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BACKGROUND: Chronic lung disease (CLD) is the most common pulmonary morbidity in extremely preterm infants. It is unclear to
what extent prenatal exposures influence the risk of CLD. Epigenetic variation in placenta DNA methylation may be associated with
differential risk of CLD, and these associations may be dependent upon sex.

METHODS: Data were obtained from a multi-center cohort of infants born extremely preterm (<28 weeks' gestation) and an
epigenome-wide approach was used to identify associations between placental DNA methylation and CLD (n = 423). Associations
were evaluated using robust linear regression adjusting for covariates, with a false discovery rate of 0.05. Analyses stratified by sex
were used to assess differences in methylation-CLD associations.

RESULTS: CLD was associated with differential methylation at 49 CpG sites representing 46 genes in the placenta. CLD was
associated with differential methylation of probes within genes related to pathways involved in fetal lung development, such as
p53 signaling and myo-inositol biosynthesis. Associations between CpG methylation and CLD differed by sex.

CONCLUSIONS: Differential placental methylation within genes with key roles in fetal lung development may reflect complex cell
signaling between the placenta and fetus which mediate CLD risk. These pathways appear to be distinct based on fetal sex.

Pediatric Research (2022) 91:1428-1435; https://doi.org/10.1038/s41390-021-01868-x

IMPACT:

® In extremely preterm infants, differential methylation of CpG sites within placental genes involved in pathways related to cell
signaling, oxidative stress, and trophoblast invasion is associated with chronic lung disease of prematurity.
® DNA methylation patterns associated with chronic lung disease were distinctly based on fetal sex, suggesting a potential

mechanism underlying dimorphic phenotypes.

® Mechanisms related to fetal hypoxia and placental myo-inositol signaling may play a role in fetal lung programming and the

developmental origins of chronic lung disease.

® Continued research of the relationship between the placental epigenome and chronic lung disease could inform efforts to

ameliorate or prevent this condition.

INTRODUCTION

Chronic lung disease of prematurity (CLD; also called broncho-
pulmonary dysplasia) is the most common pulmonary morbidity
in extremely preterm infants. Generally, clinical factors have been
found to be more predictive of CLD than genetic markers.’
For example, fetal growth restriction (FGR) is highly predictive of
CLD.? It is unclear to what extent prenatal exposures, including
chronic hypoxia, maternal socioeconomic status, and placental
inflammation, influence the risk of postnatal outcomes, such
as CLD. Placental epigenetic programming, as measured by
placental DNA methylation, has been proposed as an intermediate
linking prenatal exposures to later health outcomes in premature
infants.”

Consistent with the placenta’s critical role in fetal development
through both the exchange of nutrients and mediation of
environmental influences, the fetal origins hypothesis of CLD
posits that an adverse intrauterine milieu alters lung development
and increases the risk of CLD.* Several epidemiological studies
demonstrating an association between placental disorders and
CLD support this hypothesis.>* Still, a knowledge gap remains
concerning whether the placental epigenome plays a role in fetal
origins of CLD in extremely preterm infants.

Preclinical studies suggest that epigenetic mechanisms under-
lying fetal lung development may occur in a sex-specific manner.
For example, sex-specific impairments in alveolarization were
found in rats in response to FGR via alterations in the transcription

"Department of Pediatrics, School of Medicine, The University of North Carolina, Chapel Hill, NC, USA. Department of Environmental Sciences and Engineering, Gilling School of
Global Public Health, The University of North Carolina, Chapel Hill, NC, USA. ®Biobehavioral Laboratory, School of Nursing, The University of North Carolina, Chapel Hill, NC, USA.
“Department of Pediatrics, University of California, San Diego, CA, USA. ®Institute for Environmental Health Solutions, Gilling School of Global Public Health, The University of

North Carolina, Chapel Hill, NC, USA. ®email: wesley.jackson@unc.edu

Received: 19 January 2021 Revised: 26 October 2021 Accepted: 13 November 2021

Published online: 2 December 2021

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01868-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01868-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01868-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41390-021-01868-x&domain=pdf
https://doi.org/10.1038/s41390-021-01868-x
mailto:wesley.jackson@unc.edu
www.nature.com/pr

of peroxisome proliferator-activated receptor-gamma (PPARy).®
Likewise, in murine models, mechanical ventilation and hyperoxia
lead to epigenetic changes in the lung related to histone
deacetylase activity, which inhibits the alveolar formation and
promotes lung remodeling.” While sexual dimorphism exists for
CLD with a higher incidence in males compared to females?
whether placental epigenetic variation contributes to the patho-
genesis of CLD in a sex-specific manner in humans remains
unclear.

