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Abstract 

Background: Infants born very preterm are more likely to experience neonatal morbidities compared to their term 
peers. Variations in DNA methylation (DNAm) associated with these morbidities may yield novel information about 
the processes impacted by these morbidities.

Methods: This study included 532 infants born < 30 weeks gestation, participating in the Neonatal Neurobehavior 
and Outcomes in Very Preterm Infants study. We used a neonatal morbidity risk score, which was an additive index of 
the number of morbidities experienced during the NICU stay, including bronchopulmonary dysplasia (BPD), severe 
brain injury, serious neonatal infections, and severe retinopathy of prematurity. DNA was collected from buccal cells 
at discharge from the NICU, and DNAm was measured using the Illumina MethylationEPIC. We tested for differential 
methylation in association with the neonatal morbidity risk score then tested for differentially methylated regions 
(DMRs) and overrepresentation of biological pathways.

Results: We identified ten differentially methylated CpGs (α Bonferroni-adjusted for 706,278 tests) that were associ-
ated with increasing neonatal morbidity risk scores at three intergenic regions and at HPS4, SRRD, FGFR1OP, TNS3, 
TMEM266, LRRC3B, ZNF780A, and TENM2. These mostly followed dose–response patterns, for 8 CpGs increasing DNAm 
associated with increased numbers of morbidities, while for 2 CpGs the risk score was associated with decreasing 
DNAm. BPD was the most substantial contributor to differential methylation. We also identified seven potential DMRs 
and over-representation of genes involved in Wnt signaling; however, these results were not significant after Bonfer-
roni adjustment for multiple testing.

Conclusions: Neonatal DNAm, within genes involved in fibroblast growth factor activities, cellular invasion and 
migration, and neuronal signaling and development, are sensitive to the neonatal health complications of prematu-
rity. We hypothesize that these epigenetic features may be representative of an integrated marker of neonatal health 
and development and are promising candidates to integrate with clinical information for studying developmental 
impairments in childhood.
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Introduction
Much progress has been made in reducing neonatal 
morbidity and mortality among infants who are born 
very preterm (< 30  weeks of gestation). However, these 
neonates remain at risk for multiple serious medical 
complications, which often require extended stays in 
the neonatal intensive care unit (NICU). These include 
bronchopulmonary dysplasia (BPD), severe brain injury 
(SBI), severe retinopathy of prematurity (ROP) and seri-
ous neonatal infections (INF). Even after recovering 
from these potentially serious health complications and 
being discharged from the NICU, these infants are at 
increased risk of having long-term neurodevelopmental 
impairments.

Schmidt et  al. [1] showed that BPD, SBI, and severe 
ROP were each independently associated with poor 
18-month outcomes, including cerebral palsy, cogni-
tive delay, hearing loss, blindness, or death; importantly, 
they also showed that the additive accumulation of these 
morbidities was a strong predictor of impairment or 
death. Necrotizing enterocolitis (NEC), a severe gastro-
intestinal infection associated with prematurity, has also 
been identified as a predictor of developmental impair-
ments in childhood [2]. The inclusion of neonatal infec-
tions and NEC into a cumulative neonatal morbidity 
risk score, along with BPD, SBI and ROP, improves the 
ability to predict impairment or death by 18  months of 
age [3]. These severe neonatal morbidities frequently co-
occur among premature infants and have some shared 
risk factors and pathophysiology. For instance, preterm 
infants with severe BPD are more likely to have severe 
ROP compared to infants without BPD [4], and both of 
these health complications may be influenced by altered 
regulation of angiogenic and/or angiostatic factors [5]. 
Additionally, severe ROP tends to occur in infants that 
have brain injury and impaired mental and psychomo-
tor development [6], which may be partly due to prena-
tal and neonatal infections and prolonged inflammatory 
responses [7, 8].

We hypothesized that these neonatal morbidities may 
be related to underlying differences in developmental 
regulation or disruptions of other biological processes, 
which may be encoded in DNA methylation (DNAm). 
DNAm is an epigenetic mechanism for regulating gene 
expression potential that is not due to alterations in the 
DNA sequence, which can be heritable across cellular 
divisions, and typically occur at cytosine-phosphate-gua-
nine (CpG) motifs. Infants who are born preterm have 

different DNAm patterns when compared to term infants 
[9–12] and some of these differences appear to persist 
into adulthood [9, 12]. Additionally, in preterm infants 
alterations in DNAm have been associated with sepsis 
[13], pain-related stress [14, 15], a potential moderator 
of serotonergic tone and temperament [16], and neu-
robehavioral responses [17]. Thus, variations in neonatal 
DNAm may serve as a blueprint linking preterm birth, 
the health complications that these infants experience, 
and some of the persistent developmental impairments 
for which they are at heightened risk.

In this study, we examined the relationships between 
the cumulative impact of serious neonatal morbidi-
ties experienced during NICU stay, including BPD, SBI, 
INF, and severe ROP, on DNAm measured at NICU dis-
charge; we focus on this set of serious health complica-
tions because these are also risk factors for persistent 
impairments later in childhood [1, 3]. We hypothesize 
that even after these neonatal morbidities have resolved, 
infants likely have varying degrees of prematurity and 
impairment which may be reflected in their epigenetic 
profiles, and since prematurity has systemic effects on 
multiple organ systems throughout the body, this can 
be detected in peripheral tissues. The identification of 
an epigenetic signal that associates with the cumula-
tive impact of multiple neonatal morbidities can provide 
unique insights into the processes that either contribute 
to, or are affected by, these severe health complications. 
We performed this analysis within the ongoing Neonatal 
Neurobehavior and Outcomes in Very Preterm Infants 
(NOVI) Study. Our long-term aims are to test whether 
integrating these epigenetic data with clinical data can 
improve the focus of interventions on infants at highest 
risk for persistent neurodevelopmental impairments later 
in childhood.

Materials and methods
Study population
The Neonatal Neurobehavior and Outcomes in Very Pre-
term Infants (NOVI) Study was conducted at nine uni-
versity-affiliated NICUs from April 2014 through June 
2016 who were also Vermont Oxford Network (VON) 
participants. All participating mothers provided written 
informed consent. Enrollment and consent procedures 
for this study were approved by local institutional review 
boards. Inclusion criteria included: (1) birth at < 30 weeks 
gestational age; (2) parental ability to read and speak 
English or Spanish; and (3) residence within 3  h of the 
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NICU and follow-up clinic. Gestation estimates to deter-
mine birth < 30 weeks gestational age were based on the 
Extremely Low Gestational Age Newborns (ELGAN) 
Study criteria [18, 19]. Exclusion criteria included 
maternal age < 18  years, maternal cognitive impair-
ment, infants with major congenital anomalies, mater-
nal death, or infant death in the NICU [20, 21]. Parents 
of eligible infants were invited to participate in the study 
when infant survival was deemed likely by the attending 
neonatologist.

Maternal interviews were performed to collect demo-
graphic information such as age, race and ethnicity, and 
educational attainment, while the Hollingshead Index 
was used to assess socioeconomic status (SES) with a 
Hollingshead level V indicating low SES [22]. Infant 
medical records were reviewed to collect birthweight, 
gestational age, length of NICU stay, whether the new-
born was outborn, and diagnoses of neonatal morbidities 
described in detail below. Outborn refers to infants that 
were born in a hospital without subspecialty providers 
of neonatal intensive care and were transferred, almost 
always on the day of birth, to a tertiary center for subspe-
cialty care. Gestational age was estimated using the high-
est quality of available information: first using the dates of 
embryo retrieval or intrauterine insemination, then using 
fetal ultrasound, then using date of last menstrual period 
(LMP), and finally assigned by attending neonatologist in 
the absence of the above information. Postmenstrual age 
(PMA) is used to describe the age preterm infants dur-
ing their time in the NICU and is defined as the combina-
tion of gestational age at birth plus the length of NICU 
stay. Buccal cells were collected for epigenomic analyses 
during the week of discharge from the NICU (± 3 days); 
thus, PMA at buccal swab collection represents the com-
bination of gestational age at birth plus the length of 
NICU stay (± 3 days). Overall, 704 infants were enrolled 
and buccal cells were collected on 624 of these infants for 
epigenomic screening.

NICU neonatal morbidities
Trained personnel at each site reviewed medical records 
and used Vermont-Oxford Network (VON) definitions 
and criteria [20] to collect information about infections, 
grades of ROP, and neonatal BPD through the time of 
discharge from the NICU. Infections included sepsis, 
defined as recovery of a bacterial pathogen from blood 
culture, and NEC, defined as having one or more of the 
following clinical signs: bilious gastric aspirate or emesis, 
abdominal distention, and occult or gross blood in stool 
not attributable to an anal fissure and one or more of the 
following radiographic signs: pneumatosis intestinalis, 
hepato-biliary gas, and pneumoperitoneum. Bronchopul-
monary dysplasia (BPD) is one of the most common and 

serious forms of chronic lung disease among preterm 
infants, which is defined by the level of respiratory assis-
tance required at 36 weeks PMA and can be categorized 
into different levels of severity (mild/moderate/severe) 
[23]. BPD was defined as requiring supplemental oxy-
gen at 36 weeks PMA. For this study, any BPD regardless 
of severity was included in the neonatal morbidity risk 
score. Ascertainment of severe brain injury was based 
on cranial ultrasounds. When available, two ultrasound 
examinations were considered for each study participant; 
an “early” ultrasound, typically performed within a week 
of postnatal day 7, and a “late” ultrasound, typically per-
formed between 36  weeks PMA and discharge. Criteria 
for SBI were similar to those used by Bassler et  al. [3] 
and included parenchymal echodensity (PED), periven-
tricular leukomalacia (PVL), and moderate to severe ven-
tricular dilation (VDIL) with or without intraventricular 
hemorrhage.

