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ARTICLE

Meta-analysis of epigenome-wide association
studies in neonates reveals widespread differential
DNA methylation associated with birthweight
Leanne K. Küpers et al.#

Birthweight is associated with health outcomes across the life course, DNA methylation may
be an underlying mechanism. In this meta-analysis of epigenome-wide association studies of
8,825 neonates from 24 birth cohorts in the Pregnancy And Childhood Epigenetics Con-
sortium, we �nd that DNA methylation in neonatal blood is associated with birthweight at
914 sites, with a difference in birthweight ranging from �183 to 178 grams per 10% increase in
methylation (PBonferroni < 1.06 x 10�7). In additional analyses in 7,278 participants, <1.3% of
birthweight-associated differential methylation is also observed in childhood and adolescence,
but not adulthood. Birthweight-related CpGs overlap with some Bonferroni-signi�cant CpGs
that were previously reported to be related to maternal smoking (55/914, p = 6.12 x 10�74)
and BMI in pregnancy (3/914, p = 1.13x10�3), but not with those related to folate levels in
pregnancy. Whether the associations that we observe are causal or explained by confounding
or fetal growth in�uencing DNA methylation (i.e. reverse causality) requires further research.
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Intrauterine exposures, such as maternal smoking, pre-
pregnancy body mass index (BMI), hyperglycaemia, hyper-
tension, folate and famine are associated with fetal growth and

hence birthweight1–6. Observational studies show that birth-
weight is also associated with later-life health outcomes, including
cardio-metabolic and mental health, some cancers and mortal-
ity7–11. In these long-term associations, birthweight may act as a
proxy for potential effects of intrauterine exposures12,13. Several
mechanisms may explain the associations of intrauterine expo-
sures with birthweight and later-life health as we illustrate in
Fig. 1. Our overall conceptual framework in this study was that
the intrauterine environment induces epigenetic alterations,
which in� uence fetal growth and hence correlate with birth-
weight. This is partly supported by previous large-scale epigen-
ome-wide association studies (EWAS) that have reported
associations of relevant maternal pregnancy exposures, including
smoking, air pollution and BMI, with DNA methylation in off-
spring neonatal blood14–16. However, whilst four previous EWAS
have observed associations of DNA methylation with birth-
weight17–20, the evidence to date has been limited in scale and
power with sample sizes ranging from approximately 200 to 1000.

In this study, we hypothesised that there are associations
between DNA methylation and birthweight. We further aimed to
explore if these epigenetic alterations are associated with later
disease outcomes (Fig.1). If birthweight is a proxy for a range of
adverse prenatal exposures, we might expect neonatal blood DNA
methylation to be associated with birthweight. However, we
acknowledge that any associations of DNA methylation with
birthweight may be explained by confounding21 or re� ect fetal
growth in� uencing DNA methylation.

Here we present a large meta-analysis of multiple EWAS to
explore associations between neonatal blood DNA methylation and
birthweight. In further analyses, we explore whether any birthweight-
associated differential methylation persists at older ages. To aid
functional interpretation, we (i) explore the overlap of identi� ed
cytosine-phosphate-guanine sites (CpGs) that are differentially
methylated in relation to birthweight with those known to be asso-
ciated with intrauterine exposure to smoking, famine and different
levels of BMI and folate; (ii) associate DNA methylation at identi� ed
CpGs with gene expression and (iii)explore potential causal links
with birthweight and later-life health using Mendelian randomization
(MR)22. We show that DNA methylation in neonatal blood is
associated with birthweight and some of the differential methylation
is also observed in childhood and adolescence, but not in adulthood.

Also, we show overlap between birthweight-related CpGs and CpGs
related to intrauterine exposures. Potential causality of the associa-
tions needs to be studied further.

