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Chapter 9

This thesis focused on the molecular, functional, phenotypical and pathological aspects of 
the retinal pigment epithelium (RPE). We described the molecular and functional properties 
of the RPE and adjacent structures, including the photoreceptors, the choroid and Bruch’s 
membrane; we described retinal diseases caused by mutations in genes that are expressed in 
the RPE; and we described a new mutation screening strategy for RPE-related phenotypes. 
Chapter one contains the introduction to the subsequent chapters. In chapters two and three 
we identified genes with high expression in the RPE and genes with tissue specificity in the 
RPE compared to the photoreceptors and the choroid, based on microarray experiments of 
22,000 and 44,000 features respectively. In chapter four we reviewed the composition of 
Bruch’s membrane and elaborated on the processes of aging and pathology in this membrane. 
Chapter five described the contribution of the RPE, the choroid and the photoreceptors to 
the maintenance of an important adjacent structure, Bruch’s membrane. In chapter six we 
showed the clinical and genetic heterogeneity that exists among two recessive phenotypes, 
retinitis pigmentosa and Leber congenital amaurosis, caused by mutations in numerous genes 
expressed in the RPE (and photoreceptors). In chapter seven we described a dominant retinal 
dystrophy, Best vitelliform macular degeneration (VMD), caused by mutations in a single 
gene with RPE-specific expression and tried to explain the differences in phenotype by the 
different causative mutations. Finally, in chapter eight we described the development a high-
throughput tool for the detection of mutations in 87 different RPE and photoreceptor disease 
genes.

Chapter one: Introduction
In chapter one we described the anatomy, embryology and function of the retinal pigment 
epithelium (RPE). We also described a number of important phenotypes related to the RPE.

Chapter two: The human RPE, gene expression and function
A widely appreciated problem in the molecular diagnostics of retinal diseases, despite all 
the available methods of mutation detection, is that many disease causing genes have not 
yet been identified. In chapter two we characterized the RPE genetically and described the 
RPE transcriptome. This way we gained insight into the molecular machinery of the RPE 
and we facilitated future studies toward the identification of additional candidate genes for 
retinal disease phenotypes. We also gained insight into the processes associated with aging 
of the RPE. We studied gene expression in the RPE using microarrays. A unique feature of 
our study of the RPE transcriptome was the inclusion of data on interindividual differences 
in RPE gene expression levels. This enabled us to not only describe genes expressed in the 
RPE, but also give an estimate of the differences in expression levels between individuals.

Our data provided a valuable addition to the knowledge on RPE gene expression: only 17% 
of the top 30 most highly expressed RPE genes were previously known to be expressed in 
the human RPE in vivo.
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Our findings showed a distinct overlap with previous gene expression studies. Of the 13,000 
retina/RPE genes found in at least two studies[1] according to a recent review, we assigned 
56% to the RPE. Moreover we showed that 11% have high expression levels in the RPE. Of 
the 246 genes described to be exclusively expressed in the RPE[1] we confirmed the RPE 
expression of 56% of these genes and showed high RPE expression levels for 7%.

Our functional analyses of the RPE confirmed the presence of a number of previously known 
functional pathways (gene regulation, gene transcription, protein metabolism, cell prolifera-
tion, survival and signaling, energy metabolism, cytoskeleton and inflammation)[2-4]. It also 
added several new ones (oxidative phosphorylation, ATP synthesis, ribosome, phosphati-
dylinositol signaling, aminosugars metabolism, complement cascade and genes involved in 
the composition of BM), thereby adding valuable information to the existing knowledge of 
the molecular machinary of the RPE. We showed that the RPE has a high metabolic activity 
and energy demand, with high levels of oxidative stress as a result. Our data indicated that 
RPE-expressed genes contribute significantly to the defense of the RPE cell against oxidative 
stress.

In chapter two we considered not only genes with high expression levels, but also genes with 
moderate or relatively low expression in the RPE. We showed that many of the known retinal 
disease genes are expressed at high levels in the RPE. This may be subject to a bias because 
genes with high expression levels are more easily detected and are most likely to be identified 
first. We hypothesized that genes with lower expression levels are also likely to be important 
for the function and dysfunction of tissues and therefore most likely contain large amounts 
of undiscovered information. 

