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Altered placental function as a consequence of aberrant imprinted gene expression may be one mechanism
mediating the association between low birth weight and increased cardiometabolic disease risk. Imprinted gene
expression is regulated by epigenetic mechanisms, particularly DNA methylation (5mC) at differentially methylated
regions (DMRs). While 5-hydroxymethylcytosine (5hmC) is also present at DMRs, many techniques do not distinguish
between 5mC and 5hmC. Using human placental samples, we show that the expression of the imprinted gene CDKN1C
associates with birth weight. Using specific techniques to map 5mC and 5hmC at DMRs controlling the expression of
CDKN1C and the imprinted gene IGF2, we show that 5mC enrichment at KvDMR and DMR0, and 5hmC enrichment
within the H19 gene body, associate positively with birth weight. Importantly, the presence of 5hmC at imprinted DMRs
may complicate the interpretation of DNA methylation studies in placenta; future studies should consider using
techniques that distinguish between, and permit quantification of, both modifications.

Introduction

An abundance of evidence from human and animal studies
has shown that low weight at birth is associated with an increased
risk of cardiometabolic and neuroendocrine disease in later life.1

The factors that determine size at birth are complex but include
differences in placental size and function.2 Imprinted genes,
which are preferentially expressed from one parental allele only,
are of particular importance in determining normal placental
growth and transfer capacity, notably transport of the nutrients
essential for normal fetal growth.3 Evidence from mouse models
and humans suggests that genes that are paternally expressed tend
to increase fetal growth, whereas maternally expressed genes
restrict fetal growth. The expression of imprinted genes is largely
regulated by epigenetic mechanisms, particularly DNA methyla-
tion (5-methylcytosine; 5mC) at differentially methylated regions
(DMRs). Aberrant imprinting leads to abnormalities of both pla-
cental and fetal growth in animal models.4-7 In addition, altered
placental expression of imprinted genes has been reported in
association with human fetal growth restriction.8-10

The imprinted insulin-like growth factor 2 (IGF2) gene has a
major role in the matching of placental nutrient supply to fetal
demand,4 and altered IGF2 expression has been reported in
association with fetal growth restriction in humans.9,10 IGF2,

and the neighboring H19 gene, are situated in an imprinted
gene cluster on human chromosome 11p15. Expression of the
paternally expressed IGF2 and the maternally expressed H19 is
controlled by differential methylation at imprinting control
region 1 (ICR1),11,12 which contains binding sites for the zinc-
finger CCCTC-binding factor (CTCF) protein. DNA methyla-
tion at ICR1 on the paternal allele prevents CTCF binding and
is permissive for IGF2 gene expression. In contrast, CTCF can
bind the unmethylated maternal ICR1 and act as an insulator,
blocking the access of IGF2 promoters to the H19 downstream
enhancers, resulting in the activation of H19 expression. Loss of
imprinting at the IGF2/ICR1/H19 domain has been reported
in some cases of Beckwith-Wiedemann syndrome (BWS), which
is associated with prenatal overgrowth, and with Silver-Russell
syndrome (SRS), which is associated with profound pre- and
post-natal growth failure.13 Approximately 50% of growth-
restricted individuals with SRS cases show loss of methylation
at ICR1, which could lead to decreased IGF2 expression and
consequent growth restriction.8,14 IGF2 expression is addition-
ally modulated by DNA methylation at a number of other
DMRs, 15 and altered placental and umbilical cord 5mC at
DMRs controlling IGF2 expression has been reported in associ-
ation with fetal growth restriction in some,16-19 but not all15,20
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The maternally expressed cyclin dependent kinase 1C
(CDKN1C or p57KIP2) gene, located on the centromeric domain
of the chromosome 11p15 imprinting cluster, encodes a cyclin
dependent kinase inhibitor that induces cell cycle arrest and is a
major regulator of fetal growth.21,22 CDKN1C is expressed at
high levels in the placenta and its expression is regulated by DNA
methylation at a CpG island (KvDMR), which is normally meth-
ylated on the maternal allele.23 In mice, cdkn1c knockout or loss
of function mutations resulting in enhanced cell differentiation
and proliferation have been used to model BWS.22,24 While
mutations at CDKN1C occur in a small proportion of individuals
with BWS,25 in the majority of cases, there is loss of methylation
at KvDMR14,26,27 with associated silencing of CDKN1C. The
converse findings have been reported in SRS.28

5-hydroxymethylcytosine (5hmC) is a recently described cyto-
sine modification that may be an intermediate in the DNA
demethylation pathway 29 and is present in the placenta.30 Since
commonly used methods of assessing DNA methylation using
bisulfite conversion do not discriminate between 5mC and
5hmC, 31 previous studies reporting altered DNA methylation at
placental DMRs in association with fetal growth may be con-
founded. We used specific enrichment techniques to map 5mC
and 5hmC at the DMRs controlling the expression of IGF2 and
CDKN1C in human placenta, and additionally explored rela-
tionships between 5mC, 5hmC, gene expression, and fetal
growth across the full range of normal birth weight.

