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Abstract

Both the early environment and genetic variation may affect DNA methylation, which is one of the major molecular marks of
the epigenome. The combined effect of these factors on a well-defined locus has not been studied to date. We evaluated
the association of periconceptional exposure to the Dutch Famine of 1944-45, as an example of an early environmental
exposure, and single nucleotide polymorphisms covering the genetic variation (tagging SNPs) with DNA methylation at the
imprinted /IGF2/H19 region, a model for an epigenetically regulated genomic region. DNA methylation was measured at five
differentially methylated regions (DMRs) that regulate the imprinted status of the IGF2/H19 region. Small but consistent
differences in DNA methylation were observed comparing 60 individuals with periconceptional famine exposure with
unexposed same-sex siblings at all /GF2 DMRs (Pg<<0.05 after adjustment for multiple testing), but not at the H79 DMR.
IGF2 DMRO methylation was associated with IGF2 SNP rs2239681 (Pgy =0.027) and INS promoter methylation with INS SNPs,
including rs689, which tags the INS VNTR, suggesting a mechanism for the reported effect of the VNTR on INS expression
(Pgy=3.4x103). Prenatal famine and genetic variation showed similar associations with IGF2/H19 methylation and their
contributions were additive. They were small in absolute terms (<3%), but on average 0.5 standard deviations relative to
the variation in the population. Our analyses suggest that environmental and genetic factors could have independent and
additive similarly sized effects on DNA methylation at the same regulatory site.
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Introduction Insight in these matters is of interest for the interpretation of
epigenome-wide association studies (EWASs) [7] and studies
mvestigating the developmental origins hypothesis [4]. We address
this issue by further evaluating the interplay between environ-
mental and genetic factors with respect to DNA methylation for
selected regulatory loci within the /GF2/H19 region.

The IGF2/H19 imprinted region is one of the best-understood
epigenetically controlled loci involving the methylation of various
differentially methylated regions (DMRs). Previous studies report-

that the prenatal environment (‘nurture’) can persistently influence ed that DNA methylation at the JGF2 DMRO is associated with
the expression of DNA sequences (‘nature’) [4]. Recent studies

stress that variation in DNA methylation is primarily influenced by
genetic variation [5] and that the DNA sequence itself dictates the
DNA methylation state of a locus [6].

Although there is evidence for distinct environmental and
genetic influences on DNA methylation, it is not clear how both
factors may interact and determine the DNA methylation levels at
a particular locus. We at least are not aware of any such studies.

The epigenome consists of inter-related layers of molecular
marks on the DNA that represent non-genetic, but stable and
mitotically heritable information determining the gene-expression
potential of a genomic region [1]. Studies in animal models show
that environmental factors during early development can cause
persistent epigenetic changes in DNA methylation that are
associated with disease-related phenotypes [2,3]. This suggests

genetic factors [8-10] and the prenatal environment, including
periconceptional exposure to the Dutch Famine at the end of
WW2 [11] and maternal folic acid supplementation [12].There-
fore the methylation at selected loci in the IGF2/H19 region in
individuals exposed to prenatal famine may offer a special
opportunity to evaluate the interplay between genetics and
environment on DNA methylation.
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The correct mono-allelic expression of genes in IGF2/H19
region in somatic cells is regulated by several DMRs (Figure 1)
[13,14]. Going from centromere to telomere, the first DMR 1is the
imprinted insulin promoter (INS) [15], which also influences the
neighboring insulin-like growth factor 2 (IGF2) gene [16]. INS
forms a fusion transcript between INS and IGF2 during early
development, called INVSIGF [17] and DNA methylation at this
locus is correlated with ZVS transcription [18]. The next DMR is
IGF2 DMRO (alternate name /GF2 DMR) at which abnormal
DNA methylation is associated with bi-allelic expression of IGF2
[19,20]. The IGF2 DMR]1, within a large CpG island overlapping
the IGF24S promoter (alternate name PEGS), is reported to have
an insulator function and bind CTCF [21]. /GF2 DMR2 was also
reported to act as an insulator and to bind C'TCF and aberrant
DNA methylation at the locus is associated with a loss of
imprinting [22]. The final DMR is located in the promoter of the
H19 transcript that directly flanks the imprinting control region.
Aberrant DNA methylation at this DMR is correlated with a loss
of imprinting and over-expression [23].

Here, we present an in-depth characterization of DNA
methylation differences at nine regulatory loci within five DMRs
across the IGF2/HI9 region between 60 individuals exposed
periconceptional to the Dutch Famine and 60 same-sex sibling
controls without prenatal famine exposure. All individuals are part
of our ongoing Dutch Hunger Winter Families Study [24]. We
examined if the famine associations are locus specific or extend to
multiple functional loci. We also examined a measure of global
methylation to compare the locus-specific associations with
possible overall genomic effects after famine exposure. Moreover,
we evaluated the association between IGF2/H19 methylation and
common genetic variation in the sibling pairs by genotyping
tagging SNPs. Finally, we tested if the associations between famine
exposure and genetic variation are independent and contrasted the
effect sizes of these associations to describe the relative contribu-
tion of ‘nature’ and ‘nurture’ to variation in DNA methylation at

IGF2/H19.

