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Abstract

LOXL1 (lysyl oxidase-like 1) has been identified as the major effect locus in pseudoexfoliation (PEX) syndrome, a fibrotic

disorder of the extracellular matrix and frequent cause of chronic open-angle glaucoma. However, all known PEX-associated

common variants show allele effect reversal in populations of different ancestry, casting doubt on their biological

significance. Based on extensive LOXL1 deep sequencing, we report here the identification of a common non-coding

sequence variant, rs7173049A>G, located downstream of LOXL1, consistently associated with a decrease in PEX risk (odds

ratio, OR=0.63; P=6.33×10−31) in nine different ethnic populations. We provide experimental evidence for a functional

enhancer-like regulatory activity of the genomic region surrounding rs7173049 influencing expression levels of ISLR2

(immunoglobulin superfamily containing leucine-rich repeat protein 2) and STRA6 [stimulated by retinoic acid (RA) receptor

6], apparently mediated by allele-specific binding of the transcription factor thyroid hormone receptor beta. We further

show that the protective rs7173049-G allele correlates with increased tissue expression levels of ISLR2 and STRA6 and that

both genes are significantly downregulated in tissues of PEX patients together with other key components of the STRA6

receptor-driven RA signaling pathway. siRNA-mediated downregulation of RA signaling induces upregulation of LOXL1 and

PEX-associated matrix genes in PEX-relevant cell types. These data indicate that dysregulation of STRA6 and impaired

retinoid metabolism are involved in the pathophysiology of PEX syndrome and that the variant rs7173049-G, which

represents the first common variant at the broad LOXL1 locus without allele effect reversal, mediates a protective effect

through upregulation of STRA6 in ocular tissues.

Introduction

Pseudoexfoliation (PEX) syndrome is a common, late-onset

systemic disorder of the extracellular matrix affecting virtually

all populations worldwide with prevalence rates varying from 5

to 30% of persons over 60 years of age (1). It is characterized by

the excessive production of an abnormal, highly cross-linked,

fibrillar material that progressively accumulates throughout the

anterior eye segment and various organ systems (2,3). These

abnormal matrix deposits may obstruct the aqueous humor

outflow pathways and lead to chronic intraocular pressure

elevation and subsequent glaucomatous optic nerve damage in

about 30% of patients (4). Overall, PEX syndrome is considered to

be the most common identifiable cause of glaucoma worldwide

accounting for 25% up to 70% of open-angle glaucoma in some

countries (5). Owing to the systemic nature of the underlying

matrix process, PEX syndrome has also been associated with

cardiovascular disease, aortic aneurysms and a spectrum of

connective tissue diseases such as pelvic organ prolapse and

inguinal hernias (6–9). The prevalence of PEX syndrome and

its associated ocular and systemic complications markedly

increase with age, constituting a growing medical burden (1).

The etiology of PEX syndrome is incompletely understood,

but a multifactorial complex model combining polygenic inher-

itance with environmental factors, such as geographic latitude

and UV exposure, has been suggested (10,11). LOXL1 (lysyl

oxidase-like 1), coding for a cross-linking matrix enzyme, was the

first major susceptibility gene identified for PEX syndrome/glau-

coma through a genome-wide association study (GWAS) in

a relatively small sample size of 75 PEX cases only (12). Two

common non-synonymous coding variants in exon 1, p.R141L

(rs1048661G>T) and p.G153D (rs3825942G>A), and one intronic

variant (rs2165241T>C) were found to confer a 20-fold increased

risk for disease. This exceptionally strong association has been

irrefutably replicated in multiple populations worldwide (13,14),

but involved consistent allele effect reversal betweenCaucasians

and other ethnic groups (10). Further search at the LOXL1 locus

led to the identification of additional PEX-associated variants

in the promoter and intron 1 of LOXL1, which were shown to

regulate expression levels of both LOXL1 and LOXL1-AS1 (LOXL1,

antisense RNA 1), a long non-coding RNA (15–17). However,

all hitherto identified, coding and regulatory PEX-associated

variants in LOXL1 are flipped between populations of different

ancestry, casting doubt on their causative roles in disease patho-

genesis and prompting further search for additional genetic

variants.

A large-scale GWAS performed by a worldwide consortium

on 13838 cases and 110275 controls not only identified six

novel PEX-associated loci (CACNA1A, POMP, TMEM136, AGPAT1,

RBMS3 and SEMA6A) with modest effect sizes only (odds ratio,
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OR=1.14–1.17) but also confirmed an overwhelming association

of LOXL1 (OR=9.87; P=2.13×10−217) (18). Deep resequencing of

the LOXL1 locus, conducted in 5566 cases and 6279 controls,

not only reconfirmed allele reversal at rs3825942 and rs1048661

but also confirmed the lack of any single unflipped common

variant in the intragenic region of LOXL1 that was consistently

associated with PEX across populations and that surpassed

genome-wide significance levels (18). The rare protective LOXL1

p.Y407F variant identified in this effort was only found in

Japanese and, due to its rarity, only explained a small fraction of

the association at rs3825942.

According to current knowledge, LOXL1 not only exerts the

strongest genetic effect among all known susceptibility genes

for PEX syndrome/glaucoma but also appears to have a key role

in disease pathogenesis (19,20). LOXL1 encodes lysyl oxidase

homolog 1, a member of the lysyl oxidase family of monoamine

oxidases that catalyze the generation of lysine-derived covalent

cross-links in extracellular matrix molecules such as collagen

and elastin (ELN) (21). Dysregulated expression of LOXL1 in

tissues of PEX patients has been suggested to contribute to

cross-linking of ELN and fibrillin in the formation of fibrillar

PEX aggregates on the one hand. On the other hand, it has also

been shown to be causatively involved in elastotic-degenerative

connective tissue alterations predisposing to glaucoma and

systemic complications (22). However, a substantial gap

remains between the strength of association, the genome-wide

significant allele effect reversal and our understanding of how

associated variants contribute to disease.

Therefore, the aim of this study was to refine the genetic

landscape at LOXL1 locus by extending the genetic analysis to

intergenic regions flanking LOXL1, in order to potentially identify

unflipped causal risk variants with functional effects on gene

regulation. We detected a single common non-coding sequence

variant, rs7173049A>G, downstream of LOXL1, with the minor

allele G being consistently enriched in controls across all popu-

lations studied, translating to a potentially significant protective,

biological effect. Functional assays provided evidence for a

regulatory activity of the genomic region surrounding rs7173049,

influencing expression levels of two genes in cis, STRA6 [stimu-

lated by retinoic acid (RA) receptor 6] and ISLR2 (immunoglobulin

superfamily containing leucine-rich repeat protein 2). Using

electrophoretic mobility shift and supershift assays guided by in

silico predictions of putative transcription factor binding motifs,

we further showed specific binding of transcription factor THRβ

(thyroid hormone receptor beta) to DNA sequences containing

the protective rs7173049-G allele. The presence of the G allele

was also found to correlate with increased tissue expression lev-

els of STRA6 and ISLR2, which both were significantly downreg-

ulated in ocular tissues of PEX patients together with other key

components of the STRA6 receptor-driven RA signaling pathway.

siRNA-mediated downregulation of RA signaling resulted in

significant upregulation of LOXL1 and other genes involved in

PEX-associated fibrosis. These data indicate an involvement

of impaired RA signaling, downstream of thyroid hormone

signaling, in PEX pathogenesis and suggest that the putatively

causal intergenic variant rs7173049A>G could exert a protective

effect by upregulating the expression of STRA6 in ocular tissues.

Results

Variant rs7173049 downstream of LOXL1 shows no
‘flipping’ effect across populations

Deep sequencing of the entire LOXL1 locus [chr15:74200000 to

74260000] in a total of 5570 PEX cases and 6279 controls from

Figure 1. Forest plots for the association between rs7173049 and PEX syndrome

in case–control cohorts from nine countries. (A) The effect of the rs7173049 G

allele shows consistent odds ratios < 1 and is associated with decreased risk of

PEX in all populations. (B) After adjustment for rs3825942, residual association

of rs7173049 persists in the majority of cohorts. The horizontal lines denote the

95% confidence intervals of the odds ratio for each collection.

