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Epigenetic signature of very low birth weight in young adult life
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BACKGROUND: Globally, one in ten babies is born preterm (<37 weeks), and 1–2% preterm at very low birth weight (VLBW,
<1500 g). As adults, they are at increased risk for a plethora of health conditions, e.g., cardiometabolic disease, which may partly be
mediated by epigenetic regulation. We compared blood DNA methylation between young adults born at VLBW and controls.
METHODS: 157 subjects born at VLBW and 161 controls born at term, from the Helsinki Study of Very Low Birth Weight Adults,
were assessed for peripheral venous blood DNA methylation levels at mean age of 22 years. Significant CpG-sites (5’—C—
phosphate—G—3’) were meta-analyzed against continuous birth weight in four independent cohorts (pooled n= 2235) with
cohort mean ages varying from 0 to 31 years.
RESULTS: In the discovery cohort, 66 CpG-sites were differentially methylated between VLBW adults and controls. Top hits were
located in HIF3A, EBF4, and an intergenic region nearest to GLI2 (distance 57,533 bp). Five CpG-sites, all in proximity to GLI2, were
hypermethylated in VLBW and associated with lower birth weight in the meta-analysis.
CONCLUSION: We identified differentially methylated CpG-sites suggesting an epigenetic signature of preterm birth at VLBW
present in adult life.
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● Being born preterm at very low birth weight has major implications for later health and chronic disease risk factors.
● The mechanism linking preterm birth to later outcomes remains unknown.
● Our cohort study of 157 very low birth weight adults and 161 controls found 66 differentially methylated sites at mean age of 22 years.
● Our findings suggest an epigenetic mark of preterm birth present in adulthood, which opens up opportunities for mechanistic studies.

BACKGROUND
Globally, ~10% of all children are born preterm (<37 gestational
weeks) and 1–2% very preterm (VPT, <32 weeks) or with a very low
birth weight (VLBW; <1500 g).1 Cohort studies have shown that
adults born preterm at VLBW have poorer blood glucose
regulation,2 decreased bone mineral density,3 higher blood
pressure,4 poorer lung function,5 poorer cognitive abilities6,7

and a particular “preterm behavioral phenotype” that may
predispose to anxiety disorders and depression,8 with many of
these also observable in low birth weight (LBW; <2500 g) adults.
The differences in these outcomes between individuals born at
VLBW range from moderate (~0.5 SD) to large (~0.8 SD) when
compared with individuals born at term or with normal birth
weight.9

Epigenetic modifications including DNA methylation (DNAm)
have been suggested as mediators between early life exposures
and later health outcomes.10,11 In utero exposure to maternal and
environmental factors have been linked to epigenetic modifica-
tions in the offspring, exemplified by maternal smoking associat-
ing with epigenetic changes in newborns, children, adolescents,
and middle-aged individuals.12,13 Prenatal maternal stress has also
been linked to DNAm changes in the offspring.14,15

Individuals born preterm at VLBW serve as a model for studying
survivors of extreme adverse early life events. Their comprehen-
sive phenotyping and epigenotyping offer valuable insights into
the mechanisms of adverse early life conditions potentially
influencing long-term health.16 Differences in DNAm between
VLBW or VPT subjects and term controls have been reported in a
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few studies. Epigenetic changes in VLBW subjects have most
clearly been seen in the neonatal period and infancy,17,18 and
emerging evidence suggests that some differentially methylated
positions (DMPs) are present in adolescence.19 Only few
epigenetic studies of VLBW individuals have been published
beyond adolescence and they are relatively small-scale,20 with the
largest and longest follow-up of 45 extremely low birth weight
(ELBW, <1000 g) individuals and 47 controls being reported by
Mathewson et al. in 32-year-olds.21 A recent study by Cameron
et al. compared DNAm at birth (109 VLBW individuals, 52 controls)
and in 28-year-olds (215 VLBW individuals, 96 controls).22 No
robust DMPs across these studies have emerged. There is little
evidence of overlap of DMPs between studies examining VLBW
and LBW individuals. Meta-analyses assessing both gestational
age18 and birth weight19 suggest that specific regions in the
epigenome may be more likely to be linked to prematurity than
others, but results remain inconclusive. As these studies have
been conducted in cohorts with varying exposures, it is plausible
that the DNAm differences are consequences of adverse pre- and
perinatal conditions and not causes for preterm birth.
We investigated DNAm differences in adulthood in three steps.