Results

Analysis of IGF2/H19 methylation

Within the five DMRs, nine methylated loci were reported to
regulate imprinting and expression of INS, INSIGF, IGF2 and H19
(Figure 1) [9,17-22,25-27]. We analyzed DNA methylation at one
locus in the INS promoter (INSIGF), three in IGF2 DMRO (IGF2
DMRO downstr., /GF2 DMR and IGF2 DMRO upstr.), two in
IGF2 DMR1 (IGF24S CTCF and IGF24S) and two in DMR2
(IGF2 DMR2 CTCF and IGF2 DMR2 S.L.) and one in the H19
DMR (H19 DMR). Information on the functionality of these loci is
provided in the materials and methods section. The precise
genomic locations are given in a .BED file (BED S1) and in table
S1. Information on the individual CpG dinucleotides measured
within each locus is given in table S2. We measured DNA
methylation at these loci in 60 individuals with periconceptional
famine exposure and 60 unexposed, same-sex siblings. DNA
methylation was quantitatively assessed by mass spectrometry
(Epityper [28]), which quantifies the number of methylated and
unmethylated fragments following bisulfite PCR and base specific
cleavage.

Inspection of DNA methylation patterns showed that DNA
methylation at different loci assayed within a DMR was correlated
(Figure 2A), except for DMR2. In DMR2, methylation at the IGF2
DMR2 CTCEF locus (a CTCF binding site [21]) was not correlated
with the /GF2 DMR2 S.L. locus (a DNA stem loop structure [27]).
In view of the high within DMR correlation, the three loci assayed
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for IGF2 DMRO and the two for /GF2 DMR1 were also analyzed
as a single locus. Positive correlations were observed between
DMRs, in particular between DMRO, DMR1, DMR2 CTCF and
INSIGF. Interestingly these loci are located up to 10 kb apart. To a
lesser extent, correlations were also observed between H/9 DMR
and DMR2 S.L.

Prenatal famine exposure and IGF2/H19 methylation

We previously reported on the association of methylation at the
INS promoter locus INSIGF with periconceptional famine expo-
sure [29]. The INSIGF methylation was 1.5% lower in exposed
individuals as compared to the unexposed siblings (Pgyy=0.015
after Benjamini-Hochberg adjustment for multiple testing).
Expressed relative to the standard deviation in controls of 2.6%,
this difference corresponds to a standardized effect size of —0.6 SD
units (Table 1).

IGF2 DMRO methylation was lower in the exposed siblings
(A=—2.0%; Py =2.9x10"?), corresponding to a standardized
effect size of —0.6 SD units, similar to what was also observed for
INSIGF (table 1). When analyzed separately, all 3 loci measured
within the /GF2 DMRO (a locus previously analyzed in this study
population [11] and two newly measured loci flanking that locus),
were similarly associated with prenatal famine exposure (figure 2B
and Table 1). Subsequent analysis of individual CpG dinucleotides
in these loci showed a significant association for nine out of twelve
CpG containing fragments (table S2, Figure 2B).

Methylation at the IGF2 DMRI1 was higher in exposed
individuals as compared with controls (P =0.020), but the
absolute difference in DNA methylation was very small
(A=40.5%). The difference corresponds to a standardized effect
size of 0.5 SD units, similar to that observed for INSIGF and IGF2
DMRO, which is related to the lower inter-individual variation at
DMRI1 (Table 1). DNA methylation at the two individual loci
measured within /GF2 DMRI1 was likewise modestly higher in
those exposed periconceptional (P =0.049). In contrast to other
associated DMRs, only a small minority of CpG dinucleotides
within the two DMRI loci (3/24) were statistically significant
(table S2).

DNA methylation of the two loci measured in /GF2 DMR2 was
not correlated and therefore analyzed separately. The IGF2
DMR2 CTCF locus showed a significant association with famine
exposure (A= —1.2%, Pgy = 0.02). With an effect size of —0.4 SD
units this association was similar to those found for the other
investigated /GF2 DMRs (Table 1). All three individual CpG sites
showed a lower methylation level in the exposed compared to the
controls and for two out of three the difference was statistically
significant (table S2). The IGF2 DMR2 S.L. locus was not
associated with famine exposure (Pgyy=0.78) and DNA methyl-
ation at the /779 DMR was also not significantly associated with
prenatal famine exposure (Pggy = 0.39).

To evaluate whether the generally lower DNA methylation at
IGF2 DMRs was related to an overall lower genomic DNA
methylation, we measured LINE-1 methylation, an estimate of
global methylation [30]. LINE-1 methylation was 61.2% (SD
1.4%) in controls and this was not different from individuals with
periconceptional famine exposure (A= —0.4%, P=0.15, table S2).
This result confirms our previous report that prenatal famine had
no effect on three other measures of global methylation in this
study population [31] and indicates the absence of a general trend
towards either reduced or increased genomic DNA methylation.