9 countries revealed a common non-coding sequence variant,

rs7173049A>G, located 432 bp downstream of LOXL1 stop codon

and beyond the 3′UTR of LOXL1. This variant showed signifi-

cant association with PEX syndrome and PEX glaucoma among

different populations of Caucasian, Asian and African ancestry

(OR=0.63; P=4.27×10−36; Table 1; Fig. 1A).We significantly repli-

cated this association in an independent German cohort of 771

PEX patients and 1365 healthy subjects (OR=0.59; P=7.42×10−5;

Table 1) using imputed genotype data (17). Conditioning for the

canonical, most strongly associated ‘flipped’ variant rs3825942

(p.G153D) still resulted in a residual genome-wide significant

association for rs7173049 (OR=0.77; P=4.08×10−10) with a con-

sistent protective effect supported by minimal heterogeneity (I2

index for heterogeneity, 19%; Table 1; Fig. 1B).

Thus, rs7173049A>G represents the first common variant at

the broad LOXL1 locus without allele effect reversal between

populations of different ancestry, pointing to a potential biolog-

ical significance of this locus.

Variant rs7173049 resides in an active regulatory region

Analysis of ENCODE project data (https://www.encodeproject.

org) revealed that single nucleotide polymorphism (SNP)

rs7173049 is located in a genomic region flanked by specific
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Table 1. Association analysis for SNP rs7173049 in different populations; (A) Association results for rs7173049 obtained from LOXL1 deep sequencing in 5570 PEX cases and 6279 controls,
with rs7173049 G being strongly associated with decreased risk of PEX in nine different populations; (B) Replication of association in an independent German cohort of 771 PEX patients and
1365 healthy subjects using imputed genotype data

A

Unconditioned analysis
Conditioned on LOXL1

rs3825942 (p.G153D)

CHR SNP Position Collection Allele1 Freq. cases Freq. controls Allele2 P OR P OR

15 rs7173049 74244610 Japan G 0.2151 0.309 A 8.11× 10−19 0.61 8.63×10−8 0.72

Italy G 0.155 0.2509 A 7.21× 10−6 0.5476 0.32 0.85

South Africa G 0.1947 0.222 A 0.4358 0.8475 0.17 0.71

Greece G 0.2568 0.3087 A 0.02156 0.7737 0.96 1.01

India G 0.3326 0.4602 A 3.01× 10−7 0.5844 0.014 0.76

Pakistan G 0.252 0.3683 A 4.98× 10−5 0.5778 0.0018 0.62

Mexico G 0.06048 0.1208 A 0.01163 0.4687 0.80 0.91

Russia G 0.1329 0.1846 A 0.001824 0.68 0.35 0.88

USA G 0.1486 0.2081 A 0.03387 0.6642 0.38 0.83

Meta-analysis 4.27×10−36

(Phet =0.35)

0.63

(I2 =10.7%)

4.08×10−10

(Phet =0.27)

0.77

(I2 =19%)

B

CHR SNP Position Collection Allele1 Freq. cases Freq. controls Allele2 P OR

15 rs7173049 74244610 Germany G 0.1369 0.2101 A 7.42× 10−5 0.596

Downloaded from https://academic.oup.com/hmg/article/28/15/2531/5464630 by Universita Degli Studi user on 29 March 2021



Human Molecular Genetics, 2019, Vol. 28, No. 15 2535

histone modifications (H3K27Ac), DNase I hypersensitivity sites

and transcription factor binding sites marking active regulatory

elements (Fig. 2A). To explore a potential regulatory activity

of this site, dual luciferase reporter assays were performed by

transiently transfecting disease-relevant cell types, i.e. human

Tenon’s capsule fibroblast (hTCF) and human trabecular mesh-

work cells (hTMCs), with pGL4.23 [luc2/minP] luciferase reporter

plasmids containing a 200 bp DNA fragment surrounding

rs7173049 with either allele A or G (rs717-A/G) upstream of

a gene-unspecific minimal promoter. These reporter assays

showed a significantly higher reporter activity for constructs

containing both alleles of rs7173049 inserts compared to empty

vector without the rs7173049 insert in hTCF (>8-fold; P<0.01)

and hTMC (>8-fold; P<0.05) with the G alleles showing slightly

higher effects than the A alleles in both cell types (Fig. 2B). This

observation suggests an enhancer effect of this region with

moderate allele-specific differences in vitro.

To further test an effect of the enhancer element on tran-

scriptional activity of the LOXL1 promoter, the 200 bp fragments

with either rs7173049-A or -G allele (rs717-A/G) were cloned into

pGL4.10 luciferase reporter plasmids upstream of the specific

LOXL1 core promoter (nucleotides−1438/+1) (23) and transiently

transfected into hTCF and hTMC. In contrast to expectation,

pGL4.10–LOXL1 constructs did not show any statistically sig-

nificant differences in reporter activity compared to control

transfections with the basal LOXL1 promoter construct without

the rs7173049 insert (Fig. 2C). This observation indicates that the

genomic region containing rs7173049 has no direct influence on

LOXL1 transcription butmay regulate the transcriptional activity

of neighboring genes other than LOXL1.

We also performed electrophoretic mobility shift assays

(EMSAs) to determine specific DNA–protein interaction at

rs7173049 genomic region. We used biotinylated 31 bp oligonu-

cleotides containing allele A or G of rs7173049 and nuclear

protein extracts from hTMC and hTCF. EMSAs yielded specific

shifted bands with both extracts in a concentration-dependent

manner (Fig. 2D, left). Shifts could be competitively inhibited

by unlabeled oligonucleotides confirming sequence-specific

interaction (Fig. 2D, right). Quantitative analysis of the shifted

bands showed greater protein binding affinity to the sequence

containing the protective allele G compared to that containing

allele A (P<0.01). The findings suggest a differential regulatory

effect of rs7173049 genomic region on any genes nearby,

which may be mediated by differential transcription factor

binding.

Deletion of rs7173049 region enhances transcription of
STRA6 and ISLR2

Since regulatory elements can be located up to 1 Mb remote

from the transcription unit (24), we sought to assess an effect of

the enhancer element on all 31 genes contained within a region

1 Mb up- and downstream of rs7173049 (Fig. 3A). To this end,

the CRISPR/Cas9 system was used to delete a 200 bp sequence

around rs7173049 in HEK293T cells by a dual cut approach. In

two separate experiments, HEK293T cells were transfected with

two different pairs of guide RNAs (crRNA-F1/R1 and crRNA-

F2/R2) by means of lipofection. For each experiment, four indi-

vidual single cell-derived edited cloneswith a homozygous dele-

tion of the target genomic region and six non-edited control

clones were used for expression analysis of all 31 genes. As

both experimental approaches yielded similar results, combined

results of both probes are shown in Figure 3B. Quantitative real-

time polymerase chain reaction (PCR) revealed a significant

downregulation of LOXL1 expression (P<0.05) and significant

upregulation of two genes downstream of rs7173049, i.e. STRA6

(P<0.05) and ISLR2 (P<0.01), in edited cells compared to non-

edited control cells. Both genes were confirmed to be expressed

in HEK293T cells at the protein level by immunofluorescence

staining, reflecting the differences in mRNA expression levels

seen after deletion of the rs7173049 region (Fig. 3C). The findings

confirm a regulatory effect of rs7173049 genomic region in vivo

and suggest an impact on transcriptional regulation of LOXL1

and two neighboring genes, STRA6 and ISLR2, which have not

been previously related with PEX disease.

