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Meta-analysis of epigenome-wide association
studies in neonates reveals widespread differential
DNA methylation associated with birthweight

Leanne K. Kipers et &l.

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 froml83 to 178 grams per 10% increase in
methylation (Rsonferroni< 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-sigant CpGs

that were previously reported to be related to maternal smoking (55/91d= 6.12 x 10 74)

and BMI in pregnancy (3/914p = 1.13x103), 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.

Correspondence and requests for materials should be addressed to D.A.L. (dradiawlor@bristol.ac.jfr to C.L.R. (emaitaroline.relton@bristol.acuk
or to H.S. (emailh.snieder@umcgbr to J.F.F. (email:felix@erasmusmcyl*A full list of authors and their afiations appears at the end of the paper.
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ntrauterine exposures, such as maternal smoking, prso, we show overlap betweerthnveight-related CpGs and CpGs
pregnancy body mass index (BMI), hyperglycaemia, hypeelated to intrauterine exposurestéhtial causality of the associa-
tension, folate and famine are associated with fetal growth aiahs needs to be studied further.

hence birthweight®. Observational studies show that birth-

weight is also associated with later-life health outcomes, includ'§ Sults

cardio-metabolic and mental health, some cancers and mor grticipants We used data from 8825 neses from 24 studies in
i 7—11 _ it ; ; e
ity’=% In these long-term associations, birthweight may act a he Pregnancy And Childhood fgenetics (PACE) Consortium,

proxy for potential effects of intrauterine expostiféd Several resenting mainlv Euronean. but also African and Hispanic eth-
mechanisms may explain the associations of intrauterine exﬁ%‘-’ 9 Y pean, P

sures with birthweight and later-life health as we illustrate fHC‘”es with similar proportions of males and females. Details of

Fig. 1. Our overall conceptual framework in this study was thﬁzrgf;pargztgsfir'% ilugnilyzgissﬁre lg:ﬁzgpatedl\lﬂr;tﬁgﬁpple-
the intrauterine environment induces epigenetic alteratior/&€May y-Sp pp ry :

which in uence fetal growth and hence correlate with birth-
weight. This is partly supported by previous large-scale epig®&feta-analysis Primary, secondary and limlv-up analyses are out-
ome-wide association studies (EWAS) that have reportigkd in the study design in Fig® Methylation at 8170 CpGs,
associations of relevant maternal pregnancy exposures, includigsured in neonatal blood using the llluminanium® Human-
smoking, air pollution and BMI, with DNA methylation in off- Methylation450 BeadChip assay aadjusted for cell-type hetero-
spring neonatal blodd-16. However, whilst four previous EWASgeneity3-25 was associated with birthweight (false discovery rate
have observed associations of DNA methylation with birtlfFDR) <0.05), of which 1029 located in or near 807 genes survived
weight 20, the evidence to date has been limited in scale atitt more stringent Bonferroni correctiop< 1.06 x 107, Supple-
power with sample sizes ranging from approximately 200 to 10@@entary Data 2). We observed both positive (45%) and negative
In this study, we hypothesised that there are associatiqB5%) directions of associations between methylation levels of these
between DNA methylation and birthweight. We further aimed t¢029 CpGs and birthweight (Fig) and these CpGs were spread
explore if these epigenetic alterations are associated with lgtesughout the genome (orange track (1) in Figaind Supplemen-
disease outcomes (FD. If birthweight is a proxy for a range of tary Fig. 1). We found evidence of between-study heterogeiieity (
adverse prenatal exposures, we might expect neonatal blood D8®36) for 115 of the 1029 sites (Supplementary Data 2), thus we
methylation to be associated with birthweight. However, vggioritised 914 CpGs, located in or near 729 genes, basgdkon
acknowledge that any associations of DNA methylation with06 x 107 andI2 50% for further analyses (F&gnd orange track
birthweight may be explained by confoundihgr re ect fetal (1) in Fig.4). The CpG with the largestositive association was
growth in uencing DNA methylation. €g06378491 (in the gene bodywAP4K3. For each 10% increase in
Here we present a large meta-analysis of multiple EWAS riethylation at this site, birthweight was 178 g higher (95% con-
explore associations between neonatal blood DNA methylation arénce interval (Cl): 138, 218 g). The CpG with the largest negative
birthweight. In further analyses, we explore whether any birthweighisociation was cg10073091 (in the gene bo@HGR24, which
associated differential methytat persists at older ages. To aicshowed a 183 g decrease in birtigheper 10% increase in methy-
functional interpretation, we (i) explore the overlap of idesdi lation (95% Cl: 225, 142(g). The CpG with the smalldawalue
cytosine-phosphatesgnine sites (CpGs) that are differentiallyand 12 50% was cg17714703 (in the gene bodyHiRFJ, which
methylated in relation to birthweight with those known to be assghowed a 130 g increase in birthgte for 10% increase in methy-
ciated with intrauterine exposure to smoking, famine and differefation (95% Cl: 109, 151 g).
levels of BMI and folate; (i) assate DNA methylation at idented Findings were consistent wittesults from our main analyses
CpGs with gene expression and (@iplore potential causal linkswhen restricted to participants of European ethnicity, with a Pearson
with birthweight and later-life health using Mendelian randomizatiogorrelation coefcient for effect estimates of 0.99 for the 914
(MRY?2. We show that DNA methylation in neonatal blood ishirthweight-associated CpGs (Supplementary Fig. 2, blue track (2) in
associated with birthweight and some of the differential methylatigiy. 4 and Supplementary Data 3) and 0.90 for all 450k CpGs.
is also observed in childhood andosEscence, but not in adulthood.Comparing the main meta-analysis to the four Hispanic cohorts and