Chapter two highlights a relatively underappreciated area, namely that of variable gene ex-
pression. All studies to date disregarded or minimized the differences in gene expression 
levels between samples[5]. In our study we also minimized the variability in gene expression 
levels due to handling of the samples. We further hypothesized that not all gene expression 
variability is background noise. We showed that certain specific functional groups of genes 
have high interindividual variability in their expression levels. We found that the highest 
variability occurs among genes involved in the immune system. This can most likely be ex-
plained by both genetic differences and a variable degree of subclinical inflammation (local 
or systemic) among our donors as well as possible differences in the level of contamination 
from resident or migrated cell types involved in immunity. We also found somewhat higher 
interindividual variability in expression among the genes known to be involved in macular 
retinal diseases. The reason for this is not clear, but these expression differences may, in part, 
explain the phenotypicial heterogeneity of RPE phenotypes. 

Finally, we also observed that 63% of the known macular disease genes were expressed at 
high levels in our macular RPE sample. In contrast, only 32% of the peripheral retinal disease 
genes showed high expression in our macular sample. This further suggests that there are 
topographical differences in RPE gene expression and that functional consequences of muta-
tions may in part be dependent on retinal location. A second conclusion that can be drawn 
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from these data is that information on macular or peripheral gene expression profiles (expres-
sion levels) may be indicative in the search for new macular or peripheral disease genes. 

In chapter two we gave a first description of the close interaction of the RPE with Bruch’s 
membrane by way of two functional pathways. We identified an overrepresentation of genes 
in the RPE encoding extracellular matrix (ECM) proteins and genes encoding proteins in-
volved in the degradation of glycosaminoglycans (GAG). ECM proteins, including GAGs 
are important constituents of BM, as we described in chapter seven. 

In spite of the high cellular specificity obtained by using laser dissection microscopy for 
the isolation of RPE cells, our study was still limited by a small amount of photoreceptor 
contamination, inevitably present in our RPE sample[2,6,7]. In order to resolve this issue we 
designed a new strategy and we performed additional experiments described in chapter three. 

Chapter three: Human RPE-specific gene expression
In chapter three we provided a further specification of the RPE transcriptome, by analyzing 
the genes expressed in the RPE in reference to their expression in photoreceptors and cho-
roid, adding to the knowledge on tissue-specific gene expression. We identified 458 genes 
specifically expressed in the RPE, 114 genes using stricter criteria, and 39 genes with RPE-
specific expression and high expression in the RPE. Fifty percent of the latter has been identi-
fied previously in RPE studies[5].

Our analyses of the RPE in chapter three added tissue specificity when compared to the 
analyses described in chapter two. We described the following functional pathways specific 
to the RPE when compared to the photoreceptors: cell adhesion, melanogenesis and type one 
diabetes. Functional categories specific to the RPE when compared to the choroid are the 
olfactory transduction pathway and vision and transport.

Functional analyses of RPE-specific genes showed an overrepresentation of genes involved 
in transport and symport, membrane and glycoprotein, visual and nervous system develop-
ment and function, ophthalmic disease and genetic disorder. Our analyses also yielded three 
canonical pathways, RAR-activation, retinol metabolism and GABA receptor signaling. 
Quite expectedly, these pathways are different from the ones identified in chapter four. By 
adding tissue specificity we eliminated a number of genes and gene groups from our analyses 
that are important but not unique to the RPE.

Another important finding from our study regarded the levels of contamination present in 
studies performed to date. Previous studies described 246 RPE specific genes[1]. We showed 
that 23 of the 246 genes (9%), had higher expression levels in the photoreceptors than in the 
RPE and 72 genes (29%) had higher expression levels in the choroid than the RPE. Thus 
the subject of mRNA contamination from adjacent cell types has not received the attention 
it deserves in previous gene expression studies on the RPE. However, it is crucial to assign 
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molecular events to a specific cellular layer and it should be taken into account when inter-
preting results. 
The combination of the highly expressed genes described in chapter two and the 458 genes 
with specific expression from the current chapter represent, on a molecular level, the most 
important functional properties of the RPE.

