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Ophthalmology in the post-genomic era
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The year is 2019.
Nature Genetics is no more, the genome project

a distant memory. The heady days of cloning,
sequencing, positional cloning, and candidate
gene approaches are long forgotten.

The disease genes are now conquered.
While molecular biologists and geneticists

gather before the job centre, their polymerase
chain reaction machines are strewn in ever
amplifying heaps behind now defunct molecular
institutes. The phrase “an interest in ocular
genetics” is now treated with derision where once
there was only awed incomprehension: surgeons
are restored to their position atop the ophthal-
mological hierarchy.

And still the patients come, ever aging, with
their cataracts and their glaucoma, their maculae
wet and dry. The production lines of phakos,
trabs, and BD8s grind on and on.

An unlikely fantasy or a reasonable prediction?

We have learned, but have we moved forward? For all the
wonders of the genomic race, for all the millions spent
cloning disease genes, the clinical practice of ophthalmol-
ogy has yet to alter radically. But what of the next 20 years?
What will be the next scientific advances? More impor-
tantly how will they impact upon our patients? Who will fill
the institutes and laboratories in 20 years’ time and, more
pertinently for worried molecular biologists, what skills will
they need? Whence the post-genomic scientists?

In recent times we have, perhaps inevitably, seen a some-
what reductionist focus on single genes and the Mendelian
disorders they underlie. Our understanding of a wide range
of disorders, aVecting probably every ocular structure, has
been enhanced by novel and often utterly unexpected
insights into their causation and classification. We wonder at
the unified aetiology of the stromal corneal dystrophies, the
validation of Knudson’s hypothesis in retinoblastoma, and
the bewildering array of gene defects underlying the retinal
dystrophies. Even the complex field of glaucoma has at last
begun to divulge some of its dark secrets.

Yet we must hope that these singular and rather separate
strands will become woven into some sort of tapestry. The
focus is broadening from the genes themselves to their
function, their relations with the cellular environment, and
to the wider biological implications of disease. Some of
these areas have already begun to develop and promise to
impact upon ophthalmology over the coming two decades.

The insights provided by molecular genetics have so far
only yielded limited information about protein amount,
activity, and function. As a consequence they have resulted
in a resurfacing of interest in cell biology through which
the role of specific genes and proteins in the maintenance
of cellular, or tissue, function and phenotype may be
revealed. Furthermore, the realisation that polygenic
mechanisms underlie many disease processes renders

imperative the understanding of protein-protein interac-
tions in biological systems.

In general, all three levels of biological complexity—the
cell, the organ, and the whole organism—must be investi-
gated in order to provide insight into ocular physiology and
disease as well as to validate new discoveries at the
molecular level. Cell culture will continue to oVer the
advantages of simplicity and low expense while at the same
time enabling the panorama of extracellular and intracellu-
lar events (for example, division, migration, translation,
transcription, communication, signalling, intracellular en-
zyme cascades, and apoptosis) to be assessed. In order to
investigate the three dimensional organisation and com-
plexity of a tissue, organ culture may provide a more physi-
ological view of cell-cell interactions. Also, however, animal
models, in particular with the aid of transgenic techniques,
will be essential to confirm the role for a gene or protein in
a particular aspect of cell behaviour. Species variation and
biological redundancy, however, ensure that ultimately
human studies will provide the only conclusive evidence
for the role for a given gene, or its encoded protein, in
human ocular disease.

These methodologies have provided the foundations of
our understanding of ocular physiology and disease and
will continue to be essential components of our research
armoury in the next millennium. In addition, the impact of
bioinformatics—the application of computer technology to
the management of biological information—upon emerg-
ing technologies should not be underestimated. Comput-
ers are already used to gather, store, analyse, and integrate
biological and genetic information, which can then be
applied to answer biological problems. As a consequence
databases which contain genomic, cDNA, and protein
sequences will provide an increasingly powerful tool for
processing a vast range of information to predict gene and
protein structure and function.