The objective of this study was to assess the relationship
between placental CpG methylation and CLD in extremely
preterm infants. We hypothesized that genes involved in path-
ways related to placental hypoxia and oxidative stress, which may
adversely affect fetal lung and pulmonary vascular development,’
would be differentially methylated in placentas collected from
infants who later went on to develop CLD versus those who did
not. Furthermore, based on significant sex-based differences in
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placental methylation in response to prenatal exposures as
documented by Martin et al.'® and sex-based differences in the
incidence of CLD2®'" we hypothesized that patterns of placental
DNA methylation would differ by sex.

METHODS

Study sample

Participants in this study represent a subset of individuals enrolled in the
Extremely Low Gestational Age Newborn (ELGAN) Study. The ELGAN
cohort of newborns delivered prior to 28 weeks of gestation, enrolled at 14
United States hospitals located in five states (Connecticut, Massachusetts,
North Carolina, Michigan, and lllinois).'? Of the 1506 infants enrolled, 1251
infants survived to 36 weeks postmenstrual age (PMA) and 1241 (99.2%)
were evaluated at 36 weeks PMA for CLD. Epigenetic data were available
from the placentas of 423 (34%) of the infants evaluated for CLD. The
institutional review boards of all participating institutions approved
enrollment and consent procedures for the ELGAN Study.

Table 1. Maternal and newborn characteristics by CLD diagnosis at 36 weeks PMA within the ELGAN cohort.
Infants with CLD (n = Infants without CLD (n = Total evaluated for CLD at 36 weeks p-value
217) 206) PMA (n=1241)
Maternal
Age (years), mean + SD 29.5+6.70 29.2+6.57 28.7 £ 6.68 0.704
Race, % 0.034
White 65.9 57.6 59.0
Black 28.0 293 283
Other 6.1 13.2 12.7
Hispanic ethnicity, % 74 10.2 12.2 0.393
Unmarried, % 424 44.2 434 0.787
Education high school or less, % 374 41.5 44.0 0.459
Public insurance, % 33.6 34.3 40.4 0.967
Smoked during pregnancy, % 9.4 123 14.2 0.432
Newborn
Prenatal corticosteroid course 0.353
Complete 61.8 68.4 63.6
Partial 27.6 228 26.4
None 10.6 8.7 10
Cesarean delivery, % 67.3 65 66.4 0.702
Delivery indication, % 0.086
Preterm labor 525 42.2 44.2
pPROM 15.7 243 21.8
Pre-eclampsia 12.9 15.0 13.5
Abruption 9.7 7.8 10.3
Cervical insufficiency 5.1 83 5.9
Fetal indication 4.1 24 44
Gestational age, % <0.001
23-24 wk 34.1 9.7 20.5
25-26 wk 44.7 42.7 46.3
27 wk 21.2 47.6 33.1
Birth weight (grams), Mean + SD 767.6 +177.9 901.6 +173.1 829.1+195.7 <0.001
Birth weight z-score, % 0.001
<=2 6.9 4.4 6.2
>-2,<—1 16.1 53 13.4
>—1 77.0 90.3 80.4
Male, % 535 515 525 0.753
Singleton, % 59.0 62.6 67.6 0.506

CLD chronic lung disease, PMA postmenstrual age, SD standard deviation, pPROM preterm premature rupture of membrane.
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Classification of chronic lung disease

We classified infants as having CLD if they were receiving either
supplemental oxygen or mechanical ventilation, or both, at 36 weeks
PMA. In addition, we recorded the type of respiratory support infants were
receiving at 36 weeks PMA, classified as follows: none, increased ambient
oxygen, nasal cannula, nasal continuous positive airway pressure,
conventional mechanical ventilation, or high-frequency ventilation.

