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Pseudoexfoliation (PEX) syndrome is a generalized
disease of the extracellular matrix and the most com-
mon identifiable cause of open-angle glaucoma. Two
single nucleotide polymorphisms in the lysyl oxi-
dase-like 1 (LOXL1) gene (rs1048661 and rs3825942)
have been recently identified as strong genetic risk
factors for both PEX syndrome and PEX glaucoma.
Here we investigated the expression and localization
of LOXL1, LOXL2, and lysyl oxidase (LOX) in tissues
of PEX syndrome/glaucoma patients and controls in
correlation with their individual single nucleotide
polymorphism genotypes and stages of disease.
LOXL1 ocular expression was reduced by �20% per
risk allele of rs1048661, whereas risk alleles of
rs3825942, which were highly overrepresented in
PEX cases, did not affect LOXL1 expression levels.
Irrespective of the individual genotype, LOXL1 ex-
pression was significantly increased in early PEX
stages but was decreased in advanced stages both with
and without glaucoma compared with controls,
whereas LOX and LOXL2 showed no differences be-
tween groups. LOXL1 was also found to be a major
component of fibrillar PEX aggregates in both intra-
and extraocular locations and to co-localize with var-
ious elastic fiber components. These findings provide
evidence for LOXL1 involvement in the initial stages
of abnormal fibrogenesis in PEX tissues. Alterations
of LOXL1 activation, processing, and/or substrate

specificity may contribute to the abnormal aggrega-
tion of elastic fiber components into characteristic
PEX fibrils. (Am J Pathol 2008, 173:1724–1735; DOI:
10.2353/ajpath.2008.080535)

Pseudoexfoliation (PEX) syndrome represents a com-
mon, clinically significant, generalized disease of the ex-
tracellular matrix characterized by the progressive, sta-
ble deposition of abnormal fibrillar aggregates in various
intra- and extraocular tissues.1 Gradual accumulation of
this material in the outflow pathways may cause a com-
mon and severe type of chronic open-angle glaucoma
accounting for the majority of glaucoma cases in some
countries.2 In addition, increasing evidence suggests
that PEX syndrome is a risk factor for cardiovascular and
cerebrovascular disease.1 Although its exact etiology
and pathogenesis are still unknown, recent molecular
biological and biochemical data support the pathoge-
netic concept of PEX syndrome as a type of stress-
induced elastosis, associated with the excessive pro-
duction and abnormal aggregation of elastic fiber
components, enzymatic cross-linking processes, in-
creased levels of transforming growth factor-�1, a pro-
teolytic imbalance between matrix metalloproteinases
and their inhibitors, and impaired protection mechanisms
against oxidative and cellular stress.1,3–5 Both popula-
tion-based and pedigree-based studies have shown that
genetic factors contribute to the pathogenesis of PEX
syndrome.6,7

Recently, a strong genetic risk factor for PEX syn-
drome/glaucoma has been identified. Thorleifsson and
associates8 established a significant association be-
tween common single nucleotide polymorphisms (SNPs)
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in the lysyl oxidase-like 1 (LOXL1) gene on chromosome
15q24.1 with both PEX syndrome and PEX glaucoma in
Icelandic and Swedish populations. A common haplo-
type (G-G) formed by two nonsynonymous coding SNPs,
rs1048661 (R141L) and rs3825942 (G153D), in exon 1 of
LOXL1 accounted for the vast majority of PEX cases.
Several replication studies in populations from the United
States,9 –13 Australia,14 Europe,15,16 Japan,17,18 and
India19 confirmed genetic susceptibility of LOXL1 poly-
morphisms to PEX syndrome/glaucoma and indicated
that the LOXL1 gene is the principal genetic risk factor for
this condition.

LOXL1 is a member of the lysyl oxidase family of
enzymes that catalyze the covalent cross-linking of col-
lagen and elastin in connective tissues through oxidative
deamination of lysine or hydroxylysine side chains.
They comprise five characterized members: lysyl oxi-
dase (LOX) and lysyl oxidase-like 1 to 4 (LOXL1 to
LOXL4).20–22 LOXL1 seems to be specifically required
for tropoelastin cross-linking and has been shown to be
involved in elastic fiber formation, maintenance, and re-
modeling.23,24 Thus, it is conceivable that genetic varia-
tion in the LOXL1 gene may contribute to the formation
and accumulation of the aberrant fibrillar aggregates in
tissues of PEX patients representing the hallmark of PEX
syndrome.

To determine the role of LOXL1 in the pathophysiology
of PEX syndrome/glaucoma, we investigated the expres-
sion and localization of LOXL1 in tissues from PEX and
control patients in correlation with their individual SNP
genotypes and stages of disease. Expression levels of
LOX and LOXL2 were also analyzed for comparison. The
findings provided evidence for a selective up-regulation
of LOXL1 in the initial stages of abnormal fibrogenesis in
PEX tissues and for LOXL1 as a major component of PEX
aggregates in clear co-localization with elastic fiber com-
ponents. The risk alleles of rs1048661 were associated
with reduced ocular LOXL1 expression levels. In con-
trast, the risk alleles of rs3825942, which were highly
overrepresented in PEX cases, had no effect on expres-
sion levels, but are suggested to have functional conse-
quences on enzyme activation and/or substrate binding
and to contribute to abnormal cross-linking and aggre-
gation of elastic fiber components into PEX fibrils.