Analysis of gene expression
FUNCTIONAL GENOMICS

The entire three billion base pairs of the human genome
will have been sequenced by the year 2003 and biological
research will then enter the much heralded “post-
genomic” era submerged under a morass of DNA
sequence data. Within this will be the small proportion of
sequence encoding our estimated 80 000–100 000 genes.
Once these genes have been identified (no small task in
itself) how can this information best be utilised? The term
“functional genomics” has been coined to encompass the
various challenges of discovering what regulates gene
expression, what each of the gene’s products (that is, RNA
and protein) does, and how each interacts within a living
organism.

A number of diVerent strategies, including diVerential
display and subtractive hybridisation, have been developed
for studying cell specific or tissue specific gene expression.
These have already been successfully used to identify many
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diVerentially expressed genes in a variety of ocular
structures. These include ceruloplasmin, which is upregu-
lated in the retina following optic nerve crush,1 respiratory
and peptide processing genes, whose expression is
modified by oxidative stress to lens cells,2 cyclin D1, which
is important in retinal development,3 circadian clock
genes,4 and metallothionein IIa, which is upregulated in
lens epithelia from cataractous lenses.5

Since gene expression controls tissue structure and
function, the ability to monitor simultaneously total cellu-
lar gene expression—representing perhaps thousands of
genes or proteins—will allow the exploration of ocular
physiology and pathology to enter a new dimension. This is
now possible through new developments in nucleic acid
arrays, which can be used to measure the expression
patterns of thousands of genes. The idea of using such
arrayed nucleic acid molecules to detect gene expression
by hybridisation experiments is not new in itself. However,
recent technological advances, in conjunction with the
information from the DNA sequencing projects, open up
exciting possibilities for obtaining large amounts of
functional genetic information.6 7 This approach has been
used in initial studies on the human retina and trabecular
meshwork to demonstrate altered gene expression involv-
ing specific biochemical pathways in age related macular
degeneration (AMD) and ocular hypertension respec-
tively.8 9 Current high density microarrays carry thousands
of individual cDNAs or synthesised oligonucleotides.
However, in the near future it is predicted that chips will be
produced that can array all of the 100 000 human genes.
Hybridisation using fluorescent probes could then allow
the measurement of the assessment of total gene
expression in a tissue sample at any one moment in time.
The power of such technology as a tool in diagnosis,
genetic analysis, and mutation detection is almost unim-
aginable. Further, as a result of its speed and sensitivity it
will create many new targets for therapeutic intervention.10

PROTEOMICS

So far, the humble protein has seemingly been left out in
the cold. Yet the advantages of analysing gene expression at
a protein level are enormous since proteins are, after all,
the functional molecules. Furthermore, analysis of mRNA
may not truly reflect protein quantity and does not allow
the analysis of post-translational modification. Proteomics
is a novel research area which aims to provide a
quantitative description of global protein expression and
its changes under the influence of biological perturbations
such as disease or drug treatment.11 The technique relies
on the simultaneous separation of thousands of diVerent
proteins using high resolution two dimensional polyacryla-
mide gel electrophoresis (2D PAGE) and protein identifi-
cation using mass spectrometry in conjunction with infor-
mation from stored databases. Such databases containing
digitally stored images of two dimensional electrophoretic
patterns are already being established. These are likely to
provide an important resource to compare, for example,
diVerential expression patterns of proteins within normal
and diseased tissue12 or their state of phosphorylation.13

The value of the technique is exemplified by its use in ana-
lysing the signal transduction pathways of the platelet
derived growth factor â receptor,14 where, following activa-
tion of the receptor, time dependent changes in the phor-
phorylation state of over 250 proteins were identified. The
technique remains in its infancy in ophthalmic research
but its importance was recently acknowledged at the 1999
ARVO and already databases are being developed for lens
crystallins for future studies on cataract formation.15

Proteomics can confidently be predicted to be one of the
major techniques of the next decade and will greatly

enhance our understanding of biological changes associ-
ated with health and disease. Unfortunately, life is still
more complicated than this. The activity and function of
proteins is dependent on protein-protein interactions, an
example being growth factor-receptor binding which elicits
a downstream cascade of intracellular events. High
throughput screening of protein-protein interactions can
be undertaken using the yeast two hybrid system but
recent developments in phage library technology may
mean that these systems may be superseded.16