First, we compared DNAm differences in 157 young adults born at
VLBW and 161 term controls. Second, we validated our findings in
relation to birth weight meta-analyzing four independent birth
cohorts with an overall sample-size of 2235 individuals spanning
an age range of 0–31 years. Third, we extended our exploration of
DNAm differences to include secondary exposures (gestational
age, birth weight SD, and being born small for gestational age
(SGA, <–2 birth weight SD)).
We hypothesized that there are blood DNAm differences

between young adults born preterm at VLBW and term controls.
We further hypothesized that some of these differences may be
seen in unrelated cohorts of varying ages when investigating birth
weight as the exposure. We also hypothesized that some of the
differences in DNAm may be related to secondary birth exposures.

MATERIAL AND METHODS
Discovery study population
Briefly, the original cohort of HeSVA (Helsinki Study of Very LowWeight Adults)
consists of 335 children born at VLBW between 1978 and 1985 and treated at
the neonatal intensive care unit in Helsinki University Central Hospitals
Children’s Hospital, the tertiary center serving the province of Uusimaa, Finland.
For the current study, 166 VLBW subjects and 172 term controls, group-
matched as described previously by age, sex, and birth hospital attended a
follow-up visit in 2004 at mean age of 22.5 years of age.2,3,23 The examination
included a fasting blood sample for DNA extraction. In case of multiple
pregnancy, we included one subject chosen at random from each family to
dilute the possibility of familial bias or inflation, leaving 157 VLBW subjects.

Follow-up cohorts and age groups
Follow-up and validation of the discovery cohort’s findings was performed
in four independent cohorts of varying age groups: PREDO (Prediction and
Prevention of Preeclampsia and Intrauterine Growth Restriction, n= 817)24

at birth, GLAKU (Glycyrrhizin in Licorice, n= 236)25,26 at mean age of 12
years, NFBC1986 (Northern Finland Birth Cohort 1986, n= 479)27,28 at
mean age of 16 years and NFBC1966 (Northern Finland Birth Cohort 1966,
n= 703)29 at mean age of 31 years.

PREDO (at birth/newborn subjects)
Briefly, PREDO is a prospective multicenter study of 1079 Finnish women
with known risk-factor status for pre-eclampsia and intrauterine growth
restriction. The women gave birth to a singleton live child between 2006
and 2010. Fetal cord blood DNAm data were available from 963 children,
and 817 samples were available for the current analysis.

GLAKU (12–13-year-old subjects)
GLAKU is an urban-based cohort of 1049 women who gave birth to a
singleton live child between March and November 1998. Between 2009-

2011, 920 children were invited for a follow-up visit and 451 participated at
early adolescence. Of the participating children, peripheral blood DNAm
data were available from 236 children.

NFBC1986 and NFBC1966 (16-, 31- and 46-year-old subjects)
NFBC1986 and NFBC1966 are prospective birth cohorts of individuals
born in the two northernmost provinces (Oulu and Lapland) of Finland in
1966 and 1986 and followed through life. NFBC1966 comprises of 12,231
children and their parents who were originally recruited based on their
expected delivery date being between January 1 and December 31,
1966. NFBC1986 comprises of 9479 children (9432 live births) whose
mothers were recruited based on an expected date of birth between July
1, 1985, and June 30, 1986. In the current study, peripheral venous blood
DNAm data from 510 (NFBC1986 at 16 years), 722 (NFBC1966 at 31
years) and 705 (NFBC1966 at 46 years) randomly selected individuals
were available.

Exposure variables, covariates, DNA extraction, and
DNAm data
Fasting peripheral venous EDTA blood samples, anthropometric measure-
ments, and questionnaire data regarding health and lifestyle were
collected. Blood samples were stored at -20 C for later analyses. Genomic
DNA was extracted from EDTA-anti-coagulated whole peripheral blood by
using QIAamp DNA Blood Maxi Kit (Qiagen®).
Peripheral venous blood DNA was available from the discovery