Placenta tissue collection

As previously described, placental biopsies were taken shortly after
delivery."® Briefly, a tissue sample from the fetal side of the placenta was
collected by applying traction to the chorion and the underlying
trophoblast tissue and cutting a sample out at the base of this tissue
structure. The tissue sample was immediately frozen in liquid nitrogen and
stored at —80 °C until further processing.

DNA extraction and assessment of epigenome-wide DNA
methylation

DNA was extracted and epigenome-wide DNA methylation assessed using
the EZ DNA Methylation kit (Zymo Research, Irvine, CA) and Infinium
MethylationEPIC BeadChip (lllumina, San Diego, CA), as previously
described.”® The Infinium MethylationEPIC array measures more than
850,000 CpG loci at single-nucleotide resolution. Samples were randomly
allocated to different plates and chips to minimize confounding variables.
Quality control was performed at the sample level using the minfi
package.'® Functional normalization was performed with a preliminary
step of normal-exponential out-of-band (noob) correction method'® for
background subtraction and dye normalization, followed by functional
normalization to the top two principal components of the control matrix.'®
Quality control was performed on individual probes by computing a
detection p-value and excluded 806 (0.09%) probes with non-significant
detection (p > 0.01) for 5% or more of the samples. The ComBat function
was used from the sva package to adjust for batch effects from the sample
plate."” A total of 856,832 CpG probes were retained for analyses. Average
methylation levels at each CpG probe were measured and expressed as
B-values (B=intensity of the methylated allele (M))/(intensity of the
unmethylated allele (U)+ intensity of the methylated allele (M) -+ 100).
B-values were logit transformed to M-values for statistical analyses.'®

Statistical analysis

The demographic and clinical characteristics of the participants are
reported using means, with standard deviations, or proportions. A
directed acyclic graph was created using the web-based software DAGitty
(www.dagitty.net) to delineate relationships between a priori selected
covariates with placental CpG methylation as the exposure and CLD as
the outcome (Supplemental Figure).'*'® Based on this diagram, the
minimally sufficient set of covariates for adjustment included: gestational
age, birth weight Z-score, maternal age, race, infant sex, inflammation
level in the placenta, cell-type heterogeneity, and maternal socio-
economic status, based on marital status, eligibility for public insurance
(Medicaid), and the highest level of education completed. Maternal age
was treated as a continuous variable. The race was dichotomized as white
and non-white. Linear mixed models were used to assess the impact of
family structure (e.g. twins) and results were found to be consistent
with the standard, linear models. To account for the possibility that
methylation levels were affected by the infiltration of inflammatory cells
within the placenta, acute inflammation status of the chorion/decidua

was used as an adjustment factor in all models. Inflammation of the
placenta was defined as greater than 10,000 neutrophils per cubic
millimeter in the chorion or decidua.®® To control for cell-type
heterogeneity, the top 10 component variables were selected based on
a surrogate variable analysis (SVA), a reference-free method that
efficiently estimates cell-type mixture in heterogeneous tissues using
iteratively re-weighted least squares.?' Missing covariates, both contin-
uous and categorical, were simultaneously imputed using a random
forest trained on observed values of the data matrix, assessing for
complex interactions and non-linear relations (missForest package).??
Imputation was assessed with an out-of-bag imputation error estimate.

An epigenome-wide association study (EWAS) was performed by
fitting a robust linear regression model for each CpG probe adjusted for
a priori selected covariates with DNA methylation as the response
variable on the M-value scale and CLD as the main predictor. Robust
linear regression was used to protect against potential heteroscedasti-
city.?® In these models, test statistics were modified using the Phipson’s
robust empirical Bayes procedure, shrinking probe-wise sample var-
iances towards a common value and controlling for test-statistic
inflation.?® Statistically significant associations were identified based
on Benjamini-Hochberg false discovery rate (FDR) g-values using a
significance level of <0.05° As a secondary analysis, sex-specific
associations focusing on DNA methylation in autosomes were assessed
via stratification of adjusted robust linear regression models, excluding
sex of the infant as covariates.