Methods

Cohort
Placental samples were collected from 72 women with a sin-

gleton pregnancy at term (>37 weeks) under the Edinburgh
Reproductive Tissue Bio-bank (ERTBB). Participants provided
full informed, written consent. The ERTBB works with ethical
and governance approval from the Scottish Academic Health Sci-
ences Collaboration (SAHSC), Human Annotated BioResource
(East of Scotland Research Ethics Service 13/ES/0126) and, pre-
viously, the West of Scotland Research Ethics Committee 4 (09/
S0704/3). Samples were collected at delivery by trained staff
from the center of the placenta (fetal side), away from the umbili-
cal cord and large vessels. Samples were snap-frozen or placed in
RNAlater with storage at ¡80�C. Pregnancies complicated by
congenital abnormalities or diabetes were excluded. The sample
comprised babies with the full range of birth weight [mean
3467 g (SD 829 g)], including small for gestational age [SGA,
n D 21, birth weight <10th percentile, birth weight SD score
mean ¡1.85 (SD 0.44)], appropriate for gestational age [AGA,
n D 24, birth weight 10th¡90th percentiles, birth weight SD
score mean ¡0.36 (SD 0.79)], and large for gestational age
(LGA, n D 27, birth weight >90th percentile, birth weight SD
score mean 1.97 (SD 0.35)].

Gene expression
Total RNA was extracted from placenta using the Qiagen

RNeasy Fibrous Tissue Minikit (QIAGEN, Crawley, UK)

following the manufacturer’s instructions. High quality RNA
was obtained from 64 samples and the characteristics of these
64 did not differ from the whole dataset. RNA (1 mg) was
reverse transcribed using the Promega Reverse Transcription sys-
tem (Promega, Southampton, UK) and the expression of the
imprinted genes IGF2, H19 and CDKN1C was quantified using
real-time PCR using pre-designed assays (IGF2 and CDKN1C)
(Applied Biosystems, Warrington, UK), the Roche UPL System
(YWHAZ) or SYBR green technology (H19) (Roche, Burgess
Hill, UK) using a Roche LightCycler� 480. YWHAZ was
chosen from a panel as the most stable reference gene using
Normfinder32 and geNormPLUS as part of the qbasePLUS soft-
ware (Eclipse v 3.7, Biogazelle, Zwijnaarde, Belgium). See
Table 1 for primer sequences.

Analysis of 5mC/5hmC
DNA was extracted from all 72 samples using DNeasy Blood

& Tissue Kit (Qiagen, Crawley, UK) with RNAse treatment
(Sigma-Aldrich, Dorset, UK). DNA was sonicated (200–300 bp
fragments for 5mC; 500-600 bp for 5hmC enrichment) using
the Covaris E220 Ultrasonicator (Covaris, MA, USA). 5mC
enrichment was performed using the Active Motif MethylCollec-
tor Ultra kit (Active Motif, La Hulpe, Belgium) as per the man-
ufacturer’s instructions. 5hmC enrichment was performed using
hydroxymethyl-DNA immunoprecipitation, as previously
described.33 Immunoprecipitated (ip) and input DNA were puri-
fied using the QIAquick PCR Purification Kit (Qiagen, Crawley,

Table 1. Primer sequences for real-time PCR. Primers for GAPDH and the
H19 gene body taken from.30 Coordinates refer to UCSC genome browser
hg18

Gene expression

Gene Assay details

Cyclin-dependent kinase inhibitor 1C
(CDKN1C)

Applied Biosystems: Hs00178938_m1

Insulin like growth factor 2 (IGF2) Applied Biosystems: Hs00171254_m1
H19 F:AACCCACAACATGAAAGAAATGG

R: AGAGGGTTTTGTGTCCGGATT
Tyrosine 3-monooxygenase/

tryptophan 5-mono-oxygenase
activation protein,
zeta polypeptide (YWHAZ)