cohort’s 157 VLBW unrelated subjects and 161 term controls. Illumina
Infinium HumanMethylation450 BeadChip (Illumina, San Diego, Califor-
nia) was used to determine genome wide DNAm levels. Pre-processing
was performed using the R-package minfi.30 Raw beta-values were
normalized using functional normalization, CpG-sites (5’—C—phosphate
—G—3’) failing in more than 50% of the samples (based on a detection
p value of 0.10) were removed. Batch-correction was performed using
combat31 and non-autosomal CpGs as well as cross-hybridizing CpGs
were removed. The final dataset included 428,759 CpG-sites and 157
VLBW cases and 161 controls. CpG-sites were mapped to genomic
locations using Illumina’s annotation using the R-package minfi.30 The
replication cohort’s methylation analyses are based on cord blood
(PREDO, n= 817) and peripheral venous blood (GLAKU, n= 236;
NFBC1986 n= 479; and NFBC1966, n= 703) and are described in detail
previously.25,32,33 Cell-type proportions were estimated using the
Houseman method for peripheral venous blood34 and the Bakulski
algorithm for cord blood.35 Further details of cohort-specific methods
are detailed in the Supplementary Methods.

Statistical analyses
Analyses were conducted using VLBW/term-dichotomization as the
primary exposure for the discovery cohort, and birth weight in grams as
a continuous exposure variable for PREDO and GLAKU cohorts. Linear
regression was applied adjusting for blood cell type proportions, age at
sampling, sex, maternal smoking in pregnancy (classified as smoking/non-
smoking during pregnancy) and parental socioeconomic status or highest
attained parental education. Beta values are expressed as either positive or
negative (VLBW= 0, control= 1, i.e., a positive beta corresponds to more
methylation in controls and hypomethylation in the VLBW group). For
NFBC cohorts we used the same regression models against birth weight as
a continuous variable, as well as a dichotomous prematurity-status (<37
gestational weeks).
A meta-analysis of the results of PREDO, GLAKU, NFBC1986, and

NFBC1966 was conducted using the R-package metafor,36 with continuous
birth weight as the exposure. NFBC1966 had two time points available, 31
and 46 years of age. The time point of 31 years was used, as more samples
were available and it was closer to our discovery cohort’s age. Multiple
testing was controlled for using Benjamini-Hochberg false discovery rate
(FDR) method. The CpG-sites from the discovery analysis with FDR-
adjusted p < 0.05 were included in the meta-analysis. After the meta-
analysis, associations in CpG-sites with FDR-adjusted p < 0.05 were
considered statistically significant. Exploratory meta-analyses relating to
the hypothesis for secondary birth exposures were conducted in the NFBC
cohorts for dichotomous SGA-status, as well as birth weight SD and
gestational age as continuous variables.
Demographic and clinical data were analyzed with SPSS (version 27) and

methylation outcome data analyses and meta-analyses were performed
with R statistical environment.
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RESULTS
Cohort profiles
Characteristics of our study subjects from the discovery and
replication cohorts are described in Table 1. The mean age of our
discovery cohort subjects was 22 years. In our validation cohorts,
ages ranged from newborn (cord blood, PREDO), early adoles-
cence (mean age of 12 years, GLAKU), adolescence (mean age of
16 years, NFBC1986), and adulthood (mean ages of 31 years and
46 years, NFBC1966).

Epigenome wide association study (EWAS) of the
discovery cohort
We identified 66 differentially methylated CpGs that were
associated with birth at VLBW with a significance of FDR-
adjusted p < 0.05 (Table 2). A Manhattan plot of the results is
shown in Fig. 1 and a QQ-plot in Fig. 2. The QQ-plot has a lambda
value of 1.16, but in EWAS such values are common and may not
reflect true inflation.37 Seventeen CpGs were differentially
methylated using the epigenome-wide p value thresholds for
statistical significance of p < 9 × 10-8 and 23 with p < 2.44 × 10-7, as
suggested previously.38,39 The CpG-site with the lowest p value in
our study is cg21246516 (p < 5.8 × 10-11), located in an intergenic
region between TINAG (dist= 413,877 bp) and FAM83B (dist=
42,693 bp) and is hypermethylated in those with VLBW. Our top
DMPs localized to the genomic regions of GLI2, SKIDA1, HIF3A,
EBF4, and SOCS1.