Materials and Methods

Tissues

This study included a total of 25 eyes with PEX syndrome/
glaucoma and 25 control eyes without evidence of PEX.
First, ocular tissues were obtained from 18 normal-ap-
pearing donor eyes (age, 78.0 � 6.5 years; 10 females, 8
males) and 18 donor eyes with PEX syndrome without
glaucoma (age, 79.7 � 5.0 years; 11 females, 7 males).
These eyes were obtained at autopsy and were pro-
cessed within 8 hours after death. The donor eyes had no
documented history of any ocular disease and the pres-
ence of PEX syndrome was diagnosed by macroscopic
evidence of PEX deposits on lens, iris, ciliary processes,

and zonules and confirmed by electron microscopic
analysis of small tissue sectors. PEX eyes were classified
as early or late stage according to a semiquantitative
grading score of the amount of macroscopically visible
PEX material deposits on ocular structures. Because PEX
deposits can be detected earliest on zonular fibers,2,25

early stages (n � 9) were defined by a frosted appear-
ance of the zonules, whereas late stages (n � 9) revealed
prominent PEX deposits on lens, iris, and ciliary pro-
cesses in addition. The absence of glaucoma in these
eyes was confirmed by macroscopic evaluation of the
optic disk and light microscopic analysis of optic nerve
cross sections.

In addition, we used four eyes of patients with a doc-
umented history of PEX-associated open-angle glau-
coma (age, 78.8 � 1.8 years; two females, two males),
three eyes of patients with primary open-angle glaucoma
(age, 76.7 � 7.8 years; two females, one male), three
eyes with PEX-associated angle-closure glaucoma (age,
83.3 � 3.1 years; two females, one male), and four eyes
with angle-closure glaucoma without PEX syndrome
(age, 82.5 � 5.2 years; three females, one male). These
eyes had to be surgically enucleated because of painful
absolute glaucoma and were processed immediately af-
ter enucleation. The demographics and relevant clinical
parameters of the glaucoma patients are shown in Table 1.

All eyes were bisected and one half was used for RNA
extraction (RNeasy kit; Qiagen, Hilden, Germany), geno-
typing, and real-time polymerase chain reaction (PCR),
and the second half was used for immunohistochemistry.
Ocular tissues were prepared under a dissecting micro-
scope and shock-frozen in liquid nitrogen. Moreover,
tissue specimens of various organ systems (skin, heart,
lungs, liver, kidney, abdominal aorta) were obtained from
four organ donors with PEX syndrome (age, 79.0 � 2.0
years) and four organ donors without PEX (age, 68.4 �
8.2 years) and processed for immunohistochemistry only.
Informed consent to tissue donation was obtained from
the patients or, in case of autopsy eyes, from their rela-
tives, and the protocol of the study was approved by the
local ethics committee and adhered to the tenets of the
Declaration of Helsinki for experiments involving human
tissues and samples.

Genotyping

The two nonsynonymous coding SNPs, rs3825942 and
rs1048661, of the LOXL1 gene were genotyped through
direct sequencing of cDNA. A primer pair (Thermo
Fisher, Dreieich, Germany) spanning the two selected
SNPs in exon 1 of the LOXL1 gene were designed by
means of Primer 3 software (http://fokker.wi.mit.edu/primer3/
input.htm) and reverse transcriptase (RT)-PCR was per-
formed on cDNA derived from ciliary body tissue of 25
PEX patients and 25 control individuals (Table 2). PCR
products were purified using AMPure (Agencourt Bio-
science, Beverly, MA) on a Biomek NX96 platform (Beck-
man Coulter, Fullerton, CA) and were sequenced using
an ABI Prism fluorescent dye terminator system (Applied
Biosystems, Foster City, CA). Purified sequence reac-
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tions using CleanSEQ (Agencourt) were resolved on an
ABI 3730xl sequencer analyzer and analyzed using Se-
qMan software (DNASTAR, Madison, WI).

Real-Time RT-PCR

First-strand cDNA synthesis from 1 �g of total RNA and
quantitative real-time PCR was performed using the MyIQ
thermal cycler and software (Bio-Rad, Munich, Germany)
as previously described.4 PCR reactions (25 �l) were run
in duplicate and contained 2 �l of the 1:5 diluted first-
strand cDNA, 0.4 �mol/L each of upstream and down-
stream primer, 3.0 to 3.5 mmol/L MgCl2, and IQ SYBR
Green Supermix (Bio-Rad). Exon-spanning primers
(MWG Biotech, Anzing, Germany), designed by means of
Primer 3 software, (http://fokker.wi.mit.edu/primer3/input.
htm) and PCR conditions are summarized in Table 2. For
quantification, serially diluted standard curves of plasmid-
cloned cDNA were run in parallel, and amplification speci-
ficity was checked using melting curve and sequence anal-
yses using the Prism 3100 DNA sequencer (Applied
Biosystems). For normalization of gene expression levels,

mRNA ratios relative to the housekeeping gene GAPDH
were calculated.