F:GATCCCCAATGCTTCACAAG
R:TGCTTGTTGTGACTGATCGAC
UPL Probe no. 30

5mC/5hmC enrichment Assay details
GAPDH 30 F:CGGCTACTAGCGGTTTTACG
chr12:6513796-6513984 R:AAGAAGATGCGGCTGACTGT
H19 gene body 3 30 F: CTGGTGCTCACCTTCCAGAG
chr11:1973671-1973802 R: ATGGTGCTACCCAGCTCAAG
H19 gene body 4 30 F: GCCAGCTACACCTCCGTTG
chr11:1975242-1975378 R: AGCTAGGGCTGGAAAGAAGG
H19 gene body 1 30 F: CTCAGCTCTGGGATGATGTG
chr11:1973443C1973573 R: AGCCCAACATCAAAGACACC
H19 ICR (CTCF 6) F: AGTTGTGGAATCGGAAGTGG
chr11:1977617-1977807 R: GATAATGCCCGACCTGAAGA
IGF2 DMR0 F: TTTCATATTCCGTGCCATGA
chr11:2125774-2125987 R: CCTGCCTAGAGCTCCCTCTT
IGF2 DMR2 F: CGTTGAGGAGTGCTGTTTCC
chr11:2111194-2111431 R: CACAGCAAGCAAGGAAGTCA
KvDMR F: TGCGGATTCCAGACTCCAAT
chr11:2676925C2677065 R: GCTCCCATCTGCACCTTATG
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UK). Percentage enrichment of 5mC and 5hmC (ip/input) was
analyzed at the region of ICR1 containing the sixth CTCF bind-
ing site which is most consistently associated with the transcrip-
tional status of both IGF2 and H19;34 at 2 other DMRs known
to influence expression of IGF2 expression (DMR0, DMR2);
and at KvDMR, using real-time PCR with SYBR Green Tech-
nology. 5hmC enrichment within the H19 gene body was also
analyzed since previous studies have identified the region as
enriched for 5hmC. 30 As the ICR1 is known to be enriched for
5mC, the H19 gene body is enriched for 5hmC and the GAPDH
promoter is depleted for both modifications;30 enrichment at
these regions acted as positive and negative controls for each cyto-
sine modification. Primer details are given in Table 1.

Statistics
Weight measurements were adjusted for sex by converting to

SD scores (z-scores) and centiles using LMSgrowth version 2.71
(Pan H, Cole TJ. LMSgrowth, a Microsoft Excel add-in to access
growth references based on the LMS method. Version 2.71.
http://www.healthforallchildren.co.uk/; 2011). The data source
was “British 1990 reference data, reanalyzed 2009.” Values for
relative gene expression and percentage enrichment were natural
log transformed to achieve a normal distribution. Multivariate
linear regression analysis was used to test the hypothesis that birth
weight is associated with altered mRNA levels and 5mC or
5hmC enrichment. Covariates that could confound the associa-
tion or be in the causal pathway were added into the model and
included maternal body mass index (BMI), parity, smoking, and
pre-eclampsia. The outcome variable was birth weight standard
deviation (SD) score. Statistical significance was set at P < 0.05
(2-sided). Data were analyzed using SPSS version 19 (IBM, New
York, USA).

Results

Cohort
Characteristics of the mothers and babies are shown in

Table 2. For illustration, the data is presented as grouped by
SGA, AGA and LGA and includes variables used in the regres-
sion models. There were differences between groups in birth
weight, birth weight centiles and maternal BMI.

Gene expression
There was a positive correlation between birth weight SD

score and placental IGF2 mRNA levels (r D 0.30, P D 0.017),
which remained significant when adjusted for maternal BMI,

parity and pre-eclampsia (standardised b D 0.27, PD0.038)
(Fig. 1A). However, the association was lost when maternal
smoking was added into the model (standardized b D 0.20,
P D 0.104) or when offspring of mothers who smoked were
removed from the model (standardized b D 0.23, P D 0.085).
There was a negative correlation between birth weight SD
score and placental CDKN1C mRNA expression (r D ¡0.31,
P D 0.013) (Fig. 1B) which remained significant after adjust-
ment for maternal BMI, parity, pre-eclampsia and smoking
(standardized b D ¡0.26, P D 0.037) or when women who
smoked were removed from the analysis (standardized b D
¡0.27, P D 0.043).

Table 2. Characteristics of mothers and babies

SGA (nD21) AGA (nD24) LGA (nD27) P values

Birth weight, g, mean (SD) 2515 (201) 3250 (383) 4401 (189) <0.001
Birth weight centile, mean (SD) 4.38 (3.1) 38.3 (26.4) 96.9 (2.4) <0.001
Maternal BMI, kg/m2, mean (SD) 28.7 (8.2) 23.2 (2.9) 29.9 (6.1) <0.001
Pre-eclampsia, n (%) 4 (19.1) 0 0
Hypertension during pregnancy, n (%) 1 (4.8) 0 1 (3.7)
Smoking during pregnancy, n (%) 4 (19.1) 1 (4.2) 0
Primiparity, n (%) 7 (33.3) 8 (33.3) 3 (11.1)

Figure 1. Relationships between gene expression and birth weight. (A)
Relative expression of IGF2 vs. birth weight SD score and (B) relative
expression of CDKN1C vs. birth weight SD score.
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Analysis of 5mC and 5hmC
5mC enrichment was seen at DMR2, ICR1, and KvDMR

with lower levels of enrichment at DMR0 (Table 3). 5mC
enrichment at DMR0 and KvDMR was independently associ-
ated with birth weight SD score in adjusted analyses (Figs. 2A
and B) (DMR0: r D 0.37, P D 0.002 standardized b D 0.27, P
D 0.023; KvDMR: r D 0.29, P D 0.021 standardized b D 0.29,
P D 0.016). 5hmC enrichment was identified at all DMRs, nota-
bly DMR2 (Table 3). 5hmC enrichment within the H19 gene
body correlated with birth weight SD score in adjusted analyses
(Fig. 2C) (r D 0.27, P D 0.023; standardized b D 0.22, P D
0.041). There were no significant relationships between gene
mRNA levels and 5mC or 5hmC at any of the regions studied.