Meta-analysis in the validation cohorts
We checked whether the top 66 differentially methylated CpG-
sites with FDR-adjusted p < 0.05 could be validated in four
independent cohorts with an overall age ranging between 0
and 31 years using continuous birth weight as the exposure. We
used linear regression analyses and estimated regression coeffi-
cients and SEs, describing the linear relationship between birth
weight and methylation adjusting for similar factors as in the
discovery cohort’s analysis: blood cell type proportions, age, sex,
maternal smoking during pregnancy, and parental socioeconomic
status (see Supplementary Table 1–5). We then ran meta-analyses
across the 66 top-associated CpG-sites to assess whether findings
from the HeSVA discovery cohort could be followed up and
validated in the cohorts of PREDO, GLAKU, NFBC1986, and
NFBC1966. This resulted in five CpGs that were hypermethylated
both in the VLBW group and with lower birth weight at
FDR-adjusted p < 0.05 (cg20219891, cg13872898, cg00637745,

cg14311362 and cg17870997). The forest plots for the meta-
analysis of the validating sites are presented in Fig. 3.

Secondary exposure analyses
Exploratory analyses over the 66 top hits from HeSVA were
conducted in NFBC1986 and NFBC1966 with being born preterm
(<37 gestational weeks) and SGA as dichotomous exposures, and
gestational age and birth weight SD as continuous variables. 41
CpGs were differentially methylated with these secondary
exposures, with overlapping sites for the primary birth weight
exposure. The results of the secondary exposure analyses are
described in Supplementary Table 5.
No single CpG of the discovery cohort’s 66 sites was

differentially methylated in all cohorts even though they were
validated in the meta-analysis. If we only observe samples from
beyond infancy, however, seven CpGs show differential methyla-
tion with exposures varying among birth weight, birth weight SD,
preterm-status and SGA-status. These sites were located in
intergenic (GLI2, CTAGE1), intronic, and exonic (EBF4) as well as
in UTR3’-regions (SOCS1). The DMPs and their respective cohorts
and exposures are described in Supplementary Table 6.
We further conducted exploratory meta-analyses over

NFBC1986 and NFBC1966 with being born preterm as the
exposure. One CpG (cg14123232, intergenic region with nearest
gene being GLI2), was differentially methylated in the meta-
analysis at nominal significance (p= 0.044), but this did
not survive FDR-correction. Forest plots for prematurity in
NFBC1986 and NFBC1966 for the validating sites from the main
meta-analysis with birth weight as the exposure, and for the
nominally significant site cg14123232 are presented in Supple-
mentary Fig. 1.

DISCUSSION
We hypothesized that there are blood DNAm differences between
young adults born preterm at VLBW and term controls. In the
HeSVA-cohort, we identified 66 differentially methylated CpG-sites
between 157 VLBW individuals and 161 term controls in early
adulthood at mean age of 22 years. Our top DMPs localize to the
genomic regions: GLI2, SKIDA1, HIF3A, EBF4, and SOCS1. The genes
have been previously associated with early life development18,40

and maturation41 as well as with metabolic pathways42,43

suggesting relevant genomic sites possibly connecting adverse
health consequences and severe early life exposure.

Table 1. Descriptive statistics for the EWAS from the discovery and follow up cohorts.

HeSVA
VLBW

HeSVA
controls

PREDO GLAKU NFBC-
1986

NFBC-1966
(2004)

NFBC-1966
(2014)

Number of participants 157 161 817 236 510 722 705

Sex (men/women) 68/89 64/97 433/384 121/115 241/269 317/405 308/397

Age (mean (SD); years) 22.4 (2.1) 22.5 (2.2) 0a 12.3 (0.50) 16.1 (0.36) 31.0 (0.33) 46.3 (0.43)

Birth weight (mean (SD);
grams)

1120 (220) 3580 (460) 3620 (606) 3570 (472) 3608 (475) 3515 (506) 3510 (508)

Gestational age (mean (SD);
weeks)

29.1 (2.2) 40.2 (1.2) 39.7 (1.8) 40.0 (1.3) 39.6 (1.3) 40.2 (1.8) 40.1 (1.8)

Birth weight SD from
population (mean (SD); units)

−1.3 (1.5) 0.01 (1.0) 0.02 (1.1) −0.00(1.0) 0.2 (1.0) −0.1 (1.1) −0.1 (1.1)

Maternal smoking during
pregnancy (n, %)

30 (19.1%) 26 (16.1%) 34 (4.2%) 20 (8.5%) 107
(21.0%)

149 (20.6%) 143 (20.3%)

VLBW (n, %) 157 (49.4%) 0 (0%) 4 (0.5%) 0 (0%) 0 (0%) 1 (0.1%) 1 (0.1%)

