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Abstract

Background: Birth weight and prematurity are important obstetric outcomes linked to lifelong health. We studied a large
birth cohort to look for evidence of epigenetic involvement in birth outcomes.

Methods: We investigated the association between birth weight, length, placental weight and duration of gestation and
four candidate variants in 1,236 mothers and 1,073 newborns; DNMT1 (rs2162560), DNMT3A (rs734693), DNMT3B (rs2424913)
and DNMT3L (rs7354779). We measured methylation of LINE1 and the imprinted genes, PEG3, SNRPN, and IGF2, in cord
blood.

Results: The minor DNMT3L allele in the baby was associated with higher birth weight (+54 95% CI 10,99 g; p = 0.016), birth
length (+0.23 95% CI 0.04,0.42 cm; p= 0.017), placental weight, (+18 95% CI 3,33 g; p = 0.017), and reduced risk of being in
the lowest birth weight decile (p = 0.018) or requiring neonatal care (p = 0.039). The DNMT3B minor allele in the mother was
associated with an increased risk of prematurity (p = 0.001). Placental size was related to PEG3 (p,0.001) and IGF2 (p,0.001)
methylation. Birth weight was related to LINE1 and IGF2 methylation but only at p = 0.052. The risk of requiring neonatal
treatment was related to LINE1 (p = 0.010) and SNRPN (p = 0.001) methylation. PEG3 methylation was influenced by baby
DNMT3A genotype (p = 0.012) and LINE1 by baby 3B genotype (p = 0.044). Maternal DNMT3L genotype was related to IGF2
methylation in the cord blood but this effect was only seen in carriers of the minor frequency allele (p = 0.050).

Conclusions: The results here suggest that epigenetic processes are linked birth outcome and health in early life. Our
emerging understanding of the role of epigenetics in health and biological function across the lifecourse suggests that
these early epigenetic events could have longer term implications.
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Introduction

Factors such as birth weight and placental weight are important

indicators of the health of the newborn but they have also been

linked to health and biological function in later life [1–3].

However, the relationships are complex with higher birth weight

being associated with reduced cardiovascular mortality but a

higher risk for certain cancers [2,3] including breast cancer [4].

There are also complex links with socioeconomic position,

employment status and cognition. Lower birth weight and

hospitalisation during childhood are associated with lower

occupational position and adverse changes in cardiometabolic

factors and an increased risk of metabolic syndrome [5]. Cognitive

ability is associated with birth weight [6,7] and intelligence in

youth is associated with all-cause-mortality [8]. Prematurity is also

associated with long term disadvantage and increased risk of

mortality throughout childhood [9].

The nature of these associations and the causal links between

them are not well understood. It has been proposed that

nutritional and other environmental influences in pregnancy

may programme both birth weight and health in later life [1,2].

However, there is a heritable component to birth weight and

length of gestation [9–11] and many of the adult diseases linked to

birth weight [12]. This has led to an alternative hypothesis that

common genetic pathways underpin prenatal growth and adult

health outcomes [3,11,13]. There is now a third category, based

on epigenetics, which opens up the possibility that either or both

explanations may be correct [14–16]. Knowledge of the causal

mechanism is important as it could lead to different strategies to

improve health across the lifecourse.

We set out to look for evidence of epigenetic involvement in

birth outcomes in a large birth cohort. The role of epigenetics in

human complex traits is difficult to study as the epigenome of

readily accessible tissues such as blood may not reflect the

epigenome within the tissues of interest. Perhaps paradoxically,

evidence for the involvement of epigenetic processes may be

obtained from genetic association studies. DNA methylation is

probably the most commonly studied epigenetic phenomenon. We

investigated the association between birth weight, length, placental

weight and duration of gestation and four candidate polymor-
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phisms in genes involved in DNA methylation in mothers and

newborns. Polymorphisms were measured in the four DNA

methyltransferases: DNMT1 (MIM126375); DNMT3A

(MIM602769); DNMT3B (MIM602900); DNMT3L

(MIM606588) in order to provide additional information on

specific epigenetic process.

Recent work suggests that many imprinted genes maintain their

allele specific methylation signal in a wide range of adult somatic

tissues, independent of the absolute levels of expression [17]. We

measured DNA methylation in the imprinted genes – Paternally

expressed gene 3 (PEG3; 19q13; OMIM 601483); Insulin-like

growth factor II (IGF2; 11p15; OMIM 147470); Small nuclear

ribonucleoprotein polypeptide N (SNRPN; 15q12; OMIM

182279) – and the transposable element – Long interspersed

nuclear element 1 (LINE-1; OMIM 151626) in newborn cord

blood and determined the association between these and birth

weight, length, placental weight and duration of gestation.

Materials and Methods

The study was approved by Grampian Research Ethics

Committee and all women in the study gave informed written

consent to take part. Women who met the inclusion criteria were

recruited consecutively. Women who were diabetic, carrying

multiple pregnancies, who conceived as a result of fertility

treatment, or in whom clinical data was not available, were

excluded. Information on each pregnancy was abstracted from

Aberdeen Maternity and Neonatal Databank and the data

anonymised. Low birth weight was defined as the lowest decile

for the standardised birth weight score; this is the birth weight z

score adjusted for gestational age, sex and parity [18]. Deliveries

before 37 weeks gestation were defined as pre-term. Pregnancies in

which the newborn was admitted to the neonatal unit for any

reason were categorised as requiring neonatal treatment.