Cranial ultrasounds were performed using high-fre-
quency transducers with six standard quasi-coronal 
views and five para-sagittal views. Ultrasounds were read 
initially as part of routine clinical care and were read sub-
sequently by a NOVI Study neuro-radiologist who clas-
sified observations according to criteria developed for 
the Extremely Low Gestational Age Newborn (ELGAN) 
study [24]. A third reading, by a NOVI Study neuro-
radiologist, was performed if there was disagreement 
between the initial and the second readings, regarding 
the presence of one or more of the following: PED, PVL, 
or moderate to severe VDIL. Ultrasound abnormali-
ties were classified as present if identified by at least two 
readers [25].

We calculated an adaptation of Bassler et al.’s validated 
[3] cumulative neonatal morbidity risk score by adding 
the number of neonatal health complications, including 
BPD, severe ROP, SBI, and culture-confirmed infection 
[3] that each infant experienced during their stay in the 
NICU. Due to very small numbers of infants experiencing 
all four morbidities, we combined those that experienced 
three or four morbidities into a single group, resulting in 
four possible levels for the risk score of 0, 1, 2, or 3 + .

DNA methylation (DNAm) measurement, quality control, 
and preprocessing
DNA extraction was performed with the Isohelix Buc-
cal Swab system (Boca Scientific). DNA was quantified 
with the Qubit Fluorometer (Thermo Fisher, Waltham, 
MA, USA), then aliquoted into standardized concentra-
tions (~ 500  ng/uL) to allow for a total mass of 500  ng 
of DNA to undergo bisulfite modification and array 
analysis. The samples were randomly distributed across 
96-well plates, rows, and chips to reduce the poten-
tial for batch effects. The Emory University Integrated 
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Genomics Core performed bisulfite modification using 
the EZ DNA Methylation Kit (Zymo Research, Irvine, 
CA) and measured DNAm throughout the genome with 
the Illumina MethylationEPIC Beadarray (Illumina, San 
Diego, CA) following the manufacturer’s protocol. Sam-
ples with more than 5% of probes yielding detection p 
values > 1.0E−5 (74 samples), with mismatch between 
reported and predicted sex (7 samples), or incomplete 
covariate data (11 samples) were excluded. Functional 
normalization and beta-mixture quantile (BMIQ) nor-
malization were performed [26], then probes on the X 
and Y chromosomes, those that had single nucleotide 
polymorphisms (SNP) within the binding region, those 
that could cross-hybridize to other regions of the genome 
[27], or probes that had low variability (range of beta-val-
ues < 0.05) [28] were excluded. After exclusions, 706,278 
probes were available from 532 samples. The methylation 
data are publicly accessible through NCBI Gene Expres-
sion Omnibus (GEO) via accession series GSE128821.

Estimates of tissue heterogeneity
We estimated the proportions of epithelial, fibroblast, 
and immune cells in our buccal samples using reference 
methylomes [29]. As demonstrated in our prior work, 
epithelial cells made up 95.7% of the cells in 95% of our 
samples, while immune cells made up the majority of the 
remaining cell types [30]. The proportions of individual 
immune cell subtypes were strongly inversely correlated 
with the proportions of epithelial cells, and very few sam-
ples had any estimated fibroblasts. Thus, we adjusted for 
cellular heterogeneity by including the proportions of 
epithelial cells as covariates in our statistical models. We 
also performed a sensitivity analysis to test whether the 
results were consistent after additionally adjusting for all 
immune cell proportions.

Confounding variables
We used a directed acyclic graph (DAG) and support-
ing literature to demonstrate the potential confound-
ers, cellular heterogeneity, and batch effects that needed 
to be adjusted for in our study (Additional file 1: Figure 
S1). Others have shown that the neonatal morbidities 
included in this risk score are more common among 
males [31], those who were outborn [32, 33], and those 
with shorter gestation [34, 35]. Similarly, differences in 
DNAm have been associated with sex differences [36], 
gestational age and preterm birth [37, 38], and outborn 
status may capture a number of factors that we hypothe-
size could contribute to differences in DNA methylation, 
including delays in receiving treatment and care [39]. 
Thus, gestational age, outborn, and sex are traditional 
confounders. While samples were randomized across 
the array to reduce bias related to batch, we additionally 

adjusted for a categorical batch variable to ensure that 
batch effects were adequately controlled for, and it is well 
recognized that cellular heterogeneity should be esti-
mated and controlled for in epigenomic studies using 
cellular mixtures [29]. In all models, we adjusted for sex, 
whether the newborn was outborn (delivery occurred at 
a health care facility and then transferred to the NICU 
where enrollment in NOVI occurred), gestational age at 
birth (in weeks), the proportion of estimated epithelial 
cells, recruitment site (6-level factor), and batch (7-level 
factor).

Statistical analyses: R packages
All statistical analyses were performed in R version 3.6.1. 
Robust linear regressions were carried out using the 
MASS package, robust standard errors were estimated 
using the sandwich package, and partial residual plots 
were produced with the visreg package. Manhattan and 
QQ plots were produced with the qqman package, and 
inverse-variance weighted fixed effects meta-analyses 
were performed with the metafor package.

Statistical analyses: identification of PMA‑associated CpGs
Prior to performing an epigenome-wide association 
study (EWAS) to identify the relationships between the 
neonatal morbidity risk scores and buccal cell DNAm, 
we explored the interrelationships between gestational 
age, PMA at buccal swab collection, and the risk score 
(Additional file 1: Figure S2). Buccal cell collection was 
performed close to NICU discharge and infants with 
more health complications typically required longer 
stays in the NICU. Thus, cumulative neonatal morbid-
ity risk score and PMA at buccal swab collection are 
strongly correlated in our data; additionally, the num-
ber of morbidities was inversely correlated with gesta-
tional age at birth (Additional file  1: Figure S3). There 
is a well-recognized relationship between DNAm and 
aging [40], and thus, we were concerned that many of 
the CpGs that we identify in association with the neo-
natal morbidities might solely be associated with neo-
natal aging metrics rather than the upstream exposure 
of the risk score. Gestational age is likely a cause of 
both increasing numbers of neonatal health compli-
cations and of differential DNAm and is thus a tradi-
tional confounder that can be statistically adjusted for 
in our models. However, because PMA at buccal swab 
collection is a consequence of the exposure and cannot 
cause the health complications, it is not a traditional 
confounder and including this variable in our all of 
our EWAS models may result in over-adjustment [41]. 
To deal with this issue, we first performed an analysis 
aimed at identifying the CpG sites that were associ-
ated with PMA at buccal swab collection that were not 
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driven by the antecedent neonatal morbidities. To do 
this, we stratified our data by level of the neonatal mor-
bidity risk score (those with 0, 1, 2, or 3 + morbidities) 
and performed separate EWAS within each of these 
strata. DNAm was regressed on PMA at buccal swab 
collection, while adjusting for sex, outborn, site, batch, 
and epithelial cell proportions; due to the small sam-
ple size in the stratum with 3 + complications (n = 28), 
site and batch were not included in the models for this 
stratum. We then performed inverse-variance weighted 
fixed effects meta-analyses to estimate the average 
effect of PMA at buccal swab collection on DNAm 
across all levels of the neonatal morbidity risk score. 
Those CpGs that yielded meta-analysis p values < 0.05 
were determined to be potential surrogate markers of 
PMA, independent of the neonatal health complica-
tions. For these CpGs, weeks of PMA at the time of 
buccal cell collection were included as an additional 
adjustment covariate in the EWAS for the risk score 
described below. CpGs that did not associate with PMA 
in the meta-analysis were modeled without including 
PMA at buccal swab collection as a covariate to avoid 
over-adjustment.

Statistical analyses: epigenome‑wide associations study 
(EWAS) for neonatal morbidity risk score
We tested for linear associations between DNAm and 
increasing neonatal morbidity risk scores by regress-
ing DNAm (dependent variable) at each CpG site on 
the risk score as a continuous variable (range of 0–3), 
while adjusting for sex, whether the infant was outborn, 
GA at birth (weeks), recruitment site, batch (plate), 
and proportions of epithelial cells. Among those CpGs 
that were determined to be potential surrogate mark-
ers of PMA, weeks of PMA at buccal swab collection 
were included as an additional covariate. QQ-plots 
and Manhattan plots were produced to summarize the 
overall EWAS findings. To account for multiple test-
ing, we implemented a false discovery rate (FDR) of 
10% to determine which CpGs should be reported in 
the supplemental materials and Bonferroni adjustment 
(α = 0.05/706,278) to determine the statistically sig-
nificant associations from our EWAS. We then exam-
ined the associations with risk score as 4-level factor 
variable to estimate the average differences in DNAm 
associated with each level of the risk score (1, 2, or 
3 +) when compared to infants that experienced none 
of the neonatal morbidities. To assess whether the fac-
tor-level coefficients for differential DNAm increased 
in magnitude as the neonatal morbidity risk score 
increased, we compared the regression coefficients for 
1, 2, or 3 + complications against each other via scatter 

plots for all CpGs that were significant at the FDR 10% 
threshold.