Manhattan plots and QQ-plots were used to report results. QQ-plots
show potential test-statistic inflation at tails of the inferential distribution
by plotting theoretical quantiles of the t-distribution on the x axis against
the empirical modified t-statistics estimated using the empirical Bayes
procedure. The interpretation of these QQ-plots is equivalent to those that
plot theoretical and sample p-values. Traditional inflation factors are not
interpretable in this empirical Bayes setting, often underrepresenting
inflation in test statistics.

Pathway analysis

Ingenuity Pathway Analysis (IPA), a web-based software application
(available at http://www.ingenuity.com), was used to determine whether
the genes that contained the differentially methylated probes are enriched
for specific biological functions. IPA relies on a repository of biological
pathways based on curated findings from the research literature. For this
analysis, we focused on genes associated with CLD identified in both the
overall and sex-stratified analyses at FDR values < 0.05. IPA provided
associated pathways for each focus gene, as well as p-values calculated
using the right-tailed Fisher exact test.

RESULTS

Study cohort

Maternal and newborn characteristics are presented for the
ELGAN subjects used in this analysis (n =217 subjects with CLD
and n =206 subjects without CLD) and the overall ELGAN cohort
evaluated for CLD at 36 weeks PMA (n = 1241) in Table 1. Infants
with CLD had lower mean gestational age, lower mean birth
weight, and were more likely to be white, male, and growth-
restricted (i.e., birth weight Z-score < —1) compared to infants
without CLD. Mothers of ELGANs with placental tissue available
(n =423) were slightly older and more likely to be non-Hispanic

Table 2. Number of CLD-associated CpG probes in all infants, in male infants only, and in female infants only.
All infants Males Females
FDR g <0.05 FDR g <0.05 FDR g <0.05
CpG probes with altered methylation 49 518 12
Associated genes 46 414 8
CpG probes with increased methylation 78 5
Associated genes 56 3
CpG probes with decreased methylation 46 440 7
Associated genes 44 358 5

CLD chronic lung disease, FDR false discovery rate.
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Manhattan plots of CpG methylation probes associated with CLD. The chromosomal location of CpG probes are presented on the

x axis and the —log;¢(p-value) associated with CLD is shown on the y axis. The models are adjusted for gestational age, birth weight Z-score,
maternal age, race, infant sex, inflammation level in the placenta, cell-type heterogeneity, and maternal socioeconomic status. We added lines
to indicate FDR thresholds at 0.05 (bottom) and 0.01 (top). On the right side of the figure, we include QQ-plots to indicate theoretical quantiles
of the t-distribution on the x axis against the empirical modified t-statistics estimated using the empirical Bayes procedure.

white, have higher educational attainment, and have multiple
gestation pregnancy, and less likely to have public insurance and
smoke during pregnancy compared to mothers without placentas
available. CLD frequency was similar between infants with and
without placental samples available, and similar to CLD frequency
in the overall sample (Supplemental Table).

Differences in placental DNA methylation based on CLD
diagnoses

EWAS analyses for CLD, after adjusting for confounders, identified
49 differentially methylated CpG probes, corresponding to 46
unique genes, at FDR adjusted g-values < 0.05 (Table 2). CLD was
associated with increased methylation levels in 3 probes (6%) and
decreased methylation levels in 46 probes (94%). The Manhattan
plot displays the genomic location of CpG methylation probes
based on their association with CLD using threshold FDR values of
0.05 and 0.01 (Fig. 1). A comprehensive list of all significant CpG
probes is included as a Supplemental File. Analysis was performed
on the genes associated with CLD to explore their involvement/
enrichment in canonical pathways. Among the top significant CpG
probes associated with top canonical pathways, we identified
€g24455359 located on chromosome 17 within the 1st exon of the
Acetyl-CoA Carboxylase Alpha (ACACA) gene, cg09529537 located
on chromosome 5 within the TSS200 region of the Junction
Mediating and Regulatory Protein, P53 Cofactor (JMY) gene,
€g214664091 located on chromosome 20 within the TSS220
region of the Proliferating Cell Nuclear Antigen (PCNA) gene,
€g09089417 located on chromosome 12 within the body of the
Phosphoglycerate Mutase Family Member 5 (PGAM5) gene, and
€g13564825 located on chromosome 19 within the TSS200 region
of the Protein Phosphatase 1 Regulatory Subunit 14A (PPP1R14A)
gene (Table 3).