Discussion

Our results are in agreement with those from a number of pre-
vious studies showing the association of poor fetal growth with

decreased placental IGF2 expression.9 Here, we extend these
studies to show that this relationship holds across the range of
normal birth weight. Previous studies have reported decreased
IGF2 expression in placenta from SGA pregnancies,9,16 which
may occur from early on in pregnancy,35 and studies in mice con-
firm that IGF2 controls a substantial part of fetal growth.36

These data are consistent with the predicted effects of IGF2, since
paternally expressed genes augment fetal and placental develop-
ment. Although the number of women who smoked was small,
our data suggest that maternal smoking may explain part of this
relationship, since controlling for maternal smoking, or removing
smokers from the analysis weakened the association. An effect of
maternal smoking on IGF2 expression in placenta would not be
surprising since we have recently shown that maternal smoking
reduces IGF2 expression in human fetal liver.37 Maternally
expressed genes including CDKN1C act to restrict fetal and pla-
cental growth,38 and our data showing decreasing CDKN1C
expression with increased birth weight are consistent with this
and with a previous study reporting increased expression in asso-
ciation with SGA.10 Maternal smoking had no effect on
CDKN1C expression, suggesting that any effects of smoke expo-
sure are gene-specific, again consistent with our previous data in
human fetal liver.37

5mC enrichment at IGF2 DMR0 and KvDMR was positively
related to birth weight SD score. However the consequences of
this are unclear, since there was no correlation between
DNA methylation at these regions and IGF2 and CDKN1C
mRNA levels. The lack of correlation between mRNA levels and
DNA methylation is consistent with previous studies in umbilical

cord and placenta which report altered
expression of a number of imprinted
genes in the absence of the correspond-
ing expected changes in DNA methyla-
tion20,39 and suggests that alternative
mechanisms may lead to dysregulation
of the expression of these genes in the
placenta. 5hmC enrichment within the
H19 gene body was also positively
related to birth weight SD score.
Although 5hmC is about 10-fold less
abundant than 5mC across the
genome, this varies across tissues and
genomic location.40 In addition to its
role in DNA demethylation, 5hmC is
a stable and functional epigenetic mark
41 and is enriched in the bodies of
actively transcribed genes, at a number
of transcription start sites, and at
CTCF binding sites.30,42,43 We identi-
fied significant enrichment of 5hmC at
DMR2 and, although 5hmC is also
known to be present at some imprinted
DMRs, including across IGF2-H19, its
precise role at these loci is unclear.30

However, studies that show that H19
remains highly enriched for 5hmC in

Table 3. Percentage enrichment of 5mC and 5hmC at individual DMRs.

Locus 5mC % enrichment
(ip/input). Mean § SE

5hmC % enrichment
(ip/input). Mean § SE

GAPDH 0 0.12 § 0.02
DMR0 3.79 § 0.64 3.27 § 0.37
DMR2 28.73§ 2.15 21.38 § 2.07
ICR1 42.91§ 2.24 3.12 § 0.39
KvDMR 57.16§ 4.85 1.53 § 0.13
H19 gene body Not tested 4.87 § 0.34

Figure 2. Relationships between 5mC, 5hmC, and birth weight. (A) Percentage enrichment of 5mC at
IGF2 DMR0 versus birth weight SD score, (B) percentage enrichment of 5mC at KvDMR vs. birth weight
SD score and (C) percentage enrichment of 5hmC at H19 gene body vs. birth weight SD score.
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cell culture despite the global loss of 5hmC elsewhere,43 and that
such loci are also protected from demethylation in the post-fertil-
ization embryo,44 suggest that 5hmC dynamics at imprinted loci
may differ from those in the remainder of the genome. Addition-
ally, since 5hmC may be an intermediate in the DNA demethyla-
tion pathway, 5hmC at DMRs could result from the conversion
of 5mC during the demethylation process.29

Both 5mC and 5hmC are resistant to deamination by bisulfite
conversion, so that the cytosine methylation quantified using bisul-
fite conversion represents the sum of 5mC and 5hmC levels.31

Although the techniques used in our study do not permit us to com-
pare the relative enrichment of 5mC and 5hmC quantitatively, the
presence of 5hmC within DMRs in imprinted regions in human
placenta mean that studies of DNAmethylation using conventional
bisulfite conversion might overestimate 5mC levels at DMRs, par-
ticularly if the results of such studies are used to infer potential
effects of altered methylation on gene expression. Our findings of
significant enrichment of 5hmC and a lower enrichment of 5mC at
DMR2 relative to the other DMRs analyzed suggest that studies
using bisulfite conversion techniques that report small changes in
cytosine methylation at DMRs, including at this region,18 could
overestimate the amount of 5mC present. Additionally, the pres-
ence of (and/or changes in) 5hmC at the same loci could complicate
any interpretation of downstream effects on gene expression, since
the role of 5hmC at imprinted DMRs is unclear.