Immunohistochemistry

Light microscopic indirect immunofluorescence and
electron microscopic immunogold labeling were per-
formed on sections of ocular and extraocular tissues of
PEX and control eyes, as previously described,26 using
well-characterized antibodies against LOX, LOXL1,
LOXL2 to -4, and against various elastic fiber compo-
nents (see below). Antibody binding was detected by
Alexa 488-conjugated secondary antibodies (Invitrogen-
Molecular Probes, Eugene, OR) or by 10-nm gold-conju-
gated secondary antibodies (BioCell, Cardiff, UK). In
double-labeling experiments, Alexa 555-conjugated or
18-nm gold-conjugated secondary antibodies were used
in addition. Nuclear counterstaining was performed with
propidium iodide or 4�,6�-diamino-2-phenylindole (Sigma-
Aldrich, St. Louis, MO). For a semiquantitative evaluation
of staining reactions for LOXL1, a grading scheme was
used indicating the degree of cytoplasmic staining of

Table 1. Clinical Characteristics of Surgically Enucleated Glaucoma Eyes

Patient Age/Sex Glaucoma type IOPmax. C/D ratio Medication Ocular surgery

1. F.H. (L) 81/F SOAG, PEX 36 1.0 Travoprost None
Brinzolamide

2. F.S. (R) 77/M SOAG, PEX 45 1.0 Timolol Filtration surgery
Brimonidine

3. H.W. (R) 77/M SOAG, PEX 56 1.0 Latanoprost Laser trabeculoplasty
Timolol, Dipivefrin

4. E.D. (L) 80/F SOAG, PEX 42 1.0 Latanoprost Filtration surgery
Timolol

5. L.F. (R) 87/F POAG 35 1.0 Timolol Filtration surgery
Pilocarpine

6. H.G. (R) 68/M POAG 48 1.0 Pilocarpin Laser trabeculoplasty
Carbachol

7. K.H. (L) 75/F POAG 26 1.0 Timolol Cataract surgery
8. M.F. (R) 86/F ACG, PEX 40 1.0 Timolol None
9. F.S. (L) 85/F ACG, PEX 42 0.95 None None

10. N.P. (R) 79/M ACG, PEX 40 0.95 None None
11. J.D. (R) 80/M ACG, CRVO 56 1.0 Dorzolamide None

Dipivefrine
12. L.H. (L) 84/F ACG, CRVO 38 1.0 Latanoprost Cataract surgery

Brimonidine
13. B.E. (R) 90/F ACG, CRVO 52 1.0 None Cataract surgery
14. C.H. (L) 76/F ACG, CRVO 40 0.95 None None

F, female; M, male; R, right eye; L, left eye; ACG, angle-closure glaucoma; CRVO, central retinal vein occlusion; OAG, open-angle glaucoma; PEX,
pseudoexfoliation; POAG, primary open-angle glaucoma; SOAG, secondary open-angle glaucoma.

Table 2. Primers Used for Quantitative Real-Time PCR

Gene Accession no. Product Tan MgCl2 Sequence

LOX NM_002317 104 bp 62°C 3.5 mmol/L 5�-CAGATTTCTTACCCAGCCGACC-3�
5�-GGCATCAAGCAGGTCATAGTGG-3�

LOX L1 NM_005576 112 bp 62°C 3.5 mmol/L 5�-CTACGATGTGCGGGTGCTACTG-3�
5�-GGCTGAACTCGTCCATGCTGTG-3�

386 bp 65°C 2.5 mmol/L 5�-CTTGCTCAACTCGGGCTCAGA-3�
5�-CCTGCGGGTAGGGGAACTG-3�

LOX L2 NM_002318 73 bp 61°C 3.0 mmol/L 5�-CATCCACCTCAACGAGATCCAG-3�
5�-AGACTCGGCATTGAACTTGCAG-3�

GAPDH NM_002046 117 bp 64°C 3.5 mmol/L 5�-AGCTCACTGGCATGGCCTTC-3�
5�-ACGCCTGCTTCACCACCTTC-3�

Tan, annealing temperature.
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cells in tissue sections (0 � absent, 1 � weak, 2 �
moderate, 3 � intense staining). The semiquantitative
findings were correlated with the patients’ individual ge-
notypes. In negative control experiments, the primary
antibodies were pre-adsorbed with the respective pep-
tides for 2 hours before immunodetection as described.24

Antibodies

Rabbit anti-LOXL1 and anti-LOX antibodies recogniz-
ing both the proform and active forms of the enzymes
were generated, affinity-purified, and tested as de-
scribed24,27–31 and were used at a dilution of 1:2000.
Moreover, an affinity-purified polyclonal goat antibody
against a peptide mapping at the N-terminus of human
LOXL1 (1:50) was additionally obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). A polyclonal rabbit an-
tibody to human LOX (1:2000) was also obtained from a
commercial source (Novus Biologicals, Littleton, CO).