Statistical analyses: identification of differentially 
methylated regions (DMRs)
We then used DMRff to search for differentially methyl-
ated regions [42]. Candidate regions were identified by 
specifying a maximum distance between individually 
differentially methylated CpGs (maxgap) to be 1500  bp 
and required a minimum p value (p.cutoff) of at least 
0.001 from the EWAS. The dmrff function estimates 
regional differential methylation within these candidate 
regions using an extension of inverse-variance weighted 
meta-analysis on the parameter estimates and stand-
ard errors from the EWAS, for those CpGs within the 
candidate regions. Regional test-statistics as well as raw 
and adjusted p values are calculated, and the adjusted p 
values track closely with the EWAS-level Bonferroni-
corrected p values. Due to the greedy selection through 
which candidate regions are identified, an FDR adjust-
ment of the raw DMR p values may be inappropriate. 
Thus, we selected all DMRs that produced a regional p 
values less than or equal to the largest p value that was 
within the 10% FDR threshold, from the CpG-by-CpG 
EWAS, to report in the supplemental materials. We con-
sidered those DMRs with adjusted p values < 0.05 to be 
statistically significant.

Statistical analyses: differential DNAm associated 
with individual neonatal morbidities
To examine whether individual health complications 
were driving the majority of the epigenetic responses at 
these CpGs, we then produced models without the neo-
natal morbidity risk score, but instead with factor vari-
ables for BPD (any versus none), SBI (any versus none), 
INF (any versus none), and ROP (any versus none), while 
adjusting for the same confounders that were included in 
the EWAS; again weeks of PMA at buccal swab collection 
was included as a covariate for CpGs that were previously 
identified as potential surrogate markers of PMA. For 
these analyses, all four morbidities were included in the 
same models together, to assess whether DNAm at some 
of these CpGs was more affected by specific health com-
plications. We used Venn diagrams to show the relative 
contribution of each individual morbidities to differential 
methylation at these CpGs and to demonstrate the over-
lap in statistically significant associations for each health 
complication.

Statistical analyses: over‑representation of genes 
in biological pathways
To gain insights into the biological functions of the genes 
associated with the CpGs we identified, we performed 
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over-representation analyses with methylGSA, which 
accounts for the number of CpGs annotated to each 
gene [43]. We tested for over-representation of biological 
pathways among the CpGs that were associated with the 
neonatal morbidity risk scores at an FDR of 10%.

Results
Characteristics of the study population
Infants in the NOVI sample for whom DNAm data and 
composite neonatal morbidity risk scores were available 
(N = 532), had high prevalence (n = 319, 60.0%) of expe-
riencing at least one of the four neonatal morbidities 
(BPD, SBI, INF, or ROP), while a small subset of these 
infants experienced three or more of these morbidities 
(n = 28, 5.3%) (Table 1). The most common health com-
plication in our sample was BPD (273, 51%), with severe 
ROP being least common (34, 6.4%). As expected, infants 
with increasing numbers of complications were more 
likely to be outborn, tended have shorter gestational ages 

at birth and increased PMA at buccal swab collection (p 
value < 0.001), while risk scores also differed by recruit-
ment site (p value = 0.001) as well as maternal race and 
ethnicity (p value = 0.05) (Table 1).

Identification of PMA‑associated CpGs
Infants with more health complications tended to have 
longer stays at the NICU and thus had increased PMA at 
the time of buccal swab collection and age metrics can 
have strong associations with DNAm. Thus, we aimed 
to limit the chances of us detecting CpGs that were sur-
rogate markers of PMA at the time of buccal swab col-
lection when we performed an EWAS of the neonatal 
morbidity risk score. To do this, we first performed an 
EWAS of PMA at buccal cell collection to identify those 
CpGs that are associated with aging, independent of 
the risk scores. We identified a very substantial epige-
netic signal for weeks of PMA at buccal swab collection 
with 13,034, 85,837, and 142,580 CpGs being associated 

Table 1 Distribution of demographic characteristics, neonatal morbidities and maternal/fetal characteristics of the study 
population overall and stratified by composite neonatal morbidity risk scores; ANOVA and χ2 tests were used to assess 
differences in characteristics across the levels of risk scores

BPD bronchopulmonary dysplasia, INF neonatal infection, SBI severe brain injury, ROP severe retinopathy of prematurity, GA gestational age, PMA postmenstrual age, 
HS high school, GED general educational development test, SES socioeconomic status

Sample characteristics (N = 532) Stratified by Risk Score

Overall 0 (n = 213) 1 (n = 193) 2 (n = 98) 3 + (n = 28) p value

BPD (%) 273 (51.3) 0 (0.0) 152 (78.8) 94 (95.9) 27 (96.4) < 0.001

INF (%) 99 (18.6) 0 (0.0) 24 (12.4) 56 (57.1) 19 (67.9) < 0.001

SBI (%) 68 (12.8) 0 (0.0) 16 (8.3) 31 (31.6) 21 (75.0) < 0.001

ROP (%) 34 (6.4) 0 (0.0) 1 (0.5) 15 (15.3) 18 (64.3) < 0.001

GA (weeks) 27.01 (1.92) 27.95 (1.46) 26.92 (1.83) 25.74 (1.85) 24.91 (1.50) < 0.001

PMA (weeks) 39.08 (3.29) 36.77 (1.87) 39.77 (2.79) 41.97 (3.31) 41.81 (2.77) < 0.001

Race and ethnicity (%) 0.05

 Hispanic other 68 (12.8) 26 (12.2) 20 (10.4) 19 (19.4) 3 (10.7)

 Hispanic white 43 (8.1) 13 (6.1) 16 (8.3) 11 (11.2) 3 (10.7)

 Non-Hispanic other 180 (33.8) 76 (35.7) 70 (36.3) 29 (29.6) 5 (17.9)

 Non-Hispanic white 234 (44.0) 94 (44.1) 86 (44.6) 39 (39.8) 15 (53.6)

 Not reported 7 (1.3) 4 (1.9) 1 (0.5) 0 (0.0) 2 (7.1)

Outborn (%) 112 (21.1) 30 (14.1) 34 (17.6) 37 (37.8) 11 (39.3) < 0.001

Male (%) 297 (55.8) 130 (61.0) 100 (51.8) 54 (55.1) 13 (46.4) 0.201

Maternal age (years) 29.10 (6.39) 29.13 (6.60) 29.49 (6.02) 28.35 (6.77) 28.95 (5.93) 0.556

Education < HS/GED (%) 72 (13.9) 28 (13.7) 21 (11.1) 19 (19.6) 4 (14.8) 0.276

Lowest SES (%) 42 (8.1) 15 (7.4) 15 (7.9) 8 (8.2) 4 (14.8) 0.615

Recruitment site (%) 0.001

 WIH 94 (17.7) 30 (14.1) 47 (24.4) 12 (12.2) 5 (17.9)

 SHD 100 (18.8) 52 (24.4) 31 (16.1) 12 (12.2) 5 (17.9)

 KMC 88 (16.5) 44 (20.7) 25 (13.0) 15 (15.3) 4 (14.3)

 CMH 68 (12.8) 16 (7.5) 25 (13.0) 22 (22.4) 5 (17.9)

 WFU 113 (21.2) 50 (23.5) 35 (18.1) 21 (21.4) 7 (25.0)

 LUB 69 (13.0) 21 (9.9) 30 (15.5) 16 (16.3) 2 (7.1)
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with PMA at various thresholds of statistical signifi-
cance: Bonferroni correction, FDR of 10%, and raw p val-
ues < 0.05, respectively (Additional file 11 Figure S4). For 
the 142,580 CpGs yielding even modest evidence of an 
association with PMA, we chose to include PMA in the 
EWAS models of neonatal morbidity risk scores. On the 
other hand, we were not concerned about DNAm being a 
potential surrogate marker of PMA at buccal cell collec-
tion for the other 563,698 CpGs, and thus, PMA at buccal 
swab collection was not included as a covariate for those 
CpGs in the EWAS.

