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Seeing well is essential for our activities in everyday life. Unfortunately, many people
experience deteriorating vision when they grow older. A common cause of vision loss in
the elderly is age-related macular degeneration (AMD), which affects 196 million people
worldwide. (1, 2) This neurodegenerative disease results in loss of central and sharp vision.
In early disease stages, patients usually do not experience visual problems. However, as
the disease progresses vision can become blurred (Figure 1A) or central vision can be lost
and the area of lost vision can increase over time (Figure 1B). This progressive loss of vision
has a huge impact on quality of life. Over the past years, our knowledge on the causes of
AMD has greatly improved, for example by large genetic association studies. However,
there is still a huge gap between the genetic variants that have been identified in AMD
and our understanding of the molecular disease mechanisms underlying this genetic
variation. In this thesis, we aimed to determine the molecular consequences of genetic
variation in AMD to fill part of this gap. A better understanding of AMD pathogenesis
could lead to the development of new, effective therapies in order to avoid vision loss in
the future.

Figure 1 – AMD is a progressive form of vision loss that can lead to (A.) blurred vision or (B.) loss of central vision. (3)

The human eye
The retina
Light enters the eye through the cornea, and passes through the lens and vitreous to
the back of the eye, where the retina is located. The retina processes the light rays into
electrical signals that travel via the optic nerve to the brain, so an image can be perceived
(Figure 2A). The processing of light rays is performed by photoreceptors cells, of which
there are two types: rods and cones. Rods function at low light intensities and can sense
contrast, whereas cones need higher light intensities and are required for color vision and
high resolution vision. Rods and cones are not equally distributed across the retina; a high
density of cones is found in the central region of the retina, called the macula (Figure
2A). The macula is responsible for sharp vision, while the remainder of the retina enables
peripheral (side) vision. (4, 5)
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The retina consists of different cell layers (Figure 2B). The neural retina, containing the
photoreceptor cells, is supported by the retinal pigment epithelium (RPE). RPE cells
are attached to a specialized extracellular matrix (ECM), called Bruch’s membrane. This
membrane separates the RPE from the choroid, the capillary bed that nourishes the deep
retinal layers. (6, 7)
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Figure 2 – A. Schematic overview of the eye. Light enters the eye through the cornea and passes the lens and
vitreous to be received at the retina. Here, light is processed into electrical signals, which travel to the brain
via the optic nerve. The central region of the retina is called the macula. B. A cross section of part of the retina.
The photoreceptors are embedded in the RPE. Bruch’s membrane, a specialized extracellular matrix, is located
between the RPE and the choroid. Adapted from (8).

Retinal pigment epithelium
RPE cells are essential for normal vision and for maintaining retinal health through various
mechanisms. (9, 10) First of all, RPE cells contain pigment granules that absorb excess
light to avoid scattering of light in the eye. Furthermore, the RPE and Bruch’s membrane
function as a blood-retinal barrier and regulate transport of fluids, ions, nutrients and
waste products between the choroid and the retina. (11) RPE cells also synthesize and
secrete growth factors to both their basolateral and apical sides (Figure 2B). Through
these functions, RPE cells are responsible for maintaining homeostasis in the retina. In
addition, the visual cycle, a key process in vision, partly takes place in RPE cells. When
visual pigments in photoreceptor cells absorb photons, a cascade of reactions takes place
in photoreceptor cells to convert light into a signal to the brain. Absorption of photons
lead to a conformational change in the visual pigments, which need to be recycled to their
native form by several enzymatic reactions in the RPE and photoreceptor cells. (12, 13)
Finally, RPE cells are needed to support renewal of photoreceptor outer segments (POS).
Photoreceptor cells constantly generate new POS and shed off the older ones daily into
the subretinal space. RPE cells clear the subretinal space by phagocytosing and digesting
these POS. (12, 14)
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Age-related macular degeneration (AMD)
What is AMD?
Age-related macular degeneration (AMD) is an eye disease causing progressive loss of
central and sharp vision (Figure 1). Consequently, patients with AMD are not able to read,
recognize faces, or drive a car, they lose their independence, and this affects their quality
of life. AMD is estimated to affect 196 million people worldwide, and is the leading cause
of vision loss in the Western world. (1, 2)
The disease process occurs in the macula, at the interface of the photoreceptor cells,
RPE and choroid. RPE dysfunction is thought to play a major role in the development
of AMD. Characteristics of early and intermediate AMD are the formation of deposits
of extracellular material, called drusen, underneath the RPE cells (Figure 3). (6, 15)
Intermediate AMD can progress into two different subtypes of late AMD: geographic
atrophy (GA), and neovascular AMD (nAMD). Neovascular AMD is also called wet AMD,
and affects 10% of all AMD cases. (16) In this subtype, an excess of new blood vessels
is formed, called neovascularization. These blood vessels are leaky and can easily break,
leading to hemorrhages in the macula and sudden vision loss. (17) Intermediate AMD and
GA are together referred to as dry AMD. Progression from intermediate AMD to GA occurs
when drusen become larger and more numerous, disturbing the functioning of RPE cells
and eventually leading to degeneration of RPE and the macula (Figure 3). (16, 17)
Wet AMD can be treated with intravitreal injections of anti-vascular endothelial growth
factor (VEGF), which inhibits neovascularization. (18) Currently, no treatment is yet
available for dry AMD.
Retina
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Bruch’s membrane
Choroid
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intermediate
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Figure 3 – Disease stages of AMD. Drusen are a sign of early and intermediate AMD, which can progress into two
different forms of late AMD: geographic atrophy (characterized by degeneration of the macula) and neovascular
AMD (characterized by neovascularization). Adapted from (6).
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Understanding the disease mechanisms of AMD
AMD is a multifactorial disease, caused by a combination of genetic predisposition and
environmental risk factors. The strongest environmental risk factor is age, followed by
lifestyle factors like smoking, obesitas, and an unhealthy diet. (18) Environment factors are
estimated to explain 29% of the variation in AMD, while 71% is proposed to be heritable.
(19) A common method to identify genetic risk factors for a multifactorial disease is the
genome-wide association study (GWAS). The largest GWAS for AMD to date was performed
in 2016, which analyzed DNA samples of 16,144 patients and 17,832 controls. (20) This
study identified 52 AMD-associated variants at 34 genomic loci, explaining 27.2% of the
disease variability, which is together more than half of the heritability (genomic h2 =
0.47). Interestingly, the genes at these genomic loci cluster in four main disease pathways:
the complement system, lipid metabolism, extracellular matrix (ECM) remodeling and
angiogenesis. These pathways are thought to be important for the pathogenesis of AMD.
Several approaches have been used to understand the effect of the genetic variants and
the molecular disease mechanisms of AMD, which are described in the following sections.
Omics studies in AMD
To study the downstream effects of AMD-associated genetic variants, other biological
molecules can to be analyzed, such as RNA or proteins. To do this in a systematic way,
omics techniques can be used. Omics refers to high-throughput characterization and
quantification of biological molecules, which are widely used and rapidly developed
over the last years. These analyses are usually hypothesis-free and therefore effective
in identifying new candidate genes, proteins or metabolites involved in a disease.
Multifactorial diseases like AMD are difficult to study in a classical, low-throughput way
only, since this often requires assumptions about possible candidate genes and functional
analysis is time-consuming and delivers only limited information. Therefore, omics
studies in large case-control cohorts can be used to generate large-scale data to study
the disease mechanisms of AMD and other multifactorial diseases. These type of datasets
can subsequently be a starting point for designing more targeted experiments to further
investigate the role of a certain gene or protein in the disease.
Omics can be performed on different biological molecules; most commonly used
are genes (genomics), RNA (transcriptomics), proteins (proteomics) and metabolites
(metabolomics). AMD is well-studied on a genomic level using GWAS. (20) Next to
this, several other omics have been used in AMD research, e.g. epigenomics (genomewide DNA methylation studies), transcriptomics, miRNA microarrays, proteomics, and
metabolomics. (21) Using these approaches, increased activity of the immune system
was recurrently found in different tissues and fluids of AMD patients. This corresponds
to the genomic studies, since the complement system is part of the innate immunity and
its activation stimulates inflammation. (22) Furthermore, oxidative stress-related factors
were regularly found to be upregulated and oxidative protein modifications were found in
proteomic analysis of drusen. (21) These findings suggest that inflammation and oxidative
stress are important disease markers. Currently, the integration of different type of omics
data becomes more important to better understand the processes that are involved in the
disease and to improve the predictive accuracy to AMD susceptibility.
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Functional effects of AMD-associated genetic variants on gene expression levels
Despite of several omics studies, the functional effect of AMD-associated genetic variants
and their role in the disease process remain largely unknown. Since AMD is not caused by
a single variant, but by a combination of variants and environmental factors, most of the
AMD-associated variants identified by GWAS are not expected to have a large effect on
protein function. In addition, most variants are located in intronic and intergenic regions,
which makes it challenging to predict their functional effect. (23)
Furthermore, a GWAS signal is never a single variant, but consists of an association peak
in a certain genomic region. This is caused by the principle of linkage disequilibrium:
variants on the same haploblock are often inherited together. (24) This means that a
GWAS alone cannot differentiate which of the associated variants have a functional effect
on the disease process and which of them are only identified because they are inherited
together with a functional variant.
Variants in the non-coding regions of the genome could have a functional effect in a
disease via regulation of gene expression. Even variants more distal of a gene could still
affect its expression if they are located in a region involved in transcriptional regulation.
(25) To identify which variants influence gene expression, expression quantitative trait
loci (eQTL) mapping can be used. (26, 27) An eQTL is a locus that explains part of the
variation in expression of a gene. eQTLs are tissue-specific, since each tissue has its own
transcription factors and regulatory mechanisms for gene expression. To study eQTLs,
gene expression data of a certain tissue is needed together with genotypes for a group
of people.
In the case of AMD, eQTL analysis of retinal tissue seems most relevant, but this is
dependent on the availability of donor eyes, and therefore it is challenging to generate
large datasets. Recently, the first two transcriptomics and eQTL studies have been
performed on retinal tissue. (28, 29) Using these datasets, AMD-associated genetic
variants which are an eQTL in eye tissue can be prioritized as candidate genes involved
in AMD pathogenesis. Furthermore, genes that are differently expressed in AMD patients
as compared to controls could be considered as candidate genes for AMD. Ratnapriya
et al. (28) performed a transcriptome-wide association study (TWAS) using genotypes
from the International AMD Genomics Consortium (20), and gene expression levels in
these individuals were predicted based on their identified retinal eQTLs. In this analysis,
differential expression of 28 genes in known AMD loci and 23 genes outside of these loci
were found to be associated with AMD. However, for the majority of GWAS signals (20), it
is unclear which variant is functional, and which gene might be involved in the disease
process.
Although AMD manifests in the eye, there are indications that AMD is influenced by systemic
processes. (30-32) Most of the genes associated with AMD are not exclusively expressed in
the eye. ECM remodeling proteins are produced by many cell types, and proteins involved
in the complement system and lipid metabolism are largely generated in the liver from
where they are released in the circulation. (33) Via the choriocapillaris, these proteins can
reach the AMD disease site and could be involved in AMD pathogenesis. Systemic levels
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of complement proteins and lipids have been found to be associated with AMD. (34, 35)
Therefore, it would be relevant to not only investigate differential gene expression in AMD
patients in eye tissue, but also in other parts of the body.
Functional effects of AMD-associated genetic variants on protein expression levels
As a result of the influence a genetic variant might have on gene expression, the
corresponding protein levels could be affected. Although this variation in protein levels
might be presented in a tissue-specific manner, the blood is a well-accessible tissue
and therefore suitable for investigations into the effect of genotypes on protein levels.
Furthermore, if a protein is suggested to play a role in AMD pathogenesis, the levels of this
protein might be affected during the development of the disease. Several case-control
studies have yielded potential plasma biomarkers for AMD, but replication by other studies
is often lacking. (36-40) If biomarkers are validated in other studies, they could be valuable
for predicting disease onset or disease progression. Furthermore, patient stratification
based on plasma biomarkers might help in the future to define which treatment option
has the highest chance of being effective in an individual patient.
If plasma biomarkers are associated with genetic risk factors, this would improve the
predictive accuracy of AMD susceptibility even further, and this would also improve our
understanding of the functional effects of genetic variants. Levels of some proteins of
the complement system have already been linked to AMD-associated variants in or near
genes encoding components of the complement system. For example, a non-coding
AMD-associated variant at the CFH locus (rs6677604) was associated with plasma factor
H (FH) and factor H related 1 (FHR1) levels. (41) Another study revealed that several AMDassociated variants at the CFH locus are associated with factor H related 4 (FHR4) levels
in the blood. (42) Similar studies to identify associations between other AMD-associated
variants and plasma protein concentrations would be useful. Table 1 provides an overview
of proteins that are genetically associated with AMD and are measurable in blood.
The association between a genetic variant and altered protein concentration is called a
protein quantitative trait locus (pQTL). The examples mentioned in the previous paragraph
are cis-pQTL’s: the genetic variant influences expression of a protein encoded in a region
close to the variant. pQTLs can also exist between a genetic variant and levels of a protein
that is not encoded near the location of the variant; this is called a trans-pQTL. An example
of a trans-pQTL identified in the context of AMD, is the rs3753394 variant at the CFH locus,
which was found to be associated with blood levels of cysteine cystine (CySS), an oxidative
stress biomarker. (45)
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Table 1 – 34 loci associated with AMD (20) and the mean levels of the corresponding proteins in blood detected
by immunoassays, obtained from (43, 44).
Locus
CFH
ADAMTS9-AS2
COL8A1
CFI
C9
C2/CFB/SKIV2L
VEGFA
TNFRSF10A
TGFBR1
ARMS2/HTRA1
B3GALTL
RAD51B
LIPC
CETP
C3
APOE
SYN3/TIMP3

Concentration of protein
in blood
400 mg/L
70 mg/L
880 µg/L (CFB)
560 ng/L
25 µg /L (HTRA1)
2.5 mg/L
1.3 g/L
52 mg/L
1.034 ng/ml (TIMP3)

Locus
SLC16A8
COL4A3
PRLR/SPEF2
PILRB/PILRA
KMT2E/SRPK2
TRPM3
MIR6130/RORB
ABCA1
ARHGAP21
RDH5/CD63
ACAD10
CTRB2/CTRB1
TMEM97/VTN
NPLOC4/TSPAN10
CNN2
MMP9
C20orf85

Concentration of protein
in blood
610 mg/L (VTN)
43 µg/L
-

Suhre et. al. 2017 reported a systematic pQTL analysis in plasma, and identified 234
pQTLs that could be replicated. (46) Three variants at the CFH locus were independently
associated in trans with hemopexin (HPX) protein levels, and together explain 61% of the
variance in HPX concentration. HPX levels were also associated with FHR4 levels. The main
function of HPX is the scavenging of free heme. Interestingly, complement component 3
(C3) has been shown to interact with heme as well, and C3 also interacts with FHR4. (46,
47) Furthermore, HPX can also act as inhibitor of the complement system. (48, 49). Taken
together, this suggests a link between hemopexin and the complement system, which
makes HPX an interesting protein to study in the context of AMD.
Function of AMD-associated genes in cellular models to further understand AMD
etiology
To obtain more detailed knowledge on the molecular mechanisms of AMD, and on the
role AMD-associated genes play in this process, cellular models could be used. Since the
RPE is an important cell type at the AMD disease site, the RPE cell lines ARPE19 and hTERT
RPE1 are often used to study AMD-related processes. The ARPE19 cell line was generated
by selective trypsinization of a human primary RPE culture, which spontaneously
immortalized. (50) The cell line has a normal karyology and forms a uniform epithelial
monolayer with cobblestone morphology typical for RPE cells until passage 15-20. Further
passaging results in loss of this morphology. (51, 52) ARPE19 cells can form polarized
monolayers after long-term culturing on porous filter supports. (50, 51) hTERT RPE1 cells
were immortalized by transfecting a plasmid expressing the human telomerase reverse
transcriptase subunit (hTERT) into the RPE-340 cell line. (51) 90% of cells in an hTERT
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RPE1 culture have a normal karyotype. (51) Both ARPE19 and hTERT RPE1 express the RPE
specific marker retinal pigment epithelium-specific 65 kDa protein (RPE65). (51, 53)
Since the discovery of CRISPR-Cas9 genome editing, it became much easier to knock
out a specific gene in cellular model systems. For many of the AMD-associated genes,
their function in the RPE and the consequences of altered gene expression on RPE cell
function is largely unknown. Since common genetic variation can lead to changes in gene
expression, generating cellular models in which the expression of AMD-associated genes
is knocked out could represent a good approach to gain more insight into the effects of
loss of gene expression on RPE function. This approach has been applied to AMD research
for several genes. For instance, 18 kDa translocator protein (TSPO), a protein involved in
mitochondrial cholesterol transport, was knocked out in ARPE19 cells to investigate its
role in cholesterol efflux from RPE cells. (54) Another example is a knockout of DoubleStranded RNA-Specific Endoribonuclease 1 (DICER1) in ARPE19 cells to evaluate the
induction of NLR Family Pyrin Domain Containing 3 (NLRP3), since DICER1 deficiency has
been suggested to cause NLRP3 inflammasome activation in the RPE of AMD patients. (55)
Recently, the use of RPE cells differentiated from induced pluripotent stem cells (iPSC)
became more popular in AMD research. The advantage of iPSC-RPE cells over using
immortalized cell lines ARPE19 and hTERT1 is that such cells can be generated from AMD
patients. Furthermore, iPSC-RPE cells in culture have been shown to display key physical,
gene expression and functional properties similar to human RPE cells in vivo. (56) This
makes these cells a better model to study RPE-specific functions like phagocytosis of POS.
(57) An important disease characteristic of AMD is the formation of drusen underneath the
RPE. Interestingly, drusen-like deposits also appear in long-term cultures of RPE cells on
membranes, as shown in human fetal RPE (58-60), primary RPE cells (61) and iPSC-RPE (62).
In iPSC-RPE cell cultures of patients with inherited macular dystrophies (Sorsby’s fundus
dystrophy (SFD), Doyne honeycomb retinal dystrophy (DHRD), and autosomal dominant
radial drusen (ADRD)), significantly more deposit formation was found compared to
cultures from healthy controls. (62) Moreover, the expression of several complement
genes was upregulated in patient cultures of all three macular dystrophies, corresponding
to the concept of enhanced complement activation in macular degeneration. Our
understanding of AMD could benefit from these type of experiments in the near future,
by generating iPSC-RPE from AMD patients with different genetic backgrounds.
The current knowledge on functional effects of AMD-associated genetic variants is
summarized in Table 2.
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Table 2 – Summary of the currently known functional effects of the 52 AMD-associated SNPs identified by GWAS (20).
Locus name

Index variant

Functional effect of the variant

CFH

rs10922109

-Decreased CFHR1, CFHR3, CFHR4, CFH and F13B gene
expression in liver (33)
-Decreased systemic FHR4 levels (42)
-Decreased systemic C3d/C3 ratio (63)

CFH

rs570618 (proxy for
FH Tyr402His)

-Increased CFHR1 gene expression in liver (33)
-Increased systemic FHR4 levels (42)
-Increased C5b-9 deposition in choroid, reduced
choroidal thickness (64)
-Altered binding of FH to GAGs, CRP, BrM, MDA epitopes
(64)
-FH Tyr402His causes an AMD phenotype in mice (65) and
RPE cell models (66, 67)
The role of this variant in AMD is reviewed in: (64)

CFH

rs121913059 (FH
Arg1210Cys)

-FH Arg1210Cys binds to albumin (68)
-Decreased binding to C3b, C3d, heparin, reduced DAA
(68-70)

CFH

rs148553336

CFH

rs187328863

-Increased systemic FHR4 levels (42)

CFH (CFHR3/CFHR1)

rs61818925

-Decreased CFHR1 and CFHR3 gene expression in liver (33)
-Decreased systemic FHR4 levels (42)

CFH

rs35292876

CFH

rs191281603

COL4A3

rs11884770

ADAMTS9-AS2

rs62247658

COL8A1

rs140647181

COL8A1

rs55975637

CFI

rs10033900

-eQTL for CFI in macular RPE (29) and for CFI and
PLA2G12A in retina (28)

CFI

rs141853578

-Decreased systemic FI levels (71-74)
-Reduced expression of recombinant FI (23% of WT
expression) in transfected HEK293T cells (74)
-Reduced C3b degradation (72)

C9

rs62358361

PRLR/SPEF2

rs114092250

C2/CFB/SKIV2L

rs116503776

C2/CFB/SKIV2L

rs144629244

C2/CFB/SKIV2L (PBX2)

rs114254831

C2/CFB/SKIV2L

rs181705462

VEGFA

rs943080

KMT2E/SRPK2

rs1142

PILRB/PILRA

rs7803454

-eQTL for COL4A3 in non-macular retina (29)

In iPSC-RPE culture: (75)
-Decreased VEGFA gene expression
-Allele-specific expression of a non-coding transcript
-Associated with altered chromatin accessibility of a distal
ATAC-seq peak
-eQTL for PILRA and PILRB in macular retina (29)
-eQTL for PILRA, PILRB, ZCWPW1 and TSC22D4 in retina
(28)
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Locus name

Index variant

Functional effect of the variant

TNFRSF10A

rs79037040

-eQTL for TNFRSF10A in non-macular RPE (29)

MIR6130/RORB

rs10781182

TRPM3

rs71507014

TGFBR1

rs1626340

ABCA1

rs2740488

ARHGAP21

rs12357257

ARMS2/HTRA1

rs3750846

-eQTL for HTRA1 in macular retina (29)
-The high-risk genotype is associated with reduced ARMS2
mRNA expression in COS7 cells and in donor retina. (77)
-HTRA1 protein levels are increased in RPE cells with the
high-risk genotype. (78)
-The role of this variant in AMD is reviewed in: (79)

RDH5/CD63

rs3138141

-eQTL for BLOC1S1 in retina (28, 29)
-eQTL for RDH5 in non-macular RPE (29)

ACAD10

rs61941274

-eQTL for SH2B3 in retina (28)

B3GALTL

rs9564692

-eQTL for B3GLCT in retina (28) and specific in macular
retina (29)

RAD51B

rs61985136

RAD51B

rs2842339

LIPC

rs2043085

LIPC

rs2070895

CETP

rs5817082

CETP

rs17231506

-Associated with levels of 26 metabolites, among them
13 HDL-related and 11 VLDL-related, of which free
cholesterol in very large HDL is most significant. (35)

CTRB2/CTRB1

rs72802342

-eQTL for BCAR1 in macular retina (29)

TMEM97/VTN

rs11080055

-eQTL for TMEM199 in macular retina (29)
-eQTL for TMEM199, SLC13A2 and POLDIP2 in retina (28)

NPLOC4/TSPAN10

rs6565597

-eQTL for TSPAN10 in non-macular RPE (29)

C3

rs2230199

-Decreased systemic C3d levels (80) and higher C3d/C3
levels in carriers of the AMD-risk allele (81)
-Recombinant C3 Arg102Gly shows higher hemolytic
activity (82, 83) and reduced binding to FH (82)

C3

rs147859257

-Recombinant C3 Lys155Gln shows increased hemolytic
activity (83) and resistance to degradation when FI and
FH are added (not when FI and MCP are added) (84)

C3 (NRTN/FUT6)

rs12019136

CNN2

rs67538026

-eQTL for TRPM1 in non-macular RPE (29)
-Associated with decreased levels of 5 HDL-related
measurements. (35)
-iPSC-RPE cells from carriers of the AMD-risk allele have
decreased ABCA1 expression. RPE-specific Abca1;Abcg1
double KO mice show lipid accumulation in the RPE,
reduced RPE and retinal function, retinal inflammation
and RPE/photoreceptor degeneration. (76)

-Associated with decreased levels of 15 HDL-related
measurements, 2 small VLDL-related measurement and 3
fatty acid measurements. (35)
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Locus name

Index variant

Functional effect of the variant

APOE

rs429358

-Associated with increased levels of ApoB, remnant-C,
a small VLDL measurement, and cholesterols in very
large HDLs, and associated with decreased levels of
triglycerides in a medium HDL measurement. (35)

APOE (EXOC3L2/MARK4)

rs73036519

MMP9

rs142450006

C20orf85

rs201459901

SYN3/TIMP3

rs5754227

SLC16A8

rs8135665

-eQTL for SLC12A5-AS1 in non-macular retina (29)
-The risk allele is associated with increased systemic proMMP9 levels (Chapter 4 of this thesis; (85))

-eQTL for BAIAP2L2 in non-macular RPE (29)
-A candidate causal splicing mutation (rs77968014) leads
to lactate transport deficit in human iPSC-RPE cells (86)

Aim and outline of this thesis
GWAS have identified a large number of genetic variants in AMD. Currently, these findings
require follow-up studies in order to better understand the functional effects of AMDassociated variants, unravel disease mechanisms and to identify potential therapeutic
targets. In this thesis, we used the latest GWAS on AMD (20) as a starting point, and
applied various approaches to study functional effects of AMD-associated variants
on gene expression and plasma protein levels. Furthermore, we explored the effect of
loss of expression of one AMD-associated gene (B3GLCT) in molecular detail using RPE
cell culture models. The overall aim of the thesis was to understand the effect of AMDassociated genetic variants on the molecular disease mechanisms.
Chapter 2 consists of a literature review of omics analyses applied to AMD and eight other
multifactorial eye diseases. We aimed to provide an overview of all methods used so far
and to describe the main findings of these omics studies.
In Chapter 3 we performed a transcriptome-wide association study (TWAS) for AMD in
27 different tissues using imputed gene expression. The goal of this TWAS was to identify
genes that are predicted to have a different expression in AMD patients compared to
controls, and to analyze in which tissues these effects are present.
In Chapter 4 we selected two AMD-associated genes, MMP9 and TIMP3, to investigate
whether the AMD-associated variants near these genes are associated with plasma MMP9
and TIMP3 levels, respectively. Furthermore, we analyzed whether the plasma levels of
these proteins are different in AMD patients compared to controls.
In Chapter 5, we investigated hemopexin (HPX) levels in the context of AMD, since a strong
association between HPX plasma levels and three variants at the CFH locus were identified
by a pQTL analysis. (46) We determined whether HPX plasma levels are associated with
AMD status and with AMD-associated variants at the CFH locus.
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In Chapter 6 we selected one of the genes associated with AMD via GWAS, β1-3
glucosyltransferase (B3GLCT). (20) We aimed to explore the function of this gene in RPE
cells using B3GLCT knockout studies in the cell lines hTERT RPE1 and ARPE19. With this
study, we aimed to generate new insights in the role of this gene in the pathogenesis of
AMD.
Finally, in Chapter 7 we provide a general discussion on the results of this thesis, place
them into context with current literature, and provide an outlook for future research and
how these studies can be used to improve clinical care for AMD.
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Abstract

Abstract

“Omics” refers to high-throughput analyses of genes, proteins, or metabolites in a
biological system, and is increasingly used for ophthalmic research. These systembased approaches can unravel disease-related processes and are valuable for biomarker
discovery. Furthermore, potential therapeutic targets can be identified based on
omics results, and targeted follow-up experiments can be designed to gain molecular
understanding of the disease and to test new therapies. Here, we review the application of
omics techniques in eye diseases, focusing on age-related macular degeneration (AMD),
diabetic retinopathy (DR), retinal detachment (RD), myopia, glaucoma, Fuchs’ corneal
dystrophy (FCD), cataract, keratoconus, and dry eyes. We observe that genomic analyses
were mainly successful in AMD research (almost half of the genomic heritability has been
explained), whereas large parts of disease variability or risk remain unsolved in most of the
other diseases. Other omics studies like transcriptomics, proteomics, and metabolomics
provided additional candidate proteins and pathways for several eye diseases, although
sample sizes in these studies were often very small and replication is lacking. In order to
translate omics results into clinical biomarkers, larger sample sizes and validation across
different cohorts would be essential. In conclusion, omics-based studies are increasing
in ophthalmology, and further application to the clinic might develop in the years to
come. Integration of genomics with other type of omics data has the potential to improve
the accuracy of predictive tests. Moreover, in the future, omics may lead to stratification
of patients into subgroups based on molecular profiles, enabling the development of
personalized treatments.
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Common eye diseases are often complex, multifactorial diseases without classic Mendelian
inheritance. Several genetic and environmental risk factors have been associated with
these diseases, but their combinatorial effects and implication in pathogenic mechanisms
remain poorly understood.1 Low-throughput genetic and subsequent functional testing
of candidate genes and proteins provide only limited information for these type of
diseases. Therefore, there is a need for high-throughput analyses, so that a whole system
can be evaluated in a hypothesis-free way.2 Omics is the large-scale characterization
and quantification of biological molecules, which went through rapid advancements
over the last years due to technological improvements in sequencing techniques, mass
spectrometry, and bioinformatic analyses. However, due to the very large scope of the
datasets and disease heterogeneity, it might be challenging to extract biologically
meaningful information from omics studies. Here, we discuss the use of omics techniques
in ophthalmic research, focusing on age-related macular degeneration (AMD), diabetic
retinopathy (DR), retinal detachment (RD), myopia, glaucoma, Fuchs’ corneal dystrophy
(FCD), cataract, keratoconus, and dry eyes. We describe the omics technologies used in
ophthalmology, provide an overview of the achievements in each of these diseases so far,
and discuss the potential for the future.

Omics Techniques
Omics experiments can be performed on different layers within a biological system (Fig.
1). On the genomic level, the majority of discoveries have been made by genome-wide
association studies (GWAS), in which DNA samples of large case–control cohorts are
genotyped using microarrays, targeting a large number of single nucleotide polymorphisms
(SNPs) distributed over the genome. Subsequent statistical analysis determines for each
variant whether the frequency is significantly different in cases compared to controls.3 This
approach is designed to detect associations of genetic variants that are mostly common
in the population, which in general have small or modest effect sizes. In order to identify
rare variants with relatively larger effect sizes, microarrays targeting rare variants (exome
chips), whole exome sequencing (WES), or even whole genome sequencing (WGS) is more
effective.4,5 Although WES and WGS have not been used very extensively yet in common
eye diseases because of the still relatively high costs, an increase in their use is expected
in the upcoming years. Furthermore, relevant information can be extracted by developing
and applying algorithms to detect gene–gene and gene–environment interactions. These
higher-order interaction effects may explain additional genetic variability in common eye
diseases.6–8
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Figure 1 - Overview of the different layers within a biological system contributing to multifactorial diseases and
their relation to each other. For each layer, the name of the corresponding omics technique is indicated in blue
boxes.

The genetic code alone only partially contributes to the development of a complex disease.
Environmental factors influence gene expression levels and metabolism that ultimately
triggers pathogenic mechanisms (Fig. 1). To explore actual disease-causing processes,
genomics should therefore be complemented with other omics techniques, such as
epigenomics, transcriptomics, proteomics, and metabolomics. Since the regulation of
gene expression is specific to tissues and cell subsets, these types of omics studies face
challenges in acquiring appropriate tissues when they are not readily accessible, like
the eye. The sample sizes used in genomic studies performed so far compared to other
omics studies reflect this limitation: Recent GWAS contain up to 45,711 subjects in total,9
whereas the number of subjects did not exceed 455 in any of the other omics disciplines10
(Supplementary Tables S1–S9).
Epigenomics refers to the large-scale analysis of functionally relevant changes to the
genome that do not involve a change in the DNA sequence. Gene expression is regulated
by various epigenetic mechanisms, including DNA methylation and different types of
histone modifications (e.g., methylations and acetylations). These modifications affect
the accessibility of DNA to bind transcriptional activators and to elongate messenger
RNA (mRNA). Over the past years, several techniques have been developed to profile
epigenetic marks on a genome-wide scale and to determine the spatial organization
of chromatin.11 Until now, ophthalmic research has been restricted to investigations on
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DNA methylation profiles, which are commonly assessed using DNA methylation arrays
or bisulfite sequencing.12
Transcriptomics refers to the large-scale analysis of the transcriptome—the set of all
mRNA molecules transcribed from the genome. Evaluating the transcriptome in eye
diseases has so far mainly been done by RNA microarray experiments (Supplementary
Tables S1–S3, S5, S7, S8), but this is likely to increasingly shift toward RNA sequencing
(RNA seq). RNA seq is currently more expensive than microarrays, but has the advantage
to detect not-annotated sequences and alternative splice variants next to expression
levels.13 Recently, studies investigating the expression of noncoding, regulatory RNAs like
micro RNAs (miRNAs) and long-noncoding RNAs (lncRNAs) have also been reported in
ophthalmology. MiRNAs specifically bind to target mRNAs and affect the level of these
targets and subsequent protein production.14 LncRNAs regulate both transcription and
translation via different mechanisms.15 Disease-specific miRNA and lncRNA profiles have
been extensively studied in several diseases over the last few years and are interesting
biomarker candidates since miRNAs and lncRNAs are, unlike most other RNAs, stable in
the circulation.16,17 In addition, evaluating their target mRNAs could provide insight into
pathogenic mechanisms.18
Proteomics refers to the large-scale study of produced proteins and their modifications,
and metabolomics analyzes a wide range of small molecules in a biological sample.
Analysis of proteomes and metabolomes is generally performed with mass spectrometry
technologies. Mass spectrometry is based on ionization of proteins or metabolites, followed
by mass spectrometric analysis of the mass/charge (m/z) ratios of a peptide or metabolite.
For identification of proteins or metabolites, public databases can be used, enabling the
analysis of complex protein or metabolite mixtures with high sensitivity.19,20 However,
improvements are still being made in protein and metabolite identification protocols
and databases, application of different ionization techniques, and mass spectrometry
instrumentation. In addition, specific methods exist for systems-level analysis of protein
glycosylation (glycomics) and lipids (lipidomics), although these have so far rarely been
used in ophthalmology (Supplementary Tables S1, S2, S9).
Novel data analysis algorithms are continuously developed and improved to facilitate the
interpretation of omics data, as relevant information might be hidden or masked in the
large datasets. Instead of merely considering individual up- or downregulated genes or
proteins, network- or pathway-based analyses (interactomics) are increasingly applied
in ophthalmology to gain insight into disease-specific gene regulatory networks and
signaling pathways.2

Age-Related Macular Degeneration (AMD)
Since the first GWAS was reported for AMD in 2005,21 a number of GWAS have been
performed in different populations (Supplementary Table S1). The largest GWAS so far,
which analyzed DNA samples of 16,144 patients and 17,832 controls using exome chips,
identified 52 AMD-associated genetic variants at 34 genomic loci.22 Additionally, two
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relatively small case–control WES studies have been reported for AMD.23,24 Examining the
biological pathways in which the associated genes function suggests the complement
cascade, lipid metabolism, and extracellular matrix (ECM) remodeling to be the major
pathways implicated in AMD pathogenesis (Supplementary Table S1). Although these
genomics studies improved the biological insights into AMD, still many questions remain
unsolved. The majority of the associated variants are in noncoding regions and their
functional effects still need to be determined.22 Therefore, in the years to come the field
will shift toward postgenomic research to understand the effect of the identified genetic
variants on the disease pathogenesis of AMD.
Several efforts have been made to profile AMD-specific transcriptomes, proteomes,
metabolomes, and DNA methylation patterns (Supplementary Table S1). Most apparent
in these datasets is an enhanced activity of the immune system, appearing in all types
of omics and in varying eye tissues and fluids (Supplementary Table S1). In a number
of these studies, elevated levels of complement proteins were detected, congruent
with the genetic data.25–29 Also proteins associated with ECM pathways26,30 and proteins
related to lipid binding and transporter activity29,31 were differentially expressed in donor
tissues of AMD patients compared to controls. Following the indications for altered lipid
metabolism, AMD research would benefit from lipidomics studies, of which one has
been reported so far.32 In this study, analysis of lipid profiles in patients with a polypoidal
choroidal vasculopathy subtype of AMD proposed platelet-activating factor (PAF) as
a key indicator of altered lipid metabolism. Besides the predicted AMD pathways from
genomic studies, oxidative stress–related factors such as antioxidant genes and genes
involved in stress-induced protein unfolding and aggregation have regularly been found
to be differentially expressed, as detected on the DNA methylation, mRNA, and protein
level.27,33–35 Furthermore, enrichment of oxidative protein modifications was found in
proteomic analysis of drusen.36 These findings support a role of increased oxidative stress
as an important environmental risk factor for AMD.
Similar to the findings in eye materials, upregulation of immune response–related mRNAs
and proteins has been found in white blood cells and plasma, potentially indicating
systemic inflammation in AMD.35,37,38 Furthermore, based on selection of candidate proteins
by proteomic analyses and subsequent targeted experiments, vinculin, phospholipid
transfer protein (PLTP), and mannan-binding lectin serine protease 1 (MASP1) have been
proposed as plasma biomarkers for AMD.31,39 Besides proteins, miRNAs are interesting
biomarker candidates for AMD, since AMD-specific miRNA profiles have been identified in
plasma and serum.16,40–43 However, still little is known about the role of these differentially
expressed miRNAs in AMD, and their use as biomarkers requires further validation.
In conclusion, genomics has revealed a large part of the genomic heritability of AMD. The
AMD-associated variants identified in the largest GWAS together account for 46.7% of the
total genetic variability in European-ancestry subjects.22 The remaining heritability may
reside in rare genetic variation and structural variation of the genome as well as gene–
gene and gene–environment interactions. Several epistatic effects have been identified
in AMD datasets, mainly involving gene–gene interactions with complement factor
H (CFH).44–48 Furthermore, the effect of several variants has been found to be modified
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by smoking.49,50 Combining genomic information with environmental factors or other
types of omics data might improve the predictive accuracy to AMD susceptibility. It has
already been reported that certain proteomic biomarkers (carboxyethylpyrrole [CEP]
oxidative protein modifications and CEP autoantibodies) could distinguish the plasma of
AMD patients from control samples with 76% accuracy, whereas these proteins together
with genomic markers (ARMS2, HTRA1, CFH, C3) reached 80% discrimination accuracy.51
In addition, plasma measurements of complement components (C3a, Bb, and C5a)
combined with genetic factors further increased the discrimination accuracy up to 94%.52
Applying these types of integrations on large-scale omics datasets will potentially further
improve prediction models and expand biological insights.

Diabetic Retinopathy (DR)
Although a considerable heritability for DR has been proposed (25%–52%),53–56 the
detection of DR-associated variants has been challenging—only two out of six GWAS
performed so far identified loci with genome-wide significance (Supplementary Table S2).
Candidate genes identified in these studies have roles in endothelial cell angiogenesis,
capillary permeability, and insulin signaling, among others (Supplementary Table S2).57–59
Strikingly, the top SNPs identified in these GWAS are hardly ever replicated in follow-up
studies.58 This suggests that DR etiology might be very heterogeneous, and that larger
sample sizes and meta-analyses are required to advance our understanding of the role of
genetics in DR.
Temporary hyperglycemia disturbs metabolic homeostasis and is thought to contribute
to DR development.60,61 Therefore, analyzing metabolic signatures may give valuable
insights into this disease. Three metabolomic studies have been reported so far in DR
research, suggesting enhanced lactate and glucose metabolism, and overactivity of the
arginine-to-proline pathway.62,63 In addition, L-aspartic acid and linoleic acid have been
found to distinguish different stages of DR.64 Further investigations may reveal the use of
these signatures as biomarkers or even therapeutic targets. Furthermore, hyperglycemia
has been linked to alterations in epigenetic modifications, which is a relatively new field
of interest in DR research.60,65,66 Even if hyperglycemia is short lasting, changes in the
epigenome could persist due to metabolic memory.67,68 Three genome-wide methylation
studies revealed DR-specific DNA methylation profiles, and identified the natural killer
cell–mediated cytotoxicity pathway as potentially involved in DR pathogenesis.67–69
Interestingly, an increase in global DNA methylation levels in blood has been correlated
to the severity of DR, independent of common DR risk factors.67 This suggests DNA
methylation patterns as potent candidate biomarkers for DR, although these findings
warrant replication in larger cohorts.
Since proliferative DR (PDR) is characterized by neovascularizaton and fibrovascular
proliferation, targeted studies have focused on detecting proteins related to these
processes.70 In a transcriptomic analysis of fibrovascular membranes, angiogenesis
appeared to be differentially expressed in PDR patients, along with ECM pathways.71
Furthermore, altered levels of pigment epithelium-derived factor (PEDF) and clusterin
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(apolipoprotein J), which are both regulators of angiogenesis, have been identified
frequently in proteomic studies.70,72–78 In addition, other members of the apolipoprotein
family are regularly identified (Supplementary Table S2). Csosz et al.79 listed all potential
biomarkers for DR in different eye tissues, and noticed that apolipoprotein A1 (ApoA1)
is the only DR-associated protein present in vitreous and aqueous humor, as well as
in tears. In a search for early plasma DR biomarkers, Jin et al.78 performed data mining
on previously reported biomarker candidates, followed by extensive replication and
validation experiments. This approach yielded a multimarker panel of four proteins
(APOA4, clusterin, complement component 7 [C7], and inter-alpha-trypsin inhibitor heavy
chain 2 [ITIH2]) that was able to discern DR status between patients and controls.78 A variety
of other processes have been detected in proteomic studies (Supplementary Table S2).
Besides the different tissues that are used (e.g., vitreous, fibrovascular membranes, blood
samples), also the different type of controls used in these studies (e.g., diabetic controls,
patients with macular holes, healthy controls) might explain the observed diversity in the
results.

Retinal Detachment (RD)
Retinal detachment (RD) has some well-known risk factors such as myopia, lattice
degeneration, and trauma (e.g., cataract surgery), but very little is known about the
mechanisms behind nonsyndromic RD.80 To date, one GWAS has been reported on
rhegmatogenous RD (RRD), in which one genome-wide significant signal was identified
(after meta-analysis) in ceramide synthase 2 (CERS2).81 This result, in combination with
a number of suggestive associations, points toward a potential role for cell adhesion
and migration and apoptosis of photoreceptors and RPE cells in the pathology of RRD
(Supplementary Table S3). In addition to this GWAS, only a limited number of transcriptome,
proteome, and metabolome analyses have been performed on RRD (Supplementary
Table S3). Altered inflammatory responses have been detected in all of these studies, and
several potential biomarkers have been proposed. However, the number of subjects in
these studies is very low (8–24 cases), so additional research with larger sample sizes is
necessary to expand the molecular understanding of RD development and to identify
valid biomarkers.

Myopia
The heritability for refractive error has been calculated to be larger than 50%, and some
studies even estimated the heritability of myopia to be as high as 90% to 98%.82–86 To unravel
genetic risk factors, several large GWAS and meta-analyses have been performed through
international collaborations on myopia or refractive phenotypes relating to myopia
(Supplementary Table S4). Additionally, a number of WES studies has been performed,
mainly in families. These studies have shed light on possible myopia-associated pathways;
however, still only 3.4% of all genetic variability of refractive error can be explained by
the identified variants.87 The high prevalence and variability in refractive error among
the population suggest that this phenotype is mainly caused by common variants.87
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Considering the small fraction of the explained genomic heritability, a large part could
reside in gene–gene interactions of common variants with low effect sizes, which are
difficult to identify. Additionally, gene–environment interactions involving, for example,
near work, spending time outdoors, and education, have been suggested to contribute to
myopia development.88,89
Although these findings suggest that myopia is a genetically heterogeneous disease, the
pathways that have been identified in myopia are quite reproducible across studies.87
It is thought that transmission of visual signals regulates eye development via ECM
remodeling of the sclera, and that disruptions affecting this cascade may contribute to the
development of refractive errors.82,90,91 The majority of myopia-associated pathways are
possibly involved in this process (Supplementary Table S4), although the specific disease
mechanisms and influences from environmental factors have not been uncovered in detail.
In conclusion, GWAS results have been valuable in myopia research, but will probably
not succeed in solving a large part of the genetic variability. Analyses of gene regulatory
networks and signaling pathways, rather than investigating genes one by one, would
possibly be a more effective way to gain understanding in this phenotype.91 Moreover,
transcriptome, proteome, and metabolome analyses, which have rarely been reported for
myopia, might provide additional information on disease-associated pathways.