Variant Selection and Genotyping
Women provided a blood and buccal sample whilst attending

for ultrasound scan in Aberdeen Maternity Hospital and a sample

of cord blood was collected at delivery. The concentration of DNA

was determined by TaqMan RNaseP detection assay (Applied

Biosystems, Warrington, UK) before genotyping. Genotypes were

detected by allelic discrimination assay using TaqManH MGB

probes labelled with 6-FAMTM and VICH on a 7500 Fast real-

time PCR system (Applied Biosystems, Warrington, UK) [19]. We

used the targeted candidate gene/polymorphism approach [20]

which has the advantage of minimising the number of variants

studied and hence reducing the risk of false positive results.

Variants (DNMT1 MIM126375 19p13.3-p13.2; rs2162560;

DNMT3A MIM 602769; 2p23; rs734693; DNMT3B

MIM602900; 20q11.2; rs2424913; DNMT3L MIM606588;

21q22.3; rs7354779) were selected for study on the basis of links

to a phenotype. The DNMT3B variant has been linked to cancer

[21–23] and Downs Syndrome [24]. The DNMT3L variant has

been linked to reproductive function [25,26] and intelligence [27].

The DNMT1 and 3A SNPs were selected on the basis of our own

unpublished observations in relation to cancer and reproduction.

The DNMT3L variant is a nonsynonymous polymorphism

resulting in an amino acid change at codon 278 within the C-

terminal portion of DNMT3L. Such nonsynonymous variations in

the functional domains of the DNMTs are unusual and no non-

synonymous polymorphisms have been detected in the catalytic

domains of DNMT3A/B or DNMT1 in a European population

[28]. Genotyping was carried out by laboratory staff blind to the

birth outcomes. All eligible cases in which DNA was available

were measured and all valid results included in the analysis. Any

incompatible maternal and baby genotypes were excluded.

DNMT results were available in 1,236 mother and 1,073

offspring. The smaller number in the offspring reflected the

practical difficulty of obtaining cord blood from all recruited

pregnancies.

Methylation
We studied methylation in three imprinted genes and one

retrotransposon in genomic DNA extracted from cord blood.

Methylation was measured by pyrosequencing using a PyroMark

MD system (Qiagen, Crawley, UK) after bisulphite conversion of

DNA using Epitect Bisulfite kits (Qiagen, Crawley, UK). Long

interspersed nuclear element 1 (LINE-1; OMIM 151626) is a class

II retroposon which can be transcribed into RNA, reverse

transcribed into cDNA, and then reintegrated as cDNAs into

the genome at a new location. The genome retrotransposon

content varies between individuals but there are over 500,000

LINE-1 copies in the human genome with around 80–100 active

elements [29]. Insulin-like growth factor II (IGF2; 11p15) has been

implicated in fetal growth, imprinting syndromes, Wilms Tumour,

obesity, metabolic syndrome (OMIM 147470). Paternally ex-

pressed gene 3 (PEG3; 19q13) is a regulator of TNF response and

has been implicated in tumour development (OMIM 601483).

Small nuclear ribonucleoprotein polypeptide N (SNRPN; 15q12)

is a bicistronic maternally methylated imprinted gene that encodes

2 polypeptides, the SmN splicing factor, which is involved in RNA

processing, and the SNRPN upstream reading frame (SNURF)

polypeptide, it is associated with Prader-Willi syndrome and

Angelman syndrome, two clinically distinct neurogenetic disorders

(OMIM 182279). Assays were carried out using previously

published primer sets for IGF2 [30], PEG3 [31], and SNRPN

[32] and a commercially available kit for LINE1 (Qiagen,

Crawley, UK). The number of CpG sites was 7 for PEG3, and

4 for SNRPN, IGF2 and LINE1. The methylation level at

adjacent CpG sites was highly correlated therefore an average

methylation level for each gene/region was used in the analysis.

Statistics
Statistical analysis was carried out using STATA/SE version 12

(Stata Corp, College Station, Texas, USA). Comparison of

genotype frequencies in mothers and offspring was tested by a

Pearson Chi-square test. Genotypes were also tested for deviation

from Hardy-Weinberg equilibrium. Regression analysis was

carried out for each variant on the basis of an intermediate

heterozygote effect (homozygote minor frequency.heterozygo-

te.homozygote common). Multiple linear regression was used for

continuous dependent variables (baby weight, placental weight,

baby length, gestational age) and logistic regression for categorical

outcomes (low birth weight, pre-term birth, neonatal treatment),

with adjustment for appropriate covariates (specified in the results

section). Regression results are presented with 95% confidence

intervals and p values.

Results

The mean characteristics of the mothers studied were; age at

delivery 30.5 (SD 5.4) years; height 164 (SD 7) cm; gestational age

at delivery 39 (SD 2) weeks; weight at booking 69 (SD 15) kg. The

birth weight was 3475 (SD 531) g; placental weight 645 (SD 143)

g; crown heel length 50 (SD 2) cm; gestation length 39 (SD 2) wks.

Births before 37 weeks gestation made up 4.3 (95% CI 3.1,5.4) %

of pregnancies and babies requiring neonatal care 15.3 (95% CI

13.3,17.3) %. The lowest birth weight decile, by definition, made
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up 10% of cases. The number of non-Caucasian mothers was

small (n = 38). 15 (95% CI 13, 17) % of the mothers were smokers.

