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ABSTRACT

Aims: The purpose of this short review is to summarize the recent developments in the
genetics of retinopathy of prematurity.

Background: Retinopathy of prematurity is a well known blinding disorder in children in
both developed and developing countries. It is characterized by the hypovascularization of
the peripheral retina in children with a short gestational age and low birth-weight.
Morphologically it is similar to familial exudative vitreoretinopathy (FEVR) but FEVR
patients do not have the history of oxygen therapy and prematurity. ROP is a life time
disease and patients can still have long-term effect even after timely treatment. Although
many causative factors have been suggested, the pathogenesis of ROP is not
understood. Some of the unpredictability of ROP could be due to genetic factors.
Methodology: Using the key words or phrases such as ROP, genetics, animal models
and pediatric retinal disorders, the literature search was carried out.

Results: Molecular genetic analysis has identified mutations in three of the four FEVR
causing genes in patients with advanced ROP in different ethnic backgrounds. These
three genes are involved in a highly regulated Wnt signaling pathway that controls the
development of the retinal vasculature. The genetic association of ROP was further
supported by the higher concordance rate of the disorder in monozygotic twins, racial
variation, strain dependent difference in oxygen-induced ROP in inbred rats and the
existence of quantitative loci on chromosome 7 and 9 that modify susceptibility to oxygen-
induced ROP.
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Conclusion: Although much remains to be done in the field of ROP, the above finding
supports a role for the Wnt signaling pathway in the development of severe ROP. The
availability of animal models may provide opportunities for the development of novel
therapeutic approaches to prevent or treat this pediatric blinding disorder.
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1. INTRODUCTION

Retinopathy of prematurity (ROP) is a major cause of childhood blindness that
predominantly occurs in infants with short gestational age and low birth-weight. It is a
vasoproliferative eye disorder that affects both the retina and the vitreous body. The disorder
is characterized by the abnormal vascularization of the peripheral retina that may lead to
retinal fold and retinal detachment resulting in blindness. ROP occurs in two phases. In
phase I, hyperoxia (because of supplemental oxygen) causes cessation of normal retinal
vascularization and in phase I, hypoxia renews vascularization. In both of these cases
vascular endothelial growth factor (VEGF) plays a major role [1-2] and depending on the
local retinal responses, the effect can be normal or abnormal vascularization. The disorder is
clinically similar to genetically heterogeneous inherited eye disorder called familial exudative
vitreoretinopathy (FEVR). However, the affected individuals of FEVR have a normal
gestational period and do not have the history of oxygen therapy. Both of these disorders
carry a high financial cost for the community and the individual by affecting the normal
motor, language, conceptual and social development of the child. Of the four thousand
children affected by ROP each year, approximately 10% of them develop severe form of the
disease even after timely medical intervention and become blind. ROP is a life time disease.
In some children, the disorder may regress and they may not need any treatment. However,
these same children may later develop visual impairment from retinal detachment [3].
Although many causative factors such as excessive light exposure, length of time exposed
to supplemental oxygen and hypoxia have been suggested, the pathogenesis of advanced
ROP is not understood [4]. However, low birth-weight and short gestational age have been
consistently shown to be associated with ROP. It is unclear why ROP in a subset of infants
with low birth-weight progresses to a severe stage despite timely intervention whereas in
other infants with similar clinical characteristics, ROP regresses spontaneously. It is possible
that in addition to prematurity and environmental factors, there may be a strong genetic
predisposition to ROP [5].