Fig. 1Hypothetical paths that might link intrauterine exposures to DNA methylation, birthweight and later-life health outcomes. Red arrows summarise th
paths that have motivated the analyses undertaken in this study (i.e. that maternal environmental exposuraence 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 exposuresi@mce fetal growth rst and it then in uences DNA methylation or that
maternal exposures may iruence fetal growth/birthweight and later-life health outcomes through other pathways than DNA methylation
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Study Total N Normal birthweight, High birthweight,  Birthweight (g) Gestational age  Ethnicity Boys,

N (%) N (%) (wk) N (%)
ALSPAC 633 547 (86.4) 79 (12.5) 3512+ 443 39.7+1.3 European 301 (41.6)
CBQ: Hispanic 127 106 (83.5) 19 (15.0) 3445 + 484 39.8+1.3 Hispanic 74 (58.3)
CBQ Caucasian 136 108 (79.4) 26 (19.1) 3625+ 472 39.7+15 European 79 (58[1)
CHAMACOS 283 236 (83.4) 44 (15.5) 3520 + 446 39.3+1.2 Hispanic 142 (50.1)
CH& 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, 324 297 (91.7) 22 (6.8) 3368 + 437 39.4+1.2 European 169 (52.1)
Environage and Piccolipiu
GECKO 255 206 (80.8) 46 (18.0) 3543 +533 39.7+1.3 European 136 (533)
Gen3G 162 145 (89.5) 15 (9.3) 3408+ 431 395+1.1 European 74 (45|7)
Generation R 717 589 (82.1) 122 (17.0) 3572+ 465 40.2+1.1 European 372 (§1.9)
GOYAP 947 649 (68.5) 294 (31.0) 3750+ 501 40.4+1.3 European 483 (51.0)
Healthy Start: African 77 - - 3059 + 358 38.9+1.3 African 42 (54.5)
American American
Healthy Start: Hispanic 115 - - 3322+ 395 39.1+1.1 Hispanic 55 (47.8
Healthy Start: Caucasian 240 220 (91.7) 14 (5.8) 33251425 39.3+1.1 European 125 (§2.1)
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)
MoBal 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)
NCL2 792 592 (74.7) 192 (24.2) 3671+ 506 40.0+1.3 European 453 (57.R)
NEST: African American 99 - - 3197+ 534 39.3+1.2 African 47 (47.5)