The distribution of genotypes was not significantly different

between mothers and babies (Table 1) and there was no evidence

of significant deviation from Hardy-Weinberg equilibrium. Birth

weight, adjusted for gestational age and sex, was significantly

related to the baby DNMT3L genotype (Table 2). The minor

allele was associated with a dose dependent increase in adjusted

birth weight of 54 (95% CI 10,99) g (p = 0.016). The risk of being

in the lowest decile for standardised birth weight (adjusted for

gestation and baby sex) was also related to the baby DNMT3L

allele (odds ratio = 0.63; 95% CI=0.42,0.92; p = 0.018). The baby

DNMT3L allele was associated with birth length 0.23 (95% CI

0.04,0.42) cm (p= 0.017) and placental weight 18 (95% CI 3,33) g

(p = 0.017) after adjustment for gestational age and baby sex.

The imprinted genes PEG3 and IGF2 were significantly related

to placental size; 6.9 (95% CI 3.6,10.3; p,0.001) g/% change in

methylation for PEG3 and 24.2 (95% CI 26.2, 22.2; p,0.001)

g/% change in methylation for IGF2 (Table 3). There were no

significant relationships between gestational age and baby length

and methylation in any of the regions studied. There was a

borderline significant association between birth weight, adjusted

for gestational age and baby sex and methylation of LINE1 (213.5

95% CI 227.2,0.1; p = 0.052; g/% change in methylation) and

IGF2 (26.1 95% CI 212.2, 20.1; p = 0.052; g/% change in

methylation). Any effect on birth weight appears to span the full

birth weight range as the risk of being in the lowest birth weight

decile was not related to DNA methylation.

The risk of requiring neonatal care after birth was significantly

related to gestational age at delivery and baby sex (Table 4). After
adjustment for gestational age, birth weight, and sex the baby

DNMT3L minor frequency allele was associated with a reduced

risk of requiring neonatal care (odds ratio = 0.73; 95%

CI= 0.54,0.98; p = 0.039). The risk of requiring neonatal treat-

ment was also related to methylation within LINE1 (p= 0.010)

and SNRPN (p= 0.001) (Table 5).

For those outcomes significantly related to birth outcomes the

unadjusted means are shown by baby DNMT3L allele in

Figures 1 and 2. Birth weight and birth length both demon-

strated intermediate heterozygote effects, though for placental

weight the carriers of the minor frequency allele (homozygote and

heterozygote) were associated with the similar placental weights

(Figure 1). Intermediate DNMT3L heterozygote effects were also

observed for the proportions of babies in the lowest decile for birth

weight and the proportion requiring neonatal care (Figure 2).
There was no evidence of an effect of maternal DNMT3L

genotype on any of the outcomes studied.

There were also no significant relationships between maternal

or baby DNMT1, 3A and 3B genotype and birth length or

placental weight. However, mother and baby DNMT3B genotype

was related to the length of gestation (Table 2). The genotype

effect was most significant in the mother where the DNMT3B

minor frequency allele was associated with a small reduction in

gestation length of 1.3 days (p = 0.006) but an almost doubling of

the risk of prematurity (,37 weeks gestation); odds ratio = 1.95;

95% CI= 1.30,2.94; (p = 0.001). For all the variants studied there

was, as expected, significant covariance between maternal and

baby genotype and this appears to explain the baby DNMT3B

genotype association with gestation as only the maternal genotype

remained significantly associated with gestation when both the

maternal and baby DNMT3B genotypes were included in the

regression analysis. The most striking and consistent effect of

genotype was that between DNMT3L and birth outcome but

there was also a separate effect of DNMT3A on birth weight

where the minor allele was associated with a lower birth weight

(Table 2). The effect size was similar to that for DNMT3L (241

95% CI 280, 21 g) but the level of significance was lower

(p = 0.042). There was no evidence of interaction between baby

DNMT3L and maternal DNMT3A genotype in relation to birth

weight.

All significant associations remained significant after adjustment

for smoking. Removal of the non-Caucasian pregnancies made no

significant difference to any of the population genotype frequen-

Table 1. DNMT genotypes and allele frequencies in mothers and babies.

Gene (variant)

DNMT1 (rs2162560) DNMT3A (rs734693) DNMT3B (rs2424913) DNMT3L (rs7354779)

Genotypes

Homozygote common: mother 380 (32.1) 634 (52.4) 357 (29.3) 622 (52.3)

baby 336 (33.2) 536 (51.2) 333 (31.3) 532 (52.3)

Heterozygote: mother 593 (50.0) 474 (39.1) 609 (50.0) 465 (39.1)

baby 492 (48.6) 427 (40.8) 512 (48.2) 422 (41.5)

Homozygote minor: mother 212 (17.9) 103 (8.5) 253 (20.8) 103 (8.7)

baby 185 (18.3) 84 (8.0) 218 (20.5) 63 (6.2)

Total: mother 1,185 (100) 1,211 (100) 1,219 (100) 1,190 (100)

baby 1,013 (100) 1,047 (100) 1,063 (100) 1,017 (100)

Allele frequencies

Common allele: mother 0.57 0.72 0.54 0.72

baby 0.57 0.72 0.55 0.73

Minor allele: mother 0.43 0.28 0.46 0.28

baby 0.43 0.28 0.45 0.27

Genotype frequencies are shown with the percentages in brackets. Allele frequencies are expressed as proportions. All genotypes were in Hardy-Weinberg equilibrium
(Chi-squared test).
doi:10.1371/journal.pone.0068896.t001
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Table 2. Continuous birth outcomes and their relationship to DNMT variants in mothers and babies.