The strengths of this study are the use of methods specific for
the detection of 5mC and 5hmC and the inclusion of babies
with birth weights across the normal range. Limitations of our
study include that we were unable to quantify the relative
amounts of 5mC and 5hmC at each locus; however, now that we
have identified the presence of these marks at imprinted DMRs
in placenta, future studies utilizing techniques such as Tet-
assisted bisulfite (TAB) sequencing or oxidative bisulfite sequenc-
ing will allow more specific quantitation of 5mC/5hmC at indi-
vidual CpGs. Such studies would permit genome-wide analysis,
rather than the more limited approach of studying 5mC and
5hmC at specific DMRs known to have an impact on birth
weight. We used placental DNA in our analysis, and studies that
utilize available tissue from the offspring (cord blood, umbilical
cord, buccal cells) would provide additional information as to
mechanisms accounting for offspring disease risk.45 Our study
included relatively low numbers of women who smoked and this
means that although we were able to identify smoking as a con-
founder for IGF2 expression, we were not powered to undertake
formal testing of mediation. We did not have access to placental

weights for this study, which would have been useful for further
analysis of any relationship between placenta weight, gene expres-
sion, and DNA methylation. Finally, further work to relate
changes in DNA methylation, gene, and protein expression
would also be useful in determining the underlying mechanisms
of disease.

In conclusion, we show that for 2 imprinted loci, placental
gene expression and 5mC/5hmC patterns associate with size at
birth. We also show that 5hmC is present at some imprinted loci
and suggest that studies aimed at describing DNA methylation in
placenta should consider using specific techniques that distin-
guish between different DNA modifications and permit their
accurate quantification. This would facilitate our further under-
stand of the mechanisms that underpin fetal and placental
growth, which, by extension, might be important in determining
later disease risk.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We thank John Thomson, Medical Research Council Human
Genetics Unit, University of Edinburgh for technical advice and
Nanette Hibbert and Isobel Crawford for sample collection and
provision. We thank Edinburgh Genomics for assistance with
DNA sonication.

Funding

The ERTBB is funded on a cost recovery basis, and with sup-
port from Tommy’s. Funding for the study was provided by the
Chief Scientist Office (SCD/09) and the MRC (G0501904 to
AJD).

Author’s Contributions

CP was involved in study design, participated in patient
recruitment, sample collection, undertook analysis of gene
expression and methylation, performed statistical analysis of the
data and wrote the paper. RMR was involved in study design,
performed statistical analysis of the data, and wrote the paper.
BK was involved in analysis of gene expression and methylation.
JRS and GM were involved in study design and wrote the paper.
AJD conceived the study, was involved in study design, and
wrote the paper.

References

1. Godfrey KM, Gluckman PD, Hanson MA. Develop-
mental origins of metabolic disease: life course and
intergenerational perspectives. Trends Endocrinol
Metab 2010; 21:199-205; PMID:20080045; http://dx.
doi.org/10.1016/j.tem.2009.12.008

2. Roland MCP, Friis CM, Voldner N, Godang K, Bol-
lerslev J, Haugen G, Henriksen T. Fetal growth versus
birthweight: The role of placenta versus other determi-
nants. PLoS ONE 2012; 7:e39324; PMID:22723995;
http://dx.doi.org/10.1371/journal.pone.0039324

3. Fowden AL, Sibley C, Reik W, Constancia M.
Imprinted genes, placental development and fetal

growth. Hormone Research 2006; 65:50-8;
PMID:16612114; http://dx.doi.org/10.1159/
000091506

4. Constancia M, Hemberger M, Hughes J, Dean W, Fer-
guson-Smith A, Fundele R, Stewart F, Kelsey G, Fow-
den A, Sibley C, et al. Placental-specific IGF-II is a
major modulator of placental and fetal growth. Nature
2002; 417:945-8; PMID:12087403; http://dx.doi.org/
10.1038/nature00819

5. Tunster SJ, Jensen AB, John RM. Imprinted genes in
mouse placental development and the regulation of
fetal energy stores. Reproduction 2013; 145:R117-
R37; PMID:23445556; http://dx.doi.org/10.1530/
REP-12-0511

6. Tunster SJ, Tycko B, John RM. The imprinted Phlda2
gene regulates extraembryonic energy stores. Mol Cell
Biol 2010; 30:295-306; PMID:19884348; http://dx.
doi.org/10.1128/MCB.00662-09

7. DeChiara TM, Efstratiadis A, Robertson EJ. A growth-
deficiency phenotype in heterozygous mice carrying an
insulin-like growth factor II gene disrupted by target-
ing. Nature 1990; 345:78-80; PMID:2330056; http://
dx.doi.org/10.1038/345078a0