Glaucoma
In glaucoma, elevated intraocular pressure (IOP) often precedes degeneration of retinal
ganglion cells, resulting in irreversible damage to the optic nerve. Both the increase of IOP
and development of glaucoma depend on genetic as well as environmental risk factors,
but our understanding of the molecular disease mechanisms remains limited.92 Primary
open angle glaucoma (POAG) is the most extensively studied glaucoma subtype. Despite
a number of GWAS and WES studies in POAG patients, still only 1% to a few percent of
the genomic variability can be explained by the identified variants, which have only
moderate effect sizes.93,94 POAG-associated loci have not been shown to cluster clearly
into pathways, but point toward a wide variety of potential disease pathways in POAG
development (Supplementary Table S5). Omics-based research in the field of primary
angle closure glaucoma (PACG) and primary exfoliation glaucoma (PEXG) is still very
new—on the genome level, only two and three GWAS have been performed for PACG
and PEXG, respectively (Supplementary Table S5). Whereas most of the identified variants
explain only a very small portion of the heritability, genetic variants in the lysyl oxidatelike protein 1 (LOXL1) have been identified as important genetic risk factors for PEXG
development. The high-risk haplotype has been reported to increase the chance of PEXG
27 times relative to the low-risk haplotype.95 POAG, PACG, and PEXG are suggested to
each have their own genetic risk profile; however, indications of ECM and cell adhesion
alterations have been found in all three subtypes.
Additional genomic research to unravel the genetic causes of glaucoma has been done
using GWAS in which known anatomic risk factors were taken as quantitative traits (e.g.,
see Refs. 94, 96–101). With these studies, genetic factors involved in IOP, disc area, vertical
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cup–disc ratio, cup area, anterior chamber depth, and central corneal thickness have been
identified, which are potentially relevant for glaucoma development.102,103 Taking this
information into account with regard to possible POAG-causing mechanisms, the major
pathways suggested to be involved include ECM, TGF-α and -β signaling, vascular tone,
RhoA/Rho-associated kinase pathways, and eye development, as reviewed by Iglesias et
al. in 2015.102 Although these mechanisms remain largely speculative, a first step has been
made toward molecular understanding of POAG.
In order to gain insight into pathogenic events, other types of studies might complement the
limited genetic knowledge of glaucoma. Mainly for POAG, disease-specific transcriptomes
and proteomes have been investigated in specific cell types involved in glaucomatous
degeneration. These cell types include the trabecular meshwork and Schlemm’s canal,
since they contribute to the resistance of aqueous humor drainage.93,104 Furthermore,
lamina cribrosa cells of the optic nerve are also useful, as they experience the mechanical
stress caused by elevated IOP.93 Based on differentially expressed mRNAs and proteins,
cell adhesion, ECM, and cell motility have been identified as candidate pathways involved
in POAG consistently in all three of these cell types, agreeing with genetic findings.104–108
Additionally, similar results have been obtained in optic nerve head astrocytes, which are
the most common cells in the optic nerve head and might also contribute to degeneration
of retinal ganglion cells.109,110
Proteomic analyses in aqueous humor and serum mainly found proteins related to
inflammation and oxidative stress to be differentially expressed in POAG and PEXG
patients.111–113 The higher presence of immune-related proteins in serum of glaucoma
patients was already known, and serum antibodies with target antigens in eye tissues were
the main proteins screened for biomarker discovery in the past.114 Recently, proteomic
studies characterized glaucoma-specific proteomes in tears, which might be an interesting
source to further explore in the future, particularly because of the noninvasive nature of
tear collection.115–118 Furthermore, mass spectrometric analyses of oxidative modifications
might be valuable, since these modifications are common in glaucoma patients and could
function as biomarkers.114 Overall, several biomarkers have been proposed following
proteomic analysis but still require further validation in larger cohorts, and their clinical
usefulness needs to be confirmed.114 Especially early-stage biomarkers would make a
valuable contribution to the clinic, since glaucoma is often not noticed until irreversible
damage to the optic nerve has already occurred.92
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Anterior Segment Disorders: Fuchs’ Corneal Dystrophy, Cataract,
Keratoconus, and Dry Eyes
Compared to the most extensively studied retinal disorders, the number of omics
experiments performed for corneal diseases is relatively small (Fig. 2). Although multiple
family studies have been performed for congenital forms of cataract, only two GWAS
have been reported (Supplementary Table S7). Likewise, FCD and keratoconus have been
investigated by GWAS only once and twice, respectively (Supplementary Tables S6, S8).
For FCD, a strong genetic association was identified in the transcription factor 4 (TGF4)
gene—homozygous variants in this gene increase the risk for FCD 30 times.119
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Figure 2 - The number of untargeted, case–control omics studies performed to date for multifactorial eye diseases.
Numbers are based on the overviews for these diseases provided in Supplementary Tables S1 through S9.
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Proteomic research might be an effective way of investigating corneal diseases, since cell
type–specific information can be obtained from fresh corneas or lenses collected during
surgery. Furthermore, it is thought that cataract develops as a consequence of longlived proteins in the lens that are subject to degradation or undergo posttranslational
modifications (PTMs).120–122 Proteomic approaches may reveal the susceptible proteins
and the attachment sites for these detrimental PTMs. A common finding in several studies
is altered expression of crystallins (Supplementary Table S7), which are constituents of the
lens with very low protein turnover.121 Moreover, elevated oxidation of cysteine residues
has been found in crystallins of lenses from cataract patients.123 Additionally, several
other proteins have been associated with cataract, which are not very consistent across
different studies, and their contribution to the disease etiology remains largely unknown
(Supplementary Table S7). For keratoconus, associations with several cytoskeletal and
ECM-related proteins have been identified, but similarly, the results are quite divergent,
and no reproducible biomarker has been identified yet (Supplementary Table S8).124
Dry eyes are characterized by alterations in the composition of the tear film, resulting in
deteriorated maintenance of the ocular surface.125 Therefore, analyzing the tear proteome
is highly relevant for understanding this disease and for identification of biomarkers.126
The majority of omics studies performed so far for dry eyes are proteomic analyses in
tears, along with some metabolomics and lipidomics studies, whereas no genomic and
transcriptomic analyses have been performed (Fig. 2). A number of proteins have been
identified and replicated in independent proteomics studies, including proline-rich
protein 4, prolactin-inducible protein, lipocalin-1, lysozyme, enolase, and proteins of the
S100 family (Supplementary Table S9), suggesting that these are potential biomarkers.
The main mechanisms underlying dry eye development are related to decreased tear
secretion (aqueous-deficient subtype) and increased tear evaporation (lipid-deficient
subtype).125 It is well known that the lipid layer of the tear film is essential for maintaining
ocular surface homeostasis and for limiting tear evaporation, which makes lipidomics
studies interesting for dry eye research.127 Lam et al.127 in 2014 reported no differences
in total lipid levels between the tears of patients and controls, but structural-specific
changes related to molecular weights and fatty acid chain saturation were identified in
tear lipids. Interestingly, on protein, metabolite, and lipid levels, specific expressions for
subgroups of dry eyes based on disease severity have been identified.128–130 These markers
might therefore function as indicators of disease progression, although further validation
is required to confirm these results.

Discussion
The number of omics studies performed in ophthalmology has increased substantially
over the past decade, and sample sizes have been expanding, especially in genomic studies
(Supplementary Tables S1–S9). AMD, glaucoma, and DR have been most extensively
studied with omics techniques, while the number of studies performed in other eye
diseases is limited (Fig. 2). GWAS studies have been commonly used in ophthalmology and
have yielded considerable insights, although the results vary between different diseases.
Particularly the understanding of AMD has significantly improved due to GWAS, since
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almost half of the genomic heritability has been revealed, which is unrivalled by any other
multifactorial disease.22,131 Interestingly, the identified genes in AMD cluster quite well
into disease-related pathways. Subsequent functional work on the complement system,
one of the major pathways predicted from the genetic data, has laid the foundation for
ongoing human clinical trials exploring the effect of complement inhibition in AMD.4,22
Furthermore, strong genetic associations have been identified for PEXG in LOXL1, and for
FCD in TCF4.95,119 Other ocular diseases have not benefited extensively yet from GWAS,
possibly due to the large heterogeneity and/or too small sample sizes, emphasizing
the need for large consortia and multicenter studies. Also more detailed phenotyping
and classification into subgroups, which could be accomplished by practicing standard
operating procedures (SOPs) for phenotyping and grading, may help to unravel a larger
portion of the genetic variability in these diseases.132 Additionally, WES and/or WGS, as
well as analyses of gene–gene and gene–environment interactions, might potentially
clarify more of the missing heritability.
Omics studies on the epigenome, transcriptome, proteome, metabolome, and lipidome
have been mainly performed with relatively small sample sizes (Supplementary Tables
S1–S9). These studies identified a number of potential biomarkers, but larger sample
sizes and replication in different cohorts are necessary to acquire biomarkers usable
for screening and prediction. Currently, development of prediction models for complex
diseases mainly consists of genetic information combined with known environmental risk
factors. Incorporation of other types of omics data in prediction models for eye diseases
has not been done yet on a systems level; however, targeted studies in AMD suggest
that there is potential to improve the prediction accuracy by combining genomic and
proteomic data.4,51,52
Omics research could be valuable in classification of patients in order to predict their
response to treatment. For example, since the complement cascade is only one of the
affected pathways in AMD, it is possible that patients with alterations in complement
regulatory genes would benefit more from complement-inhibiting therapies than others.
Omics experiments could play a role in determining whether a patient falls into this
category.133 The concept of personalized medicine is already in a more advanced stage in
the field of cancer research. For instance, genomic and transcriptomic profiles are being
used for prognosis and treatment decisions in breast cancer, and several clinical trials in
this field are ongoing.134,135 In ophthalmology, predictive tests for common eye diseases
are not recommended as long as there is no clinical intervention to improve disease
outcome.136 This might change in the future, if, for example, a genetic test could predict
the efficiency of complement-inhibiting treatment for AMD patients.
While clinically useful biomarkers are preferentially detectable in blood or eventually in
tears, omics studies for basic research ideally use specific eye tissues or fluids. Human
studies on inaccessible parts of the eye usually rely on postmortem material, which has
the disadvantage that it is of lower quality than fresh samples, especially on the RNA level.
Several types of omics experiments have been performed in numerous cell and animal
models of eye diseases or disease-related phenotypes, in order to search for candidate
pathways involved in the disease and to test treatment responses (e.g., see Refs. 137–144).
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In the future, model systems for further omics-based analyses might be obtained through
differentiation of patient-derived induced pluripotent stem cells into eye-specific cell
types relevant to the disease of interest.145
Deeper understanding of a biological system could be obtained by integrating different
layers of information like genomics, proteomics, transcriptomics, and metabolomics.146
Considering the complex nature of multifactorial diseases, investigating the whole system
might be more relevant than focusing on only one of these processes. Although this is
challenging and requires advanced bioinformatics, systems approaches have already
been proven to be useful in other complex diseases like cancers (e.g., see Refs. 147–149).
Since relatively little is known about multifactorial eye diseases, we would expect the field
of ophthalmology to benefit from omics technologies in the near future, both in terms of
understanding disease pathology and development of personalized therapies.
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Tissue
Genomics

AMD vs. control
(non-Hispanic
white
population)
AMD vs. control, GWAS
+ meta-analysis
with existing
late-stage casecontrol cohorts.
(data from
AREDS)

Genotyping
of promising
markers from 2
GWASes
GWAS + logistic
regression
models

Ryu 20104

Kopplin 20105

No genome wide signals after replication.
Confirmed: CFH, CFB, ARMS2-HTRA1, C3.
No interactions were found between smoking and known AMD loci.
Ski2 like RNA helicase (SKIV2L), and myosin VIIA and Rab interacting
protein (MYRIP).
Confirmed: CFH, ARMS2, C3.

Disc: 293 subjects
from 34 families + 391
ca, 188 co from ca-co
cohort.
Repl: 1896 ca, 1866 co
(from 5 ca-co cohorts)

Neale 20102

Hepatic lipase gene (LIPC)
(The top SNP was shown to influence LIPC expression and high-density
lipoprotein cholesterol (HDL) levels in serum).

Disc: 395 ca, 198 co
Repl: 444 ca, 300 co

Klein 20051

Complement factor H (CFH; intronic, common variant)

Chen 20103

Ref.

Main findings

Tissue inhibitor of metalloproteinases 3 (TIMP3)
Suggestive associations: LIPC, LPL, CETP, ABCA1
Confirmed: CFH, ARMS2, C2/CFB, C3, CFI.

Disc: 979 ca, 1709 co
Repl: 5789 unrelated
ca, 4234 unrelated
co distributed over 7
cohorts
Disc: 2157 ca, 1150 co
Second phase: 7749 ca,
4625 co

GWAS and
analysis of
CNVs and
polymorphisms

AMD vs. control
(European)

96 ca, 50 co

GWAS

AMD vs. control
(non-Hispanic
white
population)
Advanced AMD
vs. control
(Caucasians)

# Subjects

Method

Study

Supplementary table 1 – Overview of omics studies performed to identify age-related macular degeneration (AMD) specific biomarkers.

We searched for genomics, epigenomics, transcriptomics, proteomics, metabolomics, lipidomics, microbiomics and systems biology
studies performed in age-related macular degeneration, glaucoma, diabetic retinopathy, myopia, retinal detachment, Fuchs corneal
dystrophy, cataract, keratoconus, and dry eyes. We included untargeted studies using human material. We only included case-control
studies (no family studies), and studies in which different stages of a disease are compared.
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Tissue

Disc: 893 ca, 2199 co
Repl: 1411 ca, 1431 co

Disc: 2594 ca, 4134 co ARMS2-HTRA1 increased risk for both wet and dry AMD, but the risk on
Repl: 5383 ca, 15240 co wet AMD is higher.

4089 signs of early
AMD, 484 late AMD,
20453 co

Disc: 7650 ca, 51844 co
(15 cohorts)
Repl: 9531 ca, 8230 co
(18 cohorts)

GWAS

GWAS

GWAS metaanalysis

GWAS

Advanced
AMD vs.
control (United
Kingdom)
CNV vs. GA
advanced
AMD (United
States)
Early stage AMD
vs. control
& early stage
AMD vs. late
stage AMD
AMD vs. control
(European and
Asian)

Collagen type VIII alpha 1 chain (COL8A1) – Filamin A interacting protein
1 like (FILIP1L), Immediate early response 3 (IER3) – Discoidin domain
receptor tyrosine kinase 1 (DDR1), Solute carrier family 16 member
8 (SLC16A8), Transforming growth factor beta receptor 1 (TGFBR1),
RAD51 paralog B (RAD51B), A disintegrin-like and metalloprotease with
thrombospondin type 1 motif 9 (ADAMTS9), Beta 1,3-glucosyltransferase
(B3GALTL).
12 previously associated loci confirmed.
Pathway analysis: complement cascade, lipid metabolism, extracellular
matrix remodeling and angiogenesis.

Among others, RPE cell melanin content regulation, retinal regeneration
are suggested to be specific for early AMD.
Many known AMD genes had higher effect sizes in late AMD compared to
early AMD.

GW CNV analysis 400 ca, 50 co

AMD vs. control
(United states)

Disc: 827 ca, 3323 co
Repl: 709 ca, 15571 co

GWAS

Main findings
Fyn related Src family tyrosine kinase (FRK)/Collagen type X alpha 1 chain
(COL10A1), vascular endothelial growth factor A (VEGFA).
Confirmed: CFH, ARMS2-HTRA1, CFB, C3, C2, CF1, LIPC, TIMP3, CETP
Suggestive associations: ABCA1, COL8A1
TNFRSF10A-LOC389641 and REST-C4orf14-POLR2B-IGFBP7.
(TNFRSF10A: TNF receptor superfamiliy member 10a, LOC389641: non
coding RNA, REST: potentially a master negative regulator of neurogenesis,
C4orf14: regulator of mitochondrial NO and Ca2+, POLR2B: RNA
polymerase subunit B, IGFBP7: angiomodulin – binds chemokines and
growth factors including VEGF).
No high penetrant CNV was found.
CNVs in/near Nephrocystin-1 (NPHP1) and EGF containing fibulin like
extracellular matrix protein 1 (EFEMP1) were of interest.
Tenascin XB (TNXB) – FK506 binding protein like (FKBPL), Notch 4
Confirmed: CFH, ARMS2-HTRA1, C2-CFB, C3, CFI, VEGFA, LIPC

Exudative AMD
vs. control
(Japanese)

# Subjects
Disc: 2594 ca, 4134 co
(from 4 cohorts)
Repl: 5640 ca, 52174 co

Method
GWAS metaanalysis
(imputation)

Study
Advanced AMD
vs. control

Fritsche
201312

Holliday
201311

Sobrin 201210

Cipriani 20129

Meyer 20118

Arakawa
20117

Ref.
Yu 20116
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In total 16144 ca,
17832 co

GWAS

39 ca, 36 co

Disc: 216 ca, 1553 co
Repl: 3772 ca, 6942 co
(5 cohorts)

# Subjects
30 ca, 47 co

Method
GWAS

nvAMD vs.
WES
control (5
independent
cohorts; East
Asian)
nvAMD patients WES
with low
genetic risk
scores (extreme
phenotypes) vs.
control

Study
Atrophic AMD
vs. control (Han
Chinese >95 yr)
AMD vs. control
(26 studies
gathered)

Gene-gene and gene-environment interactions
Analysis of
Bayesian model
interaction
with Gibbs
effects
sampling
strategy
Analysis of
New algorithm
multi-locus
based on
epistatic
clustering
interactions
of relatively
frequent items

Tissue

Fritsche
201614

COL4A3, PRLR-SPEF2, PILRB-PILRA, KMT2E-SRPK2, TRPM3, MIR6130-RORB,
ABCA1, ARHGAP21, RDH5-CD63, ACAD10, CTRB2-CTRB1, TMEM97-VTN,
NPLOC4-TSPAN10, CNN2, MMP9, C20orf85.
18 previously associated loci confirmed.
Significant rare variant burden in: CFH, CFI, TIMP3 and SLC16A8.
Pathway analysis: Complement cascade (regulation), collagen pathways
(assembly of multimeric structures, collagen formation), lipid pathways
(lipoprotein metabolism, lipid transport, digestion, and mobilization,
HDL particle), extracellular matrix (focal adhesion), receptor-mediated
endocytosis, stimulation of neuroblast proliferation, endodermal cell
differentiation.
Ubiquitin protein ligase E3B (UBE3B; involved in ubiquitin-proteasome
system).

No significant two-locus interactions.
Three locus interaction: CFH with NPAT and PCDH9.

SGCD with SCAPER (Sacroglycan delta with S-Phase Cyclin A Associated
protein in the ER).

Xie 201218

Tang 200917

Suggestive associations: fibulin 7 (FBLN7), Pyridoxine, vitamin B6 kinase
Sardell 201616
(PDXK), Asparaginase like 1 (ASRGL1), BSD domain containing 1 (BSDC1).
29 new variants identified in known AMD loci.
Pathway analysis: no pathway was significantly enriched after multiple test
correction.
Suggestive pathways after analyzing rare stop/splice and protein
damaging variants: sphingolipid metabolism, gap junction, caffeine
metabolism, biosynthesis of unsaturated fatty acids pathways.

Huang 201515

Ref.
Zhou 201513

Main findings
Suggestive associations: U6 spliceosomal RNA and VEGF-C
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Tissue

Rare haplotype
analysis
Rare haplotypeenvironment
interaction
analysis
Analysis of
interaction
effects between
genes and
smoking
Analysis of
interaction
effects between
genes and
smoking

Study
Analysis of
interaction
effects
Analysis of
interaction
effects (genegene and geneenvironment)
Analysis of
interaction
effects (genegene and geneenvironment)
Analysis of
collective
interaction
effects

No significant signal between known AMD loci and smoking.
For variants in LOC100130954, RGS9, AXIN2 and SERPINB8-CDH7, the
association with AMD was suggested to be modified by smoking.

Logistic
regression
models

One rare haplotype variant showed interaction with smoking.

Rare haplotypes identified in CFH.

Gene-gene interactions: no genome wide significant signals.
Gene-environment interactions:
ST6GALNAC3/SNAP25 with plasma fibrinogen levels
CRYG with Omega-3 levels
Netrin-1 receptor DCC with smoking.
Complement activation, phospholipid synthesis, oxidative stress,
apoptosis.

Main findings
CFH with ANGPT1, CFH with BBS9, CFH with PP7, CFH with MED27, CFH
with CHRM2.
Pathway enrichment analysis: glycosaminoglycan biosynthetic process.
CFH with SGCD, CFH with MED27

No significant signal between known AMD loci and smoking.

# Subjects

Logistic
regression
models

Compute
Boolean binary
SNP interaction,
combinatorial
optimization
Discrete
discriminant
analysis and
collective
inference
methods
Logistic
Bayesian LASSO
Logistic
Bayesian LASSO

IGENT; identifies
interactions
using entropy
(uncertainty)

Method
New pattern
mining strategy

Naj 201325

Ryu 20104

Biswas and Lin
201223
Biswas 201424

Woo 201622

Riveros 201521

Kwon 201420

Ref.
Zhang 201419
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AMD (nv and
ga) vs. controls
vs. potential
pre-AMD

Microarrays ,
interactome
assembly

Tissue
Study
Method
Pharmacogenomics
Anti-VEGF
GWAS
treatment
response in
nvAMD; visual
acuity used as
outcome
Epigenomics – DNA methylation
RPE-choroid AMD vs. controls Bisulfite seq.
(& mRNA
microarrays +
qPCR validation)
Blood
AMD vs. controls Microarrays
(Data from
blood samples
also integrated
with retina
data).
AMD vs. control DNA hydrolysis
and capillary
electrophoresis
Transcriptomics
RPE-choroid /
retina
Early dry AMD
Exon-based
vs. controls
arrays
Hunter 201227

Oliver 201528

Pinna 201629

Whitmore
201330

Glutathione S-transferase isoform mu (GSTM) 1 and 5 showed
hypermethylation at the promoters and were decreased on mRNA level.

No genome wide significant signals.
Following integration of blood and retina data, the promoter region of
protease serine 50 (PRSS50) was identified as differently methylated in
AMD.

No genome wide significant signals; whole blood DNA methylation
profiles were suggested not to be a marker for AMD.

No transcriptome wide significant signals in AMD patients compared to
controls.
In early AMD compared to control: decrease in endothelial cell specific
gene expression.
Cell-mediated immune responses genes enriched in the differentially
expressed genes.
Increase in complement cascade, wound response and neurogenesis gene
expression, in parallel with decreased expression of phototransduction
genes.
Interactomes showed functional networks which are potentially important
in AMD.

10 ca, 11 co

99 nvAMD ca, 100 ga
AMD ca, 99 co

39 early AMD ca, 27
nvAMD ca, 132 co

9 ca, 9 co

Newman
201231

Riaz 201626

The olfactory receptor OR52B4 was associated with poor response to antiVEGF treatment.

Disc: 285 ca treated
with anti-VEGF
Repl: 376 ca

26 AMD ca, 11
potential pre-AMD,
31 co

Ref.

Main findings

# Subjects
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Proteomics
Drusen

Serum

AMD vs. controls LC MS-MS

Microarrays and
qPCR validation

RNA-seq, qPCR
validation

Late stage AMD
vs. controls
and nvAMD vs.
dry AMD

(nv & ga) AMD
vs. controls

qPCR

nvAMD vs.
controls

nvAMD vs.
controls

Microarrays,
qPCR

nvAMD vs.
controls

Peripheral
white blood
cells
miRNAs
Vitreous
humour (&
plasma)

Plasma

Microarrays,
qPCR validation

nvAMD vs.
controls

Monocytes

Method
Dataset
downloaded,
phylogenetic
parsimony
analysis
(construction of
cladograms)
Microarrays,
qPCR validation

Study
AMD (nv and
ga) vs. controls
vs. potential
pre-AMD

Tissue

Genes involved in antigen presentation.

Immune response alterations.

Main findings
Gene expression changes were very heterogeneous and patient-specific.
Transcriptomes could not be correlated to clinical phenotypes and gene
expression profiles in advanced AMD did not correlate to the early AMD
transcriptomes.

5 ca, 18 co

More frequently found in AMD donor drusen: crystallins, oxidative protein
modifications.
One-third of the proteins identified in AMD drusen were not detected in
the proteome of control drusen.

miR-146a and miR-106b, reproduced in plasma.
Additionally, an AMD associated SNP in a miRNA binding site of major
histocompatibility complex class I, G (HLA-G) was found.
Processes suggested to be involved: inflammation, angiogenesis.
33 ca, 31 co
10 miRNAs specifically expressed in the patient group.
Furthermore, 5 up-regulated and 11 down-regulated miRNAs found;
their biological functions in AMD need to be determined in further
experiments.
129 nvAMD ca, 59 dry Differently expressed in nvAMD: Hsa-mir-301-3p, hsa-mir-361-5p, hsaAMD ca, 147 co
mir-424-5p; pathways suggested to be involved: TGF-β, and mTOR related
pathways.
Dry AMD: no significant differences.
nvAMD vs. dry AMD: hsa-mir-424-5p levels were higher in dry AMD.
150 nvAMD ca, 150 dry Specifically increased in dry AMD: miR661 and miR3121
AMD ca, 200 co
Specifically increased in nvAMD: miR889 and Let7.
Further studies are needed to reveal their implication in AMD.

4 ca, 2 co

14 ca, 15 co.
Validation: 25 nvAMD
ca, 21 GA AMD ca,
28 co
16 ca, 16 co
Validation: 14 ca, 16 co

# Subjects
Retina: 47 AMD ca, 13
pre-AMD, 55 co.
RPE/choroid: 60 AMD
ca, 21 pre-AMD, 96 co

Crabb 200239

Szemraj
201538

Grassmann
201437

Ertekin 201436

Menard 201635

Lederman
201034

Grunin 201633

Ref.
Abu-Asab
201332
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Aqueous
humor

Vitreous
humor

RPE
secretome

RPE cells

Tissue
Macular
Bruch’s
membrane
– choroid
complex

Method
LC MS-MS

# Subjects
10 early/mid dry AMD
ca, 6 advanced dry
AMD ca, 8 nvAMD ca,
25 co

Main findings
Up-regulated: proteins involved in immune response and host defense
(many complement proteins).
Specific for early/mid-stage AMD: hematologic dysfunction, weakened
ECM integrity and cellular interactions suggested.
Specific for advanced dry AMD: up-regulation of galectin-3 (a receptor for
advanced glycation end products).
AMD
LC MS-MS,
28 cases, 7 for each of Specific for early AMD: proteins involved in stress-induced protein
categorized in
Western Blot
the 4 AMD stages.
unfolding and aggregation, mitochondrial trafficking and refolding, and
four progressive
regulation of apoptosis.
stages
Specific for late stage AMD: retinoic acid regulation and regeneration of
the rhodopsin chromophore.
AMD vs. controls Silac LC MS-MS, RPE cell cultures were Increased secretion: galectin-3 binding protein, fibronectin, clusterin,
network analysis made from 27 subjects. MMP-2 and PEDF.
Decreased secretion: secreted protein acidic and rich in cysteine (SPARC).
Pathway analysis: development, angiogenesis, complement regulation,
protein aggregation.
nvAMD vs.
Electrophoresis 73 ca, 15 co
Up-regulation of immune response, complement system and protease
controls
coupled to MS,
activity.
LC MS-MS, WB
validation
nvAMD
Electrophoresis 108 ca, 24 co
Clusterin, opticin, PEDF, prostaglandin H2 d-isomerase.
(different clinical coupled to MS,
diagnosis
LC MS-MS, ELISA
groups) vs.
validation
controls
nvAMD vs.
Electrophoresis, 6 ca, 6 co
Up-regulation of inflammation, apoptosis, angiogenesis and oxidative
controls:
MS-MS, ELISA
stress.
cataract
validation
Exudative AMD LC-MS-MS,
9 ca, 8 co
Acute phase response signaling, complement system, coagulation system.
vs. controls:
MRM-MS
Following further experiments, TGFBI, ceruloplasmin, clusterin and PEDF
cataract
were proposed as candidate biomarkers for AMD.

Study
(nv & ga) AMD
vs. controls

Kim 201246

Yao 201345

Nobl 201644

Koss 201443

An 200642

Nordgaard
200641

Ref.
Yuan 201040
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Method
LC-MS-MS,
MRM-MS

LC-MS-MS,
WB and ELISA
validation

Gel
electrophoresis,
MALDI TOF-TOF
MS
AMD vs. controls LC-MS-MS,
WB and ELISA
validation

AMD (nv & ga)
vs. controls

Exudative AMD
vs. controls

Four progressive Gel
stages of AMD
electrophoresis,
categorized
MS-MS, WB
validation

Study
nvAMD vs.
controls:
cataract

Metabolomics
Plasma
nvAMD vs.
LC-FTMS
controls
Lipidomics
Serum
nvAMD (subtype UPLC-MS
PVC) vs. controls

Plasma

Tissue
Exosomes
of aqueous
humor
(and of
conditioned
medium
from cultured
ARPE-19
cells)
Mitochondria
Processes associated with AMD onset and progression: Mitochondrial
translation, import of nuclear-encoded proteins and metabolism.
(differentially expressed proteins: the alpha, beta and delta ATP-synthase
subunits, subunit Vib of the cyt-c oxidase complex, mitofilin, mtHsp70 and
mitochondrial translation factor Tu).
Vinculin, protein S100A9, triosephosphate isomerase, protein S100A8,
protein Z-dependent protease inhibitor, C-X-C motif chemokine 7 and
tenascin X.
Following further experiments, vinculin was proposed as new biomarker
for AMD.
Immune responses, growth cytokines, cell fate determination, wound
healing, metabolism and anti-oxidance.

Tyrosine, sulfur amino acid and urea metabolism.

Platelet-activating factor (PAF) was suggested to be a key indicator of
altered lipid metabolism in PVC.

26 ca, 19 co

21 ca, 19 co

Li 201653

Osborn 201352

Kim 201651

Xu 201450

Kim 201449

Nordgaard
200848

Main findings
Ref.
Cathepsin D, cytokeratin 8 and 14, Hsp70, myosin9 and actin were selected Kang 201447
for further experiments.
Pathways suggested to be involved: autophagy-lysosomal pathway,
epithelial-mesenchymal transition.

58 exudative AMD ca, Phospholipid transfer protein (PLTP) and mannan-binding lectin serine
41 early AMD ca, 61 co. protease (MASP1) up-regulated, both proposed as new AMD biomarkers.
Validation: 29
exudative AMD ca, 8
early AMD ca, 29 co.

13 nvAMD ca, 11 dry
AMD ca, 6 co

20 ca, 20 co

26 cases, distributed
over 4 AMD stages
(7-7-7-5).

# Subjects
26 ca, 18 co
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# Subjects
12 ca, 11 co

Method

Sequencing
of gut
metagenomes

Ref.
Zinkernagel
201754

Main findings
Genera enriched in AMD patients: Anaerotruncus, Oscillibacter,
Ruminococcus torques and Eubacterium ventriosum.
Up-regulated pathways: L-alanine fermentation, glutamate degradation
and arginine biosynthesis pathways.
Down-regulated pathways: fatty acid elongation pathway.
Enriched in controls: Bacteroides eggerthii

Tissue
Genomics

DR vs. diabetic
controls
(Japanese)

GWAS

stage 1: 205 ca, 241 co ;
stage 2: 335 ca, 288 co ;
stage 3: 297 ca, 620 co

Disc. 437 ca, 570 co
Repl. (Hispanic): 585

973 ca, 1856 co

174 DR, 575 no DR, 100
non diabetic controls

GWAS

Severe DR vs.
GWAS (meta)
diabetic controls
(Caucasian)
PDR vs. diabetic GWAS
controls (> 8
years; Chinese)

103 ca, 183 co

GWAS

Moderate-tosevere DR vs.
no DR in type
II diabetes
(Mexican)
DR vs. no DR
vs. controls
(Taiwan)

# Subjects

Method

Study

Fu 201055

No genome-wide signals.
Suggestive associations: Calcium/Calmodulin dependent protein
kinase IV (CAMK4) and formin1 (FMN1).
Suggestive pathways involved: inflammation, oxidative stress and cell
adhesion.
Rho GTPase activating protein 22 (ARHGAP22), heparin sulfate
6-O-sulfotransferase 3 (HS6ST3), Myb-like SWIRM and MPN domains
1 (MYSM1; histone deubiquitinase), plexin domain-containing 2
(PLXDC2), unknown gene on chrom. 5q
Suggestive pathways involved: endothelial cell angiogenesis,
increased capillary permeability.
No genome wide signals.
One promising SNP rs476141 and one copy number variation tagged
by SNP rs10521145
No genome wide signals.
Suggestive associations: TBC1D4-COMMD6-UCHL3, LRP2-BBS5,
ARL4C-SH3BP4
Genes involved in insulin regulation, inflammation, lipid signaling,
apoptosis.
No genome wide signals.
Borderline significantly associated variant in RP1-90L14.1 (long
intergenic non-coding RNA; located next to KIAA1009/QN1/CEP162)
Suggestive pathways involved: ciliogenesis

Awata 201459

Sheu 201358

Grassi 201157

Huang 201156

Ref.

Main findings

Supplementary table 2 – Overview of omics studies performed to identify diabetic retinopathy (DR) specific biomarkers.

Tissue
Study
Microbiomics
Intestines
nvAMD vs.
controls
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miRNAs
Serum

One or more
miRNA scan
complications
of diabetes vs.
diabetic controls

Study
Method
Sight
GWAS
threatening
DR vs. diabetic
controls
(Australia)
DR vs. diabetic
Exome
controls >10
sequencing –
years
gene-burden
(Saudi)
Epigenomics – DNA methylation
Serum
DR vs. diabetic
Reverse phase
controls
HPLC
Blood
PDR vs. diabetic Genomecontrols
wide DNA
methylation
array
Whole blood / Progressors vs.
Genomemonocytes
non progressors wide DNA
methylation
array
Transcriptomics
Fibrovascular PDR vs. controls RNA microarray
membranes
Blood
DR vs. controls, RNA microarray
and treatment
response
DR vs. diabetic
RNA microarray
controls

Tissue

12 annotated loci were differently methylated in both whole blood
and monocytes; these methylation patterns were persistent during
the course of follow up showing support for epigenetic involvement
in metabolic memory.
87 genes expressed significantly higher in PDR membranes, most
clustering in extracellular matrix and angiogenesis.
Several up- and down regulated gene-sets but no clearly reported
effect.

32 ca, 31 co

6 ca, 3 co

312 ca, 143 co

20 participants
distributed over 4
groups
67 ca, 28 co

miR-126 levels down-regulated, this was protective for PDR
independent from DR risk factors.

Tubulin (TUBD1); differential splice events associated.
Co expression of certain TUBD1 isoforms was associated with NPDR
risk indicating that it could be a marker for risk of DR development.

Global DNA methylation levels were increased in patients and was
increased per stage of DR, independent of DR risk factors.
Most sites showed decreased methylation.
Pathway analysis: Natural Killer cell-mediated cytotoxicity pathway.

28 ca, 30 co

Ref.
Burdon 201560

Barutta 201668

Villegas-Ruiz
201767

Dabir 201466

Ishikawa 201565

Chen 201664

Maghbooli
201562
Agardh 201563

Non-metastatic cells 3 (NME3; nucleoside diphosphate kinase activity), Shtir 201661
LOC728699 (unknown gene), Fas activated serine/threonine kinase
(FASTK).
All three have a protective effect.

Main findings
Growth factor receptor-bound protein 2 (GRB2), (or neighbouring
genes).

74 ca, 94 co

# Subjects
336 ca, 508 co
Repl1: 263 ca, 320 co;
2: 242 ca, 126 co (type
1 DM); 3: 334 ca, 365 co
(Indian)
43 versus 64 DR (Saudi)
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Non vascular
epiretinal
membranes
Aqueous
humor

Proteomics
Vitreous
humor

Tissue

Kim 200672

PEDF, serine protease inhibitor, ApoA4, prostaglandin H2 D isomerase,
alpha antitrypsin, ankyrin repeat domain 15 protein, alpha2 HS
glycoprotein, beta V spectrin.
ZAG, ApoA1, ApoH, Fibrinogen A, C3, C4b, C9, FB up-regulated.
PEDF, IRBP and ITIH2 down-regulated.
185 proteins were only detected in PDR, 116 proteins only in control.

Up-regulated in PDR: angiotensinogen
Down-regulated: calsyntenin-1, IRBP, neuroserpin.
Compared to nondiabetic controls, C3, CFI, prothrombin, alpha1-antitrypsin, anti-thrombin II were elevated in PDR, as was FXII,
peroxiredoxin-1 and decreased SOD.
8 proteins increased, 21 proteins decreased of which 6 were not
reported before in PDR: DDAH1, TUBa1B, gamma enolase, cytosolic
acyl CoA thioester hydrolase, malate dehydrogenase, PEBP1.
(PEDF and Clusterin were confirmed in western blot)
Inflammation, complement, coagulation, protease inhibitors,
apolipoproteins, immunogloblins and cellular adhesion molecules.
Among others candidates periostin and PEDF.

15 ca, 15 co

7 PDR, 4 diabetic
controls, 6 non diabetic
controls

Shotgun LC-MS

2DE, MALDITOF MS

DR vs. diabetic
controls

11 ca , 11 co

13 ca, 13 co

74 ca, 49 co

PDR vs. diabetic
controls
PDR vs. controls

LC-MS

10 ca, 10 co

19 ca, 14 co

ApoA1, Serotransferrin, Keratin TI 9 and 10, Podocan, MMP13,
GFRBP10, brain specific angiogenesis inhibitor 1 associated protein
2, selenoprotein P, cystathionine beta synthase, retrotransposon gag
domain containing protein 1.

Yamane 200371

Enolase and catalase up-regulated.

33 ca, 26 co

Chiang 201279

Loukovaara
201577
Takada 201078

Wang 201276

Gao 200875

Garcia-Ramirez
200773
Kim 200774

Nakanishi 200270

Ig, antitrypsin, a2HS glycoprotein, C4 PEDF up-regulated.

3 ca, 2 co

8 ca, 10 co

Ref.
Zampetaki
201669

Main findings
miR-320a and miR-27b; proposed as potential biomarkers.

# Subjects
143 ca vs. 157 co

PDR vs. controls: 2D-DIGE
corneal
MALDI-TOF MS
transplants

2D-PAGE,
MALDI-TOF-MS
2D PAGE and
MS
2D gel
electrophoresis
and MS
PDR vs. controls: 2D-DIGE,
macular holes
followed by MS
PDR vs. controls: 2DE/MALDI MS
macular holes
;LC-MALDI-MSMS ; LC-ESI-MSMS
PDR vs. diabetic SDS-PAGE, LCcontrols and
MS-MS
non- diabetic
controls

DR vs. controls:
macular hole
PDR vs. controls:
macular hole
PDR vs. controls:
macular hole

Study
Method
Progressors vs.
miRNA scan
non-progressors
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DR vs. DR / DN
vs. diabetic
controls
NPDR and PDR
vs. diabetic
controls

DR vs. diabetic
controls
NPDR vs.
diabetic controls

15 in each group, total
45

5 ca, 5 ca, 5 co

20 subjects in total
(distributed over
diabetic controls, mild
NPDR, moderate NPDR)

Not mentioned

High resolution 22 ca, 22 co
NMR
MS-based
9 ca, 11 co, second phase
metabolomics 11 ca, 20 co
GC-MS
88 ca, 30 co

iTRAQ, MS

2DE, MALDITOF
Combined
data-mining
and plasma
validation using
MRM
SDS-PAGE,
LC-MS

Method
# Subjects
nano-HPLC ESI- 110 ca, 55 co
MS-MS
Diabetic
2D-DIGE,
32 total, 8 per groups
controls vs.
MALDI-TOF-TOF
NPDR vs. PDR vs. MS
healthy controls
DR vs. diabetic
2D-DIGE
3 ca, 6 co
controls
MALDI-TOF MS

Study
Stages of DR

Metabolomics
Vitreous
PDR vs. controls:
humor
macular hole
PDR vs. diabetic
controls
Plasma
Metabolomic
signature of
stages of DR

Saliva

Urine

Plasma

Serum

Tissue
Tears

Lactate and glucose up-regulated.
Galactitol and ascorbic acid down-regulated.
Predominant and consistent over-activity of the arginine-to-proline
pathway in PDR.
Among others L-aspartic acid and linoleic acid contributed to the
separation of the groups of DR.

Liver X receptor/Retinoid X receptor (LXR/RXR), acute phase response
signaling, sucrose degradation V and Rho mediated actin signaling.

59 proteins up-regulated in DR patients involved in ganglioside
metabolisms and glycosphingolipid catabolic processes.

This elaborate data-mining, replication and validation experiment
yielded a panel of 4 proteins (APOA4, CLU, ITIH2, C7) that are able to
discern between these groups and may offer a multi-biomarker model
for early DR.

Main findings
Lipocalin 1, lactotransferrin, lacritin, lysozyme C, lipophilin A and Ig
lambda.
Four low-abundant proteins were detected: beta 2 glycoprotein I,
alpha 2 HS glycoprotein, alpha 1 acid glycoprotein and Apo A1.
Beta 2 glycoprotein I was suggested to gradually increase in the
development of DR.
28 unique gene products were detected (mainly involved in
inflammation and coagulation) from which afamin and arginine-N
methyltransferase 5 may be associated with progression and
development of diabetes.
RBP1, NUD10, HBG2, NGB and CD160.

Li 201189

Paris 201688

Barba 201087

Chee 201686

Caseiro 201485

Gopalakrishnan
201583
Jin 201684

Lu 201382

Liu 201181

Ref.
Csosz 201280
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Method

Metabolomics
Vitreous humor Rhegamatogenous LC QTOF-MS,
retinal detachment pathway
vs. controls
analysis
(& proliferative
vitreoretinopathy
vs. controls)

Rhegmatogenous SDS-PAGE, LC
retinal detachment MS-MS
with proliferative
vitreoretinopathy
vs. controls

Main findings

19 ca, 17 co

8 ca, 6 co

24 ca, 8 co

Altered processes/pathways: inflammation, energy consumption,
histidine metabolism, citrate cycle.

Shitama
200892

Increase in inflammation-associated proteins (alpha1-antitrypsin,
apolipoprotein A4, albumin and transferrin).
Candidate biomarkers: PEDF, clusterin , CTSD (cathepsin D) and TTR
(transthyretin).
Increase in extracellular proteins and decrease in cytoskeleton
proteins.
Network analysis found inflammation and coagulation. Key node
proteins: p53 and E2F1

Li 201494

Yu 201293

Delyfer 201191

Kirin 201390

Ref.

Complement pathway genes (C1QA, C1QB, C1QG and C3), MHCII
genes (HLA-A, -B, -E, -F and –J) and beta2-microblobulin.
Interactome analysis found inflammation and photoreceptor cell
death.

Disc ph1: 867 ca, 1953
Ceramide synthase 2 (CERS2)
co, ph2: 1000 ca, 2912 co, Strongest suggestive association in SS18 (NBAF chromatin
Repl: 966 ca, 3006 co
remodeling complex subunit).
Several other suggestive associations in cell adhesion and migration
related proteins.

# Subjects

Proteomics
Vitreous humor Rhegmatogenous 2D
16 ca, 13 co
retinal detachment electorphoresis,
vs. controls
MALDI-TOF MS

Micro- arrays,
interactome
analysis

Rhegmatogenous GWAS
retinal detachment
vs. controls

Study

Transcriptomics
Retina
Retinal
detachment vs.
controls

Tissue
Genomics

Supplementary table 3 – Overview of omics studies performed to identify retinal detachment (RD) specific biomarkers.
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Tissue
Genomics

Method

GWAS

GWAS

GWAS meta

GWAS

GWAS meta

High myopia versus
French GABRIEL
dataset

Severe myopia vs.
control (east Asian)

(self reported) age of
onset myopia

High myopia vs.
control (Chinese)

High-grade myopia vs. GWAS
controls (Han Chinese)

(high) myopia vs.
controls (Chinese,
Japanese replication)

Myopia vs. controls
GWAS
(Japanese)
Refractive error as
GWAS
quantitative trait
(TwinsUK cohort, 6
European cohorts used
for replication)
Refractive error as
GWAS
quantitative trait
(Dutch population)

Study

disc: 665 ca, 960 co,
repl.1: 850 ca, 1197 co,
repl.2: 1278 ca, 2486 co

45771 participants

1603 ca, 3427 co

A variant between MIR4660 (miRNA) and Protein
phosphatase 1 regulatory subunit 3B (PPP1R3B) (after
imputation).
Suggestive associations: myopia 10 and 15 (MYP10, MYP15).
Zinc finger E-box binding homeobox 2 (ZFHX1B) and
syntrophin beta 1 (SNTB1; cytoskeletal protein) (after meta
analysis).
Protease, Serine 56 (PRSS56), Laminin subunit alpha 2
(LAMA2), Retinal G protein coupled receptor (RGR), retinol
dehydrogenase 5 (RDH5), Zic family member 2 (ZIC2; zinc
finger protein), secreted grizzled related protein 1 (SFRP1;
Wnt signaling modulator).
Vasoactive intestinal peptide receptor 2 (VIPR2) (in the same
LD block resides SNTB1; previously associated) .

Intergenic region at 4q25 within myopia 11 (MYP11).

Catenin delta 2 (CTNND2).

A variant at 15q14, near gap junction protein delta 2 (GJD2)
and actin alpha cardiac muscle 1 (ACTC1)

Disc: 5328
Repl:
10280 (from 4
independent cohorts)
Disc: 65 ca, 238 co (age
10-12) + 222 ca, 435 co
(age >21).
Repl:
959 ca, 2128 co (age >21)
Disc:
102 ca, 335 co
Repl.1: 2628 ca, 9485 co
Repl.2:
263 ca, 586 co
196 ca, 1064 co

Disc: 4270
Repl: 13414

A variant close to BH2-like motif containing inducer of cell
death (BLID) and LOC399959 (hypothetical non-coding RNA).
Ras protein specific guanine nucleotide releasing factor 1
(RASGRF1) associated with refractive error.

Main findings

830 ca, 1911 co

# Subjects

Supplementary table 4 – Overview of omics studies performed to identify myopia specific biomarkers.

Shi 2013103

Kiefer 2013102

Khor 2013101

Meng 2012100

Li 201199

Li 201198

Solouki 201097

Hysi 201096

Nakanishi 200995

Ref.
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5 ca, 5 co

12 high myopia, 24 low
myopia

2-DE MS

GE-MS, LC-MS

Geneenvironmentassociation scan
Meta analysis

40036 European
participants (from 25
studies) and 10315
Azian participants from
9 studies
Disc: 5200 children
Repl: 5599 multiancestry samples

298 probands, 480 co

WES

Geneenvironment-wide
association scan
Meta analysis

16830 myopia, 14981
hyperopia

GWAS meta

Myopia and
hyperopia vs. controls
(Europeans)
Early onset high
myopia vs. controls

# Subjects
37382 European, 8376
Asian

Method
GWAS meta

Study
Refractive error
(combined European
and Asian)

Gene-environment interactions
Analysis of SNP –
education interaction
effects on refractive
error (European and
Azian)
Analysis of geneenvironment
interactions (involving
nearwork, time
outdoors) and agedependent effects on
refractive error
(European and Azian)
Proteomics
Aqueous
High myopia vs.
humor
controls: cataract
Metabolomics
Aqueous
High myopia vs. low
humor
myopia

Tissue

Simpson 2014105

Ref.
Verhoeven
2013104

Duan 2008109

BarbasBernardos
2016110

Albumin, transthyretin vitamin-D binding protein

Aminooctanoic acid, arginine, citruline and sphinganine.