Genetic variation and IGF2/H19 methylation

To capture common genetic variation at the /GF2/H19 locus,
21 SNPs were genotyped. The SNPs were selected as tagging
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Figure 1. Schematic overview of the /GF2/H19 region, measured loci and genetic variation covered. The colored boxes in the loci pane
represent the DNA methylation measurements as distributed over the various functional differentially methylated regions, also defined by unique
coloring (H79 DMR, IGF2 DMR2, DMR1, DMRO and the INS promoter). The number of CpG sites measured per locus is given above the locus names.
The gene structure, as defined by Refseq, is given together with the CpG islands (“CGI”, bright green). The yellow bar presents the chromosome, with
the various measured SNPs marked by bars. In the HaploView pane the D’ between SNPs is given in the color scale, while the R-squared is given in
numeric values in the boxes.

doi:10.1371/journal.pone.0037933.g001
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Figure 2. DNA methylation across multiple loci. The colored bars present DNA methylation measurements of the various loci and their
grouping in the final analyses. A. The correlation of the DNA methylation of CpG dinucleotides within IGF2/H19. Each square block represents the pair
wise correlation between two CpG dinucleotides in 120 individuals, the 60 individuals exposed periconceptional to famine and their same-sex
siblings. Only significant correlations are shown in a color gradient from red (p=—1) to gray (p=0 or N.S.) to green (p=+1). B. The average within
pair difference in DNA methylation (%) between the famine exposed and their same-sex sibling controls for the 3 amplicons measured in the IGF2
DMRO. A * denotes if the individual fragment containing one or multiple CpG sites is significantly different between the exposed and unexposed
(P<<0.05).

doi:10.1371/journal.pone.0037933.g002

DMRO

Table 1. The associations between periconceptional famine exposure and DNA methylation.

Controls Methylation

Locus (sd) %" Exp. -Unexp. (%)>  Effect size® P Pen’
INSIGF 84.8 (2.6) —-1.5 —0.6 4.0x107? 0.015
IGF2 DMRO 53.3(3.3) -20 —06 2.7x107* 2.9%x1073
IGF2 DMRO downstr. 71.2(3.3) -1.6 —0.6 0.024 0.038
IGF2 DMR 51.5(5.5) —24 -05 53x107* 29x1073
IGF2 DMRO upstr. 44.2(4.0) -19 —0.4 6.0x1073 0.017
IGF2 DMR1 6.4(0.8) 0.4 +0.5 9.0x1073 0.020
IGF2AS CTCF 4.3(0.9) 0.3 +0.3 0.040 0.049
IGF2AS 8.6(1.0) 0.4 +0.4 0.038 0.049
IGF2 DMR2
IGF2 DMR2 S.L. 49.8(6.3) 0.4 +0.1 0.78 0.78
IGF2 DMR2 CTCF 50.8(2.7) -1.2 —0.4 0.012 0.022
H19 DMR 306 (2.6) -0.5 -0.2 0.36 0.39

"The average DNA methylation in the unexposed sibling controls and the standard deviation of this average, both given in %.

2The within pair difference in DNA methylation resulting from a linear mixed model corrected for age at blood drawl, correlations between CpG sites, bisulfite
conversion batch and with a random effect for sib ship and a random slope for exposure status.

3The effect size of the within pair difference in relation to the standard deviation in the population.

“Two-sided P-value, Benjamini-Hochberg (‘FDR’) corrected for 11 tests.

doi:10.1371/journal.pone.0037933.t001

»
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Table 2. The significant associations between SNPs and DNA methylation.

Locus Meth. (sd) in % Effect of genotype on DNA methylation®

INSIGF 84.8(2.6) SNP B’ effect size? P Pen’
rs3741211 -15 —06 1.1x107* 3.4x1073
rs3842756 -20 —038 82x10°° 3.9x10°*
rs689 -23 -09 7.4x1078 7.1x10°°

IGF2 DMRO 53.3(3.3) SNP B effect size P Peu
rs2239681 -13 -04 1.1x1073 0.027

“Two-sided P-value, after Benjamini-Hochberg correction.
doi:10.1371/journal.pone.0037933.t002

SNPs from the HAPMAP CEU panel or selected from literature
(figure 1, table S3 and S4). Linkage disequilibrium (LD) analysis
indicated that 16 of the 21 SNPs captured the common genetic
variation marked by these SNPs (R?>0.9). Of these sixteen SNPs,
four were located in the H79 region and twelve in the IGF2-INS
region; no LD was observed between the two regions (Figure 1).

2 4 @
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Figure 3. The association of prenatal famine and genetic
variation in cis with /GF2/H79 methylation. The associations
between famine or genotype with DNA methylation. The p-value of
the association (—log10 scale) is given in a color scale from non
significant (gray) to highly significant (bright red). DMRs are denoted by
the colored bars in top of the figure. The effect sizes are given in
standardized SD-scores. In a white font are the associations significant
after multiple testing correction. The nominally significant associations
are denoted in orange.

doi:10.1371/journal.pone.0037933.g003
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"The change in average DNA methylation in % with each minor allele. From a linear mixed model corrected for age at blood drawl, correlations between CpG sites,
bisulfite conversion batch and with a random effect for sib ship and a random slope for exposure status. The genotype was added as continues variable.