8. Moore GE, Ishida M, Demetriou C, Al-Olabi L, Leon
LJ, Thomas AC, Abu-Amero S, Frost JM, Stafford JL,
Chaoqun Y, et al. The role and interaction of
imprinted genes in human fetal growth. 2015; 370
(1663):20140074; PMID:25602077

696 Volume 10 Issue 8Epigenetics

D
ow

nl
oa

de
d 

by
 [

T
he

 U
ni

ve
rs

ity
 o

f 
E

di
nb

ur
gh

] 
at

 0
3:

48
 1

0 
A

ug
us

t 2
01

5 



9. Guo L, Choufani S, Ferreira J, Smith A, Chitayat D,
Shuman C, Uxa R, Keating S, Kingdom J, Weksberg
R. Altered gene expression and methylation of the
human chromosome 11 imprinted region in small for
gestational age (SGA) placentae. Dev Biol 2008;
320:79-91; PMID:18550048; http://dx.doi.org/
10.1016/j.ydbio.2008.04.025

10. McMinn J, Wei M, Schupf N, Cusmai J, Johnson EB,
Smith AC, Weksberg R, Thaker HM, Tycko B. Unbal-
anced placental expression of imprinted genes in
human intrauterine growth restriction. Placenta 2006;
27:540-9; PMID:16125225; http://dx.doi.org/
10.1016/j.placenta.2005.07.004

11. Engel N, West AG, Felsenfeld G, Bartolomei MS.
Antagonism between DNA hypermethylation and
enhancer-blocking activity at the H19 DMD is uncov-
ered by CpG mutations. Nat Genet 2004; 36:883-8;
PMID:15273688; http://dx.doi.org/10.1038/ng1399

12. Vu TH, Li T, Nguyen D, Nguyen BT, Yao X-M, Hu J-
F, Hoffman AR. Symmetric and asymmetric DNA
methylation in the human IGF2–H19 imprinted
region. Genomics 2000; 64:132-43; PMID:10729220;
http://dx.doi.org/10.1006/geno.1999.6094

13. Azzi S, Steunou V, Tost J, Rossignol S, Thibaud N,
Neves CD, Le Jule M, Habib WA, Blaise A, Koudou
Y, et al. Exhaustive methylation analysis revealed
uneven profiles of methylation at IGF2/ICR1/H19
11p15 loci in Russell Silver syndrome. J Med Genet
2015; 52:53-60; PMID:25395389; http://dx.doi.org/
10.1136/jmedgenet-2014-102732

14. Gicquel C, Rossignol S, Cabrol S, Houang M, Steunou
V, Barbu V, Danton F, Thibaud N, Merrer ML, Bur-
glen L, et al. Epimutation of the telomeric imprinting
center region on chromosome 11p15 in Silver-Russell
syndrome. Nat Genet 2005; 37:1003-7;
PMID:16086014; http://dx.doi.org/10.1038/ng1629

15. Ollikainen M, Smith KR, Joo EJ-H, Ng HK, Androni-
kos R, Novakovic B, Abdul Aziz NK, Carlin JB, Mor-
ley R, Saffery R, et al. DNA methylation analysis of
multiple tissues from newborn twins reveals both
genetic and intrauterine components to variation in the
human neonatal epigenome. Hum Mol Genet 2010;
19:4176-88; PMID:20699328; http://dx.doi.org/
10.1093/hmg/ddq336

16. Koukoura O, Sifakis S, Soufla G, Zaravinos A, Aposto-
lidou S, Jones A, Widschwendter M, Spandidos DA.
Loss of imprinting and aberrant methylation of IGF2
in placentas from pregnancies complicated with fetal
growth restriction. Int J Mol Med 2011; 28:481-;
PMID:21805044

17. Koukoura O, Sifakis S, Zaravinos A, Apostolidou S,
Jones A, Hajiioannou J, Widschwendter M, Spandidos
DA. Hypomethylation along with increased H19
expression in placentas from pregnancies complicated
with fetal growth restriction. Placenta 2010; 32:51-7;
PMID:21129773; http://dx.doi.org/10.1016/j.
placenta.2010.10.017

18. St-Pierre J, Hivert MF, Perron P, Poirier P, Guay SP,
Brisson D, Bouchard L. IGF2 DNA methylation is a
modulator of newborn’s fetal growth and development.
Epigenetics 2012; 7:1125-32; PMID:22907587;
http://dx.doi.org/10.4161/epi.21855

19. Bourque DK, Avila L, Pe~naherrera M, von Dadelszen
P, Robinson WP. Decreased placental methylation at
the H19/IGF2 imprinting control region is associated
with normotensive intrauterine growth restriction but
not preeclampsia. Placenta 2010; 31:197-202;
PMID:20060582; http://dx.doi.org/10.1016/j.
placenta.2009.12.003

20. Lim AL, Ng S, Leow SCP, Choo R, Ito M, Chan YH,
Goh SK, Tng E, Kwek K, Chong YS, et al. Epigenetic
state and expression of imprinted genes in umbilical
cord correlates with growth parameters in human preg-
nancy. J Med Gen 2012; 49:689-97;
PMID:23042810; http://dx.doi.org/10.1136/
jmedgenet-2012-100858

