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ABSTRACT
Imprinted genes play a pivotal role in placental processes underlying fetal development, and
much interest centers on discerning whether these loci, via changes in DNA methylation and/or
gene expression, inform disruptions in appropriate fetal growth. In this study, we comprehen-
sively profiled DNA methylation across the placental imprintome and assessed the relationship
with gene expression levels and aberrant fetal growth.

Placental DNA methylation across 153 imprinted loci, including imprint control regions (ICR)
and surrounding non-ICR regions, was surveyed using the Nimblegen TruSeq bisulfite sequencing
platform among participants enrolled in the Rhode Island Child Health Study (RICHS, n = 163).
Methylation and gene expression associations were assessed using eQTM analysis. Differential
methylation analysis contrasting small (SGA) and large for gestational age (LGA) infants against
appropriate for gestational age (AGA) infants was assessed using the DMRcate R package.

We identified 34 SGA-related differentially methylated regions (DMRs) and 9 LGA-related DMRs
(FDR<0.05), and these BW-DMRs predominated in promoter and intronic regions. We observed
overall hypomethylation among SGA-DMRs overlapping maternally expressed (paternally imprinted)
genes while no parent-of-origin effect was observed among LGA DMRs. Three BW-DMRs, mapping
to GABRG3, IGF1R and MEST, were common to SGA and LGA placenta. We did not observe
significant correlations between BW-DMR-associated CpG methylation and gene expression levels.

We report the first in-depth characterization of the placental imprintome in a population-wide
setting. Our findings reveal growth-related differences in methylation without concomitant
expression differences in regions that extend beyond typically interrogated imprinted loci, high-
lighting potentially novel placental biomarkers of growth and development.

ARTICLE HISTORY
Received 10 January 2019
Revised 11 June 2019
Accepted 18 June 2019

KEYWORDS
Methylation; imprinting;
placenta; Birth Weight

Introduction

The placenta is the principal organ coordinating fetal
development, actively orchestrating nutrient trans-
fer, gas exchange, waste removal, immune tolerance,
neuroendocrine functions as well as other function-
alities that support appropriate progression through
gestation [1]. Disruptions in these placental pro-
cesses are known to underlie pregnancy pathologies,
including deviations in appropriate fetal growth,
with subsequent implications for the health of the
infant and beyond [2].

Genomic imprinting, a process through which
a subset of genes are monoallelically expressed based
on parent-of-origin, is an epigenetically-determined

phenomenon that coevolved with placentation and is
recognized as an important conveyor of placental
function [3]. Early studies delineating the function
of these genes noted a pattern whereby paternally
expressed genes tend to be involved in processes that
maximize fetal growth and maternally expressed
genes tend to be involved in processes restraining
fetal growth, an observation that was subsequently
formalized into developmental paradigms, including
the parental conflict theory [4–6]. While not all
imprinted genes fit neatly into these posited theories,
by and large, these genes tend to be involved in
growth-related processes. This is particularly evident
in imprinting syndromes, where clinical features typi-
cally include deviations in appropriate growth [7,8].
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However, the implications of more subtle variations
in the epigenetic marks that inform imprinting on
fetal growth within a population-wide setting are not
as well understood.

Several studies have evaluated the role of
imprinted gene variability on fetal growth. The
reported associations have linked outcomes to var-
ious imprinted gene readouts, including variation
in gene expression or DNA methylation. However,
few studies have systematically evaluated whether
changes in the DNA methylation and gene expres-
sion levels of imprinted genes are linked to impor-
tant health effects. Similarly, while approximately
100–200 genes display imprinting in the human
placenta, most studies thus far have focused on
just a handful of genes, with a particular emphasis
on IGF2/H19 [9–14]. This is underscored by the
fact that these epigenetically-informed imprint
control regions (ICRs) are commonly positioned
peripheral to canonical promoter regions, often
falling outside of the purview of epigenome-wide
surveys. Until recently, few ICRs were delineated.
However, through concerted genome-wide efforts,
ICRs across the broader imprintome are beginning
to be characterized [15,16]. This study leverages
this newly available information to survey methy-
lation patterns across the placental imprintome,
including ICR and surrounding non-ICR promo-
ter and gene body regions. We evaluated in an

epidemiologic study whether variations in these
DNA methylation patterns have implications for
fetal growth and whether these associations are
dependent on changes in transcript abundance.