Verification of rs7173040–target genes relationships on
tissue level

The in vitro data were further correlated with expression signa-

tures of target genes in ocular tissues of PEX and control patients

in situ. First, we evaluated whether the rs7173049 alleles corre-

lated with expression levels of LOXL1, STRA6 and ISLR2 in ocular

tissues (n=66) independent of disease state. For that purpose,

DNA samples of iris specimens isolated from 24 individuals with

PEX syndrome and 42 individuals without PEX were used for

genotyping of rs7173049, while mRNA expression levels were

analyzed by quantitative real-time PCR. As shown in Figure 4A,

iris tissue homozygous for the protective allele G showed signif-

icantly higher expression levels of STRA6 (1.75-fold; P<0.05) and

ISLR2 (2-fold; P<0.01) compared to specimens harboring the A/A

genotype.However, therewas no significant correlation between

rs7173049 alleles and expression levels of LOXL1, which suggests

a direct regulatory effect on STRA6 and ISLR2 transcription only.

When comparing their expression levels in PEX and control

specimens, transcript levels of both STRA6 and ISLR2were found

to be significantly decreased in iris tissue derived from PEX

patients compared to control samples (P<0.001). Because STRA6

and ISLR2 have been previously reported to be highly expressed

in the mouse retina (25,26), we included retinal tissue in our

analysis. Again, transcript levels were significantly decreased

in PEX specimens compared to age-matched controls (P<0.05)

(Fig. 4B).

At the protein level, STRA6, a cell surface receptor that regu-

lates cellular uptake of vitamin A, was previously reported to be

strongly expressed at blood–tissue barriers, such as the retinal

pigment epithelium (RPE) of mouse eyes (26). Prominent staining

of the RPE along its basolateral membranes could be confirmed

in normal human eyes confirming specificity of the antibody

(Fig. 4C, top left). STRA6 could be further immunolocalized to cell

layers forming the blood–retinal and blood–aqueous barriers, i.e.

endothelial cells of retinal (Fig. 4C, top center) and iridal blood

vessels (BVs; Fig. 4C, middle left), the inner wall of Schlemm’s

canal (SC; not shown) and the pigmented ciliary epithelium

(CE; Fig. 4C, bottom left). In corresponding tissues of PEX eyes,

markedly reduced expression levels of STRA6 were observed,

often in association with LOXL1-positive PEX material deposits

(Fig. 4C).

ISLR2, a membrane protein required for axon growth dur-

ing neural development, was previously demonstrated in the

murine retina (25). In accordance with this report, ISLR2 pre-

dominantly localized to the retinal nerve fiber layer (NFL) and

individual cells resembling astrocytes in the retinal ganglion cell

(RGC) layer in normal human eyes (Fig. 4D, top left and center).

In addition, prominent staining for ISLR2 could be observed

along nerves traversing the corneal stroma (ST; not shown), in

endothelial cells of iridal BVs (Fig. 4D, middle left and center)

and in endothelial cells of the trabecular meshwork (TM) and SC
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Figure 2. Location of SNP rs7173049 in an active regulatory genomic region. (A) Genomic region surrounding rs7173049 located downstream of LOXL1 viewed in UCSC

genome browser (http://genome.ucsc.edu: GRCh37/hg19). ENCODE Regulation Tracks specify layered histone marks for H3K27Ac, DNase hypersensitivity regions and

transcription factor binding sites, which indicate active regulatory elements flanking the SNP of interest, rs7173049. (B) Dual luciferase reporter assays demonstrating

significantly increased regulatory activity for pGL4.23 [luc2/minP] reporter constructs containing a 200 bp fragment surrounding rs7173049 with either allele A (rs717-A)

or G (rs717-G) upstream of a gene-unspecific minimal promoter compared to pGL4.23 [luc2/minP] empty vector without the rs7173049 insert in hTCFs (P<0.01) and TM

cells (hTMC; P< 0.05). Results are expressed as the ratio of Firefly luciferase to Renilla luciferase and analyzed in relation to the transcriptional activity of the pGL4.23

empty vector set at 1 (dashed line). (C) Relative luciferase activity of pGL4.10-LOXL1 reporter constructs containing a 200 bp fragment surrounding rs7173049 with either

allele A (rs717-A) or G (rs717-G) upstream of the specific LOXL1 core promoter was not increased over basal pGL4.10-LOXL1 promoter activity without the rs7173049

insert in hTCF and hTMC. Results are expressed as the ratio of Firefly luciferase to Renilla luciferase and analyzed in relation to the transcriptional activity of the

pGL4.10-LOXL1 basal vector set at 1 (dashed line). (D) EMSAs using 31 bp biotinylated DNA probes containing rs7173049 A (rs717-A) or G (rs717-G) allele and nuclear

extracts from hTCF and hTMC showing specific DNA–protein complexes (arrows). Following titration with increasing concentrations of nuclear proteins (left), shifted

bands could be completely inhibited by unlabeled oligonucleotides proving specificity (right). Quantitative analysis of the shifted bands relative to the unshifted bands

revealed allele-specific differences with significantly stronger binding of the G allele compared to the A allele set at 100%. Data represent mean values± standard

deviation (SD) of at least three independent experiments (∗P<0.05; ∗∗P<0.01; ∗∗∗P<0.001).

wall (Fig. 4D, bottom left and center). In PEX tissues, markedly

reduced expression levels of ISLR2 were observed (Fig. 4D).

Taken together, these results suggest that rs7173049 allele-

dependent alterations in expression levels of STRA6 and ISLR2

could be involved in PEX pathogenesis. Notably, an involvement

of STRA6 in PEX disease is further confirmed by additional

genetic data; re-examination of an existing,previously published

GWAS data set on a total of 9035 PEX cases and 17008 controls

from 24 countries, with respect to the discovery stage (18),

revealed a single synonymous coding variant, rs11857410

(p.L111L), located in exon 5 of STRA6 (NM 022369), showing

a significant association with PEX (P=1.25×10−5; OR=1.16),

but without reaching genome-wide significance. We replicated

the association between rs11857410 and PEX in independent
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Figure 3. Transcriptional regulation of LOXL1, STRA6 and ISLR2 by genomic region containing rs7173049. (A) Schematic diagram showing the genomic region 1 Mb up-

and downstream of rs7173049 (chr15:73244610-75244610) containing 31 genes. (B) Quantitative real-time PCR assays of all 31 neighboring genes showing significant

downregulation of LOXL1 as well as significant upregulation of STRA6 and ISLR2 in HEK293T cells after deletion of a 200 bp region flanking rs7173049 using CRISPR/Cas9

technology. Data represent mean values of eight edited (Deletion) and six non-edited (Control) clones; relative expression levels were normalized to GAPDH and

are represented as means±SD (∗P< 0.05; ∗∗P< 0.01). (C) Immunofluorescence staining of HEK293T cells confirming reduced protein expression of LOXL1 as well

as increased protein expression of STRA6 and ISLR2 in genome-edited cells compared to non-edited control cells. Nuclei are counterstained with DAPI (blue); scale bars

are equal to 25 µm.

replication cohorts from Germany, Italy and India (P=0.00011;

OR=1.26) in a total of 2151 PEX cases and 5798 controls (18).

Altogether, these data amount to an association P-value of

1.2×10−8 (OR=1.18) surpassing genome-wide significance.

Further analysis of expression data from Genotype-Tissue

Expression V7 project (https://gtexportal.org) revealed that SNP

rs11857410 is located in an expression quantitative trait locus

(eQTL) likely affecting ISLR2 expression. In light of these and

previous data showing that expression of LOXL1 is regulated

by RA (17,27), we further focused on the RA signaling pathway,

which is activated by binding of the vitamin A-retinol binding

protein 4 (RBP4) complex to STRA6 (28).

Dysregulation of RA receptor-mediated signaling in PEX
tissues

We then analyzed expression levels of key components of the

retinoid metabolic cascade up- and downstream of STRA6, i.e.

