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Abstract

Objective—This study aimed to evaluate whether there are genetic variants associated with
adverse neurodevelopmental outcomes in extremely low birth weight (ELBW) infants.

Study Desigh—We conducted a candidate gene association study in two well-defined cohorts
of ELBW infants (<1,000 g). One cohort was for discovery and the other for replication. The
discovery case—control analysis utilized anonymized DNA samples and evaluated 1,614 single-
nucleotide polymorphisms (SNPs) in 145 genes concentrated in inflammation, angiogenesis, brain
development, and oxidation pathways. Cases were children who died by age one or who were
diagnosed with cerebral palsy (CP) or neurodevelopmental delay (Bayley 1l mental developmental
index [MDI] or psychomotor developmental index [PDI] < 70) by 18 to 22 months. Controls were
survivors with normal neurodevelopment. We assessed significant epidemiological variables and
SNPs associated with the combined outcome of CP or death, CP, mental delay (MDI < 70) and
motor delay (PDI < 70). Multivariable analyses adjusted for gestational age at birth, small for
gestational age, sex, antenatal corticosteroids, multiple gestation, racial admixture, and multiple
comparisons. SNPs associated with adverse neurodevelopmental outcomes with p < 0.01 were
selected for validation in the replication cohort. Successful replication was defined as p< 0.05 in
the replication cohort.

Results—Of 1,013 infants analyzed (452 cases, 561 controls) in the discovery cohort, 917

were successfully genotyped for >90% of SNPs and passed quality metrics. After adjusting for
covariates, 26 SNPs with p < 0.01 for one or more outcomes were selected for replication cohort
validation, which included 362 infants (170 cases and 192 controls). A variant in SERPINE1,
which encodes plasminogen activator inhibitor (PAIL), was associated with the combined outcome
of CP or death in the discovery analysis (p = 4.1 x 10~4) and was significantly associated with CP
or death in the replication cohort (adjusted odd ratio: 0.4; 95% confidence interval: 0.2-1.0; p=
0.039).

Conclusion—A genetic variant in SERPINEL, involved in inflammation and coagulation, is
associated with CP or death among ELBW infants.

Keywords

candidate genes; extremely low birth weight; mental developmental delay; neurodevelopmental
delay; preterm birth; polymorphisms; psychomotor delay; single-nucleotide polymorphisms

Preterm birth is a major risk factor for perinatal mortality and long-term neurodevelopmental
disability.> Neurodevelopmental outcomes after preterm birth appear to be influenced by
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complex interplay between genetic and environmental factors and have proven difficult

to predict. Fetal gene polymorphisms in inflammation, angiogenesis, coagulation, brain
development, and oxidation pathways, among others, have been associated with adverse
neurodevelopmental outcomes after preterm birth, including cerebral palsy (CP) and
developmental delay.2-11 However, specific genetic risk loci have not been well defined,
nor validated, and associations have been inconsistent among studies and populations.

In addition, the contribution of genetic risk factors to neurodevelopmental outcomes in

the highest risk infants, those born early preterm and at extremely low birth weight
(ELBW), remains incompletely understood. However, early preterm and ELBW infants have
dramatically increased risks of CP and developmental delay® and represent a population in
whom genetic predispositions might reasonably be assumed to be more common. A better
understanding of genetic risk factors for adverse neurodevelopmental outcomes after early
preterm birth is important to gain the mechanistic insight necessary to develop effective
prevention and treatment strategies.

Using a candidate gene approach and well-characterized discovery and validation cohorts,
we hypothesized that candidate gene variants in the aforementioned pathways would be
associated with adverse neurodevelopmental outcomes in a U.S. cohort of ELBW infants
after controlling for significant epidemiological factors.

Materials and Methods

The discovery cohort was a multiracial population of 1,013 ELBW infants, born less than
1,000 g and enrolled between 1998 and 2001 in a study to assess associations between serial
cytokine levels and neurodevelopmental delay.12 Infant blood spot samples were processed
for DNA, which was stored in the Eunice Kennedy Shriver National Institute of Child
Health and Human Development (NICHD) Neonatal Research Network’s anonymized DNA
biorepository. Cases were defined as children that died by 1 year of life or were survivors
with CP or neurodevelopmental delay at 18 to 22 months. Death was included because it is a
competing outcome that precludes assessment of adverse neurodevelopmental outcomes.
Neurodevelopmental testing was conducted by trained, certified examiners. CP was
diagnosed according to prespecified standard criteria (gross motor delay, and abnormality

in muscle tone, movement, and reflexes). Neurodevelopmental delay was defined by a

score of <70 (equivalent to 2 standard deviations below the mean) on the Bayley Scales

of Infant Development I1 in either the mental or psychomotor developmental indices (MDI
and PDI, respectively). Infants with major congenital anomalies and suspected or known
aneuploidy were excluded. Controls were survivors with normal neurodevelopment, defined
as Bayley MDI and PDI =85 and no diagnosis of grade 111/IV intraventricular hemorrhage,
periventricular leukomalacia, or CP.