“WHOLE ORGANISM” INVESTIGATION

While novel techniques will allow the analysis of disease
processes in vitro and facilitate the investigation of their
broader impact at a single point in time, there remains the
problem of following these processes longitudinally.
Animal models of ophthalmic disorders, which have
proved useful in the past, include models of retinal dystro-
phies (for example, the Abyssinian cat, RCS rat, and RDS
mouse) and mouse models of cataractogenesis and
anterior segment dysgenesis. More recent identification of
the molecular defects in these models has also provided
important information on the function of specific proteins.
However, technologies allowing the development of novel
model organisms have breathed new life into the investiga-
tion of the function of proteins. At present, the most
definitive is to use transgenic technology and one of the
most common approaches the knockout experiment,
whereby the function of a specific gene is inactivated. An
example is the mouse model of Norrie disease. The under-
lying gene was identified several years ago because of its X
chromosomal location although its function remained
unclear despite the definition of its sequence and of the
likely structure of the encoded protein.17–19 Mutant mice
which carry an amino acid substitution in the Norrie
disease protein develop retrolental opacification and
retinal disorganisation.20 Subsequent analysis of gene
expression in association with the evolving phenotype of
these mice has given valuable clues as to the gene’s likely
role in retinal vasculogenesis.21

The investigation of animal transgenic models has been
extremely valuable for studying developmental defects
such as aniridia, which is caused by mutations in the
human paired box gene, PAX6.22 The Small eye mutant in
mice is a developmental disorder caused by mutations
within the murine homologue, Pax6.23 Heterozygous mice
have iris hypoplasia while homozygotes are anophthalmic.
The human PAX6 gene, acting as a transgene in the Small
eye mouse rescues the mutant phenotype. Interestingly,
mice carrying multiple copies of the human gene also show
specific developmental ocular abnormalities, suggesting
that both reduced and increased levels of certain genes can
cause developmental defects—a clear lesson for future
attempts at gene therapy.24

The potential of such animal models for the develop-
ment and definition of novel putative treatment regimens
should not be underestimated. One such example is the
mouse model of gyrate atrophy. In humans, ornithine
delta-aminotransferase (OAT) deficiency causes gyrate
atrophy, a rare autosomal recessive chorioretinal degenera-
tion.25 In the mouse knockout young animals post-weaning
develop a retinal degeneration apparently analogous to
human gyrate atrophy.26 It has long been suggested that
dietary manipulation by means of a low arginine diet might
reduce the long term eVects of OAT deficiency but
evidence for this in humans has remained limited as the
rigours of a low arginine diet are enormous.27 The ability to
test such theories on mice is a great advance and the impli-
cations of successful dietary therapy, which have indeed
been demonstrated in a preliminary form, are self
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evident.28 Further mouse models will be equally helpful in
testing many other forms of therapeutic intervention.

Future therapeutic approaches
CONVENTIONAL PHARMACOLOGICAL INTERVENTION

Conventional ocular pharmacology will continue to be a
major feature in treatment, certainly in the early part of the
next century. The management of primary open angle
glaucoma (POAG), for example, will still rely upon the
current array of drugs. However, at the present time a
major block in the development of new and more eVective
therapies for heterogeneous groups of disorders such as
POAG (as well as perhaps AMD and retinitis pigmentosa)
is our inability to identify true subforms of the disease. In
the absence of eVective subclassification, treatment regi-
mens are assayed on mixed groups of patients and their
true eYcacy is lost in the communal melting pot. For
POAG the chromosomal localisation of several genetic
forms has already been defined29 and in the future better
subclassification of POAG, perhaps based upon diVerent
genetic aetiologies, will allow treatments to be more accu-
rately and eVectively targeted.