Results

Table 1 shows the demographic characteristics of
the Rhode Island Child Health Study (RICHS)
participants included in the current study. This
study population reflects term pregnancies over-
sampled for SGA and LGA infants (>15% each)
and a maternal population primarily composed of
Caucasian women (>70%). A few noteworthy dif-
ferences across birthweight categories are appar-
ent. Compared to women who gave birth to AGA
infants, a greater proportion of women who gave
birth to both SGA and LGA infants tested positive
for gestational diabetes. A greater proportion of
women who gave birth to SGA infants identified
as an ethnicity other than Caucasian.

Figure 1 shows the chromosomal distribution of
imprinted regions interrogated by our custom-
designed panel. The analyzed data-set includes 153
known and putative imprinted loci (21,598 CpG
sites), including both characterized ICR (30%, 7122
CpG sites) as well as non-ICR regions. As depicted by
the karyogram, our panel includes maternally
expressed (paternally imprinted) loci (24.8%),

Table 1. Demographic comparison across birth weight categories in RICHS participants with bisulfite
sequencing data (n = 163).

SGA (n = 29) AGA (n = 91) LGA (n = 43) p-value

Variables Mean (SD) Mean (SD) Mean (SD)

Birth weight (grams) 2611.14 (293.18) 3459.22 (378.86) 4313.81 (232.03) <0.01
Gestational age (weeks) 39.07 (1.19) 39.04 (0.93) 39.12 (0.66) 0.91
Maternal age (years) 32.93 (5.39) 31.49 (4.23) 30.70 (4.11) 0.11
Maternal BMI (kg/m2) 26.64 (7.51) 25.88 (5.78) 28.30 (6.35) 0.12

N (%) N (%) N (%)
Infant gender (Male) 12 (41.4) 44 (48.4) 24 (55.8) 0.48
Delivery method (Vaginal) 17 (58.6) 49 (53.8) 17 (39.5) 0.20
Parity 0.57
0 12 (41.4) 31 (34.4) 10 (23.3)
1 12 (41.4) 40 (44.4) 23 (53.5)
2+ 5 (17.2) 19 (21.1) 10 (23.3)

Gestational Diabetes (Yes) 5 (18.5) 4 (4.4) 6 (14.0) 0.04
Maternal education 0.74
College graduate 15 (51.7) 60 (65.9) 26 (61.9)
High School or less 5 (17.2) 11 (12.1) 5 (11.9)
Some College 9 (31.0) 20 (22.0) 11 (26.2)

Maternal_Ethnicity (%) <0.01
White 12 (42.9) 78 (85.7) 38 (90.5)
Black 8 (28.6) 1 (1.1) 1 (2.4)
Other 8 (28.6) 12 (13.2) 3 (7.1)

48 M. A. DEYSSENROTH ET AL.



paternally expressed (maternally imprinted) loci
(47.1%) and loci where the parental origin of the
expressed allele is unknown (28.1%). This bias
towards paternally expressed (maternally imprinted)
genes has been previously noted in primate placenta
[17]. The distribution in average methylation values
in the characterized ICR and non-ICR regions we
surveyed is shown in Figure 2, both overall (Figure
2A) as well as stratified by the expressed parental allele
(Figure 2B). The bimodal distribution within non-
ICR regions is consistent with a hypomethylated
state at promoters (the predominant queried regions)
and a hypermethylated stated at non-genic regions.
The mid-range peak among the ICR regions likely
reflects a hemi-methylated state resulting from the
averaging of one methylated and one unmethylated
allele at imprinted regions (Figure 2a). Stratifying by

known expressed parental allele, elevated average
methylation levels (47.5%) are observed within ICR
regions overlapping maternally expressed loci com-
pared to paternally expressed loci (40.7%).

