AS1 transcription start site was used as a template (‘1240 bp
risk’ construct). Overlap PCR was employed to combine all three
non-risk alleles into one ‘1240 bp non-risk’ construct.

To test for enhancer activity, the pGL4.23 [luc2/minP] vector
was digested with BamHI (NEB) and dephosphorylated using
CIP (the BamHI site is located 3′ to the Luciferase gene in
pGL4.23). The 1240 bp risk and non-risk pGL4.10 constructs gen-
erated abovewere digested with BglII. The BglII-digested 1240-bp
fragments were then gel-purified and ligated with the BamHI/
CIP-treated pGL4.23 vector. The fragments were inserted into
the vector in both the sense and antisense orientations.

All primers and conditions used for PCR amplification are
available upon request. Confirmatory sequencing was performed
for all constructs.

Cell culture

HEK293 cells (CRL-1573, ATCC,Manassas, VA)were grown in com-
plete DMEM-HG media (Gibco) supplemented with 10% FBS
(Sigma) and 1% penicillin/streptomycin (Gibco). B-3 LE cells
(CRL-11421, ATCC) were grown in minimum essential medium
(Sigma) supplementedwith 20% FBS (Sigma), 1× sodiumpyruvate
(Gibco), 1× non-essential amino acids (Gibco) and 1% penicillin/
streptomycin (Gibco). Cells were grown at 37°C with 5% CO2 and
85% humidity.

Schlemm’s canal endothelial cells were derived from post-
mortem non-glaucomatous human donor eyes and cultured ac-
cording to established protocols (38). Donor ages for the four
strains tested were 44, 59, 62 and 77 years old. The cells were
grown in complete DMEM media (Gibco) supplemented with
10% FBS (Sigma) and 1% penicillin/streptomycin/glutamine
(Gibco). Cells were grown at 37°C with 5% CO2 and 85% humidity.

In vitro dual-luciferase reporter assay

HEK293 cells were seeded in 24-well cell-culture plates at a dens-
ity of 8 × 104 cells/well. After 18 h of growth, transfections were
performed using a standard calcium-phosphate method accord-
ing to established protocols (60–62). Each of the Firefly experi-
mental luciferase vectors was co-transfected with a Renilla
luciferase vector (pRN-TK) (1 : 10 ratio of Renilla: experimental
vector), which served as a transfection control. Culture media
was changed 4 h after transfection. At 48 h post-transfection,
cells were washed with PBS (Gibco) and lysed using Passive
Lysis Buffer (Promega, Madison, WI). Luciferase assays were per-
formed using the Dual-Luciferase® Reporter (DLR™) Assay Sys-
tem (Promega, Madison, WI) according to the manufacturer’s
standard protocol. Each experiment was performed three to five
times in triplicate. The results were analyzed using the DLR ratio
(firefly luciferase sum: renilla luciferase sum) normalized to the
backbone empty vector (pGL4.10 [luc2] or pGL4.23 [luc2/minP],
depending on experiment). The data were analyzed using an
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ANOVA adjusted for batch. SAS software was used for data
analysis.

B-3 LE cells were seeded in six-well cell-culture plates at a
density of 3 × 105 cells/well. After 18 h of growth, transfections
were performed using the Lipofectamine® 2000 reagent accord-
ing to the manufacturer’s protocol (Invitrogen, Carlsbad, CA).
The Renilla control vector and Firefly experimental vectors were
co-transfected in a 1 : 10 ratio. At 48 h post-transfection, cells
werewashedwith PBS (Gibco) and 1× Passive Lysis Buffer (Prome-
ga, Madison, WI) was added to cell-culture wells. The cells were
then scraped off the plate, and the lysate was sonicated with
the Misonix Sonicator XL-2015 (Qsonica, Newtown, CT) for
1 min (3 cycles of 20 s on, 30 s off ). Luciferase assays and data
analysis were subsequently performed as described for HEK293
cells. Each experiment was performed three times in triplicate.

