Loss of Imprinting in Human Placentas Is Widespread,
Coordinated, and Predicts Birth Phenotypes

Claudius Vincenz,' Jennie L. Lovett,” Weisheng Wu,> Kerby Shedden,* and Beverly I. Strassmann*"

'Research Center for Group Dynamics, Institute for Social Research, University of Michigan, Ann Arbor, Ml
’Department of Anthropology, University of Michigan, Ann Arbor, MI

>BRCF Bioinformatics Core, University of Michigan, Ann Arbor, Ml

“Department of Statistics, University of Michigan, Ann Arbor, Ml

*Corresponding author: E-mail: bis@umich.edu.

Associate editor: Connie Mulligan

This study is registered in dbGap as “Placental Transcriptome and Stunting.” Submission of the genotypes obtained through targeted
sequencing, the FASTQ files with the sequences from RNA-seq, and the SNP-level file with the allele-specific counts were deposited in
dbGaP as phs001782.v1.p1. The person-level nonmolecular data are available at the same site.

Abstract

Genomic imprinting leads to mono-allelic expression of genes based on parent of origin. Therian mammals and angio-
sperms evolved this mechanism in nutritive tissues, the placenta, and endosperm, where maternal and paternal genomes
are in conflict with respect to resource allocation. We used RNA-seq to analyze allelic bias in the expression of 91 known
imprinted genes in term human placentas from a prospective cohort study in Mali. A large fraction of the imprinted
exons (39%) deviated from mono-allelic expression. Loss of imprinting (LOI) occurred in genes with either maternal or
paternal expression bias, albeit more frequently in the former. We characterized LOI using binomial generalized linear
mixed models. Variation in LOI was predominantly at the gene as opposed to the exon level, consistent with a single
promoter driving the expression of most exons in a gene. Some genes were less prone to LOI than others, particularly
IncRNA genes were rarely expressed from the repressed allele. Further, some individuals had more LOI than others and,
within a person, the expression bias of maternally and paternally imprinted genes was correlated. We hypothesize that
trans-acting maternal effect genes mediate correlated LOI and provide the mother with an additional lever to control
fetal growth by extending her influence to LOI of the paternally imprinted genes. Limited evidence exists to support
associations between LOI and offspring phenotypes. We show that birth length and placental weight were associated with

allelic bias, making this the first comprehensive report of an association between LOI and a birth phenotype.
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Introduction

Transcription of imprinted genes is repressed on either the
paternal or the maternal allele, resulting in allele-specific ex-
pression (ASE). Imprinting evolved in therian mammals and
angiosperms, both of which have embryo nourishing tissues,
the placenta, and the endosperm, respectively. In humans, a
small fraction of genes (~100) are imprinted; many are
imprinted in tissues throughout the body while others are
exclusively imprinted in the placenta (Peters 2014).
Conservation of imprinting among mammalian species is in-
complete as evidenced by genes that are only imprinted in
some taxonomic groups, such as primates (Noguer-Dance
et al. 2010).

The kinship hypothesis explains the evolutionary forces
that led to imprinting and its maintenance (Moore and
Haig 1991). In essence, it attributes imprinting to a conflict
of interest between the maternal and paternal genomes over
resource allocation to the fetus. This hypothesis successfully
predicted that growth promoting genes are usually repressed
on the maternal allele while growth inhibiting genes are

repressed on the paternal allele (Babak et al. 2015); it also
explained why the phenotypes of uniparental conceptuses
(McGrath and Solter 1984; Surani et al. 1984) are excessively
small or large, depending on the parent. A growing body of
experimental validation for the kinship hypothesis is accumu-
lating from the growth phenotypes of knock-out mice
(Fowden et al. 2011) and RNA-seq expression analysis
(Babak et al. 2015). When homologous genes are compared,
those that are imprinted in mammals are expressed at higher
levels from one allele than from two alleles in species lacking
imprinting (chicken and platypus), a finding that has pro-
vided further evidence for positive selection and conflict be-
tween maternal and paternal genomes (Babak et al. 2015).
Historically, the imprinting status of a gene was categorized
as either paternal or maternal based on the analysis of a few
informative SNPs with semiquantitative methods. Such early
assays already revealed heterogeneous imprinting in multiple
tissues as well as variability between individuals (Dao et al.
1998; Sakatani et al. 2001; McMinn, Wei, Sadovsky et al. 2006).
Recently, RNA-seq has enabled the genome-wide assessment
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of allelic bias in human tissues (Metsalu et al. 2014; Babak et al.
2015; Baran et al. 2015; Hamada et al. 2016; Gulyas-Kovacs
et al. 2018; Zink et al. 2018; Jadhav et al. 2019) and has shown
that repression is often incomplete with some expression
from the silenced allele. In complex tissues, specious loss
of imprinting (LOI) might arise if only a fraction of cell
types express the gene from one allele while other cell
types in the tissue have biallelic expression. However, LOI
is also detected in single cell RNA-seq studies demonstrat-
ing that LOI can be due to derepression (Santoni et al.
2017; Vertesy et al. 2018).