2The effect size of the beta in relation to the variation in DNA methylation in the population.

3The associations that survive multiple testing correction; a complete overview off all the results is given in tables S5A-C.

Genotype frequencies were similar in exposed individuals and
unexposed siblings (P>0.13, without multiple testing correction).

We then explored which of these sixteen tagging SNPs was
associated with DNA methylation at the /GF2/H19 DMRs in the
sixty sib ships (N=120). DNA methylation at INSIGF was
significantly  associated with SNPs in IGF2 (rs3741211
[B=—1.5% per minor allele, Pgy=3.4x10"7]) and INSIGF
(rs3842756  [B=—2.0%, Ppy=3.9x10"* and  rs689
[B=—2.3%, Py =7.1x10"°]) (Table 2). The standardized effect
size of associations increased with decreasing distance from the
DMRs (from —0.6 to —0.9 SD units per minor allele, Figure 3).
The largest effect size was observed for the association of rs689,
which is in perfect LD with the INS VNTR I/III alleles in
Caucasian populations [32], with INSIGF methylation (—0.9 SD;
Pgu=7.1x10"%. Other nominally significant associations with
INSIGF (P<<0.05 and Pp>0.05) are reported in table S7 and in
figure 3.

For IGF2 DMRO, rs2239681 was associated with DNA
methylation (B=—1.3%, Pgy=0.027; Figure 3, table S7). For
two SNPs nominally significantly associations were observed,
which included 1s680 (ie. “dpal”, P=-1.1, P=0.017
[Pg = 0.17]), for which we reported an association previously [8].

For IGF2 DMRI no statistically significant associations were
observed after accounting for multiple testing. One of the three
nominally significant associations was rs689 marking the INS
VNTR located near INSIGF (Figure 3, Table S6).

The two loci in /GF2 DMR2 (CTCF and S.L.) were analyzed
separately in contrast to the loci comprising the other DMRs
because the methylation levels were not correlated (Figure 2A). No
associations were observed for /GF2 DMR2 CTCF and S.L. when
accounting for multiple testing. Two nominally significant
association were found for the HI9 SNPs rs2251375 and
rs4929983 (tagging rs10732516 in the ICR’s sixth CTCF binding
site [33]) and IGF2 DMR2 S.L. DNA methylation (Figure 3, Table
S5, Table S6). For H19 DMR, no associations were observed in
line with earlier observations [8].

Prenatal famine exposure and genetic variation
Expressed as standardized effect sizes, the average DNA
methylation difference between exposed individuals and unex-
posed siblings was 0.5 SD units for significantly associated DMRs
(Ppu<<0.05). A similar average of 0.5 SD per minor allele was
observed for associated SNPs (Ppp<<0.05; Figure 3). Since the
methylation at several loci was associated with both famine
exposure and SNPs in these sibling pairs, the analyses for
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associations between prenatal famine and DMR methylation were
repeated with adjustment for the SNPs significantly associated
with DMR methylation (either nominally or after correction for
multiple testing). All famine associations remained statistically
significant and the effect sizes remained similar (table S8).
Similarly, the genetic associations were not affected after
adjustment for prenatal famine exposure (table S9).

Next, we tested for possible interactions between famine
exposure and genetic variation with respect to the DNA
methylation levels at IGF2/H19. No interaction was significant
after control for multiple testing. Of all tested interactions, only the
interactions between prenatal famine exposure and INSIGF SNPs
1rs3842756 (P=10.048) and rs689 (P=0.016) in relation to [GF2
DMRI1 methylation were nominally significant. The effect of
prenatal famine exposure and genetic variation on DNA
methylation at the DMRs therefore appear to be additive.

Discussion

We studied the relations between periconceptional famine
exposure, genetic variation and DNA methylation at DMRs in the
imprinted /GF2/H19 region. Famine exposure was associated with
widespread but modest differences in DNA methylation across
multiple DMRs within the INS and IGF2 transcribed region.
Associations of SNPs with DNA methylation at the IGF2/H19
DMRs were likewise common and modest. When expressed
relative to the variation in DNA methylation in the population,
prenatal famine and SNPs were associated with similar effect sizes,
around 0.5 SD units. Periconceptional famine exposure and
genetic variation were associated with DNA methylation at the
same DMRs and these associations were independent of each
other.

We previously reported a decrease in /GF2 DMRO methylation
after periconceptional exposure to famine [11]. DNA methylation
at two loci directly flanking this locus was similarly associated,
extending the affected region in DMRO to a region of 1.5 kb.
Significant differences in DNA methylation were also observed for
IGF2 DMR1, DMR2 and INSIGF. Despite being widespread and
statistically significant, the absolute differences between the
exposed and their siblings varied and were modest (<3.6 percent
points) and represent a moderate change when set out against the
inter-individual variation (~0.5 SD units). Long-term functional
consequences of such small absolute changes, which were also
reported for other exposures [12,34-36], remain to be established.