Results
Participants. We used data from 8825 neonates from 24 studies in
the Pregnancy And Childhood Epigenetics (PACE) Consortium,
representing mainly European, but also African and Hispanic eth-
nicities with similar proportions of males and females. Details of
participants used in all analyses are presented in Table1, Supple-
mentary Data 1 and study-speci� c Supplementary Methods.

Meta-analysis. Primary, secondary and follow-up analyses are out-
lined in the study design in Fig.2. Methylation at 8170 CpGs,
measured in neonatal blood using the Illumina In� nium®Human-
Methylation450 BeadChip assay andadjusted for cell-type hetero-
geneity23–25, was associated with birthweight (false discovery rate
(FDR) <0.05), of which 1029 located in or near 807 genes survived
the more stringent Bonferroni correction (p< 1.06 × 10�7, Supple-
mentary Data 2). We observed both positive (45%) and negative
(55%) directions of associations between methylation levels of these
1029 CpGs and birthweight (Fig.3) and these CpGs were spread
throughout the genome (orange track (1) in Fig.4 and Supplemen-
tary Fig. 1). We found evidence of between-study heterogeneity (I2>
50%) for 115 of the 1029 sites (Supplementary Data 2), thus we
prioritised 914 CpGs, located in or near 729 genes, based onp<
1.06 × 10�7 andI2 � 50% for further analyses (Fig.3and orange track
(1) in Fig. 4). The CpG with the largestpositive association was
cg06378491 (in the gene body ofMAP4K2). For each 10% increase in
methylation at this site, birthweight was 178 g higher (95% con-
� dence interval (CI): 138, 218 g). The CpG with the largest negative
association was cg10073091 (in the gene body ofDHCR24), which
showed a 183 g decrease in birthweight per 10% increase in methy-
lation (95% CI:�225,�142 g). The CpG with the smallestP-value
and I2 � 50% was cg17714703 (in the gene body ofUHRF1), which
showed a 130 g increase in birthweight for 10% increase in methy-
lation (95% CI: 109, 151 g).

Findings were consistent withresults from our main analyses
when restricted to participants of European ethnicity, with a Pearson
correlation coef� cient for effect estimates of 0.99 for the 914
birthweight-associated CpGs (Supplementary Fig. 2, blue track (2) in
Fig. 4 and Supplementary Data 3) and 0.90 for all 450k CpGs.
Comparing the main meta-analysis to the four Hispanic cohorts and
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Fig. 1 Hypothetical paths that might link intrauterine exposures to DNA methylation, birthweight and later-life health outcomes. Red arrows summarise the
paths that have motivated the analyses undertaken in this study (i.e. that maternal environmental exposures in�uence DNA methylation that in turn
in�uences fetal growth and hence birthweight). The EWAS meta-analysis undertaken sought to identify methylation associated with birthweight. Blue
arrows summarise other plausible paths, including that maternal exposures in�uence fetal growth �rst and it then in�uences DNA methylation or that
maternal exposures may in�uence fetal growth/birthweight and later-life health outcomes through other pathways than DNA methylation
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the two African cohorts revealed that 94.9% and 74.0% of the 914
CpGs showed consistent direction of association, with Pearson
correlation coef� cients for point estimates of 0.82 and 0.48,
respectively (Supplementary Data 3). In leave-one-out analyses, in
which we reran the main meta-analysis repeatedly with one of the
24 studies removed each time, there was no strong evidence that any
one study in� uenced� ndings consistently across the 914 differen-
tially methylated CpGs that passed Bonferroni correction and for
which between-study heterogeneity had anI2 � 50%. For 139/914
CpGs (15.2%) the difference in mean birthweight for a 10% greater
methylation at that site varied by� 20% with removal of a study, but
the study resulting in the change was different for different CpGs.
Supplementary Fig. 3.1-3.20 show the results for a random 10 plots
where removal of one study changed the result by 20% or more and a
random 10 where this was not the case; full results are available on
request from the authors. Findings were broadly consistent when
birthweight was categorised to high (>4000 g,n = 1593) versus
normal (2500–4000 g,n = 6377) (Supplementary Data 4, yellow
track (5) in Fig.4) and when we did not exclude neonates born
preterm or to women with pre-eclampsia or diabetes (Supplementary
Fig. 4 and Supplementary Data 5A and 5C, and red track (3) in
Fig. 4). Without these exclusions, we were able to examine
associations with low (<2500 g,n = 178) versus normal
(2500–4000 g,n = 4197) birthweight, though statistical power was

