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PERSPECTIVE

Genetic susceptibility to retinopathy of prematurity: the
evidence from clinical and experimental animal studies
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Despite advances in management and treatment, retinopathy of
prematurity remains a major cause of childhood blindness.
Evidence for a genetic basis for susceptibility fo retinopathy of
prematurity is examined, including the influences of sex, ethnicity,
and ocular pigmentation. The role of polymorphisms is explored
in the genes for vascular endothelial growth factor and insulin-like
growth factor-1, and of mutations in the Norrie disease gene.
Insights into the genetic basis of retinopathy of prematurity
provided by the animal model of oxygen induced retinopathy are
examined. Evidence for a genetic component for susceptibility to
retinopathy of prematurity is strong, a|’rhough the molecular
identity of the gene or genes involved remains uncertain.
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cause of blindness in many parts of the world

and recent consecutive, population based
studies have revealed that, despite advances in
neonatology, the disease remains an important
cause of morbidity in prematurely born infants."*
Although more mature babies born today have a
reduced risk of developing ROP compared with past
eras, a new population of extremely immature
babies is at high risk of developing severe disease.
Some infants will develop the recently described
aggressive posterior ROP.” While guidelines for
management of ROP have been refined over the
past three years, difficulty remains in distinguishing
those infants in whom disease will spontaneously
regress from those in whom it is likely to progress.®
ROP, first described as a distinct entity by Terry
in 1942, is a multifactorial disease which affects
the retinal vasculature. Of the numerous risk
factors that have been investigated, gestational
age and birth weight remain the most important.’ ¢
Genetic influences on the pathogenesis of ROP
were proposed by Flynn'® and have been impli-
cated in human as well as experimental animal
studies." Identification of such influences may be
helpful in the design of screening programmes for
ROP, and may also be a tool in discriminating
infants at high risk of severe ROP, and therefore in
need of treatment, from those at lesser risk. Our
purpose in this article is to provide the ophthal-
mologist with an update on genetic susceptibility
to ROP, based both on clinical and animal studies.

Retinopathy of prematurity (ROP) is a major

EVIDENCE FROM CLINICAL STUDIES OF
GENETIC SUSCEPTIBILITY TO ROP

A genetic component to susceptibility to ROP was
suggested by several early clinical studies, which

are detailed below. Such influences were recently
confirmed in a retrospective study of monozygotic
and dizygotic twins.”? Taking into account the
effect of gestational age and the duration of
supplemental oxygen wuse, the investigators
showed that 70% of the variance in susceptibility

to ROP was the result of genetic factors alone.

The role of sex

Most population based studies, in accordance with
the early CRYO-ROP"”" and later ETROP® data,
have been unable to demonstrate a relation
between sex and the development of ROP.>>° ¢ "7
However, a few investigators have reported an
increased prevalence or disease severity in male
infants."*** For example, Darlow ef al—in a
prospective, essentially population based study—
found a significant relation between male sex and
severe ROP.** There is no obvious explanation for
these findings. A different susceptibility to illness
in females and males might be one possibility.
Female sex has been associated with increased
survival rates in premature infants.”” ** However,
Yang et al recently showed that any relation of
male sex with severe ROP was independent of
overall health status and concluded that other
physiological or genetic differences might be
involved.” Overall, the weight of evidence from
large cohorts of infants in population based studies
suggests no particular influence of sex on the
incidence of ROP, but male sex may be associated
with increased severity of disease in affected
infants.

The role of ethnic background

Ethnicity was first identified as a significant
influence on ROP in 1952, when Zacharias
published her observation that in several cohorts
of premature infants in the USA, black infants
were less likely to develop retinopathy than white
infants.” Other investigators,” '** ** including
those involved in the CRYO-ROP cohort of 4099
premature infants and a British study of 505 such
babies, have since confirmed a reduced risk of
severe ROP in black infants compared with white
infants, at least in North American and British
populations. More severe disease was also reported
in Asian infants than in black infants in the British
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growt factor
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study, although survival rates differed for the different ethnic
groupings examined.'® A recent prospective study of 873 infants
weighing less than 1500 g at birth and admitted to Alaskan
neonatal intensive care units between 1989 and 2003 is of some
interest.”” Threshold ROP was significantly more common in
Alaskan native (24.9%) and Asian (15.9%) infants than in
white (6.3%) or black (4.6%) infants. A study of ROP in
Australia and New Zealand found that infants born to Asian
mothers were at increased risk of severe ROP compared with
infants of white, indigenous Australian, Maori, or Pacific
Islander mothers, but the risk was not significant in multi-
variate analysis.”” In a review of the data from the CRYO-ROP
study, Saunders ef al tested several hypotheses for the observed
reduction in the risk for ROP in black infants.** Of those infants
who never developed ROP, the rate of retinal vascularisation
was similar for all ethnic groups, excluding race related
differences in retinal vascular maturation as a likely cause.
Furthermore, the effect of ethnicity was independent of
gestational age, birth weight, general health, or socioeconomic
factors.