SGA (n, %) 51 (33%) 0 (0%) 13 (1.6%) 2(0.8%) 6 (1.2%) 24 (3.4%) 24 (3.4%)

VLBW very low birth weight, <1500 g.
SGA small for gestational age, <−2 SD.
aneonatal samples from cord blood.
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We further hypothesized that differences seen associating with
VLBW could be validated in unrelated cohorts regarding birth
weight. Of the 66 sites, five (all annotating to an intergenic region
close to GLI2) were validated in a meta-analysis of four
independent cohorts using continuous birth weight as main
exposure, with subjects aged 0–31 years. Our findings may
represent persisting changes in the epigenome that could partly
explain differences in health outcomes between individuals born
at VLBW and at term. We further explored secondary birth
exposures, such as SGA, gestational age, and birth weight SD, and
their association with DNAm differences.
The association between preterm birth or low birth weight and

later health outcomes has been suggested to be in part mediated
by epigenetics. Differences in methylation have been found
between VLBW individuals and term controls but their persistence
has remained unclear.44 The epigenetic signature of preterm birth
at VLBW is present in adult life in our study. This makes preterm
birth at VLBW one of the few early life exposures where such a
signature can be replicably observed after adolescence. Consider-
ing the large number of VLBW or preterm individuals globally,

identifying molecular mechanisms between early life exposures
and later outcomes is important. Epigenetic differences have been
studied in individuals with different degrees of prematurity,
usually graded by birth weight or gestational age. Genes
annotating to DMPs that have been reported in connection with
prematurity associate with the immune system,45 neurologic
development,46 cellular differentiation and proliferation,47 meta-
bolism (e.g., IGF2),20,48 fetal development, and birth weight.49

Significant DMPs are also seen in intergenic regions that may act
as binding sites for transcription factors. The most significant and
compelling CpG-sites of our study are located within or near
genes associating with fetal development (GLI2),50 organogenesis
(SKIDA1),51 insulin resistance and hypoxia response (HIF3A),52

neural development and B-cell maturation (EBF4),53 and immu-
nological development (SOCS1).40

Our most robust finding is the validation of five DMPs in a meta-
analysis of four independent cohorts, suggesting an association
between birth weight and DNAm over a wide age range, which
may represent long-lasting epigenetic imprint of prenatal factors
contributing to birth weight. VLBW or lower birth weight
individuals had higher methylation in CpGs cg00637745,
cg13872898, cg20219891, cg17870997, and cg14311362. These
were validated at FDR < 0.05 in our meta-analysis and are in an
intergenic region closest to GLI2. A meta-analysis investigating
associations between birth weight and cord blood DNAm
(n= 8825) in term subjects found differentially methylated CpGs
nearest to GLI2 in childhood (n= 2756), adolescence (n= 2906),
and adulthood (n= 1616).19 The five CpGs from our study are
present in the meta-analysis which, too, reports a negative
association between methylation levels and birth weight at these
sites. Cameron et al. report hypermethylation in one CpG site
associating with GLI2 (cg20219891), which is one of the sites seen
in our discovery cohort and validation meta-analysis.22 Differential
methylation of GLI2 has been associated with gestational age in a
meta-analysis in cord blood.18 None of the five validated CpGs
from our study examining birth weight were reported as
differentially methylated.18 GLI2 is a gene in chromosome 2
encoding the protein Gli family zinc finger 2, which is involved in
intracell signaling via the Sonic Hedgehog pathway.50 GLI2 is also
involved in neural tube development, and embryogenesis, as well
as being a potential oncogene.54

Three CpGs (cg03610228, cg04707519, and cg04714110)
associating with SKIDA1 were among our discovery cohort’s top
hits with a positive association between DNAm levels and VLBW
status. These sites, however, were not validated in the meta-
analysis examining continuous birth weight. A positive association
between DNAm levels and gestational age has previously been
reported for cg03610228, cg04707519, and cg04714110 in
infants.55 A positive association between DNAm levels and birth
weight for cg04714110 has been observed in cord blood.19 SKIDA1
is a gene in chromosome 10 encoding the protein SKI/DACH
domain containing 1 (also known as DLN-1; C10orf140), which has a
predicted localization in the nucleus and cytosol, which may
reflect molecular trafficking between the two. It has been reported
to have a role in autoimmune disorders.56 Animal models suggest
involvement in organogenesis and brain maturation,51 and
gastrulation and neurulation.41 The importance of SKIDA1 is
highlighted by SKIDA1 knockout mice being subviable.57