Chapter four: Review of human Bruch’s membrane
The RPE and Bruch’s membrane (BM) form one functional unit. BM is an acellular structure, 
consisting of five layers. It is located between the RPE and the choroid and plays an essen-
tial role in many processes involved in vision. When the integrity of BM is compromised, 
retinal disease like age-related macular degeneration (AMD) can occur. In chapter four we 
provided a systematic review of Bruch’s membrane. We reviewed the molecular, structural 
and functional properties of BM and how they are dependent on age, genetic constitution, 
environmental factors, retinal location and disease state. We also described how some of the 
properties of BM are unique to each human individual at a given age, and therefore uniquely 
affect the development of normal vision and ocular disease. 
BM composition changes with age, including increased calcification of elastic fibres, in-
creased cross-linkage of collagen fibres, increased turnover of glycosaminoglycans and ac-
cumulation of advanced glycation end products (AGEs) and fat.
We described how age-related changes in BM can influence the onset and progression of 
diseases like retinitis pigmentosa (RP) and age-related macular degeneration (AMD). BM is 
passively or actively involved in a range of other retinal disorders such as Pseudoxanthoma 
elasticum (PXE), Sorsby’s Fundus Dystrophy and Malattia Leventinese. The nature of ad-
hesive interactions between the RPE and BM is instrumental in the development of retinal 
detachments and proliferative retinal disease. Undoubtedly, BM is the site of drusen devel-
opment. Confluent drusen and uncontrolled activation of the complement cascade are most 
likely the first sign of AMD.
We provided initial evidence, using microarray analysis of RPE cells, photoreceptors and 
choroid, that multiple structures adjacent to BM may play a major role in the maintenance of 
BM and may be involved in the onset and development of retinal pathology.

Further characterisation of the proteins in BM and in drusen in healthy eyes and in eyes af-
fected by AMD, and the identification of their genetic origin, will enhance the understanding 
of the processes leading to AMD. Analyzing the changes that occur in eyes affected by AMD 
compared to healthy eyes may lead to the identification of proteins, genes and/or entire path-
ways that trigger the onset of diseases like AMD. This may eventually lead to the develop-
ment of gene or protein targeted therapy for AMD.

Chapter five: The origin of human Bruch’s membrane proteins
In chapter five we used microarray data derived from the RPE, the photoreceptors and the 
choroid to identify the origin of proteins that make up the acellular BM. 
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We showed that most collagen and laminin subtypes known to be present in BM are ex-
pressed at higher levels in the choroid than in the RPE. Fibronectin also appears to have 
higher expression in the choroid, indicating the importance of the choroid in the maintenance 
of BM compared to the RPE.
Nevertheless, the RPE also plays a major role in the maintenance of BM, as seen for instance 
in the TIMP3 gene, that is highly expressed in the RPE. 

For proteins contained in drusen, we showed that most corresponding genes are either ex-
pressed at higher levels in the choroid than the RPE (in particular genes involved in extra-
cellular matrix receptor interaction and cell-cell communication) or that these proteins were 
derived from serum.
We provided insight into the origin of BM and drusen components and show that the major-
ity is derived from choroidal cells and/or serum. This knowledge is useful in the search for a 
treatment for retinal disorders, including age-related macular degeneration (AMD).

The fact that drusen proteins appear to come from choroid more than from the RPE, implies 
that the search for ways to prevent the formation of drusen should also be sought in the cho-
roid. Serum proteins also appear to contribute substantially to drusen formation. This indi-
cates that drusen are most likely formed by both systemic and local factors, and that potential 
treatment strategies for AMD should take this into account.

Chapter six: mutation analysis in early-onset peripheral retinal dystrophies
Retinitis pigmentosa (RP) and Leber congenital amaurosis (LCA) are two retinal dystrophies 
with a wide spectrum of clinical features, but also with extensive overlap. The phenotypic 
heterogeneity can perhaps in part be explained by the genetic heterogeneity that exists among 
both phenotypes. autosomal recessive RP (arRP) can be caused by mutations in 17 genes, 
LCA by mutations in 13 genes[8]. Moreover, 8 of these genes have been reported in both 
phenotypes[8]. 
The genes responsible for RP and LCA are expressed mainly in the retinal pigment epithe-
lium (RPE) and in the photoreceptors. We showed in chapter four that many retinal disease 
genes have high expression levels in the RPE. This knowledge can be very useful for the 
identification of new disease genes: the expression level of genes in the RPE can be used as 
a criterion for identifying new candidate disease genes. 