Taking the above mentioned reports into account, it seems
likely that there is an effect of ethnicity on susceptibility to
ROP. A plausible basis for a difference among racial groups in
susceptibility to ROP might be ocular pigmentation. One
hypothesis is that the more heavily pigmented eyes of black
infants might be less susceptible to phototoxic injury than
those of white infants. However, Asian babies may be at higher
risk of ROP than white babies'® > and furthermore, a multi-
centre randomised clinical trial—the light reduction in retino-
pathy of prematurity study—found no significant difference in
the incidence or severity of ROP in infants exposed to either
reduced light or standard lighting.”” The nexus between
ethnicity and ocular pigmentation in humans is thus not well
established. The situation with respect to ethnicity is further
complicated by a web of issues other than straightforward
genetic influences, including different cultural and economic
approaches to the provision of intensive neonatal care in
different communities.

The role of polymorphisms and mutations in ROP

A great deal of attention has recently been paid to the
association between particular genetic polymorphisms or
mutations and specific disease,” including diseases involving
aberrant angiogenesis.”” Various investigators have examined
possible influences of genetic polymorphisms or mutations on
ocular disorders such as ROP. In considering the results of these
studies, it is important to appreciate that the statistical
association of a genetic polymorphism or mutation with a
disease state does not prove causality.

The role of vascular endothelial growth factor gene
polymorphisms

Vascular endothelial growth factor (VEGF) is a central
mediator of angiogenesis® and is known to play a role in the
pathogenesis of human ROP.”' Thus increased expression of
VEGF mRNA was found in the avascular retina just anterior to
the ridge in the eye of a premature neonate with severe ROP,
and levels of the factor in the fellow eye, which had undergone
laser peripheral retinal ablation, were reduced.”” An evaluation
of VEGF protein levels in the subretinal fluid of eyes with stage
4 ROP showed significant elevation over levels in control eyes.”
Similarly, VEGF was detected in 65% of fibrovascular mem-
branes removed from eyes of infants with stage 5 ROP at
vitrectomy.**

The VEGF gene is highly variant, with more than 70 known
polymorphic loci.”” ** Several studies have identified single
nucleotide polymorphisms in the VEGF gene that are associated
with alterations in protein expression and which appear to
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segregate with the risk of progression to threshold disease. In
their study of 91 infants with threshold ROP and 97 comparison
infants without disease, Cooke ef al showed that carriage of the
VEGF —634 G allele in the 5'-untranslated region of VEGF gene
was an independent risk factor for threshold ROP.*
Homozygotes for this G allele were twice as likely to progress
to threshold ROP as were other genotypes. However, the
opposite association was found by Vannay ef al,”” who showed
that the VEGF —634 C allele was significantly more common in
the group of infants with threshold disease than in those
without threshold ROP. The C allele was identified as an
independent risk factor for severe disease, with doubling of the
risk for heterozygotes and more than trebling of the risk for
homozygotes. Some investigators have speculated that the
VEGF —634 G/C polymorphism may be differentially linked to
other polymorphisms in the 5" flanking sequence.’® ** Certainly,
the risk of threshold ROP in infants homozygous for the VEGF
—634 C allele was increased in association with another
polymorphism, VEGF —1498 T/C.” Interestingly, VEGF poly-
morphisms have recently been shown to be associated with
development of macular oedema in patients with diabetic eye
disease,’® and also with the development of neovascular age
related macular degeneration.”” At present, our understanding
of the contributions made by polymorphisms in the VEGF gene
to the risk of ROP is incomplete. It is possible that the combined
effects of these polymorphisms may differ in different racial
groups, accounting for some of the observed differences in
susceptibility.