Gene1

DNMT1 DNMT3A DNMT3B DNMT3L

Coefficient
(95% CI)

p
value

Coefficient
(95% CI)

p
value

Coefficient
(95% CI)

p
value

Coefficient
(95% CI)

p
value

Maternal genotype

Birth weight (g)2 3 0.895 241* 0.042 10 0.580 11 0.590

(235, 40) (280, 21) (226, 46) (229, 50)

Crown heel length (cm) 2 20.03 0.744 20.05 0.562 0.04 0.622 0.10 0.227

(20.18, 0.13) (20.22, 0.12) (20.12, 0.19) (20.06, 0.27)

Placental weight (g) 2 1 0.897 210 0.115 1 0.839 6 0.383

(211, 13) (223, 2) (210, 13) (27, 18)

Gestation at delivery (weeks) 3 20.03 0.652 20.03 0.724 20.19** 0.006 0.11 0.128

(20.17, 0.11) (20.17, 0.12) (20.32, 20.05) (20.03, 0.26)

Baby genotype

Birth weight (g) 2 27 0.736 8 0.699 22 0.237 54* 0.016

(246, 32) (234, 51) (215, 61) (10, 99)

Crown heel length (cm) 2 20.03 0.711 0.06 0.521 0.06 0.439 0.23* 0.017

(20.20, 0.14) (20.12, 0.24) (20.10, 0.22) (0.04, 0.42)

Placental weight (g) 2 0.3 0.968 25 0.482 3 0.599 18* 0.017

(212, 13) (219, 9) (29, 16) (3, 33)

Gestation at delivery (weeks) 3 0.02 0.786 20.0007 0.992 20.14* 0.035 0.01 0.943

(20.12, 0.15) (20.15, 0.15) (20.27, 20.01) (20.15, 0.16)

1Variants specified in Table 1. Linear regression analysis based on all three genotype frequencies (homozygote minor frequency.heterozygote.homozygote common)
adjusted for baby sex, and gestational age 2 or baby sex alone 3.
*p,0.05,
**p,0.01,
***p,0.001.
doi:10.1371/journal.pone.0068896.t002

Table 3. Continuous birth outcomes and their relationship to to LINE1, PEG3, SNRPN and IGF2 methylation in cord blood.

Methylation status

LINE 1 PEG3 SNRPN IGF2

Coefficient
(95% CI)

P
Value

Coefficient
(95% CI)

p
value

Coefficient
(95% CI)

p
value

Coefficient
(95% CI)

p
value

Birth weight
(g) 1

213.546 0.052 3.032 0.575 1.901 0.602 26.084 0.052

(227.182,0.089) (27.562,13.626) (25.243,9.045) (212.227,0.059)

Crown heel
length (cm) 1

20.0291 0.326 0.0149 0.512 20.0048 0.752 20.0161 0.222

(20.0871,0.0289) (20.0297,0.0595) (20.0348,0.0252) (20.0420,0.00976)

Placental
weight (g) 1

20.684 0.763 6.948*** ,0.001 0.526 0.655 24.225*** ,0.001

(25.128,3.760) (3.576,10.319) (21.782,2.835) (26.218, 22.232)

Gestation at
delivery
(weeks) 2

20.00718 0.747 0.0102 0.552 0.0119 0.301 20.0126 0.208

(20.0508,0.0364) (20.0235,0.0440) (20.0107,0.0346) (20.0321,0.0070)

Linear regression analysis of DNA methylation on birth parameters. Analyses were adjusted for baby sex, and gestational age 1 or baby sex alone 2.
*p,0.05,
**p,0.01,
***p,0.001.
doi:10.1371/journal.pone.0068896.t003
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cies and all the significant DNMT3L associations remained

significant after exclusion of non-Caucasian mothers from the

analysis. The effect of DNMT3A genotype on birth weight and

DNMT3B on length of gestation were the least significant before

the exclusion and just below significance following the reduction in

numbers; though the stronger DNMT3B effect on risk of

prematurity remained highly significant (p = 0.002) after exclusion

of the non-Caucasian pregnancies.

Simple Bonferonni correction results in borderline significance

for the DNMT3L effects but we believe that this adjustment is too

conservative. It does not take account of the fact that the genotype

was linked to multiple birth outcomes (birth weight, risk of low

birth weight, birth length, placental weight, risk of requiring

neonatal care). Nor does it take into account the additional

biological plausibility conferred by the observation of an interme-

diate heterozygote effect for all but one of these outcomes.

There were also significant relationships between DNMT

genotype and level of methylation in cord blood DNA even after

exclusion of non-Caucasians. In the full additive model the baby

genotype for DNMT3A was related to PEG3 methylation (0.4;

95% CI= 0.1,0.7% methylation; p = 0.012) and the baby 3B

genotype to LINE1 methylation (20.2; 95% CI=20.4, 20.01%

methylation; p = 0.044). The maternal DNMT3L genotype was

also related to IGF2 methylation in the cord blood but this effect

was only seen in carriers of the minor frequency allele compared to

non-carriers (20.7; 95% CI=21.3, 20.0001% methylation;

p = 0.050).