American

NEST: Caucasian 111 94 (84.7) 13 (11.7) 3446 £ 471 39.5+1.2 European 50 (#5.0)
NHBCS 96 84 (87.5) 12 (12.5) 3509 + 453 39.6+1.1 European 53 (55.p)
PREDO 540 428 (79.3) 99 (18.3) 3572+ 478 40.1+1.2 European 264 (48,8)
PRISM 138 - — 3385+441 395+1.1 Mixed 76 (55.1)
PROGRESS 143 - — 3124 + 387 38.6x1.1 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 + SDM(%). 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-siggdplementary Methods. For some studies the sample size fornieg normal/high BW was
t;g)Ban,mC”}-IS 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 whiels¢savere identied), in analyses where
we included a random sample with a normal BMI distribution results were essentially the same as in the main analyses

the two African cohorts revealed that 94.9% and 74.0% of the 81t limited. Four CpGs were agsated with low versus normal
CpGs showed consistent direction of association, with Pear&inthweight (Bonferroni-correetd threshold), none of which over-
correlation coefcients for point estimates of 0.82 and 0.48apped with the 914 CpGs fromehmain analysis (Supplementary
respectively (Supplementary Data B) leave-one-out analyses, inData 5B, purple track (4) in Fid). We identi ed that 161 of the 914
which we reran the main meta-analysis repeatedly with one of tifferentially methylated CpGs potentially contained a single-
24 studies removed each time, there was no strong evidence thatrajeotide polymorphism (SNP)} &ytosine or guanine positions
one study inuenced ndings consistently across the 914 differer{i.e. polymorphic CpGs; Supplementary Data 6). Polymorphic CpGs
tially methylated CpGs that pa&ss Bonferroni correction and for may affect probe binding and hence measured DNA methylation
which between-study heterogeneity had|an 50%. For 139/914 leveld827, We used one of the largest studies (ALSPAE;633)
CpGs (15.2%) the difference in mean birthweight for a 10% gredaterexplore this. We found no indication of bimodal distributions
methylation at that site varied by20% with removal of a study, butfor any of the 161 CpGs suggesting SNPs had not markedly affected
the study resulting in the change sveifferent for different CpGs. methylation measurements at these sites (dip testlues:
Supplementary Fig. 3.1-3.20 show the results for a random 10 plb299-1.00§8-30,

where removal of one study changed the result by 20% or more and a

random 10 where this was not theseafull results are available onznalyses at older agedVe took the 914 neonatal blood CpGs that
request from the authors. Findja were broadly consistent whefyere associated with birthweight at Bonferroni-corrected  statistical
birthweight was categorised to high (>4000vg; 1593) versus sjgnj cance and with2 50% and examined their associations with
normal (25084000 9,n= 6377) (Supplementary Data 4, yellowjrthweight when measured in blood taken in childhooel@years;
track (5) in Fig.4) and when we did not exclude neonates bor = 2756 from 10 studies), adolescence-[86/earsp = 2906 from
preterm or to women with pre-eclarsia or diabetes (Supplementaryix studies) and adulthood (366 yearsn= 1616 from three stu-
Fig. 4 and Supplementary Data 5A and 5C, and red track (3)dfes). Only participants frorALSPAC, CHAMACOS and Genera-
Fig. 4). Without these exclusms, we were able to examingjon R had also contributed to the main neonatal blood EWAS. In
associations with low (<2500gn=178) versus normal chijghood, adolescence and ababd, we observed 87, 49 and 42 of
(25064000 g,n = 4197) birthweight, though statistical power waghe 914 CpGs to be nominally associated with birthwejgktQ,05).
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Study-specific epigenome-wide association studies