For immunolocalization of the other LOXL isoforms,
affinity-purified rabbit polyclonal antibodies raised
against peptides mapping near the N-terminus of mouse
LOXL2, LOXL3, and LOXL4 were used at a dilution of
1:200 and confirmed to cross-react with the correspond-
ing human LOXL isoforms. Affinity-purified polyclonal
goat antibodies against peptides mapping at the N-ter-
minus of human LOXL2 (1:50), LOXL3 (1:200), and
LOXL4 (1:100) were also obtained from Santa Cruz
Biotechnology.

Other antibodies used in this study were monoclonal
antibodies to elastin (clone 10B8; Millipore Corp., Bil-
lerica, MA), tropoelastin (clone T11E3: Abcam, Cam-
bridge, UK), fibrillin-1 (clone 26: Millipore Corporation),
emilin (clone 2E5; G.M. Bressan, University of Padua,
Padua, Italy), fibulin-5 (Abcam), LTBP-1 (D.B. Rifkin, New
York University School of Medicine, New York, NY),
LTBP-2 (MM425; Elastin Products Co., Owensville, MO),
vitronectin (clone 8E6; Millipore Corporation), and clus-
terin (HS-3; BioVendor, Heidelberg, Germany) as well as
polyclonal antibodies to fibulin-1, -2, -3, -4, and -5 (T.
Sasaki, Shriners Hospital for Children, Portland, OR).

Statistics

Data are presented as means � SD. Statistical evaluation
of significant differences between groups of eyes was
performed with the Mann-Whitney U-test for pair-wise
comparison. Data were further analyzed by the Pearson
correlation analysis. P � 0.05 was considered statistically
significant.

Results

Expression of LOXL1, LOXL2, and LOX in
Ocular Tissues

LOXL1 mRNA expression was detected at moderate lev-
els in all ocular tissues analyzed, ie, the cornea, trabec-
ular meshwork, iris, lens, ciliary body, choroid, and retina

of normal human eyes (Figure 1). Expression levels were
highest in the iris and lowest in the cornea and retina. In
comparison, overall LOXL2 mRNA expression levels
were markedly lower, but paralleled the LOXL1 expres-
sion pattern with highest levels in the iris and lowest
levels in cornea and retina. In contrast, LOX mRNA ex-
pression was found to be highest in the cornea, ciliary
body, and choroid (Figure 1).

By immunohistochemistry, moderate cellular expres-
sion of LOXL1 was detected in virtually all ocular tissues
of normal eyes with considerable interindividual variabil-
ity in staining reactions. LOXL1 could be immunolocal-
ized mainly to the cytoplasm of epithelial cells of the
cornea (Figure 2A), conjunctiva, ciliary body (Figure 2E),
and lens; to endothelial cells of the cornea, trabecular
meshwork, and Schlemm canal (Figure 2C); to single
stromal cells of the cornea, conjunctiva, iris, ciliary body,
episclera, and choroid; to endothelial cells of conjuncti-
val, intra- and episcleral (Figure 2B), iridal (Figure 2D),
ciliary (Figure 2E), choroidal, retinal, and optic nerve
blood vessels; to smooth muscle cells in the iris (Figure
2D), ciliary body, and vessel walls; and to astrocytes and
lamina cribrosa cells of the optic nerve. In the retina,
distinct labeling of retinal ganglion cells was present
(Figure 2F). Rarely, LOXL1 was found to be expressed in
nuclei of cells, particularly in those of the iris stroma. A
very weak positive staining of extracellular elastic fibers,
particularly at their tips, in the conjunctival stroma, cho-
roidal stroma, ciliary stroma, the connective tissue beams
of the lamina cribrosa, and in the periphery of blood
vessels was occasionally observed (Figure 2E, inset),
as was focal staining of basement membranes, such as
the inner and outer limiting membrane of the ciliary
epithelium.

LOX was detected in virtually all ocular tissues at a
higher labeling intensity than that for LOXL1. It was also
localized to the cytoplasm of various cell types, to extra-
cellular fibers, and additionally to ocular nerves. LOXL2,
LOXL3, and LOXL4 isoforms were ubiquitously present in
ocular tissues, mainly within the cytoplasm of epithelial,
endothelial, stromal, muscle, and vascular cells. LOXL3
and LOXL4 were additionally present in ocular nerves
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Figure 1. Quantitative determination of mRNA levels of LOX, LOXL1, and
LOXL2 in ocular tissues of normal human donor eyes using real-time PCR
technology. Data were normalized to GAPDH and are expressed as copies of
gene of interest per copies of GAPDH. Values represent mean � SD of three
separate experiments.
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and in extracellular fibers in the iris stroma and ciliary
muscle. LOXL4 was particularly prominent in vessel walls
(data not shown).