Novel associations with refractive error in Europeans:
Fan 2016107
FAM150B-ACP1, LINC00340, FBN1, DIS3L-MAP2K1, ARID2SNAT1 and SLC14A2.
Interactions with education: AREG, GABRR1 and PDE10A (only
detected in Azians).
Suggestive gene interacting with nearwork: Zinc finger
Fan 2016108
matrin-type 4 (ZMAT4).
No gene-environment interactions with time outdoors found.
Hedgehog signaling associated with early-onset effects.

Lysyl oxidase like 3 (LOXL3) (homozygous frameshift
Li 2016106
mutation, compound heterozygous frameshift mutation only
in cases, not in controls)

Main findings
Glutamate ionotropic receptor AMPA type subunit 4 (GRIA4;
excitatory neurotransmitter receptor), potassium voltagegated channel subfamily Q member 5 (KNCQ5), bone
morphogenetic protein 2 (BMP2), SIX6
RDH5, LAMA2 and PRSS56 confirm associations found in
Kiefer 2013102.
Also previously detected associations in GJD2 and RASGRF1
confirmed.
Earlier reported loci confirmed (on similar dataset).
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GWAS

GWAS

GWAS (+ metaanalysis)

POAG vs. control
(southern China)

POAG vs. control
(Australian)

Subsequently, data combined with other dataset of
411 ca, 289 co
CDKN2B-AS1 (previously associated in Caucasian
population).
Disc: 1007 ca, 1009 co, ATP binding cassette subfamily A member 1 (ABCA1),
repl: 525 ca, 912 co + phosphomannomutase 2 (PMM2; involved in
1374 ca, 4053 co
mannose metabolism).
Disc: 1155 ca, 1992 co, ABCA1, actin filament associated protein 1 (AFAP1),
repl: 932 ca, 6862 co + GDP-mannose 4,6-dehydratase (GMDS).
2616 ca, 2634 co

Disc: 833 ca, 686 co

GWAS

POAG vs. control
(Japanese)
POAG vs. control
(United Kingdom),
also quantitative
phenotypes
investigated (CDR,
CCT and IOP)
POAG vs. control
(Japanese)
GWAS

TMCO1(transmembrane and coiled-coil domains1)
and CDKN2B-AS1 (cyclin dependent kinase inhibitor
2B antisense RNA1).
Disc: 1394 ca, 6599 co, SIX6 and CDKN2A-CDKN2B confirmed.
repl: 1802 ca, 7212 co Suggestive association on 2q12.
Disc: 387 ca, public
No new genome wide signals.
control data used
Suggestive associations: TMCO1, CDKN2B and S1RNA
(WTCCC2)
binding domain 1(SRBD1) – all known POAG genes.
Repl: 294 ca.

GWAS

6 SNPs showed significant association (of which 4 in
LD with each other); they could not be linked to the
annotated genes.
7q31, in between caveolin 1 and 2 (CAV1 and CAV2;
inhibitors of Ras-MAPK cascade)

OAG vs. control
(Australian)

Stage 1: 418 ca, 300
co, stage 2: 409 ca,
448 co
Disc: 1263 ca, 34877
co
Repl co1: 2175 ca,
2064 co. repl co2: 299
ca, 580 co.
590 ca, 3956 co

GWAS

Main findings

GWAS

# Subjects

Method

POAG vs. control
(Iceland)

Tissue
Study
Genomics – POAG
POAG vs. control
(Japanese)

Gharahkhani
2014118

Chen 2014117

Nakano 2012116

Gibson 2012115

Osman 2012114

Burdon 2011113

Thorleifsson 2010112

Nakano 2009111

Ref.

Supplementary table 5 – Overview of omics studies performed to identify primary open angle glaucoma (POAG), primary angle closure glaucoma (PACG) and
pseudoexfoliation glaucoma (PEXG) specific biomarkers.
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Mitochondria

Tissue

Genome-wide
genotyping
Whole genome CNV
screen

Whole genome CNV
(> 100 kb) screen

POAG vs. control
(East-Indian)
POAG vs. control

POAG vs. control
(Indian and
Caucasian)
POAG vs. control
(Indian, Caucasian
cohort for
reproduction)

POAG vs. control

GWAS meta-analysis,
qPCR and immunohistochemistry

POAG vs. control
(United States)

Sequencing the
whole mitochondrial
genome

Whole genome CNV
screen

Method
GWAS meta-analyses

Study
IOP vs. control &
POAG vs. control

Indian: 347 ca, 345
co. Caucasian: 624 ca,
404 co
Disc: 347 ca, 345 co
val: 624 ca, 404 co
(publically available
dataset), data
HAPMAP samples
(208) used as global
control
101 ca, 71 co

# Subjects
Meta analysis of 18
population cohorts
from IGGC (35296
participants for IOP)
Repl. for POAG
association: 4 cohorts,
in total 4284 ca,
95560 co
Meta analysis of 8
independent studies.
Disc: 3853 ca, 33480
co. Repl: 1252 ca, 2592
co + 875 ca, 4107 co +
1037 ca, 2543 co.
Disc: 364 ca, 365 co,
repl: 382 ca, 332 co
400 ca, 500 co

Mukhopadhyay
2014124

Banerjee 2013125

Number of variants in Complex I higher in patients;
largest variation in ND5 subunit (involved in proton
pumping mechanism).

Kaurani 2014123

Davis 2011122

Forkhead box E3 (FOXE3).

Dmx like 1 (DMXL1; regulatory protein), DTW domain
containing 2 (DTWD2), P21 activated kinase 7 (PAK7),
C12orf56, Exportin for tRNA (XPOT), Tank binding
kinase 1 (TBK1), Ras association domain family
member 3 (RASSF3), Tubby like protein 3 (TULP3;
transcription factor) and PAX2.
Contactin 4 (CNTN4; axon associated cell adhesion
molecule).

Bailey 2016120

Thioredoxin reductase 2 (TXNRD2; mitochondrial
protein required for redox homeostasis), ataxin
(ATXN2), FOXC1.
Suggestive pathways involved: abnormal ocular
development, neuro-degeneration, increased ROS
and mitochondrial dysfunction.
Matrix metallopeptidase 7 (MMP7).

Vishal 2016121

Ref.
Hysi 2014119

Main findings
Fibronectin (FNDC3B), ABCA1, variant near AGBL2SPI1-PTPRJ.
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Genomics – PEXG

POAG, PACG and XFG
vs. control (Icelandic)

PACG vs. control

GWAS

GWAS

Tissue
Study
Method
Gene-gene interaction / pathway analysis – POAG
POAG vs. control,
Hypothesismeta-analysis of
independent pathway
GLAUGEN and
analysis, using the
NEIGHBOR data
PARIS pathway
analysis software
package
POAG vs. control.
GWAS, followed by
Two large POAG
interaction analysis
datasets were
used: eMERGE and
NEIGHBOR
Genomics – PACG
PACG vs. control
GWAS
(Asian)
GABA and acetyl-CoA metabolism.

Suggestive pathways involved: cell adhesion, axonal
guidance, signaling pathways, zinc finger protein
interaction.

3108 ca, 3430 co

961 ca, 4129 co

Verma 2016127

Bailey 2014126

Ref.

Disc: 195 ca (90
POAG, 75 XFG, 30
unclassified), 14474
co.
Repl: 200 POAG, 199
XFG, 198 co.

Lysyl oxidase-like 1 (LOXL1; modifier of elastin fibers).

Thorleifsson 2007130

Disc: 1854 ca, 9608 co. Pleckstrin homology domain containing A7 (PLEKHA7; Vithana 2012128
Repl: 1917 ca, 8943 co adherens junction protein), collagen type 11 alpha1
chain (COLL11A1), variant in between PCMTD1
(methyltransferase) and ST18(Zinc-finger protein).
In total 10503 ca,
Ependymin related 1 (EPDR1; glycosylated type II
Khor 2016129
29567 co
TM protein), Choline acetyltransferase (CHAT), GLIS
family zinc finger 3 (GLIS3), fermitin family member 2
(FERMT2; ECM component) and dolichyl-phosphate
mannosyltransferase subunit 2 (DPM2)-family with
sequence similarity 102 member A (FAM102A;
unknown function).
Confirmed: PLEKHA7, COL11A1 and PCMTD1-ST18.
Suggestive pathways involved: cell-cell adhesion,
collagen metabolism, acetylcholine metabolism,
metabolic pathways regulated by zinc-fingers,
glycosylation alterations.

Main findings

# Subjects
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Trabecular
meshwork cells

Cultured
Schlemm’s canal
cells
2 ca, 3 co

3 ca, 4 co

14 ca, 24 co

RNA microarrays,
qPCR/WB/ELISA
validation, network
analysis

Glaucoma vs. controls RNA microarrays,
pathway analysis,
droplet digital PCR
(ddPCR) validation
POAG vs. control
RNA microarrays,
qPCR validaton

2 ca, 4 co

GWAS

XFS/XFG vs. control
(Japanese)

# Subjects
Disc: 80 PEXG ca (&
80 PEX syndrome ca),
80 co
Repl: 610 PEX/PEXG,
364 co + 249 ca, 190
co.
Disc: 201 XFS/XFG ca,
697 co, repl: 121 ca,
263 co

cDNA microarrays,
qPCR validation

Method
GWAS with DNA
pooling

Study
PEXG vs. control
(& PEX syndrome vs.
control)
(German)

Transcriptomics – POAG
Cultured optic
POAG vs. controls
nerve head
astrocytes
POAG vs. controls

Tissue

Nakano 2014132

Hernandez 2002133

TBC1 domain family member 21 (TCB1D21),
Promyelocytic leukemia (PML).
LOXL1 confirmed.
Signal transduction processes, cell adhesion and
proliferation, ECM synthesis and degradation.

Up-regulated: inflammation and acute-phase
responses (e.g. selectin-E).
Down-regulated: paraoxonase 3 and ceruloplasmin,
which are both antioxidants.
(Some trabecular meshwork specific gene expression
were decreased, indicating the cell culture was not
optimal).

Liton 2006136

Promotion of cell motility and migration, regulation of Lukas 2008134
cell adhesion, and structural tissue changes.
Genes of special interest: myosin light chain kinase
(MYLK), transforming growth factor-β receptor 2
(TGFBR2), rho-family GTPase-2 (RAC2), and versican
(VCAN).
Cell adhesion, heparin binding, glycosaminoglycan
Cai 2015135
binding, filopodium and ECM remodeling.

Ref.
Krumbiegel 2011131

Main findings
Contactin associated protein like 2 (CNTNAP2; cell
adhesion molecule)
LOXL1 confirmed.
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Leukocytes

Lamina cribrosa
cells

Tissue

POAG vs. controls

POAG vs. controls

Study
1). POAG with MyoC
mutation vs. POAG
without MyoC
mutation.
2). POAG with MyoC
mutation vs. controls
3). POAG without
MyoC mutation vs.
control
POAG vs. controls

RNA microarrays,
subsequent pathway
analysis

RNA microarrays,
pathway analysis
using DAVID, qPCR
and immunohistochemistry validation
Microarrays, graphclustering, pathway
analysis

Method
Microarrays, pathway
analysis using DAVID

25 ca, 12 co

3 ca, 3 co

4 ca, 4 co

# Subjects
POAG with MyoC
mutation: 1 ca
POAG without MyoC
mutation: 14 ca,
13 co

Kirwan 2009138

Ref.
Liu 2013137

Cytochrome p450 family 1 subfamily B (CYP1B1),
Luo 2013139
brain-derived neurotrophic factor (BDNF) and myelin
basic protein (MBP) were associated with POAG, and
of special interest because of their high co-expression.
Other associated pathways: ECM remodeling (MBP,
versican (VCAN), integrin, alpha 4 (ITGA4) and
N-cadhering (CDH2)), basal cell carcinoma pathway
(FZD2 and FZD7).
Nucleotide acid metabolism, MAPKKK cascade,
Colak 2012140
apoptosis, protein synthesis, cell cycle, intracellular
signaling cascade and nervous system development
and function.
Following network analysis, a number of proteins with
potentially a critical role in POAG development were
identified.

ECM genes, pro-fibrotic gene expression.

Main findings
Exosome components found to be associated with
POAG (with and without MyoC mutation).
Pathway analysis: cell adhesion, ECM, and secretion.
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Aqueous humor

Optic nerve

2D gel
electrophoresis, LCMS-MS
HRM – MS

POAG vs. controls:
cataract

POAG vs. controls:
cataract

Antibody microarrays

2D gel
electrophoresis,
MALDI-TOF-MS-MS
SDS-PAGE, LC – MSMS, further analysis
on one of the
identified proteins

5 ca, 5 co

5 ca, 5 co

10 ca, 14 co

12 ca, 12 co

5 ca, 5 co

5 ca, 35 co

8 ca, 8 co

cDNA subtraction
and sequencing of
differently expressed
clones, validation by
qPCR, Northern blot
and FISH.

SDS-PAGE, LC-MS-MS

# Subjects

Method

POAG vs. controls:
cataract

POAG vs. controls

POAG vs. controls

Proteomics – POAG
Trabecular
POAG vs. controls
meshwork cells

Tissue
Study
Transcriptomics – PEXG
Anterior segments PEXG vs. controls
(iris, ciliary
processes, lens
epithelium)

Ref.

Izzotti 2010145

Inflammation, apoptosis, mitochondrial proteins,
intracellular junctions, neuronal function.
Anti-oxidants were down-regulated and increased
oxidative stress was suggested.
PGDS (Prostaglandin H2 D-isomerase), caspase 14
precursor, transthyretin, cystain C, albumin precursor
and transferrin.
Cholesterol metabolism, inflammation, anti-oxidance,
proteolysis.

Kaeslin 2016147

Duan 2010146

Bhattacharya
2006144

Zhang 2008143

Bhattacharya
2005142

PAD2 (peptidyl arginine deiminase 2) only present in
cases.
Further experiments support a role for this protein in
POAG related optic nerve damage.

Cochlin (a protein associated with deafness disorder
DFNA9) only present in glaucoma patients.
Further experiments suggest involvement of Cochlin
in POAG via elevation of IOP.
Copine 1 upregulation, validated by qPCR and
Western Blot.

ECM metabolism, cellular stress. Among the
Zenkel 2005141
differentially expressed genes:
Up-regulated: LTBP1 and 2 (latent transforming
growth factor binding proteins), TGase-2 (cross-linking
enzyme transglutaminase-2), TIMP-2 (tissue inhibitor
of matrix metalloproteinase-2), AKAP-2 (A-kinase
anchor protein-2), apolipoprotein D, AdoR-A3
(adenosine receptor A3).
Down-regulated: TIMP-1, clusterin, microsomal
glutathione-S-transferase-1 (mGST-1), and serum
amyloid A1.

Main findings
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# Subjects
11 cataract, 5 PEX
cataract, 7 POAG, 6
PEXG.

LC – MS-MS, in human 11 cataract, 5 PEX
AH
cataract, 7 POAG, 6
PEXG.

Method
LC – MS-MS

The proteomes of these glaucoma subtypes were
similar.
Following quantification, Apolipoprotein D is
proposed as marker of pseudoexfoliation syndrome
(in cataract and glaucoma).

Main findings
The proteomes of these glaucoma subtypes were
similar.
Following quantification, Apolipoprotein D is
proposed as marker of pseudoexfoliation syndrome
(in cataract and glaucoma).
POAG vs. control
LC-MS, pathway
9 ca, 10 co
Inflammation, free radical scavenging, cell-to-cell
analysis
signaling and interaction.
Additionally, different protein expressions were found
between untreated patients and patients treated with
prostanoid analogues.
POAG vs. control
label-free LC-MS(E),
4 POAG ca, 5 PEXG
Inflammation.
& PEXG vs. control
validation by SDSca, 5 co
Expression levels validated to be different in
(medically controlled PAGE and linear
glaucoma: Lysozyme C, Lipocalin-1, Protein S100,
glaucoma)
MALDI-TOF MS
Immunoglobulins and Prolactin Inducible Protein.
Posphorylated Cystatin-S distinguished POAG from
PEXG.
POAG vs. controls &
Gel electrophoresis
Differential expression Immune regulation and inflammation related
PEXG vs. control
(2D-DIGE), MALTIanalysis: 53 POAG ca, pathways associated with both POAG and PEXG.
TOF/TOF and LC
45 PEXG ca, 51 co.
MS-MS, Immunoassay ELISA screening: 20
validation, pathway
POAG ca, 14 PEXG
analysis
ca, 19 co (newly
recruited)
POAG vs. controls
SDS PAGE, MALDI-TOF 6 ca, 12 co
Increased expression of AP2-beta (a transcription
(and normal tension
MS, WB validation
factor).
glaucoma) vs. controls
(AP2-beta controls expression of MMP-9, which was
previously shown to be up-regulated in leukocytes of
glaucoma patients).

Study
PEXG vs. POAG (vs.
PEX cataract vs.
cataract)

Proteomics – PEXG
Aqueous humor
PEXG vs. POAG (vs.
PEX cataract vs.
cataract)

Leukocytes

Serum

Tears

Tissue

Kliuchnikova
2016148

Golubnitschaja
2007152

Gonzalez-Iglesias
2014151

Pieragostino
2012150

Pieragostino
2013149

Ref.
Kliuchnikova
2016148
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PEXG vs. control &
POAG vs. controls

Serum

Integrative biology
Optic nerve heads Systems-level
functional analysis
of genomic,
transcriptomic and
proteomic data
related to reactive
astrocytes from the
optic nerve head.

Lipidomics – POAG
Aqueous humor
POAG vs. controls

Metabolomics – POAG
Plasma
POAG vs. controls

Study
PEXG vs. control
& POAG vs. control
(medically controlled
glaucoma)

Tissue
Tears

Interactome analysis,
network visualization
and analysis

Phospholipid profiles
determined by LC –
MS, and ratiomeric
quantification
Transcriptomics: 6 ca,
17 co
Proteomics: 8 ca, 8 co

15 ca, 15 co

Metabolome wide
72 ca, 72 co
association study with
LC – MS-MS
Hierarchical cluster
analysis, pathway
analysis

# Subjects
4 POAG ca, 5 PEXG
ca, 5 co

Edwards 2014154

The phospholipidomes from POAG patients differed
from controls.
The biological consequence of altered lipid
expressions require further investigations.

The transcription factors VDR, NF-κB, AP-1 and
Nikolskaya 2009155
AR were identified as key hubs and signaling via
integrins, PDGF and STAT1 signaling were shown to be
down-regulated in parallel.
Inflammatory reactions were suggested to play a key
role in astrocyte activation. Also activation of oxidative
responses and increased metabolic activity was
observed in the analysis.

Burgess 2015153

Gonzalez-Iglesias
2014151

Ref.
Pieragostino
2012150

Lipid metabolism, palmitoylcarnitine, sphingolipids,
vitamin D-related compounds and steroid precursors.

Main findings
Inflammation.
Expression levels validated to be different in
glaucoma: Lysozyme C, Lipocalin-1, Protein S100,
Immunoglobulins and Prolactin Inducible Protein.
Posphorylated Cystatin-S distinguished POAG from
PEXG.
Gel electrophoresis
Differential expression ELISA screening: 20 POAG ca, 14 PEXG ca, 19 co (newly
(2D-DIGE), MALTIanalysis: 53 POAG ca, recruited)
TOF-TOF and LC
45 PEXG ca, 51 co.
Immune regulation and inflammation related
MS-MS, Immunoassay
pathways associated with both POAG and PEXG.
validation, pathway
analysis

Method
label-free LC-MS(E),
validation by SDSPAGE and linear
MALDI-TOF MS
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Method
GWAS

Study

FCD vs. control

Disc: 130 ca, 260 co,
Repl: 150 ca, 150 co

# Subjects
Transcription factor 4 (TCF4).
Suggestive association: PTPRG

Main findings

Transcriptomics
Lens

Tissue
Genomics

Microarrays

Age-related cataract
Oligonucleotide
vs. control
microarray analysis
& young vs. old lenses

Age-related nuclear
cataract vs. controls

Age-related nuclear
cataract was graded
based on severity
(Asian and Chinese
patients)

GWAS

Cataract vs. controls
(from eMERGE
network)

Not mentioned

28 ca, 14 co

In total 5503 ca, 1894
co

# Subjects

Main findings

Liao 2014158

Ritchie 2014157

Ref.

Baratz 2010156

Ref.

Increased expression: genes involved in signal
Ruotolo 2003159
transduction, regulation of cell proliferation, protein
modification.
Decreased expression: transcription/translation
related proteins, heat shock proteins 70 and 27,
tubulin, ubiquitin-conjugating enzymes, betaA4crystallin, cytoskeletal/chaperone protein, Alzheimerrelated proteins (e.g. presenilin 1 and 2)
Comparing differently expressed genes during aging Hawse 2004160
with differently expressed genes in age-related
cataract patients revealed that only 3 mRNAs were
detected in both, while many mRNA expressions were
found to be specifically altered in aging or in cataract.

Aldolase B (ALDOB; fructose-bisphosphate), Mitogenactivated protein kinase kinase kinase 1 (MAP3K1;
involved in embryonic eyelid closure), Myocyte
enhancer factor 2C (MEF2C)
GWAS + meta-analysis Disc: 4569, Repl: 2481 Potassium voltage-gated channel subfamily A
participants
member regulatory beta subunit (KCNAB1), Crystallin
alpha A (CRYAA; major protein component of eye
lens)
Pathway enrichment analysis: MAPK cascade, insulin
signaling pathway, protein phosphorylation process

Method

Study

Supplementary table 7 – Overview of omics studies performed to identify cataract specific biomarkers.

Tissue
Genomics

Supplementary table 6 – Overview of omics studies performed to identify Fuchs corneal dystrophy (FCD) specific biomarkers.

72 | Chapter 2

Metabolomics
Lens

Aqueous humor

Proteomics
Lens

Tissue
miRNAs
Lens (central
epithelium)

Cataract vs. control

NMR and LC-MS

6 ca, 9 co

18 ca, 6 co

3 ca, 8 co

2D LC-MS-MS

iTRAQ with RPLC/
RPLC-MS

3 ca, 8 co

20 ca, 20 co (postmortem)

# Subjects

2D LC-MS-MS

miRNA microarrays,
qPCR validation,
prediction of target
genes

Age-related cataract
vs. controls

Foetal lenses (pooled)
vs. normal adult
lenses vs. nuclear
cataract lenses
Foetal lenses vs.
normal adult lenses
vs. nuclear cataract
lenses
Cataract (together
with high myopia /
glaucoma / vitrectomy
surgery) vs. controls

Method

Study

Ref.

Hains and Truscott
2008162

Hains and Truscott
2008163

Ji 2015164

Tsentalovich
2015165

No major differences found in lenses of healthy aged
eyes compared to eyes from cataract patients.

One third of the cysteine residues in crystallins were
oxidized in lenses from nuclear cataract patients,
while they were not oxidised in controls.
Proteins with altered expression in all patient groups:
chondroadherin-like protein (CHADL; has a role in
ECM stability), calsyntenin-1, keratin proteins.
Altered expression in both high myopia and
vitrectomy surgery groups (but not in the glaucoma
group): crystalline proteins.
Network analysis showed 3 functional networks, the
first including complement proteins, prothrombin
(F2), beta-2-glycoprotein (APOH) and serum amyloid
P-component (APCS), the second including crystallin
and heat shock proteins, and the third consisting
of amyloid like protein 1 (APLP1) and spondin-1
(SPON1).
Levels of the majority of metabolites were decreased
in lenses from cataract patients. Proteins involved
in lens cell protection and metabolic activity (e.g.
antioxidants, UV filters, osmolytes) showed the
clearest difference in expression profiles.

Differently expressed miRNAs are potentially involved Wu 2012161
cell growth, apoptosis, cell proliferation, cell cycle
regulation.

Main findings
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Transcriptomics
Cornea

LncRNAs
Cornea

Tissue
Genomics

Microarrays

EST analysis of cDNA
libraries
Exon microarrays,
network analysis

Keratoconus vs.
controls

Keratoconus vs.
controls: ocular
melanoma

RNA seq

Keratoconus vs.
controls (corneal
epithelium)

Keratoconus vs.
controls: corneal
transplantation for
different reason than
keratoconus

Keratoconus vs.
controls (Caucasians)

Szczesniak 2017168

Li 2012167

Burdon 2011166

Ref.

Mace 2011171

Increased gene expression in cytoskeleton proteins
Nielsen 2003169
(keratins, microfilaments, intermediate filaments,
microtubules).
Reduced gene expression in ECM remodeling proteins
Other differently expressed genes pointed towards
alterations in trans-membrane signaling and altered
cell-to-matrix properties.
Decreased expression of aquaporin 5 (AQP5)
Rabinowitz 2005170

Identified lncRNA and their possible target genes are
stored in a publically available database, which can
now be used a platform for further research.
Evaluating potential target genes of differentially
expressed lncRNAs revealed a possible role for EGF
associated pathways.

No genome wide signals.
A variant near RAB3 GTPase activating protein
catalytic subunit 1 (RAB3GAP1) was of interest.

Hepatocyte growth factor (HGF).

Main findings

7 ca
(control data from the
NEIBank)
10 ca, 10 co
Down-regulated in keratoconus: partners of AP-1
(transcription factor)
Up-regulated: mucins, keratins, genes involved in
fibroblast proliferation.
Network analysis: apoptosis, regulation of cellular
differentiation – proliferation balance.

11 ca, 8 co

25 ca, 25 co

GWAS + meta analysis Australian GWAS Disc:
97 ca, 216 co
Repl1: 96 ca, 72 co
Repl2: 215 ca, 112 co
US GWAS Disc: 222 ca,
3324 co, Repl: 304 ca,
518 co
GWAS
Disc: 222 ca, 3324 co.
Repl: 304 ca, 518 co (+
family panel)

Keratoconus vs.
controls (Australia,
USA)

# Subjects

Method

Study

Supplementary table 8 – Overview of omics studies performed to identify keratoconus specific biomarkers.
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Tears

Tissue
Proteomics
Corneal
epithelium
Corneal
epithelium and
stroma

iTRAQ, LC-MS-MS

Keratoconus vs.
controls

SDS-PAGE, LC-MS-MS

SDS-PAGE, MALDITOF/TOF
LC-MS-MS, 2D-DIGE

Keratoconus vs.
controls: myopia
Keratoconus vs.
controls

Keratoconus (with
and without wearing
contact lenses) vs.
controls

Method

Study

24 ca, 20 co

5 ca, 5 co

7 ca, 7 co

6 ca, 6 co

# Subjects

Ref.

Matrix metalloproteinase-1, keratins,
immunoglobulins alpha and kappa, precursors to
prolactin, lysozyme C, lipocalin.

Pannebaker 2010175

Cytoskeletal related proteins (gelsolin, S100A4,
Nielsen 2006172
cytokeratin 3), enolase
Up-regulated epithelial proteins: lamin-A/C, keratin
Joseph 2011173
type I cytoskeletal 14, tubulin beta chain, heat shock
cognate 71 kDa protein, keratin type I cytoskeletal
16, S100-A4, serum albumin, keratin 5, L-lactate
dehydrogenase and annexin A8
Down-regulated epithelial proteins: transketolase,
pyruvate kinase, 14-3-3 sigma isoform,
phosphoglycerate kinase 1, NADPH dehydrogenase
(quinone) 1, FTH1 [Ferritin heavy chain protein 1],
calpain small subunit 1, heat shock protein beta 1 and
annexin A2
Up-regulated stromal proteins: decorin, vimentin,
keratocan, ALDH3A1, keratin 12, apolipoprotein A-IV
precursor, haptoglobin precursor, prolipoprotein and
lipoprotein Gln
Down-regulated stromal proteins: TGF-beta ig h3
(Bigh3), serotransferrin, MAM domain-containing
protein 2 and isoforms 2C2A of collagen alpha-2[VI]
chain.
Altered expression in corneal epithelium: proteins
Chaerkady 2013174
related to dermal diseases, inflammation, epithelial
stratification, mesenchymal changes.
Increased proteins of interest: keratins 6A, 16,
vimentin
Decreased proteins of interest: lactotransferrin (ion
transporter)
Altered expression in stroma: proteins related to
ER stress, oxidative stress, apoptosis, endocytosis,
lactotransferrin (ion transporter), ECM proteoglycans
(lumican, keratocan), collagens.

Main findings
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Tears

Metabolomics
Cornea

Aqueous humor

Tissue

Keratoconus (corneas
collected during
surgery; age: 19-27)
vs. control (postmortem corneas; age
61-75)
Keratoconus (with
and without wearing
contact lenses) vs.
controls

Keratoconus vs.
controls: myopia

Keratoconus vs.
controls

Study
Keratoconus vs.
controls
Keratoconus vs.
controls

# Subjects
22 ca, 22 co

LC-MS/MS

NMR, HPLC

Label free LC-MS-MS

LC-MS-MS

30 ca, 15 co

8 ca, 11 co

5 ca, 5 co

17 ca, 36 co

SDS-PAGE, MALDI-TOF, 12 ca, 12 co
LC-MS

Method
2-DE MALDI-TOF/TOF

Citric acid cycle, urea cycle, oxidative stress.

No significant differences.

Main findings
Zinc-alpha 2 glycoprotein (ZAG), lactoferrin,
immunoglobulin kappa chain
Up-regulated proteins: lipocalin-1, Ig-κ chain C and Ig
J chain proteins, albumin
Down-regulated proteins: members of the cystin
family, lipophilin-A and C, phospholipase A2
Gross cystic disease fluid protein-15 (GCDFP-15)
or Prolactin-inducible protein (PIP) clearly downregulated in patients and selected for further
research. GCDFP-15/PIP is proposed as biomarker.
Proteins involved in proteolysis regulation, responses
to hypoxia and hydrogen peroxide.

Karamichos 2015181

Kryczka 2013180

Soria 2015179

Priyadarsini 2014178

Acera 2011177

Ref.
Lema 2010176
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Tissue
Proteomics
Tears
iTRAQ LC-MS/MS,
ELISA validation

1D-SDS-PAGE, DIGE,
LC-MS/MS

SDS-PAGE, LC-qTOF
MS
SDS-PAGE, 2-DE, LCMS/MS
iTRAQ LC-MS/MS

2D-PAGE, MALDITOF/TOF, interaction
analysis, ELISA
validation
SELDI-TOF, MALDITOF/TOF

Dry eyes vs. controls

Dry eyes vs. controls
in contact lens
wearers

Evaporative dry eyes
vs. controls
Dry eyes vs. controls

Dry eyes vs.
Meibomian gland
dysfunction (MGD) vs.
controls
Dry eyes (aqueousdeficient, lipiddeficient, both
aqueous and lipiddeficient) vs. controls

Dry eyes (mild,
moderate-to-severe,
mixed) vs. controls

Method

Study

Proline-rich protein 4, mammaglobin B, lipophilin A,
calgranulin S100A8.
Patients with lipid deficient dry eyes differed
considerably from aqueous- and aqueous & lipiddeficient dry eye patients.

Disc: 30 ca, 9 co.
Validation: 90 ca,
30 co
(ca: distributed over
the subgroups)

63 dry eye patients,
38 MGD patients, 43
controls.

Down-regulated in dry eye: lipocalin-1, lysozyme,
prolactin-inducible protein.
Differentially expressed proteins among different dry
eye subgroups had functions involved in response
to stimulus, immune system, regulation of biological
processes and ion transport.
S100A6, annexin A1, annexinA11, cystatin-S,
phospholipase A2-activating protein discriminated
dry eye from controls.

Zhou 2009182

Up-regulated in dry eye: alpha-enolase, alpha-1acid
glycoprotein 1, S100A8, S100A9, S100A4, S100A11.
Down-regulated in dry eye: prolactin-inducible
protein, lipocalin-1, lactoferrin and lysozyme.
Up-regulated in dry eye: secretoglobin 2A2, serum
albumin, glycoprotein 340, prolactin-inducible
protein
Down-regulated in dry eye: proline-rich protein 4, β-2
microglobulin, lacritin, secretoglobin 1D1.
Down-regulated in dry eye: lipophilin A, lipophilin C,
lipocalin-1.
Proline-rich protein 4

Boehm 2013188

Soria 2013187

Srinivasan 2012186

Saijyothi 2010185

Versura 2010184

Nichols and GreenChurch 2009183

Ref.

Main findings

18 ca (distributed
over the subgroups),
6 co

9 ca, 9 co

60 ca, 30 co

11 ca, 10 co

65 ca, 40 co

# Subjects

Supplementary table 9 – Overview of omics studies performed to identify dry eye specific biomarkers.
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Plasma

Metabolomics
Tears

Disc: 62 people,
validation: 64 people
in total.

Dry eyes vs. controls
LC-MS/MS
(and associations with
dry eye symptoms
evaluated)

436 ca, 2383 co

Dry eyes (mild1H NMR spectroscopy 22 mild-to-moderate
to-moderate and
dry eye, 33 moderate
moderate) vs. controls
dry eye, 35 co

Dry eyes vs.
2D-DIGE, MALDI-TOF/
meibomian gland
TOF MS, pathway
dysfunction (MGD) vs. analysis
controls

Conjunctival
epithelium

Method
# Subjects
1DE, LC-MS/MS, AIMS, 60 ca (20 per
pathway analysis
subgroup), 20 co

Study
Dry eyes (aqueousdeficient, lipiddeficient, both
aqueous and lipiddeficient) vs. controls

Tissue

Cholesterol, N-acetylglucosamine, glutamate,
creatine, amino-n-butyrate, choline, acetylcholine,
arginine, phosphoethanolamine, glucose, and
phenylalanine were associated with dry eyes, and
also contributed to discrimination between the
subgroups.
Down-regulated in dry eyes: androsterone sulfate,
epiandrosterone sulfate (metabolome-wide
significance).
Suggestive associations: androgen metabolites,
4-androsten-3beta,17beta-diol disulfate 1
and 2, and dehydroepiandrosterone sulfate,
glycerophosphocholines.

Vehof 2017192

Galbis-Estrada
2014191

Main findings
Ref.
Differentially expressed proteins in specific dry
Perumal 2016189
eye subgroups: proline-rich protein 4, zymogen
granule protein 16B, secretoglobin family 2A
member 1, deleted in malignant brain tumors 1,
opiorphin, lacritin, aldehyde dehydrogenase 3 family
member A1, enolase 1, transferrin, S100A8, S100A9,
phosphatidylethanolamine binding protein 1,
orosomucoid 1.
Up-regulated in dry eyes and MGD vs. controls:
Soria 2017190
annexin-A1, alpha-enolase, annexin-A2, S100A8,
cytokeratin-1, peroxiredoxin-2 and leukocyte elastase
inhibitor.
Down-regulated in dry eyes and MGD vs. controls:
galectin-3 and lipocalin-1.
Pathway analysis: defense and inflammatory
responses.
Up-regulated in dry eyes (compared to MGD): S100A4,
S100A8, retinal dehydrogenase-1, peroxiredoxin-1,
annexin-A1, annexin-A2, alpha-enolase, glutathione
S-transferase-P.
Pathway analysis: increase of antimicrobial defense,
tissue-damage response, regulation of body fluid
secretions.

78 | Chapter 2

Tears

Tissue
Lipidomics
Meibum
HPLC-MS/MS

Dry eyes (mild,
moderate and severe)
vs. controls

Dry eyes (aqueousHPLC-MS/MS
deficient and notaqueous-deficient) vs.
controls (glaucoma)
(Asian)

Method

Study

35 ca (of which 21
aqueous-deficient),
58 co

27 ca, 10 co

# Subjects
Lam 2011193

Up-regulated in dry eyes: several unsaturated
triacylglycerides and phosphatidylcholines.
Moderate vs. mild dry eyes: decrease of
triacylglyceride levels.
Decrease of (O-acyl)-omega-hydroxy fatty acids
correlated with increasing disease severity.
Down-regulated in dry eyes: wax esters (specifically
those with low molecular weights and saturated fatty
acid chains).
No differences were found in total tear lipid levels
between patients and controls.
Lam 2014194

Ref.

Main findings
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Abbreviations: AIMS: Accurate inclusion mass screening, AMD: Age-related macular
degeneration, AREDS: Age-related eye disease study, Ca: cases, CNV: Copy number
variations, Co: controls, DAVID: database for annotation, visualization and integrated
discovery, DIGE: difference gel electrophoresis, Disc: discovery, DR: diabetic retinopathy,
ELISA: Enzyme-linked immunosorbent assay, EST: expressed sequence tag, FCD: Fuchs
corneal dystrophy, FISH: fluorescent in situ hybridization, FTMS: Fourier transform mass
spectrometry, ga: geographic atrophy, GC: gas chromatography, GWAS: Genome wide
association study, HPLC: high pressure liquid chromatography, HRM: hyper reaction
monitoring, IGGC: International glaucoma genetics consortium, IOP: intraocular pressure,
iTRAQ: isobaric tag for relative and absolute quantitation, LC: liquid chromatograpy,
MALDI: matrix assisted laser desorption ionization, MRM: multiple reaction monitoring,
MS: mass spectrometry, NMR: nuclear magnetic resonance, NPDR: non-proliferative
diabetic retinopathy, nv: neovascular, PACG: primary angle closure glaucoma, PDR:
proliferative diabetic retinopathy, PEXG: pseudoexfoliation glaucoma, POAG: primary
open angle glaucoma, RD: retinal detachment, Repl: replication, RPE: retinal pigment
epithelium, RPLC: reverse phase liquid chromatography, SDS-PAGE: sodium dodecyl
sulfate polyacrylamide gel electrophoresis, SELDI: surface-enhanced laser desorption,
Seq: sequencing, Silac: Stable isotope labeling with amino acids in cell culture, (Q)TOF:
(quadrupole) time of flight, UPLC: ultra high performance liquid chromatography, WB:
Western Blot, WES: whole exome sequencing, WTCCC2: Wellcome Trust case control
consortium 2, XFS: exfoliation syndrome.
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Abstract
Genome-wide association studies (GWAS) for late stage age-related macular degeneration
(AMD) have identified 52 independent genetic variants with genome-wide significance
at 34 genomic loci. Typically, such an approach rarely results in the identification of
functional variants implicating a defined gene in the disease process. We now performed
a transcriptome-wide association study (TWAS) allowing the prediction of effects of AMDassociated genetic variants on gene expression. The TWAS was based on the genotypes
of 16,144 late-stage AMD cases and 17,832 healthy controls, and gene expression was
imputed for 27 different human tissues which were obtained from 134 to 421 individuals.
A linear regression model including each individuals imputed gene expression data and
the respective AMD status identified 106 genes significantly associated to AMD variants in
at least one tissue (Q-value < 0.001). Gene enrichment analysis highlighted rather systemic
than tissue- or cell-specific processes. Remarkably, 31 of the 106 genes overlapped with
significant GWAS signals of other complex traits and diseases, such as neurological or
autoimmune conditions. Taken together, our study highlights the fact that expression of
genes associated with AMD is not restricted to retinal tissue as could be expected for an
eye disease of the posterior pole, but instead is rather ubiquitous suggesting processes
underlying AMD pathology to be of systemic nature.

Abstract
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Introduction
Age-related macular degeneration (AMD) is a frequent disease of the choroid, Bruch’s
membrane, retinal pigment epithelium and photoreceptor complex characterized by a
progressive loss of vision in older individuals of industrialized countries. For the year 2016,
it was estimated that worldwide approximately 162 million were affected by early AMD
(prevalence 8.0%) and 10 million people by late AMD (prevalence 0.4%). These numbers
were predicted to increase to 260 million patients with early and 19 million with late AMD
by the year 20401.
It is well established that AMD is a complex disease, involving environmental and
genetic risk factors. The International AMD Genomics Consortium (IAMDGC) performed
a genome-wide association study (GWAS) and reported 7,218 genetic variants to be
associated with late-stage AMD at a genome-wide significance level (P-value ≤ 5 × 10−8).
Sequential forward selection finally identified 52 independent association signals, which
are distributed over 34 genomic loci2. An additional 11,768 variants (P-value ≤ 5 × 10−4)
failed to reach genome-wide significance in this study but may well play a role in AMD
pathogenesis. These variants may become relevant only with an increase in sample-size
in future GWAS, or by gathering additional information on the functional impact of these
variants in relation to AMD pathology.
Typically, GWAS rarely point to genetic variants with a clear functional impact on cellular
integrity, particularly since the majority of genetic variants identified by GWAS are located
in non-coding, intronic or intergenic regions of the genome. However, the latter variants
in particular may play an important role in regulating gene expression3. An attractive
approach to overcome such limitations of GWAS is to correlate the disease-association
of single variants with mRNA expression in a given tissue utilizing large-scale mRNA
expression studies. Such analyses result in data known as expression quantitative trait
loci (eQTL)4.
Generally, eQTL are calculated in healthy tissues to identify genes whose expression is
regulated by genetic variation which, in turn, may be useful to further understand disease
etiology based on the concurrence of GWAS signals and genetic variation altering gene
expression. At present, two studies explored single tissue eQTL in the context of AMD by
investigating liver5 and retinal6 tissue. These approaches successfully identified eQTL in
liver for five AMD loci, and in retina for nine of the 34 AMD-associated loci (Q-value ≤ 0.05).
However, for the majority of variants the causative signal remains elusive. Evaluation
of local eQTL in the context of complex diseases usually includes only the lead variant
of a disease-associated locus as linkage disequilibrium (LD) and haplotype structures
complicate the analysis. For AMD, a total of 7,218 variants would need to be investigated,
which leads to a high burden for multiple testing potentially obscuring real biological
signals.
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To overcome the limitations of single eQTL analysis, a promising approach was established
and is known as transcriptome wide association study (TWAS). In TWAS more complex
models than least squares linear regression are applied. These typically include models
used in classical machine learning, such as ridge regression, lasso regression, or elastic
net, and aim to determine a set of genetic variants which consistently influence gene
expression in a given tissue. In a further step, these variants are extracted from classical
GWAS datasets to predict their influence on relative gene expression eventually relevant
to disease processes. Thus, correlating imputed gene expression to disease status appears
to be appropriate to identify disease-associated genes7–9. It should be noted however that
TWAS are not suited to extract information on gene expression alterations at the time of
disease manifestation as the model building solely includes gene expression determined
in healthy tissue. As a major feature, TWAS need less correction for multiple testing than
eQTL analysis, mainly due to the fact that the calculations are based on several thousand
genes instead of usually seven to twelve million genetic variants. In addition, TWAS involve
potential combinatory effects of genetic variants, an invaluable benefit over approaches
using simple single genetic variant models.
Gamazon et al. (2015) proposed a gene-based association method termed PrediXcan
to perform TWAS based on data of the Genotype-Tissue Expression (GTEx) project and
respective individual genotype information from GWAS studies8,10. The required prediction
model weights of up to 48 different tissues can be downloaded through the website
PredictDB (http://predictdb.org). TWAS based on individual genotypes identify diseaseassociated genes in known loci from GWAS, and also include genomic regions, which
were initially not disease-associated as they did not reach genome-wide significance. This
way, TWAS permit the detection of novel disease-associated genes.
TWAS data derived from various tissues are especially valuable for complex diseases with
unknown underlying pathomechanisms. Although AMD pathology appears restricted to
the posterior pole of the eye, several studies have highlighted systemic effects of AMDassociated genes11–15. To this effect, previous studies revealed a significant association
of late-stage AMD with the genetic risk of 16 seemingly unrelated complex traits and
diseases including psoriasis, rheumatoid arthritis and systemic lupus erythematosus as
well as blood lipid levels16.To identify potentially differential expressed genes in AMD
cases compared to controls, we performed a TWAS based on the individual level imputed
expression data of 33,976 individuals and included models derived from 27 human tissues.