2. GENETIC ANALYSIS

The relationship between the genotype and phenotype is complex and is not straightforward.
However, it is possible that in several distinct disorders that have clinical similarities, different
phenotypes could be due to allelic heterogeneity at a single locus. This idea has prompted
several investigators from around the world to analyze DNA from ROP babies. Many studies
have employed stage 4 to 5 ROP patients with an average gestational age 22 to 29 weeks
and birth weight of 422 to 1244 g using the International Classification system of ROP.
These studies have also used different types of controls but many of them used controls with
same gestation age without ROP or regressed ROP. As a result of genetic analysis, it was
found that in a small percentage (5-12%) of ROP patients from several different ethnic
backgrounds three of the four FEVR causing genes encoding Norrin (NDP), frizzled 4
(FZD4) and low density lipoprotein receptor protein 5 (LRP5) are mutated [6-10]. Mutations
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were not reported to date in the fourth FEVR causing gene (TSPAN 12) encoding a member
of the tetraspanin family (Table 1). Most of the mutations identified in NDP gene are either
insertions (large and small) or deletions or single nucleotide polymorphisms (SNPs) in 5'-
and 3’ untranslated regions (UTR). These changes may not affect the protein structure but
they may have an effect on the gene expression at the levels of transcription and translation.
On the other hand, mutations in FZD4 and LRP5 genes are missense changes that may
affect the protein functions. Affected individuals with different mutations exhibited variable
phenotypes such as aggressive posterior ROP and retinal detachment. The NDP gene
encodes a protein called norrin that acts as a ligand for FZD4. The binding of ligand to the
receptor activates the specific branch of the Wnt signaling pathway. Similarly, Wnt requires
interaction with another single transmembrane receptor LRP5 [6-8]. The genetic association
of ROP was further supported by the higher concordance rate of the disorder in monozygotic
twins, racial variation and strain dependent difference in oxygen-induced ROP in inbred rats.
The prevalence of mutations in three FEVR causing genes in ROP may be correlated with
ethnic differences. All studies were conducted using a small number of patients and hence
their statistical significance cannot be addressed at present. It is also relevant to add that the
NDP, FZD4 and LRP5 genes are not the major genes independently accounting for a
significant portion of ROP patients. Interestingly, in a limited number of cases of clinically
similar diseases such as persistent fetal vasculature (PFV) and Coats’ disease, two of the
four FEVR genes (NDP and FZD4) are also mutated [6] suggesting allelic heterogeneity at a
single locus.

All of the above four proteins are involved in a specific branch of the beta-catenin mediated
Whnit signaling pathway and are expressed in several tissues including retina. This pathway is
highly conserved in several species and controls the development of retinal vasculature [11-
12]. It was also reported that Wnt signaling mediates pathological vascular growth in
proliferative retinopathy [11]. Norrin also promotes vascular regrowth in oxygen-induced
retinopathy in mice [13-14] and has neuro- and vasculo-protective effects on retinal ganglion
cells [15]. In genetically engineered mice, abnormal norrin production leads to either
premature retinal vascular invasion or defects in intraretinal vascular architecture [16].
These results demonstrate the importance of Wnt signaling pathway in inner retinal vascular
development. Mutations in the three genes of Wnt pathway produce deficit in the signaling
that may lead to abnormalities in the vascularization of the peripheral retina. This has been
further confirmed by the development of knockout mice for all of the above four FEVR genes
[6]. Although these mice models did not exactly replicate the human phenotype (FEVR) such
as avascular peripheral retina and severe sight threatening complications, some of them
exhibited degeneration of the outer retina, delayed hayloid vessel regression,
disorganization and loss of ganglion cell layer and malformation of the retinal vasculature. It
will be interesting to see if these mice models when exposed to hyperoxia will be more
susceptible to develop ROP like pathology.
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Table 1. Mutations in NDP, FZD4 and LRP5 genes identified in patients with severe

ROP

Gene CcDNA Amino acid Frequency Population Reference*
sequence Sequence
change change

NDP  Mostly ins, del,  -=-=-mmememes e African- [6]
and SNP in 5" and American,
3UTR Caucasian,

Japanese,
Kuwaiti

FzD4 c. C205T H69Y 1/53 Japanese [9]
c. G380A R127H 1/53 Japanese [9]
c. G609T K203N 171 Caucasian  [6]
c. T631C Y211H 2/53 Japanese [9]
c. A766G 1256V 1/20 Caucasian  [6]
c. C1109G A370G 171 Caucasian  [6]

LRP5 c. G3656A A1219H 1/53 Japanese [9]
c. A4148C H1383P 1/53 Japanese [9]
c. C4619T T1540M 1/53 Japanese [9]
CTGinsinexon1l InsLeuinsignal  1/17 Japanese [6]

peptide

CTGCTG insin Ins LeuLeu in 2/53 Japanese [9]
exon 1 signal peptide

UTR =untranslated region; ins = insertion; del = deletion; SNP = single nucleotide polymorphism; * =
some of the original references are cited through the reviews to reduce the number of references.