Two studies aimed at the discovery of imprinted genes by
RNA-seq analysis in various tissues have produced largely
overlapping gene lists in humans (Babak et al. 2015; Baran
et al. 2015) and the same is true for mice (Babak et al. 2015;
Bonthuis et al. 2015; Perez et al. 2015) suggesting that the
majority of imprinted genes have been identified in most
tissues including the placenta (Metsalu et al. 2014; Hamada
et al. 2016). The mechanistic understanding is less complete
even though it is well established that differentially methyl-
ated regions (DMR) are essential for repression at many loci
(Bartolomei and Ferguson-Smith 2011). However, additional
imprints, like H3K27me3, have also been shown to be func-
tional (Inoue et al. 2017). Since the expression of imprinted
genes is influenced by multiple mechanisms, analysis of RNA
provides a more inclusive readout than DNA methylation to
characterize the functional variation of imprinted genes.

Here, we report the first systematic analysis of the variation
in ASE of imprinted genes in the placenta for a human pop-
ulation. We generated RNA-seq data from placentas collected
at the time of birth from participants in a multigenera-
tional cohort in Mali, West Africa. We computed allele-
specific read counts for all eSNPs that mapped to known
imprinted genes. The resulting data from 52 placentas
were analyzed using binomial generalized linear mixed
models (GLMMs) using the imprinting call at the exon
level as the dependent variable.

We use the term LOI to refer to departures from mono-
allelic RNA expression as determined by RNA-seq and pyro-
sequencing rather than to measures of the loss of molecular
imprints, such as DNA methylation. LOI occurred in both
maternally and paternally silenced genes, but was more pro-
nounced in paternally silenced genes. LOI was not uniform
across genes, with some genes prone to LOl (RHOBTBS,
TFPI2) and others rarely showing LOI (KCNQ10T1, MEG3).
Imprinted INcRNA genes showed less expression from the
silenced allele than did protein coding genes. Unexpectedly,
we found a significant correlation in LOI between paternally
expressed genes (PEGs) and maternally expressed genes
(MEGs) in the same placenta. Some individuals had more
LOI than others, consistent with a role for LOI in shaping
phenotypic outcomes. Birth length and placental weight
were associated with allelic bias, making this the first report
to analyze interperson variation in LOl across imprinted genes
in humans and to find an association with birth phenotype.
We conclude that LOI is a nonstochastic process with signif-
icant gene-level variation as well as person-level variation that
has phenotypic consequences.

430

New Approaches

Sample Collection and Sequencing

We collected placental specimens from participants in a mul-
tigenerational, population-based cohort study of the Dogon
of Mali, West Africa (see Materials and Methods). When the
young women (F1) who had been followed throughout child-
hood and adolescence gave birth, placental and fetal cord
blood samples were collected and the infant was enrolled as
a member of the F2 generation. Here, we report data for 52
placentas collected from 52 mothers as well as birth param-
eters for the F2 infants. Descriptive statistics are summarized
in supplementary table S1, Supplementary Material online.

The placentas were collected by trained midwives after
natural delivery in a local hospital. Compared with placental
cohorts from high income countries (Kappil et al. 2015;
Moore et al. 2015; Prats-Puig et al. 2017), the mothers in
this study were sub-Saharan Africans who shared the same
ethnicity, were younger (mean age 18.2 years % 1.4), predom-
inantly primiparous (85%), and the mean weight of their
newborns (26kg * 0.4) and their placentas was lower
(475 g = 87). We sampled two cotyledons from each placenta
and analyzed the samples separately.

To accommodate partially degraded RNA, we employed
stranded sequence library methods with random priming and
we sequenced to high depth (~300x10° reads, see supple-
mentary table S2, Supplementary Material online and
Materials and Methods).

Identification of hetSNPs and Assignment of
Imprinting Codes

As most imprinted genes in humans have been identified, we
were able to design a targeting region for genotyping that
included 91 genes known to be imprinted and to assign the
parental origin of the imprint. In the targeted region, we lo-
cated all heterozygous eSNPs from DNA isolated from um-
bilical cord, which is a fetal tissue free of maternal DNA. We
coded genes based on the allele expressed preferentially as
Paternal (PEGs) (N =40), Maternal (MEGs) (N=22), or
Complex (CEGs) (N = 29); CEGs had gene isoforms with dis-
similar parental expression bias or conflicting reports in the
literature. We based these codes on both ASE studies and
DNA methylation studies (supplementary table S3 and refer-
ences therein, Supplementary Material online).

We generated imprinting codes at the SNP level after con-
sidering all genes affected by the polymorphism using VEP,
Variant Effect Predictor (McLaren et al. 2016), and filtering for
genes expressed at >0.1 TPM in a placental reference RNA-
seq data set. The reference data were from a study with high
quality RNA from Caesarean deliveries (Majewska et al. 2017).
SNPs that mapped on the same strand to multiple genes with
different imprinting codes were not included in our analyses.
The proportion of paternal alleles was calculated for a subset
of SNPs (35%) for which we had phasing information
(N=13,684, supplementary fig. S1, Supplementary Material
online). The mean paternal allele bias for each group of
SNPs was consistent with the literature in having the
expected direction of imprinted expression, but it was also
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apparent that for many SNPs, allelic bias was only partial. The
use of literature-derived imprinting codes enabled us to an-
alyze MEGs, PEGs, and CEGs separately without the need for
phased genotypes to experimentally determine parent of or-
igin for each gene.