Epigenome‑wide associations study (EWAS) for composite 
neonatal morbidity risk score
We then performed an EWAS to identify the average 
differences in DNAm for the cumulative increase in the 
number of health complications that the infants expe-
rienced in the NICU; all models were adjusted for sex, 
gestational age, outborn, batch, and proportions of epi-
thelial cells, while PMA (weeks) at buccal collection was 
adjusted for the CpGs described above. We identified 
ten CpGs that were differentially methylated in associa-
tion with the neonatal morbidity risk scores after Bon-
ferroni adjustment (Table  2) which will be referred to 
as the genome-wide significant CpGs from this point 
forward. Additionally, 125 CpGs produced associa-
tions within a 10% FDR (Fig. 1 and Additional file 1: Fig-
ure S5 and Additional file  2: Excel Table  E1); these 125 
CpGs were included in all subsequent analyses and 
all results for these CpGs are reported in the supple-
mental materials. Among the genome-wide significant 
results, three CpGs were intergenic including the most 

statistically significant association (cg09787236 on 6q13; 
p value = 3.82E−09), while the other seven CpGs were 
annotated to HPS4, SRRD, FGFR1OP, TNS3, TMEM266, 
LRRC3B, ZNF780A and TENM2. The only genome-wide 
significant CpG that was also identified as a potential 
marker of PMA was cg26838315 (10q21.1). This CpG 
exhibited the largest magnitude of effect for an increase 
in the risk score (β1 = 0.042; p value = 4.64E−08), which 
can be interpreted as an average increase in DNAm of 
4.2% for each increase in the number of neonatal mor-
bidities, after adjusting for confounders and PMA at buc-
cal swab collection. Interestingly, PMA was associated 
with lower levels of DNAm at this CpG (β1 = − 0.007; p 
value = 0.00023). Thus, DNAm at cg26838315 is lower 
with neonatal aging, while having more neonatal mor-
bidities, which results in an extended length of stay in the 
NICU, was associated with increasing levels of DNAm. 
We performed a sensitivity analyses to examine whether 
additional adjustment for immune cell proportions atten-
uated our findings for these 10 CpGs and found that 
these additional adjustments had no impact on our find-
ings (Additional file 2: Excel Table E2).

We then performed secondary analyses to assess 
whether the relationship between DNAm and the neona-
tal morbidity risk scores was in fact linear or following a 
dose–response pattern. Thus, we characterized the aver-
age differential methylation associated with each level of 
the risk score versus those infants that did not experience 
any of BPD, SBI, INF, or ROP, again using linear models 
with the same adjustment for covariates but this time 
including the risk score as a 4-level factor with a score 
of zero as the referent group (Additional file  2: Excel 

Table 2 CpG-specific associations between  DNAm with  a  linear increase in  composite neonatal morbidity risk score, 
adjusted for  gestational age at  birth (weeks), sex, whether  the  infant was  outborn, the  proportion of  epithelial cells, 
recruitment site, batch, and  PMA (weeks) where  appropriate; the  beta coefficient represents the  average difference 
in  DNA methylation for  each increase in  the  number of  morbidities that  the  infant experienced (BPD, SBI, ROP, 
or infection); gene annotations verified in UCSC Genome Browser (hg19)

CpG cytosine-phosphate-guanine site, Coef. estimated difference in DNAm associated with an increase of one in the neonatal morbidity risk score, Std. Err. standard 
error, FDR false discovery rate, Chr. chromosome, Pos. genomic location (hg19)

CpG Site Coef Std. Err p value FDR Chr Pos Gene Region

cg06343740 0.0111 0.0020 2.91E−08 0.0029 chr22 26878410 HPS4;SRRD 5′UTR;TSS1500;Body

cg07846767 0.0224 0.0038 4.83E−09 0.0011 chr6 167443722 FGFR1OP Body

cg08303167 0.0265 0.0048 4.50E−08 0.0033 chr6 126953300 6q22.33 –

cg09787236 0.0278 0.0047 3.82E−09 0.0011 chr6 74652865 6q13 –

cg11255857 0.0187 0.0034 4.08E−08 0.0033 chr7 47431773 TNS3 Body

cg12861771 − 0.0137 0.0024 6.96E−09 0.0012 chr15 76442477 TMEM266 Body

cg16636226 0.0254 0.0045 1.93E−08 0.0023 chr3 26669219 LRRC3B 5′UTR 

cg20938154 − 0.0081 0.0014 1.86E−08 0.0023 chr19 40597336 ZNF780A TSS1500

cg24517837 0.0312 0.0053 4.65E−09 0.0011 chr5 167391645 TENM2 Body

cg26838315 0.0423 0.0077 4.64E−08 0.0033 chr10 59559554 10q21.1 –
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Table E3). We used scatter plots of the magnitudes of dif-
ferential methylation (reference score = 0) at each CpG 
to show that a risk score of 2 produced a greater amount 
of differential DNAm, compared to a risk score of 1, for 
almost all CpGs; and for most CpGs (72%), a risk score 
of 3 + produced greater differential methylation than 
the risk score of 2 (Additional file  1: Figure S6). Thus, 
the majority of the signal that we observed was pre-
dominantly driven by a dose response relationship and 
not heavily driven by a single level of the neonatal mor-
bidity risk scores. These dose–response patterns were 
also apparent among the ten genome-wide significant 
CpGs, although for two of these CpGs (cg09787236 and 
cg26838316) the highest level of the risk score (3 +) did 
not fit this pattern (Fig. 2).

Identification of differentially methylated regions (DMRs)
We then tested for differentially methylated regions 
(DMRs) using DMRff, which performs a modified meta-
analysis on the EWAS parameter estimates for differen-
tial methylation at the CpGs within candidate regions 
that are defined by genomic proximity [42]. We allowed 
for a maximum distance of 1500  bp between individu-
ally differentially methylated CpGs. Only those individual 
CpG sites from the EWAS with a p value < 0.001 were 
considered differentially methylated. Using these criteria, 
1744 candidate regions were present and 25 DMRs with 
at least two differentially methylated CpGs were identi-
fied. None of these DMRs exhibited significant regional 

differential methylation at the Bonferroni-adjusted 
threshold; seven DMRs did produce regional p values 
that were equal to or less than the largest p value from 
the EWAS that was within an FDR 10% (Table 3).

Differential DNAm associated with individual neonatal 
morbidities
We then evaluated whether the observed associations 
between DNAm and the cumulative neonatal morbid-
ity risk scores were being driven by any individual health 
complication. We regressed DNAm on dichotomous 
indicator variables for BPD, SBI, INF, and ROP (all four 
included in the model), while adjusting for the same 
confounding variables that were included in the EWAS 
(Additional file 2: Excel Table E4). We found that DNAm 
levels at almost all CpGs were associated (p value < 0.05) 
with BPD (89.6%), followed by SBI (45.6%), INF (44.8%), 
and ROP (20.0%). Additionally, 23 CpGs were associated 
solely with BPD when all four complications were in the 
model, while only five, one, and zero CpGs were solely 
associated with INF, SBI, and ROP, respectively (Addi-
tional file 1: Figure S7). We also found that levels of dif-
ferential methylation associated with each of the health 
complications were highly correlated with the level of dif-
ferential methylation associated with an increase in one 
for the neonatal morbidity risk score (Additional file  1: 
Figure S8). These same patterns of association for the 
individual health complications were also captured by 
the ten genome-wide significant CpGs from our EWAS 

Fig. 1 Volcano plot a of the beta coefficients and − log10(p values) from the epigenome-wide association study (EWAS) (blue = FDR < 10%; 
red = Bonferroni), and a Manhattan plot b of the genomic distribution of these results with gene names annotated to those CpGs that passed the 
Bonferroni threshold



Page 9 of 15Everson et al. Clin Epigenet          (2020) 12:151  

Fig. 2 Partial residual plots of the estimated average DNAm levels (dark grey lines) within each level of the neonatal morbidity risk score, adjusted 
for sex, gestational age at birth, outborn, recruitment site, batch, proportions of epithelial cells, and PMA (weeks) were appropriate, for the top 10 
CpGs from the EWAS

Table 3 Differentially methylated regions (DMRs) containing at  least two CpGs, with  an  estimated regional change 
in DNAm of at least 1% for each increase in the neonatal morbidity risk score and yielding a DMR p value < 0.0001

DMR differentially methylated region, Coef. estimated difference in DNAm associated with an increase of one in the neonatal morbidity risk score, Std. Err. standard 
error

DMR # CpGs Coef Std. Err p value Gene Region

chr2:127822822–127823595 2 − 0.0098 0.0019 2.30E−07 BIN1 Body

chr20:44636682–44636831 2 0.0119 0.0024 3.86E−07 MMP9 TSS1500

chr12:4489056–4489155 3 0.0145 0.0029 4.16E−07 FGF23 TSS200;TSS1500

chr8:70360215–70361190 5 0.0077 0.0015 5.69E−07 LINC01603 Body;TSS200;TSS1500

chr13:95358540–95358924 2 − 0.0140 0.0029 1.89E−06 – –

chr10:8094142–8094482 3 0.0107 0.0024 1.05E−05 FLJ45983 Body

chr3:142956052–142956059 2 0.0091 0.0021 1.55E−05 – –
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Table 4 CpG-specific associations between  DNAm with  BPD, SBI, INF and  ROP (all were included in  the  model) 
while  adjusting for  gestational age at  birth (weeks), sex, whether  the  infant was  outborn, the  proportion of  epithelial 
cells, recruitment site, batch, and  PMA (weeks) where  appropriate; the  beta coefficient represents the  average 
difference in  DNA methylation for  infants that  experienced that  morbidity in  the  NICU, relative to  those that  did not, 
while adjusting for the other health complications included in the neonatal morbidity risk score