21. Andrews S, Wood M, Tunster S, Barton S, Surani MA,
John R. Cdkn1c (p57Kip2) is the major regulator of
embryonic growth within its imprinted domain on
mouse distal chromosome 7. BMC Dev Biol 2007;
7:53; PMID:17517131; http://dx.doi.org/10.1186/
1471-213X-7-53

22. Tunster SJ, Van de Pette M, John RM. Fetal overgrowth in
the Cdkn1c mouse model of Beckwith-Wiedemann syn-
drome. Dis Model Mech 2011; 4:814-21;
PMID:21729874;http://dx.doi.org/10.1242/dmm.007328

23. Lee MH, Reynisd�ottir I, Massagu�e J. Cloning of
p57KIP2, a cyclin-dependent kinase inhibitor with
unique domain structure and tissue distribution. Gen
Dev 1995; 9:639-49; PMID:7729683; http://dx.doi.
org/10.1101/gad.9.6.639

24. Zhang P, Liegeois NJ, Wong C, Finegold M, Hou H,
Thompson JC, Silverman A, Harper JW, DePinho RA,
Elledge SJ. Altered cell differentiation and proliferation
in mice lacking p57KIP2 indicates a role in Beckwith-
Wiedemann syndrome. Nature 1997; 387:151-8;
PMID:9144284; http://dx.doi.org/10.1038/387151a0

25. Hatada I, Ohashi H, Fukushima Y, Kaneko Y, Inoue
M, Komoto Y, Okada A, Ohishi S, Nabetani A, Mori-
saki H, et al. An imprinted gene p57KIP2 is mutated
in Beckwith-Wiedemann syndrome. Nat Genet 1996;
14:171-3; PMID:8841187; http://dx.doi.org/10.1038/
ng1096-171

26. Lee MP, DeBaun MR, Mitsuya K, Galonek HL, Bran-
denburg S, Oshimura M, Feinberg AP. Loss of
imprinting of a paternally expressed transcript, with
antisense orientation to KVLQT1, occurs frequently in
Beckwith–Wiedemann syndrome and is independent
of insulin-like growth factor II imprinting. Proc Natl
Acad Sci 1999; 96:5203-8; http://dx.doi.org/10.1073/
pnas.96.9.5203

27. Smilinich NJ, Day CD, Fitzpatrick GV, Caldwell GM,
Lossie AC, Cooper PR, Smallwood AC, Joyce JA,
Schofield PN, Reik W, et al. A maternally methylated
CpG island in KvLQT1 is associated with an antisense
paternal transcript and loss of imprinting in Beckwith–
Wiedemann syndrome. Proc Natl Acad Sci 1999;
96:8064-9; http://dx.doi.org/10.1073/
pnas.96.14.8064

28. Sch€onherr N, Meyer E, Roos A, Schmidt A, Wollmann
HA, Eggermann T. The centromeric 11p15 imprinting
centre is also involved in Silver–Russell syndrome. J
Med Genet 2007; 44:59-63; PMID:16963484; http://
dx.doi.org/10.1136/jmg.2006.044370

29. Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala
H, Brudno Y, Agarwal S, Iyer LM, Liu DR, Aravind L,
et al. Conversion of 5-Methylcytosine to 5-Hydroxy-
methylcytosine in mammalian DNA by MLL partner
TET1. Science 2009; 324:930-5; PMID:19372391;
http://dx.doi.org/10.1126/science.1170116

30. Nestor CE, Ottaviano R, Reddington J, Sproul D,
Reinhardt D, Dunican D, Katz E, Dixon JM, Harrison
DJ, Meehan RR. Tissue type is a major modifier of the
5-hydroxymethylcytosine content of human genes. Gen
Res 2012; 22:467-77; PMID:22106369; http://dx.doi.
org/10.1101/gr.126417.111

31. Nestor C, Ruzov A, Meehan RR, Dunican DS. Enzy-
matic approaches and bisulfite sequencing cannot dis-
tinguish between 5-methylcytosine and 5-
hydroxymethylcytosine in DNA. Biotechniques 2010;
48:317-9; PMID:20569209; http://dx.doi.org/
10.2144/000113403

32. Andersen CL, Jensen JL, Ørntoft TF. Normalization of
real-time quantitative reverse transcription-PCR data: a
model-based variance estimation approach to identify
genes suited for normalization, applied to bladder and
colon Cancer Data Sets. Cancer Res 2004; 64:5245-50;
PMID:15289330; http://dx.doi.org/10.1158/0008-
5472.CAN-04-0496

33. Thomson JP, Hunter JM, Nestor CE, Dunican DS,
Terranova R, Moggs JG, Meehan RR. Comparative
analysis of affinity-based 5-hydroxymethylation

enrichment techniques. Nucleic Acids Res 2013; 41:
e206; PMID:24214958; http://dx.doi.org/10.1093/
nar/gkt1080

