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ABSTRACT: There is growing support for the role of genetic
factors in the development of retinopathy of prematurity (ROP), a
serious visual morbidity resulting from preterm birth. We used both
candidate gene and data-mining approaches to investigate the role of
genetic polymorphisms in the development of ROP. Our study
population consisted of 330 infants, less than 32 wk gestation, and
their parents. We initially studied 24 single nucleotide polymor-
phisms (SNPs) in 11 candidate genes. Using a family-based analysis
strategy, we found an association between SNPs in the EPAS1 gene
and the development of ROP (p � 0.007). Logistic regression
analysis showed three SNPs associated with development of ROP,
two in the CFH gene (p � 0.01) and one in the EPAS1 gene (p �
0.001). Extending this analysis to include genotyping data from a
larger genetic study of prematurity (455 SNPs in 153 genes), we
found SNPs in five genes associated with the development of ROP:
IHH (p � 0.003), AGTR1 (p � 0.005), TBX5 (p � 0.003), CETP
(p � 0.004), and GP1BA (p � 0.005). Our data suggest that genetic
risk factors contribute to the development of ROP. (Pediatr Res 65:
193–197, 2009)

Retinopathy of prematurity (ROP) is a proliferative vascu-
lar disorder of the retina that can lead to visual impair-

ment or complete vision loss in premature infants. Low birth
weight infants or those who are born at lower gestational
age are particularly vulnerable, with an estimated incidence
of 68% in infants who are less than 1250 g (1). In the
United States, ROP accounts for 13% of childhood blind-
ness and ranks as one of the top three causes of blindness
in children (2,3).
Normal retinal vascularization begins at approximately 16

wk of gestation, beginning at the optic disc and proceeding
peripherally, reaching the nasal ora serrata by 36 wk and the
temporal ora serrata by 39–41 wk. Normally, retinal vascu-
larization occurs in the fetal environment, characterized by a
relatively low oxygen tension. After birth, premature neonates
are exposed to a higher oxygen tension, which is required for
their intact survival. In the premature extrauterine environ-
ment, ROP can be considered to occur in two phases (4). In
the first phase, early oxygen exposure causes the developing

retina to become hyperoxic, leading to arrest of normal retinal
vascularization and regression of developing vessels. In the sec-
ond phase, as the retina becomes more metabolically active, the
avascular areas become relatively hypoxic, leading to the elabo-
ration of angiogenic growth factors that induce abnormal retinal
neo-vascularization (4). This vascularization can lead to the
formation of a fibrous scar, which can cause retinal detachment
and lead to vision impairment or vision loss (4).
In addition to well-established environmental factors, such

as early oxygen exposure and gestational age, there is also a
strong genetic susceptibility to ROP. A recent twin study
evaluating the prevalence of ROP in monozygotic and dizy-
gotic twin pairs demonstrated that when environmental factors
were controlled for, there was a significant genetic contribu-
tion to the development of ROP (5).
Studies evaluating polymorphisms in specific candidate

genes, such as VEGF, have also demonstrated an association
between sequence variations and severity of ROP (6–8).
Additionally, there have been multiple studies that have eval-
uated polymorphisms in other genes implicated in prolifera-
tive retinopathy-related diseases, such as X-linked familial
exudative vitreoretinopathy, Norrie disease, and proliferative
diabetic retinopathy, which have shown associations between
specific polymorphisms and increased risk of severity of
disease (9–12). Adult onset diseases of the retina, such as
age-related macular degeneration (AMD), also exhibit a
strong genetic component (13).
In this study, we used both hypothesis-generating and hy-

pothesis-testing approaches to examine genetic polymor-
phisms that may be associated with the development of ROP
and with the severity of disease. The infants in this analysis
are a defined cohort from a larger study population evaluating
possible genetic contributions to prematurity.

METHODS

Sample population. Since 2000, blood or buccal swabs from infants (and
their parents) admitted to the neonatal intensive care unit at the University of
Iowa Children’s Hospital have been collected and banked after obtaining
informed consent. This program has been approved by the Institutional
Review Board (IRB) at the University of Iowa and is designed to generate
samples for use in genetic studies evaluating the etiology and variability ofReceived May 28, 2008; accepted August 26, 2008.
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diseases of the infant. A second IRB approval was obtained to access the
patient samples and the clinical information required for this study.