Discussion

Babies carrying the DNMT3L minor allele were heavier at

birth. They were also longer and their placentas were heavier.

These associations remained significant after adjustment for

gestational age and sex. Compared to babies homozygous for

the common allele, those homozygous for the minor frequency

allele were a third as likely to be in the lowest decile for birth

weight and there was a clear allele dose response (homozygote

minor frequency.heterozygote.homozygote common). An in-

termediate effect of the heterozygote is not required to establish a

link between a gene variant and health outcome but such an effect

provides additional assurance that the association is likely to be

biologically significant. There was also an association between

maternal DNMT3A genotype and birth weight but the signifi-

cance level was lower than for DNMT3L and there was no

Table 4. Categorical birth outcomes and their relationship to DNMT variants in babies.

Gene1

DNMT1 DNMT3A DNMT3B DNMT3L

Odds ratio
(95% CI)

p
value

Odds ratio
(95% CI)

p
value

Odds ratio
(95% CI)

p
value

Coefficient
(95% CI)

p
value

Risk of low birth weight (lowest decile) 2 1.19 0.266 0.76 0.125 1.12 0.443 0.63* 0.018

(0.88, 1.61) (0.54, 1.08) (0.84, 1.49) (0.42, 0.92)

Risk of need for neonatal treatment 3 0.97 0.837 1.07 0.622 0.87 0.279 0.73* 0.039

(0.76, 1.25) (0.82, 1.40) (0.68, 1.12) (0.54, 0.98)

1Variants specified in Table 1. Logistic regression analysis based on all three genotype frequencies (homozygote minor frequency.heterozygote.homozygote
common). The standardised birth weight is already adjusted for gestational age and baby sex 2; the risk of requiring neonatal treatment was adjusted for gestational
age, baby sex and baby weight 3.
*p,0.05,
**p,0.01,
***p,0.001.
doi:10.1371/journal.pone.0068896.t004

Table 5. Categorical birth outcomes and their relationship to LINE1, PEG3, SNRPN and IGF2 methylation in cord blood.

Methylation status

LINE 1 PEG3 SNRPN IGF2

Odds ratio
(95% CI)

p
value

Odds ratio
(95% CI)

p
value

Odds ratio
(95% CI)

p
value

Coefficient
(95% CI)

p
value

Risk of low birth weight
(lowest decile) 1

1.030 0.580 0.951 0.232 1.017 0.484 1.041 0.096

(0.929,1.141) (0.875,1.033) (0.970,1.066) (0.993,1.092)

Risk of need for neonatal
treatment 2

0.893* 0.010 0.939 0.082 0.902** 0.001 0.989 0.566

(0.818,0.974) (0.874,1.008) (0.851,0.957) (0.951,1.028)

Logistic regression analysis. The standardised birth weight is already adjusted for gestational age and baby sex 1; the risk of requiring neonatal treatment was adjusted
for gestational age, baby sex and baby weight 2.
*p,0.05,
**p,0.01,
***p,0.001.
doi:10.1371/journal.pone.0068896.t005
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corresponding effect on birth length or placental weight. The

DNMT3B variant in the mother was associated with a small effect

on the average length of gestation but the effect on prematurity

(birth before 37 weeks gestation) was more substantial, with the

minor frequency allele being associated with an approximate

doubling of the risk of prematurity.

The most striking effect was observed in relation to the

DNMT3L variant in the baby. The fact that the association was

observed for both birth weight and length suggests that the

genotype is linked to body scaling rather than a specific body

component such as fat mass. The genetic effect on birth weight

was relatively large, with each addition of the 3L minor frequency

allele accounting for an additional 54 g in birth weight. This is

similar in magnitude to the influence on birth weight of

environmental tobacco smoke during pregnancy [33]. However,

the DNMT3L association is unlikely to be of value in the clinical

management of pregnancy, not least because the predictive

genotype resides in the baby’s DNA which is not easy to sample

safely. The main value of this finding is that it points to specific

biological processes which are worthy of further study in relation

to birth outcome, and possibly also longer term health and

biological function.

The significant effects reported here were all observed in the

DNMT3 family of methyltransferases. The DNMT3L variant

results in an amino acid change at codon 278 but the effect of this

change has yet to be elucidated. DNMT3A, 3B and 3L are central

to the process of de novo methylation [34–36] and histone

modification through interaction with histone deacetylase [37,38].

Figure 1. Birth weight, placental weight and birth length by baby DNMT3L genotype. Raw data unadjusted for any other variable. Error
bars represent 95% confidence intervals.
doi:10.1371/journal.pone.0068896.g001

Figure 2. Proportion of babies in lowest standardised birth weight decile and the proportion requiring neonatal treatment by baby
DNMT3L genotype. Raw data unadjusted for any other variable. Error bars represent 95% confidence intervals.
doi:10.1371/journal.pone.0068896.g002
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The DNMT3 family is also essential for imprinting [35,39]. All are

expressed in oocytes coincident with imprinting methylation [40]

and Dnmt3L is highly expressed in the chorion which contains the

trophoblast stem cells [41]. Animal knockouts of the Dnmt3 family

result in loss of imprinting, biallelic expression of imprinted genes,

and altered methylation at non imprinted loci [34–36] but there

are species differences in epigenetic regulation and the functional

effects of the DNMT3 family in humans are not fully understood.