In order to describe the genetic overlap, we tested juvenile RP patients as well as LCA pa-
tients for mutations in LCA genes. In chapter six, we described 26 patients with juvenile RP 
and nine patients with LCA. We identified mutations in 34% of our 35 patients: in 44% of our 
LCA patients and in 31% of our RP patients. The former is in accordance with the literature, 
the latter is less than what is reported, due to the fact that we screened these RP patients for 
mutations in LCA genes[9]. 
In more than half the LCA and RP patients, a causative mutation cannot be found in spite 
of the recessive nature of the two phenotypes (our study and literature)[10]. This is due to 
a number of factors. First, due to the phenotypical heterogeneity, a certain diagnosis cannot 
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always be made, or with progression of disease, the clinical diagnosis is changed. Even when 
a certain clinical diagnosis can be established, there are many possible causative genes, not 
all of which are usually screened in diagnostics, due to the high costs of screening multiple 
genes one by one by direct sequencing. Secondly, genes commonly associated with one phe-
notype can, in individual cases, be responsible for another phenotype. It is difficult if not im-
possible to determine which genes should be screened based on the phenotype. Thirdly, direct 
sequencing of individual genes, although it allows us to find new and known mutations, is 
limited with respect to either the identification of intronic sequence changes or the identi-
fication of deletions or insertions. In chapter eight we described a new screening method 
developed to reduce cost and to increase speed of screening. Most currently used techniques 
are not capable of identifying intronic promoter or regulatory sequences that may contain yet 
unidentified mutations. Finally, one or more genes could be involved in a phenotype, making 
the disease digenic or polygenic.

In chapter six, we established or confirmed the polymorphic nature of three sequence changes 
previously reported as pathogenic mutations. This indicates that care should be taken when 
interpreting a sequence change in a patient. This is especially relevant with the introduction 
of high throughput sequencing technology, where many sequence changes will be found 
while only few are pathogenic.

In many patients the disease causing sequence changes can still not be identified. In part, this 
can be explained by the fact that a great number of disease genes has not yet been identified. 
However, it is also very likely that known disease genes contain pathogenic changes that 
have not been identified, for instance, deletions or insertions that cannot be found with most 
currently used techniques, or changes in intronic sequences that are currently overlooked. It 
is also possible that sequence changes, found to be polymorphic in certain populations, will 
prove to be disease causing in others. In order to resolve these issues, is seems imperative 
that large numbers of healthy controls are screened for new sequence changes, using methods 
that are internationally agreed upon. Large scale screening methods like whole genome se-
quencing may prove to be a good strategy. Creating databases with information from multiple 
nationalities will provide valuable information that can be used when new sequence changes 
are identified in patients. 

Large scale studies of patients with arRP and LCA including phenotype and genotype charac-
terization, should provide insights into the further delineation of the phenotypes.

Chapter seven: Genotype-phenotype correlation in vitelliform macular dystro-
phy
Vitelliform macular degeneration (VMD) is primarily a dominant retinal degeneration caused 
by mutations in the Best1 gene, a gene expressed at high levels in the RPE. The age of onset 
and clinical course of VMD are highly variable[11].
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In chapter seven, we described the clinical course of 53 VMD patients. We showed the dis-
ease has a variable age of onset and clinical course, ultimately leading to visual decline, but 
rarely to blindness. The high variability of the phenotype exists between and within pedigrees 
and there was little correlation between the left and right eyes of individual patients. Even 
unilateral expression ocurred.

Two subtypes of VMD, congenital Best disease and adult-onset vitelliform macular dystro-
phy were previously thought to be two distinct phenotypes [12,13]. The phenotypical data 
in chapter seven suggest that it is more likely that the two are part of a continuous spectrum. 

Unlike RP and LCA, VMD is caused by mutations in a single gene, which is uniquely ex-
pressed in the RPE. Nevertheless, our survival analyses indicate that the variability in phe-
notype may still, in part, be explained by differences in genotype. More specifically, the 
Ala10Val mutation showed a significantly faster decline causing severe visual impairment 
(VA<0.3) in fifty percent of patients at age 34 years, compared to 53 years for another fre-
quently observed mutation. For a third frequently observed mutation, fifty percent did not 
even reach a VA<0.3 during the study period. Additional factors influencing the variable 
VMD phenotype may be polymorphic sequence changes in the mutated allele or the healthy 
allele, that influence the severity of the disease. This is not uncommon in ophthalmic disor-
ders and has been shown in autosomal dominant retinitis pigmentosa (RP11 and RP1) [14]. 
Moreover, the actual folding of the protein into a three dimensional structure could be dif-
ferent from the currently existing models. This may cause mutations to be in intracellular 
stretches instead of extracellular stretches or vice versa, which may explain the differences in 
the clinical course observed in chapter two. 