DNA processing and genotyping. DNA was extracted from discarded
umbilical cord blood for the infants in the analysis and from venous blood or
buccal swabs for parental DNA. Allelic variation was determined using the
TaqMan genotyping system (Applied Biosystems, Foster City, CA). The
genotyping reactions were carried out in 384 well plates containing dried
sample DNA, using a protocol slightly modified from the manufacturer’s
instructions, as previously described (14). Allele scoring was done using the
Sequence Detection Systems (SDS, version 2.2) software preloaded on the
ABI 7900HT. The genotype data were uploaded into a Progeny (Progeny
Software, LLC, South Bend, IN) database containing demographic and clin-
ical information for subsequent statistical analysis.

Genes analyzed. In the first phase of the study, we used a hypothesis-
generating (data-mining) approach to examine possible genetic risk factors for
ROP. Our study population was a subset of a larger group of preterm infants
that underwent genotyping in an effort to find genetic contributions to preterm
delivery. Using a subset of these samples (those less than 32 wk gestation), we
were able to analyze genotype data on 455 single nucleotide polymorphisms
(SNPS) in 153 genes to determine risk factors for ROP.

In the second phase of the study, candidate genes were chosen based on a
review of the current literature and biologic plausibility. Candidate genes in
the angiogenic, inflammation, and oxygen sensing pathways, as well as those
previously associated with other proliferative retinopathic diseases, were
specifically chosen for analysis of ROP in preterm infants. Once the gene was
identified, SNPs were chosen within that gene for analysis based on haplotype
blocks that gave the most thorough coverage of the gene with the fewest SNPs
possible. SNPs within a haplotype block were chosen based on their minor
allele frequency and their position within the gene. A minor allele frequency
of 0.1 was chosen as a cutoff to ensure that an adequate number of individuals
within the sample population would be carriers of the minor allele, thus,
increasing informativity at that locus. In this phase, 24 SNPs in 11 genes were
identified to be genotyped.

Statistical analysis. No one analysis paradigm is optimal for gene discov-
ery in complex disorders like ROP. We chose to use both a family-based
association strategy and regression analysis to fully characterize genetic
contributions to ROP. A family-based association test (FBAT) was performed
on all markers. Parental transmission of alleles was tested for association with
the development of ROP and stage of disease. We also used a multiple logistic
regression analysis to explore the association of particular alleles with ROP,
while adjusting for other risk factors in the development of ROP, including
gestational age, presence of a patent ductus arteriosus, and hyperglycemia.

RESULTS

Our study population consisted of 347 infants less than 32
wk gestational age, with 183 boys (57 with ROP) and 147 girls
(45 with ROP) included. ROP data were unavailable on 17
neonates; generally, older infants (at the lowest risk for ROP)
who were transferred back to the referring hospital before an
initial ophthalmologic examination. Prethreshold ROP is pro-
actively managed in our NICU and no cases of stage IV/V
ROP were represented in the affected infants present in the
study population. There was no statistical difference between
the groups with respect to percentages of males, infants
undergoing C-section, or percentage of infants who received
antenatal steroids (Table 1). However, there was a significant
difference in mean birthweight, gestational age, and mean
days on oxygen between the two groups. This was expected as
infants who have low birth weight and are born at a lower
gestational age have a higher risk of developing ROP.
We first performed a data-mining investigation using ge-

netic information available from a prior study focused on
prematurity. We analyzed 455 SNPs in 153 genes to determine
association with ROP (Fig. 1). As shown in Table 2, five SNPs
had a p-value less than 0.01. Formally, a p-value of �0.0001
would be required for statistical significance using a stringent
Bonferroni correction for the nearly 500 SNPs evaluated.
There is currently debate as to whether this conservative

correction is appropriate for genetic data-mining studies (15).
A critical question is whether these types of studies represent
multiple tests of a single hypothesis or the independent testing
of multiple hypotheses. In either case, the ultimate goal of any
type of statistical correction in genetic studies investigating
multiple loci is to reduce the false positive rate, without
missing true positives. We selected a p-value of 0.01 to
minimize false positives without losing true positives in this
initial hypothesis-generating investigation. Using this criteria,
five genes were found to be associated with the development
of ROP; Indian hedgehog, angiotensin II receptor (type1),
T-box 5, cholesteryl ester transport protein, and glycoprotein
Ib (platelet) alpha polypeptide.
We next used a true candidate gene approach, using both

family-based and non–family-based statistical models to study
genetic risk factors for ROP. The 11 candidate genes chosen,
representing angiogenic, inflammation, and oxygen sensing
pathways, are shown in Table 3. Using a family-based trans-
mission disequilibrium test, we found an association between
ROP and genetic variations in the EPAS1 gene (rs1867785)
(p � 0.007). This association is not formally significant using