CpG cytosine-phosphate-guanine site, Coef. estimated difference in DNAm associated with the presence of each neonatal morbidities, BPD Bronchopulmonary 
dysplasia, INF neonatal infection, SBI serious brain injury, ROP severe retinopathy of prematurity

CpG Gene BPD SBI INF ROP

Coef p value Coef p value Coef p value Coef p value

cg06343740 HPS4;SRRD 0.0111 2.30E−03 0.0098 4.01E−02 0.0131 4.81E−03 0.0083 3.91E−01

cg07846767 FGFR1OP 0.0228 1.03E−03 0.0346 9.64E−05 0.0218 1.03E−02 0.0037 7.88E−01

cg08303167 6q22.33 0.0320 9.73E−04 0.0078 4.96E−01 0.0349 1.24E−03 0.0261 9.39E−02

cg09787236 6q13 0.0320 1.41E−04 0.0315 6.90E−03 0.0296 1.99E−03 0.0012 9.57E−01

cg11255857 TNS3 0.0257 4.15E−05 0.0229 4.97E−03 0.0127 1.08E−01 − 0.0021 8.89E−01

cg12861771 TMEM266 − 0.0171 3.26E−05 − 0.0118 4.22E−02 − 0.0162 4.89E−04 0.0040 7.33E−01

cg16636226 LRRC3B 0.0235 4.06E−03 0.0076 5.11E−01 0.0332 2.50E−04 0.0414 1.62E−03

cg20938154 ZNF780A − 0.0130 9.11E−07 − 0.0057 9.00E−02 − 0.0025 4.37E−01 − 0.0081 8.00E−02

cg24517837 TENM2 0.0302 2.97E−03 0.0120 3.25E−01 0.0486 3.11E−05 0.0331 4.73E−02

cg26838315 10q21.1 0.0532 3.00E−04 0.0303 3.47E−02 0.0547 1.69E−04 0.0093 6.69E−01

Fig. 3 Circular bar plots of the estimated average differences in DNAm levels associated with BPD (green), SBI (orange), INF (blue), and ROP (pink), 
adjusted for sex, gestational age at birth, outborn, recruitment site, batch, proportions of epithelial cells, and PMA (weeks) where appropriate, 
for the top 10 CpGs from the EWAS; all four morbidities were included in the models, and thus, the size of each quadrant represents the relative 
magnitude of the difference in DNAm for each morbidity; morbidities that were differentially methylated (p-values < 0.05) while adjusting for all 
other morbidities are indicated with an asterisk (*)
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(Table 4 and Fig. 3), with BPD appearing to be the pre-
dominant driver of the epigenetic signal from the risk 
score. However, it is also important to point out that SBI, 
INF, and/or ROP explained differences in DNAm at many 
of these CpGs, including all genome-wide significant 
CpGs, even when BPD was included in the model. Thus, 
the differences in DNAm that we detected are not merely 
capturing the effects of BPD, but instead may be reflect-
ing a more integrated marker of neonatal health.

Over‑representation of genes in biological pathways
We explored the biological activities of the gene sets that 
were most strongly associated with the neonatal mor-
bidity risk scores. None of the identified pathways were 
significantly enriched after adjustment for multiple test-
ing and only three pathways were enriched at a signifi-
cance level of p value < 0.10, including Cushing syndrome 
(hsa:04934), Wnt signaling pathway (hsa:04310), and 
Oxytocin signaling pathway (hsa:04921). We considered 
that our gene set, which only included 125 CpGs, may be 
underpowered to detect enrichment and thus relaxed the 
significance threshold to FDR levels of 15% (243 CpGs), 
20% (375 CpGs), and 25% (549 CpGs) and then reran the 
enrichment analyses. Only one pathway was nominally 
enriched for (p value < 0.05) in all three of these analy-
ses, the Wnt signaling pathway (hsa:04,310) from which 
our CpGs included 7 genes (p value = 0.049), 9 genes (p 
value = 0.0032), and 11 genes (p value = 0.0049) for the 
FDR cutoffs of 15%, 20%, and 25%, respectively. However, 
again, none of these p values were statistically significant 
after adjusting for multiple testing.

Summary of results
In summary, cumulative neonatal morbidities were 
strongly associated with increasing DNAm at eight 
CpGs and decreasing DNAm at two CpGs (α adjusted 
for 706,278 tests). These relationships were largely lin-
ear and followed dose–response patterns, demonstrating 
the robustness of these associations. Additionally, nine 
of these ten CpGs were associated with more than one 
neonatal health complication, when all complications 
were included as dichotomous variables within the same 
model. Thus, the differences in DNAm that we detected 
were not being driven by any single complication, but 
instead may represent a more integrated marker of pre-
maturity or neonatal health.

Discussion
In a cohort of infants that were born very preterm 
(< 30  weeks gestation), we identified a DNAm signature 
associated with increasing numbers of neonatal mor-
bidities at specific CpG sites in three intergenic regions 
on 6q22.33, 6q13, and 10q21.1, and within the genes, 

HPS4, SRRD, FGFR1OP, TNS3, TMEM266, LRRC3B, 
ZNF780A, and TENM2. Additionally, we observed evi-
dence of regional differences in DNAm at BIN1, MMP9, 
FGF23, LINC01603, FLJ45983 and two intergenic 
regions, although these regional differences did not meet 
the Bonferroni-adjusted significance threshold. Among 
the four complications included in the neonatal morbid-
ity risk score, BPD appeared to be the primary driver of 
the epigenetic responses. However, SBI, INF, and/or ROP 
were associated with differential methylation at all of the 
genome-wide significant CpG sites in addition to BPD. 
Thus, these epigenetic differences may be related to com-
mon processes that either contribute to, or are affected 
by, these severe neonatal health complications.

Among these 13 genes, some common biological pro-
cesses were represented. For instance two CpG sites were 
within genes, TNS3 and FGFR1OP, that can interact with 
and potentially influence the function of the fibroblast 
growth factor receptor (FGFR), and which has previously 
been observed in cases of developmental disorder and 
myeloproliferative disorder, respectively [44, 45]. One 
DMR was within FGF23, which has pleiotropic effects 
on multiple processes, including metabolism of phos-
phate, calcium and sodium, bone mineralization [46, 47]. 
FGF23 does appear to be highly expressed in the neona-
tal period [48, 49], and as a family, FGFs have extensive 
roles during embryonic development in processes related 
to organogenesis, such as proliferation and differentia-
tion [50]. Additionally, FGFs are significant angiogenic 
factors [51, 52] and dysregulation of angiogenic processes 
are thought to contribute to the development of some 
of these neonatal health complications [5]. LRRC3B and 
MMP9 have been associated with mechanisms of cellular 
proliferation, invasion, and cell cycle regulation [53, 54], 
and interestingly, LRRC3B has been shown to inhibit the 
expression of MMP9 in one study [55]. TMEM266 pro-
duces a functional voltage sensor at synapses in the cer-
ebellum and thus may play important roles of neuronal 
signaling [56, 57] while TENM2 appears to be involved 
in neuronal growth and migration [58]. BIN1 has been 
associated with neurodegenerative diseases [59] and may 
be involved in neuronal function [60]. The potential roles 
that these genes play in the neonatal period are not well 
described, and it is not clear if buccal cell DNAm patterns 
at these genes are reflective of DNAm patterns at these 
same genes in neuronal, respiratory, and immune cells. 
However, our data suggest that cellular process related to 
fibroblast growth factor activities, cellular proliferation 
and invasion, and neural development and signaling may 
be sensitive to severe neonatal morbidities in infants that 
are born very preterm.

While our study focused on epigenetic variation 
that is associated with the burden of multiple neonatal 
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morbidities in very preterm infants, other studies have 
previously shown that preterm birth itself is associ-
ated with differential DNAm in several different tissues, 
including placenta [61], neonatal blood [9–11], and neo-
natal saliva [37]. Many of the CpG sites that have been 
associated with preterm birth in these prior studies are 
within genes that are involved in neuronal development 
and/or neurodegenerative disorders, and we have pre-
viously found that neonatal neurobehavioral responses 
in preterm infants are associated with differences in 
DNAm [30]. Furthermore, some of the CpGs associated 
with preterm birth have been shown to be differentially 
methylated in adult blood, suggesting that DNAm could 
potentially mediate some of the long-term health con-
sequences that are associated with prematurity [9, 12]. 
Our findings provide supporting evidence that neonatal 
DNAm in preterm infants may inform future health out-
comes by identifying epigenetic variation associated with 
neonatal morbidities, BPD, SBI, INF, and ROP, which are 
predictive of persistent developmental impairments [1, 
3].