Table 4 shows the top canonical pathways associated with
differentially methylated genes in infants with CLD. The top
canonical pathways enriched within the CLD-associated CpGs
include biotin-carboxyl carrier protein assembly (p =3.94 x 1073),
p53 signaling (p=7.34x107°), mismatch repair in eukaryotes
(2.08x 1072, and p-myo-inositol (1,4,5,6)- and (3,4,5,6)-tetraki-
sphosphate biosynthesis (p = 2.23 x 1072).

Pediatric Research (2022) 91:1428 - 1435

Sex-stratified analyses of differentially methylated genes
EWAS analyses stratified by the sex of the infant revealed distinct
CpG methylation patterns, with male-derived placentas having
more differentially methylated CpG probes than female-derived
placentas in relation to CLD. In the male-derived placentas (n =
222), there were 518 differentially methylated CpG probes
corresponding to 414 unique genes that were associated with
CLD. Decreased methylation levels were observed in 440 (85%)
CpG sites that corresponded to 358 genes. Increased methylation
levels were observed in 78 (15%) CpG sites that corresponded to
56 genes (Table 2). Among the female-derived placentas (n = 201),
placental CpG methylation of 12 sites was associated with CLD.
Decreased methylation was observed in 7 (58%) CpG probes,
corresponding to five genes, and increased methylation was
observed in 5 (42%) CpG sites, corresponding to three genes
(Table 2). Manhattan and QQ-plots for the sex-stratified EWAS are
shown in Fig. 2. There were no overlapping CpG methylation
probes between the sexes that displayed significance at g < 0.05.
In male placentas, the top canonical pathways included AMP-
activated protein kinase signaling pathway (p=9.25x10"%,
spliceosomal cycle (p=1.59x1073), apelin cardiac fibroblast
signaling pathway (p = 1.62 x 10~3), Huntington’s disease signal-
ing (p = 2.58 x 103), and pyridoxal 5’-phosphate salvage pathway
(p =4.73 x 103). In female placentas, the top canonical pathways
identified were the role of BRCA1 in DNA damage response (p =
6.77x1073) and hereditary breast cancer signaling (p=1.20 x
107?) (Table 4).