We identified expression quantitativemethylation
(eQTM) CpGs at Bonferroni-corrected permutation
p-value<0.05 for 17 imprinted loci (Supplementary
Figure 1, Supplementary Table 2), with effect size
estimates ranging from −0.59 (CPXM2) to 0.52
(SGCE). Seven eQTM CpG sites mapped to ICR
regions (ZC3H12C, H19, RB1, GPR1, GNAS,
PLAGL1, SGCE) and ten eQTM CpG sites mapped
to non-ICR regions (CYR61, LDB1, CPXM2,
SHANK2, CCNE1, PAX8-AS1, VTRNA2-1, LIN28B,
ZFAT and PSMD5-AS1). Both positive (n = 4) and
negative (n = 3) associations with expression are
observed among ICR eQTM CpG sites while all 10

Figure 1. Karyogram depicting the distribution of interrogated imprinted loci across the genome. Paternally expressed loci are indicated
in blue, maternally expressed loci are indicated in red and loci where the parental allele expressed is unknown are indicated in grey.
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non-ICR eQTM CpG sites are negatively associated
with expression. The identified eQTM sites generally
occur in CpG islands (n = 8) and shores (n = 5). The
distribution of peak eQTM CpGs (defined as the
CpG sites most significantly associated with gene
expression for each gene) indicates that genomic
context plays a role on the correlation strength

between expression and methylation levels. As
shown in Figure 3, peak eQTM CpGs predominate
at the transcription start site, supporting the notion
that CpG sites within the promoter regions are par-
ticularly relevant in regulating gene activity.

To further characterize the functional relevance
of the interrogated imprinted regions, we mapped

Figure 2. Distribution in average methylation levels across ICR and non-ICR CpG sites. A bimodal distribution in methylation levels is
observed in non-ICR regions, predominated by a peak around 0%. A predominant mid-range level peak is observed within ICR-regions.

Figure 3. Distance between cis-eQTMs and transcription start site (TSS). The distribution of lead eQTM sites (most significant CpG
site for every gene (FDR<0.05)) is shown in relation to each site’s distance to the TSS of the cis-linked gene.
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the queried CpG sites to other known epigenomic
elements, including histone modification marks and
DNAse I hypersensitivity sites, as made available
through the NIH Roadmap Epigenomics Mapping
Consortium [18,19]. Comparing ICR and non-ICR
regions, a greater proportion of ICR-linked CpG
sites overlap known DNA regulatory elements,
including the activating histone modification
marks H3K27ac and H3K4me3 as well as the silen-
cing histone modification mark H3K9me3
(Supplementary Figure 2). Comparing maternally
expressed (paternally imprinted) to paternally
expressed (maternally imprinted) regions, a greater
proportion of CpG sites overlap the silencing mark
H3K27me3 in maternally expressed imprinted
regions (Supplementary Figure 3).

In the contrast between SGA and AGA placenta,
we observed 34 differentially methylated regions
(DMRs) that span between 2–75 CpG sites/region.
Figure 4A depicts the maximum beta estimate
effect size (peak CpG site) observed within each
SGA-DMR. Roughly equivalent numbers of SGA-
DMRs are observed in ICR (n = 16) and non-ICR
(n = 18) regions. In ICR regions, roughly equiva-
lent numbers of hypo- (n = 9) and hypermethy-
lated (n = 7) regions are observed, whereas in the
non-ICR regions, SGA-DMRs tend to be hypo-
methylated in SGA compared to AGA placenta.
We also observed a trend with respect to parental

allele expressed, with a greater number of SGA-
DMRs overlapping paternally expressed (mater-
nally imprinted) regions (n = 21). An overall
hypomethylation among SGA compared to AGA
placenta is observed among maternally expressed
(paternally imprinted) loci, while hypermethylated
loci are restricted to paternally expressed (mater-
nally imprinted) loci.

In the contrast between LGA and AGA placenta,
fewer LGA-DMRs (n = 9) and smaller effect sizes are
observed than in the comparison between SGA and
AGA placenta (Figure 4B). Again, roughly equiva-
lent number of LGA-DMRs are observed in ICR
(n = 4) and non-ICR (n = 5) regions. With respect
to parental allele expressed, a greater number of
LGA-DMRs overlap paternally expressed regions
(n = 6), similar to the observation among SGA-
DMRs. While a tendency towards hypomethylation
among paternally expressed (maternally imprinted)
loci is suggested, an effect as consistent as the SGA/
AGA contrast is not apparent. Methylation levels
across birth weight categories representative of the
identified SGA and LGA DMRs are depicted in
Supplementary Figures 4 and 5.