Statistical Analysis

We chose the exon as the unit of analysis as allelic bias along
an exon should be constant. It is determined by the expres-
sion levels and allelic bias of the transcripts that share an exon
(Deonovic et al. 2017). An exon was deemed to be imprinted
if >90% of the reads for at least 50% of the SNPs within the
exon mapped to one allele. These thresholds did not distort
imprinting calls for exons with low numbers of SNPs or high
expression (see supplementary analysis, Supplementary
Material online) and accommodated outliers and technical
sources of nonconcordance across an exon. Our dichoto-
mous indicator of allele-specific expression is referred to as
“ASE” below.

We used binomial GLMMs to produce a uniform set of
person-level and gene-level imprinting rate estimates
(Gelman and Hill 2006). These models yielded variance
parameters that were used to assess the overall contribution
of genes, exons, placenta, and cotyledon to imprinting rate
variation. The imprinting status could be determined in each
sample for only 15% of the exons in the targeting region. An
advantage of the GLMM framework is that we were able to
estimate these population-level variance parameters with in-
complete data. A similar approach was used recently to an-
alyze ASE from human brain RNA (Gulyas-Kovacs et al. 2018).
The GLMM:s included random effects for placenta and for
cotyledon (person-level variables), and for genes and exons
(genome-level variables). The random cotyledon effects were
nested within the random placenta effects, and the random
exon effects were nested in the random gene effects. The
person-level and genome-level random effects were crossed
with respect to each other. We also obtained best linear un-
biased predictions (“BLUPs”) for all four random effects. In the
final data set, we pooled data generated from multiple librar-
ies (supplementary table S2, Supplementary Material online)
taking advantage of the fact that ASE analysis compares read
counts only within samples and thus is less affected by tech-
nical parameters than in studies of relative expression (Castel
et al. 2015). Moreover, we included library type as a dummy
variable in the GLMM:s.

Maternal Contamination

The placenta is unique as it is composed of cells with different
genotypes. Compared with mice, the maternal and fetal com-
partments in human placentas are less intermixed but it is still
challenging to dissect a fetal sample that is completely free of
maternal tissue (Benirschke et al. 2012). Maternal contami-
nation will affect ASE in the fetal compartment of genes that
are highly expressed in maternal decidua by increasing ma-
ternal reads. Thus, maternal contamination will overestimate
LOl in PEGs and to a lesser degree underestimate it in MEGs.
However, by quantifying nonfetal allele reads at SNPs that are
homozygous in the fetus, a gene-level measure of

contamination can be obtained directly from RNA-seq data
(Hamada et al. 2016). Our analyses discarded genes contam-
inated above a threshold on a gene by sample basis (see
Materials and Methods). All statistical models include a con-
tamination covariate to control for any residual contamina-
tion (see Materials and Methods). We also used
pyrosequencing and RT-qPCR to identify contaminated
samples.

Results

Variable LOI for Many Genes

We quantified the extent of imprinting by measuring the
fraction of exons that were silenced according to the defini-
tion given above, which permits up to 10% reads from the
silenced allele and eliminates outliers. Our data have 5,478
data points (exons by sample) of which 39% had allelic bias of
<90% indicating LOI. Here, we use the term LOI to indicate
deviation of allelic bias from mono-allelic expression and im-
printing rate is the dependent variable in the GLMM:s.
Because we did not attempt to measure imprints, LOI for a
given gene does not necessarily correlate with the loss of an
imprinting mark in the vicinity of the gene. When grouped by
parental expression bias, 25% of the 2,386 PEG-exons had LOI,
43% of the 1,139 MEG-exons had LOI, and 55% of the 1,953
CEG-exons had LOL. A gene by placenta summary of the
results is presented in supplementary figure S2,
Supplementary Material online. This overview shows that
LOI was widespread in maternally and paternally silenced
genes.

The results from the GLMM analysis stratified by parental
expression bias are presented in table 1.

As revealed by the random effects, both PEGs and MEGs
showed strong gene-to-gene variation in ASE that exceeded
the variation among exons in the same gene (fig. 1). Allelic
bias is determined by the relative activity of the promoter
that controls transcription of the gene on the maternal and
paternal alleles. The finding of greater variation in ASE among
genes than among exons is consistent with a single promoter
driving the expression of most exons in a gene. Nonetheless,
the variation at the exon level was substantial, suggesting that
transcripts with unique combinations of exons from the same
gene have distinct allelic biases due to the activity of their
individual promoters. In contrast to MEGs and PEGs, in CEGs
the variance component for exons exceeded that for genes. In
the literature (supplementary table S3, Supplementary
Material online), transcripts for the same CEG tend to have
different expression biases, or studies disagree with respect to
a CEG's parental bias, or the parental expression bias was not
specified. In our GLMM analysis, this complexity resulted in
high variability for the exon random effect.