One way to address this in humans is to look at the effect on

methylation of genotype within these genes. In this cohort baby

DNMT3A genotype was related to PEG3 methylation and

DNMT3B genotype to LINE1 methylation. DNMT3L genotype

was also related to IGF2 methylation. However, in this case it was

the maternal genotype that was important, possibly indicating that

this variant has its effect at an earlier stage of development. The

timing of imprinting in relation to development varies depending

on the region [42].

Imprinted genes have a central role in controlling the fetal

demand for nutrients and the placental supply and IGF2 in

particular is thought to be important in modulating fetal nutrient

transport [43]. In this cohort offspring IGF2 and PEG3

methylation were strongly related to placental weight and IGF2

was borderline significantly associated with birth weight. Trans-

posable elements that flank imprinted genes are thought to be

important in setting and maintaining the imprint [44,45] and they

also demonstrate parent-of-origin effects characteristic of imprint-

ing [46]. Transposable elements such as LINE1 have the ability to

move around the genome and cause abnormal function and

disease if inserted into an important conserved sequence [29,47],

and this process is inhibited by methylation [29]. There is a report

of a biphasic relationship between LINE1 methylation and birth

weight in a smaller study [48]. This was not observed here though

we did observe a linear association between birth weight and

LINE1 methylation at p = 0.052.

There was evidence that epigenetic processes were associated

with general health in the offspring at the start of life,

independently of the links to birth weight and placental weight.

DNMT3L genotype in the baby and methylation within LINE1

and the imprinted gene SNRPN were linked to the health of the

newborn (risk of requiring neonatal treatment) after adjustment for

birth weight, sex and gestational age.

In terms of later health, loss of imprinting, of IGF2 in particular,

is a common characteristic of many cancer types including; breast,

lung, colon, liver, ovary but it has been proposed that more subtle

epigenetic changes could play a seminal role in the earliest steps in

cancer initiation [49–51] and variation in imprinting occurs in

normal tissue of cancer patients or those at increased risk of the

disease [49]. The risk of breast cancer increases in a graded way

with increasing birth weight [4]. Lower levels of IGF2 methylation

have been related to increased cancer risk [52] and IGF2

methylation in this study was associated with a significantly lower

placental weight and a borderline significant reduction in birth

weight. Fetal growth and brain function are the two main health

outcomes associated with the process of imprinting [53–55]. Birth

weight is positively associated with intelligence [6,7] and the same

minor DNMT3L allele linked here to higher birth weight has also

been associated with higher childhood intelligence [27].

The pathways of causality underpinning the epidemiological

observations linking early life events and birth outcome to health

and biological function throughout life are not well understood.

The results here suggest that epigenetic processes are linked to

birth outcome and health in early life. The epigenetic links to birth

outcome are consistent with some of the known epigenetic

associations with later health and biological function. Our

emerging understanding of the role of epigenetics in health and

biological function across the lifecourse suggests that early

epigenetic events could have longer term implications.

Author Contributions

Conceived and designed the experiments: PH DMC. Performed the

experiments: PH G. Hoad. Analyzed the data: PH G. Horgan.

Contributed reagents/materials/analysis tools: PH G. Horgan DMC.

Wrote the paper: PH G. Hoad G. Horgan DMC.

References

1. Barker DJ (2007) The origins of the developmental origins theory. J Intern Med

261: 412–417. JIM1809 [pii];10.1111/j.1365-2796.2007.01809.x [doi].

2. Scientific Advisory Committee on Nutrition (2007) The influence of maternal

fetal and child nutrition on the development of chronic disease in later life.

A report of the SACN subgroup on Maternal and Child Nutrition.

3. Risnes KR, Vatten LJ, Baker JL, Jameson K, Sovio U, et al (2011) Birthweight

and mortality in adulthood: a systematic review and meta-analysis.

Int J Epidemiol 40: 647–661.

4. Silva IS, De SB, McCormack V (2008) Birth size and breast cancer risk: re-

analysis of individual participant data from 32 studies. PLoS Med 5: e193. 08-

PLME-RA-0764 [pii];10.1371/journal.pmed.0050193 [doi].

5. Elovainio M, Ferrie JE, Singh-Manoux A, Shipley M, Batty GD, et al (2011)

Socioeconomic Differences in Cardiometabolic Factors: Social Causation or

Health-related Selection? Evidence From the Whitehall II Cohort Study, 1991–

2004. Am J Epidemiol.

6. Matte TD, Bresnahan M, Begg MD, Susser E (2001) Influence of variation in

birth weight within normal range and within sibships on IQ at age 7 years:

cohort study. BMJ 323: 310–314.

7. Richards M, Hardy R, Kuh D, Wadsworth ME (2001) Birth weight and

cognitive function in the British 1946 birth cohort: longitudinal population based

study. BMJ 322: 199–203.

8. Calvin CM, Deary IJ, Fenton C, Roberts BA, Der G, et al (2011) Intelligence in

youth and all-cause-mortality: systematic review with meta-analysis.

Int J Epidemiol 40: 626–644.

9. Swamy GK, Ostbye T, Skjaerven R (2008) Association of preterm birth with

long-term survival, reproduction, and next-generation preterm birth. JAMA

299: 1429–1436.

10. Clausson B, Lichtenstein P, Cnattingius S (2000) Genetic influence on

birthweight and gestational length determined by studies in offspring of twins.

BJOG 107: 375–381.