A pathway-based approach was used to identify candidate genes previously associated with
neurodevelopmental outcomes after preterm birth as well as additional genes concentrated
in inflammation, angiogenesis, brain development, and oxidation pathways. Tagging single-
nucleotide polymorphisms (TagSNPs) were chosen for genotyping using HapMap (http://
www.hapmap.org/) and the following criteria: (1) minor allele frequency greater than 10%,
(2) r? value of at least 0.8, and (3) TagSNP tagged for at least six other SNPs.13 To
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represent the entire variation within a gene, additional SNPs approximately every 3,000

to 5,000 base pairs were included. DNA was extracted from stored blood spots on filter
paper at —=70°C. Genotyping was performed on whole-genome amplified DNA using the
Illumina GoldenGate platform (Illumina, Inc., San Diego, CA) for 1,614 TagSNPs within
the candidate genes. Data cleaning and analysis were performed using PLINK v1.07
(http://pngu.mgh.harvard.edu/~purcell/plink/). SNPs were removed with a low genotyping
pass rate (greater than 10% of genotypes missing) or that were not in Hardy—Weinberg
equilibrium (HWE) in infants with normal neurodevelopment. Individuals with more than
10% of genotypes missing were also removed. Separate association tests were performed
for four different neurodevelopmental outcomes compared with infants with normal
neurodevelopment: Analysis 1 (CP and/or death), Analysis 2 (CP), and Analysis 3 (mental
delay), and Analysis 4 (motor delay). Infants that experienced more than one of the four
outcomes evaluated were included as cases for each of those outcomes individually. None of
the cases were included in any of the control group comparisons.

Epidemiological variables were tested for association with neurodevelopmental outcomes
using stepwise regression. Because sex, gestational age at birth, small for gestational age,
and use of antenatal corticosteroids has been shown in other studies to be associated with
neurodevelopmental outcomes after preterm birth, these variables were included in planned
analyses. Eigenvalues were included as covariables to adjust for racial admixture. For 800
infants in the discovery cohort, a previous genome wide scan (genome-wide association
study [GWAS]) successfully genotyped markers to estimate a “dose effect” from various
ancestries and determined eigenvalues that were assigned to these 800 infants. For infants
without successful GWAS, markers among those tested on the GoldenGate platform were
used to estimate eigenvalues. For SNP analyses, the minor, less frequent, allele for each SNP
was tested for association with the defined neurodevelopmental outcomes in each analysis
using QFAM-total in PLINK,3 which is a total association test that uses between and
within family components and performs a linear regression of phenotype on genotype. A
permutation test with 10,000 iterations was then used to correct for family relatedness. False
discovery rates are reported to adjust for multiple comparisons.

SNPs associated with one or more adverse neurodevelopmental outcomes with p< 0.01
were selected for validation in a replication cohort. Validation samples were derived from
the Eunice Kennedy Shriver NICHD Maternal-Fetal Medicine Units Network randomized,
placebo-controlled, double-masked multicenter clinical trial of magnesium sulfate for
prevention of CP before anticipated preterm birth. Women with pregnancies between 24%7
and 318/7 weeks’ gestation and at risk of imminent preterm delivery were eligible for
enrollment in this trial. The details of the trial, which was conducted between 1997 and
2004, have been previously reported.1* Case/control definitions in the replication cohort
were equivalent to the primary cohort, with the exception that neurodevelopmental outcomes
were evaluated at or beyond 24 months of age. Neurodevelopmental testing was conducted
by trained, certified examiners and infants with major congenital anomalies and suspected

or known aneuploidy or syndromic causes of neurodevelopmental delay were excluded from
the analysis. As in the primary cohort, four outcomes were evaluated: the combined outcome
of CP or death, CP, mental delay, and motor delay. Cases and controls with available
whole-genome amplified DNA were matched for race and sex. For multiple gestations, one
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twin of each pair was randomly excluded to avoid inclusion of related individuals. SNP
association analyses were performed using the minor allele defined in the discovery cohort
after adjusting for gestational age at birth, preterm delivery < 28 weeks, small for gestational
age, maternal education level, and treatment group. Significance in the validation cohort
was defined as p < 0.05 and we required the genetic variant to be associated with the same
defined outcome in both discovery and validation cohorts. All analyses in the replication
cohort were performed using SAS statistical software (SAS Institute, Inc., Cary, NC).

The institutional review boards of the data coordinating center and the clinical sites where
subjects were recruited approved the primary data collection for discovery and validation
cohorts. This study was approved by the University of Utah Institutional Review Board.

Discovery Cohort

Of 1,013 infants analyzed (452 cases, 561 controls) in the discovery cohort, a total of 1,494
SNPs were successfully genotyped in 966 infants. A total of 170 of the original 1,614
SNPs were excluded from the analysis, 105 based on failure to achieve HWE, and 93 for
low genotyping. Twenty-eight SNPs overlapped in the missingness and HWE test failure.
Forty-nine subjects with low genotyping rate were removed from analysis. A total of 917
subjects were successfully genotyped for >90% of SNPs and passed quality metrics and
were included in the final analysis.