Results
Identification of genes associated with AMD genetics
The main objective of this study is to identify potentially relevant genes in AMD etiology. To
this end, we conducted a TWAS based on the IAMDGC dataset2 and applied the PrediXcan8
algorithm based on genotype and phenotype data from 16,144 late-stage AMD cases
(including clinical diagnoses of geographic atrophy and/or choroidal neovascularization),
and from 17,832 AMD-free controls. The prediction models from 27 tissues were retrieved
via PredictDB (number of samples per tissue between 134 and 421) and were implemented
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into our analysis. We imputed gene expression for each tissue separately and applied a
linear regression model to identify late-stage AMD-associated genes based on the AMD
status of each individual. After correction for multiple testing, we considered genes with a
Q-value smaller than 0.001 to be significantly associated with AMD in the corresponding
tissue (Supplementary Fig. 1). This stringent threshold was chosen to avoid false positive
results. In each tissue, a minimum of 11 (see “Brain Cerebellum” and “Heart Left Ventricle”)
and up to 28 (see “Adipose Subcutaneous” and “Nerve Tibial”) AMD-associated genes (Fig.
1 and Supplementary Table S1 a,b) were identified (mean 17.63; SD 5.02). Altogether,
106 unique genes were significantly associated to AMD in at least one tissue. Of these,
88 genes are located in loci that are known to be AMD-associated with genome-wide
significance (Table 1 and Supplementary Table S1c)2. Moreover, 18 additional genes were
not located in proximity (window size of 1MB) to any of the 52 independent hits identified
by Fritsche et al. (2016), and may represent novel AMD loci (Table 2).
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Figure 1 - TWAS results for 27 tissues. A TWAS was conducted based on the genotypes of 16,144 late-stage
AMD cases and 17,832 AMD-free controls. Prediction models of 27 tissues were included in the analysis. The
schematic overview demonstrates the number of significant AMD-associated genes (FDR < 1 × 10−3) within
the respective tissue. If a gene was found exclusively in a single tissue, it was marked as tissue-specific (TS).
Tissue classification was performed manually according to main functions or metabolic assignments. Adipose
SU: Adipose Subcutaneous; Adipose VO: Adipose Visceral Omentum; Artery AO: Artery Aorta; Artery TI: Artery
Tibial; Brain CE: Brain Cerebellum; Breast MT: Breast Mammary Tissue; Cells TF: Cells Transformed fibroblasts;
Colon SI: Colon Sigmoid; Colon TR: Colon Transverse; Esophagus GJ: Esophagus Gastroesophageal Junction;
Esophagus MC: Esophagus Mucosa; Esophagus MS: Esophagus Muscularis; Heart AA: Heart Atrial Appendage;
Heart LV: Heart Left Ventricle; Muscle SK: Muscle Skeletal; Nerve TI: Nerve Tibial; Skin NSS: Skin Not Sun Exposed
Suprapubic; Skin SEL: Skin Sun Exposed Lower leg.
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Table 1 - AMD-associated genes located in known AMD loci.
AMD
locusa

Locus namea

Chr

AMD-associated genes in TWAS analysisb (Number of significant
tissues (FDR < 0.001) and effect direction within tissues)c

1

CFH

1

CFHR3 (20+); CFHR1 (14+); CFH (10−/1+); KCNT2 (6−); ZBTB41 (5+);
CFHR4 (2+); F13B (1+); ASPM (1+); RP11.332L8.1 (1−); DENND1B (1+);
LHX9 (1−)

2

COL4A3

2

COL4A3 (2−)

4

COL8A1

3

NIT2 (5−); TBC1D23 (4−); RP11.114I8.4 (2+); TOMM70A (2+); TMEM45A
(1−)

5

CFI

4

PLA2G12A (13+); CASP6 (3+); CCDC109B (1−); CFI (1−)

9

VEGFA

6

PPP2R5D (2−)

11

PILRB/PILRA

7

STAG3L5P (27+); PILRB (27+); PILRA (26+); PMS2P1 (14−); TSC22D4 (8+);
ZCWPW1 (3+); NYAP1 (3−); ZKSCAN1 (1−); STAG3 (1−)

10

KMT2E/SRPK2

7

RP11.325F22.5 (1+); RP11.325F22.2 (1+)

12

TNFRSF10A

8

TNFRSF10A (14−)

14

TRPM3

9

TRPM3 (1+)

13

MIR6130/RORB

9

RORB (1−)

15

TGFBR1

9

TGFBR1 (1+)

18

ARMS2/HTRA1

10

PLEKHA1 (17−/1+); BTBD16 (11+/ 3−); ARMS2 (14−); HTRA1 (5+/ 2−);
DMBT1 (3−); ATE1 (2+); RP11.318C4.2 (2−); FGFR2 (1−); TACC2 (1−);
RP11.107C16.2 (1−); RP11.564D11.3 (1+); IKZF5 (1−); ACADSB (1−)

19

RDH5/CD63

12

RDH5 (17−); BLOC1S1 (1+)

21

B3GALTL

13

B3GALTL (5+)

22

RAD51B

14

PLEKHH1 (2+)

23

LIPC

15

ALDH1A2 (1+); LIPC (1+)

24

CETP

16

CETP (4−); HERPUD1 (2−); NLRC5 (2−); MT1DP (1+); GPR56 (1−)

25

CTRB2/CTRB1

16

CFDP1 (4−); BCAR1 (2−); TMEM170A (2+)

26

TMEM97/VTN

17

TMEM199 (10+); POLDIP2 (3+); TMEM97 (2+)

27

NPLOC4/
TSPAN10

17

C17orf70 (1+); NPLOC4 (1+); PDE6G (1−)

29

CNN2

19

MED16 (3+); GRIN3B (2−); ABCA7 (2−); AC006273.5 (1+); CNN2 (1−)

28

C3

19

GPR108 (22+); CTC.503J8.6 (1−); GTF2F1 (1−)

30

APOE

19

RELB (1−); BLOC1S3 (1+); DMPK (1+)

31

MMP9

20

PLTP (10+); SLC12A5 (8−/1+); SPATA25 (1+); NEURL2 (1+)

34

SLC16A8

22

BAIAP2L2 (2−); PICK1 (1−); CBY1 (1−)

AMD locus number and name according to Fritsche et al.2. bAMD-associated genes in
TWAS analysis overlapping with the locus of Fritsche et al. (2016) (ref. 2) in a +/− 1 Mb
window. cPositive effect direction (+) points to predicted gene expression being higher
in AMD cases compared to controls and vice versa for negative effect direction (−).
Chr = Chromosome.
a
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Table 2 - AMD-associated genes located in novel loci that did not reach genome-wide significance in previous
GWAS studies2.
Model Information in
Strongest Effect Tissue

Gene Expression Prediction
Gene

Chr

Predictable
Tissues

AMD
associated
(FDR < 0.001)

Mean effect
size (SD)

C1orf21
CD55

1
1

15
17

1
3

CR2
NOSTRIN

1
2

3
18

1
1

PPIL3

2

27

16

NDUFB3

2

6

4

ADAM19

5

21

12

IP6K3

6

17

1

0.037
(0.004)
0.005
(0.001)
−0.013
(0.006)
0.019

ZFP37

9

10

1

−0.017

RP11.777F6.3
CEP57

11
11

2
23

1
3

0.007
−0.02
(0.005)

AP001877.1

11

24

8

RIN3
ULK3
USP7
FUT2
MAMSTR
LILRA3

14
15
16
19
19
19

13
17
3
11
9
23

1
1
1
1
1
1

−0.016
(0.006)
0.018
−0.01
0.014
−0.009
0.007
−0.016

−0.028
−0.016
(0.003)
−0.013
−0.015

Strongest
effect tissuea

Liver
Esophagus
Muscularis
Muscle Skeletal
Esophagus
Mucosa
Adipose
Subcutaneous
Adipose
Subcutaneous
Adipose
Subcutaneous
Cells
Transformed
fibroblasts
Adipose
Subcutaneous
Testis
Skin Not Sun
Exposed
Suprapubic
Nerve Tibial
Colon Sigmoid
Lung
Muscle Skeletal
Lung
Adrenal Gland
Colon Sigmoid

Variants in
model

AMD
associated
(GWAS
P-value
< 1 × 10-04)b

34
59

3
5

40
44

6
0

37

24

12

8

25

8

22

1

53

0

5
48

2
0

50

0

24
10
55
23
13
15

2
4
1
0
0
2

Tissue, which showed the highest absolute effect size. bNumber of variants in prediction model, which were
AMD-associated with a p-value smaller than 1 × 10−04 in Fritsche et al. (2016) (ref. 2). Chr = Chromosome.

a

Positive effect sizes point to predicted gene expression in healthy tissue being higher in
AMD cases than controls, whereas negative effect sizes are indicative of decreased gene
expression. The largest effect sizes ranged from −0.38 (ARMS2, Testis) to +0.35 (CFHR1,
Liver). The mean absolute effect size across all AMD-associated genes (Supplementary
Table S1b) was 0.035 (SD: 0.039). Four of the 106 genes showed remarkably higher
absolute effect sizes in comparison to the remaining genes. These include the CFH-related
genes CFHR1, 3 and 4 (positive effect sizes; higher gene expression in cases compared to
controls) and ARMS2 (negative effect size; lower gene expression in cases compared to

3

102 | Chapter 3

controls). Notably, ARMS2 gene expression is AMD-associated in all 14 predictable tissues,
with a mean effect size of −0.098 (SD: 0.09) (Supplementary Table S1c).
Interestingly, 54 of the 106 genes were significantly AMD-associated in more than one of
the 27 tissues interrogated. Sixteen genes (ADAM19, ARMS2, BTBD16, CFH, CFHR1, CFHR3,
GPR108, PILRA, PILRB, PLA2G12A, PLEKHA1, PMS2P1, PPIL3, RDH5, STAG3L5P, and TNFRSF10A)
were associated with AMD disease status in over 10 tissues, pointing to effects likely
acting in systemic processes. Moreover, the predicted gene expression of three genes
(PILRA, PILRB, and STAG3L5P) located within known AMD Locus 112 was significantly AMDassociated in nearly all tissues analyzed (Supplementary Table S1c). A total of 52 out of 106
genes were significantly AMD-associated in only one of the 27 tissues analyzed.
To further validate these findings, we tested the variants used for prediction of gene
expression for their genome-wide significant association with AMD status. This analysis
was performed for each gene-tissue pair of the 106 AMD-associated genes separately to
allow for tissue dependency of the imputation models in gene expression (Supplementary
Table S1b). Many of the identified genes, which are located in loci known to be AMDassociated with genome-wide significance2, were associated with AMD status in several
tissues. To facilitate interpretation, we had a detailed look at the prediction models of
the tissues, which showed the highest absolute effect sizes (“strongest effect tissue”) for
each of the corresponding 88 genes. We observed that 66 of 88 genes harbor at least one
genome-wide significant AMD-GWAS variant (Supplementary Table S1c). Interestingly,
only for a single gene (KCNT2), all of the prediction model variants are also significantly
associated with AMD. For 49 of the 66 genes less than 50% of the prediction model
variants were AMD-associated with genome-wide significance. We further investigated
if any of the prediction model variants for the 22 remaining genes showed a weak
AMD-association signal in the GWAS of Fritsche et al. (GWAS P-value < 1 × 10−04)2. This
was the case for 20 genes, leaving AC006273.5 (“Skin not sun exposed suprapubic”) and
ZKSCAN1 (“Artery aorta”), which did not include any potentially AMD-associated variant
(Supplementary Table S1b).
Moreover, we analyzed whether the 18 of 106 AMD-associated genes which are located in
novel AMD loci, included variants with a sub-threshold AMD-association signal for gene
expression prediction. This was true for 12 genes showing P-values below the threshold
for suggestive association in the latest AMD GWAS (GWAS P-value < 1 × 10−04)2 (Table 2).
Network analysis of the 106 genes associated with AMD
To further explore the biological function of the 106 genes found to be associated
with AMD status in this study, we performed an enrichment analysis based on gene
ontology (GO) terms (Supplementary Table S2a). For 17 genes, no GO terms were found
and no function had been assigned to the genes so far. This latter group contains eight
pseudogenes, five long non-coding RNAs, and four protein coding genes (Supplementary
Table S2b). The other 89 genes are involved in a variety of biological pathways, of which
eight are significantly enriched (adjusted P-value < 0.05). All eight significantly enriched
pathways are related to either the complement pathway or to lipid related processes
(Fig. 2). Remarkably, we found two novel genes associated with AMD status acting in the
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complement pathway, namely CD55 and CR2, next to five complement genes in already
established AMD loci (CFH, CFHR1, CFHR3, CFHR4, CFI)2. The enrichment of genes in lipid
related processes is reflected by genes such as CETP, LIPC, PLTP and ABCA7.
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Figure 2 - Enriched GO biological processes in
106 genes identified (adjusted P-value < 0.05).
Enrichr was used to assign gene ontology (GO)
terms for the 106 AMD-associated genes and to
investigate enriched GO biological processes60.
The eight significantly enriched processes are
shown, clustered into the complement cascade
and lipid-related processes. Genes are given for
each process. Genes colored in green indicate
those which were not identified previously in
AMD-associated loci.

Comparison to AMD TWAS of retinal tissue
GTEx reveals no data entries for eye tissues. Recently, Ratnapriya et al. (2019) calculated
eQTL based on 406 retinal tissue samples, the majority of which were from AMD cases
and only around 100 samples from controls. Based on these data, they performed a TWAS
using the summary statistics of Fritsche et al. (2016)2,6,7 and identified 31 significantly AMDassociated genes (Q-value ≤ 0.001, genetic model R2 ≥ 0.01) (Supplementary Table S3).
We compared these with our results from the present study to identify potential retinaspecific effects. Nine of the 31 genes from Ratnapriya et al. (2019) were located within
the MHC locus and thus were omitted from our further comparisons. Another 16 genes
were AMD-associated in at least one of the 27 tissues within our study and therefore do
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not appear to reflect retina-specific effects. Furthermore, most of these 16 genes show
the same effect direction in retina as in the other tissues tested in our study. There are
two exceptions: (1) In retina, the predicted gene expression of HTRA1 was significantly
lower in AMD cases than controls. This was also the case for the two tissues “Esophagus
Mucosa” and “Esophagus Gastroesophageal Junction” in our study. In contrast, predicted
HTRA1 expression was significantly higher in AMD cases than controls in five tissues (see
“Thyroid”, “Skin Sun Exposed Lower leg”, “Heart Atrial Appendage”, “Pituitary”, and “Testis” in
Supplementary Table S1b). (2) Ratnapriya et al. (2019) predict PLA2G12A gene expression
to be lower in AMD cases compared to controls in retinal tissue. In our study, PLA2G12A
was predictable in 15 out of 27 tissues and significantly AMD-associated in 13 of these.
In each of these 13 tissues gene expression of PLA2G12A is predicted to be consistently
higher in AMD cases compared to controls.
To summarize the retinal findings, six genes were AMD-associated exclusively in retina,
but not in any of the 27 tissues investigated in our study. Among these, the long noncoding RNA STAG3L5P-PVRIG2P-PILRB and the uncharacterized gene RP11-644F5.10
(ENSG00000258311) were not measured within the GTEx dataset and therefore no
conclusions can be drawn. The remaining four genes are expressed in several GTEx
tissues, but were not AMD-associated in our study. MEPCE is a protein coding gene
located on chromosome 7, and is known to be a 7SK methylphosphate capping enzyme17.
Another gene, RLBP1, encodes the cellular retinaldehyde-binding protein 1 using 11-cisretinaldehyde or 11-cis-retinal as physiologic ligands. Two transcripts (PARP12 and CTA228A9.3) have not been characterized so far.
AMD-associated genes overlapping pleiotropic loci
More than half of the AMD-associated genes identified in this study (54/106) show a
significant effect in multiple tissues and are not retina-specific. In addition, our network
analysis demonstrates an enrichment of systemic processes such as an involvement in
the complement cascade and the lipid metabolism. This raises the question whether
AMD-associated genes may also be involved in the pathomechanisms of other complex
diseases. We therefore expanded the study of Grassmann et al. (2017) and investigated
a total of 91 GWAS studies covering 82 complex traits and diseases (Supplementary
Table S4a)16. First, we extracted the genome-wide significant independent lead variants
(P-value ≤ 5 × 10−8) for each complex trait or disease and added information about variants
in LD from the 1000 G reference data (Fig. 3). Next, we defined R2 loci for each GWAS lead
variant by summarizing all variants in LD (R2 > 0.5). Overlapping loci of different traits were
merged to one larger locus. In classical GWAS approaches, genes in direct proximity to the
lead variant are a priori candidate gene in the sense that such a gene gains high priority
in having a functional role in the disease process. For this reason, we identified genes
overlapping with R2 loci and termed them potentially pleiotropic if the corresponding
locus included lead variants of different complex traits and diseases. In a first approach,
we added a window of additional 1 Mb up- and downstream to each R2 locus in line with
Predixcan, which also includes genetic variants within this range around genes8. We then
merged overlapping 1 Mb loci and determined how many of the 106 AMD-associated
genes were located within these loci. Altogether, 105 genes intersected with at least a
single 1-Mb-locus. A total of 102 genes were potentially pleiotropic (Supplementary Table
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S4b). Additionally, 18,813 (77.14%) of the 24,388 predictable genes unique in at least one
tissue were also located in these 1-Mb-loci. Such an outcome was due to the extensive size
of the constructed loci (mean size: 4286.5 kb; SD: 2778.7) and made result interpretation
inaccurate.
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Figure 3 - Work-flow for identification of pleiotropic genes. Genome-wide significant independent GWAS signals
(P-value ≤ 5 × 10−8) were extracted for 82 complex traits and diseases from the corresponding publications.
Additionally, variants in LD for each of the independent GWAS hits were included in the analysis. Linked variants
with R2 > 0.5 demarcated the start- and stop-positions for a GWAS signal R2 Locus. Overlapping loci were merged
to identify potential pleiotropic genomic regions. The genes overlapping with at least one R2 locus were
identified.

We therefore decided to generate R2 loci (mean size: 143.1 kb; SD: 208.7) for further
analysis. Some of the investigated traits shared variants due to the fact that the traits were
exploring the same higher-level pathway as was the case for high-density lipoprotein
(HDL) and low-density lipoprotein (LDL). To circumvent this issue, we manually assembled
the 82 complex traits and diseases into 13 categories, such as complex eye diseases
and traits, AMD, autoimmune diseases, cancer, cardiovascular diseases, metabolic traits,
neurological diseases and others (Supplementary Table S4a). A total of 50 AMD-associated
genes (47.17%) overlapped with at least one disease group R2 locus, including 23 genes,
which were potentially pleiotropic (Fig. 4A). Regarding all 24,388 unique predictable
genes, 3,846 (15.77%) overlapped with an R2 locus. It is important to note that not all of
the 88 AMD-associated genes in the reported AMD loci (Table 1) were also located within
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the R2 loci of the AMD category. This is due to variants included into PrediXcan’s prediction
models expanding up to one Mb to each side of the start and end of a gene. Interestingly,
genes which overlap with at least one R2 locus are AMD-associated in more tissues than
genes which are not localized within such a locus (Mann-Whitney-U-Test P-value 0.0053)
(Fig. 4B). Altogether, the 50 AMD-associated genes which are positioned in a GWAS locus
of at least one trait overlap 51 times with a complex trait or disease category outside of
AMD, with some genes being linked to multiple groups (Fig. 4C). To test, if this overlap
with R2 loci of complex traits or diseases is by chance only, we applied Fisher’s exact test
for count data using contingency tables including the 106 AMD-associated genes and the
list of all 24,388 unique predictable genes.

Figure 4 - Analysis of AMD-associated genes and their overlap with pleiotropic loci. (A) Number of genes,
which overlapped with R2 loci of trait groups (B) Number of AMD-associated tissues per gene as identified by
TWAS and overlap of genes with at least a single R2 locus (Mann-Whitney-U-Test P-value 0.0053) (C) Trait groups
shared by AMD-associated genes identified in this study (black) and by all predictable genes (grey). The latter
have been scaled from in total 24,388 to 106 genes to enable a better comparability. “Other” include “Aging”,
“anthropometric traits”, “Blood cells”, “cardiovascular diseases”, “Complex eye diseases and traits”, “Lifestyle”, and
“Immune-related traits”. Significance was assessed through a Fisher exact test. *P-value < 0.05; **P-value < 0.01;
***P-value < 0.001.
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Overall, 15 AMD-associated genes overlap with R2 loci of neurological diseases (P-Value
7.65 × 10−7), 10 genes with metabolic traits (P-Value 0.042) and nine genes with
autoimmune diseases (P-Value 0.044). Furthermore, six genes share loci also associated
with cancer (P-Value 0.076) and five genes intersect with loci significantly associated to
organ function (P-Value 0.018) (Fig. 4C). These data point to systemic and pleiotropic
processes in which AMD-associated genes may be involved. Remarkably, only two out of
106 AMD-associated genes are linked to loci of complex eye diseases and traits, namely
RDH5 and COL4A3. Almost one quarter (21.7%) of all AMD-associated genes identified
in this study overlap with R2 loci of two or more complex traits and diseases (Table 3).
Three AMD-associated genes (BCAR1, CFDP1, and TMEM170A) residing within a locus on
chromosome 16 (chr16:75233867-75516739), coincide with GWAS signals of six different
trait groups, namely “organ function”, “cancer”, “neurological diseases”, “autoimmune
diseases”, “metabolic traits”, and “AMD”.
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Table 3 - AMD-associated genes overlapping pleiotropic loci.
AMD
associated
Locus R2 [hg19]
tissues (FDR
< 0.001)

Gene

Gene Type

BCAR1

Protein coding

2

CFDP1

Protein coding

4

TMEM170A

Protein coding

2

BAIAP2L2

Protein coding

2

ALDH1A2

Protein coding

1

chr16:75233867–
75516739

chr22:38295271–
38503972;
chr22:38505356–
38614129
chr15:58671721–
58692118;
chr15:58718529–
58742418

Disease groups in
locus
Organ function;
Cancer; Neurological
diseases;
Autoimmune
diseases; Metabolic
traits; AMD
AMD;
Anthropometric
traits; Metabolic
traits; Cancer

Single
phenotypes
in locus
FEV1FVC;
LGF; PanC;
MIG; T1D;
T2D; AMD

AMD; BFP;
TG; CMM

Blood cells;
Metabolic traits;
AMD

HB; RBC;
HDL; TC; TG;
AMD

Cardiovascular
diseases;
Autoimmune
diseases; Blood cells

DBP; GBP;
HTN; SBP;
SLE; MCV;
RBC

ULK3

Protein coding

1

chr15:75031521–
75449869

COL4A3

Protein coding

2

chr2:228083236–
228100488;
chr2:228126494–
228231432

AMD; Complex eye
diseases and traits

AMD; CCT

PMS2P1
STAG3L5P
PILRB
PILRA
ZCWPW1
TSC22D4
NYAP1

pseudogene
pseudogene
Protein coding
Protein coding
Protein coding
Protein coding
Protein coding

14
27
27
26
3
8
3

chr7:99894971–
100111776

Neurological
diseases; AMD

AD; AMD

1

chr7:104581402–
105063372

AMD; Neurological
diseases

AMD; SCZ

RP11.325F22.2 lincRNA
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AMD
associated
Locus R2 [hg19]
tissues (FDR
< 0.001)
18
chr10:124124669–
14
124235355
7
chr12:56115585–
17
56213297

Disease groups in
locus

Single
phenotypes
in locus

Neurological
diseases; AMD

MIG; AMD

AMD; Complex eye
diseases and traits

AMD; MYP

Gene

Gene Type

PLEKHA1
ARMS2
HTRA1

Protein coding
Protein coding
Protein coding

RDH5

Protein coding

RIN3

Protein coding
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Cancer; Organ
function

CETP

Protein coding

4

chr16:56985514–
57006829

FUT2

Protein coding

1
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Protein coding

1

AMD; Metabolic
traits
Metabolic traits;
Autoimmune
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AD = Alzheimers disease; ALP = LEP - alkaline phosphatase; AMD = Age-related macular degeneration; BCC = Basal
cell carcinoma; BFP = Body fat percentage; BRC = Breast cancer - max. beta; BRConly = Breast cancer - only BRC;
CCT = Central corneal thickness; CD = Crohns disease; CMM = Cutaneous malignant melanoma; CSCC = Cutaneous
squamous cell carcinoma; DBP = Diastolic blood pressure; eGFR = estimated glomerular filtration rate of
creatinine; FEV1 = forced expiratory volume in 1 second; FEV1FVC = forced expiratory volume in 1 second/forced
vital capacity; GBP = General blood pressure; GGT = LEP - γ -glutamyl transferase; HB = Haemoglobin; HDL = Highdensity lipoprotein; HGT = Height; HTN = Hypertension; IBD = Inflammatory bowel disease; LDL = Low-density
lipoprotein; LEP = Liver enzymes in plasma; LGF = Lung function; MCV = Mean cell volume; MIG = Migraine;
MYP = Myopia; PanC = Pancreatic cancer; RBC = Red blood cell phenotypes; SBP = Systolic blood pressure;
SCZ = Schizophrenia; SLE = Systemic lupus erythematosis; T1D = Type 1 diabetes; T2D = Type 2 diabetes; TC = Total
cholesterol; TG = Triglycerides.

Discussion
We performed a TWAS based on the individual data of 16,144 late-stage AMD cases and
17,832 non-AMD controls to further explore causative genes and pathways involved in
AMD-associated processes. We predicted gene expression in 27 different tissues and
identified 106 genes with significant association to late stage AMD status. An enrichment
analysis revealed a significant accumulation of genes involved in the complement cascade
and lipid metabolism. For example, gene expression of CFH and CFI, both regulators of the
alternative complement pathway, was found AMD-associated in our study with negative
effect sizes suggesting that the expression of these genes is lower in AMD cases than
in controls. Consistent with this are earlier findings demonstrating lower complement
Factor H (encoded by the CFH gene) levels in the sera of AMD patients18–20. Furthermore,
the expression of negative regulators of CFH, specifically CFHR1, CFHR3, and CFHR4,
is predicted to be upregulated in AMD cases, which consequently should lead to an
increased complement activation.
Our study also identified two genes (CD55 and CR2) in loci, which failed to reach genomewide significance in previous AMD GWAS2,21 Interestingly, the prediction models of
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both genes included variants which were AMD-associated in the latest AMD GWAS but
below the threshold for suggestive association (GWAS P-value < 1 × 10−04)2 (Table 2). CD55
and CR2 are both predicted to be expressed at a lower level in AMD cases compared
to controls. CD55 inhibits the C3-convertase and consequently regulates activity of the
complement system22. Interestingly, homozygous mutations in CD55, known to results in
loss-of-function, have been found in patients suffering from complement hyperactivation,
angiopathic thrombosis, and protein-losing enteropathy (MIM 226300)23. While two
studies measured CD55 expression in blood cells of AMD patients, they consistently failed
to observe significant differences compared to healthy individuals24,25. This is well in line
with our current study which predicts CD55 expression to be AMD-associated exclusively
in “Esophagus Muscularis”, “Heart Atrial Appendage”, and “Nerve Tibial”, but not in “Whole
Blood”.
CR2 is a member of the complement activation regulator family and plays a role in
the humoral immune response26. Polymorphisms in CR2 have been associated with
susceptibility to systemic lupus erythematosus type 9 (MIM 610927)27. It is important to
note that the models used for gene expression prediction in our study were based on
normal tissue and therefore likely reveal general effects of gene expression regulation
based on the respective genetic background. In general, our findings relating to
complement genes support the hypothesis that the complement system is more active in
AMD cases than in control individuals. It can be expected that such effects are occurring
throughout an entire lifetime well before AMD manifestation. However, gene expression
in a diseased tissue may ultimately be unpredictable and significantly different from gene
expression in healthy tissue.
The second major finding evident from our list of 106 AMD-associated genes points to
lipid metabolism pathways. LIPC encodes a protein called hepatic lipase (HL) and is AMDassociated exclusively in liver tissue. HL is secreted into the bloodstream regulating HDL
concentration. Lower HL activity was observed to result in higher HDL levels in blood28.
Our study predicted a higher gene expression of LIPC in AMD cases, which then would
be expected to result in lower blood HDL levels. This is consistent with an earlier megaanalysis of eQTL in liver tissue which included four independent studies5.
Higher levels of HDL were shown in multiple studies to be associated with elevated AMD
risk29–31. Our data suggest that lower predicted CETP expression is significantly associated
with AMD in four tissues, but not in liver. As CETP deficiency leads to high HDL levels, this
fits earlier findings, that increased HDL is associated with AMD risk32,33.
The plasma phospholipid transfer protein (PLTP), encoded by another lipid related gene
was AMD-associated in 10 out of 27 tissues and showed a mean effect size of 0.017
(SD: 0.006). Interestingly, PLTP was not associated with AMD in a previous GWAS but is
located in AMD locus 312. PLTP facilitates the transfer of phospholipids and cholesterol
in-between lipoproteins. Reduced plasma PLTP activity was shown to cause markedly
decreased HDL levels34,35. It also plays a role in inflammatory processes and participates
in the etiology of atherosclerosis36,37. Remarkably, increased PLTP levels in plasma were
identified as potential biomarker for AMD in a proteomics-based approach38. ABCA7, a
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gene also involved in lipid metabolism, was significantly AMD-associated in our study
in lung and whole blood tissue. There is strong evidence that mutations in ABCA7 are
involved in Alzheimer disease (AD-9) (MIM 608907)39,40.
Taken together, two major pathways related to AMD pathogenesis, including complement
activation and lipid-related processes, were identified through our gene enrichment
analysis with both pathways well known in AMD research and thus greatly increasing
confidence in the robustness of our data. It is of interest to note that the two pathways are
the only significant findings in our study suggesting that the majority (96/106) of AMDassociated genes may function in a plethora of different processes.
As AMD is a disease of the choroid/Bruch’s membrane/retinal pigment epithelium/
photoreceptor complex, we conducted a separate TWAS based on retinal tissue6. Our
initial expectation was to either find an enrichment of AMD-associated genes in the
retinal tissue or to even identify a notable number of retina-specific genes implicated in
AMD etiology. 16 out of the 22 AMD-associated genes identified in retina by Ratnapriya
et al.6 were also found in at least one non-retinal tissue in our study. This left six genes
which potentially harbor a retina-exclusive effect. Remarkably, only one gene, namely
RLBP1, reveals clear evidence to be causative for a disease of the retina such as Retinitis
punctata albescens (MIM 136880) or rod-cone dystrophy (MIM 607476)41–43. Nevertheless,
RLBP1 is expressed throughout all tissues of the human body10. Interestingly, a recent
study regarding schizophrenia, obviously a brain related disease, revealed that 51 (48.1%)
of 106 schizophrenia-associated lead variants are eQTL in brain tissue44. In contrast,
only 9 (17.3%) of the 52 AMD lead variants regulate gene expression in the retina6. This
observation leads us to the conclusion that changes in retinal gene expression can only
partly explain GWAS association signals and that retinal gene expression per se is not a
suitable criterion to suggest relevance for AMD pathogenesis. Nevertheless, so far no
gene expression regulation data of the retinal pigment epithelium (RPE) or the choroid
tissue are available. Data about these tissues might enable further conclusions about
gene expression regulation at primary sites of AMD pathology.
Genes significantly associated with AMD in a multitude of tissues, like STAG3L5P, PILRB,
PILRA, GPR108, and CFHR3, are likely to act in systemic processes although disease
expression appears to be restricted to the posterior pole of the eye. Nevertheless, these
genes may affect molecular processes possibly leading to other diseases besides AMD.
This is supported by earlier studies associating the genetics of AMD with other complex
traits and diseases16,45. Here, we analyzed the 106 AMD-associated genes for intersection
with pleiotropic genomic regions identified as GWAS R2 loci for 82 complex traits and
diseases. A striking 50 genes suggested in our study to have relevance to AMD pathology
overlap with an R2 locus affecting at least one other complex trait or disease. It should be
noted that co-localization within a shared genomic locus is not a functional evidence as
such, but genes overlapping with a lead variant or a corresponding variant in high LD are
a priori excellent candidate genes possibly playing a role in disease etiology. Remarkably,
15 genes are located in R2 loci of neurological diseases, including 8 genes related to AD,
six genes in loci associated to migraine, and one gene overlapping a locus related to
schizophrenia.
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The findings in AD are of particular interest as AMD and AD share a number of similarities,
particularly age-relatedness and pathological deposits in neurological tissue46.
Correspondingly, beta-amyloid deposits, a hallmark of AD, are also found in retinal
deposits of AMD, called drusen45,47. Our data point to two AD-related loci which contain
AMD-associated genes. One is positioned on chromosome 19 and contains ABCA7, which
was linked to both diseases in earlier studies40,48,49. The other locus is on chromosome 7 and
contains several genetically regulated genes which could be important for both diseases.
These include the genes TSC22D4, NYAP1, PMS2P1, STAG3L5P, PILRB, PILRA, and ZCWPW1.
Interestingly, some of these genes have already been investigated in the context of AD50,51.
Currently, it is not clear how the genes in this locus, which was first identified to be AMDassociated in 2016, contribute to AMD etiology2. It should be noted that one and the same
locus is named differently in AMD- and AD-related research, namely PILRB-PILRA (AMD) or
ZCWPW1 (AD)2,52.
Less is known about the six AMD-associated genes overlapping with an R2 locus of migraine.
Interestingly, HTRA1 which is intensively investigated in AMD is mutated in CARASIL
syndrome (MIM 600142), the latter known to be preceded by migraine53,54. Furthermore,
10 AMD-associated genes overlap with R2 loci of metabolic traits and 9 genes intersect
with GWAS loci involved in autoimmune diseases. Both findings are in line with our gene
enrichment analysis and are intensely discussed in current research11,12,30,55. Noteworthy,
our results do not support the previously identified genetic relationship of AMD and
cardiovascular disease (CAD), as only a single AMD-associated gene (ULK3) overlaps with
an R2 locus of CAD16,56. However, this does not preclude the possibility that genetics of
AMD and CAD may be linked due to effects other than gene expression regulation. Finally,
a remarkable observation is that our analysis identified only two genes, namely RDH5 and
COL4A3, which overlap with GWAS loci of complex eye diseases and traits except AMD.
Unfortunately, drawing conclusions on the direction of effects remains challenging due to
the fact that our findings are based on genomic positions and GWAS signals.
In conclusion, genetically based regulatory effects on gene expression represent a lifetime
influence. Our TWAS study identified 106 genes with expression predicted to be AMDassociated in at least one of 27 tissues. The disease-associated expression of genes points
to various pathways and mechanisms potentially relevant for AMD etiology and other
overlapping complex traits and diseases. Future studies, searching for AMD treatment
options or for strategies to prevent AMD, should therefore strongly consider that AMDassociated genetics suggests to alter gene expression throughout the whole body and
that these mechanisms are likely involved in a spectrum of other common diseases of
mankind.

Methods
Study samples and genotype data
The genotypes and phenotypes from 33,976 individuals with European ancestry were
retrieved from the IAMDGC consortium (see “Data availability statement”). We included the
genotypes from 16,144 late-stage AMD cases, presenting with geographic atrophy and/

3

112 | Chapter 3

or choroidal neovascularization, and from 17,832 AMD-free control individuals. Detailed
inclusion and exclusion criteria as well as comprehensive information about genotype
quality control and imputation procedure are given elsewhere2. For gene expression
imputation, we used the genotype information of 11,722,957 autosomal genetic variants.
As PrediXcan does not accept missing values, genotypes have been transformed to an
allele dosage format and missing genotypes of single individuals were filled by the most
frequent corresponding genotype.
TWAS analysis
We used the PrediXcan algorithm to predict gene expression based on genotype
information8. Gamazon et al. provided prediction models (available through PredictDB;
http://predictdb.org/) trained on the data of European individuals within the GTEx Version
7 release (GTEx-V7_HapMap-2017-11-29.tar.gz)57. For 27 of 48 tissues, genotype and gene
expression data of more than 130 individuals (between 134 and 421) were available for
prediction model building (Supplementary Table S1a). We applied PrediXcan for each of
these 27 tissues to predict individual level gene expression of the IAMDGC cohort. We
then used R58 to calculate the linear regression of predicted gene expression with AMD
and control status. Additionally, we adjusted the model for gender, age and the first two
principal components of the genotype PCA performed by Fritsche et al2. To account for
multiple testing, we adjusted the P-values of all 181,536 tests using the false discovery
rate (FDR)59. Genes located within the major histocompatibility complex (MHC) locus
(chr6: 28,477,797–33,448,354, hg19) were excluded from our analysis due to its highly
complex association structure. Remaining genes with a Q-value smaller than 0.001 were
considered to be significantly AMD-associated.
Network analysis
Enrichr was used to assign gene ontology (GO) terms to our list of AMD-associated genes
and to investigate enriched GO biological processes60.
Identification of pleiotropic loci
We investigated AMD-associated gene intersections with loci, which are known to be
associated with other complex traits and diseases. To this end, we searched PubMed
(www.pubmed.gov) for GWAS of human traits and diseases, which (1) included primarily
individuals of European descent and (2) were published prior to November 2016.
Detailed inclusion and exclusion criteria for GWAS studies are given elsewhere16. After
quality control, we included 82 different traits and diseases into our further analysis
(Supplementary Table S4a,c). We extracted the genome-wide significant (P-value ≤ 5 × 10−8)
and independent GWAS signals and extended them by extracting variants in LD using the
1000 G reference data61. The entirety of linked variants (R2 > 0.5) was used to define startand stop-positions for every GWAS signal R2-Locus. Next, we merged overlapping loci to
identify potential pleiotropic genomic regions. We then extracted all ensemble annotated
genes and annotations (version 90)62 and mapped them to the beforehand identified
trait-associated loci. Each gene was subsequently assigned to the corresponding trait if
the genomic position overlapped to the R2-Loci.
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Statistical evaluation
All bioinformatical analysis steps were conducted using either the Unix command line or
the R programming language. Gene expression imputation based on genotypes of the
IAMDGC dataset was performed via PrediXcan. PrediXcan applied LASSO, elastic net and
the simple polygenic score based on all tissues of the GTEx project to generate a gene
expression prediction model for each gene per tissue. Details about the model building
process and the quality control measures are given elsewhere8. After gene expression
imputation for each of the 27 investigated tissues, we applied a linear regression model to
correlate gene expression with AMD status. Thereafter, we adjusted P-values for multiple
testing using a stringent FDR setting. The number of investigated genes per tissue and
accordingly the number of conducted tests are shown in Supplementary Table S1a. We
chose a Q-value threshold of 0.001 to minimize the probability to identify false positive
genes. A list of all significantly AMD-associated genes (Q-value < 0.001) is provided in
Supplementary Table S1b.
For the network analysis, Enrichr outputs an adjusted p-value to evaluate significance of
enriched processes. This is based on a score calculated by multiplying the log p-value
computed by the Fisher exact test with the z-score of the deviation from the expected
rank by the Fisher exact test60.
To determine the significance of the overlap of AMD-associated genes with the R2 loci, we
applied Fisher’s exact test for count data based on the gene list of interest in comparison
to all 24,388 unique predictable genes in at least one tissue outside the MHC locus. This
was achieved by creating contingency tables and analyzing them with the fisher.test
function in R.
Ethics approval and consent to participate
Twenty six international study groups contributed DNA samples from a total of 33,976
individuals with and without AMD disease (IAMDGC), as previously described2. Approval
was obtained from each participating site by their respective local ethics review board
and informed written consent was obtained from each patient2. At each site, the study
strictly adhered to the tenets of the Declaration of Helsinki.
Consent for publication
Not applicable.
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Supplementary Figure 1

Supplementary Figure 1 – Results of the regression model to identify late-stage AMD-associated genes based
on the AMD status of each individual. After correction for multiple testing, genes with a Q-value smaller than
0.001 were considered to be significantly associated with AMD in the corresponding tissue.
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Abstract
Purpose
To evaluate plasma levels of matrix metalloproteinase 9 (MMP9) and tissue inhibitor of
metalloproteinase 3 (TIMP3) in neovascular age-related macular degeneration (nAMD)
patients compared to controls, and to explore a potential effect of AMD-associated
genetic variants on MMP9 and TIMP3 protein levels.
Methods
nAMD and control patients were selected from the EUGENDA database based on different
genotypes of rs142450006 near MMP9 and rs5754227 near TIMP3. Plasma total MMP9,
active MMP9 and TIMP3 levels were measured using enzyme linked immunosorbent assay
(ELISA) and compared between nAMD patients and controls, and between the different
genotype groups.
Results
nAMD patients had significantly higher total MMP9 levels compared to controls (median
46.58 versus 26.90 ng/ml; p=0.0004). In addition, the median of MMP9 levels in the
genotype group homozygous for the AMD-risk allele (44.23 ng/ml) was significantly
higher than the median in the heterozygous genotype group (26.90 ng/ml; p=0.0082)
and the median of the group homozygous for the non-risk allele (28.55 ng/ml; p=0.0355).
No differences were detected for active MMP9 only. TIMP3 levels did not significantly
differ between the AMD and control groups, nor between the different genotype groups
of rs5754227.

Abstract

Conclusions
The results of our MMP9 analyses indicate that nAMD patients have on average higher
systemic MMP9 levels than control individuals, and that this is partly driven by the
rs142450006 variant near MMP9. This finding might be an interesting starting point for
further exploration of MMP9 as a therapeutic target in nAMD, in particular in individuals
carrying the risk-conferring allele of rs142450006.
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Introduction
Age-related macular degeneration (AMD) is a progressive multifactorial disease and the
leading cause of vision loss in elderly populations [1,2]. Intermediate AMD, characterized
by drusen formation between the retinal pigment epithelium (RPE) and Bruch’s membrane,
can progress into geographic atrophy (GA) or neovascular AMD (nAMD) [3]. The latter
form of advanced AMD has the most severe impact on loss of visual acuity [2]. nAMD can
be treated with intravitreal injections of anti-vascular endothelial growth factor (VEGF)
antibodies, which slows down disease progression [3].
Studies have shown that regulation of the extracellular matrix (ECM) plays an important
role in both subtypes of AMD [4,5]. Dynamic changes in the ECM during disease
development have been linked to the activity of metalloproteinases and their inhibitors
[4]. Genome-wide association studies (GWAS) have identified variants near the gene
coding for ECM regulators, including matrix metalloproteinase 9 (MMP9) and the tissue
inhibitor of metalloproteinases 3 (TIMP3), to be associated with AMD [6]. However, the
functional effects of these variants on the disease process have yet to be described.
MMP9 is a zinc metalloproteinase that degrades collagens and multiple soluble and cellsurface proteins, thus playing a role in reproduction, growth and development, wound
healing, inflammation and other physiologic processes [7,8]. Pathologic conditions such
as neurodegenerative disease, cardiovascular disease, cancer and chronic inflammatory
conditions have been associated with MMP9 levels and activity [9-17]. In AMD, the
genetic association in the MMP9 locus is the only association signal specific to nAMD,
while all other genetic variants identified by GWAS associate with both nAMD and GA [6].
Interestingly, MMP9 is an important regulator of the angiogenic switch, which has been
mainly described in the context of carcinogenesis [18,19]. This suggests that MMP9 may
act in nAMD via its role in angiogenesis stimulation. A study in mice showed that MMP9
expression was upregulated during experimental choroidal neovascularization (CNV),
and that the development of CNV was reduced in MMP9 deficient mice [20].
Expression of MMP9 and other metalloproteinases is tightly regulated via transcriptional
regulation, the activation of precursor proteins and binding to inhibitors to maintain
tissue homeostasis [7]. The main inhibitors of MMPs in tissues are the tissue inhibitors of
metalloproteinases (TIMPs), of which four family members are known. A common variant
at the TIMP3 locus has been associated with AMD via GWAS, while rare variants in TIMP3
have been detected more frequently in AMD cases compared to controls [6]. Mutations in
TIMP3 cause Sorsby’s fundus dystrophy (SFD), an inherited form of macular degeneration,
which can present with choroidal neovascularization [21-23].
Plasma MMP9 and TIMP3 levels have been evaluated previously in relatively small casecontrol studies for AMD [24,25]. In both studies, plasma MMP9 levels increased in AMD
patients compared to controls, although Krogh Nielsen et al., 2019, reported an effect in
GA only and not in nAMD. However, these analyses did not distinguish between the proand active forms of MMP9. In one study, TIMP3 levels were shown to decrease in nAMD
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[25]. The effects of AMD-associated genetic variants on plasma MMP9 and TIMP3 levels
were not evaluated.
In this study, we aim to extend these findings by measuring levels of pro- and active MMP9
and levels of TIMP3 in plasma samples of a larger cohort of nAMD patients and controls to
investigate whether these proteins could be systemic biomarkers. Furthermore, we aim to
explore whether the AMD-associated variants rs142450006 near MMP9 and rs5754227 in
the TIMP3 locus influence MMP9 and TIMP3 levels, respectively.

Methods
Study population
This study included 220 participants from the European Genetic Database (EUGENDA).
EUGENDA is a multicenter database for the clinical and molecular analysis of AMD
collected at the Radboud University Medical Center, Nijmegen, The Netherlands, and
at the University Hospital of Cologne, Cologne, Germany. The study was performed
in accordance with the tenets of the Declaration of Helsinki and the Medical Research
Involving Human Subjects Act. Approval from the local ethics committees of both
university hospitals was obtained, and written informed consent was acquired from all
participants. All the individuals included in the study agreed to plasma measurements and
genotyping. All participants were of European decent and older than 50 years. nAMD and
control statuses were assigned by multimodal image grading according to the standard
protocol of the Cologne Image Reading Center by certified graders [26].
Plasma samples of nAMD patients were selected based on the genotypes of rs142450006
(for MMP9 measurements) and rs5754227 (for TIMP3 measurements). They were also
selected to represent each of the three genotypes: homozygous for the major (risk) allele,
homozygous for the minor (non-risk) allele and heterozygous for both alleles. Controls
were selected by genotype to have similar sized genotype groups and were age-matched
to the cases. An overview of the study populations is presented in Table 1 and Table 2.

Table 1 - Subjects used for MMP9 measurements.
AMD status
Control
Control
Control
nAMD
nAMD
nAMD

Genotype
rs142450006*

Number of
samples

Average age (in
years)

T/T
TTTTC/T
TTTTC/TTTTC
T/T
TTTTC/T
TTTTC/TTTTC

19
18
52
8
21
55

73.6
73.8
74.0
75.6
75.1
75.5

*TTTTC is the major and risk-conferring allele, T the minor non-risk allele (MAF 0.1).

Number of samples
under detection limit
(active MMP9)
7
3
8
1
4
13
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Table 2 – Subjects used for TIMP3 measurements.
AMD status
Control
Control
Control
nAMD
nAMD
nAMD

Genotype
rs5754227*
C/C
T/C
T/T
C/C
T/C
T/T

Number of samples

Average age (in years)

14
13
13
4
18
18

72.9
72.5
72.2
80.5
73.5
74.1

*T is the major and risk-conferring allele, C the minor non-risk allele (MAF 0.1).