The best linear unbiased prediction values (BLUPs) showed
that both PEGs and MEGs lost imprinting (fig. 2 and supple-
mentary table S4, Supplementary Material online). A BLUP is
the log odds ratio that a gene is imprinted after adjusting for
the fixed effects in the model; strongly positive BLUPs indicate
that the gene has retained imprinting. Among the PEGs, some
genes (RHOBTB3 and SNU13) showed frequent LOI while
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Table 1. Stratified Models.

Preferentially Paternal (PEG) Maternal (MEG) Complex (CEG)

Expressed Allele

Fixed Effects Estimate  SE Stand. P Estimate  SE Stand. P Estimate  SE Stand. P

Coeff. Coeff. Coeff.

Birth length cen. (cm) —0.072 0.033 -—0.138 0.031 —0.086 0.045 —0.161 0.057 —0.109 0.032 -—0.206 0.001

Placental weight cen. (kg) —4.55 0.738 —0.374 <0.001 —1.375 1.059 -—0.109 0.194 —2.233 0.763 —0.182 0.003

Boy® 0.003 0.123 0.981 —0.075 0.168 0.655 0.009 0.126 0.944

Later born® 0.281 0.2 0.159 0.542 0.263 0.039 0.57 0.178 0.001

Gene class=IncRNA® 2.68 0.24 0.974 <0.001 3.404 0.319 1.353 <0.001 0.886 0.2 0.275 <0.001

Random Effects SD 2.5% Bound 97.5% SD 2.5% Bound 97.5% SD 2.5% Bound 97.5%

Bound Bound Bound

Placenta 0.747 0.614 0.909 0.061 0.050 0.075 0.043 0.035 0.052

Cotyledon 0.053 0.045 0.062 0.681 0.583 0.795 1.175 1.003 1376

Gene 1.272 1.017 1.590 1.225 0.906 1.655 0.049 0.037 0.064

Exon 0.634 0.572 0.702 0.435 0.376 0.503 1.489 1.328 1.669
N N N

Placentas 52 50 49

Cotyledon 86 83 80

Imprinting calls 2,324 1,114 1,915

Genes 40 22 29

Exons 192 95 153

Note.—Dependent variable is imprinting rate. Technical variables included as fixed effects but not shown: Library type (4 levels), Sequence batch (6 levels), RIN, Percent

mitochondrial sequences, maternal contamination.
“Ref. Category: girl.

PRef. Category: first born.

“Ref. Category: protein coding.

Gene Exon
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Group

PEG MEG CEG
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Fic. 1. Variance components for genes and exons in the GLMM
models (table 1) by gene group. Error bars correspond to the 2.5%
lower and 97.5% upper bounds.

others (KCNQ10TT, IGF2-AS, and PEG3) were rarely expressed
from the maternal allele. Among the MEGs, TFPI2 stood out
for its low imprinting rate and its high expression in placentas.
Conversely, MEG3, MEGY, and H19 rarely lost imprinting.
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To test whether the IncRNA genes as a class had lower LOI,
we grouped genes into protein coding, INcRNA, and ncRNA
and then added these indicators as fixed effects in the
GLMMs (table 2). The IncRNA gene class was much more
likely to be imprinted relative to protein coding genes (log
odds ratio 2.874 P < 0.001).

In sum, we found LOI in both PEGs and MEGs. Some genes
were more prone to LOI than others and the variability in
imprinting rates was greater at the gene level than at the exon
level. In contrast to protein coding genes, INcRNA genes usu-
ally retained full imprinting.

Greater LOI in Longer Newborns

As imprinted genes are associated with growth phenotypes
(Adkins et al. 2010; St-Pierre et al. 2012; Hoyo et al. 2014;
Kappil et al. 2015; Moore et al. 2015), LOI has been suggested
to contribute to phenotypic plasticity but experimental evi-
dence for this concept has been lacking (Koukoura et al.
2012). The placentas that we analyzed were from an under-
nourished population with about half of the F1 mothers hav-
ing experienced early childhood stunting (Strassmann 2011)
and their F2 offspring having an average birth weight of 2.6 kg
*0.42, indicative of reduced fetal growth. Thus, we had the
opportunity to investigate the hypothesis that LOI is func-
tional and mediates phenotypic effects. We focused on birth
length as it is a parameter that presages later stunting (MAL-
ED Network Investigators 2017). The evidence for a negative
impact on adult health and for transgenerational
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Fic. 2. Gene-level imprinting scores derived from gene-class fixed effect and gene-level BLUPs. Higher values indicate a higher propensity for the
gene to be imprinted (mono-allelic expression). Genes belonging to the gene class IncRNA are labeled by asterisk. Numbers to right indicate the
number of exons with data for each gene in all samples. Crude values refer to average of all imprinting rates in all samples without adjustment for

covariates in the GLMM:s. Error bars are BLUP SDs.