still limited. Four CpGs were associated with low versus normal
birthweight (Bonferroni-corrected threshold), none of which over-
lapped with the 914 CpGs from the main analysis (Supplementary
Data 5B, purple track (4) in Fig.4). We identi� ed that 161 of the 914
differentially methylated CpGs potentially contained a single-
nucleotide polymorphism (SNP) at cytosine or guanine positions
(i.e. polymorphic CpGs; Supplementary Data 6). Polymorphic CpGs
may affect probe binding and hence measured DNA methylation
levels26,27. We used one of the largest studies (ALSPAC;n = 633)
to explore this. We found no indication of bimodal distributions
for any of the 161 CpGs suggesting SNPs had not markedly affected
methylation measurements at these sites (dip testp-values:
0.299–1.00)28–30.

Analyses at older ages. We took the 914 neonatal blood CpGs that
were associated with birthweight at Bonferroni-corrected statistical
signi� cance and withI2 � 50% and examined their associations with
birthweight when measured in blood taken in childhood (2–13 years;
n = 2756 from 10 studies), adolescence (16–18 years;n = 2906 from
six studies) and adulthood (30–45 years;n = 1616 from three stu-
dies). Only participants fromALSPAC, CHAMACOS and Genera-
tion R had also contributed to the main neonatal blood EWAS. In
childhood, adolescence and adulthood, we observed 87, 49 and 42 of
the 914 CpGs to be nominally associated with birthweight (p< 0.05).

Table 1 Characteristics for the participating studies in the main meta-analysis for the association between neonatal blood DNA
methylation and birthweight

Study Total N Normal birthweight,
N (%)

High birthweight,
N (%)

Birthweight (g) Gestational age
(wk)

Ethnicity Boys,
N (%)

ALSPAC 633 547 (86.4) 79 (12.5) 3512 ± 443 39.7 ± 1.3 European 301 (47.6)
CBCa: Hispanic 127 106 (83.5) 19 (15.0) 3445 ± 484 39.8 ± 1.3 Hispanic 74 (58.3)
CBCa: Caucasian 136 108 (79.4) 26 (19.1) 3625 ± 472 39.7 ± 1.5 European 79 (58.1)
CHAMACOS 283 236 (83.4) 44 (15.5) 3520 ± 446 39.3 ± 1.2 Hispanic 142 (50.1)
CHSa 199 168 (84.4) 28 (14.1) 3486 ± 476 40.2 ± 1.2 Mixed 79 (39.7)
EARLI 131 113 (86.3) 16 (12.2) 3507 ± 480 39.3 ± 1.0 Mixed 70 (53.4)
EXPOsOMICS: Rhea,
Environage and Piccolipiu

324 297 (91.7) 22 (6.8) 3368 ± 437 39.4 ± 1.2 European 169 (52.1)

GECKO 255 206 (80.8) 46 (18.0) 3543 ± 533 39.7 ± 1.3 European 136 (53.3)
Gen3G 162 145 (89.5) 15 (9.3) 3408 ± 431 39.5 ± 1.1 European 74 (45.7)
Generation R 717 589 (82.1) 122 (17.0) 3572 ± 465 40.2 ± 1.1 European 372 (51.9)
GOYAb 947 649 (68.5) 294 (31.0) 3750 ± 501 40.4 ± 1.3 European 483 (51.0)
Healthy Start: African
American