Genotyping
Genomic DNA was extracted from peripheral blood samples using standard procedures.
After drawing the blood in EDTA tubes, samples were centrifuged and the cell pellets
were used for DNA isolation within 72 h or otherwise stored at -80 ºC. Genomic DNA
was extracted using Chemagen chemistry on a Hamilton robot. Part of the cohort was
genotyped with a custom-designed HumanCoreExome array by Illumina (Illumina Inc.,
San Diego, CA) within the International AMD Genetics Consortium. All details regarding
the design of the array, annotation, imputation and quality control of the genotypic data
have been described elsewhere [6]. The other part of the cohort was genotyped using
molecular inversion probes combined with next-generation sequencing [de Breuk et al.
manuscript submitted].
Plasma MMP9 and TIMP3 quantification
Plasma was obtained by a standard centrifugation protocol, and within 1 h after collection
the samples were stored at −80 °C. MMP9 levels were measured with the Human MMP9 Activity Assay (Cat. Nr: QZBMMP9H; QuickZyme Biosciences, Leiden, The Netherlands).
Pro- and active MMP9 were measured in separate wells. TIMP3 levels were quantified using
the Human TIMP-3 ELISA Kit (Cat. Nr: EA100363; OriGene Technologies Inc., Rockville, MD).
Analyses were performed according to the manufacturer’s instructions. All samples were
analyzed in duplicate. Samples of cases and controls were distributed randomly across
plates. Out of the total 173, 36 (21%) of the active MMP9 measurements fell below the
detection limit; this percentage was similar in the control group (18 out of 89) and the
nAMD group (18 out of 84) (see Table 1). These values were set to half the value of the
lowest detection point, as excluding these measurements would have introduced bias
and imputation is challenging for non-normally distributed data [27].
Statistical analysis
Data analysis was performed using Graphpad Prism (version 5.03 for Windows, GraphPad
Software, La Jolla CA,). Two-tailed Mann–Whitney U tests were used to determine
possible associations between MMP9 or TIMP3 levels and gender or smoking. To test
possible associations between MMP9 or TIMP3 levels and age or BMI, linear regression
was used after the log transformation of the data. Two-tailed Mann–Whitney U tests were
performed to assess a possible difference in MMP9 or TIMP3 levels between the controls
and AMD patients and between each of the genotype groups. The TIMP3 measurements
were performed in a different cohort than were the MMP9 measurements, so they were
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considered as separate experiments. For MMP9, differences between the AMD and control
groups were considered significant if p < 0.025 because both the total and active MMP9
were tested and a Bonferroni correction was applied for multiple testing. A multivariate
analysis of the total MMP9 was performed following the log transformation of the data
to determine the effect of the AMD status corrected for genotype (and vice versa) using
SPSS for Windows version 22 (SPSS IBM, New York, NY). Using the same approach, the
TIMP3 data were corrected for age. Age was found to be significantly associated with
TIMP3 levels.
Power calculation for TIMP3 measurements
A power calculation was performed for the TIMP3 measurements. The distribution of TIMP3
concentrations was retrieved in Krogh-Nielsen et al., 2019 [25]. Since the mean values are
not shown in this publication, we used means from our own data set to calculate the
population standard deviations (0.6 for healthy controls and 0.8 for AMD patients; average
0.7). The minimal sample size to obtain > 80% power (α = 0.05) for distinguishing the two
groups was calculated using SPSS for Windows version 22 (SPSS IBM).

Results
Study participants
Plasma samples from 89 controls (average age 73.9 years) and 84 nAMD patients (average
age 75.4 years) were selected for the MMP9 analyses (Table 1). Both the AMD cases and
control groups were stratified for the three genotypes of rs142450006, and the lead
variant at the MMP9 locus was identified by GWAS (p = 2.4 × 10−10, OR = 0.85) [6]. For this
variant, TTTTC was the major and risk-conferring allele. It was located in an intergenic
region approximately 22 kb upstream of MMP9.
For TIMP3 measurements, plasma samples from a total of 40 controls (average age
72.5 years) and 40 nAMD patients (average age 74.5 years) were selected. All TIMP3
measurements were above the detection limit. The AMD cases and controls were stratified
for the three genotypes of the lead AMD-associated variant at the TIMP3 locus, rs5754227
(p = 1.1 × 10−24, OR = 0.77), for which T was the major and risk-conferring allele. Here,
rs5754227 was located in an intron of SYN3, 90 kb upstream of TIMP3.
Association of MMP9 and TIMP3 levels with age, gender, BMI and smoking behavior
We measured levels of total MMP9, active MMP9 and TIMP3 in the plasma of all subjects.
We first tested for associations between these protein levels and age, gender, BMI and
smoking behavior (Appendix 1, Appendix 2, and Appendix 3). We observed a significant
association between TIMP3 and age, where decreased TIMP3 levels were associated with
increased age (p = 0.011). TIMP3 measurements were corrected for age via multivariate
analysis.
Association of MMP9 and TIMP3 levels with AMD and genotype
Total MMP9 levels (which included pro-MMP9 and active MMP9) were measured for
the nAMD cases and controls. Patients had significantly higher MMP9 concentrations in
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plasma (median 46.58 ng/ml [25th to 75th percentiles 25.65–71.02] versus 26.90 ng/ml [25th
to 75th percentiles 20.39–47.53]; p = 0.0004; Figure 1A). When evaluating the association
of MMP9 levels with the rs142450006 genotype, we found a significant increase of MMP9
levels in carriers of the homozygous risk-conferring TTTTC/TTTTC genotype (median 44.23
ng/ml; 25th to 75th percentiles 24.34–71.28), compared to carriers of the heterozygous
TTTTC/T genotype (median 26.90 ng/ml [25th to 75th percentiles 20.03–45.76]; p = 0.0082)
and carriers of the homozygous low-risk T/T genotype (median 28.55 ng/ml; 25th to 75th
percentiles 22.40–41.84; p = 0.0355; Figure 1B). Increases of MMP9 levels among carriers
of the TTTTC/TTTTC genotype were seen in both the control and patient groups but
was only significant when the carriers of the heterozygous genotype were compared to
the carriers of the homozygous TTTTC/TTTTC genotype in the nAMD group (p = 0.0173;
Figure 1C). A similar result was obtained when differences between the genotype groups
were analyzed in the whole data set and corrected for AMD status. Here, only the TTTTC/
TTTTC genotype group compared to the TTTTC/T group showed a significant difference
(p = 0.004). This effect remained significant (p = 0.001) when analyzing the differences
between the nAMD and control groups corrected for genotype effect, and when the
nAMD was compared to the control in homozygous carriers for the major TTTTC allele
only (p = 0.0088; Figure 1C).

Total MMP9 (ng/ml)

A.

**
p=0.0355

B.

400

400

***
p=0.0004

*
p=0.0082

**
p=0.0088
ns

C.

400

*
p=0.0173
ns

300

300

300

200

200

200

100

100

100

0

Control

nAMD

T/T

TTTTC/T TTTTC/TTTTC

0

ns

T/T TTTTC TTTTC T/T
/T /TTTTC
Control

TTTTC TTTTC
/T /TTTTC
nAMD

Figure 1 - Total MMP9 levels in plasma samples of nAMD patients and controls. A). Comparison of total MMP9
levels in nAMD patients and controls. B). Total MMP9 levels in nAMD patients and controls mixed stratified
by rs142450006 genotype. C). Total MMP9 levels in nAMD patients and controls separately and stratified by
rs142450006 genotype. The non-risk allele of rs142450006 is depicted in green. Bars represent median values,
and whiskers represent interquartile ranges.

Active MMP9 levels were evaluated in a similar way. None of the comparisons showed a
significant difference, indicating that the nAMD and genotype were not associated with
active MMP9 plasma levels (Figure 2).
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Figure 2 - Active MMP9 levels in plasma samples of nAMD patients and controls. A). Comparison of active MMP9
levels in nAMD patients and controls. B). Active MMP9 levels in nAMD patients and controls mixed stratified
by rs142450006 genotype. C). Active MMP9 levels in nAMD patients and controls separately and stratified by
rs142450006 genotype. The non-risk allele of rs142450006 is depicted in green. Bars represent median values,
and whiskers represent interquartile ranges.

In this study, none of the investigated groups had significant differences in plasma TIMP3
levels. This suggests that neither the AMD status nor genotype of rs5754227 are associated
with systemic TIMP3 concentrations (Figure 3). To determine whether our study has
sufficient power, we performed a power analysis using the findings of Krogh-Nielsen et
al., 2019 [25]. Based on our power calculation, 35 controls and 35 AMD patients would be
sufficient to detect a significant difference in TIMP3 levels between the two groups with
81.6% power.
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Figure 3 - TIMP3 levels in plasma samples of nAMD patients and controls. A). Comparison of TIMP3 levels in nAMD
patients and controls. B). TIMP3 levels in nAMD patients and controls mixed stratified by rs5754227 genotype. C).
TIMP3 levels in nAMD patients and controls separately and stratified by rs5754227 genotype. The non-risk allele
of rs5754227 is depicted in green. Bars represent median values, and whiskers represent interquartile ranges.
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Discussion
In this study, we detected elevated plasma levels of total MMP9 in nAMD patients
compared to controls, whereas the concentration of active MMP9 was similar in both
groups. The risk-conferring genotype of rs142450006, TTTTC/TTTTC, resulted in higher
total MMP9 levels compared to the heterozygous and non-risk T/T genotype. When we
compared homozygous carriers for the major TTTTC allele only, the increase of MMP9
among nAMD patients remained significant. These results indicate that both nAMD and
genotype are associated with increased systemic pro-MMP9 levels independently of each
other.
Increased MMP9 levels were found previously in AMD patients with and without CNV [24].
Krogh Nielsen et al., 2019, reported higher MMP9 levels in the plasma of patients with GA,
but not in nAMD patients [25]. The lack of association in the latter group might be due to
the small sample size (46 nAMD patients and 33 controls) of that study. Although these
two studies both found increased MMP9 levels in GA patients, the genetic association
of MMP9 with AMD was exclusively described with nAMD [6]. The present study was the
first to investigate and identify an association of this nAMD-associated variant with MMP9
protein levels.
MMP9 is expressed in a wide variety of cell types, including blood cells like neutrophils,
platelets and macrophages, which release pro-MMP9 into the circulation [28-30].
The association signal near MMP9 is located 22 kb upstream of the gene [6] but might
still influence the gene expression of MMP9 and other genes. Currently no expressed
quantitative trait loci (eQTL) for variants in or near the MMP9 gene are known in any of
the tissues examined by the Genotype-Tissue Expression (GTEx) database (which does
not include eye tissues) [31]. However, a recent transcriptomics analysis in the human eye
revealed an eQTL in the MMP9 locus in retinal tissue [32]. The strongest association was
between rs3918251 (located at approximately 24 kb distance of rs142450006) and the
expression of SLC12A5-AS1. This gene transcribes a long non-coding RNA, an anti-sense
RNA for MMP9. Although we cannot explain the association between rs142450006 and
MMP9 plasma levels by a direct regulatory effect of this variant on MMP9 RNA levels,
neighboring variants within the MMP9 locus might influence MMP9 expression via the
transcriptional regulation of SLC12A5-AS1. This might lead to a local effect on MMP9
expression in the retina.
An increase in systemic MMP9 might reflect the altered regulation of the ECM. In various
types of cancers, MMP9 has been shown to be a biomarker for metastasis and prognosis
[17,33-35]. Upregulation of MMP9 in cancers is often accompanied with an increase in
VEGF, which together stimulate angiogenesis that contributes to metastasis [18,36-40].
MMP9 can liberate VEGF sequestered to the ECM via cleavage of the heparan sulphates
[40,41]. Interestingly, MMP9 has also been shown to be involved in angiogenic signaling
in RPE cells. The upregulation and activation of MMP9 occurs in ARPE19 cells in response
to complement activation, resulting in the release of VEGF from the ECM and creating a
proangiogenic environment [42]. The upregulation of the MMP9 gene expression caused
by hypoxia in cultured RPE cells also leads to increased VEGF expression and secretion [43].
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In cancer cells and animal models, MMP9 inhibitors have been shown to have an antiinvasive effect [38,44-46]. Phase I, II and III clinical trials are currently ongoing to explore
the effect of one MMP9 inhibitor, andecaliximab, on different cancers [47,48]. Given these
examples from the cancer research field and the results of this study, MMP9 might be
considered as a therapeutic target in nAMD, particularly for individuals carrying the riskconferring allele of rs142450006. Currently, nAMD patients are treated with anti-VEGF. This
improves visual acuity in many, but not all cases [49]. Inhibiting MMP9 might be even
more effective because it acts further upstream in the pathway than does VEGF and could
inhibit pathogenesis at an earlier stage.
In addition to its protease activity, MMP9 has non-enzymatic functions that can also be
performed by pro-MMP9 [50]. Through its hemopexin (PEX) domain, pro-MMP9 can bind
to membrane proteins at the cell surface (such as CD44, integrins and Ku protein). This can
lead to the regulation of cell survival, migration and angiogenesis [50-52]. The increase of
only pro-MMP9 levels in nAMD patients in this study might indicate that the non-catalytic
activities of MMP9 are most important in AMD pathogenesis. In this case, inhibition
of the PEX domain of MMP9 might be most beneficial for nAMD patients. A study in a
tumor xenograft model showed that specific inhibition of the PEX domain of MMP9,
while leaving the catalytic function intact, resulted in a decrease of tumor growth and
lung metastasis via the inhibition of cell migration and proliferation [53]. Another study
showed that human microvascular endothelial cells (HMECs) treated with the conditioned
medium of glioblastoma cells transfected with the PEX domain of MMP9 resulted in
reduced migration and capillary-like structure formation. These cells also exhibited
decreased VEGF secretion and VEGF receptor-2 protein levels [52]. These results indicate
that through these mechanisms, pro-MMP9 might be involved in regulating angiogenesis
in nAMD patients. Further experiments are needed to evaluate whether targeting MMP9
at the PEX domain will be effective in nAMD.
A previous evaluation of plasma TIMP3 detected decreased levels in nAMD patients, but
we did not detect any significant differences between nAMD cases and controls in the
current study [25]. A power analysis based on the findings of Krogh-Nielsen et al., 2019,
suggests that our study is not underpowered. Therefore, our study did not confirm the
previous finding of lower TIMP3 levels in nAMD patients.
TIMP3 is an interesting protein to investigate in the context of AMD, especially because
mutations in this gene are the cause of SFD, an inherited form of macular degeneration
that can present with choroidal neovascularization [21,23]. However, the AMD-associated
variant near TIMP3 was not associated with plasma TIMP3 levels in our study. A potential
effect of this variant might be difficult to detect with the current sample size, or it might
not be reflected in the circulation.
In conclusion, the results of our MMP9 analyses indicate that nAMD patients have on
average higher systemic MMP9 levels than do control individuals. This finding might be an
interesting starting point for further exploration of MMP9 as a therapeutic target in nAMD,
particularly for individuals who carry the risk-conferring allele of rs142450006.
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Supplementary figure 1 – Total MMP9 levels plotted against age (A), gender (B), BMI (C) and smoking (D). None
of these factors are significantly associated with total MMP9 levels. For A and C; medians and errors are shown.
For B and D; bars represent median values and whiskers represent interquartile range.
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Supplementary figure 2 – Active MMP9 levels plotted against age (A), gender (B), BMI (C) and smoking (D).
None of these factors are significantly associated with active MMP9 levels. For A and C; medians and errors are
shown. For B and D; bars represent median values and whiskers represent interquartile range.
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Abstract
Purpose
A protein quantitative trait locus (pQTL) analysis recently revealed a strong association of
hemopexin (HPX) levels with genetic variants at the complement factor H (CFH) locus. In
this study we aimed to determine hemopexin (HPX) plasma levels in age-related macular
degeneration (AMD) patients compared to controls, and to investigate whether genetic
variants at the CFH locus are associated with HPX plasma levels.
Methods
HPX levels were quantified in 200 advanced AMD cases and 200 controls using
enzyme linked immunosorbent assay (ELISA) and compared between the two groups.
Furthermore, HPX levels were analyzed per genotype group of three HPX-associated
variants (rs61818956, rs10494745 and rs10801582) and four AMD-associated variants
(rs794362 (proxy for rs187328863), rs570618, rs10922109 and rs61818924 (proxy for
rs61818925)) at the CFH locus.
Results
HPX levels were similar in the control group compared to the AMD group. The three
variants at the CFH locus which were associated with HPX levels previously, showed no
association with HPX levels in our dataset. Also no significant differences were detected
for HPX levels between the different genotype groups of AMD-associated variants at the
CFH locus.

Abstract

Conclusions
HPX levels were not associated with AMD nor with AMD-associated variants at the CFH
locus. The previous pQTL study describing associations of variants at the CFH locus with
HPX levels was also not confirmed in this study.
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Introduction
Age-related macular degeneration (AMD) is a mulitfactorial eye disease and a common
cause of vision loss in the elderly population. [1, 2] An substantial fraction of the genetic
heritability has been identified in large genome-wide association studies (GWAS) for AMD.
[3] Among the strongest association signals are genetic variants at the complement factor
H (CFH) locus, which encompasses the CFH gene and complement factor H related genes
(CFHR1, CFHR2, CFHR3, CFHR4, CFHR5). Several of the AMD GWAS variants at the CFH locus
have been associated with altered factor H (FH) or factor H related (FHR) protein levels in
plasma. For example, the genotype of rs6677604, an intronic variant in CFH, was associated
with plasma FH and FHR1 levels. [4] Furthermore, four AMD-associated variants at the
CFH locus (rs10922109, rs570619, rs187328863 and rs61818925) have been shown to be
associated with FHR4 levels in blood. [5] These alterations in FH and FHR protein levels are
thought to contribute to AMD pathogenesis. [4, 5]
Three other variants at the CFH locus were found to be strongly associated in trans with
hemopexin (HPX) levels in a large protein quantitative trait locus (pQTL) analysis. [6] HPX
binds heme in the blood with high affinity and transports it to the liver. This prevents
the accumulation of reactive oxygen species. [7] The three HPX-associated variants are
located in exon 10 of CFHR4 (rs10494745; leading to a glycin to glutamic acid amino acid
substitution), intergenic between CFHR2 and CFHR5 (rs10801582) and intronic in CFHR4
(rs61818956). Remarkably, these three variants together explain 61% of the variance in
HPX levels. [6] Lower CFHR4 expression levels were also associated with lower HPX protein
levels. Furthermore, rs10494745 is an expression quantitative trait locus (eQTL) for RNA
expression levels of CFHR4 in the liver. [6, 8] This suggests there might be co-regulation
between FHR4 and HPX.
HPX belongs to the acute-phase proteins, which are upregulated in expression in response
to inflammation. [7] HPX may also be involved in regulation of the complement system
via its regulation of free heme levels. Heme is able to bind complement component 3
(C3) and thereby activates the alternative pathway of the complement system. [9, 10]
Interestingly, in a mouse model with sickle cell disease (SCD) it was shown that heme
triggered complement activation, but this effect was attenuated by addition of HPX. [11]
Via scavenging of heme, HPX could function as a complement inhibitor. The FHR proteins
on the other hand are thought to hinder complement inhibition. They compete with FH
for binding to C3b, a fragment that is formed after cleavage of C3 which triggers further
activation of the complement system. While FH induces cleavage of C3b and thereby
inhibition of complement activation, the FHR proteins only bind to C3b without triggering
its degradation. [5, 12] Taken together, this suggests that HPX is functionally linked to
the complement system, and the association between HPX levels and variants at the CFH
locus might be relevant in the context of AMD pathogenesis.
In this study, we aimed to investigate HPX levels in plasma samples of AMD cases compared
to controls. Furthermore, we determined the genotypes of the HPX-associated variants
[6] and the AMD-associated variants [3] at the CFH locus in all subjects, and investigated
whether they are associated with plasma HPX levels.
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Methods
Study population
200 controls and 200 advanced AMD patients (including 177 with neovascular AMD and 23
with geographic atrophy) from the European Genetic Database (EUGENDA) were selected
for this study. EUGENDA is a multicenter database for the clinical and molecular analysis
of AMD collected at the Radboud University medical center, Nijmegen, The Netherlands,
and at the University Hospital of Cologne, Cologne, Germany. The study was performed
in accordance with the tenets of the Declaration of Helsinki and the Medical Research
Involving Human Subjects Act. Approval of the local ethics committee of both university
hospitals was obtained, and written informed consent was acquired from all participants.
All the individuals included in the study agreed to plasma measurements and genotyping.
AMD and control status were assigned by multimodal image grading according to the
standard protocol of the Cologne Image Reading Center by certified graders. [13] Each
AMD sample was age-matched (+/- 2 years) to a control sample.
For all samples, genotype information was available in our EUGENDA database. We
did not select samples based on genotypes, to prevent a potential bias in the data,
but we retrieved genotypes of HPX-associated variants (rs61818956, rs10494745 and
rs10801582) and AMD-associated variants at the CFH locus [3] after selecting the samples.
Since the minor alleles of four out of eight AMD-associated variants at the CFH locus were
rare in our study population, we only included the four common variants for analyzing
the association between genotypes and HPX levels: rs794362 (proxy for rs187328863),
rs570618, rs10922109 and rs61818924 (proxy for rs61818925).
Genotyping
Blood was drawn in EDTA tubes, which were subsequently centrifuged and the cell pellets
were used for DNA isolation within 72 hours or otherwise stored at -80°C. Genomic DNA
was extracted using Chemagen chemistry on a Hamilton robot. A custom-designed
HumanCoreExome array by Illumina (Illumina Inc., San Diego, CA) was used to genotype
the samples within the International AMD Genomics Consortium. All details regarding the
design of the array, annotation, imputation, and quality control of the genotype data have
been described previously. [3]
HPX quantification
Plasma was obtained by a standard centrifugation protocol, and within 1 hour after blood
withdrawal the samples were stored at −80°C. ELISAs were outsourced to Tebu-bio Europe,
Le Perray en Yvelines, France. The Raybiotech Human Hemopexin ELISA kit (Ref. ELH-HPX,
lot 1113202126; Tebu-bio Europe, Le Perray en Yvelines, France) was used to quantify HPX
levels. All samples were analyzed in duplicate. The two replicates deviated less than 10%
from each other.
Statistical analysis
Data analysis was performed using SPSS for Windows version 22 (SPSS IBM, New York, USA).
Two-tailed Mann-Whitney U tests were used to determine possible associations between
HPX levels and gender or smoking. Linear regression was used (after log transformation of
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the data) to test possible associations between HPX levels and age or BMI. Since gender,
BMI and smoking were found to be associated with HPX levels (p < 0.05), we corrected
for these factors when comparing HPX levels in AMD cases vs. controls and between the
different genotype groups, by using a multivariate analysis after log transformation of the
data. When comparing AMD cases to controls, the effect was considered significant if p <
0.05. When comparing HPX levels between the different genotype groups, we corrected
for multiple testing, therefore p < 0.00625 is needed for significance.
Results and discussion
To investigate whether AMD status is associatied with HPX levels, HPX was quantified in
plasma samples of 200 advanced AMD cases and 200 controls (Table 1). We first analyzed
whether HPX levels were associated with age, gender, BMI and smoking behavior. We
found associations between HPX levels and gender (p=0.001), BMI (p=0.003) and smoking
(p=0.012) (Figure 1; Table 2). Next, we determined whether HPX levels differed between
AMD cases and controls in a multivariate analysis correcting for gender, BMI and smoking.
HPX levels did not differ between AMD cases (median 820.9 μg/ml (25% percentile 748.3,
75% percentile 912.0) and controls (median 829.7 μg/ml (25% percentile 756.3, 75%
percentile 911.5; p=0.137) (Figure 2).

Table 1 – AMD cases and controls used for HPX measurements. For the variants, the number of subjects per
genotype group are given.

Mean age (years)
Gender distribution
Male
Female
Mean BMI (kg/m2)
Number of smokers
Current
Never
Past
Not known
rs61818956
CC
CT
TT
rs10494745
GG
GA
AA
rs10801582
GG
GA
AA

AMD cases (nvAMD: n=177 and
GA: n=23, total: n=200)
76.3

Controls (n=200)
74.9

97 (48.5%)
103 (51.5%)
26.5

96 (48.0%)
104 (52.0%%)
26.4

25 (12.5%)
61 (30.5%)
84 (42.0%)
30 (15.0%)

6 (3.0%)
90 (45.0%)
103 (51.5%)
1 (0.5%)

103 (51.5%)
78 (39.0%)
19 (9.5%)

129 (64.5%)
60 (30.0%)
11 (5.5%)

155 (77.5%)
42 (21.0%)
3 (1.5%)

177 (88.5%)
21 (10.5%)
2 (1.0%)

150 (75.0%)
47 (23.5%)
3 (1.5%)

131 (65.5%)
60 (30.0%)
9 (4.5%)

5

150 | Chapter 5

AMD cases (nvAMD: n=177 and
GA: n=23, total: n=200)

Controls (n=200)

176 (88.0%)
24 (12.0%)
0 (0%)

189 (94.5%)
11 (5.5%)
0 (0%)

70 (35.0%)
95 (47.5%)
35 (17.5%)

17 (8.5%)
98 (49.0%)
85 (42.5%)

130 (65.0%)
58 (29.0%)
12 (6.0%)

50 (25.0%)
107 (53.5%)
43 (21.5%)

15 (7.5%)
83 (41.5%)
102 (51.0%)

23 (11.5%)
94 (47.0%)
83 (41.5%)

rs794362
AA
AG
GG
rs570618
TT
TG
GG
rs10922109
CC
CA
AA
rs61818924
TT
TA
AA

Table 2 – Results of association analysis between HPX levels and gender, smoking, age and BMI
p-value
Gender

0.001

Male

797.2 μg/ml (25% percentile: 727.9, 75% percentile: 876.0)

Female
Smoking

Median HPX levels per group / R2 of the regression

858.3 μg/ml (25% percentile: 777.2, 75% percentile: 933.7)
0.012

Current

774.9 μg/ml (25% percentile: 672.3, 75% percentile: 910.3)

Past

827.9 μg/ml (25% percentile: 751.5, 75% percentile: 910.3)

Never

837.6 μg/ml (25% percentile: 755.9, 75% percentile: 930.4)

Age

0.098

R2 = 0.0030; Beta = 0.056

BMI

0.003

R2 = 0.022; Beta = 0.150
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Figure 1 – HPX levels plotted against gender, smoking, age and BMI. A and B: Bars represent median values and
whiskers represent interquartile range. C and D: HPX levels were log-transformed to perform linear regression.
Gender, smoking and BMI were significantly associated with HPX levels, see Table 2.
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Figure 2 – HPX levels in controls vs. AMD patients. Bars represent median values and whiskers represent
interquartile range.
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We then determined the genotypes of the HPX-associated variants rs61818956,
rs10494745 and rs10801582 identified in the pQTL study by Suhre et al. 2016 [6], and
tested whether we could confirm the assocation of these variants with HPX levels in
our dataset. This was not the case, as we did not observe significant differences in HPX
levels between any of the genotype groups (Figure 3; rs61818956: p=0.220, rs10494745:
p=0.328, rs10801582: p=0.415). Finally, we determined the genotypes of the AMDassociated variants at the CFH locus identified by Fritsche et al. 2016 [3]. For four common
variants (rs794362, rs570618, rs10922109 and rs61818924), the minor allele was frequent
enough in our study population to assess whether the genotypes of these variants were
associated with HPX levels. We did not detect a significant association for any of these
variants with HPX levels (Figure 4; rs794362: p=0.397, rs570618: p=0.027, rs10922109:
p=0.080, rs61818924: p=0.270).
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rs61818956
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Figure 3 – HPX levels in the different genotype groups of variants that were found to be associated with
HPX levels previously. [6] Three HPX-associated variants were analyzed: rs61818956 (A), rs10494745 (B) and
rs10801582 (C). Bars represent median values and whiskers represent interquartile range.

An association between the HPX-associated variants detected by Suhre et al. 2016 [6] and
HPX levels could have been expected in our study, given the clear effect detected in their
study (rs10494745: Beta=-1.025, p=1.804*10-52, rs10801582: Beta=-0.737, p=1.104*10-49,
rs61818956: p=1.13*10-74; found after imputation). A possible explanation for our negative
result may be the smaller sample size of our study. Suhre et al. 2016 used 1000 subjects
in the discovery cohort and 338 in the replication cohort for quantification of HPX levels
using mass spectrometry based proteomics [6], while our cohort consisted of 200 AMD
cases and 200 controls.

Analysis of hemopexin plasma levels in AMD | 153

HPX (μg/ml)

A.

1500

B.
1500

1000

1000

500

500

0

A/G

A/A

0

T/T

T/G
rs570618

G/G

T/T

T/A
rs61818924

A/A

rs794362

HPX (μg/ml)

C.

1500

D.
1500

1000

1000

500

500

0

0
C/C

C/A
rs10922109

A/A

Figure 4 – HPX levels in the different genotype groups of variants in the CFH locus that were found to be
associated with AMD. [3] Four AMD-associated variants were analyzed: rs794362 (A); this is a proxy for
rs187328863, rs570618 (B), rs10922109 (C) and rs61818924 (D); this is a proxy for rs61818925. Bars represent
median values and whiskers represent interquartile range.

The HPX-associated variant rs10494745 also regulates expression of CFHR4 in the liver,
and expression of CFHR4 is associated with HPX protein levels, which suggests that
HPX and FHR4 might be (partly) regulated by the same variants. As FHR4 levels are also
thought to be important for AMD, we hypothesized that the AMD-associated variants at
the CFH locus might also regulate HPX levels. However, we did not detect any significant
associations between AMD-associated variants and HPX levels. This suggests that the
variants regulating HPX levels are not variants that also contribute to AMD. In accordance
with this observation, we determined whether the HPX-associated variants are in linkage
disequilibrium with any of the AMD-associated variants, but this was not the case.
In conclusion, HPX levels were not associated with AMD nor with AMD-associated variants
at the CFH locus. The previous pQTL study describing associations of variants at the CFH
locus with HPX levels was also not confirmed in this study.
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Abstract
Age-related macular degeneration (AMD) has been associated with protective genetic
variants in the β1-3 glucosyltransferase (B3GLCT) locus through genome-wide association
studies. B3GLCT mediates modification of proteins with thrombospondin type I repeats
(TSR) that contain O-linked glucose β1-3 fucose and C-linked mannose glycosylation
motifs. B3GLCT-mediated modification is required for proper secretion of TSR-containing
proteins. We aimed to start understanding the role of B3GLCT in AMD by evaluating its effect
on glycosylation and secretion of proteins from retinal pigment epithelium (RPE) cells.
We generated B3GLCT knockout (KO) RPE cells and analyzed glycosylation and secretion
of thrombospondin 1 (TSP1), a protein involved in cellular processes highly relevant to
AMD. Glycopeptide analysis confirmed the presence of the glucose-β1,3-fucose product
of B3GLCT on TSP1 in wildtype (WT) cells and its absence in KO cells. C-mannosylation was
variably present on WT TSP1 and increased on TSR domains 1 and 3 in KO cells. Secretion
of TSP1 was not affected by the absence of B3GLCT, even not when TSP1 was upregulated
by TNFα treatment or when TSP1 was overexpressed in HEK293T cells. Future research
is needed to elucidate the effect of the observed glycosylation defects in the context of
AMD, which might involve functional loss of TSP1 or effects on other TSR proteins.
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1. Introduction
Genetic variants near the β1-3 glycosyltransferase (B3GLCT, previously known as B3GALTL)
gene have been associated with reduced risk of age-related macular generation (AMD),
the most common cause of vision loss in the elderly population. (Fritsche et al., 2016;
Wong et al., 2014) AMD is a multifactorial eye disease causing progressive degeneration
of the macula, the central region of the retina responsible for sharp vision. (Lim et al., 2012)
The pathological process takes place at the interface of the choroid, the retinal pigment
epithelium (RPE) and the photoreceptor cells of the macula. RPE cells have important
supportive functions for the photoreceptor cells, like providing nutrients and clearing
waste products. (Marmor, 1975; Strauss, 2005) RPE dysfunction is thought to play a major
role in the development of AMD, resulting in degeneration of the photoreceptor cells in
the macula and consequently leading to loss of central and sharp vision.
A large genome-wide association study (GWAS) identified 52 variants at 34 loci that are
independently associated with AMD. (Fritsche et al., 2016) The function of gene products at
these loci cluster into four main biological pathways, which are thought to be important for
the development of AMD: the complement system, extracellular matrix (ECM) remodeling,
lipid metabolism and angiogenesis. One of the GWAS signals (rs9564692) is located in
the B3GLCT gene, affecting the splice donor site of exon 5 (NM_194318.4:c.347+4C>T).
The minor (T) allele of rs9564692 is associated with a decreased risk for AMD (odds ratio
0.90, p-value rs9564692). (Fritsche et al., 2016) Recent transcriptome-wide analysis and
expression quantitative trait locus (eQTL) mapping demonstrated that the minor (T)
allele of rs9564692 is associated with reduced B3GLCT RNA expression levels in the retina.
(Ratnapriya et al., 2019) Co-localization analysis of the GWAS and eQTL genetic signals
demonstrated that the same genetic variant drives both reduced AMD risk and reduced
B3GLCT expression, identifying B3GLCT as the causative gene for AMD at this locus.
(Orozco et al., 2020) Taken together, these findings suggest that reduced B3GLCT levels
are protective for AMD. However, knowledge is currently lacking on the role of reduced
B3GLCT expression on the AMD disease mechanisms.
B3GLCT is a β1-3 glucosyltransferase that glycosylates proteins at serine or threonine
residues within thrombospondin type 1 repeat (TSR) domains. The consensus sequence
CXX[S/T]CXXG (Haltiwanger et al., 2015; Luo et al., 2006) is first recognized and fucosylated
by protein O-fucosyltransferase POFUT2, and subsequently elongated with a β1-3 linked
glucose residue by B3GLCT. The glucose β1-3 fucose (GlcFuc) modification on TSR domains
has been shown to be involved in a noncanonical endoplasmatic reticulum (ER) quality
control mechanism. (Vasudevan et al., 2015) Glycosylation takes place on properly folded
TSR domains in the ER, which ensures a more stable folding.
Several TSR-containing proteins have been shown to require O-fucosylation for secretion,
since only very few of these proteins are secreted from POFUT2 knockdown (KD) or
knockout (KO) cells. (Dubail et al., 2016; Vasudevan et al., 2015; Zhang et al., 2020a) It has
been suggested that the glucose residue in the GlcFuc disaccharide is not equally important
for secretion of all TSR-containing proteins. For example, secretion of ADAMTSL1 and a
recombinant protein containing three TSR domains of TSP1 was strongly reduced (~10%
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of secretion remaining relative to control) in HEK293T cells upon B3GLCT KD, whereas
the secretion of ADAMTS13 was unaffected by knockdown of B3GLCT. (Vasudevan et al.,
2015) In a similar experiment in HEK293F cells, secretion of ADAMTS9 was reduced to
approximately 30% after B3GLCT KD. (Dubail et al., 2016) Interestingly, the secretion of
ADAMTSL2 was shown to be severely impaired in HEK293T KD cells (Vasudevan et al.,
2015), while secretion was unaffected by another study in HEK293T KO cells. (Zhang
et al., 2020a) Next to O-fucosylation of serine or threonine residues, TSR domains
are also C-mannosylated on tryptophan residues. Recent studies demonstrated that
C-mannosylation contributes to efficient secretion of some, but not all, TSR-containing
proteins. (Buettner et al., 2013; Niwa et al., 2016; Shcherbakova et al., 2019; Shcherbakova
et al., 2017)
In humans, there are 49 proteins with one or more TSR domains that contain the consensus
sequence for O-fucosylation. (Vasudevan et al., 2015) These proteins are involved in e.g.
ECM organization, regulation of angiogenesis, neuronal guidance, cell adhesion and
cell signaling. (Du et al., 2010; Heinonen and Maki, 2009) Since ECM remodeling and
angiogenesis are both considered as important pathways in AMD pathogenesis, altered
B3GLCT-mediated glycosylation of one or more TSR domain-containing proteins could
potentially influence the AMD disease process. (Fritsche et al., 2016) Interestingly, a
genetic variant near the gene encoding one of the TSR-containing proteins, ADAMTS9,
has been associated with AMD via GWAS. (Fritsche et al., 2016) Whether genetic variants at
the B3GLCT and ADAMTS9 loci might be involved in AMD through similar disease pathways
remains to be elucidated.
As a first step to unravel the mechanisms of B3GLCT in AMD pathogenesis, we aimed
to explore the effect of reduced B3GLCT expression in RPE cells. First, we identified
thrombospondin 1 (TSP1) as most highly expressed and secreted TSR-containing protein
in RPE cells. Subsequently, we generated WT and B3GLCT KO RPE and HEK293T cell lines
and analyzed the glycosylation profile and secretion efficiency of TSP1 in the different cell
models.

2. Methods
2.1 Cell culture
hTERT RPE1 cells (Bodnar et al., 1998) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Sigma Aldrich) and F12 (Sigma Aldrich) in a 1:1 ratio, supplemented with 10%
fetal calf serum (FCS), 1% sodium pyruvate (Sigma Aldrich) and 1% Penicillin-Streptomycin
(pen/strep) (Sigma Aldrich). ARPE19 cells (Dunn et al., 1995) were cultured in the same
medium, with an addition of 7.5% (v/v) NaHCO3 (Sigma Aldrich). HEK293T cells (Graham
et al., 1977; Stepanenko and Dmitrenko, 2015) were cultured in DMEM with 10% FCS, 1%
sodium pyruvate and 1% pen/strep. All cells were kept at 37 ⁰C under a 5% CO2 atmosphere.
2.2 Generation of B3GLCT knockout cell lines by CRISPR/Cas9 genome editing
Knockout of B3GLCT was performed by clustered regularly interspaced short palindrome
repeats (CRISPR)/Cas9 genome editing as described previously. (Ran et al., 2013) sgRNAs

Loss of B3GLCT affects glycosylation of TSP1 but not its secretion from RPE cells | 161

were designed with use of the online design tool Chopchop. (Labun et al., 2016; Labun et
al., 2019; Montague et al., 2014) Four sgRNAs were initially tested (Supplementary Table
1) for their genome editing efficiency, of which one was selected for all experiments:
5’-CTCTACATCTGGGACAAAGGCGG-3’ targeting exon 9 of B3GLCT. The oligo was ligated
into the pSpCas9(BB)-2A-GFP plasmid (PX458; Addgene plasmid ID: 48138), and the
resulting construct was transformed in competent DH5α cells. (Ran et al., 2013)
hTERT RPE1, ARPE19 and HEK293T cells were seeded on a 6-well plate and were aimed
to reach approximately 80% confluency on the day of transfection. 1 µg of plasmid
was transfected using 3 µL lipofectamine 2000 (Life Technologies) according to the
manufacturer’s instructions. 48h after transfection, cells were sorted based on GFP
expression by flow cytometry (5-laser FACSAria II cell sorter, BD Biosciences). GFP-positive
cells were seeded at a single cell per well in a 96-well plate containing 30% conditioned
medium (taken from WT cell cultures) and 70% fresh medium. For ARPE19 cells, two or
three cells were seeded per well in order to improve survival after sorting.
After expansion of the cells, DNA from approximately 10 colonies was pooled and
isolated using the QIAamp DNA Mini Kit (Qiagen). PCR was performed to amplify the
target region in exon 9 (primer sequences provided in Supplementary Table 1 (in bold))
and the Surveyor Mutation Detection Kit (Integrated DNA Technologies) was used to
screen the DNA for mutations. If DNA editing was present in the pool of cells, each colony
was screened individually for mutations in the target region using Sanger sequencing.
Mutation-containing ARPE19 cells, which were expanded from two or three cells per well
after genome editing, were single-cell sorted with FACS. After expansion of the single
cells, several colonies were screened for mutations to ensure that clonal B3GLCT KO cell
lines were selected.
To investigate the effect of the mutations on RNA level, RNA was isolated from all KO cell
lines using the Nucleospin RNA Kit (Macherey, Nagel & Co). The iScript cDNA Synthesis Kit
(Bio-Rad) was used to synthesize cDNA. A region encompassing the target sequence was
amplified with a forward primer in exon 1 (3’-TCCCTGGCTTTTGGTTTG-5’) and a reverse
primer in exon 9 (3’- CAGTAGAAGTCCACGTCATTGG-5’), and the resulting PCR product was
sequenced by Sanger sequencing.
We selected cell lines harboring insertion and deletion mutations in the B3GLCT gene for
further analysis. We chose one ARPE19 cell line carrying a single heterozygous KO allele
of B3GLCT, two ARPE19 cell lines carrying compound heterozygous B3GLCT KO alleles,
one hTERT RPE1 cell line carrying compound heterozygous B3GLCT KO alleles, and one
HEK293T cell line carrying compound heterozygous B3GLCT KO for experiments in this
study (Figure 1).
2.3 Expression of TSP1 in WT and KO cell lines
Before transfection, pCMV3-THBS1-C-FLAG (Sino Biological) was transformed in
competent DH5α cells, and the DNA was isolated using the Nucleospin® Plasmid EasyPure
kit (Machery-Nagel).
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All cell lines were seeded in a 6-well plate and allowed to reach approximately 80%
confluency on the day of transfection. 1 µg of plasmid was transfected in the WT and KO cell
lines using 3 µL of lipofectamine 2000 (Life Technologies) according to the manufacturer’s
instructions. 48 hours after transfection, conditioned media and cells were collected and
used for protein purification or Western blot analysis.
For protein purification, 100 µL of ANTI-FLAG M2 Affinity Gel (Sigma Aldrich) was pipetted
into a 15 mL tube and washed three times with 1x Tris-buffered saline (TBS; 0.5M Tris-HCl
pH 7.4, 1.5M NaCl). The TBS was removed and 6 mL of collected conditioned medium
was added to the beads, pipetting up and down to mix beads with medium. Tubes were
incubated for 1.5 hours in an intellimixer at 4 ⁰C. After 15 minutes on ice, the supernatant
was removed except for 1-2 mL. The residue of beads was transferred to Illustra Microspin
Columns (GE healthcare) and spun down 5 seconds at 3000 g. Supernatant was removed
and the column was washed three times with washing buffer containing 0.12% Triton
X-100 (Sigma Aldrich) in TBS. After each washing step, the columns were centrifuged for
1 minute at 4 ⁰C at 1000 g. FLAG peptide (5mg/ml; Sigma Aldrich) was diluted 25 times in
TBS and added to the column. After incubation for 15 minutes on ice, samples were spun
for 1 minute at 500 g at 4 ⁰C and the eluate was collected.
2.4 Sample preparation for mass spectrometric analysis of TSP1
50 µL of each collected eluate containing TSP1 was concentrated using SpeedVac for
approximately 2 hours until the samples were nearly dry. Subsequently, 7.5 µL 8M
urea (Sigma Aldrich) and 7.5 µL 100 mM dithiothreitol (DTT) (Sigma Aldrich) were
added, and samples were incubated for 30 minutes at room temperature. Alkylation
was performed by addition of 7.5 µL 50 mM 2-chloracetamide (Sigma Aldrich) in 50
mM ammoniumbicarbonate (Sigma Aldrich) and incubation for 30 minutes at room
temperature in the dark. 15 µL 50 mM ammoniumbicarbonate and 6 µL endoproteinase
Lys-C (Wako Chemicals) were added, and the samples were left at room temperature
for 3 hours. Next, 150 µL 50 mM ammoniumbicarbonate was added together with 6 µL
trypsin (12.5 ng/μL sequencing grade modified trypsin, Promega, Madison, WI, USA) and
incubated overnight at 37 ⁰C. 20 µL of the tryptic digest was additionally digested with
endoproteinase AspN (Promega) to include an additional cleavage site N-terminal to
aspartic acid. The trypsin was inactivated by heating the sample solution to 95 °C for 5
minutes. After cooling to room temperature, 0.05 µg of AspN in 10mM Tris-HCl (pH 8.0)
was added and digestion was performed overnight at 37 °C.
2.5 Glycopeptide analysis
2.5.1 LC-MS/MS measurements
Tryptic peptides and peptides after trypsin and AspN digestion were analyzed by
liquid chromatography with tandem mass spectrometry (LC-MS/MS). Chromatographic
separation was performed on a nano-LC system (nanoElute, Bruker) equipped with
a C18 column (0.075 x 150 mm, 1.9 um particle size, Bruker fifteen, Burker). Online MS
measurement was performed on an electrospray ionization trapped ion mobility –
quadrupole time of flight mass spectrometer (ESI-TIMS-QqTOF, timsTOF Pro, Bruker
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Daltonik) in positive ion mode without ion mobility separation. Mass calibration was
performed using sodium formate clusters prior to sample injection. The sample solutions
were diluted five times with de-ionized water, and 1 µL of diluted sample solution was
injected. Liquid chromatography was performed at 45 °C at a flow rate of 0.5 µL/minute.
The mobile phases were composed of solvent A: 0.1% formic acid (FA), 0.01% trifluoroacetic
acid (TFA) in water and B: 0.1% FA, 0.01% TFA in acetonitrile. The gradient was set as follows:
0 minutes, 2% B; 30 minutes, 44% B, 30.5 minutes, 96% B; 35 minutes, 96% B. ESI-MS spectra
were acquired using a captive spray nanoflow source with nanoBooster (Bruker Daltonik)
using acetonitrile as dopant. Source conditions were set with a nanoBooster pressure of
0.20 bar, at a drying temperature of 190 °C. Spectra were acquired between 150 and 3500
mass-to-charge ratio (m/z) with an acquisition rate of 10 Hz. Ions with charges ranging
from +2 to +5 were selected for collision-induced dissociation (CID) fragmentation with a
duty cycle time of 3 seconds.
2.5.2 Data interpretation
MS/MS spectra were extracted from raw date using DataAnalysis 5.2. (Bruker Daltonik)
compound extraction. Spectra were deconvoluted and exported as .mgf file for subsequent
glycopeptide identification using an in-house Mascot search engine (version 2.5.1.1.).
The SwissProt database was searched with Mascot MS/MS ion search with the following
parameters for tryptic peptides and glycopeptides: taxonomy: Homo sapiens; enzyme:
Trypsin; fixed modifications: Carbamidomethy (C); variable modifications: Hexose(1)
(W), Desoxyhexose(1) (ST), Desoxyhexose(1)Hexose(1) (ST), Oxidation (M), Gln -> pyroGlu (N-term Q); mass tolerance(MS): 20 ppm; MS/MS tolerance: 0.01 Da; charge states:
+2, +3, +4; significance threshold: 0.05. Similar settings were used to identify peptides
after tryptic and AspN digest except for modified enzyme settings. Further settings are
described in Supplementary Table 2.
After identification, the top four most intense isotopic peaks for the respective charge
state +2 or +3 were calculated and used for extracted ion chromatogram generation and
peak integration (Data Analysis 5.2, Bruker Daltonik).
2.6 Gene expression analysis using quantitative real-time PCR (qRT-PCR)
RNA was isolated from hTERT RPE1 cells and ARPE19 cells using the Nucleospin RNA Kit
(Macherey-Nagel & Co). An equal amount of RNA was used for cDNA synthesis using
the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s instructions.
cDNA was mixed with GoTaq qPCR Master Mix containing SYBR Green (Promega) in
combination with forward and reverse primers specific for the CTGF, CYR61, ADAMTSL4,
THBS1, ADAMTS1, ADAMTSL3, RSPO3 and GUSB genes (Supplementary table 3). The qPCR
program of the Applied Biosystems™ QuantStudio™ 5 Real-Time PCR system, 96 wells, was
set to: 1) 10 minutes at 95 ⁰C, 2) 15 seconds at 95 ⁰C, 3) 30 seconds at 60 ⁰C, 4) 40 cycles
of steps 2 and 3. The results were analyzed in QuantStudio Design & Analysis software
1.5. The fold change (2^-∆Ct) over housekeeping gene GUSB was used to compare gene
expression levels.
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2.7 Collection of conditioned medium to analyze secretion of endogenously produced TSP1
For measuring endogenously produced TSP1, conditioned medium and cells of one T75
flask were collected after reaching confluency: 3 days after splitting for hTERT RPE1 cells
and 7 days after splitting for ARPE19 cells. To increase TSP1 expression in ARPE19 cells, 10
ng/ml tumor necrosis factor α (TNFα; Sigma Aldrich) was added to the culture medium
for 4 days.
2.8 Protein extraction and Western blot analysis
Cell pellets were washed with cold 1x phosphate-buffered saline (PBS, 10x; Sigma Aldrich),
and lysed by addition of radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris HCl pH
7.5; 150 mM NaCl; 1% NP40; 0.10% Sodium dodecyl sulfate; 0.5% sodium deoxycholate; 1
mM EDTA). The samples were incubated on ice for 10 minutes and centrifuged at 14,000 g
at 4⁰C for 10 minutes, after which the supernatant, containing the proteins, was collected.
Cell lysates and conditioned medium were used for SDS-PAGE on NuPAGE 4-12% BisTris
gel (Life technologies) and proteins were transferred to Amersham Protan 0.45 NC
nitrocellulose Western blotting membrane (GE Healthcare Life Sciences). Western blotting
was performed using primary antibodies against B3GLCT (rabbit anti-human; 1:1000;
Thermofisher Scientific), TSP1 (mouse anti-human; 1:250; Thermofisher Scientific), CTGF
(rabbit anti-human; 1:1000; Thermofisher Scientific) and CYR61 (rabbit anti-human; 1:200;
Thermofisher Scientific), and as loading controls PCNA (mouse anti-human; 1:500; Merck
Millipore), actin (mouse anti-human; 1:1000; Abcam), GAPDH (mouse anti-human; 1:1000;
Thermofisher Scientific), β-tubulin (rabbit anti-human; 1:1000; Abcam) and γ-tubulin
(rabbit anti-human; 1:1000; Abcam) were used. Secondary antibodies Alexa Fluor 680
(goat anti-mouse; 1:20,000; Molecular Probes) and IRDye 800 (goat anti-rabbit; 1:20,000;
LI-COR) were used. The membranes were scanned in an Odyssey CLx (LI-COR Biosciences),
and analyzed with Image Studio™ Software.
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3. Results
3.1 CRISPR/Cas9 genome editing yielded different B3GLCT KO cell lines
ARPE19 and hTERT RPE1 cells were selected as commonly studied RPE cell models, and
HEK293T cells as a control cell model. CRISPR/Cas9 genome editing was used to generate
B3GLCT KO lines. After applying CRISPR/Cas9 and selection of clonal cells, five cell lines
were chosen for further characterization (Figure 1A). In all cases, an individual repair
event in exon 9 of the B3GLCT gene had occurred on each allele, as derived from the
Sanger sequencing chromatograms (Figure 1B). Only for the hTERT RPE1 KO cell line, two
different sequences are shown for the two alleles (Figure 1B). This originates from the
large difference in size of the frameshift mutations on the two alleles (a 25-bp deletion
vs. a 353-bp insertion), which were separated on gel and sequenced separately. A 353-bp
insertion is not expected to result from non-homologous end joining. Sequence analysis
of the entire insertion showed that part of the PX458 plasmid (of the f1 bacteriophage
origin of replication) was inserted into exon 9 of the B3GLCT gene (Supplementary Figure
1). The mutations identified in all cell lines caused a frameshift in the open reading frame
of exon 9, except for the 18-bp deletion in ARPE19 KO2, which is expected to lead to an
in-frame deletion.
A.