The ICR methylation patterns vary within BW-
DMRs compared to regions that fall outside of the
BW-DMRs (Supplementary Figure 6). In regions
outside of the BW-DMRs, an elevation in methy-
lation levels is observed in maternally (paternally

Figure 4. Peak CpG site effect size estimates observed across BW-DMRs. Effect size estimates of peak CpG sites (CpG sites with the
largest absolute value estimates within each BW-DMR) are shown for ICR (top panel) and non-ICR (bottom panel) SGA (a) and LGA
(b) DMRs. Available information on whether the maternal (red) or paternal (blue) allele is known to be expressed is also indicated.

EPIGENETICS 51



imprinted) expressed loci in comparison to pater-
nally expressed (maternally imprinted) regions.
This contrast in methylation levels by parent of
origin is accentuated among SGA-DMRs, while
a reversal in these patterns is observed among
LGA-DMR. Differences in methylation patterns
within and outside BW-DMR regions are also
apparent in non-ICR regions. However, these pat-
terns are less discernable, partially due to the more
extensive variability in non-ICR methylation.

Differences in the overlap with other epige-
nomic elements are also observed in the BW-
DMRs compared to regions that fall outside of
the BW-DMRs. Specifically, a greater overlap
with the activating histone modification marks
H3K27ac, H3K4me1 and H3K4me3 and the silen-
cing histone modification mark H3K27me3 are
observed in the LGA DMRs than in regions out-
side the BW-DMRs (Figure 5).

The known functions of the genes overlapping the
BW-DMRs are shown in Supplementary Table 2.
Certain commonalities are apparent. For example,

a number of the BW-DMRs overlap genes that reg-
ulate transmembrane transport (KCNK9, KCNQ1,
SLC2218AS, SVOPL), cell signaling (CDKN1C,
GDNF, WDR27, GNAS, IGF1R, PDE4D), neuro-
trophic factors (GABRA5, GABRG3, GDNF,
FAM196A, NTM, RGMA) and transcriptional regula-
tion (DNMT1, L3MBTL1, RB1, TCEB3C, ZDBF2,
ZNF331, ZNF396, ZNF597).

Three BW-DMRs are associated with both
SGA and LGA status, and all three regions
overlap paternally expressed genes.
Interestingly, in the IGF1R DMR, hypermethy-
lation with respect to AGA is observed in both
SGA and LGA placenta (Figure 6a). Similarly,
in the GABRG3 DMR, hypomethylation with
respect to AGA is observed in both SGA and
LGA placenta (Figure 6c). Distinct from these
two cases, a general trend towards hypermethy-
lation among SGA placenta and slighter ten-
dency towards hypomethylation among LGA
placenta compared to AGA placenta is observed
in the MEST DMR (Figure 6b).

Figure 5. Overlap between various epigenomic elements and CpG sites that fall within and outside of the identified BW-DMRs. The
top panel shows the proportion of CpG sites that overlap various DNA regulatory elements in regions outside the identified BW-
DMRs. Proportions for the same elements are also shown within SGA-DMRs (middle panel) and LGA-DMRs (bottom panel).
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For two of the three BW-DMRs (IGF1R and
MEST), expression data was available. However,
no significant relationship between methylation
at these sites and gene expression is observed
(Figure 6a and b). Furthermore, none of the BW-
DMRs overlap with the identified eQTM CpGs.

While the birth weight categories are matched on
gestational age, gender and maternal age, additional
maternal characteristics that vary across the categories
(maternal ethnicity and gestational diabetes), were not
taken into account in the DMRcate analysis (Table 1).
To assess whether our identified BW-DMRs are
impacted by these variables, we conducted logistic
regression models, assessing the association between
the methylation of peak CpG sites within BW-DMRs
and the respective birth weight category, adjusting for
maternal ethnicity and gestational diabetes. Figure 7

focuses on the three BW-DMRs associated with both
SGA and LGA status. Consistent with the observa-
tions in the unadjusted BW-DMR analysis, methyla-
tion within the GABRG3 DMR is inversely associated
with both SGA and LGA status, methylation within
the IGF1R DMR is positively associated with both
SGA and LGA status, and methylation within the
MEST DMR is positively associated with SGA status
and inversely associated with LGA status.