Figure 1. Graphical representation of study single nucleotide polymor-
phisms (SNPs). SNPs that were significantly associated with the development
of retinopathy of prematurity (ROP) are labeled. A p-value of 2 corresponds
to a �log10 of 0.01. Six SNPs were significant, one each in the following
genes: EPAS-1, IHH, AGTR1, TBX5, CETP, and GP1BA.

Table 1. Demographic data of infants with and without ROP

No ROP
ROP (All
stages) p

Total number (n) 228 102
Mean birthweight (g) 1192 � 389 884 � 337 �0.0001
Mean gestational age (wks) 28 � 2 26 � 2 �0.0001
% Males 55.8 54.4 NS
% c-section 66 71 NS
% Antenatal steroids 88 88 NS
% SGA 14 15.6 NS
Median 5 min. Apgar 8 8
Interquartile range 6–8 7–8

Days on O2 (mean) 53.16 106.10 �0.0001
Hyperglycemia days (mean) 3.51 4.98 �0.0001
Presence of PDA-number
(%)

64 (28) 51 (50) 0.002

Presence of IVH-number (%) 37 (16.2) 21 (20.6) NS

NS, not significant.
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the Bonferroni correction for the 24 SNPs analyzed, which
would require a p-value of �0.002. When a reverse TDT was
performed, none of the SNPs that were associated with the
development of ROP were found to be significantly associated
with those neonates who did not develop ROP.
We next investigated the genes listed in Tables 2 and 3

using a multiple logistic regression analysis. An initial uni-
variate analysis was carried out, suggesting that clinical risk
factors for ROP, including gestational age (p � 0.0001),
presence of a PDA (p � 0.0003), days with a blood glucose
over 150 mg/dL (p � 0.0001), and mean days on supplemen-
tal oxygen (p � 0.0001), should be included in the subsequent
analysis. Gender (p � 0.97) and weight appropriate for ges-
tational age (SGA p � 0.84, LGA p � 0.85) were not
associated with ROP in the univariate analysis. Additionally,
the development of intraventricular hemorrhage was also not
associated with the development of ROP in the univariate
analysis (p � 0.77). A multiple logistic regression model was
then created, controlling the significant clinical risk factors
described above to evaluate the effect candidate gene poly-
morphisms on the development of ROP. Analyses of geno-
types between infants with ROP and those without ROP
suggested that two genetic variations in the complement factor
H (CFH) gene were associated with ROP. One T/C polymor-
phism (rs529825) showed protection against ROP as the num-
ber of T alleles increased (p � 0.01). A second T/C polymor-
phism in CFH (rs800292) also showed protection against ROP
as the number of T alleles increased (p � 0.01). In an
additional analysis comparing stages 0-I ROP (no disease and
mild disease) with stages II-III ROP (more severe disease,
requiring intervention), we found an association with a genetic
variation in the EPAS1 gene. An A/G polymorphism
(rs1868085), showed increased risk for ROP as the number of
A alleles increased (p � 0.001). It is interesting that sequence
variations in the EPAS1 gene were found to be associated with
ROP when analyzed by either family-based (rs1867785) or

regression (rs1868085) models. We recognize that analyses of
subgroups of infants with ROP must be interpreted with
caution, given that only 62 infants had stage II-III ROP, and
none had stage IV-V ROP. None of the polymorphisms shown
in Table 2 remained significantly associated with ROP after
clinical factors were taken into consideration by multiple
logistic regression analysis.