77 – – 3059 ± 358 38.9 ± 1.3 African
American

42 (54.5)

Healthy Start: Hispanic 115 – – 3322 ± 395 39.1 ± 1.1 Hispanic 55 (47.8)
Healthy Start: Caucasian 240 220 (91.7) 14 (5.8) 3325 ± 425 39.3 ± 1.1 European 125 (52.1)
INMA 166 – – 3297 ± 400 39.9 ± 1.2 European 82 (49.4)
IOW F2 118 97 (82.2) 17 (14.4) 3432 ± 525 39.7 ± 1.6 European 59 (50.0)
MoBa1 1066 795 (74.6) 251 (23.5) 3644 ± 544 39.5 ± 1.6 European 568 (53.3)
MoBa2 587 435 (74.1) 146 (24.9) 3701 ± 487 40.1 ± 1.2 European 329 (56.0)
MoBa3 205 153 (74.6) 51 (24.9) 3706 ± 491 39.8 ± 1.2 European 106 (51.7)
NCLa 792 592 (74.7) 192 (24.2) 3671 ± 506 40.0 ± 1.3 European 453 (57.2)
NEST: African American 99 – – 3197 ± 534 39.3 ± 1.2 African

American
47 (47.5)

NEST: Caucasian 111 94 (84.7) 13 (11.7) 3446 ± 471 39.5 ± 1.2 European 50 (45.0)
NHBCS 96 84 (87.5) 12 (12.5) 3509 ± 453 39.6 ± 1.1 European 53 (55.2)
PREDO 540 428 (79.3) 99 (18.3) 3572 ± 478 40.1 ± 1.2 European 264 (48.8)
PRISM 138 – – 3385 ± 441 39.5 ± 1.1 Mixed 76 (55.1)
PROGRESS 143 – – 3124 ± 387 38.6 ± 1.1 Hispanic 77 (53.8)
RICHS 89 52 (58.4) 23 (25.8) 3335 ± 734 38.9 ± 1.2 European 35 (39.3)
Project Viva 329 263 (79.9) 64 (19.5) 3623 ± 473 40.0 ± 1.2 European 168 (51.1)
Total N 8825 6377 1593

Results are presented as mean ± SD or N (%). Normal birthweight: 2500�4000 g, high birthweight: >4000 g, low birthweight: <2500 g. Studies with mixed ethnicities analysed all participants together
with adjustment for ethnicities. g: grams, wk: weeks, y: years. Full study names can be found in study-speci�c Supplementary Methods. For some studies the sample size for de�ning normal/high BW was
too small
aCBC, CHS and NCL used heel prick blood spot samples instead of cord blood
bGOYA is a case-cohort study (cases are mothers with BMI>32 and controls are mothers randomly sampled from the underlying study population in which the cases were identi�ed), in analyses where
we included a random sample with a normal BMI distribution results were essentially the same as in the main analyses
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All these CpGs showed consistent directions of association. Ten
CpGs showed differential methylation across all four age periods.
However, only a minority survived Bonferroni correction for 914
tests (p< 5.5 × 10–5): 12 (1.3%), 1 (0.1%) and 0 CpGs in childhood,
adolescence and adulthood, respectively (Supplementary Data 7; the
12 CpGs that persisted in childhood are presented in the green track
(6) in Fig.4). Of the 914 CpGs, 50, 52 and 49% showed consistency
in direction of association in childhood, adolescence and adulthood,
but correlations of the associations of DNA methylation and birth-
weight between methylation measured in infancy and that measured
in childhood, adolescence and adulthood were weak (Pearson cor-
relation coef� cients: 0.15, 0.06 and 0.02, respectively).