RBP4, CRBP1 (cellular retinol-binding protein 1), CRABP2 (cellu-

lar RA-binding protein 2), RARα (RA receptor alpha) and RXRα

(retinoid X receptor alpha), in ocular tissue, serum and aqueous

humor samples from PEX patients and healthy controls. These

proteins have central functions in retinol transport and cellu-

lar uptake, transformation into active RA and signal transduc-

tion of target genes in the nucleus (29). Significantly reduced

mRNA expression levels of CRBP1, CRABP2, RARA and RXRA

were observed in PEX tissue specimens (n=24) compared to

controls (n=42; P<0.05; Fig. 5A). Reduced expression levels of

CRBP1, indicated by a specific band at 16 kDa, could also be con-

firmed at the protein level in iris (0.4-fold; P<0.001) and ciliary

body tissue (0.5-fold; P<0.01) of PEX patients (n=4) compared

to controls (n=4; Fig. 5B). The retinol carrier RBP4, indicated by

a specific band at 23 kDa, was significantly reduced in serum

(0.7-fold; P<0.05) and aqueous humor (0.6-fold; P<0.01) sam-

ples of PEX patients (n=8) compared to age-matched controls

(n=8; Fig. 5C).
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Figure 4. Correlation of rs7173049 genotype and tissue expression levels of STRA6 and ISLR2. (A) Genotype-correlated mRNA expression levels of STRA6 and ISLR2

in human iris tissue samples homozygous for allele A (n=33) or allele G (n=5) or heterozygous for both alleles (n=28) at rs7173049 using real-time PCR technology.

Expression levels of STRA6 and ISLR2 are significantly increased in specimens homozygous for the protective allele G compared to samples with A/G and A/A genotype.

(B) Expression of STRA6 and ISLR2mRNA in ocular tissues (iris and retina) derived from normal human donors (control, n=42) and donors with PEX syndrome (n=24)

using real-time PCR technology. Expression levels were significantly reduced in PEX specimens compared to control specimens. The relative expression levels were

normalized relative to GAPDH and are represented as mean values±SD (∗P< 0.05; ∗∗P< 0.01; ∗∗∗P< 0.001). (C) Expression of STRA6 protein in ocular tissues (retina,

iris and ciliary body) of normal human donor eyes and donor eyes with PEX syndrome, as determined by immunofluorescence labeling. In normal eye tissues (control),

STRA6 immunopositivity (green fluorescence) is observed in the RPE overlying the choroid (CH), retinal BVs (asterisk) within the RGC layer, iridal BVs (asterisk) in the

iris ST and the inner layer of the CE adjacent to the ciliary ST. Expression levels are reduced in tissues of PEX eyes, and reduced staining intensities are often associated

with LOXL1-positive PEX material accumulations (PEX, red immunofluorescence) in iris blood vessel walls and on the surface of the CE. (D) Expression of ISLR2 protein

in ocular tissues (retina, iris and TM) of normal human donor eyes and donor eyes with PEX syndrome, as determined by immunofluorescence labeling. In normal

control tissues, ISLR2 immunopositivity (green fluorescence) is observed in the retinal NFL, single cells (arrow) of the retinal ganglion cell layer (RGC) adjacent to BVs

(asterisk), endothelial cells of BVs (asterisks) in the iris ST, and endothelial cells of the TM and SC. Markedly reduced staining intensities were seen in tissues of PEX

eyes (INL means inner nuclear layer; ONL, outer nuclear layer; DAPI nuclear counterstain in blue).

Inhibition of RA signaling by siRNA-mediated knockdown of

RXRA in hTCF and hTMC resulted in a significant upregulation

of PEX-relevant genes, including LOXL1, ELN, FBN1 (fibrillin-1)

and TGFB1 (transforming growth factor beta 1), compared to

scramble siRNA-transfected control cells (P<0.01; Fig. 5D). In

contrast, stimulation of RA signaling by addition of 2.5 µm

RA upregulated expression levels of RXRA and downregulated

expression levels of LOXL1, ELN, FBN1 and TGFB1 (P<0.05;

Fig. 5E). These results suggest that diminished RA receptor-

mediated signaling in PEX cells and tissues may be involved

in transcriptional upregulation of PEX-relevant genes and may

drive fibrosis in PEX pathogenesis.

Potential mechanisms of target gene regulation

To finally identify the molecular mechanisms by which

sequence variation at rs7173049 may modulate STRA6 and ISLR2

gene regulation,we performed in silico analysis using the PROMO

bioinformatics program to identify putative transcription factor

binding sites potentially affected by rs7173049 polymorphism.

We detected a total of five transcription factors predicted to bind

to the chromosomal region flanking SNP rs7173049 (±15 bp), i.e.

c-Jun (T00133),glucocorticoid receptor alpha (GR-alpha; T00337),

estrogen receptor alpha (ER-alpha; T00261), X-box binding

protein 1 (XBP-1; T00902) and Yin Yang 1 (YY1; T00915), but only

one transcription factor,THRβ1 (T3R-beta1; T00851),was affected

by sequence variant differences between allele A and allele G

of rs7173049 (Fig. 6A). In fact, T3R-beta1 is predicted to bind

exclusively to the DNA sequence containing the protective allele

G and was, therefore, selected for further analysis. Supershift

assays using a biotinylated 31 bp oligonucleotide containing

allele G of rs7173049, nuclear protein extracts of hTCF and

an antibody against thyroid hormone receptor alpha and beta

(THRα/β) confirmed specific binding by disruption of protein–

DNA complexes and generation of supershifted bands (Fig. 6B).

However, antibodies against any potential heterodimeric binding

partners of THR, i.e. RXRα,β,γ and RAR α,β,γ (30), failed to show

any specific binding to the DNA probe. Comparison of sequences

containing the A allele (rs717-A) and the protective G allele

(rs717-G) of rs7173049 in (super)shift experiments with anti-

THRα/β antibody revealed distinct shifted and supershifted

bands for the rs717-G probe, which were largely absent when

the rs717-A probe was used (Fig. 6C). Bands which were compet-

itively inhibited by unlabeled oligonucleotides were considered

to reflect sequence-specific interactions. Specific binding of

human recombinant THRβ protein to the rs717-G probewas used

as positive control and resulted in two shifted bands presumably

representing THR monomers and homodimers (Fig. 6D) (30).

Finally, siRNA-mediated knockdown of THRB in hTCF resulted in

downregulation of key components of the RA signaling pathway,

including STRA6, CRBP1, CRABP2, RARA and RXRA, compared to

scramble siRNA-transfected control cells (Fig. 6E).
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Figure 5. Diminished RA signaling in PEX tissues. (A) Expression of CRBP1, CRABP2, RARA and RXRAmRNA in iris (n=42) and ciliary body specimens (n=22) from normal

human donors (control) and donorswith PEX syndrome (n=24) using real-time PCR technology. Expression levelswere significantly reduced in PEX specimens compared

to control specimens. The relative expression levels were normalized relative to GAPDH and are represented as mean values±SD. (B) Western blot analysis of CRBP1

protein expression in iris and ciliary body tissue from normal donors (control, n=4) and patients with PEX syndrome (n=4). Protein expression is normalized to the

house-keeping gene ß-actin and is expressed as percent of the expression in controls. (C) Western blot analysis of RBP4 protein in serum and aqueous humor samples

from cataract patients (control, n=4) and patients with PEX syndrome (n=4). RBP4 protein is normalized to total protein content and is expressed as percent of controls

(data represent mean values±SD of eight samples; ∗P< 0.05; ∗∗P<0.01 ∗∗∗P< 0.001). (D) Real-time PCR analysis of RXRA, LOXL1, ELN, FBN1 and TGFB1mRNA in hTCFs

(n=4) and TM cells (hTMC, n=4) transfected with RXRA-specific siRNA or scrambled control siRNA; expression levels were normalized relative to GAPDH and expressed

relative to mock-transfected controls (dashed line; ∗P<0.05; ∗∗P< 0.01; ∗∗∗P< 0.001). (E) Real-time PCR analysis of RXRA, LOXL1, ELN, FBN1 and TGFB1 mRNA in hTCF

and hTMC without and with stimulation by 2.5 µm RA for 48 h; expression levels were normalized relative to GAPDH and expressed relative to unstimulated controls

(dashed line; ∗P< 0.05; ∗∗P< 0.001; ∗∗∗P<0.0001).

These data suggest that themolecularmechanisms by which

sequence variation at rs7173049 can modulate STRA6 gene reg-

ulation are mediated by differential effects of THRβ, showing

specific binding to the protective allele G of rs7173049. This func-

tionalmechanismmay be also involved in reduced expression of

STRA6 and downstreamcomponents of RA signaling in risk allele

carriers and PEX patients.