Table 2. Nonstratified Model (PEG+MEG).

Fixed Effects Estimate SE  Stand. Coeff. P

Birth length cen. (cm) —0.085 0.027 —0.161 0.001
Placental weight cen. (kg) —3.457 0.604  —0.281 <0.001
Boy® —0.072 0.099 0.467
Later born® 031 0.158 0.05
IncRNA® 2.874 0.191 1.078 <0.001
ncRNA® —0.793 0.623 0.203
MEG* —0.705 0.102 —0.33 <0.001
N
Placentas 52
Cotyledon 86
Imprinting Calls 3,438
Genes 62
Exons 287

Note.—Dependent variable is imprinting rate. Technical variables included as fixed
effects (not shown): library type (4 levels), sequence batch (6 levels), RIN, percent
mitochondrial sequences, maternal contamination. Random effects similar to ta-
ble 1 were included in the model (not shown).

“Reference category: Girl.

PReference category: First born.

“Reference category: Protein coding.

dReference category: PEG.

transmission is stronger for birth length than for birth weight
(Victora et al. 2008; Martorell and Zongrone 2012). Birth
length and birth weight were correlated (r = 0.56) and a larger
sample size would be required to add both as covariates in
one GLMM model. We also included placental weight in the
models as some imprinted genes differentially affect fetal
growth and placental weight (Moore et al. 2015).

To assess variation in imprinting rates across subjects, we
predicted person-specific imprinting rates by summing the

random effect BLUPs for placentas and cotyledons within an
individual (supplementary table S5, Supplementary Material
online). By doing so, we are able to include the repeatedly
measured individuals due to sequences from multiple coty-
ledons of the same placenta (n=18) or due to multiple
sequences of the same cotyledon (n = 8). The difference in
predicted imprinting odds ratio between extreme samples
(most imprinted relative to least imprinted) were large
(PEGs 3.1, MEGs 3.7, CEGs 12.3), indicating substantial varia-
tion in the imprinting rates among individuals. To find out if
this variation was associated with birth length and placental
weight, we included these parameters as covariates in the
GLMMe s. In the stratified analyses (table 1), all imprinting
classes (PEGs, MEGs, and CEGs) had a negative estimate for
birth length and PEGs and CEGs had an even stronger neg-
ative estimate for placental weight. These results were repro-
duced in the nonstratified analysis (PEGs+MEGs) where birth
length and placental weight had negative estimates of —0.085
and —3.457, both with P <0.001 (table 2). These negative
estimates indicate that newborns of increased birth length
had less imprinting in their placentas and heavier placentas
also had less imprinting,

LOI Did Not Correlate with Sex

In the GLMM:s, the effect size for sex was small relative to its
SEs; thus, we found no evidence that sex was associated with
imprinting rates in any of the gene groups. This lack of asso-
ciation was not due to limitations of power as 42% of the
placentas were from boys. In contrast, later borns did have
increased allelic bias in MEGs and CEGs suggesting that parity
modulates LOI. However, this effect was dependent on TFPI2

433


Deleted Text:  
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz226#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz226#supplementary-data
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: d
Deleted Text: n
Deleted Text: c
Deleted Text: s
Deleted Text: standard error

Vincenz et al. - doi:10.1093/molbev/msz226

MBE

as deleting this MEG in the course of the sensitivity analysis
resulted in a nonsignificant estimate for later borns (P = 0.39).
Because only 15% of the placentas in this study were from
later borns, reproducing these results in a larger data set is
desirable. Deleting TFPI2 did not alter any of the other signif-
icant associations.

Paternally Imprinted Genes Had More LOI than
Maternally Imprinted Genes

The stratified analyses revealed that both maternally and pa-
ternally imprinted genes lost imprinting. To find out if LOI
was more prevalent for PEGs or MEGs, we added the fixed
effect MEG to the unstratified GLMM. MEGs had a negative
fixed effect (—0.705) with P < 0.001, indicating that they
more frequently lost imprinting. To ensure that the prefer-
ential LOI of MEGs was not driven by a few genes or samples,
we performed a sensitivity analysis by sequentially removing
the four genes or the four samples with the most data.
Removing genes reduced estimates for MEGs in the unstra-
tified model by <10%; removing samples also did not change
the estimates, the overall trend, or the significance, confirm-
ing that MEGs in general have more expression from the
silenced allele.

LOI of MEGs and PEGs Was Correlated

As we observed significant LOI in genes with imprints from
either parent, we were interested in finding out whether LOI
of PEGs and MEGs was correlated in the same placenta. We
calculated a correlation coefficient of 0.47 (95% confidence
interval: 0.22-0.66). This degree of correlation suggests that
when LOI occurs it affects multiple genes irrespective of
whether their expression bias is maternal or paternal. Given
that the silenced alleles of MEGs and PEGs reside on different
chromosomes, we infer that the correlated modulation of
allelic bias involves a trans-acting factor and is not regulated
in cis.