3. DISCUSSION

Recent research with candidate gene approach, higher concordance rate in monozygotic
twins and other clinical and experimental animal studies suggest a strong genetic
predisposition to ROP besides environmental factors such as prematurity. Three genes that
are involved in the Wnt signaling pathway, are mutated in both FEVR and in a small
percentage of ROP disorder implying that some of the Wnt signaling pathway genes (NDP,
FZD4 and LRP5) play a role in the development of advanced ROP. The significance of
mutations can be tested either by using the mutation selection hypothesis (for rare variants)
or the disease common variant hypothesis (for common variants). However, there are many
guestions that need to be answered before any conclusion can be drawn. For instance, it is
not clear whether these ROP patients that harbored mutations are indeed FEVR patients
who have been born prematurely. This is because the number of patients harboring
mutations is very low and they are only found in severe cases. However, the genetic
association of ROP was further supported by the existence of quantitative loci on
chromosome 7 and 9 that modify susceptibility to oxygen-induced ROP [17]. In addition,
development of severe zone Il ROP in an infant with birth-weight more than 1500g [18]
suggests that birth-weight alone is not enough to cause severe ROP. Additionally, in non-
black infants a significant association between assisted reproductive technology and severe
ROP has been reported which may point to genetic predisposition to the disorder [19].
Unfortunately, we cannot address the functional significance of mutations because they are
not available. However, many changes were in highly conserved amino acids and predicted
to be pathogenic. Phenotypic severity may depend upon the functional effects of mutations.
Missense mutations for instance, might moderately reduce the signal transduction and
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produce milder phenotypes. However, there is no correlation between sequence changes
and the phenotype. It may be the combination of genetic and environmental factors
(prematurity) that causes severe ROP. It must also be noticed that ROP is most likely a non-
familial disease and only a small fraction of patients harbor mutations in Wnt signaling
pathway genes. Many times it is difficult to explain sporadic diseases. For instance, in some
cases of hereditary colorectal cancer, no mutations have been found in several mismatch
repair genes. However, an epimutation (epigenetic modification linked with disease) of the
MLH1 gene that silences its expression has been reported [20-21]. Therefore, sporadic
diseases can be associated with somatic epimutation that converts normal allele to epiallele
that associates with disease risk. This could be the case of ROP.

Therefore, it is possible that many other members of the Wnt signaling pathway or other
genes could contribute to severe ROP similar to other retinal disorders. ROP being
multifactorial disease it might require contribution from more than one gene in concert with
an environmental insult and sum of the genetic contribution would make the child more
sensitive to the disease. In accordance with this notion, some studies have reported an
association between ROP and VEGF, angiotensin converting enzyme gene polymorphism
and cholesterole ester transfer protein gene. However, these studies are either controversial
or need to be confirmed in a larger independent population. Similarly, insulin-like growth
factor-1 (IGF-1) receptor polymorphism was not found to be associated with the
development of ROP [22-23]. Therefore, these genes are not the major risk factors
contributing to the risk and severity of ROP [24]. Only the study that is replicated at least
twice is the association of the endothelial nitric oxide synthase (eNOS) gene promoter
polymorphism (T-786C) with ROP [25-26]. The validity of this result however, depends upon
a large-scale study of a mixed population. Although much remains to be done in the field of
ROP, the above finding supports a role for the Wnt signaling pathway in the development of
severe ROP. Future studies must address the functional significance of each mutation and
large-scale analysis using a mixed population of ROP patients to understand the true roles
of genetic and epigenetic impact on the progression of ROP. The availability of animal
models may provide opportunities for the development of novel therapeutic approaches to
prevent or treat this pediatric blinding disorder.

4. CONCLUSION

Recent research with candidate gene approach, higher concordance rate in monozygotic
twins and other clinical and experimental animal studies suggest a strong genetic
predisposition to ROP besides environmental factors such as prematurity. Three genes
which are involved in the Wnt signaling pathway, are mutated in both FEVR and in a small
percentage of ROP disorder. However, none of the genetic factors identified thus far in ROP
account for a substantial number of patient population. Future studeis involving genomics,
bioinformatics and proteomics may provide a better understanding of the pathophysiology
and management of ROP.

CONSENT
Not applicable.

ETHICAL APPROVAL

Not applicable.

35



Shastry; OR, Article no. OR.2013.003

COMPETING INTERESTS

Author has declared that no competing interests exist.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Pierce EA, Foley ED, Smith LEH. Regulation of Vascular endothelial growth factor by
oxygen in a model of retinopathy of prematurity. Arch Ophthalmol. 1996;114:1219-
1228.

Alon T, Hemo I, Itin A, Peer J, Stone J, Keshet E. Vascular endothelial growth factor
acts as a survival factor for newly formed retinal vessels and has implications for
retinopathy of prematurity. Nat Med. 1995;1:1024-1028.

Terasaki H, Hirose T. Late onset retinal detachment associated with regressed
retinopathy of prematurity. Jap J Ophthalmol. 2003;47:492-497.

Rivera JC, Sapieha P, Joyal JS, Duhamel F, Shao Z, Sitaras N, et al. Understanding
retinopathy of prematurity: update on pathogenesis. Neonatol. 2011;100:343-353.
Bizzarro MJ, Hussain N, Jonsson B, Feng R, Ment LR, Gruen JR, et al. Genetic
susceptibility to retinopathy of prematurity. Pediatrics 2006;118:1858-1863.

Shastry BS. Genetics of familial exudative vitreoretinopathy and its implications for
management. Expert Rev Ophthalmol. 2012;7:377-386.