The genomic features (promoter, exon, intron,
intergenic) overlapping the surveyed imprinted
regions as well as the BW-DMRs are shown in
Figure 8. As seen in the left-hand panels, an overall
shift in distribution toward promoter and intron
regions is apparent among the BW-DMRs. This
specification for promoter and intronic regions
among LGA-DMRs is apparent irrespective of

Figure 6. Methylation patterns across birth weight categories in IGF1R, MEST and GABRG3 DMRs. Average methylation in SGA
(magenta) and LGA (gold) placenta are compared to AGA (grey) placenta are shown for IGF1R (a), MEST (b) and GABRG3 (c). The pink
highlighted regions indicate sites overlapping both SGA and LGA DMRs. The bottom panels in A and B show the effect size estimates
in the association between methylation of these sites and gene expression (eQTM).
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whether the LGA-DMRs overlap maternally or
paternally expressed genes (bottom three panels).
In contrast, among the SGA-DMRs (middle three
panels), intronic regions predominate among mater-
nally expressed SGA-DMRs, and promoter regions
predominate among paternally expressed SGA-
DMRs. The specification of promoter and intron
regions among the BW-DMRs does not vary appre-
ciably by ICR status (Supplementary Figure 7).

Discussion

The current study represents the most comprehen-
sive survey of DNA methylation patterns across the

placental imprintome, spanning both ICR and non-
ICR regions. We additionally characterized the
variability in these DNA methylation patterns in
relation to gene expression and fetal growth.

We identified 34 SGA-related DMRs and 9 LGA-
related DMRs. In addition to the greater number of
identified SGA-DMRs compared to LGA-DMRs, the
effect sizes observed in association with SGA status
are larger than the effect sizes associated with LGA
status. This may suggest that dysregulation in epige-
netic patterns among imprinted genes is more rele-
vant in undergrowth than overgrowth. Alternatively,
LGA status may be a more multifactorial outcome,
with underpinnings that trace to various pregnancy

Figure 7. Associations between peak CpG sites and birth weight categories. M-values of peak CpG sites in SGA DMRs (GABRG3:
chr15.27215730, IGF1R:chr15.99408691, MEST:chr7.130126384) and LGA DMRs (GABRG3:chr15.27216008, IGF1R:chr15.99408700,
MEST:chr7.130126559) were modeled comparing AGA against SGA and LGA, respectively. Logistic regression models were adjusted
for maternal ethnicity and gestational diabetes status.

Figure 8. Genomic context of interrogated imprinted regions and identified SGA and LGA DMRs. In the depicted proportions of annotated
features, regions overlapping multiple features are assigned based on the following order of precedence: promoter>exon>intron.
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complications and maternal metabolic status. In the
presence of multiple unrelated factors, an imprint-
specific signature may be less discernable.

The genomic coordinates of three regions overlap
between SGA and LGA DMRs. Interestingly, the
direction of the association is consistent for two of
the three BW-DMRs (GABRG3 and IGF1R). While
SGA and LGA are at opposing ends of the growth
spectrum, this similarity in the behavior of the BW-
DMRs suggests at least some common etiology.
Indeed, certain later life health effects linked to
being born SGA are also linked to being born LGA.
For example, energy balance dysregulation and neu-
robehavioral deficits are associated with both birth
outcomes [20,21]. This suggests that SGA and LGA
placenta may be related pathologies that are trig-
gered by aberrations in common molecular path-
ways, and the presence of additional intrinsic or
extrinsic factors may dictate the divergence towards
undergrowth or overgrowth.

Unlike GABRG3 and IGF1R, we observed oppos-
ing directions of association between MEST DMR
CpG methylation and SGA and LGA, respectively.
This finding is consistent with a prior finding we
reported in a study assessing the association between
the expression of 108 imprinted genes and SGA/
LGA status [22]. In this previous study, the expres-
sion of nine imprinted genes was significantly asso-
ciated with adverse birth weight outcomes, with the
strongest effect sizes observed in association with
MEST. Here, an increase in MEST expression levels
was associated with increased odds of LGA status
and decreased odds of SGA status. Secondary analy-
sis of RICHS 450K methylation array data also
revealed hypermethylation among SGA placenta
compared to AGA placenta withinMEST, consistent
with our findings in the current study, providing
verification across molecular features as well as tech-
nological platforms. Importantly, in the current
study, we surveyed imprinted gene CpGmethylation
using targeted bisulfite sequencing across more
extensive imprinting-related regions than the
regions covered in the 450K array, and the current
analysis revealed a more well-defined SGA-related
MEST DMR (ch7: 130,126,384–130,126,966),
slightly offset to the one described in the prior
paper (chr7: 13,012,500–130,126,871).