11. Czerwinski SA, Lee M, Choh AC, Wurzbacher K, Demerath EW, et al (2007)

Genetic factors in physical growth and development and their relationship to

subsequent health outcomes. Am J Hum Biol 19: 684–691.

12. Manolio TA, Collins FS, Cox NJ, Goldstein DB, Hindorff LA, et al (2009)

Finding the missing heritability of complex diseases. Nature 461: 747–753.
nature08494 [pii];10.1038/nature08494 [doi].

13. Hattersley AT, Tooke JE (1999) The fetal insulin hypothesis: an alternative

explanation of the association of low birthweight with diabetes and vascular

disease. Lancet 353: 1789–1792.

14. Sebert S, Sharkey D, Budge H, Symonds ME (2011) The early programming of
metabolic health: is epigenetic setting the missing link? Am J Clin Nutr.

ajcn.110.001040 [pii];10.3945/ajcn.110.001040 [doi].

15. Waterland RA, Jirtle RL (2004) Early nutrition, epigenetic changes at

transposons and imprinted genes, and enhanced susceptibility to adult chronic
diseases. Nutrition 20: 63–68.

16. Waterland RA (2009) Is epigenetics an important link between early life events
and adult disease? Horm Res 71 Suppl 1: 13–16. 000178030 [pii];10.1159/

000178030 [doi].

17. Woodfine K, Huddleston JE, Murrell A (2011) Quantitative analysis of DNA

methylation at all human imprinted regions reveals preservation of epigenetic
stability in adult somatic tissue. Epigenetics Chromatin 4: 1. 1756-8935-4-1

[pii];10.1186/1756-8935-4-1 [doi].

18. Campbell D, Hall M, Lemon J, Carr-Hill R, Pritchard C, et al (1993) Clinical

birthweight standards for a total population in the 1980s. Br J Obstet Gynaecol
100: 436–445.

19. Haggarty P, McCallum H, McBain H, Andrews K, Duthie S, et al (2006) Effect
of B vitamins and genetics on success of in-vitro fertilisation: prospective cohort

study. Lancet 367: 1513–1519.

20. Balding DJ (2006) A tutorial on statistical methods for population association

studies. Nat Rev Genet 7: 781–791.

21. de VS, Wouters KA, Gottschalk RW, van Schooten FJ, de Goeij AF, et al (2011)

Dietary methyl donors, methyl metabolizing enzymes, and epigenetic regulators:

DNMT Polymorphisms, Imprinting and Birth Outcome

PLOS ONE | www.plosone.org 7 July 2013 | Volume 8 | Issue 7 | e68896



diet-gene interactions and promoter CpG island hypermethylation in colorectal

cancer. Cancer Causes Control 22: 1–12. 10.1007/s10552-010-9659-6 [doi].

22. Bao Q, He B, Pan Y, Tang Z, Zhang Y, et al (2011) Genetic variation in the

promoter of DNMT3B is associated with the risk of colorectal cancer.

Int J Colorectal Dis 26: 1107–1112. 10.1007/s00384-011-1199-3 [doi].

23. Liu Z, Wang L, Wang LE, Sturgis EE, Wei Q (2008) Polymorphisms of the

DNMT3B gene and risk of squamous cell carcinoma of the head and neck: A

case-control study. Cancer Lett.

24. Coppede F, Bosco P, Tannorella P, Romano C, Antonucci I, et al (2013)

DNMT3B promoter polymorphisms and maternal risk of birth of a child with

Down syndrome. Hum Reprod 28: 545–550. des376 [pii];10.1093/humrep/

des376 [doi].

25. Borghese B, Santulli P, Hequet D, Pierre G, de ZD, et al (2012) Genetic

Polymorphisms of DNMT3L Involved in Hypermethylation of Chromosomal

Ends Are Associated with Greater Risk of Developing Ovarian Endometriosis.

Am J Pathol 180: 1781–1786. S0002-9440(12)00100-9 [pii];10.1016/j.aj-

path.2012.01.009 [doi].

26. Huang JX, Scott MB, Pu XY, Zhou-Cun A (2012) Association between single-

nucleotide polymorphisms of DNMT3L and infertility with azoospermia in

Chinese men. Reprod Biomed Online 24: 66-71. S1472-6483(11)00492-5

[pii];10.1016/j.rbmo.2011.09.004 [doi].

27. Haggarty P, Hoad G, Harris SE, Starr JM, Fox HC, et al (2010) Human

intelligence and polymorphisms in the DNA methyltransferase genes involved in

epigenetic marking. PLoS One 5: e11329.

28. El-Maarri O, Kareta MS, Mikeska T, Becker T, az-Lacava A, et al (2009) A

systematic search for DNA methyltransferase polymorphisms reveals a rare

DNMT3L variant associated with subtelomeric hypomethylation. Hum Mol

Genet 18: 1755–1768.

29. Levin HL, Moran JV (2011) Dynamic interactions between transposable

elements and their hosts. Nat Rev Genet 12: 615–627. nrg3030 [pii];10.1038/

nrg3030 [doi].

30. Dupont JM, Tost J, Jammes H, Gut IG (2004) De novo quantitative bisulfite

sequencing using the pyrosequencing technology. Anal Biochem 333: 119–127.

10.1016/j.ab.2004.05.007 [doi];S0003269704004130 [pii].