Shastry BS. Genetic risks in the development of advanced retinopathy of prematurity.
Current Medical Literature — Ophthalmol. 2011;21:89-96.

Shastry BS. Genetic susceptibility to advanced retinopathy of prematurity (ROP). J
Biomed Sci. 2010; 17, ART # 69.

Kondo H, Kusaka S, Yoshinaga A, Uchio E, Tawara A, Tahira T. Genetic variants of
FZD4 and LRP5 genes in patients with advanced retinopathy of prematurity. Mol Vis.
2013;19:476-485.

Ells A, Guemsey DL, Wallace K, Zheng B, Vincer M, Allen A, et al. Severe retinopathy
of prematurity is associated with FZD4 mutations. Ophthalmic Genet. 2010;31:37-43.
Chen J, Stahl A, Krah NM, Seaward MR, Dennison RJ, Sapieha P et al. Wnt signaling
mediates pathological vascular growth in proliferative retinopathy. Circulation
2011;124:1871-1881.

Descampus B, Sewduth R, Ferreira Tojais N, Jaspard B, Reynaud A, Sohet F, et al.
Frizzled 4 regulates arterial network organization through noncanonical wnt/planar cell
polarity signaling. Circulation Res. 2012;110:47-58.

Tokunaga CC, Chen YH, Dailey W, Cheng M, Drenser KA. Retinal vascular rescue of
oxygen induced retinopathy in mice by norrin. Invest Ophthalmol & Vis Sci.
2013;54:222-229.

Ohlmann A, Seitz R, Braunger B, Seitz D, Bosl MR, Tamm ER. Norrin promotes
vascular regrowth after oxygen-induced retinal vessel loss and suppresses retinopathy
in mice. J Neurosci. 2010;30:183-193.

Seitz R, Hackl S, Seibuchner T, Tamm ER, Ohlmann A. Norrin mediates
neuroprotective effects on retinal ganglion cells via activation of the Wnt/beta-catenin
signaling pathway and the induction of neuroprotective growth factors in muller cells. J
Neurosci. 2010;30:5998-6010.

Wang Y, Rattner A, Zhou Y, Williams J, Smallwood PM, Nathans J. Norrin/frizzled 4
signaling in retinal vascular development and blood brain barrier plasticity. Cell
2012;15:1332-1344.

O’Bryhim BE, Radel J, Macdonald SJ, Symons RC. The genetic control of avascular
area in mouse oxygen-induced retinopathy. Mol Vis. 2012;18:377-389.

36



18.

19.

20.

21.

22.

23.

24,

25.

26.

Shastry; OR, Article no. OR.2013.003

Rutar T, Schwatz D, Good W. Severe zone Il retinopathy of prematurity in an infant
with a birth weight of more than 1500 grams. J Pediatr Ophthalmol Strabismus
2010;47:e1-e3.

Chan RP, Yonekawa Y, Morrison MA, Sun G, Wong RK, Perlman JM, et al.
Association between assisted reproductive technology and advanced retinopathy of
prematurity. Clin Ophthalmol. 2010;4:1385-1390.

Cropley JE, Martin DI, Suter CM. Germ-line epimutation in humans.
Pharmacogenomics. 2008;9:1861-1868.

Hitchins MP, Ward RL. Constitutional (germ-line) MLH1 epimutation as an aetiological
mechanism for hereditary non-polyposis colorectal cancer. J Med Genet. 2009;46:793-
802.

Shastry BS. Assessment of the contribution of insulin — like growth factor — 1 receptor
3174 G to A polymorphism to the progression of advanced retinopathy of prematurity.
Eur J Ophthalmol. 2007;17:950-953.

Bolagh A, Derzbach L, Vannay A, Vasarhelyi B. Lack of association between insulin -
like growth factor — 1 receptor G (+3174) A polymorphism and retinopathy of
prematurity. Graefes Arch Clin Exp Ophthalmol. 2006;244:1035-1038.

Pietrzyk KP, Jacek J. Retinopathy of prematurity: is genetic predisposition an
important risk factor? Expert Rev Ophthalmol. 2007;2:275-283.

Shastry BS. Endothelial nitric oxide synthase gene promoter polymorphism (T-786C)
may be associated with advanced retinopathy of prematurity. Graefes Arch Clin Exp
Ophthalmol; 2013 (in press).

Yanamandra K, Napper D, Pramanik A, Bocchini JA Jr, Dhanireddy R. Endothelial
nitric oxide synthase genotypes in the etiology of retinopathy of prematurity in
premature infants. Ophthalmic Genet. 2010;31:173-177.

© 2013 Shastry; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php?iid=199&id=23&aid=1489

37