Wide-spread small changes were suggested to be a plausible
mechanism by which epigenetic fine-tuning of pathways may
occur [37]. In this respect it is of interest to note that the
magnitude of the effect sizes was similar for all DMRs. We are the
first to show that a prenatal environmental exposure may influence
DNA methylation at multiple distinct regulatory sites within the
same gene. Small variations in DNA methylation at particular loci
associated with prenatal human environmental exposures
[12,29,34,35,38], risk factors for disease [39,40], or clinical end-
points [41], may represent variation at multiple sites.

The similarity of the effect sizes among the DMRs may also
reflect a molecular remnant of differences in gene expression
during the periconceptional period among famine exposed
individuals. A study in mouse oocytes showed that active
transcription influences the DNA methylation deposition at Gnas
and other imprinted DMRs [42]. In addition, changes in gene
expression during late mouse liver development also influences
DNA methylation at various genes [43]. In view of these studies,
the decrease in DMRO and DMR2 methylation may reflect a
temporary decrease in /GF2 transcription. These differences may
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initially have been larger than currently observed, as they were
measured six decades after the actual exposure. After the
exposure, the differences may have been diluted by other
environmental influences [44] and stochastic changes accumulat-
ing during ageing [45]. However, the subtle nature of the DNA
methylation differences on a population level may also be inherent
to the noise in the epigenetic response to environmental exposures
[46].

Another aspect potentially contributing noise is the cellular
heterogeneity of whole blood, the sample type currently studied.
However, IGF2 DMRO methylation was shown not to be
influenced by cellular heterogeneity, nor was there a difference
between buccal cells and blood for this DMR [45]. Although this
does not exclude differences between blood cell types for loci
within /GF2/H19, including DMRO [10], this implies that the
combination of the small size of these differences between cell
types in combination with the limited variation in proportions of
these cell types in blood between individuals is unlikely to have
influenced our observations for this imprinted locus. Moreover,
animal studies showed that both an exposures during gametogen-
esis [3] and the early post conception stage [47] can both lead to
epigenetic differences observed in multiple tissues in adults,
presumably because they were propagated soma-wide. Therefore,
if’ differences were induced early in human development, for
example by periconceptional famine exposure, they could likewise
be propagated soma-wide and be present across cell-types and
tissues [48]. We currently do not have access to other (internal)
tissues in our cohort to test this hypothesis, an important issue in
epigenetic epidemiology [49].

Previous studies suggest that 95% of reported associations
between SNPs and DNA methylation occurred for SNPs located
within 149 kb of the CpG dinucleotides [50] with a peak at a
physical distance of just 45 bp [51]. Indeed, associations were most
frequent between DMRs and adjacent SNPs in our study. The
effect sizes we found are smaller than those reported in some
genome-wide studies [52], but comparable to those reported by
Bell et al. for SNPs influencing DNA methylation at 70 [53]. Our
study is comparable in size to these studies. We confirm an
association for SNPs and IGF2 DMR methylation as seen in a
study among mono- and dizygotic twins [8] and our findings are
also in line with results from two larger studies in unrelated
individuals and twins for /GF2 DMR and H19 [33,54].

The most significant association between genetic variation and
IGF2/H19 DNA methylation was observed for rs689 and INS
promoter methylation (INSIGF) (effect size of —0.9 SD units, or
—2.3% percent points per minor allele, ~140 bp distance). SNP
rs689 is a perfect proxy for the class I and III alleles of the INS
VNTR in European populations [32] and associations between
the INS VNTR and type 2 diabetes (T'2D), metabolic syndrome
and early growth have been frequently reported by some [55,56],
but also refuted by others [56-58]. The INS VNTR was reported
to influence insulin gene expression [59] and DNA methylation at
the INS promoter were found to be correlated with IVS expression,
HbA,. levels and T2D [18]. Our findings that the INS VNTR is
associated with INVS promoter methylation may shed new light on
the association of the VNTR with INS expression and the
metabolic syndrome [60]. This assumes of course that our findings
in blood cells extend to relevant tissues directly involved in these
conditions. Tissue specificity is not only an issue for associations
between the (prenatal) environment and DNA methylation [49],
but also for SNP-DNA methylation associations: a sizeable
number of associations between SNPs and DNA methylation in
a large study on DNA methylation from four different brain
regions were found to be tissue specific [51].
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In conclusion, our observations that IVSIGF and IGF2 DMRO
DNA methylation levels are independently associated with genetic
and early environmental factors is relevant for the design and
interpretation of epigenetic association studies involving IGF2/
HI19. Our analyses indicate that Mendelian randomization
approaches are feasible to infer causality for associations observed
between DNA methylation and disease phenotypes [61]. Secondly,
our results will be relevant for the interpretation of epigenome-
wide association studies as genomic and environmental forces may
act in tandem through the epigenome on the phenotype of
interest. There may be similar and additive effects of ‘nurture’ and
‘nature’ on DNA methylation within IGF2/H19. Thus, for some
loci, epigenetics may be the information layer in which the
classical contrast between ‘nurture’ and ‘nature’ debate comes to a
modern molecular synthesis [62].