Genotype-Correlated Expression of LOXL1

The allele frequencies, genotypes, and haplotypes of the
two disease-associated coding SNPs of LOXL1 were de-
termined in the sample groups. The frequencies of the

risk genotype GG of SNPs rs1048661 and rs3825942
were 40% (10 of 25) and 100% (25 of 25) in PEX cases,
and 48% (12 of 25) and 52% (13 of 25) in control cases,
respectively (Figure 3). The risk alleles G of rs3825942
were highly overrepresented in PEX cases as com-
pared to controls; in fact, all PEX cases without and
with glaucoma were homozygous for the risk allele G of
rs3825942. The low-risk genotypes TT of rs1048661 and
AA of rs3825942 were rarely observed in control cases (3
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Figure 2. Immunofluorescence labeling of LOXL1 in ocular tissues of normal human donor eyes. LOXL1 immunopositivity (green fluorescence, arrows) is
observed in the corneal epithelium (A); intrascleral veins and fibrocytes (B); trabecular meshwork and Schlemm canal endothelium (C); vessels, dilator muscle,
and stromal cells in the iris (D); ciliary epithelium and stromal vessels (E); and retinal ganglion cells (F). The inset in E shows weak LOXL1 immunopositivity
at the tips of elastic fibers in the ciliary stroma. BV, blood vessel; CE, ciliary epithelium; DM, dilator muscle; EP, corneal epithelium; GCL, retinal ganglion cell layer;
INL, inner nuclear layer; IPE, iris pigment epithelium; ONL, outer nuclear layer; PRL, photoreceptor layer; SC, Schlemm canal; SCL, sclera; ST, stroma; TM,
trabecular meshwork. Original magnifications: �100; �250 (inset).
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of 25 and 4 of 25, respectively), but were lacking in PEX
cases. Among the three possible haplotypes observed,
70.6% of PEX cases and 44.5% of control cases carried
the high-risk haplotype (G-G), whereas the low-risk hap-
lotype (G-A) was present in 22.4% of control cases only
(Figure 3). Two copies of the high-risk haplotype were
present in 41.2% of PEX and in 20.7% of control cases.
Allele frequencies, genotypes, and haplotypes were not
different between PEX syndrome and PEX glaucoma.

In ocular tissues, such as ciliary processes, of both
PEX and control eyes, the expression of LOXL1 was
reduced by �20% per risk G allele of rs1048661 (Figure
4A). The differences between the risk genotype GG and
the genotypes GT and TT were statistically significant
(P � 0.0001 and P � 0.02, respectively). In contrast,
rs3825942 alleles or the haplotype formed by both SNPs

did not affect LOXL1 mRNA levels in any group (data not
shown). The risk allele G of SNP rs1048661, but not of
rs3825942, was also associated with lower levels of
LOXL1 protein in ocular tissues by immunohistochemistry
(Figure 4B). Semiquantitative evaluation of LOXL1 stain-
ing reactions in ocular tissues revealed a mean score of
3.0 for the TT genotype (n � 3), of 2.3 for the GT geno-
type (n � 25) and of 1.1 for the GG genotype (n � 22) of
SNP rs1048661.

LOXL1 Expression in PEX Syndrome/Glaucoma

Comparing control and PEX eyes at various stages of
disease, LOXL1 mRNA expression in ocular tissues was
significantly increased by 26% in early stages of PEX
syndrome (P � 0.007), but was markedly reduced by
�20% in advanced stages of PEX syndrome and by
�40% (P � 0.002) in PEX eyes with end-stage glaucoma
as compared to controls (Figure 5A). These stage-de-
pendent differences in expression did not correlate with
the rs1048661 genotype distribution in all PEX groups. In
contrast, LOXL2 (Figure 5A) and LOX (data not shown)
showed no significant differences in expression levels
between the various PEX and control samples. The
specific stage-dependent dysregulation of LOXL1 ex-
pression was also evident on the protein level by im-
munohistochemistry, showing markedly increased cel-
lular staining reactions of ocular tissues in early stages
of PEX and decreased cellular labeling intensities in
advanced PEX cases without and with glaucoma as
compared to controls (Figure 5B).