DISCUSSION

This study is among the first to examine CpG methylation levels in
the placenta at more than 850,000 sites in relation to CLD in
extremely preterm infants. The placenta is the key organ for this
study due to its critical role in the development of the fetus.?® In
addition, DNA methylation in the placenta has been associated
with childhood cognitive impairment and body mass index,
suggesting a potential role as a mediator in the developmental
origins of health and disease.”’?® Based on evidence that
oxidative stress may adversely affect fetal lung development, we
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Table 3. CpG probes involved in top canonical pathways associated with CLD with their corresponding chromosome and gene locations, and
directional change of methylation.
CpG probe Chromosome  Gene name Adjusted Gene Methylation change (hyper or
p-value location hypomethylation in relation
to CLD)
CLD overall
cg09089417 12 Phosphoglycerate Mutase Family 0.037 Body Hypomethylation
Member 5 (PGAM5)
cg13564825 19 Protein Phosphatase 1 Regulatory 0.037 TSS200 Hypomethylation
Subunit 14A (PPP1R14A)
921464091 20 Proliferating Cell Nuclear Antigen (PCNA)  0.043 TSS200 Hypomethylation
cg24455359 17 Acetyl-CoA Carboxylase Alpha (ACACA) 0.044 1st Exon Hypomethylation
cg09529537 5 Junction Mediating and Regulatory 0.044 TSS200 Hypermethylation
Protein, P53 Cofactor (JMY)
CLD in males
cg07484827 11 Cholinergic Receptor Nicotinic Alpha 10  0.013 TSS1500 Hypomethylation
(CHRNA10)
cg15714321 21 Dual Specificity Tyrosine 0.013 TSS1500 Hypomethylation
Phosphorylation Regulated Kinase 1A
(DYRK1A)
cg19566038 2 RNA Polymerase Il Subunit D (POLR2D) 0.018 TSS1500 Hypomethylation
cg08482682 11 Ras-Related Protein Rab-39A (RAB39) 0.020 TSS200 Hypomethylation
cg03098589 10 Vesicle Transport Through Interaction 0.032 Body Hypermethylation
With T-SNAREs 1A (VTI1A)
cg25321935 11 Proteasome 26S Subunit, ATPase 3 0.033 3'UTR Hypomethylation
(PSMC3)
cg13335329 19 Protein Kinase N1 (PKNT) 0.033 3'UTR Hypomethylation
cg06351965 16 Polo Like Kinase 1 (PLKT) 0.033 1st Exon Hypomethylation
cg07315642 1 Phosphatidylinositol-4,5-Bisphosphate 0.034 5'UTR Hypermethylation
3-Kinase Catalytic Subunit Delta (PIK3CD)
cg18829183 12 AT-Rich Interactive Domain 2 (ARID2) 0.035 Body Hypomethylation
cg12384262 21 Phosphofructokinase, Liver Type (PFKL) 0.035 Body Hypomethylation
cg08792542 7 Serpin Family E Member 1 (SERPINET) 0.038 Body Hypermethylation
cg00301775 5 Protein Kinase AMP-Activated Catalytic 0.039 TSS200 Hypomethylation
Subunit Alpha 1 (PRKAAT)
cg18714204 5 DEAD-Box Helicase 46 (DDX46) 0.039 TSS1500 Hypomethylation
cg04240493 3 Angiotensin Il Receptor Type 1 (AGTRT) 0.039 TSS1500 Hypomethylation
cg08187469 2 Splicing Factor 3B, 14 Kilodalton Subunit ~ 0.041 1st Exon Hypomethylation
(SF3B14)
cg11659796 19 G Protein Subunit Gamma 7 (GNG7) 0.043 5'UTR Hypomethylation
cg12366974 11 Adaptor Related Protein Complex 2 0.043 Body Hypermethylation
Subunit Alpha 2 (AP2A2)
cg16484018 1 Adenylate Kinase 2 (AK2) 0.044 TSS1500 Hypomethylation
€cg26688936 16 Tuberous Sclerosis Complex 2 (T5C2) 0.045 Body Hypomethylation
924475443 11 Bud13 Homolog (BUD13) 0.046 TSS200 Hypomethylation
cg21412928 6 DEAH-box helicase 16 (DHX16) 0.046 1st Exon Hypermethylation
cg26373528 12 Proteasome 26S Subunit, Non-ATPase 9 0.046 Body Hypomethylation
(PSMD9)
cg21035222 14 Heat Shock Protein Family A (Hsp70) 0.049 TSS1500 Hypomethylation
Member 2 (HSPA2)
cg00762326 19 Ubiquitin A-52 Residue Ribosomal 0.049 TSS200 Hypomethylation
Protein Fusion Product 1 (UBA52)
CLD in females
cg09461728 19 Fanconi Anemia Core Complex <0.001 5'UTR; Hypermethylation
Associated Protein 24 (FAAP24) TSS1500

CLD chronic lung disease, UTR untranslated region, TSS transcription start site.
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Table 4. Top canonical pathways associated with differentially methylated genes in infants with CLD, male infants with CLD, and female infants

with CLD.
Canonical pathway p-values
Overall
Biotin-carboxyl carrier protein assembly 3.94 x 1073
p53 signaling 734%x 103
Mismatch repair in eukaryotes 2.08 x 1072
p-myo-inositol (1,4,5,6)-tetrakisphosphate biosynthesis 223 x 1072
Males
AMPK signaling 925 x 10°*
Spliceosomal cycle 1.59 x 102
Apelin cardiac fibroblast signaling pathway 1.62 x 103
Huntington’s disease signaling 258 x 1073
Pyridoxal 5’-phosphate salvage pathway 473 x 1073
Females
Role of BRCA1 in DNA damage response 677 x 103
Hereditary breast cancer signaling 1.20 x 102