Discussion

According to well-powered genetic association studies and

meta-analyses, LOXL1 is the predominant genetic risk factor

for PEX syndrome/glaucoma showing uniformly large genetic

effect sizes with odds ratios up to 20-fold in all populations

throughout the world (10,13,18). However, to date, all PEX-

associated common risk variants have been confuted any

causality due to allele effect reversal in populations of different

ancestry (10,17,18). Since causal variants for complex diseases

may lie outside coding regions of protein-coding genes (31,32),

we refined and extended our search for common variants to

intergenic regions within the broad LOXL1 locus.

Our resequencing effort revealed one common non-coding

sequence variant, rs7173049A>G, downstream of LOXL1, which

was significantly associated with PEX across different popu-

lations around the world, with the minor allele G being consis-

tently enriched in controls without any flipped allele effect. This
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Figure 6. Allele-specific transcription factor binding at the genomic region surrounding rs7173049.(A)Transcription factor binding sites overlapping SNP rs7173049

(marked in red) regions (±15 bp) as predicted by the PROMO bioinformatics program. Differential binding to sequences containing the protective G allele (rs717-G)

compared to sequences containing the A allele (rs717-A) was only predicted for T3R-beta1 (THRβ1). Each gray/orange box indicates one transcription factor: GR-

alpha, ER-alpha, XBP-1 and YY1. (B) Supershift assays with 31 bp biotinylated DNA probes containing rs7173049 G allele (rs717-G), nuclear extracts from hTCFs

and specific antibodies against candidate transcription factors RXRα-1,2,3, beta (RXRβ) and gamma (RXRγ), RARα/β/γ and thyroid hormone receptor alpha/beta

(THRα/β) showing disruption of the shifted DNA–protein complex (solid arrow) and formation of supershifted bands (dotted arrows) with the THRα/βantibody.

Dotted black line indicates a cut and junction of two parts of the same membrane. (C) Supershift assays with THRα/β antibody attenuated the shifted DNA–

protein complex (solid arrow) and produced distinct supershifted bands (dotted arrows) with DNA probes containing the protective allele G of rs7173049 (rs717-G).

No supershifted bands were detected with probes containing the A allele (rs717-A). Bands which were not competitively inhibited by unlabeled oligonucleotides

(arrowhead) were considered unspecific. (D) Increasing amounts of recombinant THRβ protein were used in positive control experiments to show a specific

interaction with the DNA probe containing the protective G allele of rs7173049 (rs717-G). DNA–protein complexes (arrows) presumably represent thyroid hormone

receptor (THR) monomers and homodimers. (E) Real-time PCR analysis of THRB, CRBP1, CRABP2, RARA and RXRA mRNA in hTCFs (n=4) transfected with THRB-

specific siRNA or scrambled control siRNA; expression levels were normalized relative to GAPDH and expressed relative to mock-transfected controls (dashed line;

(∗P<0.05; ∗∗P<0.01 ∗∗∗P< 0.001).

variant was not considered in our previous study (18) because of

its location outside the intragenic region of LOXL1. We did not

identify any other variant at LOXL1 in strong LD (defined as pair-

wise r2 >0.7) with rs7173049. All other associated common vari-

ants at the LOXL1 locus (17,18) showed allele reversal in one or

more ethnic groups and therefore did not surpass genome-wide

significance, when meta-analysis using the inverse-variance,

random effects method was applied (P>1× 10−5). These
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findings suggested that the identified rs7173049 variant may

represent a plausible candidate for a true causal relationship

with the PEX phenotype.

We then provided experimental evidence for a func-

tional enhancer-like effect of the genomic region surround-

ing rs7173049, supported by luciferase reporter assays and

differential protein binding at the polymorphic site in vitro.

Even though we could not show any direct effect on LOXL1

promoter activity, we observed a moderate indirect effect on

LOXL1 regulation after CRISPR/Cas9 deletion of the genomic

region, which may be mediated by a yet unknown intermediary

factor. However, a more pronounced cis-regulatory effect was

seen on the expression of two distant genes, STRA6 and ISLR2,

227 and 177 kb downstream of rs7173049, respectively. Since

enhancer and repressor elements can act over long distances

from their target genes (33) through DNA looping facilitated

by transcription factor binding, and since LOXL1 alone cannot

explain the complex pathophysiology of PEX syndrome (18),

we analyzed the regulation of the two novel genes and their

putative role in PEX pathophysiology. Whereas the rs7173049

alleles did not correlate with LOXL1 tissue expression levels, we

found that the protective G allele of rs7173049 correlates with

increased tissue expression levels of STRA6 and ISLR2, which

both were significantly reduced in PEX tissues compared to age-

matched controls. We then specifically focused on the role of

STRA6, because lysyl oxidases are known to be regulated by

RA (17,34), and because re-examination of published GWAS

data (18) revealed a hitherto unreported synonymous coding

variant at STRA6, rs11857410, which was associated with PEX on

a genome-wide level after inclusion of additional cohorts.

STRA6 is a cell surface receptor that transports diet-derived

vitamin A or retinol, which circulates in the blood in a protein

complex containing RBP4 and transthyretin, into target cells

(28,35,36). Subsequent conversion of retinol into retinaldehyde

(retinal) and RA is supported by cellular binding proteins, such

as CRBPs and CRABPs, and two enzyme families, the alcohol or

retinol dehydrogenases (ADHs/RDHs) and the aldehyde dehydro-

genases (ALDHs) (37). RA, the main active metabolite of vitamin

A, binds to nuclear receptors, RAR and RXR, to regulate gene

transcription by binding to RA response elements in diverse tar-

get genes. In addition to serving as a retinol transporter, STRA6

is a ligand-activated signaling receptor that activates JAK/STAT

signaling and downstream induction of STAT-target genes (38).

STRA6 exhibits complex expression patterns during devel-

opment and homeostasis, probably indicating tissues to which

retinol is preferentially delivered (26). Thus, STRA6 is highly

expressed in epithelia of blood–tissue barriers, such as the RPE

and the choroid (CH) plexus of the brain, and is transcriptionally

upregulated by RA (39). Mouse and zebrafish models have high-

lighted the importance of STRA6 for vitaminAuptake andhome-

ostasis in ocular tissues (36,40). Interestingly, STRA6 mutations

constitute the only demonstrated cases of human mutations

that affect a gene from the retinoid pathway and lead to a

complex spectrum of developmental abnormalities including

micro/anophthalmia, heart defects, pulmonary dysplasia and

diaphragmatic hernia (41,42).A similar disease spectrum, includ-

ing relative anterior microphthalmos, atrial fibrillation, obstruc-

tive pulmonary disease and inguinal hernias, has been reported

to occur in PEX patients (9,43,44). Silencing of STRA6 can also

cause tissue fibrosis via suppression of STRA6 cascades through

upregulation and activation of TGF-ß1 and collagen type I (45).

The RA pathway displays pleiotropic and vital functions

which are essential for eye development and eye function,

particularly vision, throughout life (46,47). Dysregulated RA

signaling and decreased availability of RA can contribute

to a spectrum of developmental ocular disorders, such as

primary congenital glaucoma (48), and has also been associated

with age-related ocular and systemic diseases, including pri-

mary open-angle glaucoma, age-related macular degeneration

and neurodegenerative disorders such as Alzheimer disease

(49–51). For instance, Alzheimer patients have lower serum

concentrations of vitamin A accompanied by defective RA

transport and function in the brain (49,52). Vitamin A-deficient

mice accumulated amyloid-ß peptides, whereas the formation

of amyloid-ß fibrils could be inhibited by administration of

RA in vitro and in vivo resulting in neuroprotective effects

(53, 54). The underlying molecular mechanisms appear to

involve modulation of NFκB signaling, activation of α-secretase

and inhibition of γ-secretase-mediated cleavage of amyloid

precursor protein (55–57).