In summary, we identified a robust epigenetic signature 
of neonatal health complications at a genome-wide sig-
nificance threshold that exhibited dose response relation-
ships with the neonatal morbidity risk score and occurred 
within genes whose epigenetic dysregulation could plau-
sibly be related to future developmental outcomes. How-
ever, we also want to stress some of the limitations of this 
analysis, including potential residual confounding, lack 
of independent replication and lack of access to ideal tar-
get tissues. There is likely measurement error for some 
of our different age metrics (gestational age and PMA), 
since the date of conception was estimated using the best 
information available, but gold standard assessments 
were not available for many of our newborns; thus, there 
may be some residual confounding from these age met-
rics. Due to the uniqueness of our sample of very preterm 
infants (< 30 weeks of gestation), we are not aware of an 
independent population with neonatal buccal cell DNAm 
data within which to perform a replications analysis. 
Additionally, although DNAm was measured in a periph-
eral tissue, target tissues related to these health complica-
tions are mostly inaccessible for observational studies of 
living children. Buccal cells, on the other hand, are one 
of the most accessible tissues for studies of children [62] 
and have been suggested to be one of the preferred sur-
rogate tissues for epigenetic studies of psychiatric and 
neurobehavioral outcomes [63–65]. It is possible that 
the observed differences in DNAm could be correlated 
with relevant biological process affected by prematurity 
or represent surrogate indicator of prematurity and thus 
may be predictive of future health consequences even 
if they are not causally involved in those pathological 

processes. Additionally, we used a cumulative risk index 
to assess the impact of multiple neonatal morbidities, 
rather than performing separate EWAS analyses of each 
morbidity independently. This approach reduced the 
multiple testing burden that would have been necessary 
for testing each morbidity separately. However, by focus-
ing on this risk index, we likely did not capture all of the 
epigenetic responses that may be related to these spe-
cific morbidities. Future studies could test for differential 
DNAm associated specifically with SBI, BPD, ROP, and 
neonatal infections, or with other impairments that were 
not included in our analyses. Despite these limitations, 
our results provide evidence regarding the impact of 
neonatal morbidities among very preterm infants on the 
early-life epigenome and provide promising candidates 
for future studies of epigenetic predictors of neurodevel-
opmental impairment.

We observed differences of 1–4% methylation, for 
each unit increase in morbidity risk score, and when 
comparing those with 3 + morbidities to those with no 
morbidities, the largest differences were around 9% (at 
cg26838315 and cg24517837). These effect sizes, while 
small on the absolute scale, are consistent with what is 
observed in other epidemiologic studies of DNA meth-
ylation and children’s health [66]. We should be cautious 
in interpreting small differences in DNA methylation 
and the potential functional consequences of those dif-
ferences. However, it is important to emphasize that our 
study, and most epidemiologic studies, measures DNA 
methylation from tissue samples that are composed of 
many cells. Thus, for a given CpG site, the beta-value 
(percent DNAm) represents the proportion of alleles, 
across many cells, where that CpG was methylated. How-
ever, within an individual cell, a CpG is either methylated 
or unmethylated. Thus, a “small” difference in percent 
DNAm at a particular CpG is likely representative of a 
subpopulation of cells with a different methylation state 
at that genomic location. Because DNAm can be inher-
ited across cellular divisions, these differences may be 
representative of prior exposures or events and they may 
persist with growth and aging. Important future research 
should investigate whether these differences in DNAm 
persist, amplify, or attenuate as these children age, and 
whether these dynamics are related to differences in 
neurodevelopmental impairments. We aim to investi-
gate such DNAm dynamics in relation to these outcomes 
with future studies in this ongoing longitudinal cohort of 
babies that were born very preterm.

Conclusions
In summary, the serious neonatal morbidities experi-
enced by infants that are born very preterm appear to 
leave a signature on the epigenome at the time that those 
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infants are discharged from the NICU. While BPD was 
the most substantial driver of this epigenetic signature, all 
of these health complications of prematurity contributed 
to the observed differential methylation. Additionally, 
these epigenetic variations occur within genes involved 
in developmental processes. Thus, we hypothesize that 
these epigenetic features may be representative of an 
integrated marker of neonatal health and development 
and should be considered as potential candidates for 
future studies of developmental impairments in children 
who were born premature. Our ongoing work in NOVI 
aims to examine whether these differences in DNAm 
persist with aging and to integrate these epigenetic data 
with clinical information to test whether the inclusion of 
epigenetic information can improve predictions about 
neurodevelopmental impairments in childhood.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1314 8-020-00942 -1.

Additional file 1: Supplemental Figures S1–S8.

Additional file 2: Supplemental Excel Tables 1–4.

Abbreviations
BPD: Bronchopulmonary dysplasia; DMR: Differentially methylated regions; 
DNAm: DNA methylation; INF: Serious neonatal infections; NEC: Necrotizing 
enterocolitis; NICU: Neonatal intensive care unit; NOVI: Neonatal Neurobehav-
ior and Outcomes in Very Preterm Infants Study; ROP: Severe retinopathy of 
prematurity; SBI: Severe brain injury; SBC: Skin & Blood clock; PBC: PedBE clock; 
PMA: Postmenstrual age.

Acknowledgements
We would like to thank the Emory & WIH lab teams, NOVI Study Coordinators 
and NNNS coordinators, and the NOVI families who made this work possible.

Authors’ contributions
TME, CJM, TMO, and BML initiated, acquired the funding for, and designed 
this investigation. KH and JFP coordinated laboratory analyses. BSC, JH, JAH, 
ECM, CRN, SLP, LMS, AS, and SAD coordinated data collection. TME and AB per-
formed the statistical analyses. TME, CJM, TMO, BML, SAD and LMD drafted the 
manuscript. All authors contributed to interpretation of the results and revi-
sions to the manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by NIH Grants NICHD R01HD072267 (Lester 
and O’Shea), R01HD084515 (Lester and Everson), UH3OD023347 (Lester, 
Marsit, and O’Shea), National Center for Advancing Translational Sciences 
through UCLA CTSI Grant UL1TR001881 and the HERCULES Center (P30 
ES019776).

Availability of data and materials
The raw and processed DNAm data are publicly accessible through NCBI Gene 
Expression Omnibus (GEO) via accession series GSE128821.

Ethics approval and consent to participate
All participating mothers provided written informed consent and enrollment 
and consent procedures were approved by the institutional review boards 
of Women and Infants Hospital, Spectrum Health, Children’s Mercy Office of 
Research Integrity, Wake Forest University Health Sciences, John F. Wolf, MD 
Human Subjects Committee at the Lundquist InstituteLos Angeles BioMed, 
Emory University and Western Institutional Review Board (WIRB).

Consent for publication
Not applicable.

Competing interests
The authors declare that there are no competing interests.

Author details
1 Gangarosa Department of Environmental Health, Emory University Rol-
lins School of Public Health, Atlanta, GA, USA. 2 Department of Pediatrics, 
University of North Carolina School of Medicine, Chapel Hill, NC, USA. 
3 Department of Pediatrics-Neonatology, Children’s Mercy Hospital, Kansas 
City, MO, USA. 4 Department of Pediatrics, Wake Forest School of Medicine, 
Winston Salem, NC, USA. 5 Department of Pediatrics, Brown Alpert Medical 
School and Women and Infants Hospital, Providence, RI, USA. 6 Department 
of Pediatrics, University of Hawaii John A. Burns School of Medicine, Honolulu, 
HI, USA. 7 Department of Pediatrics, Spectrum Health-Helen Devos Hospital, 
Grand Rapids, MI, USA. 8 Department of Pediatrics, Lundquist Institute At 
Harbor-UCLA Medical Center, Torrance, CA, USA. 9 Department of Pediatrics, 
Miller Children’s and Women’s Hospital Long Beach, Long Beach, CA, USA. 
10 Brown Center for the Study of Children at Risk, Brown Alpert Medical 
School and Women and Infants Hospital, Providence, RI, USA. 11 Department 
of Psychiatry and Human Behavior, Brown Alpert Medical School, Providence, 
RI, USA. 

Received: 8 March 2020   Accepted: 28 September 2020

References
 1. Schmidt B, Asztalos EV, Roberts RS, Robertson CM, Sauve RS, Whitfield MF. 

Trial of Indomethacin Prophylaxis in Preterms I: impact of bronchopul-
monary dysplasia, brain injury, and severe retinopathy on the outcome of 
extremely low-birth-weight infants at 18 months: results from the trial of 
indomethacin prophylaxis in preterms. JAMA. 2003;289(9):1124–9.

 2. Schulzke SM, Deshpande GC, Patole SK. Neurodevelopmental outcomes 
of very low-birth-weight infants with necrotizing enterocolitis: a 
systematic review of observational studies. Arch Pediatr Adolesc Med. 
2007;161(6):583–90.

 3. Bassler D, Stoll BJ, Schmidt B, Asztalos EV, Roberts RS, Robertson CM, 
Sauve RS. Trial of Indomethacin Prophylaxis in Preterms I: using a 
count of neonatal morbidities to predict poor outcome in extremely 
low birth weight infants: added role of neonatal infection. Pediatrics. 
2009;123(1):313–8.

 4. Singh JK, Wymore EM, Wagner BD, Thevarajah TS, Jung JL, Kinsella JP, Pal-
estine AG, Lynch AM. Relationship between severe bronchopulmonary 
dysplasia and severe retinopathy of prematurity in premature newborns. 
J AAPOS. 2019;23(4):209.e1–.e4.

 5. Stark A, Dammann C, Nielsen HC, Volpe MV. A pathogenic relationship of 
bronchopulmonary dysplasia and retinopathy of prematurity? A review 
of angiogenic mediators in both diseases. Front Pediatr. 2018;6:125.