While we observed associations between CpG
methylation and gene expression, particularly

among sites near the transcription start site, we
did not observe a direct relationship between gene
expression and methylation among CpG sites over-
lapping BW-DMRs. This is also the case for MEST,
where we observed both methylation and expres-
sion differences comparing adverse and normal
birth weight outcomes but did not discern
a relationship between methylation and expression.
This lack of an association does not dismiss the
possibility that differential methylation at these
sites informs gene activity. For example, methyla-
tion status at BW-DMRs may inform isoform-spe-
cification that alter the functionality of the
transcripts, but this change may not be apparent
in the detection of overall transcript levels.
Specifically for MEST, knockdown of gene activity
may be realized through various pathways, includ-
ing post-transcriptional mRNA degradation (result-
ing in reduction of overall transcript levels) and
reduced transcription of specific isoforms, any of
which can trigger disruption of appropriate fetal
growth. Alternatively, the altered methylation state
may be part of a cascade of epigenetic changes,
including interactions with histone modifications,
resulting in altered expression among a more distal
set of genes. Our results do suggest an enriched
overlap for certain histone modification marks, par-
ticularly among CpG sites within the LGA-DMRs.

We observed a noteworthy parent-of-origin
trend among the identified BW-DMRs, particularly
among SGA-DMRs. All SGA-DMRs overlapping
maternally expressed (paternally imprinted) loci
are hypomethylated among SGA placenta com-
pared to AGA placenta. This consistent methylation
downregulation among maternally expressed
imprinted genes is particularly striking given the
overall bias towards paternally expressed imprinted
genes in the placenta. Given an inverse relationship
between CpG methylation and gene expression, this
finding may indicate a potential bias towards the
activation of maternally expressed imprinted genes
among growth-restricted infants, consistent with
the parental conflict theory. While we do not
observe a concomitant upregulation of gene expres-
sion in proximity to the SGA-DMRs, this observa-
tion may still point to a coordinated parental effect
that acts on more widespread, distal targets.

The parental allele that is expressed among genes
overlapping the BW-DMRs also varies by genomic
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context. An overrepresentation of intronic regions is
particularly evident among SGA-DMRs overlapping
maternally expressed imprinted genes. The role of
genomic context on how these BW-DMRs exert
their effect is unclear. However, the finding that BW-
DMRs do occur outside promoter regions further
corroborates the possibility that methylation in these
regions does not fit the established paradigm of gene
expression regulation by interrupting promoter bind-
ing access of transcription factors. While promoter
and upstream enhancer regions are typically consid-
ered the functionally relevant regions of the genome,
particularly in the context of DNA methylation, our
findings along with others [23,24] suggest that introns
and other non-genic regions may bear more func-
tional relevance than previously appreciated.

We did not observe noteworthy distinctions
among BW-DMRs that overlap known ICRs com-
pared to BW-DMRs that do not overlap known
ICRs. An equivalent number of SGA and LGA
DMRs overlap ICR and non-ICR regions.
Additionally, no difference in the genomic context
was observed comparing BW-DMRs overlapping
ICR and non-ICR regions. These findings suggest
that these imprinted loci are relevant for fetal
growth related processes, and disruptions in the
functionality of these genes, whether through
imprint-specific processes or otherwise, can result
in deviations from appropriate fetal growth.

A major strength of this study is that it represents
the most comprehensive survey of imprintome-
related methylation evaluated in an epidemiologic
setting of term, healthy infants, to date. This study
also represents an integrative approach, incorporating
gene expression, DNA regulatory elements and geno-
mic feature information to better inform the context
within which changes in methylation within these
BW-DMRs may exert their effect on fetal growth
dysregulation. Importantly, we identified novel fetal
growth-related loci, several of which are currently
poorly described in the literature. In contrast, IGF2
andH19, the most commonly assessed imprinted loci
in fetal growth studies, did not meaningfully contri-
bute to deviations in fetal growth in the context of this
comprehensive survey of the imprintome, a result that
is consistent with other recent studies [25]. Our find-
ings also challenge other conventional notions sur-
rounding the functional role of methylation marks in
coordinating imprinted gene activity. This includes

a less direct relationship with dictating transcript
abundance of proximal genes and that genomic fea-
tures external to promoter regions, including introns,
may be of particular functional relevance. Taken
together, our findings suggest potential new avenues
of research to further characterize placental aberra-
tions in imprinted genes as potential markers of fetal
growth dysregulation.