We observed hypomethylation with VLBW of three epigenome-
wide CpG-sites (cg27146050, cg16672562, and cg22891070)
annotated to the gene HIF3A. These sites are also differentially
methylated in NFBC1966 at 31 years of age, although they were
not validated in the subsequent meta-analysis. Cameron et al. also
report hypomethylation in three sites associating with HIF3A in 28-
year-old VLBW individuals when compared to term controls.22 Our
sites are among these. Differential methylation of HIF3A has been
associated with gestational age in cord blood.18,58 HIF3A is a gene
in chromosome 19 encoding the protein hypoxia inducible factor
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Fig. 1 Manhattan plot of the epigenome-wide association study
for the discovery cohort. The analysis was adjusted for sex, age, cell
type proportions, maternal smoking during pregnancy, and parental
socioeconomic status. The x-axis is the chromosomal position, and
the y-axis is the level of statistical significance on a −log10-scale. The
blue line represents the threshold for experiment wide significance
at p= 7.6 × 10−6. CpGs highlighted in green represent sites with an
epigenome wide significance of p < 9 × 10−8 (red line). The thresh-
olds are based on previous recommendations.38,39
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distribution for the discovery analysis.
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3 subunit alpha, which is involved in regulating adaptive processes
linked to low oxygen and metabolism.59 Such processes play roles
in the regulation of glucose metabolism and cardiometabolic risk
factors.60 HIF3A is largely expressed in placental, fat and spleen
tissues.61 Hypermethylation of HIF3A has been linked to weight
and BMI gain42,62 and to insulin resistance in gestational and type
2 diabetes52 and adipose tissue differentiation and dysfunction.63

Cord blood HIF3A methylation levels have also been associated
with pre-eclampsia,64 and elevated blood pressure in childhood,65

suggesting a possibility of being a mediating element of
cardiovascular risk factors. Our findings are in concordance with
previously reported increased cardiometabolic risk factors in VLBW
and ELBW adults.2,66

A fourth gene of interest is EBF4, as four intronic CpGs
(cg24263062, cg13518079, cg14959908, and cg05857996) and
one exonic CpG (cg05825244) are among our top hits with
hypermethylation in the VLBW group and lower birth weight. The
EBF4-associated CpGs are present in all our replication cohorts
excluding infancy with varying early life exposures (Supplemen-
tary Table 7). EBF4 is a gene in chromosome 20 encoding the
protein early B-cell factor transcription factor 4, which has been
associated with neural development and B-cell maturation.53 Few
publications regarding methylation of EBF4 and biological
development or growth have been published, but EBF4

methylation has been associated with BMI in adults.43 Differential
methylation of EBF4 has been positively associated with gesta-
tional age, also in adolescence,18 but in opposite direction to our
study. Cameron et al. report four CpG-sites associating with EBF4
being differentially methylated between VLBW participants and
term controls in 28-year-olds22; four of these sites (cg24263062,
cg05857996, cg13518079, and cg05825244) overlap with our
results.
The CpG (cg10784813) associating with SOCS1 is hypermethy-

lated in VLBW, which is in line with Küpers et al. reporting a
negative association between DNAm levels and birth weight in
cg10784813.19 Alongside GLI2 it is one of the few DMPs present in
all our time points from adolescence onwards, albeit with varying
exposures making its validity uncertain (Supplementary Table 7).
SOCS1 is a gene in chromosome 16 encoding the protein
suppressor of cytokine signaling 1, which deals with inflammatory
reactions and is particularly present in lymphatic tissue.67 SOCS1
deficiency is associated with perinatal lethality, presumably due to
its role in immunology.40 Differential methylation of SOCS1 in cord
blood has a positive association with gestational age reported by
Merid et al.18 who also report replicating their finding in an
independent sample by Hannon et al.13

Previous meta-analyses concerning birth weight and gestational
age have found DMPs in the same regions as in our study,18,19,68

-0.08000 -0.04000

Observed Outcome

-0.06000 -0.04000 -0.02000 0.020000.00000

Observed Outcome

cg20219891 cg13872898

cg14311362

cg00637745

cg17870997

0.00000

-0.06000 -0.02000 0.02000

Observed Outcome

-0.08000 -0.04000 0.00000

Observed Outcome

0.00000

-0.08000 -0.04000

Observed Outcome

0.00000

-0.02315 [-0.04540, -0.00090]