CLD chronic lung disease.

hypothesized that genes involved in pathways related to placental
hypoxia would be differentially methylated in infants based on
CLD status, and that the patterns of methylation would differ
based on fetal sex.

A total of 49 differentially methylated CpG probes correspond-
ing to 46 unique genes were associated with CLD at FDR adjusted
g-value < 0.05. CLD was associated with decreased methylation at
a CpG site within the PCNA gene and increased methylation at a
CpG site within the JMY gene. The PCNA gene encodes a cofactor
for DNA polymerase and the JMY gene encodes an important
nuclear cofactor for p53 signaling, which regulates cell growth.?
Both of these genes are involved in p53 signaling, regulating
syncytiotrophoblast apoptosis and cell-cycle arrest in the placenta
in response to hypoxia. Placental p53 expression is upregulated by
increased concentrations of hypoxia-inducible factors in response
chronic hypoxia.>®*' Chronic fetal hypoxia leads to impaired fetal
lung and vascular development through altered expression of
fibroblast growth factor and vascular endothelial growth factors.>?
Impaired fetal lung development leads to alveolar simplification,
impaired pulmonary angiogenesis, and pulmonary vascular
remodeling, which can increase the need for invasive respiratory
support following birth.>* Prolonged exposure to mechanical
ventilation and supplemental oxygen causes additional lung
injury, further increasing the risk of CLD.

CLD was associated with differential methylation levels of CpG
sites within genes that are part of the canonical pathway myo-
inositol  (1,4,5,6)-tetrakisphosphate  biosynthesis based on
decreased methylation at CpG sites within the PGAM5 and
PPP1R14A genes. Myo-inositol is an important cell-signaling
molecule that in the placenta acts via abundant inositol
transporters to regulate fetal growth.3* In the fetus, myo-inositol
plays a major role in lung development by promoting the
maturation of phospholipids involved in surfactant production.
In premature infants, low serum inositol levels are associated with
more severe respiratory symptoms.® This observation has led to
multiple randomized control trials of supplemental inositol in
infants with respiratory distress syndrome. However, a Cochrane
meta-analysis found that inositol supplementation did not reduce
death, CLD, or other clinically important outcomes.’

We found unique CpG methylation patterns associated with CLD
based on infant sex. CLD in male placentas was associated with
differential methylation levels at CpG sites within 9 genes in the
AMP-activated protein kinase (AMPK) signaling pathway: decreased

Pediatric Research (2022) 91:1428 - 1435

Associated genes

ACACA

JMY, PCNA

PCNA

PGAMS, PPP1R14A

AK2, ARID2, CHRNA10, GNG7, PFKL, PIK3CD, PRKAAT, RAB39, TSC2
BUD13, DDX46, DHX16, SF3B14

AGTR1, PRKAAT, SERPINE1

AP2A2, GNG7, HSPA2, PIK3CD, POLR2D, PSMC3, PSMD9, UBA52, VTITA
DYRKI1A, PKN1, PLK1, PRKAAT

FAAP24
FAAP24

methylation at CpG sites within the AK2, ARID2, CHRNA10, GNG?7,
PFKL, PRKAAT, RAB39, and TSC2 genes, and increased methylation at
CpG sites within the PIK3CD gene. Interestingly, single nucleotide
polymorphisms leading to increased maternal expression of PRKAAT
in response to altitude-related hypoxia, resulting in increased uterine
artery blood flow via AMPK signaling activation, are thought to be
an adaptive response to protect against FGR in populations living in
the Andean and Tibetan mountains3® In our study, decreased
methylation at CpG sites within 8 genes in the AMPK signaling
pathway, a pattern typically indicative of increased gene expres-
sion, > may reflect simultaneous compensatory mechanisms occur-
ring in the maternal circulation to promote uterine blood flow in
response to hypoxia in pregnancy.”® Activation of the AMPK
signaling pathway has also been associated with impaired
trophoblast invasion in placentas from pregnancies complicated
by pre-eclampsia.*’ Our observation of distinct genes and pathways
associated with CLD based on fetal sex is consistent with evidence
that sex influences gene expression in human placental villi, which
may contribute to worse outcomes in male fetuses.*?