RA signaling has also received considerable attention in the

pathobiology of fibrosis (58,59). Although the reported effects

of RA on matrix production and fibrosis development are con-

troversial (60), the majority of studies found that RA adminis-

tration attenuated or even prevented experimental fibrosis in

multiple organ systems by suppressing expression of matrix

proteins, such as collagens, laminin and fibronectin, via context-

dependent downregulation of TGF-ß, IL-6, PI3K-Akt, NFκB and

Wnt/ß-catenin signaling (61–65). Conversely, vitamin A defi-

ciency and diminished RA signaling have been linked to fibrob-

last activation, upregulation of matrix production and fibrosis

via activation of TGF-ß expression and signaling (66,67). In fact,

the structure and composition of the extracellular compartment

are known to become profoundly altered as a result of vitamin A

deficiency (68).

Based on the pertinent literature and the evidence provided

by this study, it is suggested that vitaminAdeficiency and dimin-

ished RA signaling may also be involved in the pathobiology

of abnormal matrix deposition characterizing PEX syndrome.

Levels of RBP4, which mediates retinol transport in body fluids,

were significantly lower in serum and aqueous humor samples

from PEX patients than those from control subjects. Expression

levels of STRA6, which mediates the rate-limiting transport of

retinol into target cells, together with key components of the

retinoid metabolic cascade downstream of STRA6 were signifi-

cantly reduced in ocular tissues of PEX patients compared to age-

matched controls. On the protein level, expression of STRA6 was

mainly observed in cells forming blood–ocular barriers, includ-

ing the RPE and retinal BV endothelia forming the blood-retina

barrier, and the epithelium of the ciliary body and endothe-

lia of iridal BVs and SC, forming the blood–aqueous barrier

(69,70). Notably, all anterior segment tissues expressing STRA6

are known to be involved in the fibrotic PEX process showing

accumulation of abnormal fibrillar aggregates on their surfaces.

Accordingly, reduced labeling for STRA6 in respective tissues

of PEX patients was spatially associated with accumulation of

LOXL1-positive PEX material deposits. Thus, it is tempting to

speculate that decreased RA signaling may promote excessive

matrix production and cross-linking in PEX-associated fibrosis,

a notion that is also supported by upregulation of LOXL1, TGF-

β1, ELN and FBN1, which constitute major components of PEX

deposits, after siRNA-mediated downregulation of RA signal-

ing in PEX-relevant cell lines. However, the functional mecha-

nisms by which impaired RA signaling causes tissue fibrosis still

remain to be analyzed.

The functional molecular mechanisms by which rs7173049

polymorphism influences STRA6 expression appears to involve

differential, allele-dependent binding of the transcription factor
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THRβ. THRs belong to the nuclear hormone receptor superfam-

ily and act as ligand-dependent transcription factors mediat-

ing the biological effects of thyroid hormone (71). Two distinct

genes, THRA and THRB, encode several receptor isoforms, pre-

dominantly THRα1 and THRβ1, which are expressed in differ-

ent tissues and exhibit distinctive functional roles. THRs exert

their effects on gene expression through direct interaction with

specific DNA sequences known as thyroid hormone response

elements, related to the sequence (G/A)GGT(C/G)A, either as

monomers, homodimers or heterodimers (30,72). In the absence

of ligand, THRs can act as repressors or activators of tran-

scription, dependent on the presence of co-regulatory proteins.

Several genes involved in retinoidmetabolism, such as RXRA and

ALDH1A1/A3 (aldehyde dehydrogenase 1 family members A1, A3),

are among the direct target genes regulated by thyroid hormone,

suggesting that thyroid hormone signaling lies upstream of RA

signaling in the brain (73–75). Based on allele-specific binding of

THRβ to the protective rs7173049-G allele, corresponding to the

presence of the hormone response element sequence GGTGA

and downregulation of key components of the RA pathway fol-

lowing THRB knockdown, we suggest that interaction of thyroid

hormone and RA signaling may be also important in the patho-

genesis of PEX syndrome.

In addition to STRA6, deletion of the locus surrounding

rs7173049 led to upregulation of ISLR2, a membrane protein

which reveals highest expression levels in the brain and in

the retina of mice (25). ISLR2 plays a role in the development

of the nervous system and optic tract (76) but remains poorly

characterized, particularly in humans. Based on its prominent

expression pattern in the retinal NFL, as shown in this study,

reduced expression levels of ISLR2 in the retina of PEX eyes

may be involved in glaucoma development in PEX patients.

Interestingly, the PEX-associated, synonymous coding variant

at STRA6, rs11857410, has been indicated as a potential eQTL for

ISLR2 regulation in neuronal tissues (www.gtexportal.org/). In

line with this, transcript levels of ISLR2 could be induced by RA

stimulation (>3-fold; P<0.05) in PEX-relevant cell types (data not

shown). However, the potential interaction between RA receptor-

mediated signaling and ISLR2 regulation as well as the role of

ISLR2 in PEX pathogenesis remain to be clarified.

In summary, these findings indicate a statistically significant

and consistent association between the G allele of the intergenic

variant rs7173049A>G downstream of LOXL1 and decreased risk

of PEX syndrome/glaucoma in different ethnic populations,

pointing to a biological and clinical significance in disease

pathogenesis. The protective effects may be mediated by upreg-

ulation of STRA6, downstream of thyroid hormone signaling, in

ocular tissues at blood barriers and by upregulation of ISLR2 in

the retina. The genotype–phenotype correlation analysis led to

the discovery of an involvement of the RA signaling pathway in

the complex pathogenesis of PEX syndrome/glaucoma, further

corroborated by a newly identified genome-wide significant

association of PEX with a synonymous coding variant at STRA6,

which also potentially affects protein expression and function

(77). In view of the known environmental risk factors for

PEX syndrome/glaucoma including UV radiation (11), retinoid

metabolism in PEX tissue may be influenced not only by genetic

but also by environmental and dietary factors (78) requiring

further studies.

Limitations of this study are that rs7173049 association can-

not explain the flipped allele phenomenon observed for all

common variants in intragenic regions of LOXL1, and that its sig-

nificance for LOXL1 regulation remains unclear. Although LOXL1

was not directly influenced by rs7173049 polymorphism, alter-

ations in retinoid metabolism may indirectly influence LOXL1

expression levels. We recently identified LOXL1 as target for

RXRα binding regulating LOXL1 transcription (17). Here, we fur-

ther demonstrate an influence of RA signaling on expression of

LOXL1 and its extracellular substrates ELN and fibrillin, which

represent integral components of the stably cross-linked fibrillar

aggregates accumulating in tissues of PEXpatients (79).Although

themolecularmechanisms underlying increasedmatrix produc-

tion and fibrosis are not yet clear, the RA receptor pathway may

be a candidate for therapeutic intervention and can be poten-

tially targeted to treat fibrotic alterations caused by insufficient

tissue retinoid levels in PEX patients (80).

Materials and Methods

Patient collection and study approval

This study utilized nine case–control data sets from Japanese,

Italian South African, Greek, Indian, Pakistan, Mexican, Russian,

American and German cohorts (18). DNA and tissues from all

patients with PEX syndrome or PEX glaucoma and from con-

trol subjects without PEX were obtained after informed written

consent from each participant and used in accordance with

the principles of the Declaration of Helsinki for experiments

involving human tissues and samples. All study sites obtained

ethics approval from their respective institutional review board

or ethics committee.

LOXL1 targeted resequencing, genotyping and
association analysis

Deep sequencing of the LOXL1 locus (exons, introns, 5′ and

3′ flanking regions; spanning coordinates chr15:74200000 to

74260000) was performed on a total of 5570 PEX cases and 6279

controls from Japan (2827 cases and 3013 controls), Greece (355

cases and 1075 controls), Italy (454 cases and 267 controls),

Russia (476 cases and 859 controls), United States (212 cases

and 161 controls), Mexico (116 cases and 205 controls), South

Africa (95 cases and 250 controls), India (648 cases and 263

controls) and Pakistan (383 cases and 186 controls) as previously

described (18). We captured the entire LOXL1 genomic region

(both coding and non-coding) using the Roche NimbleGen

SeqCap (Roche NimbleGen Inc., Madison, WI) easy probe kit.