 6. Allred EN, Capone A Jr, Fraioli A, Dammann O, Droste P, Duker J, Gise R, 
Kuban K, Leviton A, O’Shea TM, et al. Retinopathy of prematurity and 
brain damage in the very preterm newborn. J AAPOS. 2014;18(3):241–7.

 7. Dammann O. Persistent neuro-inflammation in cerebral palsy: a thera-
peutic window of opportunity? Acta Paediatr. 2007;96(1):6–7.

 8. Dammann O. Inflammation and retinopathy of prematurity. Acta Paediatr. 
2010;99(7):975–7.

 9. Cruickshank MN, Oshlack A, Theda C, Davis PG, Martino D, Sheehan P, Dai 
Y, Saffery R, Doyle LW, Craig JM. Analysis of epigenetic changes in survi-
vors of preterm birth reveals the effect of gestational age and evidence 
for a long term legacy. Genome Med. 2013;5(10):96.

 10. Fernando F, Keijser R, Henneman P, van der Kevie-Kersemaekers AM, Man-
nens MM, van der Post JA, Afink GB, Ris-Stalpers C. The idiopathic preterm 
delivery methylation profile in umbilical cord blood DNA. BMC Genomics. 
2015;16:736.

 11. Parets SE, Conneely KN, Kilaru V, Fortunato SJ, Syed TA, Saade G, Smith 
AK, Menon R. Fetal DNA methylation associates with early spontaneous 
preterm birth and gestational age. PLoS ONE. 2013;8(6):e67489.

https://doi.org/10.1186/s13148-020-00942-1
https://doi.org/10.1186/s13148-020-00942-1


Page 14 of 15Everson et al. Clin Epigenet          (2020) 12:151 

 12. Tan Q, Li S, Frost M, Nygaard M, Soerensen M, Larsen M, Christensen 
K, Christiansen L. Epigenetic signature of preterm birth in adult twins. 
Clin Epigenetics. 2018;10:87.

 13. Tendl KA, Schulz SM, Mechtler TP, Bohn A, Metz T, Greber-Platzer S, 
Kasper DC, Herkner KR, Item CB. DNA methylation pattern of CALCA 
in preterm neonates with bacterial sepsis as a putative epigenetic 
biomarker. Epigenetics. 2013;8(12):1261–7.

 14. Chau CM, Ranger M, Sulistyoningrum D, Devlin AM, Oberlander TF, 
Grunau RE. Neonatal pain and COMT Val158Met genotype in relation 
to serotonin transporter (SLC6A4) promoter methylation in very pre-
term children at school age. Front Behav Neurosci. 2014;8:409.

 15. Provenzi L, Fumagalli M, Sirgiovanni I, Giorda R, Pozzoli U, Morandi F, 
Beri S, Menozzi G, Mosca F, Borgatti R, et al. Pain-related stress during 
the Neonatal Intensive Care Unit stay and SLC6A4 methylation in very 
preterm infants. Front Behav Neurosci. 2015;9:99.

 16. Montirosso R, Provenzi L, Fumagalli M, Sirgiovanni I, Giorda R, Pozzoli 
U, Beri S, Menozzi G, Tronick E, Morandi F, et al. Serotonin transporter 
gene (SLC6A4) methylation associates with neonatal intensive care 
unit stay and 3-month-old temperament in preterm infants. Child Dev. 
2016;87(1):38–48.

 17. Lester BM, Marsit CJ, Giarraputo J, Hawes K, LaGasse LL, Padbury JF. 
Neurobehavior related to epigenetic differences in preterm infants. 
Epigenomics. 2015;7(7):1123–36.

 18. O’Shea TM, Allred EN, Dammann O, Hirtz D, Kuban KC, Paneth N, 
Leviton A. Investigators Es: The ELGAN study of the brain and related 
disorders in extremely low gestational age newborns. Early Hum Dev. 
2009;85(11):719–25.

 19. McElrath TF, Hecht JL, Dammann O, Boggess K, Onderdonk A, Marken-
son G, Harper M, Delpapa E, Allred EN, Leviton A, et al. Pregnancy disor-
ders that lead to delivery before the 28th week of gestation: an epide-
miologic approach to classification. Am J Epidemiol. 2008;168(9):980–9.

 20. Vermont Oxford Network. Manual of operations: Part 2. Data defini-
tions and infant data forms. Burlington, VT: Vermont Oxford Network; 
2018.

 21. Walden RV, Taylor SC, Hansen NI, Poole WK, Stoll BJ, Abuelo D, Vohr BR, 
National Institute of Child Health, and Human Development Neonatal 
Research Network. Major congenital anomalies place extremely low 
birth weight infants at higher risk for poor growth and developmental 
outcomes. Pediatrics. 2007;120(6):e1512–1519.

 22. Hollinshead AB. Four factor index of social status. 1975;47–55.
 23. Jobe AH, Bancalari E. Bronchopulmonary dysplasia. Am J Respir Crit 

Care Med. 2001;163(7):1723–9.
 24. Kuban K, Adler I, Allred EN, Batton D, Bezinque S, Betz BW, Cavenagh 

E, Durfee S, Ecklund K, Feinstein K, et al. Observer variability assess-
ing US scans of the preterm brain: the ELGAN study. Pediatr Radiol. 
2007;37(12):1201–8.

 25. Hintz SR, Slovis T, Bulas D, Van Meurs KP, Perritt R, Stevenson DK, Poole 
WK, Das A, Higgins RD, NICHD Neonatal Research Network. Interob-
server reliability and accuracy of cranial ultrasound scanning interpre-
tation in premature infants. J Pediatr. 2007;150(6):592–6 596 e591-595.

 26. Teschendorff AE, Marabita F, Lechner M, Bartlett T, Tegner J, Gomez-
Cabrero D, Beck S. A beta-mixture quantile normalization method for 
correcting probe design bias in Illumina Infinium 450 k DNA methyla-
tion data. Bioinformatics (Oxford, England). 2013;29(2):189–96.

 27. Pidsley R, Zotenko E, Peters TJ, Lawrence MG, Risbridger GP, Molloy P, 
Van Djik S, Muhlhausler B, Stirzaker C, Clark SJ. Critical evaluation of 
the Illumina MethylationEPIC BeadChip microarray for whole-genome 
DNA methylation profiling. Genome Biol. 2016;17(1):208.

 28. Logue MW, Smith AK, Wolf EJ, Maniates H, Stone A, Schichman SA, 
McGlinchey RE, Milberg W, Miller MW. The correlation of methylation 
levels measured using Illumina 450K and EPIC BeadChips in blood 
samples. Epigenomics. 2017;9(11):1363–71.

 29. Zheng SC, Webster AP, Dong D, Feber A, Graham DG, Sullivan R, Jevons 
S, Lovat LB, Beck S, Widschwendter M, et al. A novel cell-type deconvo-
lution algorithm reveals substantial contamination by immune cells in 
saliva, buccal and cervix. Epigenomics. 2018;10(7):925–40.

 30. Everson TM, Marsit CJ, Michael O’Shea T, Burt A, Hermetz K, Carter BS, 
Helderman J, Hofheimer JA, McGowan EC, Neal CR, et al. Epigenome-
wide analysis identifies genes and pathways linked to neurobehavioral 
variation in preterm infants. Sci Rep. 2019;9(1):6322.

 31. Collaco JM, Aherrera AD, McGrath-Morrow SA. The influence of gender 
on respiratory outcomes in children with bronchopulmonary dysplasia 
during the first 3 years of life. Pediatr Pulmonol. 2017;52(2):217–24.

 32. Ambalavanan N, Van Meurs KP, Perritt R, Carlo WA, Ehrenkranz RA, Ste-
venson DK, Lemons JA, Poole WK, Higgins RD. Nichd Neonatal Research 
Network BMD: predictors of death or bronchopulmonary dysplasia in 
preterm infants with respiratory failure. J Perinatol. 2008;28(6):420–6.

 33. Redpath S, Shah PS, Moore GP, Yang J, Toye J, Perreault T, Lee KS, Canadian 
Neonatal Transport Network, and Canadian Neonatal Network Investiga-
tors. Canadian Neonatal Network I: do transport factors increase the risk 
of severe brain injury in outborn infants < 33 weeks gestational age? J 
Perinatol. 2020;40(3):385–93.

 34. Collins JJP, Tibboel D, de Kleer IM, Reiss IKM, Rottier RJ. The Future of Bron-
chopulmonary dysplasia: emerging pathophysiological concepts and 
potential new avenues of treatment. Front Med (Lausanne). 2017;4:61.

 35. Freitas AM, Morschbacher R, Thorell MR, Rhoden EL. Incidence and risk 
factors for retinopathy of prematurity: a retrospective cohort study. Int J 
Retina Vitreous. 2018;4:20.

 36. Singmann P, Shem-Tov D, Wahl S, Grallert H, Fiorito G, Shin SY, Schramm 
K, Wolf P, Kunze S, Baran Y, et al. Characterization of whole-genome 
autosomal differences of DNA methylation between men and women. 
Epigenetics Chromatin. 2015;8:43.