ARPE19
CRISPR/Cas9
hTERT RPE1
HEK293T

Referred as
ARPE19 hz KO

Type of KO
Heterozygous

ARPE19 KO1

Compound
heterozygous
Compound
heterozygous
Compound
heterozygous
Compound
heterozygous

ARPE19 KO2
hTERT RPE1 KO
HEK293T KO

Mutaon
Allele 1: WT
Allele 2: c.684_685insAA
Allele 1: c.684_685insAA
Allele 2: c.683_684delAA
Allele 1: c.684delA
Allele 2: c.665_682delCCCTCTACATCTGGGACA
Allele 1: c.675_699delCTGGGACAAAGGCGGAGGACCTCCC
Allele 2: c.684_685ins353bp
Allele 1: c.684delA
Allele 2: c.682_694delAAAGGCGGAGGAC

Figure 1 – Characterization of B3GLCT mutations introduced by CRISPR-Cas9 genome editing and protein
expression in cell lines selected for further analysis. A. Overview of cell lines and the identified mutation events.
B. Sequence chromatograms showing mutations in exon 9 of the B3GLCT gene in all cell lines. Deletions are
indicated in red, insertions are red and underlined. Due to the large insertion in one of the alleles in hTERT RPE1
KO cells (353 bp), the two alleles could be distinguished on agarose gel and sequenced separately. C. Western
blots confirming the absence of B3GLCT protein in KO cells and reduced protein expression in the heterozygous
KO ARPE19 cell line. GAPDH and PCNA were used as loading controls.
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0
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0
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A
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0
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C.
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hTERT RPE1
KO
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HEK293T
WT KO
B3GLCT

GAPDH
PCNA

Figure 1 – (Continued)
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RNA from each cell line was analyzed for B3GLCT mRNA expression and for the presence
of the mutations identified on genomic DNA level. B3GLCT mRNA was detectable in all
cell lines, however, not all mutations were identified on RNA level. For hTERT RPE1 KO
cells, the large 353-bp insertion was not detected on RNA level (Supplementary figure
2A), while for ARPE19 KO2, the 1-bp deletion was absent. For the heterozygous ARPE19
cells, only RNA transcribed from the WT allele was detected, indicating that the allele with
1-bp insertion was not expressed. This indicates that the alleles for which the mutations
were not detected on RNA level are not expressed or the mutations destabilize the RNA.
All mutations that were detected in the cDNA corresponded to the identified genomic
mutations.
To further confirm the deleterious effect of the introduced mutations at the protein level,
Western blot analysis of B3GLCT was performed (Figure 1C). B3GLCT was absent in all KO
cell lines and reduced in the heterozygous ARPE19 KO cell line.
3.2 TSP1 represents a secreted TSR-containing protein expressed in RPE cell lines
We aimed to study secretion behavior of TSR-containing proteins from the WT and KO RPE
cell lines, since we hypothesized that B3GLCT might be involved in AMD pathogenesis
through its known role in secretion of such proteins. For this experiment, we first
investigated which TSR-containing proteins are most highly expressed in RPE cell lines,
and which of them are secreted. First, we performed a database search for genes encoding
TSR-containing proteins in the Ocular Tissue Database. (University of Iowa, 2021) The
seven genes coding for TSR-containing proteins with highest expression in RPE/choroid
were selected for RT-PCR analysis in both hTERT RPE1 and ARPE19 cell lines (Figure 2A and
B). The genes encoding connective tissue growth factor (CTGF), cysteine rich angiogenesis
inducer 61 (CYR61) and thrombospondin 1 (THBS1; protein name TSP1) showed the highest
expression, and were selected for protein expression followed by Western blot analysis in
hTERT RPE1 cells and their conditioned medium (Figure 2C). Both CTGF and CYR61 were
detected in cell lysates but not in conditioned medium, whereas TSP1 was only detected
in conditioned medium. Therefore, TSP1 was selected for studying secretion from WT and
B3GLCT KO RPE cells, and was used in all following experiments.
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Figure 2 – Gene and protein expression of TSR-containing proteins in RPE cell lines. Gene expression analysis of
genes coding for TSR-containing proteins in hTERT RPE1 cells (A) and ARPE19 cells (B). The seven genes presented
were selected for RT-PCR analysis since they are the most highly expressed genes encoding TSR-containing
proteins in RPE/choroid according to the Ocular Tissue Database. Gene expression levels are shown as fold
changes over housekeeping gene GUSB. C. Western blot analysis in hTERT RPE1 cell lysates and conditioned
medium (cm) of the three most highly expressed genes in RPE cell lines, to evaluate which of these proteins are
secreted. Actin, beta-tubulin and PCNA were used as loading controls.

3.3 Glycosylation profile of TSR domains of TSP1 produced in WT and B3GLCT KO
cell lines
To study the effect of B3GLCT knockout on the glycosylation of TSR-containing proteins,
thrombospondin 1 (TSP1) was produced in WT and B3GLCT KO cells and analyzed by mass
spectrometry. A plasmid expressing FLAG-tagged TSP1 was transfected in all cell lines,
and TSP1 was purified from the conditioned media using anti-FLAG-beads. Subsequently,
glycopeptides generated by tryptic digestion were analyzed by LC-MS/MS. Additionally,
tryptic glycopeptides were digested with the endoproteinase AspN (cleaving proteins
N-terminal to aspartic acid residues) to obtain shorter glycopeptides for LC-MS/MS
analysis to facilitate detection of TSR domains 1 and 3. Glycopeptides were identified using
a Mascot database search including the predicted modifications of serine and threonine
with the Fuc and GlcFuc motifs and C-mannosylation of tryptophan. All glycopeptides
were identified with a peptide ion score greater than 10 (Supplementary Table 2) and the
glycosylation results of WT TSP1 were in general in agreement with previously published
glycosylation data of TSP1. (Gonzalez de Peredo et al., 2002; Hofsteenge et al., 2001)
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Collision-induced-fragmentation resulted in fragmentation of the peptide backbone and
of the glycan-peptide linkage, precluding the exact determination of the tryptophan
residues that were C-mannosylated.
Analysis of the glycosylation profile was performed for the ARPE19 cell lines (WT, hzKO,
KO1 and KO2) and for WT and KO HEK293T cells (Figure 1A). Both ARPE19 and HEK293T cells
showed similar glycosylation distribution for all three TSR domains of WT TSP1. In ARPE19
KO cell lines, we observed a complete loss of the glucose modification on all three TSR
domains, whereas TSP1 produced by the KO HEK293T cell line still showed a minor amount
of GlcFuc modified glycopeptides (Supplementary Figures 3 and 4 and Supplementary
Table 4). Figure 3 shows the extracted ion chromatograms for TSR domains 1, 2 and 3 for
the ARPE19 cell lines. For TSR domain 1 (Figure 3A), we only detected a glycopeptide after
trypsin and AspN treatment as the theoretical tryptic peptide with a length of 31 amino
acids appeared to be too long for MS analysis. After additional AspN digestion, a peptide
with a length of 24 amino acids was detected for domain 1. The WT cell line showed a single
C-mannose linked tryptophan residue and a GlcFuc modification on serine as dominant
glycosylation profile (green chromatogram, peak 1). Minor amounts of glycopeptides with
O-fucosylation and one hexose modification (blue chromatogram, peak 2) were detected
at retention times of 19.0 and 20.6 minutes, indicating the absence of glucose and the
absence of mannose, respectively. In the heterozygous KO cell line, underglycosylated
peak 2 at 19.0 minutes became more pronounced, while it is the most abundant form
in both knockout lines (KO1 and KO2), in agreement with the absence of B3GLCT
resulting in loss of glycosylation. Interestingly, both KO cell lines also showed two novel
glycopeptides with two C-mannose modifications compared to one C-mannose modified
tryptophan in WT cells, indicating increased C-mannosylation. These glycopeptides are
found with (green chromatogram, peak 4) or without (red chromatogram, peak 3) fucose
modification.
TSR domain 2 also showed altered glycosylation profiles for the different ARPE19 cell lines
(Figure 3B). Here, the dominant glycosylation for the WT cell line shows modifications with
two C-mannose residues and one GlcFuc modification on threonine (green chromatogram,
peak 1). Similar to TSR domain 1, the heterozygous KO cell line showed the appearance of a
glycopeptide without glucose modification at 18.5 minutes, which become the dominant
form in KO1 and KO2 (blue chromatogram, peak 2). Glycopeptides after AspN digestion
for TSR domain 2 were detected but did not yield any additional information.
Figures 3D and 3E show the glycosylation profile for TSR domain 3 for both tryptic
glycopeptides (Figure 3D) and glycopeptides after treatment with trypsin and AspN
(Figure 3E). Here, the glycosylation profile of the heterozygous KO cell line was comparable
to the WT cell line, showing a single glycopeptide with GlcFuc modification at threonine
and an additional C-mannosylation for the tryptic glycopeptide (green chromatogram,
peak 1). The absence of glucose was only detected in the KO cell lines KO1 and KO2 (blue
chromatogram, peak 2). As observed for TSR domains 1 and 2 (Figure 3B and 3C), also TSR
domain 3 showed an increase in C-mannosylation in the KO cell lines, evident from the
appearance of a peak at 21.8 minutes for the tryptic glycopeptides (green chromatogram,
peak 3 in Figure 3D). The glycopeptide after tryptic and AspN treatment did not contain
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the tryptophan-rich region and shows the O-fucosylated threonine as only modification
(Figure 3E). Taken together, the absence of B3GLCT-attached glucose on all three TSR
domains of TSP1 was confirmed in the ARPE19 KO cell lines, and TSR domain 1 and 3
showed an increase in C-mannosylation.
A.
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Figure 3 – Glycopeptide profiling of the three TSR domains of TSP1 produced in WT and B3GLCT KO ARPE19 cell
lines. A. Schematic representation of the TSP1 domains and the glycopeptides generated from TSR domains 1-3
after digestion by trypsin and AspN. B. and C. Glycopeptide chromatograms after tryptic and AspN digest for
TSR domains 1 (B) and 2 (C) for ARPE19 cell lines. TSP1 produced from WT cells shows for both domains mainly
an expected glycosylation pattern with either one or two C-mannose residues and one GlcFuc motif (green
chromatograms) which is in good agreement with literature. (Gonzalez de Peredo et al., 2002; Hofsteenge et al.,
2001) The heterozygous KO cell line shows the appearance of a glycopeptide without glucose modification (blue
chromatogram), becoming the most abundant form in KO1 and KO2. D. and E. Glycopeptide chromatograms
after trypsin (D) and trypsin/AspN treatment (E) for TSR domain 3 of TSP1 produced in ARPE19 cells. Both WT and
heterozygous KO cell lines showed a similar glycosylation profile with a GlcFuc modification of threonine and an
additional C-mannosylation for the tryptic glycopeptide. In KO1 and KO2, the loss of glucose is observed as well
as an increase in C-mannosylation for the tryptic glycopeptide.
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3.4 TSP1 secretion is not affected by B3GLCT KO, not even after upregulation of TSP1
To evaluate whether knockout of B3GLCT affects TSP1 secretion from RPE cell lines, we
collected conditioned medium from all cell lines after reaching confluence (3 days after
splitting for hTERT RPE1 and 7 days for ARPE19). Western blot analysis showed that TSP1
was present in the medium from all cell lines and no apparent differences were observed
between WT and KO cells (Figure 4A). To determine whether there were differences in
THBS1 gene expression between the different cell lines, we extracted RNA from the same
cells used for Western blot analysis and performed qRT-PCR. THBS1 gene expression was
variable among the cell lines, but did not correlate with knockout of B3GLCT (Figure 4B).
These results suggest that glycosylation by B3GLCT is not required for RPE cell lines to
secrete TSP1.
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Figure 4 - Secretion of TSP1 protein and gene expression of THBS1 in WT and B3GLCT KO RPE cell lines. A.
Western blot analysis of TSP1 with conditioned medium (cm) and the corresponding cell lysates of hTERT RPE1
and ARPE19 cell lines. All experiments were performed in triplicate and representative Western blots are shown.
Actin was used as loading control. B. Gene expression analysis of THBS1 in the same cells as used for Western blot
analysis in (A). THBS1 gene expression is shown as fold change over housekeeping gene GUSB.

In order to generate a more dynamic system, and because TSP1 expression in ARPE19 cells
is low, we aimed to upregulate THBS1 gene expression in the WT and B3GLCT KO ARPE19
cell lines. For this purpose, cells were treated with TNFα for 4 days, which upregulated
THSB1 gene expression and TSP1 protein expression (Figure 5). Also in this experiment,
the same cells were used for both RT-PCR and Western blot analysis, and the TSP1 protein
levels corresponded well to the RNA levels in all cell lines (Figure 5). Also in this experiment
the TNFα-stimulated WT and KO cells produced and secreted similar levels of TSP1, and we
concluded that even after upregulation of TSP1, B3GLCT does not seem to be required for
TSP1 secretion.
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Figure 5 - Secretion of TSP1 protein and gene expression of THBS1 in WT and B3GLCT KO ARPE-19 cell lines
stimulated with TNFα. A. Western blot analysis of TSP1 in conditioned medium (cm) and the corresponding cell
lysates of ARPE19 cell lines with and without four days TNFα treatment (10 ng/ml). γ-tubulin functions as loading
control. B. Part of the collected cells were used for RNA extraction and RT-PCR analysis, thus the THBS1 gene
expression with and without TNFα treatment is shown for the same cells as used for Western blot analysis in A.
THBS1 gene expression is shown as fold change over housekeeping gene GUSB.

Finally, we aimed to investigate the secretion of overexpressed TSP1 in WT and KO HEK293T
cells, which do not express TSP1 endogenously. For this purpose, a plasmid expressing
TSP1 was transfected into the HEK293T cell lines, and cells and conditioned media were
collected 48h later for Western blot and qPCR analysis, in the same way as done for RPE
cells. TSP1 was found in similar amounts in the conditioned media of transfected WT and
KO HEK293T cells, and no TSP1 was detected in the cell lysates (Figure 6). These results
indicate that also TSP1-transfected HEK293T cells do not require B3GLCT to secrete TSP1.
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Figure 6 – Secretion of TSP1 protein and gene expression of THBS1 in WT and B3GLCT KO HEK293T cells. A.
Western blot analysis of TSP1 in conditioned medium (cm) and the corresponding cell lysates of WT and KO
HEK293T cell lines with and without transfection of TSP1 plasmid. γ-tubulin functions as loading control. B. Part
of the collected cells were used for RNA extraction and RT-PCR analysis, thus the THBS1 gene expression is shown
for the same cells as used for Western blot analysis in A. THBS1 gene expression is shown as fold change over
housekeeping gene GUSB.

5. Discussion
The number of functional follow-up studies to investigate the effect of AMD GWAS
hits is currently limited, but these studies are needed to gain understanding of disease
pathophysiology and to identify therapeutic targets. In this study, we aimed to take the
first steps in exploring potential functional consequences of altered B3GLCT expression in
AMD pathogenesis. Since reduced B3GLCT expression levels have been associated with
reduced risk for AMD, we used B3GLCT KO RPE cells as a model system to have a magnified
effect. We investigated the role of B3GLCT in protein glycosylation and secretion from WT
and KO RPE cells. We focused our analysis on TSP1 as target protein, since TSP1 is involved
in cellular processes highly relevant to AMD. TSP1 is the most predominantly secreted
B3GLCT target protein in the RPE, and we observed a number of changes. Glycosylation
of the three TSR domains of TSP1 was fully abrogated in B3GLCT knockout cell lines, while
C-mannosylation was found to be increased. However, secretion of TSP1 was not affected
in any of the B3GLCT knockout cell lines, not even when TSP1 was upregulated in ARPE19
cells by TNFα treatment or overexpressed in HEK293T cells. Possibly, B3GLCT KO cells
might be able to adapt their secretion machinery by increasing C-mannosylation on TSR
domains.
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TSP1 is a multifunctional matricellular protein involved in many physiological and
pathological processes, and has been shown to interact with at least 83 different
ligands, among them cellular receptors, ECM components, growth factors, cytokines
and proteases. (Resovi et al., 2014; Sid et al., 2004; Zhang et al., 2020b) TSP1 has been
proposed to be involved in AMD through its important roles in inhibition of angiogenesis,
phagocytosis, and mediation of immune suppression and immune privilege. (Farnoodian
et al., 2018; Housset and Sennlaub, 2015; Li et al., 2020; Wang et al., 2012) Furthermore,
TSP1 expression in Bruch’s membrane has been found to be reduced in donor eyes of
AMD patients compared to controls in two separate studies. (Bhutto et al., 2008; Uno et al.,
2006) Since a recombinant protein consisting of the first three TSR domains of TSP1 has
been shown to have severely reduced secretion in B3GLCT KD cells (Vasudevan et al., 2015),
we hypothesized that B3GLCT might be involved in AMD pathogenesis by regulating TSP1
secretion. However, we did not find any indication for this in our study, using constructs
expressing full-length TSP1 in B3GLCT KO cells. We cannot exclude that such a mechanism
might take place during the development of AMD, where other disease-related processes
might contribute to altered B3GLCT function and/or TSP1 secretion. Furthermore, primary
RPE or induced pluripotent stem cell (iPSC) derived RPE cells would be a valuable model
system for future research, since these cells are more similar to native RPE. Moreover, iPSCRPE cells from individuals carrying the AMD-associated variant in B3GLCT could be used to
model the effect of this variant specifically.
It is known that not all TSR-containing proteins depend on the glucose attached by B3GLCT
for secretion. (Vasudevan et al., 2015; Zhang et al., 2020a) However, we expected secretion
of TSP1 to be dependent on glucose-modified O-fucose, since a previous study has shown
that secretion of a recombinant TSP1 protein consisting of the three TSR domains from
B3GLCT KD HEK293T cells was reduced to ~10% of normal secretion. (Vasudevan et al., 2015)
The same study showed that the TSR domains of ADAMTS13 were present as glycosylated
and non-glycosylated TSR domains inside the ER, while TSR domains of most secreted
ADAMTS13 were fully glycosylated. This suggests that unmodified TSR domains are
retained in the ER, and the GlcFuc disaccharide serves as a marker for ER exit. Another study
demonstrated that secretion of ADAMTSL2 was impaired in HEK293T KD cells (Vasudevan
et al., 2015), whereas no effect was seen in HEK293T KO cells. (Zhang et al., 2020a) This
suggests that cells can possibly adapt their secretion machinery upon complete loss of
B3GLCT. Our finding of increased C-mannosylation might possibly contribute to such an
adaptation. Possibly, TSP1 resides in the ER for a longer period if B3GLCT is absent, since it
takes longer for the protein to properly fold. This might extend the time for glycosylation
of TSP1 by the C-mannosyltransferase. Previously, C-mannosylation of TSR domains has
been shown to contribute to the regulation of secretion. (Buettner et al., 2013; Niwa et
al., 2016; Shcherbakova et al., 2017) Moreover, C-mannosylation was demonstrated to
support the folding of a TSR domain and to enhance its stability. Since we showed that
the level of C-mannosylation of TSR domains can increase upon complete knock-out of
B3GLCT, this possibly indicates that the increase in C-mannosylation prevented impaired
secretion of TSP1 in our experiments.
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The currently known biological function of B3GLCT is its role in ER exit of proteins with TSR
domains. Whether the function of secreted TSR-containing proteins might be affected by
missing glucose residues has not yet been observed. Therefore, we cannot exclude that
deficiency of B3GLCT might lead to reduced function of secreted TSP1. The TSR domains
of TSP1 and other proteins have been shown to have anti-angiogenic properties through
interaction with various molecules. (Guo et al., 1997; Iruela-Arispe et al., 1999; Resovi et al.,
2014) A major pathway of angiogenesis inhibition is the interaction between TSR domains
and the cell membrane receptor ‘cluster of differentiation 36’ (CD36). (Kazerounian and
Lawler, 2018) Interestingly, the motif on TSR domains for binding to CD36 is CSVTC, which
contains the threonine that is modified with the GlcFuc disaccharide. (Iruela-Arispe et al.,
1999; Kazerounian and Lawler, 2018) Possibly, this modification influences TSP1-CD36
binding, which remains to be investigated. If loss of the glucose residue would enhance
the affinity of TSP1 for CD36, there might be stronger anti-angiogenic signaling, which
would be an explanation for the protective effect of the variant in B3GLCT. CD36 has also
been genetically associated to wet AMD via a candidate gene approach, although this
finding was not replicated by GWAS. (Kondo et al., 2009) Together, this suggests that
the interaction between CD36 and the TSR domains of TSP1 or other proteins might be
involved in AMD pathogenesis, possibly via B3GLCT-mediated glycosylation.
Next to TSP1, additional TSR-containing proteins can functionally be linked to AMD.
Properdin, containing 6 TSR domains, is a stimulator of the alternative pathway of the
complement system. (Blatt et al., 2016) Since AMD is associated with increased activation
of this alternative pathway (Campagne et al., 2016; McHarg et al., 2015; Tan et al., 2016),
a reduced functioning or secretion of properdin due to lower B3GLCT levels could be
a plausible explanation for the AMD-protective effect of variants at the B3GLCT locus.
Properdin levels have been measured in blood samples of Peters Plus Syndrome (PPS)
patients, which is caused by autosomal recessive loss-of-function mutations in B3GLCT.
(Heinonen and Maki, 2009) PPS patients had a 1.3 to 1.7-fold decrease in properdin levels
compared to a healthy control and heterozygous carriers of a PPS mutation in B3GLCT.
(Hess et al., 2008) Since recurrent bacterial infections that are caused by a properdin-defect
have never been reported in PPS patients, it is suggested that this level of properdin is
sufficient for stimulating complement activation and that its functioning is independent
of the glucose modification. (Hess et al., 2008) However, this does not exclude that
altered glycosylation of properdin might play a role in AMD, as it could - in addition to
AMD-associated genetic variants in other complement regulators – tip the scale of local
complement activity as one of the contributing factors in AMD.
Another interesting TSR-containing protein in the context of AMD is ‘a disintegrin and
metalloproteinase with thrombospondin repeat 9’ (ADAMTS9). ADAMTS9 is a secreted
protein containing 15 TSR domains, and haploinsufficiency of the Adamts9 gene was
shown to cause anterior eye defects in mice similar to defects seen in PPS patients. (Dubail
et al., 2016) In the same study, ADAMTS9 secretion was found to be reduced in B3GLCT
KD HEK293F cells. (Dubail et al., 2016) Moreover, a genetic variant at the ADAMTS9 locus
has been associated with AMD. (Fritsche et al., 2016) This together suggests that B3GLCTmediated glycosylation is important for ADAMTS9 secretion, and that a shortage of
ADAMTS9 is responsible for (part of ) the symptoms present in patients with PPS. Possibly,
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altered ADAMTS9 secretion could contribute to the development of AMD, which would
be of interest to explore in future studies.
5.1 Conclusion
In conclusion, our experiments indicate that B3GLCT alters glycosylation of TSP1, but is
not essential for secretion of TSP1 from RPE cells, perhaps as a result of a compensatory
mechanism of increased C-mannosylation. It would be interesting to study the interplay
between these different types of glycosylation on TSR domains more broadly to learn
whether increased C-mannosylation acts as a more general compensatory mechanism
in secretion. This study provides a starting point for functional research into the role of
B3GLCT in AMD, and provides directions for the design of future research into this topic.
Further studies should investigate whether B3GLCT-mediated glycosylation of TSP1
influences its function, or whether reduced secretion or function of other TSR-containing
proteins (such as properdin or ADAMTS9) are involved in AMD pathogenesis.
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Supplementary material
Supplementary Table 1 – sgRNAs tested for efficiency and primers used for amplifying the target region. The
first (and bold) sgRNA was found to be most efficient and used for experiments.
sgRNA
5’-CTCTACATCTGGGACAAAGGCGG-3’

Exon
9

5’-CTGCGGTAACAACGGAAGTATGG-3’

5

5’-CGCGAGCAGCCACCAGCAGGCGG-3’

1

5’-AGAGGGGTCATATCTTCTGAGGG-3’

6

Primers
FW: 5’-TGTGTTCTGCTTTCCCTTGAG-3’
RV: 5’-TGCTAGGATGACATTATGCACAG-3’
FW: 5’-TGCATTTTAAGCCAAGCCTTTTC-3’
RV: 5’-GACTGAGGAAAACCACACCC-3’
FW: 5’-TCCCATTAAGAGTTTACTGCCTG-3’
RV: 5’-CTGACCGAAACATTTTCAACAAC-3’
FW: 5’-ACCCTTCATTCACTTCCTACTG-3’
RV: 5’-ATAAGCTCTGTCCCTCTATAAGC-3’

Supplementary Table 2 – Mascot results of glycopeptide analysis. Available online.
Supplementary Table 3 – Primers used for RT-PCR
Gene
CTGF
CYR61
ADAMTSL4
THBS1
ADAMTS1
ADAMTSL3
RSPO3
GUSB

FW primer sequence
5’-AAATGCTGCGAGGAGTGG-3’
5’-AGTTGGAAAAGGCAGCTCAC-3’
5’-ATGCCTGCGTAGTTTTTGTG-3’
5’-CTGTTCCTGATGCATGTGTG-3’
5’-GGGATGCAGAGCACTATGAC-3’
5’-GATTCCAGGACCTCTGATGG-3’
5’-GGAAAGAATTGGCATGAAGC-3’
5’-AGAGTGGTGCTGAGGATTGG-3’

RV primer sequence
5’-GCTCTAATCATAGTTGGGTCTGG-3’
5’-TGGGACCATGAAGTTGTTTG-3’
5’-GAAGCAGCAGCAGATACAGC-3’
5’-CCGGTGAGTTCAAAGATGTC-3’
5’-CAGTTCCAACATCAGCCATC-3’
5’-CTGATGGGCTGGTAAAAGAAG-3’
5’-CAGGTATCACAGTCAGCTTTGC-3’
5’-CCCTCATGCTCTAGCGTGTC-3’

18.9

18.6

17.4

18.1

Fuc, Hex, Hex

Fuc, Hex

Hex, Hex

Fuc, Hex, Hex

1091.4377

1042.7517

1037.4201

1091.4377

Monoisotopic
mass

18.5

18.1

16.9

16.6

Fuc, Hex, Hex

Fuc, Hex, Hex, Hex

Fuc, Hex, Hex, Hex

Fuc, Hex, Hex, Hex,
Hex

1206.8313

1152.4796

1152.4796

1098.4620

122138
(7.2%)

3+

3+

3+

0 (0%)

3+

178530
(10.6%)
1385022
(82.2%)
0 (0%)

0 (0%)

3+

3+

804135
(13%)

3+

WT ARPE19

5384815
(87%)

3+

Charge

WT ARPE19

Charge

TSP domain 2
Peptide QDGGWSHWSPWSSCSVTCGDGVITR
Modification
RT [min]
Monoisotopic mass

RT [min]

Modification

TSP domain 1
Peptide DDGWSPWSEWTSCSTSCGNGIQQR

146542
(12.1%)

hz KO
ARPE19
243980
(20.2%)
818784
(67.7%)
0 (0%)

0 (0%)

259063
(7.6%)

1149312
(33.8%)

1989033
(58.5%)

hz KO
ARPE19

153959
(8.9%)
0 (0%)

KO1
ARPE19
1571245
(91.1%)
0 (0%)

0 (0%)

314466 (7%)

KO2
ARPE19
4187236
(93%)
0 (0%)

341198 (5%)

1083711 (15.8%)

5425768 (79.2%)

0 (0%)

KO2 ARPE19

Peak area counts

181999 (4%)

755086
(16.6%)

3600536
(79.3%)

0 (0%)

KO1
ARPE19

Peak area counts

122138 (7.2%)

0 (0%)

1385022 (82.2%)

178530 (10.6%)

WT HEK293T

0 (0%)

0 (0%)

0 (0%)

39271.2 (100%)

WT HEK293T

0 (0%)

637868 (8.6%)

858772 (11.6%)

5880546 (79.7%)

KO HEK293T

0 (0%)

0 (0%)

30833 (100%)

0 (0%)

KO HEK293T

Supplementary Table 4 – Peak integration results for detected glycopeptides for TSP domain 1, 2, and 3 after trypsin treatment or trypsin and AspN treatment.
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6

22.5

21.8

Fuc, Hex, Hex

Fuc, Hex, Hex

12.1

12.7

Fuc

RT [min]

Fuc, Hex

Modification

23.5

Fuc, Hex

1177.8369

1177.8369

1123.8193

1123.8193

Monoisotopic mass

763.8449

844.8713

Monoisotopic mass

TSP domain 3
Peptide DICSVTCGGGVQK

23.0

RT [min]

Fuc, Hex

Modification

2+

2+

TSP domain 3
Peptide DACPINGGWGPWSPWDICSVTCGGGVQK

Charge

3+

3+

3+

3+

Charge

3310649
(100%)
0 (0%)

WT ARPE19

960265
(100%)
0 (0%)

0 (0%)

0 (0%)

WT ARPE19

hz KO
ARPE19
1866281
(100%)
0 (0%)

205025
(28%)

0 (0%)

KO1
ARPE19
527359
(72%)
0 (0%)

3009874
(100%)

KO1
ARPE19
0 (0%)

Peak area counts

333212
(100%)
0 (0%)

0 (0%)

hz KO
ARPE19
0 (0%)

KO2 ARPE19

491669
(26.6%)

0 (0%)

KO2
ARPE19
1356279
(73.4%)
0 (0%)

6774179
(100%)

0 (0%)

Peak area counts

774026.6
(100%)
0 (0%)

WT HEK293T

112009.5
(10.2%)
987829.7
(89.8%)
0 (0%)

0 (0%)

WT HEK293T

1905408
(89.5%)

223112 (10.5%)

KO HEK293T

938060 (21.7%)

358839 (8.3%)

3034288
(70.1%)
0 (0%)

KO HEK293T
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Supplementary figures
hTERT RPE1
WT KO

353 bp instertion
25 bp deletion

AAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCT
GATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTT
AATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACTCTATC
TCGGGCTATTCTTTTGATTTATAAKGGATTTTGCAGCTGCCTGCA
GGGGCGCCTGATGCGGTATTTTCTCCTTACGCATCTGTGCGGTAT
TTCACACCGCATACGTCAAAGCAACCATAGTACGCGCCCTGTAG
CGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGT
GACCGCTACACTTGCCAGCGCCTTAGCGCCCGCTCCTTTCGCTA

Supplementary Figure 1 - For hTERT RPE1 KO cells, the two mutated alleles could be distinguished clearly by
size, because of the large insertion (353 bp) in one of the alleles. Sequencing of this band revealed that part of
the PX458 plasmid (in red; this is part of the f1 origin of replication) was inserted in the B3GLCT gene.
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ARPE19
WT hzKO KO1 KO2

A.

B.

hTERT RPE1
WT
KO

HEK293T
WT KO

sgRNA sequence

WT
0

AG A T T G C C C T C T AC A T C T G G G A C A A A G G C G G A G G AC C T C C C C T G AC C C C

ARPE19
hz KO

0

AG A T T G C C C T C T AC A T C T G G G A C AA A G G C G G AG G AC C T C C C C T G A C C C C

ARPE19
KO1

ARPE19
KO2

0

A G A T T G C C C T C T A C A T C T G G G A C A A A A AG G C G G A G G A C C T C C C C T G A C
A G AT T G C C C T C T ACAT C T G G G AC A G G C G GA GG A CC TCC C C T G A C C C C
AA

0

A G A T T G A AG G C G G AG G A C C T C C C C T G A C C C C A G T G C C T G A G T T T T G T A
CCCTCTACATCTGGGACA

hTERT
RPE1 KO

0

A G A T T G C C C T C T A C A T C T G A C C C C A G T G C C T G AG T T T T G T A C C A A T G A C
CTGGGACAAAGGCGGAGGACCTCCC

HEK293T KO

A
0

A G AT T G C C C T C T A C A T C T GG G A C AA GG C G G A GG AC C T C C C C T G A C C CC A
A G AT T G C C C T C T A C A T C T G G G AC C T C CC C T G AC CC C AG T G C C T G AG T T T
AAAGGCGGAGGAC

Supplementary Figure 2 – A. PCR around the target region on cDNA, showing that B3GLCT RNA was still
expressed in all cell lines. B. Sequencing analysis of cDNA. In some cases, only one allele is represented in the
sequence. All mutations correspond to the mutations found on genomic DNA (Figure 1B).
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Domain 1, trypsin/AspN treatment
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1
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1.0

1500

0.6

1000

0.4

500

0.2

Intens.
2500

1

WT HEK293T

0.8

DDGWSPWSEWTSCSTSCGN

2000

Domain 2, trypsin treatment

B.

Mannose (Hexose, Hex)
Glucose (Hexose, Hex)
Fucose (Fuc)

Intens.
x105

2

KO HEK293T

DDGWSPWSEWTSCSTSCGN

GGWSHWSPWSSCSVTCG

2

3

2

KO HEK293T
GGWSHWSPWSSCSVTCG

4

2000
3

1500
2

1000

GGWSHWSPWSSCSVTCG
1

500

16

17

18

19

20

21

Time [min]

DDGWSPWSEWTSCSTSCGNGIQQR + 2 Hex, Fuc
DDGWSPWSEWTSCSTSCGNGIQQR + Hex, Fuc
DDGWSPWSEWTSCSTSCGNGIQQR + 2 Hex

1

4
16.0

16.5

17.0

17.5

18.0

18.5

19.0

Time [min]

QDGGWSHWSPWSSCSVTCGDGVITR + 4 Hex, Fuc
QDGGWSHWSPWSSCSVTCGDGVITR + 3 Hex, Fuc
QDGGWSHWSPWSSCSVTCGDGVITR + 2 Hex, Fuc

Supplementary Figure 3 – Glycopeptide chromatograms after tryptic and AspN digest for TSR domain 1 and
2 for HEK293T cell lines. The WT cell line shows for both domains an expected glycosylation pattern with either
one or two C-mannose residues and one O-fucose-glucose motif (green chromatograms) being also partly
present in the KO cell line as seen in Supplementary figure 3B.
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Domain 3, trypsin treatment
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x104

6

1

WT HEK293T

Domain 3, trypsin/AspN treatment
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WT HEK293T

1

6
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unrelated pepde
4

4

GGWGPWSPWDICSVTCGG
2

2

2
Intens.
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2

KO HEK293T

Intens.
x105

1.50

2.0

GGWGPWSPWDICSVTCGG

1.5

2

KO HEK293T
DICSVTCGG

1.25

unrelated pepde

1.00

GGWGPWSPWDICSVTCGG

0.75

1.0

3

0.50

0.5

1

20.0

20.5

21.0

21.5

22.0

1

0.25

22.5

23.0

23.5

Time [min]

DACPINGGWGPWSPWDICSVTCGGGVQK + 2 Hex, Fuc
DACPINGGWGPWSPWDICSVTCGGGVQK + Hex, Fuc

11.0

11.5

12.0

12.5

13.0

13.5

14.0

Time [min]

DICSVTCGGGVQK + Hex, Fuc
DICSVTCGGGVQK + Fuc

Supplementary Figure 4 – Glycopeptides chromatograms after tryptic and AspN digest for TSR domain 3
for HEK293T cell lines. The WT cell line shows a glycosylation profile with an O-fucose-glucose modification
of threonine and an additional C-mannosylation for the tryptic glycopeptide (green chromatograms in
Supplementary figure 4A and 4B) being also partly present in the KO cell line. In the KO cell line, the loss of
glucose is observed as well as an increase in C-mannosylation for the tryptic glycopeptide (Supplementary
figure 4A).
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The aim of this thesis was to gain understanding of the functional effects of genetic
variants associated with age-related macular degeneration (AMD) through genome-wide
association studies (GWAS). For this purpose, we used various approaches. In Chapter
2 we summarized different omics approaches that have been used in AMD and other
eye diseases. Integration of genomics (GWAS) data with other omics data can aid in
understanding the functional effects of genetic variants and can shed light on the disease
mechanisms. In Chapter 3, we performed a systematic analysis to predict differentially
expressed genes in AMD patients compared to controls. In Chapters 4 and 5, we used a
targeted approach to investigate the effect of genetic variants on plasma protein levels of
matrix metalloproteinase 9 (MMP9), tissue inhibitor of metalloproteinases 3 (TIMP3) and
hemopexin (HPX). In Chapter 6, we focused on the function of β1-3 glucosyltransferase
(B3GLCT) in retinal pigment epithelial (RPE) cells in order to explore how this gene could
be involved in the disease mechanisms of AMD.
In this general discussion, we comment on the different approaches used to study the
functional effects of GWAS candidates in AMD on 1. gene expression level, 2. protein
expression level and 3. in functional studies in cellular models. For each of these
approaches, we describe examples of studies that have been done and discuss which
information they provided. The design of functional studies to follow-up GWAS hits in
cellular models may be challenging. In the in vivo situation, many processes are involved
and the development of the disease is an accumulation of events. In a cellular model, only
limited contributing factors can be studied at the same time, and therefore it is always a
simplification of the in vivo situation. Studying the role of one disease-associated gene in
the disease mechanisms requires a specific hypothesis. In this discussion, we comment on
how follow-up studies into GWAS hits could be designed and we provide examples from
research into other multifactorial diseases. Furthermore, we describe hypotheses of how
B3GLCT could be linked to AMD, and we discuss how this could be tackled experimentally.
For the different approaches we describe in this discussion, we also comment on the choice
of material and sample types. Studies towards the effect of genetic variants on gene and
protein expression levels can be performed at a large-scale when using easy to access
material such as blood. Eye tissue may be valuable to provide more relevant information
for local AMD disease mechanisms, but donor eyes are scarce and challenging to collect.
To investigate how genetic variants affect molecular mechanisms, cellular models can be
used. For AMD, many research studies have been performed on hTERT RPE1 and ARPE19
cell lines, but recently cellular models of the RPE generated from induced pluripotent stem
cells (iPSC-RPE) are increasingly used. They resemble the in vivo situation more accurately,
and the cell lines are patient-specific. At the end of this discussion, we describe the iPSCRPE technology and its advantages in more detail.
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1.