While this study is among the first to highlight the relationship
between placental CpG methylation and CLD, a few limitations
should be noted when interpreting the results. First, the study
may not be sufficiently powered to draw definite conclusions
using an EWAS approach. While the placenta plays a critical role in
fetal development, we are mindful that tissue-specific patterns of
CpG methylation exist, and that changes that are observed within
the placenta may not reflect patterns in fetal lung tissue.** Despite
this limitation, studies examining fetal and postnatal samples from
multiple tissues over time demonstrate that limited patterns of
differentially methylated regulatory regions of select genes may
be highly conserved across placental, perinatal (i.e., umbilical cord
blood), and postnatal human tissues.***> An additional limitation
of the study is that CpG methylation does not directly indicate the
direction or extent of gene expression change.’® Further studies
incorporating messenger RNA levels could enhance understand-
ing of the regulatory mechanisms involved. We used the SVA
approach to address cell-type heterogeneity. However, this
approach may not have adequately controlled for the mix of
villous and vascular structures present in fetal-side placenta
samples and alternative methods could be used in future studies
to address cell-type heterogeneity. Our analyses would also be
more robust with the inclusion of ancestry data. In our EWAS
analyses, we considered FDR adjusted values < 0.05 as significant.
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Fig.2 Manhattan plots of CpG methylation probes associated between placental DNA methylation and CLD in males (a) and females (b).
Manhattan plots of CpG methylation probes associated between placental DNA methylation and CLD in males (a) and females (b).
The chromosomal location of CpG probes are presented on the x axis and the —log;(p-value) associated with CLD is shown on the y axis.
The models are adjusted for gestational age, birth weight Z-score, maternal age, race, infant sex, inflammation level in the placenta, cell-type
heterogeneity, and maternal socioeconomic status. We added lines to indicate FDR thresholds at 0.05 (bottom) and 0.01 (top). On the
right side of the figure, we include QQ-plots to indicate theoretical quantiles of the t-distribution on the x axis against the empirical modified

t-statistics estimated using the empirical Bayes procedure.

However, we acknowledge that no CpG sites in the overall sample
were significant at the more stringent level of <0.01. Our definition
of CLD was operationally defined by the ELGAN Study as
supplemental oxygen therapy with or without mechanical
ventilation at 36 weeks PMA, which is not consistent with the
most recent NIH consensus definition of CLD."

It is important to note that several mechanisms may explain the
association of placental methylation and CLD. CpG methylation is
correlated with gene expression,*® and altered gene expression may
be an indicator of placental health. Therefore, changes in gene
expression involved in pathways related to trophoblast migration
and implantation may reflect reduced nutrient and oxygen delivery
to the developing fetus, resulting in altered fetal lung programming
affecting alveolar and pulmonary vascular development. Altered
placental methylation may also be an indicator of disrupted
inflammation and signaling pathways that lead to cytokine-
mediated deleterious effects on the fetal lung, or an indicator of
FGR. We included placental inflammation and FGR (as defined by
birth weight Z-score) as covariates in our model due to their
independent associations with altered placental methylation and
CLD.**"" Finally, our results may reflect residual confounding of
covariates related to CLD that were not included in the model.

Our findings suggest that prenatal factors may play a role in the
development of CLD, and, if replicated in future studies, might
explain why CLD incidence has not decreased despite multiple
intervention trials to reduce its frequency.’* Further analyses
measuring gene expression in the placenta and correlation with
blood sampling from infants may provide further insights into the
complex interaction between the placenta and fetal lung
development.
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