DISCUSSION

The approach taken in this study was to evaluate genetic
polymorphisms within candidate genes and evaluating genes
previously genotyped for association with preterm delivery.
Using this approach, five genes (IHH, AGTR1, TBX5, CETP,
and GP1BA) that had been previously genotyped for associa-
tion with prematurity were found to have an association (p �
0.01) with the development of ROP. Additionally, using the
candidate gene approach, the EPAS1 gene was found to be
positively associated with the development of ROP via a
family-based test. When a multiple logistic regression analysis
was performed evaluating the genes and associated risk fac-
tors, EPAS1 and CFH were found to be associated with the
development of ROP.
EPAS1 encodes a member of the basic helix-loop-helix/

PAS domain containing transcription factor family and is
expressed mainly in vascular endothelial cells (16). Similar to
hypoxia-inducible factor 1-alpha (HIF-1�), EPAS1 is stabi-
lized during hypoxia and forms a heterodimer with aryl hy-
drocarbon nuclear receptor translocator (ARNT) and transac-
tivates the VEGF promoter. Additionally, this heterodimer
complex has also been shown to transactivate Flt-1, encoding
VEGF receptor 1, by binding to the HIF-1 binding site up-
stream of the promoter region of Flt-1 (17). In a recent study
evaluating the development of ROP in neonatal mice using a
hyperoxia/normoxia model, HIF 2 alpha (the murine equiva-
lent of EPAS1) knockdown mice demonstrated no evidence of
retinal neovascularization when compared with control mice
(18). It was also shown that erythropoietin (Epo) mRNA
expression was significantly decreased when compared with
wild-type mice (18). Epo has recently been shown to be a
retinal angiogenic factor in proliferative diabetic retinopathy,
which has retinal findings that are similar to ROP (19,20).
Polymorphisms within this gene in the preterm infant could
predispose to altered activity of EPAS1, increasing the expres-
sion of angiogenic factors such as VEGF and Epo.
AGTR1 encodes for angiotensin II type I receptor, also

known as angiotensin type I receptor (AT1). This is part of the
renin-angiotensin system and has been shown to be present in
the retina (21). The role of angiotensin II on VEGF receptor
expression and VEGF induced angiogenic activity in bovine

Table 2. Significant data mining genes and chromosome location

Gene SNP ID number p Location Chromosome Minimum allele frequency

IHH rs3099 0.003 Intergenic 2 0.42
AGTR1 rs427832 0.005 Intergenic 3 0.43
TBX5 rs1895602 0.002 Intron 12 0.44
CETP rs289747 0.004 Intergenic 16 —
GP1BA rs2243093 0.005 5� UTR 17 0.11

Table 3. Candidate genes chosen for analysis

Gene Gene product No. SNPs

FZD4 Frizzled 4 2
VEGF Vascular endothelial growth factor 6
EPO Erythropoietin 1
SerpinF1 Pigment epithelium derived factor 2
HIF1A Hypoxia inducible factor 1 alpha 2
EPAS-1 Endothelial PAD domain protein 1 4
CFH Complement factor H 2
ALDH2 Aldehyde dehydrogenase 2
IL1A Interleukin 1A (1) 1
IL1B Interleukin 1B 1
TRAF2 TNF-receptor-associated factor 2 1
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retinal microcapillary endothelial cells (BRECs) was investi-
gated and found that angiotensin II was a potent stimulant of
VEGF-induced endothelial cell proliferation and tube forma-
tion and was mediated primarily through the VEGF receptor,
KDR/Flk-1. The up-regulation of this receptor was transcrip-
tionally regulated by the angiotensin type I receptor (22). In a
hyperoxia/normoxia ROP rat model, administration of either
ACE inhibitor lisinopril or the AT1 receptor blocker losartan
to rat pups after exposure to hyperoxia demonstrated signifi-
cantly decreased retinal neovascularization when compared
with ROP pups who did not receive either medication. Addi-
tionally, VEGF mRNA levels were significantly reduced in rat
pups that received lisinopril when compared with controls.
However, blockade of AT1 via losartan did not alter VEGF
mRNA levels when compared with untreated rat pups, sug-
gesting that AT1 may not be the primary influence of VEGF
expression (23).
Hedgehog proteins, such as Indian hedgehog (IHH) and