Materials and Methods

Study population

The characteristics and detailed recruitment of the Hunger
Winter Families Study were described previously [24]. In short,
study subjects were selected from births between 1943-1947 at
three institutions in famine-exposed cities (the midwifery training
schools in Amsterdam and Rotterdam and the Leiden University
Medical Center) and include singleton births exposed to famine i
utero, same-sex sibling controls not exposed during m ufero
development and time controls conceived and born either just
before or just after the famine. Ethical approval for the study was
obtained from the participating institutions and all participants
provided written informed consent.

Despite the war, nutrition in the Netherlands had generally
been adequate until October 1944 [63]. Thereafter, supplies
became increasingly scarce. By the end of November, the level of
official supplementary rations, which eventually consisted of little
more than bread and potatoes, had fallen below 1,000 kcal per
day, and by April 1945 they were as low as 500 kcal per day [64].
Since the Dutch population was well fed before and after the
famine and since the famine period was shorter than the nine
months of human gestation, individuals can be defined by
exposure during specific periods of their development in uterus.

In this study we use a subset of the 313 singleton births in the
larger cohort [24] who were exposed to the Dutch famine i utero
and who completed a clinical examination together with a same-
sex sibling without prenatal famine exposure. Whole blood was
collected from all individuals for DNA extraction during this
examination. We focused on individuals whose mother was
exposed to famine around the moment of conception and in the
first 10 weeks of gestation. These ‘periconceptionally’ exposed
individuals were defined as births with a mother’s estimated last
menstrual period between November 28, 1944 and May 15, 1945.
This group includes 60 individuals of whom 28 are male and 32
are female (age at examination and blood draw 58.1 y [SD,
0.35 y]). As controls we used their unexposed same-sex sibling for
(partial) genetic and gender matching (age at examination and
blood draw 57.0 y [SD, 5.9 y]). 24 controls were conceived and
born before the famine (11 male, 13 female) and 36 individuals
were conceived and born after the famine (17 male and 19 female).
The studied population includes 120 individuals in total.

DNA methylation assay design

We used BLAT against genome build 36 in the UCSC genome
browser [65] to find the locations in 11p15.5 mentioned in the
various original articles [9,17-22,25-27]. We provide a .BED file
showing the various locations assayed and the location of the
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elements from the original articles on which they were based with
the (BED S1). From the centromere outwards the loci were chosen
as follows (Figure 1).

The INSIGF locus was previously measured by us [29,45,66], is
imprinted [17] and DNA methylation is correlated with expression
[18]. Three loci were designed for the IGF2 promoter region, /GF2
DMRO, at which hypomethylation is associated with bi-allelic
expression [19,20]. IGF2 DMR upstream (upstr.) and /GF2 DMR
downstream (downstr.) directly flank the /GF2 DMR locus that we
measured previously in this cohort [11]. /GF2 DMR downstr. is
located next to the “PO” promoter, which interacts with the
imprinting control region [26]. Two loci were designed to cover
the promoter region of the IGFZAS transcript, which we name
IGF2 DMRI1. One of these loci shows CTCF binding activity
(IGF2AS CTCF) and one locus demonstrated insulator activity
(IGF2AS) [21]. Two loci overlap the IGF2 DMR2, of which
aberrant DNA methylation has been linked to loss of imprinting
(LOI) [22] and male fertility [25]. IGF2 DMR2 CTCF overlaps a
CTCF binding site [21], while IGF2 DMR2 S.L. overlaps a highly
conserved DNA stem loop structure [27]. Last, the 479 DMR
locus was previously designed [8] to measure part of the H79
promoter at which aberrant DNA methylation was found to
correlate with LOI and over expression [23]. Several primer pairs
for the sixth CTCF binding site in the ICR from literature and
from our own design were tested, but gave a-specific PCR
products or amplification of genomic, non-bisulfite treated DNA
in our automated work-flow. We also estimated global methylation
using an assay for LINES-1 [30], based on the same technique.

Primers were designed using Methprimer [67]. The resulting
primer and amplicon locations were checked against the latest
version of dbSNP and for their spectrum characteristics with the R
package RSeqMeth [68]. The sequences of the primers used in our
study and the genomic locations they amplify are given in table S1.

DNA methylation measurements

Genomic DNA from whole blood was isolated using the salting-
out method. Bisulfite treatment on 500 ng of genomic was
performed with the EZ 96-DNA methylation kit (Zymo Research)
with overnight bisulfite incubation according to the supplier’s
protocol. The 60 sibling pairs were randomly distributed over two
96 well plates with similar proportions of male and female pairs on
each plate. DNA methylation was quantitatively assessed for each
locus using the mass spectrometry based Epityper assay (Seque-
nom, USA) in triplicate using the manufacturers’ protocol on one
384 well plate. PCR was performed with the following cycling
protocol: 15 minutes at 95°C, four rounds of 20 seconds at 95°C,
30 seconds at 65°C, 1 minute at 72°C; followed by forty rounds,
20 seconds at 95°C, 30 seconds at 58°C and 1 minute at 72°C;
ending with 3 minutes at 72°C. Processing of the Epityper data
has been described in detail previously [11,29,45,66]. In short only
measurements for CpG dinucleotides containing fragments for
which 2 out of 3 measurements were successful, the standard
deviation (SD) was smaller than 10% and for which the overall
measurement success rate in the population was higher than 75%
were included in the final analyses. Before data filtering the SD
between the triplicate measurements ranged from 2% to 5.4%,
after data filtering this measure ranged from 1.5% to 3.5%. We
used the average of these triplicate measurements for the analyses.
For each measurement we incorporated non-bisulfite converted
genomic DNA and negative controls to check for a-specific
amplification and PCR artifacts. None were found. Bisulfite
conversion was assessed using the MassArray R package [69],
which uses fragments containing a TpG and a cytosine to assess
the conversion. No indication for an incomplete bisulfite
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conversion or PCR amplification of non-bisulfite converted DNA
was observed.