The role of insulin-like growth factor 1

Insulin-like growth factor 1 (IGF1) is a somatic growth factor
known to regulate physical growth and to influence birth
weight. It is essential for the normal development of the retinal
vasculature and appears to work synergistically with VEGF.* *!
In prospective studies of premature infants, evidence has
recently emerged to suggest that a low serum level of IGF1 is
a risk factor for retinopathy.* If systemic IGF1 levels are
sufficiently high after birth, normal vessel development occurs
and retinopathy of prematurity does not develop. When IGF1 is
persistently low, vessels cease to grow and the maturing
avascular retina becomes hypoxic. Retinal hypoxia is then
associated with a marked increase in VEGF expression. As IGF1
increases to a critical level, retinal neovascularisation is
triggered. Delayed production of IGF1 in these infants has
been shown to correlate with the proliferative phase of ROP.* It
has been suggested that measurement of serum IGFl in
premature infants might thus help to predict which of them
will develop ROP.¥ The same group has also presented an
algorithm based on measurement of serum IGF1 and IGF
binding protein-3 levels, together with postnatal weight gain,
for prediction of ROP requiring treatment.* It has recently been
speculated that genetic factors may affect IGF1 expression,™
especially given that several polymorphisms of the IGF1/IGF1
receptor system have been identified.*” However, Balogh et al
have recently failed to show an association between one such
IGF1 polymorphism and ROP.*

The role of mutations in the Norrie disease gene

Norrie disease, familial exudative vitreoretinopathy (FEVR),
and ROP form a group of retinal diseases with similar
phenotypic manifestations. Norrie disease is a rare X linked
hereditary disorder characterised by bilateral blinding retino-
pathy, deafness, and mental retardation.” It is caused by
mutation of the Norrie disease pseudoglioma gene, which
results in deficiency of functional Norrin protein.** Deficiency of
the protein causes retarded retinal vascularisation leading to
retinal ischaemia and the accumulation of hypoxia induced
angiogenic factors. FEVR is a related disorder, characterised by
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deficient retinal vascularisation often associated with exuda-
tion, retinal traction, and ultimately, retinal detachment.*
Mutations of the Norrie disease gene are known to cause the
X linked form of FEVR, while other forms of the disease are
associated with mutations in other genes.”*" Thus FEVR and
Norrie disease appear to be caused by dysfunction of the same
signalling axis.

There are conflicting reports on the importance of the Norrie
disease gene in the pathogenesis of ROP. It has been suggested
that mutations of the gene may account for a proportion of
advanced cases of ROP.>>”* However, a recent study found no
significant increase in the prevalence of Norrie disease gene
polymorphisms in infants with severe ROP and the investiga-
tors concluded that Norrie disease gene polymorphisms do not
play a major pathogenic role in severe ROP.” Further, Haider ef
al were unable to find an association between Norrie disease
mutations and ROP in premature Kuwaiti infants.>* > Recently,
however, the same group identified a polymorphism in an
untranslated region of the Norrie disease gene (C597A) that
was associated with severe ROP.” The functional significance of
this polymorphism and its prevalence in other populations
remain to be determined. Similarly, Dickinson et al concluded
that several novel Norrie disease gene mutations and deletions
did not contribute to severe ROP in their population of
Australian infants.” It may be that the conflicting results about
the importance of Norrie disease gene mutations in the
susceptibility to ROP could be explained by ethnic differences
in the populations studied.”® ® Further studies are needed to
evaluate the relevance of mutations in the Norrie disease gene
in the development of ROP.

EVIDENCE FROM ANIMAL MODELS OF GENETIC
SUSCEPTIBILITY TO ROP

Oxygen induced retinopathy as a model of ROP

Studies involving human infants are necessarily limited in
scope, but additional evidence can be gained from animal
models of disease. The experimental animal equivalent of ROP
is known as oxygen induced retinopathy (OIR).* OIR involves
the exposure of neonatal animals (usually mice, rats, cats, or
dogs) to inspired hyperoxia (which induces attenuation of the
normal postnatal retinal vascular development) followed by
subsequent exposure to the relative hypoxia of room air (which
induces retinal vascular proliferation). The two stages of
experimental OIR recapitulate the biphasic nature of human
ROP. Different species differ in their susceptibility to oxygen
induced retinopathy, and also in the extent to which the
retinopathy resembles human ROP.®" © The neonatal animals
used in experimental models of ROP are not premature and
therefore lack many of the comorbidities of premature human
infants such as problems resulting from cerebral, pulmonary,
and gastrointestinal immaturity. Many of these comorbid
ailments may modulate the risk of ROP and its rate of
progression. Despite these shortcomings, animal models of
oxygen induced retinopathy have proven to be of value in the
study of human ROP.*