Discussion

We analyzed placental specimens from a longitudinal and
multigenerational cohort study to systematically charac-
terize variation in LOI across genes and individuals. Since
LOI often occurs in cancers, it has been associated with
disease (Jelinic and Shaw 2007). Whether LOI has any
functional consequences in healthy tissue has yet to be
established. The phenotypes of mice with deleted
imprinted genes and current understanding of the evolu-
tionary forces that led to imprinting (Peters 2014) suggest
that LOI may fine-tune fetal growth in placentas and ad-
ditional physiological processes in other tissues (Tucci
et al. 2019). Thus, we tested the hypothesis that modula-
tion of imprinting is an epigenetic mechanism for regu-
lating offspring growth, as measured by birth length and
placental weight. We show that newborns of increased
birth length and heavier placentas had more LOI. Our
results contradict the alternative view that LOI is a sto-
chastic process without phenotypic consequences.
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LOl in the Placenta Is Common

Over one-third (39%) of the exons in the data set had some
expression from the silenced allele revealing that LOI is com-
mon in many imprinted genes. Intriguingly, imprinted genes
that code for IncRNAs rarely lost imprinting (fig. 2). These
genes, where known, function mainly as epigenetic regulators
of multiple targets (Barlow 2011). The maintenance of mono-
allelic expression may indicate that gene dosage of master
regulators is tightly controlled and LOI of IncRNA is incom-
patible with a viable fetus. The targets of IncRNAs that are
also imprinted showed a wider range of allelic bias (supple-
mentary table S4, Supplementary Material online). For exam-
ple, KCNQ10OTT1 is a IncRNA that had a BLUP of +3.1
(implying mono-allelic expression) and it controls the
imprinted protein coding genes KCNQ1, CDKN1C, and
PHLDA?2 that had BLUP values of +0.04, +0.52, and +1.00,
respectively. The variability of LOI in the targets suggests that
suppression by IncRNA is incomplete and that additional
factors influence allelic bias.

Frequent deviation from complete allelic bias was also
found in the multiple tissues collected as part of the GTEx
project, in which placentas were not included (Babak et al.
2015; Baran et al. 2015), and in a study of the human cortex
(Gulyas-Kovacs et al. 2018). Allelic bias is also subject to co-
ordinated spatiotemporal regulation as was shown in mouse
brains (Perez et al. 2015). LOI was not due to maternal con-
tamination as we excluded genes from placentas contami-
nated with maternal RNA and genes with unknown
contamination levels (see Materials and Methods).
Clustering by ASE Spearman correlation showed that samples
from two cotyledons of the same placenta clustered together
(rs = 0.50) while samples from different placentas did not (r,
= 0.18) (supplementary fig. S3, Supplementary Material on-
line). Thus, LOI was consistent between two sampling sites on
the same placenta. Similarly, DMRs from different biopsies
showed higher correlation in methylation when they origi-
nated from the same placenta (Monteagudo-Sanchez et al.
2019). In sum, derepression of imprinted alleles is not limited
to disease states but also occurs in many healthy tissues—
including the placenta—as part of a normal developmental
program.

Stronger LOI for MEGs than PEGs

We observed that MEGs lost imprinting more frequently than
PEGs, suggesting that paternal imprints are removed more
frequently than maternal ones. As MEGs are silenced by
imprints on paternal alleles, LOI of these genes skews allelic
bias in the placenta toward expression of growth inhibiting
genes and thus toward the interests of the alleles derived
from the mother.

The mechanisms that lead to LOI of imprinted genes are
likely to involve loss of the imprint, not acquisition of new
repressive marks on the preferentially expressed allele as most
genes maintain the direction of their allelic expression bias
during development into adulthood (Wilkins et al. 2016;
Zink et al. 2018; Monk et al. 2019). Currently, the only imprint
characterized during development is DNA methylation. DNA
methylation is established during germ cell development but
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DMRs only emerge during preimplantation development as a
result of their resistance to demethylation (Hanna and Kelsey
2014). The discovery of factors that protect from
demethylation shortly after fertilization and that modify mul-
tiple DMRs implicate the preimplantation period as critical
for shaping imprints (Payer et al. 2003; Mackin et al. 2018).
Some of these factors that protect DMRs are primate specific
(Takahashi et al. 2019). Furthermore, this period prior to zy-
gotic gene activation is also longer in primates compared with
rodents and involves the establishment of a species-specific
chromatin conformation (Xia et al. 2019). The involvement of
maternal transcripts in the reactivation of MEGs during this
period had already been postulated by Wilkins and Haig
(2002) through a kinship model that included parental
trans-acting modifiers of imprinting.

Given these mechanistic insights and the association of
LOI with birth length, we propose that LOI of multiple
imprinted genes is a mechanism that adjusts offspring size
to maternal resources, in part through trans-acting maternal
modifiers that act prior to the maternal to zygotic transition.
Both maternal and paternal imprints are being remodeled
during this period such that paternal imprints that represent
the interests of the paternal genome are being modified by
the mother, who usurps control.