Sonic hedgehog (SHH), act in a variety of tissues during
embryonic development, including lung, gut, limb, and bone
(24–26). Several recent studies have also demonstrated a role
for hedgehog in angiogenesis. In aged mice that have had
surgically induced hind limb ischemia, administration of
Sonic hedgehog (SHH) led to increased limb salvage and
increased capillary density when compared with control mice
or those who received recombinant human VEGF (27). In
cultured fibroblasts, administration of SHH stimulated up-
regulation of patched-1, a receptor specific for hedgehog and
increased expression of angiogenic factors such as VEGF,
Ang-1, and Ang-2 (27). Later studies evaluating hind limb
ischemia in aged mice also demonstrated increased expression
of SHH and Ptc-1 in ischemic muscle (28). Additionally, after
administration of a SHH neutralizing antibody into the isch-
emic hindlimb, there was no up-regulation of VEGF when
compared with controls and decreased capillary density after
prolonged SHH inhibition (28). In another study evaluating
Indian hedgehog (IHH) in vascular development in mice yolk
sac, IHH knockout mice were able to initiate vasculogenesis
but had incomplete vascular remodeling when compared with
wild-type or heterozygous mice (29). In our study, one SNP in
IHH (rs3099) was found to be positively associated with
development of ROP (p � 0.002) and was also found to be
significantly associated with the development of severe ROP
(p � 0.01).
Complement factor H (CFH) is an inhibitor of the comple-

ment pathway. CFH binds to complement component C3b,
preventing production of C3 convertase and progression of the
cascade. Multiple studies have demonstrated increased risk of
developing AMD with specific polymorphisms within CFH
(30–32). AMD can be divided into two stages. The early stage
of AMD is characterized by hyperpigmentation in the outer
retina or choroid and/or areas of depigmentation or hypopig-
mentation of the retinal pigment epithelium (RPE) associated
with the deposition of drusen (33). Late stage AMD is char-
acterized by geographic atrophy (“dry” AMD) and choroidal
neovascularization (“wet” AMD) (33). In addition to choroi-
dal neovascularization, there can also be associated formation

of intraretinal or subretinal scars, subretinal hemorrhages, and
detachment of the RPE and neurosensory retina (33).
Two recent studies have demonstrated that there were hap-

lotypes that were protective against the development of AMD
(34,35). Two SNPs in CFH that we found to be associated
with the development of ROP (rs800292 and rs529825) are
part of these haplotypes. In our multiple logistic regression
analysis, we demonstrated that an increased number of T
alleles were associated with protection against the develop-
ment of ROP, similar to the protective haplotype as described
for AMD (34,35).
T-Box 5 (TBX5) is a member of the T-Box transcription

factor family that is involved in the transcriptional regulation
of genes required for mesoderm differentiation. Mutations in
TBX5 are associated with Holt-Oram syndrome, a develop-
mental disorder characterized by thumb anomalies and atrial
septal defects (36). A recent study demonstrated that TBX5 is
expressed across the different layers of the developing retina
in an asymmetric pattern at different stages of development
(37). However, a role for TBX5 in the development of the
retinal vasculature has yet to be identified.
Two additional genes, glycoprotein Ib (platelet) alpha

polypeptide (GP1BA) and cholesterol ester transfer protein
(CETP), were found to be associated with the development of
ROP. GP1BA encodes for a surface membrane protein found
on platelets that are involved in the formation of platelet plugs
by binding to von Willebrand factor. Alterations in this protein
function could potentially lead to easier formation of thrombi
in the retinal vasculature leading to retinal ischemia, inducing
hypoxia in the surrounding retinal tissue and serving as a
signal for retinal neovascularization. Cholesteryl ester transfer
protein (CETP) is involved in the transfer of lipids such as
cholesterol esters and triglycerides between lipoproteins.
Polymorphisms within CETP have recently been shown to be
associated with different concentrations of HDL-C and activ-
ity of CETP (38). Additionally, certain polymorphisms within
CETP were also shown to be associated with the development
of coronary artery calcification, a measure of subclinical
atherosclerosis (38). However, a role for either CETP or
GP1BA in retinal vascular development has yet to be identi-
fied. In this study, these two genes may represent false posi-
tive but will need to be evaluated further.
An important limitation of this study is that although we

have shown an association of sequence polymorphisms with
the development of ROP, none of these polymorphisms have
been demonstrated to have a direct effect on gene function that
could impact the development of ROP. The identified variants
are most likely genetically linked to other loci that are related
to the development of this condition. With further analysis of
these genes, it may be possible to gain a better understanding
into the biologic pathways resulting in ROP.
In conclusion, through a candidate gene analysis and a

data-mining analysis of previously genotyped genes, we have
found six SNPs in six genes showing suggestive association
with the development of ROP. Replication of these SNPs in a
larger, independent population will need to be completed to
confirm the associations between these common genetic vari-
ants and the development of ROP. Ultimately allelic associa-

196 MOHAMED ET AL.



tions may be used in modifying environmental components
contributing to ROP such as the timing and amount of oxygen
supplementation.
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