31. Feng W, Marquez RT, Lu Z, Liu J, Lu KH, et al (2008) Imprinted tumor

suppressor genes ARHI and PEG3 are the most frequently down-regulated in

human ovarian cancers by loss of heterozygosity and promoter methylation.

Cancer 112: 1489–1502. 10.1002/cncr.23323 [doi].

32. White HE, Durston VJ, Harvey JF, Cross NC (2006) Quantitative analysis of

SNRPN(correction of SRNPN) gene methylation by pyrosequencing as a

diagnostic test for Prader-Willi syndrome and Angelman syndrome. Clin Chem

52: 1005–1013. clinchem.2005.065086 [pii];10.1373/clinchem.2005.065086

[doi].

33. Leonardi-Bee J, Smyth A, Britton J, Coleman T (2008) Environmental tobacco

smoke and fetal health: systematic review and meta-analysis. Arch Dis Child

Fetal Neonatal Ed 93: F351–F361.

34. Arnaud P, Hata K, Kaneda M, Li E, Sasaki H, et al (2006) Stochastic imprinting

in the progeny of Dnmt3L(2/2) females. Hum Mol Genet 15: 589–598.

35. Kaneda M, Okano M, Hata K, Sado T, Tsujimoto N, et al (2004) Essential role

for de novo DNA methyltransferase Dnmt3a in paternal and maternal

imprinting. Nature 429: 900–903.

36. Kaneda M, Hirasawa R, Chiba H, Okano M, Li E, et al (2010) Genetic evidence

for Dnmt3a-dependent imprinting during oocyte growth obtained by conditional
knockout with Zp3-Cre and complete exclusion of Dnmt3b by chimera

formation. Genes Cells. GTC1374 [pii];10.1111/j.1365-2443.2009.01374.x

[doi].
37. Aapola U, Liiv I, Peterson P (2002) Imprinting regulator DNMT3L is a

transcriptional repressor associated with histone deacetylase activity. Nucleic
Acids Res 30: 3602–3608.

38. Deplus R, Brenner C, Burgers WA, Putmans P, Kouzarides T, et al (2002)

Dnmt3L is a transcriptional repressor that recruits histone deacetylase. Nucleic
Acids Res 30: 3831–3838.

39. Bourc’his D, Xu GL, Lin CS, Bollman B, Bestor TH (2001) Dnmt3L and the
establishment of maternal genomic imprints. Science 294: 2536–2539.

40. Lucifero D, Mann MRW, Bartolomei MS, Trasler JM (2004) Gene-specific
timing and epigenetic memory in oocyte imprinting. Human Molecular Genetics

13: 839–849.

41. Hata K, Okano M, Lei H, Li E (2002) Dnmt3L cooperates with the Dnmt3
family of de novo DNA methyltransferases to establish maternal imprints in

mice. Development 129: 1983–1993.
42. Trasler JM (2006) Gamete imprinting: setting epigenetic patterns for the next

generation. Reprod Fertil Dev 18: 63–69.

43. Reik W, Constancia M, Fowden A, Anderson N, Dean W, et al (2003)
Regulation of supply and demand for maternal nutrients in mammals by

imprinted genes. J Physiol 547: 35–44.
44. Allegrucci C, Thurston A, Lucas E, Young L (2005) Epigenetics and the

germline. Reproduction 129: 137–149.
45. Constancia M, Pickard B, Kelsey G, Reik W (1998) Imprinting mechanisms.

Genome Res 8: 881–900.

46. Walter J, Hutter B, Khare T, Paulsen M (2006) Repetitive elements in imprinted
genes. Cytogenet Genome Res 113: 109–115.

47. Cordaux R, Batzer MA (2009) The impact of retrotransposons on human
genome evolution. Nat Rev Genet 10: 691–703. nrg2640 [pii];10.1038/nrg2640

[doi].

48. Michels KB, Harris HR, Barault L (2011) Birthweight, maternal weight
trajectories and global DNA methylation of LINE-1 repetitive elements. PLoS

One 6: e25254. 10.1371/journal.pone.0025254 [doi];PONE-D-11–10322 [pii].
49. Feinberg AP, Ohlsson R, Henikoff S (2006) The epigenetic progenitor origin of

human cancer. Nat Rev Genet 7: 21–33. nrg1748 [pii];10.1038/nrg1748 [doi].
50. Robertson KD (2005) DNA methylation and human disease. Nat Rev Genet 6:

597–610.

51. Jones PA, Baylin SB (2007) The epigenomics of cancer. Cell 128: 683–692.
52. Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, et al (2008) Persistent

epigenetic differences associated with prenatal exposure to famine in humans.
Proc Natl Acad Sci U S A 105: 17046–17049. 0806560105 [pii];10.1073/

pnas.0806560105 [doi].

53. Reik W, Davies K, Dean W, Kelsey G, Constancia M (2001) Imprinted genes
and the coordination of fetal and postnatal growth in mammals. Novartis Found

Symp 237: 19–31.
54. Tycko B, Morison IM (2002) Physiological functions of imprinted genes. J Cell

Physiol 192: 245–258.
55. Wilkinson LS, Davies W, Isles AR (2007) Genomic imprinting effects on brain

development and function. Nat Rev Neurosci 8: 832–843.

DNMT Polymorphisms, Imprinting and Birth Outcome

PLOS ONE | www.plosone.org 8 July 2013 | Volume 8 | Issue 7 | e68896