Correlated LOI of MEGs and PEGs

Some individuals had higher LOI in many genes as shown in
the BLUP tables that display a wide range in the combined
placenta+cotyledon BLUPs (supplementary table S5,
Supplementary Material online). LOI in MEGs and PEGs
was correlated, which implies a degree of coordinated regu-
lation of LOI.

According to the kinship hypothesis PEGs and MEGs are
functionally antagonistic, so coordinated LOIl is an unex-
pected finding and would be predicted to reduce the pheno-
typic consequences of LOIl. However, it is possible that the
two gene groups differ in their phenotypic penetrance. In our
data, the association of increased birth length and placental
weight with LOI indicates that less LOI in the more numerous
PEGs had a greater effect on the phenotype than more LOI in
the fewer MEGs. Thus, the correlated LOI of MEGs and PEGs
did not cancel out phenotypic effects. It is unclear if corre-
lated LOI reflects a mechanistic constraint or a phenotypic
constraint. In the latter case, LOI that is too asymmetrical may
not result in a viable offspring. Greater clarity will require a
better understanding of the quantitative relationship be-
tween LOI, expression, and placental function of imprinted
genes.

While the prezygotic phase of development is likely to be
the developmental stage during which LOI occurs, all the
effector molecules that orchestrate correlated LOI are not
known. However, multiple locus imprinting disturbances
(MLID) provide evidence that mechanisms that affect multi-
ple DMRs do exist (Sanchez-Delgado et al. 2016). Some of the
genes that cause MLID are maternal effect genes, reinforcing
the view that the developmental window for LOI is soon after
fertilization (Mackay et al. 2008; Begemann et al. 2018).

Correlated LOI between PEGs and MEGs implies that some
gene regulation operates through changes in repression of
many imprinted genes. However, gene-specific levels of reg-
ulation are well established and are expected to degrade this
correlation. For example, multiple IGF2 promoters have been
identified that produce transcripts with varying tissue specif-
icity (Monk et al. 2006). Tissue-specific promoters can even
lead to change in the parental origin of the imprint as is well
documented for GRB10 (Monk et al. 2009) and IGF2 (Monk
et al. 2006; Baran et al. 2015).

Positive Association between LOI and Offspring Birth
Length and Placental Weight

The majority of studies have used DNA methylation to assess
associations between LOI and phenotypic outcomes. A re-
cent meta-analysis of these studies concluded that there were
no consistent associations in part due to methodological
issues (Maddock et al. 2018). Studies focused on the methyl-
ation of a few selected imprinted genes in placentas also did
not find consistent associations (McMinn, Wei, Schupf et al.
2006; Guo et al. 2008; Bourque et al. 2010; Koukoura et al.
2011), which is likely due to the incomplete understanding of
the relationship between DNA methylation and expression as
well as the possibility of other imprints contributing to the
regulation of allelic bias (Inoue et al. 2017). Studies that have
analyzed relative expression of some imprinted genes have
found correlations consistent with the kinship hypothesis
(Apostolidou et al. 2007; Guo et al. 2008; Lambertini et al.
2012), particularly from first trimester placentas (Moore et al.
2015). Relative RNA expression levels from term placentas
can be dominated by the birthing process itself (Lee et al.
2010) or other transient exposures. Measuring changes in
allelic bias, as we did here, allowed us to use term placentas
to estimate ASE, an RNA property that is under epigenetic
control and arguably less affected by short-term stimuli.

In PEGs and CEGs, the association between placental
weight and imprinting rate was much stronger than that
for birth length. Although the placenta is a discarded organ,
placental weight may have many downstream effects and is
known to be associated with adult health (Barker et al. 1990).
Longer newborns had more biallelic expression in their pla-
centas and placentas with more biallelic expression were
heavier. Placentas of shorter newborns tended to express
PEGs and CEGs from one allele, consistent with the proposal
that resource scarcity produces a greater degree of genomic
conflict and results in higher allelic bias. The associations be-
tween imprinting rate and birth phenotypes supports our
hypothesis that modulation of LOI is functional and agrees
with the hypothesis that PEGs are growth promoting, partic-
ularly in the placenta.

For MEGs a positive association between imprinting rate
and placental weight may be expected as these genes are
predicted to be growth inhibitory. However, the estimate
was negative and not significant, thus arguing against a role
for LOI of MEGs in reducing placental weight and birth length
even in conditions where half of the mothers were stunted. In
addition, our data are also not compatible with a compensa-
tory role for LOI in which shorter fetuses upregulate the
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expression of growth promoting PEGs by activating the si-
lenced allele.

The concept of an imprinted gene network has been pro-
posed to explain coregulation of many genes that control
embryonic growth in mice (Varrault et al. 2006). This concept
was developed from experimental manipulation of apical
transcription factors in the network and therefore is different
from what we observe here, which is an allele-specific repres-
sive mechanism that is thought to operate on chromatin-
level properties impacting imprinted genes.