Long term follow up of large groups of VMD patients with different mutations in the Best1 
gene will provide useful prognostic information. Moreover, further insights into the exact 
location of the intracellular and extracellular domains of the protein and into the function 
of the channel formed by the protein, may help identify regions of the gene that give, when 
mutated, a better or a worse prognosis.

An important indication that VMD may not be purely determined by genotype, comes from a 
VMD patient with poor vision in one eye and very good vision in the other eye (see chapter 
7). Determining the factors that influence the onset of VMD is crucial in any attempt to slow 
down or halt the phenotype. Identifying whether a patient with a unilateral presentation of 
VMD suffers from mosaicism, has differences in gene expression levels, has differences in 
protein levels or turnover rates, or is subject to different environmental factors in his left and 
right eye will provide important clues. 

Chapter eight: High throughput mutation analysis
In chapter eight we described a new tool that was developed to enable the screening of 
multiple retinal disease genes in a single cost-effective experiment: the retinal resequencing 
chip. Recently, efforts have been made to facilitate the screening of multiple genes at once, 
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like the mutation chips by Asper[15]. Unfortunately this technique is limited to the detec-
tion of known sequence changes. Second generation sequencing (Applied Biosystems [16], 
Illumina[17], Roche[18]), whereby 20 Gb can be sequenced simultaneously may provide a 
solution in the future, but currently this technique is very expensive, and is not yet validated 
for diagnostic purposes. 
Therefore, we developed a high throughput method for the detection of new and known se-
quence changes in 87 retinal disease genes. This retinal resequencing chip is capable of direct 
sequencing both forward and reverse strands of all coding exons of 87 retinal disease genes 
with high sensitivity and specificity. Moreover, it is capable of detecting both known and 
new mutations corresponding to 30 retinal phenotypes [9]. Our unique pooling strategy al-
lows for the screening of multiple patients and multiple genes per chip, which will reduce the 
costs per screened individual considerably. The chip has a sensitivity of 99%, when manually 
analyzing the data. The sensitivity of the JSI software is currently 90%. However, adding 
new chips, to be used for normalization, will increase the sensitivity of the software. The re-
producibility of the chip is 100% and the specificity is 100% for the detection of single base 
changes. Therefore, we believe this chip is a valuable addition to the tools currently available 
for screening patients with retinal diseases. 

Advantages of our retinal resequencing chip include the use of a multiplex pcr design, with 
an average of four amplicons of different sizes per pcr reaction, thereby ensuring a signifi-
cant time reduction. In addition, for diagnostic purposes, we will be able to include multiple 
patients in a single chip experiment, thereby significantly reducing costs. Only amplicons for 
genes related to the phenotype of the patient will be amplified and hybridized to a chip, along 
with the amplicons of different patients relevant for their phenotype.

Our retinal resequencing chip is limited in its inability to identify small deletions. In addition, 
two percent of all amplicons were poorly hybridized to the chip. Like in conventional direct 
sequencing, these amplicons will require individual amplification using a specific protocol. 
This will slightly reduce the efficiency of the resequencing protocol. Unfortunately, newly 
identified disease genes cannot be added to an existing chip in a later stage and designing an 
entirely new chip is a costly matter. In the future however, large scale sequencing of entire 
genes will become more affordable, thereby reducing the need for chips capable of screening 
only fixed sets of genes. Combining our knowledge of genes highly expressed in the RPE 
with the ability to sequence large numbers of genes in a single experiment, could prove to 
be very useful. Screening large numbers of genes with high RPE expression in patients with 
a retinal disease, may lead to the identification of new disease genes. Moreover, combining 
this strategy with a homozygosity mapping approach in consanguineous families with retinal 
disease, will greatly reduce the number of genes to be screened and will increase the chances 
of finding a disease causing mutation.

Identification of mutations in new genes in patients with retinal diseases may lead to novel in-
sights into the etiology and improvement of further clinical classification of the phenotypes.
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