Characteristics of the discovery and replication cohorts are shown in Table 1. Compared
with the discovery cohort, the validation cohort had a higher mean gestational age (25.9 vs.
30.4 weeks) and higher birth weight (763 vs. 1,536 g). Other characteristics were similar
between cohorts.

Forty epidemiological variables were tested for association with each of the four
neurodevelopmental analyses. Stepwise regression showed that in each analysis, there were
no significant factors retained in the final model (data not shown). After controlling for
clinically relevant covariables, including sex, gestational age at birth, small for gestational
age, and use of antenatal corticosteroids, 26 SNPs with p < 0.01 are reported and shown in
Table 2.

Replication Cohort

In the replication cohort, the previously identified 26 SNPs were successfully genotyped in
362 infants (170 cases and 192 controls). One of the original 26 SNPs was excluded due to
failure of HWE at p < 0.05. All additional SNPs passed the requisite quality metrics and no
subjects were removed from the analysis due to low genotyping rate.

A genetic variant in SERPINE1 (rs2227667) was associated with the combined outcome of
CP or death in the discovery analysis (p= 4.1 x 1074, FDR 0.46) and was significantly
associated with CP or death in the adjusted analysis for the replication cohort (p = 0.039;
adjusted odd ratio: 0.4; 95% confidence interval: 0.2-1.0). For this SERPINE1 SNP, the
minor allele, G, was associated with reduced risk of CP/death in both discovery and
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replication cohorts. However, this variant did not reach statistical significance for CP alone
(p=0.466; OR 0.7 [0.3-1.7]).

Discussion

Strengths

This is a novel candidate gene study that analyzes adverse neurodevelopmental outcomes
in two well-characterized U.S. cohorts of early preterm infants housed within the Eunice
Kennedy Shriver NICHD Neonatal Research Network and Maternal-Fetal Medicine Units
Network. After controlling for important epidemiological factors, a genetic variant in
SERPINE1 was associated with the combined outcome of CP and death after early preterm
birth in both discovery and validation cohorts.

The SERPINE1 gene on chromosome 7 encodes the serine protease inhibitor plasminogen
activator inhibitor, or PAI1, a multifunctional protein and major inhibitor of fibrinolysis.
Polymorphisms in SERPINEL have been associated with PAIL levels, but the specific effects
of the reported polymorphism are not known. High levels of PAI1 have been associated

with thrombosis, cardiovascular disease, and some cancers.1®> Gene mutations resulting in
higher PAI1 transcriptional activity have also been associated with recurrent pregnancy loss,
preeclampsia, and, most importantly, CP in early preterm infants.”-16.17

and Limitations

Our study has several strengths. Our discovery and validation cohorts were prospectively
collected and key aspects of phenotyping and genotyping were similar, including the use of
trained, certified examiners to prospectively ascertain key neurodevelopmental outcomes and
use of consistent genetic methodology with careful consideration of potential confounders.
Although children in these cohorts were not specifically sequenced for potential Mendelian
causes of neurodevelopmental delay, all follow-up evaluations were conducted by trained,
certified examiners and infants with major congenital anomalies and suspected or known
aneuploidy or syndromic causes of neurodevelopmental delay were excluded from the
analysis.

However, several weaknesses require acknowledgment. While time frames for enrollment
and neurodevelopmental assessment were similar between discovery and replication cohorts,
the discovery cohort enrolled infants born at a mean gestational age of 5 weeks earlier. This
difference may have compromised our validation efforts, since genetic variants associated
with adverse neurodevelopmental outcome may vary based on gestational age. In addition,
the validation methodology we used cannot rule out false positive associations, nor can

we be confident that true associations were not missed. We erred toward a conservative
approach, restricting validation to SNPs that were associated with the same strict phenotype
in both discovery and validation cohorts. Although the SERPINE1 was associated with

the combined CP or death outcome in both discovery and validation cohorts, the false
discovery rate in the discovery cohort is 0.46, and the statistical significance values in the
adjusted analysis suggest that further replication analyses should be considered. Finally,
SERPINE1 was not significantly associated with CP alone in the validation cohort, raising
the possibility that it could be a variant associated with survival only.
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Conclusion

The risk of central nervous system injury in ELBW infants is influenced by complex gene—
environment interactions that are not well understood. This study supports the hypothesis
that gene variants may influence the risk of death and adverse neurodevelopmental
outcomes after preterm birth. Ultimately, identification of genetic susceptibility loci for

poor neurodevelopmental outcomes after preterm birth improves our understanding of
pathogenesis and may facilitate identification of new antenatal and postnatal neuroprotection
strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Early preterm and ELBW infants have dramatically increased risks of CP and

. A genetic variant in SERPINEL is associated with CP or death among ELBW

. The SERPINEL gene encodes the serine protease inhibitor plasminogen

Key Points

developmental delay.

infants.

activator inhibitor.
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