 37. Sparrow S, Manning JR, Cartier J, Anblagan D, Bastin ME, Piyasena C, 
Pataky R, Moore EJ, Semple SI, Wilkinson AG, et al. Epigenomic profiling of 
preterm infants reveals DNA methylation differences at sites associated 
with neural function. Transl Psychiatry. 2016;6:e716.

 38. Schroeder JW, Conneely KN, Cubells JC, Kilaru V, Newport DJ, Knight 
BT, Stowe ZN, Brennan PA, Krushkal J, Tylavsky FA, et al. Neonatal DNA 
methylation patterns associate with gestational age. Epigenetics. 
2011;6(12):1498–504.

 39. Natarajan G, Pappas A, Shankaran S, Laptook AR, Walsh M, McDonald 
SA, Ehrenkranz RA, Tyson JE, Goldberg RN, Bara R, et al. Effect of inborn 
vs. outborn delivery on neurodevelopmental outcomes in infants with 
hypoxic-ischemic encephalopathy: secondary analyses of the NICHD 
whole-body cooling trial. Pediatr Res. 2012;72(4):414–9.

 40. Horvath S. DNA methylation age of human tissues and cell types. 
Genome Biol. 2013;14(10):R115.

 41. Schisterman EF, Cole SR, Platt RW. Overadjustment bias and unnecessary 
adjustment in epidemiologic studies. Epidemiology. 2009;20(4):488–95.

 42. Suderman M, Staley JR, French R, Arathimos R, Simpkin A, Tilling K: dmrff: 
identifying differentially methylated regions efficiently with power and 
control. bioRxiv 2018;508556.

 43. Ren X, Kuan PF. methylGSA: a Bioconductor package and Shiny app for 
DNA methylation data length bias adjustment in gene set testing. Bioin-
formatics (Oxford, England). 2019;35(11):1958–9.

 44. Kim HG, Herrick SR, Lemyre E, Kishikawa S, Salisz JA, Seminara S, MacDon-
ald ME, Bruns GA, Morton CC, Quade BJ, et al. Hypogonadotropic hypo-
gonadism and cleft lip and palate caused by a balanced translocation 
producing haploinsufficiency for FGFR1. J Med Genet. 2005;42(8):666–72.

 45. Vizmanos JL, Hernandez R, Vidal MJ, Larrayoz MJ, Odero MD, Marin J, 
Ardanaz MT, Calasanz MJ, Cross NC. Clinical variability of patients with the 
t(6;8)(q27;p12) and FGFR1OP-FGFR1 fusion: two further cases. Hematol J. 
2004;5(6):534–7.

 46. Erben RG. Update on FGF23 and Klotho signaling. Mol Cell Endocrinol. 
2016;432:56–655.

 47. Liu S, Quarles LD. How fibroblast growth factor 23 works. J Am Soc Neph-
rol. 2007;18(6):1637–47.

 48. Ali FN, Josefson J, Mendez AJ, Mestan K, Wolf M. Cord blood ferritin and 
fibroblast growth factor-23 levels in neonates. J Clin Endocrinol Metab. 
2016;101(4):1673–9.

 49. Takaiwa M, Aya K, Miyai T, Hasegawa K, Yokoyama M, Kondo Y, Kodani N, 
Seino Y, Tanaka H, Morishima T. Fibroblast growth factor 23 concentra-
tions in healthy term infants during the early postpartum period. Bone. 
2010;47(2):256–62.

 50. Ornitz DM, Itoh N. Fibroblast growth factors. Genome Biol. 2001;2(3):3005.
 51. Lieu C, Heymach J, Overman M, Tran H, Kopetz S. Beyond VEGF: inhibi-

tion of the fibroblast growth factor pathway and antiangiogenesis. Clin 
Cancer Res. 2011;17(19):6130–9.

 52. Murakami M, Simons M. Fibroblast growth factor regulation of neovascu-
larization. Curr Opin Hematol. 2008;15(3):215–20.



Page 15 of 15Everson et al. Clin Epigenet          (2020) 12:151  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 53. Jian H, Zhao Y, Liu B, Lu S. SEMA4b inhibits MMP9 to prevent metastasis of 
non-small cell lung cancer. Tumour Biol. 2014;35(11):11051–6.

 54. Song H, Tian Z, Qin Y, Yao G, Fu S, Geng J. Astrocyte elevated gene-1 
activates MMP9 to increase invasiveness of colorectal cancer. Tumour 
Biol. 2014;35(7):6679–85.

 55. Kan L, Li H, Zhang Y, Wang J, Niu H, Jiang H, Zhang M, Bai X, He P. LRRC3B 
is downregulated in non-small-cell lung cancer and inhibits cancer cell 
proliferation and invasion. Tumour Biol. 2016;37(1):1113–20.

 56. Kim IH, Hevezi P, Varga C, Pathak MM, Hong L, Ta D, Tran CT, Zlotnik 
A, Soltesz I, Tombola F. Evidence for functional diversity between the 
voltage-gated proton channel Hv1 and its closest related protein HVRP1. 
PLoS ONE. 2014;9(8):e105926.

 57. Papp F, Lomash S, Szilagyi O, Babikow E, Smith J, Chang TH, Bahamonde 
MI, Toombes GES, Swartz KJ. TMEM266 is a functional voltage sensor 
regulated by extracellular Zn(2). Elife. 2019;8:e42372.

 58. Young TR, Leamey CA. Teneurins: important regulators of neural circuitry. 
Int J Biochem Cell Biol. 2009;41(5):990–3.

 59. Lambert JC, Ibrahim-Verbaas CA, Harold D, Naj AC, Sims R, Bellenguez C, 
DeStafano AL, Bis JC, Beecham GW, Grenier-Boley B, et al. Meta-analysis 
of 74,046 individuals identifies 11 new susceptibility loci for Alzheimer’s 
disease. Nat Genet. 2013;45(12):1452–8.

 60. McAvoy KM, Rajamohamed Sait H, Marsh G, Peterson M, Reynolds TL, 
Gagnon J, Geisler S, Leach P, Roberts C, Cahir-McFarland E, et al. Cell-
autonomous and non-cell autonomous effects of neuronal BIN1 loss 
in vivo. PLoS ONE. 2019;14(8):e0220125.

 61. Schuster J, Uzun A, Stablia J, Schorl C, Mori M, Padbury JF. Effect of pre-
maturity on genome wide methylation in the placenta. BMC Med Genet. 
2019;20(1):116.

 62. Dlugos DJ, Scattergood TM, Ferraro TN, Berrettinni WH, Buono RJ. Recruit-
ment rates and fear of phlebotomy in pediatric patients in a genetic 
study of epilepsy. Epilepsy Behav. 2005;6(3):444–6.

 63. Berko ER, Suzuki M, Beren F, Lemetre C, Alaimo CM, Calder RB, Ballaban-
Gil K, Gounder B, Kampf K, Kirschen J, et al. Mosaic epigenetic dysregu-
lation of ectodermal cells in autism spectrum disorder. PLoS Genet. 
2014;10(5):e1004402.

 64. Lin X, Teh AL, Chen L, Lim IY, Tan PF, MacIsaac JL, Morin AM, Yap F, Tan KH, 
Saw SM, et al. Choice of surrogate tissue influences neonatal EWAS find-
ings. BMC medicine. 2017;15(1):211.

 65. Lowe R, Gemma C, Beyan H, Hawa MI, Bazeos A, Leslie RD, Montpetit A, 
Rakyan VK, Ramagopalan SV. Buccals are likely to be a more informative 
surrogate tissue than blood for epigenome-wide association studies. 
Epigenetics. 2013;8(4):445–54.

 66. Breton CV, Marsit CJ, Faustman E, Nadeau K, Goodrich JM, Dolinoy DC, 
Herbstman J, Holland N, LaSalle JM, Schmidt R, et al. Small-magnitude 
effect sizes in epigenetic end points are important in children’s environ-
mental health studies: The Children’s Environmental Health and Disease 
Prevention Research Center’s Epigenetics Working Group. Environ Health 
Perspect. 2017;125(4):511–26.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Serious neonatal morbidities are associated with differences in DNA methylation among very preterm infants
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Materials and methods
	Study population
	NICU neonatal morbidities
	DNA methylation (DNAm) measurement, quality control, and preprocessing
	Estimates of tissue heterogeneity
	Confounding variables
	Statistical analyses: R packages
	Statistical analyses: identification of PMA-associated CpGs
	Statistical analyses: epigenome-wide associations study (EWAS) for neonatal morbidity risk score
	Statistical analyses: identification of differentially methylated regions (DMRs)
	Statistical analyses: differential DNAm associated with individual neonatal morbidities
	Statistical analyses: over-representation of genes in biological pathways

	Results
	Characteristics of the study population
	Identification of PMA-associated CpGs
	Epigenome-wide associations study (EWAS) for composite neonatal morbidity risk score
	Identification of differentially methylated regions (DMRs)
	Differential DNAm associated with individual neonatal morbidities
	Over-representation of genes in biological pathways
	Summary of results

	Discussion
	Conclusions
	Acknowledgements
	References