Important limitations of the current study war-
rant mention. While the sample size of the current
study represents the largest methylation profiling
across the imprintome, the sample size is still limited
with regards to contrasting extreme birth outcomes
(LGA, SGA). Furthermore, the application of
a targeted bisulfite sequencing platform enabled us
to survey the imprintome more extensively than is
currently feasible using established methylation
microarrays. However, analytical approaches are
still underdeveloped for the application of base-reso-
lution bisulfite sequencing methods in an epidemio-
logic setting. Primarily, accounting for mixed cell
type composition, a relevant consideration in hetero-
geneous tissues such as placenta, is currently not
feasible. In anticipation of this issue, the placental
samples collected in this cohort were specifically
biopsied within 2 cm of the cord insertions site on
the fetal membrane side, a region primarily consist-
ing of trophoblast cells. Still, we cannot discount the
possibility that the observed differences reported in
this study may reflect differences in cell type compo-
sition rather than altered cellular processes. We also
attempted to overlay our findings with existing
information on additional placental epigenomic ele-
ments through the NIH Roadmap Epigenomics
Mapping Consortium. Comprehensive profiling
across multiple histone modifications and DNAse
I hypersensitivity sites is currently available for
a second trimester placenta sample. How well the
epigenetic marks recorded for this sample approx-
imate the placement of epigenetic marks among our
profiled third trimester placenta samples is unclear.
Following the design and production of the targeted
bisulfite sequencing panel implemented in the cur-
rent study, several additional studies have expanded
the literature on defining placental imprinted
regions [26–29]. While many unique regions identi-
fied across the individual studies are not captured by
our study, regions consistently represented across all
studies tended to overlap with the regions that

56 M. A. DEYSSENROTH ET AL.



informed the design of the implemented panel [15],
as indicated on Supplementary Table 1. Finally,
while an evaluation in allele-specific methylation
levels would more closely reflect imprinting, we
assessed the cumulative methylation across both
alleles in the current study. This was primarily moti-
vated by the population-wide scope of the study,
where the achievable sequencing depth was con-
strained by the sample size, undercutting the resolu-
tion needed to reliably call allele-specific methylation
levels. Additionally, phasing alleles requires SNPs
with a sufficient frequency of heterozygous calls.
Given the identification of such SNPs, the substantial
reduction in sample size to heterozygous individuals
would substantially hamper evaluations of associa-
tions with respect to health outcomes. Furthermore,
interpretability across our imprintome-wide survey
would be limited as the set of heterozygous indivi-
duals would likely vary for each loci, depending on
the interrogated SNP. Still, this limit on the resolu-
tion attained in this study impacts the interpretabil-
ity of the functional relevance of our findings. Hence,
additional targeted analyses at a more in-depth, alle-
lic resolution are warranted to further characterize
candidate loci of interest from the current study.

Despite these limitations, our study represents the
first comprehensive characterization of the placental
imprintome in a population setting. Our findings
reveal growth-related methylation differences,
including in previously poorly characterized
imprinted regions, highlighting potentially novel
placental biomarkers of growth and development.

Methods

Study population

The study was conducted in placenta samples col-
lected from participants enrolled in the Rhode
Island Child Health Study (RICHS). This hospital-
based birth cohort (n = 840) recruited women under-
going healthy, non-pathologic pregnancies delivering
at term (≥ 37 weeks gestation). The cohort was estab-
lished with an interest to understand mechanisms
underlying fetal growth abnormalities and was over-
sampled for infants born small for gestational age
(SGA, <10% 2013 Fenton Growth Curve) and large
for gestational age (LGA,>90% 2013 Fenton Growth
Curve), each matched on gender, gestational age and

maternal age to infants born appropriate for gesta-
tional age (AGA). Participant demographic, lifestyle
and health history data were collected from inter-
viewer administered questionnaires and anthropo-
morphic and clinical data were abstracted from
structured reviews of medical records. All enrolled
participants provided written informed consent and
study protocols were approved by the institutional
review boards at Women and Infants Hospital and
Emory University. The current study focuses on
a subset of the enrolled participants with available
placental targeted bisulfite sequencing data (n = 182).