-0.03454 [-0.07042, 0.00135]

-0.02687 [-0.04905, -0.00470]

-0.02518 [-0.04321, -0.00716]

predo

glaku

nfbc86

nfbc66_31

-0.01853 [-0.03788, 0.00082]

-0.02874 [-0.05651, -0.00098]

-0.01539 [-0.03076, -0.00003]

-0.01895 [-0.03195, -0.00594]

predo

glaku

nfbc86

nfbc66_31

-0.00792 [-0.01927, 0.00343]

-0.03127 [-0.05924, -0.00331]

-0.01610 [-0.03294, 0.00075]

-0.02074 [-0.03379, -0.00768]

predo

glaku

nfbc86

nfbc66_31

-0.01457 [-0.03653, 0.00738]

-0.03314 [-0.07210, 0.00581]

-0.02649 [-0.05200, -0.00099]

-0.03011 [-0.05033, -0.00988]

predo

glaku

nfbc86

nfbc66_31

-0.00792 [-0.01998, 0.00414]

-0.04423 [-0.07447, -0.01399]

-0.01859 [-0.03614, -0.00103]

-0.02006 [-0.03449, -0.00562]

predo

glaku

nfbc86

nfbc66_31

-0.02579 [-0.03742, -0.01416]RE Model -0.01907 [-0.02835, -0.00978]RE Model

-0.01617 [-0.02472, -0.00762]RE Model

-0.02397 [-0.03629, -0.01166]RE Model

-0.01786 [-0.02849, -0.00723]RE Model

Fig. 3 Forest plots showing meta-analysis of significant DNA methylation betas. Meta-analysis of DNA methylation betas is shown for birth
weight (kg) at CpGs across four studies (PREDO, GLAKU, NFBC1986, and NFBC1966) with 95% confidence intervals after FDR-correction by
Benjamini-Hochberg method at level 0.05. Adjusted for age, sex, maternal smoking during pregnancy, parental education, technical
covariates, and cell type proportions.
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but most studies have been conducted in neonates and from cord
blood. In the meta-analysis by Küpers et al.19 8170 CpGs related to
birth weight were identified, and of our top 66 CpG hits, there are
16 overlapping sites with the same directionality of methylation.
In a meta-analysis assessing DNAm and gestational age in non-
complicated births18 8899 CpGs were identified but only 10
CpGs overlapped with our study with the same directionality.
They also report results for all births (complicated and non-
complicated) with 17,095 CpGs related to gestational age, but
there is considerable heterogeneity in this group. The overlap with
the ”all births” model and our study is 25 CpGs. The meta-analyses
mentioned here are mainly based on cord blood and may not
be entirely representative of our study with Finnish adult
participants.
Individuals born at VLBW have been shown to have several

DMPs compared to term controls, but the results vary consider-
ably across studies. A study of 12 individuals born at gestational
age <31 weeks and 12 matched term controls identified 1,555
DMPs in cord blood at birth, most of which resolved by the age of
18.45 A study of 40 VLBW infants showed DNAm differences in
buccal samples in IGF2 and FKBP5 at birth but they resolved after
first year of life, which may reflect tissue-specific mechanisms and
may not be comparable to studies based on blood.69 Another
similar-sized study showed hypomethylation of PLAGL1 in VPT
individuals at birth and at discharge.70 A small study comparing
VLBW and term children at 12 months of age showed methylation
differences in SLC6A3.71 IGF2 has been identified as a gene that is
differentially methylated from VLBW infants up to 20-year-olds.20

A recent study by Cameron et al. compared DNAm between 109
VLBW individuals and 51 term controls using heel prick spot blood
samples from birth, and venous blood at 28 years of age from 215
VLBW individuals and 96 term controls.22 They report 16,400 CpG-
sites differing between the groups at birth, but at the age of 28
years, only twelve were differentially methylated after FDR-
correction. It is of particular note, that of these twelve CpG-sites,
eight were differentially methylated in our study as well. A study
comparing ELBW individuals to normal birth weight individuals in
adulthood found buccal cell DNAm differences in 1,354 loci in 694
genes in men, but only two loci in women.21 Epigenome-wide
differences have also been studied in individuals born with a less
severe exposure of LBW. Fewer DMPs tend to be identified when
comparing LBW individuals to term controls than when studying
VLBW individuals, which suggests that there might be a threshold-
or dose-effect phenomenon connecting the degree of prematurity
and methylation. Simpkin et al.72 aimed to see whether long-term
changes to the epigenome could be identified by sampling 1018
mostly term-born children at birth, and at ages 7 and 17, but they
could not detect persistent changes in the epigenome associated
with birth weight. A study by Madden et al. reports only one
significant DNAm CpG-site (cg00966482) associated with birth
weight (n of LBW= 84) in adults with a cohort mean age of 29.5.73