34. Takai D, Gonzales FA, Tsai YC, Thayer MJ, Jones PA.
Large scale mapping of methylcytosines in CTCF-bind-
ing sites in the human H19 promoter and aberrant
hypomethylation in human bladder cancer. Hum Mol
Genet 2001; 10:2619-26; PMID:11726548; http://dx.
doi.org/10.1093/hmg/10.23.2619

35. Demetriou C, Abu-Amero S, Thomas AC, Ishida M,
Aggarwal R, Al-Olabi L, Leon LJ, Stafford JL, Synge-
laki A, Peebles D, et al. Paternally expressed, imprinted
insulin-like growth factor-2 in chorionic villi correlates
significantly with birth weight. PLoS ONE 2014; 9:
e85454; PMID:24454871; http://dx.doi.org/10.1371/
journal.pone.0085454

36. Wang Z-Q, Fung MR, Barlow DP, Wagner EF. Regu-
lation of embryonic growth and lysosomal targeting by
the imprintedIgf2/Mpr gene. Nature 1994; 372:464-7;
PMID:7984240; http://dx.doi.org/10.1038/372464a0

37. Drake AJ, O’shaughnessy PJ, Bhattacharya S, Monteiro
A, Kerrigan D, Goetz S, Raab A, Rhind SM, Sinclair
KD, Meharg AA, et al. In utero exposure to cigarette
chemicals induces sex-specific disruption of one-carbon
metabolism and DNA methylation in the human fetal
liver. BMC Med 2015; 13:18; PMID:25630355;
http://dx.doi.org/10.1186/s12916-014-0251-x

38. Caspary T, Cleary MA, Perlman EJ, Zhang P, Elledge
SJ, Tilghman SM. Oppositely imprinted genes
p57Kip2 and Igf2 interact in a mouse model for Beck-
with-Wiedemann syndrome. Genes Dev 1999;
13:3115-24; PMID:10601037; http://dx.doi.org/
10.1101/gad.13.23.3115

39. Tabano S, Colapietro P, Cetin I, Grati FR, Zanutto S,
Mando C, Antonazzo P, Pileri P, Rosella F, Larizza L,
et al. Epigenetic modulation of the IGF2/H19
imprinted domain in human embryonic and extra-
embryonic compartments and its possible role in fetal
growth restriction. Epigenetics 2010; 5:313-24;
PMID:20418667; http://dx.doi.org/10.4161/
epi.5.4.11637

40. Ruzov A, Tsenkina Y, Serio A, Dudnakova T, Fletcher
J, Bai Y, Chebotareva T, Pells S, Hannoun Z, Sullivan
G, et al. Lineage-specific distribution of high levels of
genomic 5-hydroxymethylcytosine in mammalian
development. Cell Res 2011; 21:1332-42;
PMID:21747414; http://dx.doi.org/10.1038/
cr.2011.113

41. Hahn MA, Szab�o PE, Pfeifer GP. 5-Hydroxymethylcy-
tosine: A stable or transient DNA modification? Geno-
mics 2014; 104:314-23; PMID:25181633; http://dx.
doi.org/10.1016/j.ygeno.2014.08.015

42. Stroud H, Feng S, Morey Kinney S, Pradhan S, Jacob-
sen S. 5-Hydroxymethylcytosine is associated with
enhancers and gene bodies in human embryonic stem
cells. Gen Biol 2011; 12:R54; PMID:21689397;
http://dx.doi.org/10.1186/gb-2011-12-6-r54

43. Nestor C, Ottaviano R, Reinhardt D, Cruickshanks H,
Mjoseng H, McPherson R, Lentini A, Thomson J,
Dunican D, Pennings S, et al. Rapid reprogramming
of epigenetic and transcriptional profiles in mammalian
culture systems. Gen Biol 2015; 16:11;
PMID:25648825; http://dx.doi.org/10.1186/s13059-
014-0576-y

44. Nakamura T, Arai Y, Umehara H, Masuhara M,
Kimura T, Taniguchi H, Sekimoto T, Ikawa M,
Yoneda Y, Okabe M, et al. PGC7/Stella protects
against DNA demethylation in early embryogenesis.
Nat Cell Biol 2007; 9:64-71; PMID:17143267; http://
dx.doi.org/10.1038/ncb1519

45. Lillycrop KA, Costello PM, Teh AL, Murray RJ,
Clarke-Harris R, Barton SJ, Garratt ES, Ngo S, Shep-
pard AM, Wong J, et al. Association between perinatal
methylation of the neuronal differentiation regulator
HES1 and later childhood neurocognitive function and
behaviour. Int J Epidemiol 2015; PMID:25906782

www.tandfonline.com 697Epigenetics

D
ow

nl
oa

de
d 

by
 [

T
he

 U
ni

ve
rs

ity
 o

f 
E

di
nb

ur
gh

] 
at

 0
3:

48
 1

0 
A

ug
us

t 2
01

5 