PEX cases and controls were captured together to minimize

differential batch effects between kits. Raw sequence reads were

processed from the beginning by aggregating binary alignment

map (BAM) files from unaligned sequence reads using PICARD

(https://broadinstitute.github.io/picard/), BWA (81) and GATK

(https://software.broadinstitute.org/gatk/best-practices/) soft-

ware packages following best practice guidelines. We excluded

all duplicate reads from further analysis. Genetic variants were

identified and called (genotyped) from recalibrated BAM files

using the Haplotype caller function within the GATK software

package. The capture chemistry and bioinformatics methods

have previously been described (82,83). We only included high

quality variants for statistical analysis by applying strict filters,

such as allelic balance >20% or <80%, genotype quality >25, as

well as depth >10×. In addition, each variant must have had an

overall genotyping success rate of > 95%,minor allele frequency

>1% and a genotype distribution not significantly violating

Hardy–Weinberg equilibrium (P> 1×10−5 for deviation).

Affymetrix genotype data from 771 PEX patients and 1365

control individuals from an independent population-based

case–control study from Germany (17) were imputed into the
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1000 Genomes phase 3 data set (84) using IMPUTE2 (85). We

only included high-quality imputed variants with info score

>0.9 and genotyping completion rate >0.95. A score-based

logistic regression was performed using SNPTEST2 with age and

gender as covariates for association analysis of SNP rs7173049

as previously reported (17). Logistic regression, as implemented

in PLINK, was used to perform conditional analysis. Cochran’s Q

test and accompanying I2 index was performed to calculate

heterogeneity index (18). Forest plots were drawn using R

statistical software package.

Association for the STRA6 variant rs11857410 in replication

cohorts from Germany (741 cases and 1325 controls), Italy (474

cases and 1511 controls) and India (936 cases and 2962 controls)

(18) was calculated using logistic regression, and meta-analysis

of replication collections was performed using inverse-variance

weighted, fixed effects meta-analysis.

Human tissues

Human donor eyes used for corneal transplantation with appro-

priate research consent were obtained from donors of European

origin and processed within 20 h after death. Informed consent

to tissue donation was obtained from the donors or their rela-

tives, and the protocol of the study was approved by the Ethics

Committee of the Medical Faculty of the Friedrich-Alexander-

Universität Erlangen-Nürnberg (no. 4218-CH) and adhered to the

tenets of the Declaration of Helsinki for experiments involving

human tissues and samples.

For RNA and DNA extractions, 24 donor eyes with manifest

PEX syndrome (mean age, 77±8 years) and 42 normal appearing

age-matched control eyes without any known ocular disease

(mean age, 72±9 years) were used. For protein extractions, four

donor eyes withmanifest PEX syndrome (mean age, 73±9 years)

and four normal appearing age-matched control eyes without

any known ocular disease (mean age, 76±8 years) were used.

For immunohistochemistry, ocular tissues were obtained from

five donor eyes with PEX syndrome (mean age, 73±8 years)

and five control eyes (mean age, 70±6 years). The presence of

characteristic PEX material deposits in manifest disease was

assessed by macroscopic inspection of anterior segment struc-

tures and confirmed by electron microscopic analysis of small

tissue sectors. Ocular tissues were prepared under a dissecting

microscope and shock frozen in liquid nitrogen. Aqueous humor

(aspirated during cataract or filtration surgery) and serum sam-

ples were collected from eight patients with cataract (mean age,

73.6±6 years) and eight patients with manifest PEX syndrome

(mean age, 79±8 years), immediately frozen in liquid nitrogen

and stored at −80◦C. All individuals underwent routine ophthal-

mologic examination for clinical signs of PEX syndrome after

pupillary dilation.

TaqMan SNP Genotyping Assay was used to genotype DNA

extracted from ocular tissues for SNP rs7173049 (C 28958055 10;

Applied Biosystems, Foster City, CA). TaqMan assays were con-

firmed by Sanger sequencing.

Cell culture

Tenon’s capsule biopsies were obtained from six patients (mean

age, 12±4 years) during strabismus surgery. Primary hTCF cul-

tures were established as previously described (86) and main-

tained in Dulbecco’s Modified Eagle’s Medium (DMEM/Ham’s

F12; Invitrogen, Darmstadt, Germany) containing 15% (v/v) fetal

bovine serum (FBS) and 1% antibiotic–antimycotic solution (PSA;

Invitrogen). Primary hTMC from three different donors were

obtained from Provitro (Berlin, Germany) and grown in DMEM

supplemented with 10% FBS and 1% PSA. Both hTCF (n=4) and

hTMC (n=4) were stimulated with 2.5 µm RA (Sigma-Aldrich,

Munich, Germany) under serum-free conditions for 48 h as pre-

viously described (27). The human embryonic kidney cell line

HEK293T was obtained from ATCC (Manassas, VA) and grown

in DMEM (with 4.5 g/l glucose) supplemented with 10% FBS and

1% PSA. For immunofluorescence staining, HEK293T cells were

seeded in 2-well chamber slides at a density of 3×105 cells/well

and maintained for 24 h. All cells were maintained at 37◦C in a

humidified 95% air–5% CO2 atmosphere.

Plasmid construction and dual luciferase reporter assay

Two different reporter vectors, the pGL4.23 [luc2/minP] (Promega,

Madison, WI), which contains a gene unspecific minimal pro-

moter sequence (TATA-Box, initiator element, RNA polymerase

binding site), and the pGL4.10-LOXL1 reporter vector containing

the specific LOXL1 core promoter sequence (extending from

−1438 bp to theATG start codon),whichwas cloned as previously

described (17), were used. To test for enhancer activity, an

intronic region of 200 bp surrounding rs7173049 (with either

A/A or G/G genotype at the polymorphic site) was PCR-amplified

with specific primers (Supplementary Material, Table S1) using

genomic DNA extracted from human blood samples. The

amplified products were cloned into pGL4.10-LOXL1 and pGL4.23

[luc2/minP] vectors via Kpn-I/Bgl-II (New England Biolabs,

Ipswich, MA) double digestion and confirmed by sequencing.

For dual luciferase reporter assays hTCF and hTMC were

transiently transfected by electroporation using the Nucleo-

fector II transfection device (Lonza, Köln, Germany) and the

Amaxa Basic Fibroblasts Nucleofector kit (Lonza) as previously

described (17). Depending on the experiment, 5.5 µg of pGL4.10

or pGL4.23 reporter constructs were used together with 0.9 µg

Renilla luciferase plasmid pGL4.74 (Promega). Data represent at

least three independent experiments for each cell type.

Electrophoresis mobility shift assays

EMSAs were performed as described previously (17). 31 bp syn-

thetic oligonucleotides CCCGGTCAGGACCACAGTGACCATGAGG

GCG (rs717-A) and CCCGGTCAGGACCACGGTGACCATGAGGGCG

(rs717-G) and their complementary sequences were 5′-labeled

with biotin. Both probes included SNP rs7173049 in the center of

the probe (Supplementary Material, Table S1). EMSA probeswere

applied as double strands after paired annealing at 95◦C for 5min

followed by cooling down to room temperature for several hours.

Nuclear extracts from primary hTCF and hTMC were generated

by using a nuclear extraction kit (NE-PER Nuclear and Cyto-

plasmic Extraction reagents, Thermo Scientific, Bonn,Germany).

Each 20 µl binding reaction included either poly(dI·dC) (final con-

centration: 20 ng/µl) or salmon sperm DNA (final concentration:

5 ng/µl) as non-specific competitor DNA. For supershift assays,

2 µg of antibodies against RXRα (RXRα-1: sc-553X, Santa Cruz

Biotechnology, Dallas, TX; RXRα-2: 05-1359, EMDMillipore, Biller-

ica, MA; RXRα-3: sc-46659X), RXRβ (sc-742X), RXRγ (sc-365252X),

RARα/β/γ (sc-773X) and THRα/THRβ (MA1–215, Thermo Fisher

Scientific, Waltham, MA) was added to the reaction mixture

and incubated at room temperature for 30 min prior to addition

of the biotinylated probe. As positive control, 500 ng of THRβ

recombinant protein (Active Motif, 81120) in binding buffer was

incubatedwith oligonucleotide rs717-G for 20min in the absence
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or presence of anti-THRα/β antibody. For competition experi-

ments, a 100-fold molar excess of unlabeled oligonucleotides

were included in the pre-incubationmixture. The resulting com-

plexes were resolved on 6% native polyacrylamide gels (17).