Aside from the CpGs associating with GLI2, EBF4, and HIF3A
reported by Cameron et al., none of the previously reported CpGs
or genes from studies with VLBW or LBW participants were
significant in our study, which underlines the heterogeneity of the
results and the need for large-scale meta-analyses. Methylation
patterns tend to change during early development, and reported
methylation differences between preterm and term individuals
tend to largely resolve, which may reflect metabolic adjustments
during maturation. Persisting epigenetic differences may reflect
long-lasting differences in metabolism, but this requires
more study.
We aimed to explore whether DNAm could be linked to SGA or

prematurity, as well as examining gestational age and birth weight
as continuous variables. Based on our findings, the epigenetic
signatures of these phenomena overlap, which is to be expected, as
the clinical phenotypes themselves overlap. However, being SGA
could associate with a separate DNAm identifier, as some adverse

adult health outcomes of preterm birth may be more apparent in
individuals born SGA. Our meta-analysis of preterm participants in
NFBC1986 and NFBC1966 had too few SGA participants (n= 0 for
NFBC1986 and n= 25 for NFBC1966) to reach conclusions. No
definite conclusions about the other secondary exposures could be
drawn from these results either. Therefore, our results need to be
replicated in a larger sample of preterm and preterm at VLBW
subjects. Furthermore, when considering the effect of prematurity
on DNAm, the nature of the exposure should be considered
carefully as both gestational age and birth weight may have
separate, yet often overlapping effects. Thus, we explored both
gestational length and size at birth as exposures.
A major strength of our discovery cohort is the large number of

VLBW participants in adulthood, as much of the past research is
conducted in either infants or individuals with a less severe
exposure. We also have access to four extensively phenotyped
and characterized independent follow-up cohorts of varying ages,
which we combined into a meta-analysis, to validate our findings.
The age of our cohorts spans over decades of life with
PREDO starting from birth and finishing with NFBC1966 in
adulthood. Methylation patterns change rapidly during early life,
which may explain why only few of the differentially methylated
CpGs in the discovery cohort could be identified from newborn
samples.
The age of our discovery cohort subjects at the time of

measurement was relatively early in adulthood and it remains to
be seen whether the epigenetic differences persist further into
adulthood and what their relationship with future cardiovascular
risk is. It should also be noted that contrary to the other birth
cohorts, PREDO is built around examining risk factors for pre-
eclampsia, which may introduce confounding. Even though our
study spans a wide age range of participants, no longitudinal
analysis was possible. Thus, DNAm differences seen in adulthood
between VLBW and term individuals could be due to other
biological differences that have accumulated during the partici-
pants’ life. Causality cannot be shown in this setting. Our results
showed some inflation, which is often observed in EWAS.37

We aimed to investigate the DNAm differences between young
adults born at VLBW and their term controls. We found 66
differentially methylated CpG-sites, which suggests a marker of
preterm birth at VLBW present at young adulthood. We further saw
several of these sites when examining birth weight in independent
cohorts of varying ages validating our findings. While there is
heterogeneity and noise between published studies, consistent and
replicable gene regions where epigenetic signatures of early life
events persist are starting to emerge. We believe this highlights the
importance of collaboration and wider meta-analyses.

CONCLUSIONS
In comparing young adults born preterm at low birth weight with
controls born at term, we have discovered differentially methy-
lated CpG-sites that are associated with birth weight in cohorts
ranging from newborns to adulthood.
Our results support earlier findings and provide more robust

evidence that epigenetic differences with regard to birth weight
may remain even decades after preterm birth. Future studies
should investigate whether our findings can be replicated in
longitudinal cohorts and also continue the follow-up to see if the
epigenetic differences show persistence in later life, and how
these differences manifest phenotypically.
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