LOXL1-AS1 expression in ocular and systemic tissues

PCR primers were designed to amplify a known isoform of LOXL1-
AS1 [ENST00000566011]. The mirVana™ miRNA isolation kit
(Ambion, Carlsbad, CA) was used to isolate total RNA from TM,
ciliary body, lens capsule, retina and retinal pigment epithelium
tissues collected from non-glaucomatous postmortem eyes.
Postmortem optic nerve and optic nerve head tissue RNAwas ex-
tracted with the RNeasy Lipid Tissue Mini Kit (Qiagen, Limburg,
Netherlands). cDNA was synthesized from all RNA samples
using the iScript™ cDNA synthesis kit per the manufacturer’s
protocol (Bio-Rad, Hercules, CA). A human cDNA panel was
used to examine the expression of LOXL1-AS1 in systemic tissues
(HumanMTC™ Panel I, Clonetech, Mountain View, CA). Standard
PCR conditions were used for all PCR reactions. PCR products
were visualized on a 2% agarose gel stained with ethidium brom-
ide. These samples were purified and sequenced with the ABI
3730 DNA analyzer (Applied Biosystems, Foster City, CA) in both
the forward and reverse directions.

H2o2 treatment in human lens epithelial cells

B-3 LE cells were seeded in 12-well cell-culture plates at a density
of 1 × 105 cells/well. Cells were cultured until ∼90% confluent,
kept in serum-freemedium overnight and subsequently exposed
to hydrogen peroxide (either 100, 250 or 500 µM). Control samples
were also maintained in serum-free medium. Each treatment
condition was tested in triplicate, and the entire experiment
was repeated twice (n = 6). The mirVana™ miRNA isolation kit
(Ambion, Carlsbad, CA) was used to isolate total RNA from cells
after 48 h of treatment.

Cyclic mechanical stress in human Schlemm’s canal (SC)
endothelial cells

Human SC cells were seeded on six-well type I collagen-coated
Flexcell plates (Flexcell, NC) at a density of 1 × 105 cells/well and
grown in DMEM supplemented with 10% FBS. Once cells reached
∼90% confluence, the culture medium was switched to DMEM
supplemented with 1% FBS for 7 days prior to CMS exposure
(56). Cellswere then switched to serum-free DMEMapproximately
16 h prior to CMS. The stretch was performed for 48 h (15%, 1 Hz)
in serum-free DMEM using a computer-controlled, vacuum-
operated FX-3000 Flexercell Strain Unit (Flexcell, NC). Control
samples were placed on the Flexercell apparatus but were not
subjected to CMS. Cells did not showany evidence of detachment
or altered cell morphology after CMS. The frequency of stretch
was selected to mimic ocular pulse. A total of four SC cell strains

isolated from non-glaucomatous eyes from cadaveric donors
were tested (donor ages were 44, 59, 62 and 77 years old). Each
cell strain was tested in triplicate (three control wells, three
stretch wells). The mirVana™ miRNA isolation kit (Ambion,
Carlsbad, CA) was used to isolate total RNA from cells after 24
and 48 h of CMS.

Quantitative real-time PCR

Real-time PCR was performed on the ViiA™ 7 system (Applied
Biosystems) using TaqMan probes [Hs04274785_m1 (LOXL1-AS1),
Hs00985639_m1 (IL6), Hs00420895_gH (36b4) and Hs02758991_g1
(GAPDH)] and TaqMan gene expressionmastermix per themanu-
facturer’s protocol. The probe for LOXL1-AS1 targeted a sequence
present in the novel isoform we detected in multiple ocular and
systemic tissues that are relevant to exfoliation pathology (Fig. 5)
(25). For oxidative stress experiments, datawere normalized rela-
tive to GAPDH expression and were analyzed using an ANOVA.
For CMS experiments, data were normalized relative to 36b4
gene expression and were analyzed using a two-tailed t-test.
SAS software was used for data analysis.

Supplementary Material
Supplementary Material is available at HMG online.
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