Despite decreased cellular staining levels in advanced
PEX stages, LOXL1 was consistently found to be a major
component of extracellular PEX material in all intra- and
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extraocular locations. LOXL1-positive ocular PEX depos-
its were observed on the surfaces of ciliary body, iris,
lens, and zonules, in the iridal stroma and vessel walls, in
the anterior portion of the ciliary muscle, in the trabecular
meshwork, in the periphery of Schlemm canal, collector
channels and intra- and episcleral aqueous veins, in the
conjunctival stroma and episcleral connective tissue, in
the meninges of the optic nerve, and in the walls of
posterior ciliary arteries (Figure 6, A–C). In extraocular
locations, LOXL1-positive clumps of PEX material were
observed in the skin and connective tissue portions of all
visceral organ tissues examined, such as heart and
lungs, particularly in the wall of blood vessels (Figure 6,
D–F). In normal control tissues, weak LOXL1 staining was
associated with cells of vessel walls and connective tis-
sues, occasionally also with extracellular fibers in the
periphery of blood vessels (Figure 6, G and H). In the
normal skin, LOXL1 immunoreactions could be localized
to epidermal and subepithelial stromal cells, to root
sheaths of hair follicles, and occasionally to extracellular
fibers in the stroma and vessel walls (Figure 6I).

Immunopositivity of PEX aggregates could be com-
pletely abolished by pre-adsorption of antibodies with the
corresponding LOXL1 peptides (Figure 6, J and K). Dif-
ferent antibodies or various methods of tissue process-
ing, ie, fixation of sections in paraformaldehyde or ace-
tone as well as paraffin-embedding, did not show any
difference in staining reactions of PEX aggregates (data
not shown). In contrast, PEX material was consistently
negative for LOX and LOXL isoforms 2 to 4 with all anti-
bodies used (Figure 6L).

In double-labeling experiments, LOXL1 staining of intra-
and extraocular PEX material deposits clearly co-localized
with tropoelastin and elastin (Figure 7A), fibrillin-1 (Figure
7B), LTBP-1 and LTBP-2, emilin, vitronectin, and clusterin
(not shown) on the light microscopic level. PEX material
deposits were, however, immunonegative for all fibulin iso-
forms including fibulin-5 (Figure 7C).

On the electron microscopic level, immunogold labeling
confirmed a strong reaction of PEX fibrils and their microfi-
brillar subunits with antibodies to LOXL1, which was most
prominent close to cellular surfaces from which the PEX
fibrils appeared to emerge (Figure 8A). Occasionally, small
cytoplasmic vesicles containing gold particles indicating
LOXL1 could be observed in the apical cytoplasm of cells
involved in PEX fiber production (Figure 8B). Double label-
ing of LOXL1 and elastic fiber components showed the
most prominent co-localization of LOXL1 with fibrillin-1 both
on emerging PEX fibrils in close association with cell sur-
faces (Figure 8C) and along mature PEX fibers on the
surface of ocular structures (Figure 8D).

Discussion

Functional Significance of LOXL1

Lysyl oxidases are extracellular copper-containing en-
zymes that, among many other functions, catalyze cross-
linking of collagen and elastin by oxidative deamination
of lysine residues.20–22 LOX and LOXL1 have similar
exon structure consisting of seven exons, five of which
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(exons 2 to 6) exhibit strong homology and encode the
C-terminal catalytic domain. The sequence differences
between the LOX and LOXL1 genes reside mainly in exon
1, which encodes the unique N-terminal domain that is
required both for proper enzyme activation and for sub-
strate recognition and binding.31,32 After attachment to
the scaffolding structure, the propeptide is cleaved off by
the endo-metalloproteinase procollagen-C-terminal pro-

teinase (bone morphogenetic protein 1) for catalytic ac-
tivation of the enzyme.29

The substrate preferences or specificities of the vari-
ous lysyl oxidase family members are not exactly known.
LOX and LOXL1 have been shown in vitro to use tro-
poelastin as a substrate, but their individual roles in elas-
togenesis remain unclear.29,31 The formation of elastic
fibers has been proposed to require the deposition of

ST

BV

IPE

A

K

CE

ST

L

IPE

ST

DM

ST
CE

BA

BV

C

BV
BV

D

BV

E

HF

HF HF

F

BV

G

BV

H

HF

HF

EP
I

ST

CE

J

Figure 6. Immunolocalization of LOXL1 in PEX material deposits in various intra- and extraocular tissues of PEX eyes. Immunopositive PEX material deposits
(arrows) are present in the iris stroma, periphery of iris vessels, and on the surface of the iridal pigment epithelium (A); on the surface of the ciliary epithelium
(B); in the periphery of episcleral veins (C); in myocardial tissue (D); in lung tissue, particularly in the periphery of pulmonary blood vessels (E); and in the
periphery of hair follicles in the skin (F). Corresponding control tissues show weak staining for LOXL1 in vessel walls of myocardial (G) and lung tissue (H) as
well as in epidermal cells and root sheaths of hair follicles in normal skin (I). J and K: Pre-adsorption of LOXL1 antibodies with the corresponding peptide
completely abolished immunopositivity of PEX deposits (arrows) on the surface of the ciliary epithelium. L: PEX material deposits (arrows) in the iris were
negative for LOX. BV, blood vessel; CE, ciliary epithelium; DM, dilator muscle; EP, epidermis; HF, hair follicle; IPE, iris pigment epithelium; ST, stroma. Original
magnifications, �100.