Functional effect of AMD GWAS variants on gene expression

Systematic approaches to identify AMD-associated changes in gene expression
GWAS usually identifies clusters of genetics variants in high linkage disequilibrium of which
at least one is expected to have a functional effect. If variants are not located inside the
coding region of a gene, then the most probable effect of a functional variant is modulation
of gene expression. Therefore, it is of interest to determine how gene expression changes
in relation to AMD-associated variants. To investigate this, we performed a transcriptome
wide association study (TWAS) in Chapter 3. For this analysis, gene expression in 27 tissues
was imputed based on the genotype-tissue expression (GTEx) database and genotype
information of AMD patients and controls. (1) A main advantage of this approach is its
systematic character; it provides a complete overview of which genes are predicted to be
differently expressed in AMD patients in which tissues. Furthermore, this approach can
prioritize the causal gene within an AMD-associated locus, since genes that are predicted
to be differently expressed due to AMD-associated variants are more likely to be involved
in the disease than genes which expression remains unchanged.
Unfortunately eye tissue was not included in our TWAS analysis, since there was no data
on eye tissue available in the GTex database. Recently, a TWAS was performed for AMD, in
which retinal gene expression levels in AMD patients and controls were predicted based
on expression quantitative trait loci (eQTLs) identified in the retina. (2) Also recently, an
eQTL study on retina and RPE was performed with use of single cell sequencing. (3) AMD
GWAS signals and retinal eQTLs were co-localized in order to identify which gene within
a locus is most likely to be causative for AMD. (3) Our study in 27 different tissues adds
up to these findings. Although the pathogenic mechanisms of AMD precipitate in the
retina, RPE and choriocapillaris, other tissues might contribute to the disease processes
as well. (4-6) Many proteins involved in the complement system and lipid metabolism
are produced in the liver and released in the circulation. (7) These proteins can reach
the macula through the choriocapillaris where they can pass the blood-retinal barrier.
Systemic levels of several of these proteins have been associated to AMD. (8, 9) Therefore,
it can provide useful information to investigate the effect of genetic variants on gene
expression levels in different tissues throughout the body. Furthermore, with use of the
GTex database we obtained a large dataset, and therefore we might identify more subtle
changes in gene expression that would be missed by an analysis with limited sample size
(which is usually the case when donor eye tissue is used).
We compared the results of our TWAS in 27 tissues with a previous eQTL analysis in liver (7)
and the two studies in retinal tissue (2, 3) (Table 1). One gene was found in all four studies:
PILRB, coding for ‘paired immunoglobin like type 2 receptor beta’, a receptor involved in
the regulation of different components of the immune system. In our TWAS analysis, this
gene was predicted to be significantly higher expressed in AMD cases in all 27 tissues
included. This would be an interesting gene to focus on in follow-up studies. First of all, it
would be interesting to investigate whether the genetic variants at the PILRB/PILRA locus
also result in altered PILRB protein expression, for example using whole blood samples.
Furthermore, functional studies in cellular models would be valuable to determine how
molecular pathways change if PILRB is overexpressed. Four other genes were found in our

General Discussion | 195

TWAS and also in both retinal eQTL analyses: B3GLCT, CFI, BLOC1S1 and TMEM199. B3GLCT
and BLOC1S1 were highlighted in Ratnapriya et al. 2019 (2), since these two genes were
the only ones identified by all three different methods the used: eQTL analysis, TWAS
and eCAVIAR (eCAVIAR is a method to identify variants that likely colocalize between the
eQTL and GWAS data). We followed-up on this B3GLCT finding with functional studies in
cellular models (Chapter 6). For BLOC1S1 no follow-up studies in the context of AMD have
been published so far. This gene encodes ‘biogenesis of lysosomal organelles complex 1
subunit 1’ and altered function of this gene can affect synaptic function. (10)
The CFH locus represents a nice example of the importance of the liver in AMD. CFH is
strongly associated with AMD (11), but none of the genes in this locus were identified
in the two retinal eQTL analyses. (2, 3) However, CFH, CFHR1, CFHR3, and CFHR4 were all
found in the liver eQTL study and in our TWAS, and CFHR5 in the liver eQTL study only.
CFI on the other hand, was not identified as liver eQTL (7), and in our TWAS it was only
significant in subcutaneous adipose tissue, whereas both retinal eQTL analyses found CFI.
This suggests that factor (FH) and factor H related (FHR) protein production in the liver
might be more important than their production in the eye for the development of AMD,
while for factor I, the production in the eye might be more important. Another example
demonstrating the importance of the liver is the LIPC locus. For LIPC and ALDH1A2, liver
eQTLs were identified by Strunz et al. 2018 (7) and both genes were significant in liver
tissue in our TWAS, whereas they were not significant in any other tissue, nor were they
detected by the two retinal eQTL analyses. (2, 3) LIPC encodes for lipase C, which functions
as triglyceride hydrolase and also as ligand for receptor-mediated lipoprotein uptake. (12)
ALDH1A2 encodes for aldehyde dehydrogenase 1 family member A2, which catalyzes the
synthesis of retinoic acid (the active derivative of vitamin A) from retinaldehyde. (13) This
finding suggests that altered gene expression of these genes in the liver might influence
metabolic processes that are also relevant for the eye.
The results of our TWAS should mainly be used as an indication and starting point for further
research. The fact that a gene is predicted to be differently expressed in AMD patients in
a certain tissue does not automatically mean that it contributes to the disease. Since we
found gene expression to be associated with AMD in several tissues, this could support
the idea of AMD being a systemic disease. However, a certain change in gene expression
might not have the same consequences in all tissues. From this study we cannot conclude
which differences in gene expression are actually relevant for the development of AMD.
Another point of consideration is that our analysis only included cis-eQTLs (gene expression
is influenced by variants close to the gene) and no trans-eQTLs (gene expression is
influenced by distal variants). To include also trans-eQTLs for predicting gene expression
in each individual, much more computational power would be needed, but this would
improve the accuracy of the analysis. Furthermore, gene expression is continuously
regulated and will change in different situations. For example, gene expression has been
found to change with age. (14-16) In a meta-analysis of age-related gene expression
profiles, it was found that expression of inflammation and immune response genes
increases over time, while expression of collagen genes decreases. (15) This is relevant,
since these types of genes have been associated with AMD as well. For our TWAS analysis,
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gene expression was predicted based on eQTLs from the GTex database, but these eQTLs
are not age-specific. It would be an improvement to predict gene expression using an
eQTL dataset of age-matched individuals.
Also the disease processes occurring during the development of AMD will influence
gene expression. For several other diseases, specific gene expression profiles have been
linked to inflammation stages. (17-19) In a disease situation, proper regulation of gene
expression could be more important and therefore, the genetic variants underlying AMD
might have a more prominent effect than in a healthy situation. To investigate which
gene expression levels change during the development of AMD, Ratnapriya et al. 2019
performed a differential expression analysis of the retinal transcriptome in advanced
AMD patients compared to controls. (2) The expression of only 14 genes was found to be
significantly different, which indicates that AMD cases and controls cannot be very clearly
separated based on gene expression profiles. Also for other complex diseases, a very
limited number of genes were shown to be differently expressed in similar analyses, which
is probably due to the high heterogeneity in gene expression. (20, 21) For future research,
it would be interesting to follow gene expression profiles in AMD patients prospectively
during the progression from early to intermediate and late AMD, for example in blood
cells, to determine which genes undergo most changes in expression.

Table 1 – Genes with altered gene expression in AMD loci identified by TWAS and eQTL studies.1
Locus
CFH

Strunz et al. 2020
(27 tissues)

Strunz et al. 2018
(liver)

CFHR3 (20); CFHR1
(14); CFH (11); KCNT2
(6); ZBTB41 (5); CFHR4
(2); F13B (1); ASPM
(1); RP11.332L8.1 (1);
DENND1B (1); LHX9 (1)

CFHR1, CFHR4,
CFHR1, CFHR3, F13B,
CFH, CFHR5

Ratnapriya et
al. 2019 (retina)

Orozco et al.
2020 (retina and
RPE)

CFI, PLA2G12A

CFI

ADAMTS9-AS2
COL8A1

NIT2 (5); TBC1D23
(4); RP11.114I8.4 (2);
TOMM70A (2); TMEM45A
(1)

CFI

PLA2G12A (13); CASP6
(3); CCDC109B (1); CFI (1)

C9
C2/CFB/SKIV2L
VEGFA

PPP2R5D (2)

TNFRSF10A

TNFRSF10A (14)

TGFBR1

TGFBR1 (1)

TNFRSF10A
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Locus

Strunz et al. 2020
(27 tissues)

Strunz et al. 2018
(liver)

ARMS2/HTRA1

PLEKHA1 (18); BTBD16
(14); ARMS2 (14); HTRA1
(7); DMBT1 (3); ATE1
(2); RP11.318C4.2 (2);
FGFR2 (1); TACC2 (1);
RP11.107C16.2 (1);
RP11.564D11.3 (1); IKZF5
(1); ACADSB (1)

B3GALTL

B3GALTL (5)

RAD51B

PLEKHH1 (2)

LIPC

ALDH1A2 (1); LIPC (1)

ALDH1A2, LIPC,
ADAM10

CETP

CETP (4); HERPUD1 (2);
NLRC5 (2); MT1DP (1);
GPR56 (1)

CETP

C3

GPR108 (22);
CTC.503J8.6 (1); GTF2F1
(1)

APOE

RELB (1); BLOC1S3 (1);
DMPK (1)

Ratnapriya et
al. 2019 (retina)

Orozco et al.
2020 (retina and
RPE)
HTRA1

B3GLCT

B3GLCT

SYN3/TIMP3
SLC16A8

BAIAP2L2 (2); PICK1 (1);
CBY1 (1)

BAIAP2L2

COL4A3

COL4A3 (2)

COL4A3

PRLR/SPEF2
PILRB/PILRA

STAG3L5P (27); PILRB
(27); PILRA (26); PMS2P1
(14); TSC22D4 (8);
ZCWPW1 (3); NYAP1 (3);
ZKSCAN1 (1); STAG3 (1)

KMT2E/SRPK2

RP11.325F22.5 (1);
RP11.325F22.2 (1)

TRPM3

TRPM3 (1)

MIR6130/RORB

RORB (1)

PILRB, PILRA

MEPCE, PILRB

PILRB, PILRA

TRPM1

7

ABCA1
ARHGAP21
RDH5/CD63

RDH5 (17); BLOC1S1 (1)

BLOC1S1

ACAD10

BLOC1S1, RDH5

SH2B3

CTRB2/CTRB1

CFDP1 (4); BCAR1 (2);
TMEM170A (2)

TMEM97/VTN

TMEM199 (10); POLDIP2
(3); TMEM97 (2)

NPLOC4/TSPAN10 C17orf70 (1); NPLOC4
(1); PDE6G (1)

BCAR1
TMEM199,
POLDIP2
TSPAN10, ACTG1,
ANAPC11

TMEM199
TSPAN10
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Locus

Strunz et al. 2020
(27 tissues)

CNN2

MED16 (3); GRIN3B (2);
ABCA7 (2); AC006273.5
(1); CNN2 (1)

MMP9

PLTP (10); SLC12A5 (9);
SPATA25 (1); NEURL2 (1)

Strunz et al. 2018
(liver)

Ratnapriya et
al. 2019 (retina)

Orozco et al.
2020 (retina and
RPE)

SLC12A5-AS1

C20orf85
For Strunz et al 2020 (22), genes which predicted expression was associated with AMD are shown (FDR < 0.001)
and between brackets the number of tissues in which the effect was significant. For Strunz et al. 2018 (7) genes
within AMD loci in which a liver eQTL was identified are shown. For Ratnapriya et al. 2019 (2) genes within AMD
loci in which a retinal eQTL was identified are shown. Orozco et al. 2020 (3) used co-localization of the GWAS and
retinal eQTL signals. For each locus with significant retinal eQTL, the gene with the highest co-localization signal
is mentioned.

1

Massively parallel reporter assay to identify functional genetic variants influencing
gene expression
With the results of the TWAS studies, genes in AMD loci can be prioritized that are
predicted to be differently expressed in AMD patients compared to controls. However, this
analysis does not reveal which genetic variant is responsible for the effect, since the effect
of all variants in and near a gene were grouped together. Clarification of which variants
are functional would be useful to obtain deeper insight into the disease mechanisms. To
investigate in a high-throughput manner which individual variants identified by GWAS
play a role in the regulation of gene expression, massively parallel reporter assays (MPRA)
can be used. With this method, short DNA sequences including the variant are coupled
to a reporter gene that carries an identifying sequence tag which allows multiplexed
analysis of many variants at the same time. (Figure 1) (23) The library of constructs can
subsequently be transfected in a cell line of interest. Analysis of the RNA sequencing data
reveals which variants cause changes in expression of the reporter gene. Those variants
are likely to be part of a region involved in transcriptional regulation like an enhancer or
promotor region. A variant in such a region could influence the affinity for DNA-binding
proteins and therefore affect transcriptional regulation.
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Figure 1 – MPRA method. Short DNA sequences including the variants of interest are ligated in front of a
reporter gene which is followed by sequence tag. The library of plasmids is subsequently transfected in a cell
line of interest and RNA is isolated. The ratio of mRNA tag counts over plasmid counts reveal whether the variant
of interest caused altered expression of the reporter gene. Adapted from (23).

MPRA has been successfully applied to GWAS data of other diseases or traits before. For
example for melanoma, multiple candidate functional variants were identified first by
MPRA and subsequently compared to eQTL data in order to identify which functional
variants affect the expression of disease-relevant genes. In follow-up studies, one of the
variants was validated and found to affect the binding to a transcription factor, which
regulates the transcription of MX2 (encoding the MX dynamin like GTPase 2 protein).
Subsequently, MX2 transgenic expression in melanocytes in a zebrafish model showed
that the variant caused accelerated melanoma formation. (24) In another other study,
several variants associated with red blood cell traits identified by GWAS were found to be
functional in an MPRA analysis, of which three were confirmed to be involved in enhancer
activity by genome editing studies. (25) Potentially the AMD research field could also
benefit from these type of approaches in the future, as it can identify functional GWAS
variants which can subsequently be studied in targeted follow-up experiments.
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2.

Functional effect of AMD GWAS variants on protein levels

Similar to investigating the effect of genetic variants on gene expression levels (to identify
eQTLs), the effect of genetic variants on protein expression levels can be measured to
identify protein quantitative trait loci (pQTLs). In Chapter 4 of this thesis, we investigated
associations between AMD GWAS variants and plasma protein levels of MMP9 and TIMP3,
and found an association between the lead variant at the MMP9 locus (rs142450006) and
MMP9 levels. This variant was not identified in our TWAS analysis nor in any of the eQTL
analyses. (2, 3, 7) At the MMP9 locus, four other genes than MMP9 were associated with
AMD in our TWAS: PLTP (coding for phospholipid transfer protein) in 10 tissues, SLC12A5
(coding for a potassium-chloride transporter) in 9 tissues and two other genes in only one
tissue (SPATA25 and NEURL1). In the analysis of Orozco et al. 2020 (3), the long non-coding
RNA (lncRNA) SLC12A5-AS1 was identified after co-localizing eQTL and GWAS signals.
SLC12A5-AS1 is an antisense RNA for both SLC12A5 and MMP9. (26) If the expression of
this lncRNA is altered in AMD patients, this could result in altered translation of the MMP9
transcript, and therefore an effect might only be seen on protein level and not on MMP9
RNA level. It would be interesting to test in a cellular model how altered expression of
SLC12A5-AS1 affects the production of MMP9 protein. It should be considered that this
might be a local effect in the eye, since SLC12A5-A1 was not identified in any of the tissues
in our TWAS.
A number of other studies have been published in which the effect of AMD GWAS variants
on circulating protein levels was examined in a targeted way. Four AMD-associated variants
at the CFH locus (rs10922109, rs570619, rs187328863 and rs61818925) were found to be
associated with factor H related 4 (FHR4) levels. (27) Another variant at the CFH locus,
rs6677604, was associated with plasma factor H (FH) and FHR1 levels. (28) Furthermore,
there are studies reporting associations between rare genetic variants in CFI and FI levels
in blood. (29-31)
In other multifactorial diseases, there are some examples of studies using similar
approaches. For example for Alzheimer disease, genetic variants in a haplotype block
highly associated to the disease were found to be associated with plasma amloid beta 42
levels. (32, 33) Analysis of pQTLs can also be used the other way around, to identify novel
genetic associations in genes coding for proteins which levels are known to be associated
with the disease. For example, 51 proteins associated with cardiovascular disease were
measured in serum samples of a case-control cohort and compared to genotypes of
multiple exonic variants in each of the respective genes. For 20 of the proteins, a pQTL was
identified between their serum levels and a common or rare genetic variant. (34) Another
example is a study of acute pancreatitis, which is associated with increased plasma levels
of triglycerides. For variants in genes known to regulate triglyceride levels, it was examined
whether there is an association with acute pancreatitis. (35)
Currently, systematic analyses to identify pQTLs using proteomics are becoming more
common. Proteomics has a higher throughput than ELISA and many more proteins can be
investigated at the same time. This also provides the opportunity to perform hypothesisfree research. Methodologies to study eQTLs at a genome-wide level were developed faster
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than techniques to study pQTLs with high-throughput. Only recently it became feasibly to
also study pQTLs in a genome-wide and proteome-wide manner. (36) For example for the
liver, brain, plasma and cerebrospinal fluid (CSF) genome-wide pQTL analyses have been
performed to link genetic variation to protein levels. (37, 38) Remarkably, 78-87% of the
identified pQTLs in brain, plasma and CSF were not eQTLs, indicating that gene expression
alone only reflects for a small part the levels of the corresponding proteins. (37) In blood a
few large systematic pQTL studies have been performed, which identified multiple pQTLs
overlapping with genetic risk loci for multifactorial diseases. (39-41) The study of Suhre
et al 2016 (39) identified three variants at the CFH locus that were strongly associated in
trans with plasma hemopexin (HPX) levels, which was the starting point for our study in
Chapter 5 of this thesis. However, we could not replicate this finding, nor did we identify
any association between HPX and AMD or AMD-associated variants.
Potentially, the focus of research into multifactorial diseases will shift from genomics more
towards transcriptomics and proteomics. Recently, the correlation between a phenotype
and different types of omics levels (genomics, transcriptomics, proteomics) was analyzed
using power analyses. (42) Interestingly, the proteome-phenotype correlation test was
most powerful, followed by the transcriptome-phenotype correlation test and the
genotype-phenotype correlation test had the least power. Currently, several pQTL studies
have been performed in the context of multifactorial diseases, using plasma or CSF. (39,
43, 44) In the coming years an expansion of pQTL databases in different tissues can be
expected in analogy to eQTL databases, which can be used to predict the effect of GWAS
variants on protein levels. This would help to further prioritize AMD-associated variants
and to gain insight into the role of these variants in AMD.
Protein levels in AMD patients compared to controls
Besides the effect AMD GWAS variants have on protein levels, a number of studies have
been performed to investigate protein levels in AMD patients compared to controls. In
Chapter 5 of this thesis, we used this approach to explore whether hemopexin (HPX) levels
are different in AMD patients compared to controls. We did not detect any significant
difference in this study. Several other ELISA studies did propose potential biomarkers
for AMD, but replication in an independent cohort is lacking. (45-49) In Chapter 4 of this
thesis, we compared MMP9 levels in plasma of neovascular AMD (nAMD) patients and
controls, and found elevated levels in nAMD patients. Interestingly, only pro-MMP9, the
non-active form of MMP9, was increased in nAMD and not active-MMP9. This suggests
that a role of MMP9 in AMD might not be mediated by its protease activity, but by other
functions of MMP9 that can be performed by pro-MMP9 as well. The hemopexin (PEX)
domain of pro-MMP9 binds to membrane proteins at the cell surface, and thereby
regulates cell survival, migration and angiogenesis. (50-52) Furthermore, MMP9-inhibitors
are currently in clinical trials for different types of cancer, since they have been shown to
have an anti-invasive effect. (53, 54) For AMD research, it is important that this finding of
elevated pro-MMP9 levels in AMD patients is first replicated in an indepedent cohort. If
the finding is confirmed, it would be interesting to investigate whether the PEX domain of
MMP9 has an anti-angiogenic effect in retinal cells as well, by adding a PEX-construct to
iPSC-derived endothelial cell (EC) cultures. If this would be the case, it could be tested in
an animal model, for example via laser-induced angiogenesis, and compared to anti-VEGF

7

202 | Chapter 7

treatment. Potentially anti-MMP9 could be more effective than anti-VEGF, since inhibition
of MMP9 acts further upstream in the pathway, therefore, interference occurs in an earlier
stage.
In addition, several proteomics studies have been published in which AMD patients were
compared to controls, using different tissue types (plasma, aqueous humor, vitreous humor
and material from donor eyes: drusen, Bruch’s membrane and RPE cells). In Chapter 2 of
this thesis, the results of all published proteomics studies in AMD (up to 2016) are listed.
(55) From 2017 onwards, several additional studies have been published. (56-59) Also for
these types of analyses, validation in an independent cohort is needed and is often still
lacking. An example of a protein that was replicated in another study is vinculin. Kim et al.
2014 (45) identified plasma vinculin levels to be significantly different in exudative AMD
patients compared to controls (area under cure (AUC) 0.871). Additionally, the AUC could
be increased to 0.916 to distinguish AMD patients from controls when a combination
model was used of vinculin levels and the high-risk genotypes in ARMS2 and CFH.
Another independent study also found altered plasma vinculin levels in nAMD patients
compared to controls. (59) Vinculin is a cytoskeletal protein, which is expressed in RPE, and
is involved in cell-cell interaction and cell-matrix junctions. (45) This is also an example of
a protein whose corresponding gene has not been associated with AMD, indicating the
need for proteomics analysis next to GWAS. For vinculin, it would be interesting to test in
a very large cohort how plasma vinculin levels differ in patients compared to controls, and
whether vinculin levels are associated with AMD disease progression. If this is the case,
vinculin could be useful as clinical biomarker to predict disease progression or disease
outcome. An overview of all candidate biomarkers for AMD in human fluids identified so
far were reviewed previously. (60)
Future AMD research would benefit from the large scale proteomics approaches, since
the differences between cases and controls are often subtle in a multifactorial disease and
could be missed in studies with smaller sample sizes. The proteome-wide approach has
the advantage that it provides a complete overview of associated proteins without the
need for prior knowledge. The combination of proteomics with other types of omics such
as genomics could provide additional power to distinguish the molecular profile of AMD
patients from controls. These types of multi-omics studies are expected in the coming
years and could advance our understanding of AMD.

3.
Functional assessment of specific GWAS candidates in cellular
models – example of B3GLCT in AMD
If there is good evidence for a gene to be involved in a multifactorial disease, through eQTL
and/or pQTL analysis, a next step is to validate the role of the gene in the disease processes
by functional studies in cellular models. For this purpose, the expression of the gene can
be altered in the cellular model(s) in order to evaluate the effect of increased expression,
reduced expression, or complete knock out of the gene. Most commonly used for this are
genetic editing studies, which went through large advancements with the invention of
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9. (61) It is now
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relatively easy to knock out a gene of interest and to investigate the effect in a cellular or
animal model. This approach works best if the phenotype can be modelled accurately. For
example, GWAS identified GALNT2 to be associated with plasma high-density lipoprotein
cholesterol (HDL-c). (62) GALNT2 encodes a member of the glycosyltransferase 2 protein
family, which mediate mucin type O-glycosylation. To investigate how GALNT2 is involved
in HDL-c metabolism, GALNT2 KO mice, rats and knockdown cyno monkeys were
generated. (63) Furthermore, also plasma of humans carrying a loss-of-function variant
in GALNT2 and carriers of the GWAS variant were used. First it was validated that loss of
GALNT2 results in reduced HDL-C levels. Subsequently, O-glycoproteomics was performed
to identify GALNT2 targets. One of the GALNT2 target proteins identified, phospholipid
transfer protein (PLTP), was shown to have reduced activity upon loss of GALNT2. This is a
good example of a GWAS finding that was followed-up by functional evidence.
In contrast to the example mentioned above, for most of the multifactorial diseases it is
impossible to model the human disease phenotype accurately in an animal or cellular
model. Multifactorial diseases consist of several different disease processes which also
influence each other. To functionally study a GWAS candidate, a specific hypothesis is
needed describing which process of the disease could be affected by the gene of interest.
Furthermore, it should be predicted in which tissue or cell type the effect takes place. An
example of a GWAS hit that is extensively studied with functional follow-up experiments
is APOE, coding for apolipoprotein E, in Alzheimer’s disease (AD). The APOE gene has
different isoforms of which the APOEε4 isoform constitutes a major genetic risk factor for
late-onset AD. (64) Multiple functional studies have been performed in rodent models, in
vitro models (primary and iPSC-derived neurons) and human donor samples to unravel
the mechanisms by which APOE is involved in AD, reviewed in (65, 66). Not all findings are
in accordance between rodent, in vitro and human model systems. Figure 1 of Williams et
al. 2020 (66) shows that APOE has been studied in relation to 11 AD-associated pathways,
and the effect of APOE isoforms was similar between the different model systems in 6
of these pathways. All studies together suggest that APOE could be involved in AD via
several pathways, related to amyloid β or tau pathology but also via other pathways.
Some studies suggest that also circulating APOE could influence metabolic pathways
which have an impact on the brain, but this not completely understood. Based on the
results so far, different drugs targeting APOE (on genetic, RNA and protein level) have
been designed and are currently being tested; for an overview see table 1 of Williams et
al. 2020 (66). The main challenge is to inhibit the disease-causing actions of APOE, but
without affecting the healthy functions too much. This example shows that functional
validation of a GWAS candidate is complicated in a multifactorial disease. Despite of many
efforts, the role of APOE in AD is still not completely understood and investigations to use
APOE as therapeutic target are still ongoing. Seen the complex nature, probably a mix
of different drugs, tailored to the patient, would be most effective. (66) Intriguingly, the
APOEε4 isoform that increases risk for AD, is associated with a reduced risk for AMD. (67)
For AMD research, the usefulness of animal models is limited, since the anatomy of
the macula is unique for humans. (68) In order to functionally investigate AMD GWAS
candidates, several mice models have been created, for example to assess the function of
complement genes in AMD pathology; e.g. Cfh -/- mice, transgenic mice for CFH Y402H,
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and mice with overexpression of C3. (68) Furthermore, cellular models have been used
to gain functional insights into GWAS candidates. For example, the function of ABCA1,
encoding the ATP-binding cassette transporter A1, was explored in primary RPE cells and
ARPE19 by measuring cholesterol efflux. (69) With use of an ABCA1 neutralizing antibody
it was shown that cholesterol efflux was ABCA1-dependent. Another example is a study in
iPSC-RPE lines of patients carrying the risk genotype at the HTRA1/ARMS2 locus compared
to controls, in which a proteomic comparison was performed. (70) HTRA1 protein levels
were increased in cells from the high-risk group, and other known and yet unknown
targets of HTRA1 were shown to have altered protein levels in cells carrying the high-risk
genotype. These studies are useful to increase our knowledge of AMD mechanisms and
for identifying therapeutic targets.
In Chapter 6 of this thesis, we aimed to explore the function of one of the GWAS candidates,
B3GLCT, encoding β1-3 glucosyltransferase, in the context of AMD. No functional studies
into the role of B3GLCT in RPE cells or in AMD were reported so far, but there was good
evidence for this gene to be involved in AMD. The lead variant in the B3GLCT locus (11) was
shown to be a strong eQTL in retinal tissue, where the AMD-protective variant is associated
with lower RNA levels. (2) If reducing the expression of B3GLCT is demonstrated to have a
protective effect on AMD, this would be a very interesting therapeutic target. A challenge
in this research was to generate hypotheses of how B3GLCT might be involved in AMD.
Three main research questions are raised in Figure 2. B3GLCT glycosylates 49 different
proteins, but it is largely unknown which of them are actually dependent on B3GLCTmediated glycosylation for their secretion or function. Furthermore, B3GLCT is expressed
in many tissues and we did not know which cell type would be most relevant for its role in
AMD. Since the RPE is an important tissue for AMD, we studied the function of B3GLCT in
RPE cells, with use of B3GLCT knockout (KO) hTERT RPE1 and ARPE19 cell lines.
B3GLCT target proteins relevant for AMD development
Glycosylation by B3GLCT is known to be involved in an ER quality control mechanism, and
absence of B3GLCT was shown to result in impaired secretion of several proteins with TSR
domain, however, secretion of some TSR-containing proteins remains unaffected. (71, 72)
For the majority of the in total 49 ligands, it is unknown whether they require B3GLCT for
secretion. In our study, we only analyzed secretion of thrombospondin 1 (TSP1) from WT
and KO RPE cells, and we did not detect secretion defects. It would be interesting to know
for all TSR-containing proteins whether they require B3GLCT-mediated glycosylation for
secretion. However, this is challenging to analyze in a systematic way, since TSR-containing
proteins are not all expressed in the same tissue. In a proteomics experiment of the RPE
secretome, only TSP1, 2 and 3 were found. (73) Possibly more TSR-containing proteins
could be detected in such an analysis if enrichment for these proteins would be used.
However, there is no antibody known to bind TSR domains and also no lectin recognizing
the glucose β1-3 fucose modification.
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Figure 2 – Transcription, translation and glycosylation process of B3GLCT on proteins with TSR domain. The lead
variant in the B3GLCT locus identified by GWAS (rs9564692) is protective for AMD (11) and it is associated with
reduced B3GLCT expression. (2, 3) Three main questions are raised when designing follow-up experiments to
investigate the role of B3GLCT in AMD, which are shown in the boxes.

Based on function, there are many TSR-containing proteins that may potentially be
involved in AMD, since a large part of the TSR-containing proteins is involved in AMDrelated pathways such as regulation of angiogenesis, ECM organization or the complement
system. (74) ADAMTS9 is the only B3GLCT target in which a genetic association with AMD
was identified by GWAS. (11) Since it was not possible to analyze secretion of all TSRcontaining proteins at the same time, we focused on TSP1 in Chapter 6 as TSP1 showed
the highest expression in RPE cells of all secreted TSR-containing proteins. In the following
paragraphs, we discuss how TSP1 (and B3GLCT-mediated glycosylation on TSP1) might be
functionally linked to AMD via the regulatory role of TSP1 in angiogenesis.
A possible function of B3GLCT-attached glucose on TSP1 in regulation of angiogenesis
It has never been tested whether the glucose attached by B3GLCT has a function on
secreted proteins, which we aimed to investigate for TSP1. TSP1 is a multifunctional protein
that may be linked to AMD-related processes in several ways. First of all, the expression
of TSP1 has been found to be lowered in Bruch’s membrane of donor eyes from AMD
patients compared to controls, supporting a role for TSP1 in AMD. (75, 76) TSP1 is thought
to be involved in AMD pathogenesis via its important roles in regulation of angiogenesis,
phagocytosis and mediation of immune suppression and immune privilege. (77-80) TSP1
has been shown to interact with at least 83 different ligands, such as ECM components,
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cytokines, growth factors, proteases and cellular receptors. (81-83) The multifunctional
nature of TSP1 complicates the design of studies to investigate its role in AMD. Of all AMDrelated processes, TSP1 has been most extensively studied in the context of angiogenesis.
Therefore, we elaborate on mechanisms by which TSP1 is involved in angiogenesis
regulation potentially relevant for AMD, and possible roles for B3GLCT-attached glucose
in this process.
First of all, TSP1 has an important role in inhibiting angiogenesis via binding to CD36. (81,
84) This interaction is mediated by a region on the TSR domains (CSVTCG), which is shared
by other TSR-containing proteins, and exactly overlaps with the consensus sequence for
glycosylation by B3GLCT (CXX[S/T]CXXG). (85, 86) Interestingly, the CSVTCG motif on TSP1
also interacts with histidine-rich glycoprotein (HRG) and this interaction has been shown to
inhibit the anti-angiogenic effect of TSP1 mediated via CD36. (81, 87, 88) We hypothesized
that missing the glucose on the CSVTCG motif might affect its affinity for CD36 and/or
HRG which could possibly influence the regulatory effect of TSP1 on angiogenesis. Due
to technical reasons we could unfortunately not test this experimentally. Finally, there is
a third potentially relevant protein that interacts with the CSVTCG motif on TSR domains:
Von Willebrand factor (VWF). (81) The interaction between TSP1 and VWF was found to
control the multimer size of VWF. (89, 90) If this process would be differently regulated,
this might also be relevant for AMD pathogenesis since VWF contributes to the regulation
of complement activation. (91, 92)
If the glucose on TSR domains would have a functional role on secreted proteins, we
believed it would be most likely to be caused by an altered interaction between the
glycosylation site itself and other proteins (such as the TSP1-CD36 interaction). However,
the studies reporting that CD36 interaction and the subsequent angiogenesis inhibition
is mediated via the CSVTCG motif on TSR domains used synthetic peptides. (85, 86) The
activity of these peptides cannot be assumed to correspond exactly to the activity of
TSR domains with a three-dimensional structure, as the O-glycosylation is not present
on synthetic peptides, and the two cysteines of CSVTCG are involved in the formation
of two separate disulfide bonds. (93) Although many proteins with TSR domains share
this CSVTCG sequence, some of them have been shown to inhibit angiogenesis (e.g.
TSP1, TSP2, BAI1 and ADAMTS1), whereas others have been reported to be angiogenesis
stimulators (e.g. CYR61 and CTGF), which can be explained by a difference in disulfide
bonding. (94-96) Therefore, it is important to realize that not only the CSVTCG sequence is
important for binding and regulation of angiogenesis, but also other parts of the protein
which contribute to the three-dimensional structure could be involved.
We attempted to test whether the B3GLCT-attached glucose residues on TSP1 have a
functional role on secreted TSP1. TSP1 was previously shown to inhibit angiogenesis in
a tube formation assay (97), and we aimed to perform the same experiment with TSP1
isolated from WT and B3GLCT KO cells, to investigate whether there would be any difference
in the inhibitory capacity of TSP1 with and without glucose residues. Unfortunately we
could not answer this question, since we could not replicate the inhibitory effect of TSP1
on tube formation. If we would have been able to demonstrate that B3GLCT-attached
glucose residues influence tube formation, this would have been a nice starting point
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for further exploration into the mechanism by which glucose residues on TSR domains
influence TSP1 activity.
Interaction of MMPs with TSP1 and other TSR-containing angiogenesis regulators
Next to its role in regulation of angiogenesis via CD36, TSP1 also interacts with matrix
metalloproteinases (MMPs) that are associated to AMD such as HTRA1, MMP9 and MMP2.
It is hard to predict whether absence of the glucose on TSP1 has any impact on these
interactions. Nevertheless, if we assume that reduced expression of B3GLCT might
somehow affect levels or function of TSP1, this could have consequences for the activity of
AMD-associated MMPs and their role in angiogenesis regulation, which might contribute
to the development of AMD.
AMD has a very strong genetic association with the ARMS2-HTRA1 locus (OR=2.81,
p=6.5*10-735), and for both genes there is evidence for them to be involved in AMD
pathogenesis. (11, 98-100) HTRA1 (High-Temperature Requirement A Serine Peptidase
1) is a member of the trypsin family of serine proteases. The high-risk genotype at the
ARMS2-HTRA1 locus was introduced in RPE cells in culture and a comparison with WT
cells revealed that HTRA1 protein levels were increased in the RPE cells with the highrisk genotype. (70) In a search for HTRA1 targets in RPE cells, TSP1 was identified, and
this finding was replicated by Chen et al. 2018. (101) In the latter study, the cleavage of
TSP1 by HTRA1 was found to generate a small N-terminal fragment with pro-angiogenic
properties, in contrast to full-length TSP1 which is anti-angiogenic. Furthermore, HTRA1
colocalized with TSP1 in the Bruch’s membrane of AMD patients. Interestingly, TSP1 was
found to act both as a substrate and as an inhibitor of HTRA1, and the protease activity of
HTRA1 turned out to be dependent on the substrate to enzyme ratio. (70) This suggests
that tight regulation of both HTRA1 and TSP1 levels are important. Disturbances in this
balance might contribute to the development of AMD.
TSP1 has been described previously to be an inhibitor of the proteases MMP9 and MMP2.
Variants near MMP9 were associated to AMD via GWAS (OR=0.85, p=2.4*10-10). (11)
Furthermore, we showed in Chapter 4 that increased plasma levels of MMP9 are associated
with nAMD. Several studies also reported an association between a variant near MMP2
(rs243865) with AMD (102-106), but other studies countered this finding. (107-109) Both
activated MMP2 and MMP9 were found to be reduced in Bruch’s membrane of AMD
donor eyes. (110) Therefore, MMP2 and MMP9 may be considered as candidate proteins
potentially involved in AMD pathogenesis. TSP1, and also the TSR domains of TSP1 or
TSP2 only, were found to inhibit MMP2 and MMP9 activity, presumably via prevention of
proteolytic processing of pro-MMP2 and pro-MMP9. (111) This inhibition of MMP activity
can subsequently prevent cleavage of ECM proteins and the liberation of VEGF from the
ECM, so that pro-angiogenic signaling is disturbed. (84)
TSP1 is not cleaved by MMP9 or MMP2, but there are other proteases next to HTRA1 that
can cleave TSP1 or other TSR-containing proteins and generate peptides with regulatory
capacity for angiogenesis. For example a disintegrin and metalloproteinase with
thrombospondin repeat 1 (ADAMTS1; also a protein containing TSR domains) can cleave
TSP1 and TSP2, which releases an anti-angiogenic peptide (contrary to HTRA1 cleavage
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which releases a pro-angiogenic peptide). (112) Furthermore, MMP2 has been shown to
cleave connective tissue growth factor (CTGF) and cysteine rich angiogenesis inducer 61
(CYR61); both angiogenesis regulators with TSR domains. (113, 114) MMP2 is able to cleave
CYR61 at different positions, thereby forming two different CYR61-truncated variants.
A truncated variant containing only two domains (insulin-like growth factor-binding
protein (IGFBP) and von Willebrand factor type C (vWC)) showed angiogenesis stimulating
capacities in a mouse model of oxygen-induced retinopathy, whereas a form containing
three domains (IGFBP, vWC and TSR) had anti-angiogenic activity in this model. Moreover,
vitreous fluids from patients with proliferative diabetic retinopathy (PDR) had significantly
higher levels of the two-module form of CYR61 compared to controls, suggesting that
there might be a disbalance in angiogenesis regulatory peptides during PDR. (113) It
would be interesting to explore the different degradation products of TSR-containing
angiogenesis regulators and their activity in AMD patients compared to controls.
HTRA1
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ADAMTS1
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pro-angiogenic
fragments
MMP9
MMP2

TSP1

anti-angiogenic
fragments
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MMP2
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CTGF

pro-angiogenic
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Figure 3 – Different mechanisms of TSP1-mediated regulation of angiogenesis potentially relevant for AMD.
The binding of TSP1 to HRG and CD36 is known to be formed via the CSVTCG motif, which is glycosylated by
B3GLCT. One can hypothesize that this interaction is affected when the glucose residue is missing. Furthermore,
the regulation of angiogenesis by interaction of TSP1 with different proteases are shown. HTRA1, MMP2 and
MMP9 have been associated with AMD previously. Target-proteins of B3GLCT (containing TSR domains) are
shown in blue. Some functions of TSP1 are shared with TSP2 (not shown in the figure). This figure demonstrates
that angiogenesis signaling involving TSP1 (and other TSR-containing proteins) and AMD-associated proteases
is regulated at multiple layers. A disturbance in TSP1 levels or function might influence this system, which on its
turn might contribute to AMD processes.

Taken together, this indicates that the angiogenic regulatory capacity of TSP1 and other
TSR-containing proteins can be changed by proteolytic cleavage, and TSP1 can on its turn
control the activity of different proteases involved in angiogenesis regulation (summarized
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in Figure 3). This shows that the system of pro- and anti-angiogenic signaling is regulated
via multiple layers. As several proteins with TSR domains are involved (e.g. TSP1, TSP2,
CYR61, CTGF and ADAMTS1) and they interact with AMD-associated proteases (HTRA1,
MMP9, MMP2), a disbalance in this system might contribute to the pathogenesis of
AMD. Whether altered glycosylation by B3GLCT might have any influence on these TSRcontaining proteins and their role in this system remains to be determined.
A possible role for B3GLCT in AMD via regulation of the epithelial-mesenchymal
transition (EMT)
Next to TSP1-related pathways, there are other mechanisms that could link B3GLCT to
AMD. B3GLCT has been found to be involved in the regulation of epithelial-mesenchymal
transition (EMT), in which non-motile, epithelial cells transdifferentiate into a migratory
(mesenchymal) state. (115) EMT is important during for example embryogenesis and
wound healing, but is also involved in several pathological conditions including AMD.
(116, 117) Therefore, one can hypothesize that B3GLCT is involved in AMD via regulation
of EMT.
Subretinal fibrotic lesions are a characteristic of end-stage AMD, and these lesion consist
predominantly of matrix-producing mesenchymal cells. (117) These cells are believed to
originate from RPE cells that underwent EMT or endothelial cells (ECs) that underwent
endothelial-mesenchymal transition (EndMT). More recently, evidence was found that
EMT of RPE might also play a role in earlier stages of AMD. (117, 118) In a general view, RPE
cells lose their epithelial morphology and function during AMD and start to degenerate.
However, detailed histological inspection of these cells suggest that they are not dying, but
rather undergoing EMT to have a higher chance of surviving the AMD microenvironment.
(117, 119-121) Furthermore, in RPE from donor eyes of dry AMD patients, mesenchymal
markers were found to be increased, whereas E-cadherin, an epithelial marker, was
decreased. (122) Also in donor RPE of nAMD patients, the EMT regulator snail was shown
to be upregulated, which is a key transcription factor mediating repression of E-cadherin
and VE-cadherin expression. An important and well-known pathway regulating EMT is
the TGFβ signaling pathway. (123, 124) TGFβ treatment is known to introduce EMT in
ARPE19 cells (125, 126) and this was shown to be inhibited by the silencing of snail. (127)
Furthermore, in a cell culture study of human fetal RPE, EMT was induced via prolonged
wound stimulus, which co-occurred with altered expression of several TGFβ pathway
activators. (128) This indicates that TGFβ regulates EMT in RPE cells.
TGFβ signaling in general has been implicated in AMD pathogenesis, although controversy
exists on its exact role due to pleiotropic effects of TGFβ family members. (129) In
choroidal neovascularization (CNV) tissues of donor eyes and in the vitreous and aqueous
humor of nAMD patients, elevated levels of TGFβ have been reported. (130-132) However,
another study found decreased levels and activity of TGFβ in the aqueous humor of nAMD
patients. (129) The inhibition of TGFβ was shown to result in reduced progression of laserinduced CNV in rats and mice (133-136), and also in decreased subretinal fibrosis in a
mouse model. (137) The association between AMD and variants in the TGFβ receptor type
I (TGFBR1) locus identified by GWAS further supports a role for TGFβ signaling in AMD.
(11) It should be considered that TGFβ may be involved in AMD via different mechanisms.
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Next to EMT regulation, TGFβ has other functions that could be relevant for AMD, like the
regulation of angiogenesis. (138, 139) Different studies showed indications for TGFβ being
an anti- or pro-angiogenic factor in the eye, depending on the context. (129, 140, 141)
For the purpose of this discussion, we will focus on the possible role of TGFβ in AMD via
regulation of EMT, since B3GLCT might be involved in this process.
B3GLCT expression was found to be regulated by the microRNA MiR-200f, an EMT
regulator. (115) When mesenchymal-epithelial transition (MET; the opposite process of
EMT) was introduced in MDA-MB-231 cells (a highly metastatic breast cancer cell line) by
MiR-200f, B3GLCT expression was downregulated by more than 40%. Interestingly, a KD of
B3GLCT in these cells also caused epithelial markers to appear, suggesting that silencing
B3GLCT alone could drive MET. On the other hand, an increase in B3GLCT expression was
observed in A549 cells undergoing TGFβ-induced EMT, indicating that B3GLCT plays a role
in both EMT and MET. (115)
Remarkably, POFUT2 was found to execute an opposite effect on the regulation of EMT
compared to B3GLCT, in a study of mouse gastrulation. (142) While B3GLCT is increased
during EMT, POFUT2 was shown to act as an EMT inhibitor. POFUT2 expression was
found to be essential for this EMT inhibition, which is important for maintaining epiblast
pluripotency during mouse gastrulation. Pofut2 mutant mice underwent active EMT and
therefore extensive mesoderm differentiation. Another study found similar phenotypes
in Pofut2 and Adamts9 KO mice during gastrulation, and suggested that the gastrulation
defects in Pofut2 mutants result from impaired secretion of ADAMTS9. (143) If POFUT2
indeed regulates EMT via the secretion of ADAMTS9, it would be difficult to explain how
B3GLCT could have an opposite effect on EMT regulation. Both POFUT2 KD and B3GLCT KD
have been shown to reduce ADAMTS9 secretion from HEK293F cells, whereby the KD of
POFUT2 had a severe effect. (144) Possibly there is context-dependent regulation of EMT
by glycosyltransferases.
For B3GLCT, it is unknown how and via which of its substrates it may regulate EMT, but
there are several hypotheses conceivable, since a few of the TSR-containing proteins are
involved in the TGFβ signaling pathway. TSP1 is an upstream activator of TGFβ signaling,
since TSP1 can, via its TSR domains, activate the latent, inactive form of TGFβ into the
active form. (145, 146) This TSP1-dependent activation of TGFβ is thought to be locally
important during wound healing and in post-natal development of epithelial structures,
and has also been linked to several fibrotic diseases. (145-147) In RPE cells, retinoic acid
(RA) was shown to activate TGFβ via upregulation of TSP1. (148) In human melanoma cells,
TSP1 was found to promote EMT via activation of TGFβ. (149) Whether TSP1-mediated
activation of TGFβ would also result in EMT in RPE cells remains to be determined. It is
known that TNFα treatment causes ARPE19 cells to undergo EMT via activation of TGFβ
signaling. (150) We showed in Chapter 6 that TSP1 expression was highly upregulated
in TNFα treated ARPE19 cells (which also underwent EMT). It would be interesting to
investigate whether EMT in these cells is dependent on the upregulation of TSP1.
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Also proteins of the ADAMTS and ADAMTSL family have been indicated to play a role
in controlling TGFβ activity. Latent TGFβ binding protein 1 (LTBP1) and TGFβ receptor 3
(TGFBR3) were shown to be substrates of ADAMTS2, 3 and 14. (151) Additionally, levels of
α-smooth muscle actin (α-SMA), a marker of active TGFβ signaling, were lower in ADAMTS2
KD human fibroblasts compared to controls in response to a TGFβ stimulus. (151) While
these data suggest that ADAMTS2 activates TGFβ signaling, ADAMTS-like 2 (ADAMTSL2),
which is similar to ADAMTS2 but lacks the protease domain, is thought to inhibit TGFβ
activation. Fibroblasts from patients with geleophysic dysplasia, caused by autosomal
recessive mutations in the ADAMTSL2 gene, showed increased total and active TGFβ levels
in conditioned medium compared to WT fibroblasts. (152) Also phosphorylated SMAD2
in the nucleus was enhanced, indicating activation of the TGFβ pathway. Via a yeast twohybrid screen, ADAMTSL2 was found to interact with LTBP1, which binds to latent TGFβ to
store it in the ECM. These data suggest that ADAMTSL2 regulates the availability of latent
TGFβ via binding to LTBP1. (152)
A final TSR-containing protein involved in EMT is CTGF, a downstream effector of TGFβ
signaling. The TGFβ-induced upregulation of CTGF could result in EMT, which is implicated
in several types of cancer and also in fibrosis in e.g. lung, kidney and lens. (153-156) Also
during TGFβ-induced EMT of RPE cells, CTGF was shown to be upregulated. (157, 158) Next
to TGFβ, also high glucose and the anti-VEGF drug bevacizumab were found to introduce
EMT of RPE cells via upregulation of CTGF. (159, 160)
In conclusion, there is evidence for B3GLCT to be involved in EMT regulation. Since several
B3GLCT target proteins are involved in TGFβ signaling, B3GLCT might regulate EMT via
altered expression or function of proteins with TSR domains, which subsequently affect
TGFβ signaling. Figure 4 summarizes the current knowledge on the roles of TSR-containing
proteins in TGFβ signaling and EMT/MET. Among the proteins with TSR domains are both
EMT stimulators and inhibitors. While B3GLCT has been found to increase its expression
upon EMT, POFUT2 expression decreases. It should be considered that limited studies
have been performed and that the regulation of EMT by glycosylation of TSR domains
might be context dependent. It would be interesting to investigate how B3GLCTmediated glycosylation is involved in EMT of RPE cells and via which of its substrates. This
information would give valuable insights into a potential role for B3GLCT in AMD via EMT
regulation.
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Figure 4 – Overview of proteins with TSR-domain involved in the regulation of TGFβ-signaling and EMT/MET.
Altered expression of B3GLCT might affect the levels or function of these TSR-containing proteins and thereby
regulate EMT. B3GLCT expression has been shown to increase upon EMT (115), while POFUT expression has been
found to increase upon MET. (142) Additional research is needed to determine how glycosylation of TSR domains
is involved in EMT regulation, and whether this might be relevant for AMD.