EMSA was performed using the Lightshift Chemiluminescent

EMSA Kit (Thermo Scientific). Gel shifts were quantitatively ana-

lyzed with the LAS-3000 (Fujifilm, Düsseldorf, Germany) chemi-

luminescence detection system and software (Multi Gauge V3.0,

Fujifilm). Data represent at least three biological replicates for

each cell type.

CRISPR/Cas9 genome editing

Genome editing of HEK293T cells was done with the Alt-R®

CRISPR-Cas9 System components (IntegratedDNATechnologies,

Coralville, IA) according to the manufacturer’s instructions.

Two pairs of crRNA (crRNA-F1/R1 and crRNA-F2/R2) with

little off-target score were designed (https://benchling.com/)

to each delete a 200 bp region flanking rs7173049 using a

dual cut approach (Supplementary Material, Table S1). Both

pairs of crRNA were separately transfected into HEK293T

using Lipofectamine® RNAiMAX Transfection Reagent (Thermo

Scientific). Transfections with Alt-R® CRISPR-Cas9 Negative

Control crRNA #1 served as controls. Single cell-derived clones

were isolated using the MoFlo XDP cell sorter (Beckman

Coulter, Indianapolis, IN). Screening for positive clones with

a homozygous deletion of the target genomic region was

performed by using specific primers binding outside the

target site (Supplementary Material, Table S1) and confirmed

by Sanger sequencing.

Real-time PCR

For quantitative real-time PCR ocular tissues and cultured

cells were extracted using the Precellys 24 homogenizer and

lysing kit (Bertin, Montigny-le-Bretonneux, France) together

with the AllPrep DNA/RNA kit (Qiagen, Hilden, Germany)

according to the manufacturer’s instructions including an on-

column DNaseI digestion step using the RNase-free DNase Set

(Qiagen). First-strand cDNA synthesis and PCR reaction were

performed as previously described (27). Exon-spanning primers

(Eurofins Genomics, Ebersberg, Germany), designed with Primer

3 software (http://bioinfo.ut.ee/primer3/), are summarized in

Supplementary Material, Table S1. Quantitative real-time PCR

was performed using the CFX Connect thermal cycler and

software (Bio-Rad Laboratories, München, Germany). Probes

were run in parallel and analyzed with the 11Ct method.

Averaged data represents at least three biological replicates.

Unique binding was determined with UCSC BLAST search

(https://genome.ucsc.edu/), and amplification specificity was

checked using melt curve, agarose gel and sequence analyses

with the Prism 3100 DNA-sequencer (Applied Biosystems,

Foster City, CA). For normalization of gene expression levels,

mRNA ratios relative to the house-keeping gene GAPDH were

calculated.

Immunohistochemistry and immunocytochemistry

Ocular tissue samples were embedded in optimal cutting

temperature compound and snap frozen in isopentane-cooled

liquid nitrogen. Cryosections of 4 µm thickness were fixed

in cold acetone for 10 min, washed in phosphate balanced

saline (PBS) and permeabilized using 0.1% Triton X-100 in

PBS for 10 min. After blocking with 10% normal goat serum,

sections were incubated over night at 4◦C in primary antibodies

against STRA6 (ab169600, Abcam, Cambridge, UK), ISLR2

(ab81254, Abcam) and LOXL1 (kindly provided by Takako Sasaki,

Department of Biochemistry II, Oita University, Japan) diluted

in PBS. Antibody binding was detected by Alexa Fluor® 488-

or 555-conjugated secondary antibodies (Life Technologies,

Carlsbad, CA). Nuclear counterstaining was achieved using

4′,6-diamino-2-phenylindole (DAPI; Sigma-Aldrich, St Louis,

MO). Immunolabeled slides and cell cultures were washed

and coverslipped with Vectashield mounting medium (Vector

Laboratories, Burlingame, CA) prior to evaluation on a flu-

orescence microscope (BX51, Olympus, Hamburg, Germany).

In negative control experiments, the primary antibodies were

replaced by equimolar concentrations of isotype-specific mouse

and rabbit immunoglobulins or irrelevant isotypic primary

antibodies.

Western blot analysis

Total protein was extracted from iris and ciliary body tissues

using the Precellys 24 homogenizer and lysing kit (Bertin) with

radioimmunoprecipitation assay (RIPA) buffer (50 mm Tris–HCl;

pH 8.0; 150mmNaCl; 1%NP-40, 0.5% sodiumdeoxycholate (DOC);

0.1% sodium dodecyl sulfate (SDS)). Protein concentrations of

ocular tissue preparations, serum and aqueous humor were

determined with the Micro-BCA protein assay kit (Thermo Sci-

entific). Proteins were separated by 4–15% SDS-polyacrylamide

gel electrophoresis under reducing conditions (6% Dithiothreitol

(DTT)) and transferred onto nitrocellulose membranes with the

Trans-Blot Turbo transfer system (Bio-Rad Laboratories). Mem-

branes were blockedwith SuperBlock T20 (Thermo Scientific) for

30 min and incubated for 1 h at room temperature with poly-

clonal rabbit antibodies against CRBP1 (ab154881; Abcam) and

RBP4 (ab133559; Abcam) diluted 1:2500 and 1:5000, respectively

in PBST (0.1% Tween 20 in PBS)/10% SuperBlock T20. Equal load-

ingwas verifiedwithmouse anti-humanß-actin antibody (clone

AC-15, Sigma-Aldrich) in PBST/10% SuperBlock T20. In nega-

tive control experiments, the primary antibody was replaced

by PBST. Immunodetection was performed with a horseradish

peroxidase-conjugated secondary antibody diluted 1:10000 in

PBST/10% SuperBlock T20 and the Super Signal West Femto ECL

kit (Thermo Scientific). Band intensity was analyzed with the

LAS-3000 (Fujifilm) chemiluminescence detection system and

software (Multi Gauge V3.0; Fujifilm).

siRNA silencing

hTCF and hTMC were transiently transfected with specific

siRNA (ON-TARGETplus SMARTpool; GE Healthcare Dharmacon,

Freiburg, Germany) for RXRA (150 pmol; target sequences: GCGC

CAUCGUCCUCUUUAA, GCAAGGACCGGAACGAGAA, AGAC

CUACGUGGAGGCAAA and UCAAAUGCCUGGAACAUCU) or THRB

(300 pmol; target sequences: UGGAAGUGUUCGAGGAUUA,

GAGAAGAAAUGUAAAGGGU, GGACAAGCACCAAUAGUCA and

CGAAAUCAGUGCCAGGAAU) by electroporation using the

Nucleofector II transfection device (Lonza) and the Amaxa

Basic Fibroblasts Nucleofector Kit (Lonza) with the nucleofector

program U-023. Transfections with scrambled siRNA (ON-

TARGETplus Non-targeting pool; GE Healthcare Dharmacon)

were served as controls. Transfected cells were seeded into 6-

well plates in duplicate and harvested at 48 h post-transfection

for real-time PCR analysis.
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In silico analysis

The PROMO bioinformatics program (http://alggen.lsi.upc.es/

cgi-bin/promo_v3/pro-mo/promoinit.cgi?dirDB=TF_8.3)was used

to predict transcription factor binding sites affected by SNP

rs7173049. The sequences of the genomic region flanking the

A allele or G allele of the SNP rs7173049 (±15 bp) were provided

as input.

Statistical analysis

Group comparisons were performed using an unpaired two-

tailed t-test or a Mann–Whitney U test using SPSS v.20 software

(IBM, Ehningen, Germany). P<0.05 was considered statistically

significant.

Supplementary Material

Supplementary Material is available at HMG online.
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