LOXL1 in PEX Syndrome/Glaucoma 1731
AJP December 2008, Vol. 173, No. 6



tropoelastin on a pre-existing scaffold of fibrillin-contain-
ing microfibrils, cross-linking of tropoelastin monomers
by LOX family enzymes, and organization of the resulting
insoluble elastin matrix into mature elastic fibers.33 Sev-
eral other proteins, such as members of the fibulin and
emilin families, have been suggested to play a role in
elastic fiber formation, but their exact function has not yet
been determined. Recent studies have demonstrated
that the LOXL1 propeptide is selectively targeted to elas-
tic microfibrils at sites of elastogenesis by binding to both
tropoelastin and fibulin-5.23,31,34 The ability of both LOX
and LOXL1 to cross-link elastin has also been confirmed
in vivo using knockout mice revealing decreased elastin
content in many tissues.23 In contrast to LOX-knockout
mice, which die shortly after birth,30 LOXL1-knockout
mice are viable but exhibit elastic fiber defects resulting
in pelvic prolapse in female animals, enlarged pulmonary
air spaces, increased laxity of the skin, and vascular
abnormalities.23 Thus, LOXL1 has been considered to be
essential for elastic fiber assembly, maintenance, and
stability in both developing and adult tissues.23,24 LOXL1
has been particularly localized to the extracellular matrix
in active fibrotic processes, where its expression pattern
correlated with the production of matrix components,
such as type III collagen.28,35 LOXL1 was also shown to
be up-regulated in cells undergoing epithelial-mesenchy-

mal transition and in malignant lesions of the breast and
lung,28,36 suggesting that it may have a particular role in
connective tissue remodeling during dynamic processes
such as tissue injury, fibrosis, cancer, and development.

Hence, LOXL1 has been found to be widely distributed
in most tissues, such as human and murine skin, heart,
placenta, lung, kidney, liver, and skeletal muscle.20,37–39

Although a role for LOXL1 in formation and turnover of the
extracellular matrix of the eye has not been documented,
LOXL1 mRNA and protein expression have been recently
detected in various ocular tissues, such as cornea, iris,
lens, ciliary body, lamina cribrosa, and optic nerve.14,40

The findings of the present study confirm an ubiquitous
mRNA and protein expression of LOXL1 in all ocular
tissues, including the retina, of normal human eyes, with
moderate expression levels falling between those of LOX
and LOXL2 and being influenced by the individual LOXL1
genotype. Interestingly, LOXL1 expression levels were
highest in the iris, which is the ocular tissue with the
earliest and heaviest involvement in the PEX process.2

Expression was mainly cellular, but faint extracellular
staining was occasionally observed along elastic fibers of
the conjunctival stroma, lamina cribrosa, and blood ves-
sel walls. However, its prominent expression in elastin-
poor tissues, such as the iris, its presence in nonelasto-
genic cell types, such as corneal epithelial and retinal
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anterior border layer and periphery of vessels in the iris. B: Co-localization of fibrillin-1 and LOXL1 (arrows) in PEX material on the surface of the pigment
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ganglion cells, its occasional occurrence in cell nuclei,
and its weak association with mature elastic fibers argue
against a predominant role of LOXL1 in elastic fiber ho-
meostasis in normal adult tissues of the human eye. A
presumed broader functional significance of LOXL1 in
ocular tissues still has to be investigated.

LOXL1 in the Pathophysiology of PEX
Syndrome

Variations in the LOXL1 gene have been implicated in the
pathogenesis of spontaneous cervical artery dissection
and bladder cancer41,42 as well as PEX syndrome and
PEX glaucoma.8–19 Two PEX-associated coding variants
in exon 1 of LOXL1 (rs1048661 and rs3825942) ac-
counted for the vast majority of PEX cases with and
without glaucoma in all geographic populations studied.
Whereas the risk alleles G of rs3825942 were significantly
associated with PEX throughout all study populations,
different alleles of rs1048661 were associated with PEX in
Japanese patients17,18 or were not associated with PEX
at all.12,19

The distribution of SNP genotypes and haplotypes in
our study samples is consistent with previous genetic
studies.8–19 Approximately 70% of PEX cases and 45%
of control cases carried the high-risk haplotype (G-G),
whereas the low-risk haplotype (G-A) was not present in
the PEX group. The risk genotype (GG) of rs1048661 was
equally distributed among PEX and control cases. Con-
firming previous reports on extraocular, ie, adipose tis-

sues,8 the expression level of LOXL1 in intraocular tis-
sues was significantly affected by rs1048661 alleles in
both PEX and control samples. However, the risk alleles
G of rs3825942, which were overrepresented in PEX
cases and which are known to confer the greater risk for
PEX,8,12,15,17,19 had no effect on LOXL1 expression lev-
els. Although the biological effect of the rs3825942 mis-
sense change has not been determined, genetic pro-
grams (“PolyPhen,” “SIFT”) predict that the Gly153Asp
amino acid exchange has functional consequences.41

This SNP leads to changes in the N-terminal propeptide
of LOXL1 and might therefore affect both the catalytic
activity of the protein through modifications of propeptide
cleavage and substrate targeting and binding.