Main meta-analysis
n = 8,825 neonates* from 24 birth cohorts
Association of DNA methylation with birthweight as a continuous variable
Fixed effects inverse variance weighted meta-analysis

Secondary meta-analyses Exploration of persistence at older ages Follow up of methylation sites for function & causality

Genome-wide analyses on all >450k CpGs Focused on n = 914 prioritised CpGs (p < 1.06*10~7 and |2 50%) Focused on n = 914 prioritised CpGs (p < 1.06*10~7 and |2 50%)

European ancestry only meta-analysis (n = 6,023 from 17 studies) Associations with birthweight in blood samples collected at older ages In'silico explore overlap of CpGs associated with intrauterine exposures
a.  Childhood (n = 2,756 from 10 studies, 2-12y) a. Maternal smoking and BMI

High (n = 1,593) vs normal birthweight (n = 6,377) from 21 studies b. Adolescence (n =2,906 from 6 studies, 16-18y) b. Metastable epialleles and imprinted genes

Including mother-offspring pairs with pre-eclampsia, gestational - Adulthood (n =1,616 from 3 studies, 30-45y)

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)

Functional analyses

a. Insilico 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. Insilico 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

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). **Foraeit power in the low vs normal BW analyses, we only included nine
studies with >10 low birthweight cases

35
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Association between birth weight and DNA methylation

Fig. 3 Volcano plot showing the direction of associations of DNA methylation with birthweight in 8825 neonates from 24 studies.XFhgis represents
the difference in birthweight in grams per 10% methylation difference, thexis represents the log;o(P). The red line shows the Bonferroni-corrected
signi cance threshold for multiple testingg(< 1.06 x 10 7). Highlighted in orange are the 914 CpGs wifi< 1.06 x 10 7 and 12 50% and highlighted in
blue are the 115 CpGs with< 1.06 x 10 7 and 12> 50%

All these CpGs showed consistent directions of association. Tiferences in the look-up in ddhood). We additionally found
CpGs showed differential methylation across all four age periogistichment of maternal BMI-related CpGs in the list of birthweight-
However, only a minority survived Bonferroni correction for 91#4elated CpG® (3/914 (0.3%)Penrichmen= 1.13 % 103). All direc-
tests p<5.5x 165): 12 (1.3%), 1 (0.1%) and 0 CpGs in childhoodions of association were consistent with the birthweight-lowering
adolescence and adulthood, respelst (Supplementary Data 7; thein uence of maternal smoking or the positive association of maternal
12 CpGs that persisted in childhood are presented in the green trBdKl with birthweight (Supplementary Data 8). We did notd
(6) in Fig.4). Of the 914 CpGs, 50, 52 and 49% showed consistereidence for overlap with plasma fobdteFor famine, we were
in direction of association in chihood, adolesceaand adulthood, unable to explore overlap with DNA methylation at the Bonferroni-
but correlations of the associat®of DNA methylation and birth- signi cant level as the previous E\8Aof famine only reported
weight between methylation measured in infancy and that measuresults that reached a FDR level of statistical signicé2 In
in childhood, adolescence and adulthood were weak (Pearson additional analyses for overlap between all FDR hits from the
relation coefcients: 0.15, 0.06 andd@, respectively). birthweight EWAS with those FDR hits presented in the smoking,
maternal BMI, folate and famine EWAS, we found an overlap of 430/
Intrauterine factors. We observed enrichment of previously pub8170 CPGS (5.3%senrichmen== 7-38 x 1013 for smoking, 584/8170
lished maternal smoking-relatechGs in the birthweight-associatedCPGS (7-1%Penrichmen= 3.34 x 1099 for matemal BMI and 14/
CpGd4 (55/914 (6.0%) Penvichmen= 6.12x 1074~ of which 8170 (0.2%penrichmen= 0.02) for folate. For famine we did not
cg00253658 and cg26681628 also sHopersistent methylation Observe overlap.
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