SNP selection and genotyping

From the combined HapMap phase I, II and III data [70] the
CEU genotype data were downloaded for the region of the Refseq
HI19 and the IGF2 and INSIGF transcripts with an additional
150 kb at both the 5" and 3’ ends. These data were visualized in
Haploview [71] for both regions separately. Based on the linkage
disequilibrium (LD) structure one or more HaploView defined LD
blocks were selected, covering the entire region for which DNA
methylation was measured. For INVS and IGF? this resulted in a
region stretching from rs11042594 to rs3842748 (NCBI 36
chrl1:2,073,729-2,137,971) and for HI9 in a region stretching
from 1rs3741219 till rs3890907 (NCBI36 chrl1:1,973,195-
1,984,719). In addition, we selected 16 SNPs in these regions that
have been associated with relevant phenotypes such as being born
small for gestational age [54,72], birth weight [73-75], body mass
index [55,56,60,76,77], type two diabetes [60], postnatal growth
[75] and IGF2? levels [74,78] or with DNA methylation at /GF?
DMR or H19 DMR [8]. Twelve of these SNPs were also in the
CEU HapMap set. A complete overview is given in tables S3 and
S4. We used HaploView pairwise tagging (r*>0.8) and used force
include on the candidate SNPs if they were part of HapMap to
obtain a set of tagging SNPs for the region. We used only SNPs
with a minor allele frequency higher than 0.1 because of the
limited sample size of our cohort. For H19 rs10732516 and for
INSIGF rs680, rs3213223 and rs1003484 were added to this list
since they are not part of the CEU HapMap set. We thus obtained
10 SNPs for H19 and 23 SNPs for IGF2 and INSIGF. Genotyping
was performed using Sequenom MassARRAY iPLEXGold with
the exception of rs10732516. This latter SNP was measured using
an ABI 3710 because of the highly repetitive nature of this region.
The forward and reverse primers were as follows for this assay:
Forward 5'- ACG TTT CCA CGG GCG A -3', Reverse 5'-GCC
CTA GTG TGA AAC CCT TCT-3'. This amplifies hg18 region
chr11:1977715-1977936. Amplification was performed with the
following conditions: 15 minutes at 95°C, thirty-five times
30 seconds 94°C, 60 seconds 55°C, 30 seconds 72°C with a final
step of 3 minutes at 72°C.

The complete list of SNPs, their biological significance, success
rate, the minor allele frequency and the test for Hardy-Weinberg
equilibrium is given in table S3 and S4. In short, for four /79 and
three INSIGF SNPs no iPLEX probe design was possible due to the
close proximity of other SNPs. Three SNPs were not polymorphic
in this Dutch population, one SNP had a lower than 95% success
rate, and two SNPs were out of Hardy-Weinberg (P<<0.002)
according to HaploView and were thus discarded from the
analyses. Since not meeting the Hardy-Weinberg criterion can be
a sign of selection we tested these two SNPs (rs4320932 and
rs4341514) for frequency differences between the exposed and
unexposed, but found none (P>0.2). After checking the LD
structure in this population of the successfully measured SNPs
(figure 1), several SNP were found to be in very high pair-wise LD
(R?>0.9), allowing us to restrict the number of SNPs to test. This
resulted in a final set of four H79 and twelve SNPs in /GF2 and
INS that captured the common genetic variation at IGF2/H]I9.
The sixteen SNPs either occurred in CpG  dinucleotides
themselves (‘CG SNPs’, Table S10) or were in LD with such
SNPs limiting the possibilities to contrast CG SNPs with non-CG
SNPs.