Available immunohistochemical, biochemical, and mo-
lecular biological data strongly support the current con-
cept that the characteristic fibrillar PEX deposits involve
components of the elastic fiber system, and that PEX
syndrome is an elastic microfibrillopathy associated with
an excessive production and abnormal aggregation of
elastic microfibrils.1,2 Although LOXL1 was hardly de-
tected in normal elastic fibers of human ocular tissues,
the bulk of LOXL1 enzyme was bound to PEX aggregates
in tissues of PEX patients. In fact, LOXL1 proved to be a
major component of and an excellent marker for PEX
material deposits in all intra- and extraocular locations.
LOXL1 could be localized to both microfibrils and mature
PEX fibers in close association with cellular surfaces.
Within the PEX fiber aggregates, LOXL1 was found to
co-localize with both its high-affinity protein tropoelastin
and other elastic fiber constituents, such as fibrillin-1,
LTBP-1/2, emilin, and vitronectin in a direct cell-associ-
ated manner suggesting known or unknown binding part-
ners for LOXL1 at sites of pathological fibrogenesis. In
contrast, interaction of LOXL1 with its normal binding
partner fibulin-523,34 appears to be lacking in PEX aggre-
gates. Therefore, sequence variations in the LOXL1
propeptide caused by rs3825942 may alter activation,
processing or substrate specificity of LOXL1 and may
lead to abnormal cross-linking, aggregation, and insolu-
bilization of soluble precursors of elastic matrix proteins,
eg, fibrillin-1, with accessible lysine residues into mature
PEX fibrils. LOXL1 was also found to co-localize with
clusterin, a highly efficient extracellular chaperone, which
is known to recognize misfolded and abnormally aggre-
gated proteins in the extracellular space, and which has
been previously shown to be involved in the accumula-
tion of PEX material in anterior segment tissues of PEX
eyes.4

Expression of LOXL1 mRNA and protein in ocular tis-
sues was obviously differentially regulated in early and
late stages of the PEX process. A significant up-regula-
tion of LOXL1 expression in early PEX stages, character-
ized by subtle ocular deposits of PEX material, may re-
flect an active involvement of LOXL1 in the initial stages
of PEX fiber formation and is in line with previous studies
demonstrating that LOXL1 becomes transiently activated
at early stages of fibrogenesis.28 In PEX material pro-
ducing cells, it is likely that LOXL1 binding occurs at
the cell surface and that the enzyme participates in the
early cell-associated stages of matrix polymerization.
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To compensate for increased LOXL1 accumulation in
the extracellular space, LOXL1 expression may be
successively down-regulated in later stages of the dis-
ease. The resulting inadequate levels of LOXL1 could
in turn adversely affect elastin homeostasis and pre-
dispose to elastotic alterations characteristically ob-
served in tissues, such as skin and lamina cribrosa, of
PEX eyes.43

However, in view of the frequent occurrence of the
high-risk haplotype and the high-risk genotypes of both
SNPs in the unaffected control group, additional genetic
or external co-modulating factors of yet unidentified na-
ture are supposed to influence the abnormal matrix me-
tabolism and the phenotypic manifestation of PEX syn-
drome. Potentially stimulating factors, which are known to
be involved in the PEX process, include various stress
factors, such as oxidative stress and hypoxia, or cyto-
kines and growth factors, such as transforming growth
factor-�1.1,5,44 In fact, environmental conditions associ-
ated with fibrotic responses, such as oxidative stress or
elevated transforming growth factor-�1 concentrations,
have been shown to regulate both LOXL1 expression and
activity and synthesis of matrix molecules including elas-
tin and fibrillin.45,46 Therefore, LOXL1 may become ini-
tially up-regulated in PEX tissues in parallel with elastic
matrix components in reaction to specific fibrogenic
stress factors.

Although the functional significance of LOXL1 in the
specific PEX-associated matrix process still has to be
determined, the present findings provide evidence for
LOXL1 as a major component of PEX fibers in clear
co-localization with various elastic fiber components, and
for an involvement of LOXL1 in the initial stages of ab-
normal fibrogenesis in PEX tissues. The risk alleles G of
rs3825942, which were overrepresented in PEX cases,
had no effect on LOXL1 expression levels, but have been
suggested to have functional consequences on LOXL1
activation, processing, or substrate targeting and bind-
ing. The postulated alterations of LOXL1 may lead to
posttranslational modification, improper cross-linking, in-
solubilization, and aggregation of soluble precursors of
elastic matrix proteins resulting, in cooperation with ad-
ditional fibrogenic factors, in the stable accumulation of
mature PEX fibrils. Exactly how the allelic variants of the
LOXL1 gene lead to PEX syndrome and PEX glaucoma,
the specific binding substrate for LOXL1 within PEX fi-
bers, and the regulation of LOXL1 expression and activity
in different PEX stages still remain to be determined by
functional studies.
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