Placenta sample collection

Placental biopsies were obtained within two hours
of delivery from 4 quadrants adjacent to the cord
insertion site and free of maternal decidua. Samples
were placed in RNALater at 4°C and subsequently
pooled, snap-frozen, homogenized and stored at
−80°C. Nucleic acid, including RNA and DNA,
was extracted, quantified and stored at −80°C.

Assay design

Our custom designed imprintome panel included
153 imprinted loci (n = 23,582 CpG sites)
(Supplementary Table 1). The selected loci were
informed by prior reports [15,16,30–34] as well as
internally nominated regions. The interrogated CpG
sites among these loci included regions previously
described as imprint control regions (ICR) [15] as
well as the promoters and surrounding regions of
isoforms linked to each of the interrogated
imprinted genes (Non-ICR). The indicated
expressed parental allele is primarily based on infor-
mation available from [33]. For loci where informa-
tion on the parental allele expressed was not
available, the parental allele was inferred if the germ-
line imprinting status is known. The source of par-
ental allele information (known or inferred) is
additionally provided in Supplementary Table 1.

Bisulfite sequencing

The NimbleGen SeqCap Epi Enrichment targeted
bisulfite sequencing platform (Roche, Basel,
Switzerland) was utilized to probe our regions of
interest as previously described [35]. Briefly, DNA
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(1ug) was fragmented through sonication and adap-
ters were added. Following bisulfite conversion,
DNA was amplified using adapter-specific primers.
The library was hybridized to a pool of target-
specific oligonucleotide probes followed by bead
capture. The custom region enriched library was
amplified again and sequenced using the Illumina
HiSeq platform. Prior to alignment, FASTQ files
were demultiplexed and assessed for sequence qual-
ity including base call quality, gc content, adapter
contamination and incomplete bisulfite conversion.
The reads were aligned to the genome (GRCh37/
hg19 assembly) using a methylation-aware aligner
(Bismark/Bowtie2). Data generation and read align-
ment was conducted at the Epigenomics Core
Facility of Weill Cornell Medical College.

We assayed 192 placental samples, which
included 182 unique samples and 10 replicates.
Prior to analyzing the data, we implemented addi-
tional preprocessing of the data, including filtering
of low coverage sites (<10x) with minimum cover-
age in at least 40% of samples and samples with
a minimum of 75% of sites called. The final dataset
included 21,598 CpG sites in 163 unique samples.

Statistical analysis

To assess the association between methylation and
gene expression levels across the imprintome, we
leveraged existing placental gene expression data on
108 imprinted genes previously generated using the
NanoString nCounter platform [36]. An expression
quantitative trait methylation (eQTM) analysis was
performed using the Matrix eQTL R package [37],
and cis-eQTMs were defined as gene-CpG pairs
with genomic coordinates falling within 10,000 bp
of each other. Multiple testing correction of the
eQTM analysis was performed using the eigenMT
method [38]. The eQTMs were annotated based on
CpG density using the annotatr R package. We
identified birth weight-related differentially methy-
lated regions (BW-DMRs) contrasting SGA and
LGA infants against AGA infants using the
DMRcate R package [39], modeling read counts
using a beta-binomial distribution with dispersion
shrinkage [40]. Criteria used to define BW-DMRs
included setting the Gaussian kernel bandwidth at
1000 nucleotides, the bandwidth scaling factor to 50
and the minimum number of sites per region at 2

CpGs. BW-DMR annotations based on genomic
context were assigned using the genomation
R package [41]. Genomic coordinates for epige-
nomic marks mapped by the NIH Roadmap
Epigenomics Mapping Consortium were sourced
using the DeepBlueR package [42]. Information
for histone modification marks (H3K27ac,
H3K4me1, H3K27me3, H3K36me3, H3K4me3,
H3K9me3) and DNAse I hypersensitivity sites
were obtained from sample E091, a specimen har-
vested from a female placenta at gestational week
16. Logistic regression analyses were conducted to
assess the association between CpG methylation
and adverse birth weight categories (SGA/LGA vs.
AGA), additionally adjusting for maternal ethnicity
and maternal gestational diabetes. Methylation at
peak CpG sites (CpG sites with maximum effect
size within each BW-DMR) was modeled using
the log2 ratio of methylated and unmethylated
reads (M-values). All analyses were conducted
using R version 3.4.3.
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