@ PLoS ONE | www.plosone.org

Nature and Nurture of IGF2/H19 DNA Methylation

Statistics

We tested for within-pair differences in DNA methylation
between exposed individuals and their non-exposed same-sex
sibling by applying linear mixed models. With these models the
correlation between adjacent CpG sites can be taken into account
and all available raw but incomplete data can be used for
modeling and control for possible confounders. For an amplicon
the difference in DNA methylation between siblings was tested by
entering as fixed effects the exposure status (exposed vs.
unexposed), a unique identifier for each CpG site within the
locus, age at blood draw and the bisulfite batch. To specify a
within-sib-pair design, a family (pair) identifier was included as a
random effect with intercept. To model the correlation in DNA
methylation within an individual we make use of the fact that each
family consists of an exposed and same-sex sibling control,
therefore adding an exposure status to the random effect as a
random slope. This in effect functions as if the individual identifier
was added as an additional random effect in our design. This
model option allows us to use the same model for both multiple
CpG sites and single CpG sites, allowing a unified statistical
analysis on all data. The REML likelihood method was used for
the model fitting. The difference in DNA methylation for
individual CpG sites was calculated with the same model but
without the identifier for CpG site. This single CpG linear mixed
model yields the same outcome as a paired t-test if no data are
missing and no correction for covariates such as age are applied.
Some DMRs show an association with age [11], since half of the
pairs have a sibling born before the war and half after we could
correct for this possible confounder.

The average DNA methylation level of loci was computed using
imputed estimates for missing values, since calculating the average
with missing values can skew the average and estimate of the
normal variation in the population because of the sometimes large
differences in DNA methylation levels between different CpG
dinucleotides within a locus. Imputed values were retrieved from
the same linear mixed models, which can estimate methylation of
CpG sites if data is missing, using information of other CpG sites
and the covariates (bisulfite batch, sex and age). The imputed
values were never used for any of the analyses. We did not observe
significant differences in variance in DNA methylation between
the exposed and unexposed (Levene’s test for homogeneity
P>0.05).

To test for associations between DNA methylation and a
genotype, the model was extended with the genotype as a fixed
effect with the genotype coded as O (for common allele
homozygous), 1 (heterozygous) or 2 (homozygous for the rare
allele) and added as a continuous variable. Finally, to test for
interactions between famine exposure and genetic variation an
interaction term was added to the model as a fixed effect. In all
cases the main effects were also included in the model. We also
tested for an interaction between prenatal famine exposure and
sex on DNA methylation of all DMRs, but no significant
interactions were found, except for INSIGF as previously reported
[29].

Differences in genotype frequency between the exposed
individuals and their unexposed siblings were evaluated using
Chi-square test. All analyses were performed in SPSS version 17.0.
To visualize correlations in DNA methylation between individual
CpG containing fragments and the significance of associations,
heatmaps were generated in R version 2.12.1 wusing the
“heatmap.2” function of the gplots package. Multiple testing
correction was performed according to the method developed by
Bejamini and Hochberg, better known as FDR’ (false discovery
rate) correction using the R base ‘p.adjust’ function.
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BED S1 A .BED file for the UCSC genome browser with
all the locations in the IGF2/HI1Y locus investigated.
(BED)

Table S1 The primers and amplified regions. 1. The
sequence of the forward primer, for Epityper a tag with the
following sequence is added 5': AGGAAGAGAG 2. The sequence
of the reverse primer, for Epityper a tag with the following
sequence is added 5': CAGTAATACGACTCACTATAGGGA-
GAAGGCT PCR was performed with the following cycling
protocol: 15 minutes at 95°C, 4 rounds of 20 seconds at 95°C,
30 seconds at 65°C, 1 minute at 72°C; followed by 40 rounds,
20 seconds at 95°C, 30 seconds at 58°C and 1 minute at 72°C;
ending with 3 minutes at 72°C.

(DOC)

Table S2 Information on individual CpG containing
fragments. 1. CpG containing fragments (e.g. ‘CpG units’):
excluded were fragments containing possible SNPs in CEU (by
HAPMAP or 1000genomes), a measurement success rate below
<75% or (partial) overlap with other units. 2. Mean methylation
in %, based on the raw data. 3. the variation (in %) in the controls
4. The average within pair difference from a Linear Mixed Model,
corrected for age and bisulfite batch. 5. The P value belonging to
the within pair difference.

(DOC)

Table S3 The genotyping results for the H19 LD block.
1. Several SNPs were chosen from the HAPMAP CEU panel as
tagging SNPs for the region, also several candidate SNPs were
added. Some were both candidate as HAPMAP tagging SNPs. 2.
Success rate of the genotyping. 3. Several SNPs could not be
measured, one SNP had a low success rate and two SNPs were in
perfect LD (r2>0.9) with another SNP in these individuals and
thus not included in the final analysis. 4. The P value resulting
from a test for Hardy-Weinberg disequilibrium, significant
threshold is P<<0.002 because of multiple testing.

(DOC)

Table S4 The genotyping results for the INSIGF LD
blocks. 1. Several SNPs were chosen from the HAPMAP CEU
panel as tagging SNPs for the region, also several candidate SNPs
were added. Some were both candidate as HAPMAP tagging
SNPs. 2. Success rate of the genotyping. 3. Several SNPs could not
be measured, one SNP had a low success rate and two SNPs were
in perfect LD (r*>0.9) with another SNP in these individuals and
thus not included in the final analysis. 4. The P value resulting
from a test for Hardy-Weinberg disequilibrium, significant
threshold is P<<0.002 because of multiple testing.

(DOC)

Table S5 The effect of the tagging SNPs on DNA
methylation. The effect of the rare allele on DNA methylation,
assuming an additive model. The beta is the change in average
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