We will see an improvement in delivery techniques with
emphasis on site specific drug delivery and long term
action of pharmacological agents.30 Drug containing
liposomes have been designed with a targeting ligand to
allow preferential binding to its target tissue.31 32 This can
extend the intravitreal half life of drugs for conditions such
as viral retinitis.33 Toxins or drugs conjugated with ligands
for cell receptors or monoclonal antibodies oVer excellent
site specific delivery. For example, ricin conjugated to
either transferrin or to an antibody can be targeted to pre-
vent proliferative vitreoretinopathy34 and posterior capsule
opacification.35 36 Site directed photosensitisers, which have
previously been used to target dermal conditions, are now
being employed to treat ocular neovascularisation. Indeed,
photodynamic therapy is currently showing promising out-
comes for the obliteration of the neovascular membranes
associated with AMD.37

With our ever increasing knowledge of the regulators of
cell function, intracellular signalling cascades, and tran-
scription controls we now have the ability to pinpoint and
modulate a single biomolecular feature within a particular
cell type or tissue. While this approach is still in its infancy
it will make a major impact in the coming decades. Exog-
enous transforming growth factor â (TGFâ) has already
been shown to promote corneal and conjunctival
scarring,38 while application of vascular endothelial growth
factor (VEGF) promotes ocular angiogenesis.39 Con-
versely, pharmaceutical inhibition of these molecules—for
example, using neutralising antibodies, may enable the
prevention corneal scarring,40 bleb failure in glaucoma
surgery,41 and angiogenic responses in the eye.42 With the
advent of recombinant technology the use of antibodies is
becoming more acceptable since human antibodies or
antibody fragments, hopefully without inherent toxicity,
can be generated by ribosome or phage display.43 44 These
approaches are now in various stages of clinical trials and
may become an important adjuvant to the armoury of the
ophthalmologist. Many other therapeutic avenues are
being explored. These include the use of soluble receptors
to mop up specific ligands, inhibition of receptor kinases,45

and competitive inhibition using amino acid sequences (for
example, blocking cell matrix interaction with RGD based
peptides). In addition, the application of natural inhibitory
proteins, such as angiostatin and endostatin, which reduce
angiogenesis and anti-apoptotic agents, such as neuro-
trophic factors and caspase inhibitors, are being investi-
gated.46 47 As molecular genetics and proteomics identify

other important cellular regulators we will be able to
develop new strategies for controlling cell and tissue
behaviour.

GENE THERAPY

In the past decade there has been a huge expansion of our
attempts to develop gene therapy. To date more than 350
clinical trials have been approved. This period has also
seen extensive investment into optimising conditions for
delivery of the “medicine” for defective genes. A variety of
techniques attempt to insert a functioning gene into cells
directly either to correct a genetic error or to express a
novel protein which is secreted into the local environment.
Alternatively, other technologies attempt to alter mRNA
species. These include the application of antisense
oligonucleotides to hybridise with mRNA in order to block
its translation, and the use of transfer vectors encoding
catalytic RNA (ribozymes) which degrade mRNA or lead
to activation of RNAse H which in turn degrades
RNA/RNA hybrids.48 49 Further developments in this area
include the introduction of a cDNA, which encodes an
antisense mRNA, which will bind to a specific RNA and
lead to the degradation of the RNA/RNA hybrids.

Despite all the hype there is still little conclusive
evidence that a gene therapy protocol has been successful
in the treatment of human disease.50 However, great poten-
tial remains. Gene transfer in animal models has
successfully delayed (but not prevented) photoreceptor
death in a variety of inherited retinal degenerations,51–55 has
shown restoration of normal lysosomal function in
mucopolysaccharidosis,56 and has introduced suicide genes
into proliferative ocular diseases such as proliferative
vitreoretinopathy57 and posterior capsular opacification.58

While it is clear that gene therapy may oVer a valuable and
attractive approach to many ocular diseases many aspects
remain to be successfully addressed as we proceed into,
and beyond, the millennium. These include improvement
of vector design, achieving site directed expression, and
improvement in the stability and maintenance of trans-
fected gene expression.

The molecular revolution has transformed our under-
standing of all aspects of medicine at a pace that could
scarcely have been predicted a decade ago. Our ability to
dissect the molecular mechanisms involved in a multitude
of disease processes now reaches not only inherited devel-
opmental conditions and complex or polygenic conditions
but also the mechanisms underlying the response to infec-
tion, inflammation, trauma, and even surgery. The future
is (almost) upon us. And who knows? Perhaps by the year
2019, a new breed, the molecular pharmacogeneticist, will
be receiving referrals from general ophthalmic physicians
to give advice on appropriate and novel management
regimens … .
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