The role of strain in OIR

An advantage of small rodents (rats and mice) is that they can
be inbred to genetic homogeneity. Different inbred strains of
laboratory rat have been shown to have differential suscept-
ibility to OIR. Thus the Brown Norway strain was found to be
significantly more susceptible to OIR than the Sprague Dawley
strain.” Differences in retinal vascular permeability between
these rat strains were also observed.® To further investigate
heritable influences, we examined susceptibility to OIR in
neonatal rats of five different inbred strains.” The Fischer 344
(F344), Wistar-Furth, and Lewis rat strains were relatively
resistant to OIR, whereas the Sprague Dawley and the Dark
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Agouti (DA) strains were very sensitive. These strain related
differences were independent of litter size, body mass, and
major histocompatibility complex haplotype. A marked and
consistent differential susceptibility of the retinal vasculature to
cyclic hyperoxia that was strongly suggestive of a heritable
component to OIR in this species was thus identified. Formal
backcross analysis—in which an OIR resistant rat strain was
mated with an OIR sensitive strain and the progeny were
crossed back to each of the parental strains—was then used to
investigate the genetics of the susceptibility trait.** Segregation
of the susceptibility trait for OIR in the offspring of these
various matings could be accounted for by an autosomal
dominant pattern of inheritance.

The role of ocular pigmentation in OIR

It is clear that in experimental animals, as in humans, the
association between ocular pigmentation and susceptibility to
retinopathy of prematurity is far from straightforward.
Although the pigmented rat strains thus far examined are
susceptible to oxygen induced retinopathy, the albino Sprague
Dawley—long used in such studies—is also susceptible. Other
work has shown greater susceptibility to ischaemic retinal
injury®” and to retinal gliosis following trauma and inflamma-
tion® in albino rats, compared with pigmented rats.

In a recent study, differences in retinal vascularisation were
examined in five strains of mouse exposed to hyperoxia.*’
Strains differed by up to twofold in retinal vascular volume
and almost threefold in intravitreal neovascularisation. Two
pigmented strains were differentially sensitive to hyperoxia,
lending support to the contention that factors in addition to
ocular pigmentation are important in regulating susceptibility
to oxygen induced retinopathy.® *

The role of gene polymorphisms and mutation in OIR
VEGF was first shown to act as an essential survival factor for
the developing retinal circulation in a murine model of OIR.” In
general, the proliferative phase of OIR appears to be associated
with a higher level of VEGF expression than is observed in
control animals raised in room air. Strain related differences in
retinal gene expression of VEGF at both mRNA and protein
levels during OIR in rodents have already been reported.” ** ¢ 7!
It seems likely that polymorphisms or mutations in other genes
important in regulating the development of the retinal
microvasculature may also govern susceptibility to OIR.
Erythropoietin is an archetypal hypoxia induced protein™ that
is a key factor in the development of retinal neovascularisation
in OIR in mice.” The expression of erythropoietin in the retinas
of inbred strains of rats and their backcross progeny following
hyperoxic exposure closely paralleled the microvascular phe-
notypic findings: significantly higher levels of erythropoietin
mRNA were demonstrable in neonates sensitive to the
attenuating effects of hyperoxia.*

Genetic influences on corneal neovascularisation

Strain related heterogeneity of ocular angiogenesis in rodents is
not limited to the retina. Murine strain dependent variations in
the corneal response to angiogenic factors have recently been
identified.”” Corneal stromal implantation of basic fibroblast
growth factor impregnated micropellets was associated with
angiogenesis that differed by up to 10-fold among different
inbred strains.” Similar heterogeneity was seen in the response
to VEGF. No clear association between susceptibility to corneal
neovascularisation and ocular pigmentation was apparent in
these studies. Further, the extent of the resting limbal
vasculature has been shown to differ considerably among
mouse strains, and is predictive of the response to basic
fibroblast growth factor in the corneal neovascularisation
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model.” Together, these studies suggest that genetic factors
play important roles in regulating angiogenesis in the eye.

CONCLUSIONS

Despite decades of research on the pathogenesis of ROP, we still
lack sufficient knowledge to predict in which infants ROP will
regress spontaneously or progress in spite of adequate treat-
ment. This overview of human and animal studies indicates
that genetic influences in the pathogenesis of ROP may account
for much of the heterogeneity in risk of progression of the
disease. The evidence for genetic diversity affecting angiogen-
esis dependent processes in a variety of disparate diseases has
recently been reviewed.” Given the complexity of the process of
angiogenesis, alterations in the regulation or expression of any
one of a large number of genes might contribute to a genetically
determined susceptibility to ROP.

Further identification of new polymorphisms and mutations
that may influence susceptibility to ROP is an area of active
research. In the future, screening for candidate genes may be
possible in the individual infant, to identify those at high risk
ROP who are in need of frequent examinations and prompt
treatment. Such screening should improve the visual outcome
in high risk infants, and reduce the need for stressful
examinations in low risk infants as well as the morbidity
associated with unnecessary peripheral retinal ablation.
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