Methods to study a role for B3GLCT in AMD
In Chapter 6 of this thesis, we studied a potential role for B3GLCT in AMD via analysis of
TSP1 secretion from WT and B3GLCT KO RPE cells. Disadvantageous to this approach is
that we only studied one specific hypothesis based on one B3GLCT target protein: TSP1.
If we would aim to also test other hypotheses mentioned in this discussion, it would be
very time-consuming to build each of the experimental set-ups, which would not be
feasible. We chose to work with RPE cell lines, since RPE cells play a major role in AMD, and
several TSR-containing proteins are expressed in this cell type. It should be considered
that reduced B3GLCT levels could also influence AMD-related processes via other cell
types, for example via ECs, or via the interaction between ECs and RPE, given the many
angiogenesis regulators among proteins with TSR domains, but this was not included in
our project. Moreover, given the multifactorial nature of AMD, it is possible that reduced
B3GLCT levels only cause an effect in specific situations, for example in case of long-term
inflammation, oxidative stress, or a combination of circumstances. These situations are
difficult to mimic in cell culture, but we attempted to create a more dynamic situation by
treating ARPE19 cells with TNFα for four days. This is known to cause inflammation and to
introduce EMT in these cells. We still did not observe an effect of the B3GLCT KO in TNFα
treated cells, and concluded that our cells were probably still able to adapt to the absence
of B3GLCT.
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For future research into the involvement of B3GLCT in AMD, it would be beneficial to first
gather evidence on where B3GLCT might play a role (in which cell type, which process,
which of its substrates are involved), and subsequently dive into targeted hypotheses. For
B3GLCT, one phenotypic study has been performed in a B3GLCT ortholog KO zebrafish
model. (161) Developmental processes were evaluated, but no differences were detected
between the WT and KO zebrafish. A transcriptomics analysis identified 483 differently
expressed genes, which are suggested to compensate for the B3GLCT KO via a yet
unknown mechanism. (161) New developments in AMD model systems like iPSC-RPE
cultures and even eye-on-a-chip technologies could potentially help to reveal how AMDrelated processes are affected by reduced B3GLCT expression levels.

4.

iPSC-RPE as a model system for AMD research

In Chapter 6 of this thesis, hTERT RPE1 and ARPE19 cell lines were used to study the role
of B3GLCT in RPE cells. A main advantage of using immortalized cell lines over primary
cells or iPSC-derived cells is that they are easy to handle and they can be passaged
multiple times. They are well suited for gene editing by CRISPR-Cas9. A disadvantage of
cell lines is the limited similarity to the in vivo situation. ARPE19 cells and hTERT RPE1 cells
do express the RPE specific marker ‘retinal pigment epithelium-specific 65 kDa protein’
(RPE65), however, molecular profiles of iPSC-derived RPE cells are much closer to human
RPE cells in vivo. (162) iPSC-RPE cells were shown to have molecular and morphological
characteristics and functional properties similar to native RPE: iPSC-RPE cells express
RPE specific markers, form microvilli at the apical side, have a transepithelial resistance
(TER) indicating functional tight junctions, are able to phagocytose photoreceptor outer
segments (POS), and form deposits after long-term culture on a membrane. (163-166)
Another main advantage of iPSC-RPE is the possibility to create patient-specific RPE
cells in culture. Therefore, iPSC-RPE cells could provide a valuable model system for AMD
research. This could help to identify causal GWAS variants, to investigate the effect of
specific variants on cellular functions, and to explore how cells react to certain treatments.
iPSC-RPE cultures have been shown to be usable for identifying functional variants in GWAS
data. For example for the VEGFA locus, fine mapping was performed by integrating RNAseq, ATAC-seq and H3K27ac ChIP-seq data of iPSC-RPE cells, adult retina and adult RPE.
(165) One of the AMD-associated variants, rs943080, was proposed to be the functional
variant, since it was associated with decreased gene expression of VEGFA and an allelespecific expression of a non-coding transcript. In addition, the variant was associated with
stronger chromatin accessibility of a distal region in an allele-specific way. Possibly this
method could be used in the future to also identify causal variants at other AMD loci.
However, it should be noted that the VEGFA locus contains relatively few candidate genes,
which made it possible to find significant differences in this analysis with only six different
iPSC-RPE cell lines. To apply this method on other GWAS loci with more candidate genes,
larger numbers of iPSC-RPE cell lines would need to be generated. (165)
For the well-known AMD-risk variant Y402H, iPSC-RPE cells have been created to investigate
which AMD-like features are represented in cell culture, and how this compared to WT cells.
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Key features of AMD were found in cultures of patients with the Y402H variant, including
increased inflammation and cellular stress, impaired autophagy, accumulation of lipid
droplets and drusen-like deposit formation. (167) Additionally, another study found cells
of patients with the Y402H variant to be characterized by increased complement 3 (C3)
turnover, more swollen lysosome-like-vesicles, less melanosomes, reduced lysosomal
function and also drusen-like deposits, in which cathepsin D leakage took place.
Interestingly, inhibition of C3 processing could reverse disease phenotypes: the number
of lysosomes went back to normal and their function was restored. (168) In an iPSC-RPE
model of patients with the high-risk allele at the ARMS2/HTRA1 locus, the aging process
was accelerated by treating the cells with A2E, a type of lipofuscin that accumulates in
RPE cells during aging. (169) This study was found that the defense against age-related
oxidative stress mediated by superoxide dismutase 2 (SOD2) was impaired in the patient
cell lines, which suggests that the risk-variant at the ARMS2/HTRA1 locus could cause AMD
susceptibility via this mechanism. Over the last years, several other studies have been
reported in which AMD-related stressors (e.g. A2E, oxidative stress, nicotinamide) have
been introduced in an iPSC-RPE cell culture model, to investigate how cells react. (170175) These studies show nice examples of how iPSC-RPE models can be used to obtain
mechanistic knowledge on AMD.
Currently, mainly iPSC-RPE lines have been generated of AMD patients with the high-risk
variants at the CFH and ARMS2/HTRA1 loci. To assess the function of lower risk variants,
the cellular phenotypes might be too subtle. Another way of gaining insight into AMDrelated mechanisms is to use iPSC-RPE cells of patients with inherited forms of macular
dystrophy, which are likely to cause a more severe phenotype than most of the AMDassociated variants would do. Autosomal recessive bestrophinopathy (ARB), Sorsby’s
fundus dystrophy (SFD), Doyne honeycomb retinal dystrophy (DHRD), and autosomal
dominant radial drusen (ADRD) have been evaluated with iPSC-RPE studies. iPSC-RPE cells
of ARB patients were found to have impaired POS phagocytosis. (176) iPSC-RPE cultures
of SFD, DHRD and ADRD patients showed all three more deposit formation than control
cells, and several complement genes were found to be upregulated. (166) These iPSC-RPE
lines might be useful in the future as a model system to identify the exact mechanisms
behind the phenotype in these cell culture, and this knowledge might also be useful in
the context of AMD.
In this PhD project, we performed a pilot study using iPSC from patients with drusen
formation at very early age, but without having identified a clear genetic factor causing
this abnormality. We differentiated the patient iPSc lines together with control lines into
RPE cells, with the aim to perform deposit formation experiments as described previously.
(166) For these patients we recently obtained whole genome sequencing (WGS) data, so
it would be interesting to investigate which genetic causes underly their phenotype with
use of cell culture experiments. Unfortunately, the quality of our differentiated RPE cells
was not sufficient to conduct any further experiments, and therefore this project is not
included in this thesis.
In order to even further mimic the in vivo situation of the retina, retina-on-a-chip models
are currently being developed, in which RPE cells are co-cultured with ECs, separated by a
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membrane resembling Bruch’s membrane. (177) Currently, this is not applied yet on large
scale because of the technological challenges, but it would be very useful in the future for
research and for drug-testing.
In conclusion, iPSC-RPE studies, and potentially also the retina-on-a-chip, will potentially
be important research methodologies in the AMD field in the coming years.

5.

Concluding remarks

In this thesis, we used different approaches to study the functional effects of genetic
variants associated with AMD by GWAS. The advantages and disadvantages of each
method are evaluated in this general discussion, and also other possible methodologies
for future research are suggested. With the research described in this, we contributed to
prioritizing genes or variants at GWAS loci, by linking AMD-associated variants to predicted
gene expression levels and to plasma protein levels. We identified an association between
the risk-allele of rs142450006 near MMP9 and plasma MMP9 levels, and we found elevated
MMP9 levels in nAMD patients compared to controls. Finally, we studied potential roles
of B3GLCT in AMD using RPE cell lines. In the general discussion, we mentioned several
links between B3GLCT and AMD that have not been tested yet, and discuss about the
approaches that could be used to study this topic.
When comparing the different approaches to study the role of genetic variants in
multifactorial diseases, the results of GWAS are mainly useful for obtaining a first indication
of genes and pathways involved in the disease. eQTL and pQTL studies should follow-up
GWAS data. These analyses provide insight into which genes are differently expressed on
RNA or protein level and drive the association with the disease. In addition, this indicates
in which tissues the effect takes place. For AMD, one single-cell transcriptomics analysis
of the retina has been published, which gives detailed information on gene expression
and eQTLs for different retinal cell types. (3) Information on which AMD-associated
variants influence gene expression in the retina and in which cell type is very useful for
prioritizing candidate genes and for the design of functional studies. Potentially, a singlecell proteomics analysis of the retina would have added value since alterations on protein
level are even closer to the disease pathways.
In summary, large-scale GWAS, eQTL and pQTL analyses are needed to gain insight into
which genes or proteins possibly play a role in AMD and in which tissue. However, from
these data it cannot be deduced whether altered gene expression or protein levels in
AMD are a cause or a consequence of the disease. Therefore, the data should be used to
generate hypotheses and design follow-up functional experiments.
Designing follow-up experiments to investigate the role of B3GLCT in AMD was
challenging, since there were many unknown factors and theoretically B3GLCT could
be linked to AMD in many ways. Our research in Chapter 6 mainly contributes to the
fundamental knowledge on glycosylation of TSR domains, but potential roles of B3GLCT
in AMD remain to be determined. For further functional studies it would be very beneficial
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to have a model system that expresses as many AMD-like characteristics as possible. The
effect of absence or reduced levels of a gene could then be evaluated on phenotype
level first, and once it is known which pathways are affected, more targeted studies
could be designed. If an AMD-related effect could be restored by adding the factor that
was reduced or knocked out, this factor could be considered as therapeutic target. The
ability to mimic AMD-related processes in cellular or animal models has been limited to
date, but developments in the iPSC-RPE and eye-on-a-chip technology holds promise.
Although there are significant technical challenges, an accurate model system for AMD
would potentially speed up the mechanistic insights into the disease processes and the
development of effective treatments in the future.
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English summary
Age-related macular degeneration (AMD) is a progressive form of vision loss that can
lead to blurred vision or loss of central vision, and is estimated to affect 196 million
people worldwide. AMD is a multifactorial disease, meaning that the disease is caused
by a combination of genetic and environmental risk factors. The main environmental risk
factor is age, followed by lifestyle factors such as smoking, obesity and an unhealthy diet.
The disease manifests at the macula, a central region of the retina that is responsible for
sharp vision.
The retina consists of different cell layers. The neural retina includes the photoceptor cells
(rods and cones), which process light rays and convert them into electrical signals that can
be sent to the brain via the optic nerve. Proper function of the neural retina is dependent
of a supportive layer underneath the photoreceptor cells: the retinal pigment epithelium
(RPE). RPE cells are attached to a specialized extracellular matrix (ECM), called Bruch’s
membrane, which separates the RPE from the choroid. The disease process of AMD occurs
at the interface of the photoreceptors cells, RPE and choroid.
Characteristic of early and intermediate AMD is the formation of deposits of extracellular
material, called drusen, underneath the RPE cells. Intermediate AMD can progress into
two types of advanced AMD: neovascular AMD (nAMD), characterized by the in-growth
of blood vessels into the macula, and into geographic atrophy (GA), characterized by
degeneration of the photoreceptors, RPE and choroid in the macula. For GA, no treatment
is currently available. For nAMD, ocular injections with anti-vascular endothelial growth
factor (VEGF) can be used to slow down disease progression.
In 2016, a large genome-wide association study (GWAS) identified 52 AMD-associated
genetic variants which are mainly located in and around genes involved in the complement
system, lipid metabolism, ECM remodeling and angiogenesis. These findings require
follow-up studies in order to better understand the functional effects of the genetic
variants and their role in AMD disease mechanisms. With this thesis, we aim to contribute
to these follow-up studies.
In order to investigate the effects of genetic variants on gene expression, proteins levels
and metabolic pathways, transcriptomics, proteomics and metabolomics can be used
respectively. In Chapter 2, we performed a systematic review on omics studies applied
to AMD and eight other multifactorial eye diseases. We provided an overview of all omics
studies reported so far and their main findings. We concluded that genomic analyses have
been very successful in AMD, since 46.7% of the genomic heritability of AMD has been
explained, whereas this percentage is considerably lower in the other eye diseases. Other
omics studies have been technically more challenging than genomics to perform on large
scale and therefore the sample sizes are often limited and replication is lacking in these
studies. Due to technical advancements, larger scale omics studies could be expected in
the years to come. The integration of genomics with transcriptomics, proteomics and/or
metabolomics could provide valuable information on the effects of genetic variants on
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RNA, protein and metabolite levels, which could subsequently provide insights into the
disease mechanisms.
One of the challenges in transcriptomics and proteomics analyses for AMD is obtaining
a large sample size. Donor eyes would be most valuable, but they are not easy to collect
in large numbers. However, analyses in other tissues can also be relevant, since a large
proportion of AMD-associated genes are not exclusively expressed in the eye. For example,
many complement proteins and proteins involved in lipid metabolism are produced in the
liver, from where they can travel via the blood and enter the retina via the choriocapillaris.
In Chapter 3, we performed a transcriptome-wide association study (TWAS) for AMD in
27 different tissues. The TWAS was based on genotypes of 16,144 advanced AMD cases
and 17,832 healthy controls, and gene expression was imputed with use of the genotypetissue expression (GTEx) database. We identified 106 genes (88 in known AMD-loci, 18 in
novel loci), whose imputed gene expression was significantly different in AMD patients
compared to controls in at least one tissue. These data may help to prioritize genes that
are likely to be causative for AMD.
In Chapter 4, we investigated whether there is an association between the AMD GWAS
lead variant at the MMP9 locus and plasma protein levels of matrix metalloproteinase 9
(MMP9). We found the levels of pro-MMP9, but not active MMP9, are significantly higher
in individuals carrying the AMD-risk allele at the MMP9 locus. Furthermore, pro-MMP9
levels were shown to be elevated in nAMD patients compared to controls. In addition to
its protease activity, MMP9 is known to exert protease-independent functions, which can
be performed by pro-MMP9. Our results suggest that these non-enzymatic functions may
be most important in the context of AMD. This may be an interesting starting point for
further exploration of (pro-)MMP9 as a therapeutic target in nAMD. The same analysis was
performed for TIMP3, however, AMD status and genotype of the lead variant at the TIMP3
locus were both not associated with plasma TIMP3 levels.
Recently, a strong association was identified between plasma hemopexin (HPX) levels
and three independent variants at the CFH locus. HPX has not been associated to AMD
previously, but it could be functionally linked to the complement system. Given the
important role of the CFH locus and the complement system in AMD, we investigated
HPX in the context of AMD in Chapter 5. We compared HPX levels in advanced AMD
patients vs. controls, and between different genotype groups of variants at the CFH locus.
Unfortunately, we did not obtain any significant results from this study.
For one of the AMD-associated genes, β1-3 glucosyltransferase (B3GLCT), we conducted
cell culture experiments to explore how this gene might be involved in AMD disease
mechanisms in Chapter 6. The lead variant from GWAS at the B3GLCT locus has been shown
to be protective for AMD and this variant was subsequently shown to be associated with
lower B3GLCT RNA levels in retinal tissue. We aimed to investigate how reduced B3GLCT
expression could mediate a protective effect on AMD with use of B3GLCT knockout
(KO) RPE cells. Since glycosylation by B3GLCT has been shown to be involved in protein
secretion, we analyzed the secretion of a B3GLCT-target protein highly expressed in RPE
cells, Thrombospondin 1 (TSP1), from wildtype (WT) and KO RPE cells. Unexpectedly,
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secretion of TSP1 was not affected by the absence of B3GLCT. Interestingly, we observed
a different glycosylation pattern on TSP1 produced in WT cells compared to KO cells: not
only the glucose attached by B3GLCT was missing on TSP1 from the KO cells (as expected),
also C-mannosylation (another type of glycosylation on the same protein domain) was
increased. This might suggest a compensatory mechanism for the absence of B3GLCT.
Further studies are needed to gain understanding in the role of B3GLCT in AMD disease
processes.
In summary, we studied the functional effect of AMD GWAS candidates on the level of
gene expression (Chapter 3), on the level of protein expression (Chapters 4 and 5) and on
the level of functioning in a biological pathway (Chapter 6). In Chapter 7, we comment
on the information that these different approaches provided and how these experiments
could be followed-up. We also mention examples from other AMD studies and from
research on other multifactorial diseases and describe what we could learn from these
studies. For the B3GLCT project in Chapter 6, we generated specific hypotheses in order
to design functional follow-up experiments. Since B3GLCT glycosylates 49 different
proteins, of which many are involved in AMD-related processes, there were multiple
potential links between B3GLCT and AMD. These links are pointed out in Chapter 7, and
we discuss how this could be tackled experimentally. We end the discussion with the use
of induced pluripotent stem cells (iPSC) derived RPE cells and eye-on-a-chip as model
systems in AMD research. Although technically challenging, these model systems have
the potential to mimic AMD-related processes much better than the cell lines and animal
models that have been used for AMD research to date. These iPSC-based model systems
could potentially help to unravel mechanisms underlying AMD and identify therapeutic
targets in the future.
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Leeftijdsgebonden macula degeneratie (LMD) is een progressieve vorm van gezichtsverlies
en kan leiden tot onscherp zicht of verlies van het centrale zicht. Naar schatting lijden 196
miljoen mensen wereldwijd aan deze ziekte. LMD is een multifactoriële ziekte, wat betekent
dat het veroorzaakt wordt door een combinatie van genetische en omgevingsfactoren.
De belangrijkste risico-verhogende omgevingsfactor is een hoge leeftijd, gevolgd door
leefstijlfactoren zoals roken, overgewicht en een ongezond eetpatroon. LMD tast de
macula aan, dit is het centrale gebied van het netvlies dat verantwoordelijk is voor scherp
zicht.
Het netvlies bestaat uit verschillende cellagen. Het neurale gedeelte van het netvlies
bestaat uit fotoreceptoren (staafjes en kegeltjes), die licht opnemen en omzetten in
elektrische signalen die via de oogzenuw worden doorgegeven aan de hersenen. Het
goed functioneren van de fotoreceptoren is afhankelijk van een ondersteunende laag:
het retinale pigment epitheel (RPE). RPE cellen zijn gehecht aan Bruch’s membraan (een
gespecialiseerde extracellulaire matrix), die tussen het RPE en het vaatvlies in zit. LMD
ontstaat op het raakvlak van de fotoreceptoren, het RPE en het vaatvlies.
Kenmerkend voor vroege en intermediaire LMD zijn ophopingen van extracellulair
materiaal, genaamd drusen, onder de RPE cellen. Intermediaire LMD kan overgaan in twee
soorten late LMD: neovasculaire LMD (nLMD), gekenmerkt door de ingroei van nieuw
gevormde bloedvaten in de macula, en in geografische atrofie (GA), wat gekenmerkt
wordt door degeneratie van fotoreceptoren, RPE en vaatvlies in de macula. Voor GA is
momenteel geen behandeling beschikbaar. Voor nLMD kunnen injecties met anti-VEGF in
het oog worden toegediend om de progressie van de ziekte te vertragen.
In 2016 heeft een grote genoom-brede associatie studie (GWAS) 52 LMD-geassocieerde
varianten geïdentificeerd die vooral in en bij genen liggen die betrokken zijn bij het
complement systeem, lipide metabolisme, de extracellulaire matrix en bloedvatvorming
(angiogenese). Als volgende stap moeten vervolgonderzoeken worden gedaan om het
functionele effect van deze genetische varianten en hun rol in het ziekteproces beter te
begrijpen. Het doel van dit proefschrift was om hieraan bij te dragen.
Om het effect van genetische varianten op genexpressie, eiwit concentraties en metabole
processen te achterhalen kunnen transcriptomics, proteomics en metabolomics gebruikt
worden. In Hoofdstuk 2 hebben we een systematisch overzicht gemaakt van omics studies
die zijn toegepast bij LMD en bij acht andere multifactoriële oogziekten. We geven een
overzicht van alle omics studies die gepubliceerd zijn met hun belangrijkste bevindingen.
We concludeerden op dat genoom analyses erg succesvol zijn geweest bij LMD, omdat
46,7% van de erfelijkheid verklaard is, terwijl dit percentage beduidend lager ligt bij de
andere oogziekten. Tot nu toe waren andere omics studies technisch gezien uitdagender
dan genomics om op grote schaal uit te voeren, en daarom zijn er bij de andere omics
vaak minder proefpersonen gebruikt en zijn de resultaten meestal niet bevestigd andere
cohorten. Dankzij technische vooruitgang kunnen grootschaligere studies van deze omics
worden verwacht in de komende jaren. De integratie van genomics met transcriptomics,
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proteomics en/of metabolomics kan waardevolle informatie opleveren over de effecten
van genetische varianten op RNA, eiwit en metaboliet concentraties, wat vervolgens
inzicht kan geven in de ziekte mechanismen.
Eén van de uitdagingen bij transcriptomics en proteomics analyses voor LMD is het
verzamelen van een grote dataset. Donorogen zouden het meest relevante weefsel zijn,
maar het is niet eenvoudig om deze in grote getallen te verkrijgen. Toch kunnen analyses
in ander materiaal ook relevant zijn, omdat een groot deel van de LMD-geassocieerde
genen niet alleen maar in het oog tot expressie komt. Bijvoorbeeld een groot deel
van de complement eiwitten en eiwitten die betrokken zijn bij het lipide metabolisme
worden geproduceerd in de lever, vanwaar ze via het bloed naar het oog getransporteerd
worden en het netvlies binnenkomen via het vaatvlies. In Hoofdstuk 3 hebben we een
transcriptoom-brede associatie studie (TWAS) uitgevoerd in 27 verschillende weefsels. De
TWAS was gebaseerd op genotypen van 16.144 late LMD patiënten en 17.832 gezonde
controles, en genexpressies waren voorspeld op basis van de genotype-tissue expression
(GTEx) database. We hebben 106 genen geïdentificeerd waarvan de voorspelde
genexpressie significant verschillend was in LMD patiënten vergeleken met controles in
tenminste één weefsel. Van deze 106 genen lagen er 88 in bekende LMD-loci en waren 18
genen nog niet eerder met LMD geassocieerd. Deze dataset kan helpen bepalen welke
genen waarschijnlijk betrokken zijn bij LMD.
In Hoofdstuk 4 hebben we onderzocht of er een associatie is tussen de meest significante
LMD-geassocieerde variant in het MMP9 locus en plasma eiwitconcentraties van matrix
metalloproteinase 9 (MMP9). We hebben gevonden dat concentraties van pro-MMP9
(maar niet van actief MMP9) significant hoger waren in het bloed van proefpersonen die het
risico allel van de variant in het MMP9 locus droegen. Ook waren pro-MMP9 concentraties
hoger in nLMD patiënten vergeleken met controles. Naast zijn protease activiteit heeft
MMP9 ook protease-onafhankelijke functies, die uitgevoerd kunnen worden door proMMP9. Onze resultaten suggereren dat deze protease-onafhankelijke functies misschien
belangrijk zijn in de context van LMD. Dit zou een interessant startpunt zijn voor verder
onderzoek naar (pro-)MMP9 als aangrijpingspunt voor nieuwe behandelingen voor
nLMD. Dezelfde analyse was uitgevoerd voor TIMP3, maar LMD status en genotypen
van de GWAS variant in het TIMP3 locus waren beiden niet geassocieerd met plasma
concentraties van TIMP3.
Een recente studie heeft een sterke associatie gevonden tussen plasma hemopexin (HPX)
concentraties en drie onafhankelijke varianten in het CFH locus. HPX was nog niet eerder
met LMD geassocieerd, maar dit eiwit kan wel functioneel gekoppeld worden aan het
complement systeem. Gezien de belangrijke rol van het CFH locus en het complement
systeem in LMD, besloten wij HPX te onderzoeken in de context van LMD in Hoofdstuk 5.
We hebben plasma HPX concentraties vergeleken tussen late LMD patiënten en controles,
en we hebben verschillende genotype groepen vergeleken van varianten in het CFH locus.
Helaas hebben we geen significante resultaten verkregen uit deze studie.
Voor één van de LMD-geassocieerde genen, β1-3 glucosyltransferase (B3GLCT), hebben
we met behulp van celkweekexperimenten onderzocht hoe dit gen betrokken kan zijn bij
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LMD mechanismen in Hoofdstuk 6. De meest significante variant uit GWAS in het B3GLCT
locus heeft een beschermend effect tegen LMD, en later is gevonden dat deze variant
geassocieerd is met lagere B3GLCT RNA expressie niveaus in het netvlies. Ons doel was
om te onderzoeken hoe verminderde B3GLCT expressie tot een beschermend effect voor
LMD zou kunnen leiden. Omdat glycosylatie door B3GLCT betrokken is bij de secretie van
eiwitten, hebben we de secretie van Thrombospondin 1 (TSP1; een B3GLCT-target eiwit
dat hoog tot expressie komt in het RPE) onderzocht in wildtype (WT) en B3GLCT knock-out
(KO) RPE cellen. Tegen onze verwachting in vonden we geen verminderde secretie van TSP1
bij afwezigheid van B3GLCT. Het was interessant dat we een ander glycosylatiepatroon
zagen op TSP1 dat geproduceerd was in WT cellen vergeleken met KO cellen. Niet alleen
was de glucose die er door B3GLCT wordt opgezet afwezig op TSP1 geproduceerd in de
B3GLCT KO cellen (zoals verwacht), maar er was ook er een toename van C-mannosylatie
te zien. Dit is een ander soort glycosylatie dat op hetzelfde eiwitdomein wordt uitgevoerd.
Dit suggereert dat er een compensatiemechanisme zou kunnen zijn om de afwezigheid
van B3GLCT op te vangen. Verder onderzoek is nodig om te begrijpen hoe B3GLCT een rol
zou kunnen spelen bij de ziekteprocessen van LMD.
Samenvattend hebben we het functionele effect van LMD GWAS kandidaten onderzocht
op het niveau van genexpressie (Hoodfstuk 3), op het niveau van eiwitexpressie
(Hoofdstukken 4 en 5) en op het niveau van functioneren in een biologisch proces (Hoofdstuk
6). In Hoofdstuk 7 bespreken we welke informatie deze verschillende benaderingen
opleveren en hoe deze resultaten opgevolgd kunnen worden. Daarnaast belichten we
ook voorbeelden van andere onderzoeken naar LMD en andere multifactoriële ziekten
en suggereren we wat we hiervan kunnen leren. Voor het B3GLCT project in Hoofdstuk
6 hadden we specifieke hypotheses geformuleerd om functionele vervolgstudies op
te kunnen zetten. Omdat B3GLCT 49 verschillende eiwitten glycosyleert, en een groot
deel van deze eiwitten een rol speelt bij LMD-gerelateerde processen, zijn er meerdere
mogelijke links tussen B3GLCT en LMD. Deze links worden uitgelegd in Hoofdstuk 7 en
we bespreken hoe dit experimenteel onderzocht kan worden. We eindigen de discussie
met het gebruik van RPE cellen die gedifferentieerd zijn vanuit geïnduceerde pluripotente
stamcellen en de oog-op-een-chip techniek voor LMD onderzoek. Ondanks de technische
uitdaging, hebben deze modelsystemen wel de potentie om LMD-gerelateerde
processen veel beter na te bootsen dan de modellen die tot nu toe zijn gebruikt. Deze
modelsystemen kunnen in de toekomst gebruikt worden om de ziektemechanismen van
LMD te ontrafelen en om nieuwe aangrijpingspunten voor behandeling te identificeren.
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Dankwoord
Dit proefschrift had ik natuurlijk nooit alleen kunnen maken en daarom wil ik iedereen die
eraan heeft bijgedragen bedanken!
Als eerste wil ik mijn supervisors, Anneke en Dirk bedanken. Anneke, jij was een erg
betrouwbare supervisor die altijd tijd maakte voor overleg of om stukken na te kijken,
zelfs tijdens je verhuizing naar de Verenigde Staten. Toen mijn project niet goed liep had
je meteen veel ideeën over andere richtingen en heb je ervoor gezorgd dat ik ook aan
andere projecten kon werken die wat makkelijker op gang kwamen. Dirk, ik herinner me
nog goed dat ik in het begin de theoretische discussies met jou over wat ik allemaal in
literatuur had gevonden erg leuk vond. Je wist altijd interessante vragen te stellen waar
ik zelf nog niet aan had gedacht. Jullie zijn allebei altijd positief en enthousiast gebleven,
ondanks dat dit bij mij zelf soms ver te zoeken was. Als er problemen waren kon ik die wel
altijd goed met jullie bespreken. Ik ben nu heel blij dat het gelukt is om dit af te ronden,
en dat heb ik zeker ook aan jullie te danken!
Eiko, jou wil ik ook bedanken voor je supervisie en enthousiasme de eerste twee jaar.
Giuliana, you teached me how to work with iPSC and to differentiate into RPE. The cells did
not always behave like we wanted but the collaboration with you and Louet was very nice!
Bjorn, jij hebt mij in het begin wegwijs gemaakt op het lab bij genetica en later heb je bij
verschillende projecten geholpen met het selecteren van samples en het verzamelen uit
de vriezer. Bedankt daarvoor, en voor af en toe een gezellig praatje op het lab!
Melissa, thanks for the nice collaboration on the B3GLCT project, for which you performed
the glycopeptide analysis and showed me how to prepare samples for mass spec.
Tobias Strunz and Bernhard Weber, we never met personally, but we had quite some
phone calls and email exchanges. I would like to thank you for the nice collaboration on
the TWAS project!
Hans Groenewoud, jou wil ik bedanken voor de hulp met statistiek voor mijn twee ELISA
projecten.
Sanne, het was gezellig om met jou te werken en je hebt een hele mooie bijdrage geleverd
aan het B3GLCT project!
Ema, your project was not easy, but you were persistent to keep trying. Unfortunately you
couldn’t finish the labwork due to covid. It’s nice to see that you liked Nijmegen so much
that you came back for a master!
Ilse, Shalom, Eva en Leo, jullie mocht ik begeleiden tijdens de grant proposal 2018-2019
en Juliëtte, Sanne, Esmee, Isa en Sem in 2019-2020. Jullie hebben allemaal met veel
enthousiasme aan het project gewerkt met een heel mooi eindresultaat, wat ook zeker
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terug te zien was in jullie cijfers! Juliëtte, Sanne, Esmee, Isa en Sem jullie hebben zelfs de
1e prijs gekregen voor beste grant proposal van jullie jaar, daar ben ik ook als begeleidster
erg trots op!
I would like to thank the research groups of Ophthalmology, Congenital Disorders of
Glycosylation and the Sensory Disease group of Human Genetics for the discussions and
input for my project during meetings and the help in the lab!
Sarah, this PhD would have definitely been more boring without you! I was happy that
you joined the group so I was not the only PhD student from Ophthalmology in the lab
anymore. We could laugh together about ugly Western Blots, and go for coffee breaks
and lunch walks in between the experiments. Although we might have been opposites in
some ways, I always liked to tell you when something happened, you could put things in
a funny way so we could often laugh about the situation in the end.
Erkin, aangezien ik je al die jaren wat Nederlands heb proberen bij te brengen ga ik dit ook
in het Nederlands doen. Ik vond het erg leuk om jou als kamergenootje te hebben, behalve
wanneer je de verwarming op 30 graden zette ; ). Je hebt me regelmatig geholpen met ‘ICT
vragen’, en ook buiten werk was je altijd in voor gezelligheid. Ik zal me zeker het optreden
herinneren toen je samen met mijn vader ‘Het is altijd lente’ zong in de karaokebar!
Collega’s van Oogheelkunde (The real (and the unreal?) PhD kamer 1): Laura, Roos, Elja,
Clasien, Franca, Tom, Esmee, Dyon, Anita, Timo, Birgit, Sanne, Vivian, Patty, Sophie en
Catherina, ik ben blij dat jullie allemaal zo enthousiast zijn geworden over vogelsoort
de kneu. Van lang geleden herinner ik me nog goed de vrijdagmiddag-toeter en het
zaaggeluid dat woensdag na de lunch door de kamer klonk. Ons diner van frikadellentaart
met chocoladepizza zal ik ook niet vergeten, net zoals de trucjes met droogijs.
Rosanne, Laura en Renée, kamergenootjes bij genetica, onze koffiepauzes waren erg
gezellig! Ook was er altijd entertainment met foto’s en filmpjes van Noni en de caviadames
Truus, Marie en Monica. Ik vond het erg leuk om op de cavia’s te passen toen wij nog
overburen waren Laura!
Paola, wij hadden allebei een project dat wat tussen verschillende onderzoeksgroepen
in zat, daar kon ik het met jou goed over hebben en heeft mij ook geholpen! Ik vond het
altijd erg gezellig om af en toe bij te kletsen.
Paola and Federica, I enjoyed to stay together during the glycobiology meetings in
Leuven, Aachen and Gent!
Dan wil ik ook nog graag vrienden en familie bedanken voor alle leuke afleiding afgelopen
4 jaar.
Elyn, Eva, Kim, Madelon, Mira en Vivian, wij zijn al vriendinnen sinds de middelbare school
en dat blijven we ook ondanks dat we niet meer allemaal in de buurt van Etten-Leur wonen!
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Hoogtepunten afgelopen jaren waren de vriendinnenweekenden, carnaval, Oktoberfest,
bruiloften en natuurlijk het concert van Snollebollekes (voor herhaling vatbaar!).
Judith, Layla, Sarah en Rosa, ik vond het samen eten in Nijmegen en wandelen altijd
gezellig! Nu na het studentenleven en PhD wordt het misschien tijd dat we bij mij een
keer wat anders gaan eten dan wraps met ketchupsaus =). Het leukste afgelopen jaren
was toch wel onze wandelvakantie in Engeland in 2019!
Janine, jij toonde altijd veel interesse in de voortgang van mijn onderzoek en dacht mee
over hoe ik het kon verbeteren. Het is fijn dat jouw PhD inmiddels ook bijna is afgerond!
Af en toe wandelen en bijkletsen moeten we er in houden!
Dan wil ik nog graag van handbalvereniging DFS Arnhem mijn teamgenoten,
medebestuursleden en de meiden van C3 die ik training heb gegeven bedanken. Tijdens
de afgelopen 4 jaar ben ik altijd met veel plezier naar de handbal gegaan en dit was een
hele goede afleiding van werk!
Als laatste wil ik mijn familie bedanken. Vroeger op familieweekend kreeg ik altijd 5
minuten om tegen iemand over cellen en moleculen te praten, daarna moest ik weer een
ander slachtoffer zoeken. Het aanhoren van dat soort verhalen hoeft nu niet meer, maar ik
wil jullie wel bedanken voor de interesse!
Evi, van alle mensen buiten mijn werk ben jij wel degene die het meest gedetailleerd
heeft uitgevraagd wat ik tijdens dit onderzoek allemaal heb gedaan. Je had er ook wel
je eigen mening over =). Grappig om te zien dat je dit als geneeskundestudent allemaal
interessant vond om te weten.
Lusanne, wij hebben afgelopen jaren leuke herinneringen gemaakt met fietsen in
Noorwegen, de hele week couscous met erwten eten, inbreken in een caravan in Friesland
en shoppen in Leeuwarden (zonder rustpauze in de kerk, die was dicht..).
Gelukkig kunnen al jouw lessen 13 december verschoven worden en wil Evi terugkomen
uit Grenoble. Ik vind het erg leuk dat jullie als mijn zusjes mijn paranimfen willen zijn!
Papa en mama, zo noem ik jullie echt nooit maar jullie bijnamen zijn misschien niet
helemaal geschikt voor hier. Jullie hebben je eigenlijk nooit met mijn school of studie
bemoeid. Toen ik vroeg of ik moleculaire levenswetenschappen zou gaan studeren of
toch een andere studie was de reactie: ‘Daar hebben wij toch geen verstand van wat dat
allemaal inhoudt?? Dat moet je helemaal zelf kiezen’. De titel van mijn proefschrift blijft
ook lastig te onthouden =). Jullie hebben me wel altijd proberen te stimuleren om het
af te maken, op een grappige manier. Ik kwam afgelopen jaren (en nu nog steeds!) altijd
graag een dag of weekend naar jullie!
Niek, jou ontmoeten was sowieso het beste wat er is gebeurd afgelopen jaren.
Misschien werd je er af en toe een beetje moe van om alles aan te horen, je denkt
altijd oplossingsgericht en je hebt me wel geholpen om deze PhD af te maken door
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‘thuiswerkcoach’ te spelen. Verder heb je voor veel leuke afleiding gezorgd met al je
gekke toneelstukjes en onze wandel- fiets- en zwemtochten. Dankzij jou is mijn kennis
over bomen en ‘gave beesten’ erg toegenomen afgelopen twee jaar. Nu ik dit schrijf zitten
we midden in een verhuizing naar ons nieuwe huis in Renkum; ik heb er heel veel zin in
om daar met jou te wonen!
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Curriculum Vitae
Susette Lauwen was born on the 9th of August, 1993 in Breda,
the Netherlands. After finishing secondary school at the
Katholieke Scholengemeenschap Etten-Leur, she started a
bachelor in Molecular Life Sciences at the Radboud University
Nijmegen. She conducted her bachelor thesis in the lab of
prof. Henk Stunnenberg, at the department of Molecular
Biology (Radboud Institute for Molecular Life Sciences;
RIMLS), under supervision of dr. Tatyana Kuznetsova. During
this internship she studied epigenetic regulation of the IL-1
locus in response to inflammation.
In 2014, she continued with a Master in Molecular Life Sciences at the Radboud University,
and followed courses in Functional Genomics. She performed her first internship at the
department of Biochemistry (RIMLS), under supervision of dr. Sander Grefte and dr.
Werner Koopman. During this internship she studied regulation of opening and closing
of the mitochondrial permeability transition pore using live-cell microscopy. For her
second Master internship she transitioned to the Centre for Systems Medicine in Dublin,
Ireland. She was supervised by dr. Niamh Connolly and prof. Jochen Prehn, and her project
was focused on the calibration and analysis of a computation model of neuronal bioenergetics. She spent most of her time modeling in MATLAB, but she also performed livecell microscopy experiments in order to validate the model. She graduated in 2016, and
received her Master’s degree with the distinction cum laude.
In December 2016, she started a PhD project at the department of Ophthalmology in
collaboration with the Congenital Disorders of Glycosylation group of the Translational
Metabolic Laboratory, supervised by prof. Anneke den Hollander and prof. Dirk Lefeber.
During her PhD, she studied the functional effects of genetic variants that have been
associated with age-related macular degeneration (AMD). For this purpose, she
investigated associations between genetic variants and plasma protein levels using
ELISAs, and between genetic variants and imputed RNA expression levels using an in silico
analysis. Furthermore, she explored the role of β1-3 glucosyltransferase (B3GLCT) in AMD
with use of retinal pigment epithelial cell culture experiments. These research projects
are presented in this thesis entitled ‘Age-related macular degeneration: From GWAS to
functional effects’.
In February 2021, she started an information technology (IT) traineeship at Calco, in which
she learned the basics of IT to prepare for a career in this field. From April onwards, she is
working at Rijnstate Hospital in Arnhem at the department of Information and Medical
Technology (IMT) in the function of junior IT architect.
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PhD Portfolio
Susette Lauwen
Department of Ophthalmology
Donders Institute for Brain, Cognition and Behaviour
Radboudumc
PhD Period: 01-12-2016 to 31-12-2020
Promotors: Prof. A.I. den Hollander & Prof. D.J. Lefeber
Year(s)

ECTS

2017

0.5

TRAINING ACTIVITIES
Courses & Workshops
- Introduction day Radboudumc
- Introduction day Donders Graduate School

2017

0.5

2017-2018

1

- BROK

2017

1.5

- Analytic storytelling

2017

1

- Presentation skills

2017

1.5

- Achieving your goals and performing more successfully in your PhD

2017

1.5

- National PhD day (n=2)

- Donders Graduate School Day (n=2)

2018-2019

1

- Scientific integrity course

2018

0.3

- Illustrator course

2018

0.1

- How to design a PhD project

2018

3

- Loopbaanmanagement voor promovendi

2019

1

- Molecules, Mice and Math: A Statistical Toolbox for the Lab

2019

2

- PhD day PON Nijmegen

2019

0.5

- Science communication & journalism

2020

3

- The art of finishing up

2020

1

- Metabolomics tour - Agilent technologies

2017

0.1

- BBMRI-omics event

2017

0.5

- Seminars ‘The potential of sugars in new therapeutic strategies –
Glycomine Inc. meets Radboud UMC’

2017

0.3

- Radboud research rounds (n=4)

2017-2019

0.4

- Research Meeting Ophthalmology (every 2 weeks; 7 presentations)

2016-2020

3

- Sensory Disease Meeting (weekly; 8 presentations)

2016-2020

4

- Congenital Disorders of Glycosylation (CDG) meeting (weekly; 15
presentations)

2016-2020

4

2020

0.3

Seminars & Lectures

- AMD meeting Rotterdam – Nijmegen (every 2 months)
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Year(s)

ECTS

2016

0.5

2017-2019

2

2017

1

Symposia & Congresses
- Perception day
- Dutch Ophthalmology PhD Students (DOPS) conference * (n=3)
- Congenital Disorders of Glycosylation (CDG) meeting
- Joint Glycobiology meeting * (n=2)

2017-2018

1

- Trippenhuis meeting: ‘Sticky fingers’ – the interface between
Glycobiology, Cell Biology & Microscopy

2018

0.5

- Human Organ and Disease Model Technologies (hDMT) consortium
meeting

2019

0.5

- International DOG-symposium on AMD *

2019

1

- ENABLE congress *

2019

1

TEACHING ACTIVITIES
- Supervision Genetic lab practice (n=2)

2017 & 2019

0.5

- Supervision ‘Research project: grant proposal’ (n=2)

2018-2020

2

- Supervision Master Student Sanne Ruigrok

2018-2019

2

- Supervision Bachelor Student Ema Lopes

2019-2020

2

TOTAL
* Poster presentation

46
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Research data management
Chapter 3: The TWAS analysis was performed using genotype data of the International
AMD Genomics Consortium (IAMDGC). For this project, I performed the network analysis
using the online tool Enrichr. Data files retrieved from Enrichr are stored on the H-drive
of Ophthalmology: H:\Onderzoek\1 Personal folders\Susette Lauwen\Published papers\
TWAS Predixcan
Chapter 4 and 5: For ELISA measurement of MMP9, TIMP3 and HPX, samples from the
EUGENDA database were used. All ELISA data is stored in the folder: H:\Onderzoek\5
Databases\AMD\ELISAs. The experimental work was recorded in the electronic labjournal
Labguru.
Chapter 6: All experiments performed for the B3GLCT project are recorded in Labguru.
The location of raw data and the Labguru links of the experiments that are included
in the manuscript are described in this file: H:\Onderzoek\1 Personal folders\Susette
Lauwen\Submitted papers\B3GLCT project\Read me – Data used for B3GLCT manuscript_
locations and Labguru links.docx. The KO cell lines that were generated in this project are
stored in the MCCD database managed by the cell culture facility of the Human Genetics
Department (contact: genoomresearchweefselkweek@radboudumc.nl).
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Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation of young scientists.
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established
the Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially
recognised as a national graduate school in 2009. The Graduate School covers training at
both Master’s and PhD level and provides an excellent educational context fully aligned
with the research programme of the Donders Institute.
The school successfully attracts highly talented national and international students in
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related
disciplines. Selective admission and assessment centers guarantee the enrolment of the
best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide,
e.g. Stanford University, University of Oxford, University of Cambridge, UCL London, MPI
Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois, North
Western University, Northeastern University in Boston, ETH Zürich, University of Vienna
etc.. Positions outside academia spread among the following sectors: specialists in a
medical environment, mainly in genetics, geriatrics, psychiatry and neurology. Specialists
in a psychological environment, e.g. as specialist in neuropsychology, psychological
diagnostics or therapy. Positions in higher education as coordinators or lecturers. A
smaller percentage enters business as research consultants, analysts or head of research
and development. Fewer graduates stay in a research environment as lab coordinators,
technical support or policy advisors. Upcoming possibilities are positions in the IT sector
and management position in pharmaceutical industry. In general, the PhDs graduates
almost invariably continue with high-quality positions that play an important role in our
knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/