Intrauterine factors. We observed enrichment of previously pub-
lished maternal smoking-related CpGs in the birthweight-associated
CpGs14 (55/914 (6.0%) penrichment= 6.12 × 10�74, of which
cg00253658 and cg26681628 also showed persistent methylation

differences in the look-up in childhood). We additionally found
enrichment of maternal BMI-related CpGs in the list of birthweight-
related CpGs15 (3/914 (0.3%)penrichment= 1.13 × 10�3). All direc-
tions of association were consistent with the birthweight-lowering
in� uence of maternal smoking or the positive association of maternal
BMI with birthweight (Supplementary Data 8). We did not� nd
evidence for overlap with plasma folate31. For famine, we were
unable to explore overlap with DNA methylation at the Bonferroni-
signi� cant level as the previous EWAS of famine only reported
results that reached a FDR level of statistical signi� cance32. In
additional analyses for overlap between all FDR hits from the
birthweight EWAS with those FDR hits presented in the smoking,
maternal BMI, folate and famine EWAS, we found an overlap of 430/
8170 CpGs (5.3%,penrichment= 7.38 × 10�132) for smoking, 584/8170
CpGs (7.1%,penrichment= 3.34 × 10�62) for maternal BMI and 14/
8170 (0.2%,penrichment= 0.02) for folate. For famine we did not
observe overlap.

Study-specific epigenome-wide association studies

Main meta-analysis

Association of DNA methylation with birthweight as a continuous variable
Fixed effects inverse variance weighted meta-analysis

Secondary meta-analyses
Genome-wide analyses on all >450k CpGs

European ancestry only meta-analysis (n = 6,023 from 17 studies)

High (n = 1,593) vs normal birthweight (n = 6,377) from 21 studies

Including mother-offspring pairs with pre-eclampsia, gestational
diabetes and preterm delivery (9 studies**)
a.    Continuous birthweight (n = 5,414)
b.    High (n = 1,039) vs normal birthweight (n = 4,197)
c.    Low (n = 178) vs normal birthweight (n = 4,197)

a.     Childhood (n = 2,756 from 10 studies, 2–12y)
b.     Adolescence (n =2,906 from 6 studies, 16–18y)
c.     Adulthood (n =1,616 from 3 studies, 30–45y)

Follow up of methylation sites for function & causality
Focused on n = 914 prioritised CpGs (p < 1.06*10 –7 and l 2 � 50%)

In silico  explore overlap of CpGs associated with intrauterine exposures
a.   Maternal smoking and BMI
b.   Metastable epialleles and imprinted genes 

Functional analyses 
a.   In silico  explore overlap with a publicly available list of cis-eQTMs
b.   Explore whole blood mRNA gene expression in 112 Spanish four-
      year-olds and 84 Gambian two-year-olds
c.   In silico  functional enrichment analyses (GO and KEGG pathways) 

Explore causality with birth weight and later-life health using two-sample
Mendelian randomization with publicly available summary data 

Exploration of persistence at older ages
Focused on n = 914 prioritised CpGs (p < 1.06*10 –7 and l 2 � 50%)

Associations with birthweight in blood samples collected at older ages

n = 8,825 neonates* from 24 birth cohorts

Fig. 2 Design of the study. Schematic representation of the main meta-analysis, secondary meta-analyses, follow-up analyses and exploration of
persistence at older ages. *We removed multiple births from all analyses and excluded preterm births (<37 weeks) and offspring of mothers with pre-
eclampsia or diabetes (three major pathological causes of differences). **For suf�cient power in the low vs normal BW analyses, we only included nine
studies with >10 low birthweight cases
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Fig. 3 Volcano plot showing the direction of associations of DNA methylation with birthweight in 8825 neonates from 24 studies. The X-axis represents
the difference in birthweight in grams per 10% methylation difference, the Y-axis represents the �log10(P). The red line shows the Bonferroni-corrected
signi�cance threshold for multiple testing (p < 1.06 × 10�7). Highlighted in orange are the 914 CpGs with p < 1.06 × 10�7 and I2 � 50% and highlighted in
blue are the 115 CpGs with p < 1.06 × 10�7 and I2 > 50%
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