We collected the placentas from women in a prospective
cohort study. Half of the newborns had low birth weight and
many were probably small for gestational age though con-
ception dates were unavailable. Nonetheless, most infants
thrived and had no overt developmental delays at age
1 year. Thus, the variation in LOI that we documented
was seen in phenotypically normal children growing up in
an environment with food insecurity. Currently, there are
insufficient data available to determine whether LOI cor-
related with placental weight or birth length in other
populations (Guo et al. 2008; Heijmans et al. 2008;
Diplas et al. 2009; Einstein et al. 2010; Tabano et al.
2010; Tobi et al. 2011).

Because LOl is derived from the ratio of expression of two
alleles, it does not uniquely define the changes in expression.
Studies in the mouse cerebellum have shown that LOI most
frequently resulted from reduced gene expression, especially
from the preferentially expressed, nonimprinted allele (Perez
et al. 2015). For many other genes, however, reduced allelic
bias was the result of increased expression of the silenced
allele or changes in the expression of both alleles (Perez
et al. 2015). Similarly, there was no straightforward correlation
in human tissues between the relative expression of a gene
and allelic bias when comparisons were made across tissues
(Baran et al. 2015). We were unable to compare relative ex-
pression between samples because of the variable quality of
the RNA. Thus, absent relative expression estimates for each
allele, we cannot infer what change in expression of which
allele(s) produced LOI. Further, the short read length of the
RNA-seq technology limited our ability to determine LOI at
the transcript level. Despite these limitations, LOI is indicative
of expression changes affecting one or both alleles.

This study is the first genome-wide survey of LOI in known
imprinted genes in human placentas. Other epigenetic stud-
ies from West Africa exploited the seasonal availability of food
to identify metastable epialleles in blood (Dominguez-Salas
et al. 2014). One allele that stands out for its high significance
scores and its association with birth season overlaps the tran-
scription start site of the VTRNA2-1 gene. Remarkably, the
methylation status of its DMR is stable for more than a de-
cade after birth (Silver et al. 2015). It has yet to be established
whether hypomethylation of this DMR leads to LOI and we
could not determine LOI of VTRNA2-1 in our placental sam-
ples because expression of this gene was too low. Interestingly,
a reanalysis of these data concluded that children born during
the rainy season when food was “low calorie nutritionally
rich” were more likely to be imprinted at this DMR
(Carpenter et al. 2018). This report for VTRNA2-1 is consistent
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with our transcriptome-wide data-linking allelic bias to birth
phenotypes.

In sum, we took advantage of the almost completed dis-
covery of imprinted genes in humans to systematically char-
acterize the variation in LOl of 91 genes expressed in
placentas. Variation in LOI was primarily at the gene as op-
posed to the exon level and some genes were less susceptible
to LOI than others—in particular, INcRNA genes rarely devi-
ated from mono-allelic expression. We show that LOI was
common and nonstochastic and highly variable between
individuals. Within a placenta, the expression bias of mater-
nally and paternally imprinted genes was correlated. We pro-
pose that the regulatory mechanisms that mediate correlated
LOI act during the preimplantation period and involve trans-
acting maternal effect genes. The kinship hypothesis identi-
fied imprinted genes in the placenta as critical for growth.
Building on this insight, we hypothesized that LOI provides
the mother with a means to fine-tune fetal size. In support of
this hypothesis, we show that birth length and placental
weight were associated with allelic bias, making this the first
comprehensive report of an association between LOI and a
birth phenotype.

Materials and Methods

Study Population

The mothers for the placental collection were participants in
an ongoing multigenerational prospective cohort study in
Mali, West Africa (Strassmann 2011). The participants (F1,
N =1,698) were born in the years 1993—-2000 in a cluster of
nine rural villages belonging to the Dogon ethnic group. We
took anthropometric measurements upon enrollment
(1998-2000) and at yearly intervals through 2000. The cohort
was also measured in 2004 and 2007 and annually from 2010
to 2019 when the participants were in puberty and young
adulthood. The F2 (N=707 as of September 1, 2019) are
being measured every 3 months. The FO generation was mea-
sured once (N =1,217).

IRB

Informed consent or assent was obtained from participants
depending on whether they were adults or children. IRB ap-
proval was obtained from the University of Michigan IRBMED
(HUMO00043670) and from La Faculté de Médecine de
Pharmacie et d’‘Odontostomatologie (FMPOS) de Bamako
in Mali (No. 2016/68/CD/FMPQOS).

Sample Collection

All samples were collected at the local hospital. Its maternity
clinic is staffed by midwives and supported by a physician.
The midwives identified subjects with the help of a roster of
all women enrolled in the study who had given their informed
consent for the placental collections. The same midwives
performed prenatal consultations and they were in most
cases already familiar with the women prior to the day of
parturition. To insure that the health of the baby and the
mother were not compromised, the collections were always
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carried out by a different midwife from the one attending to
the birth.

On the day of collection, formaldehyde (37%) was diluted
1:10 with phosphate buffered saline and stored on ice. The
diluent was prepared with a PBS tablet (Sigma—Aldrich) and
distilled water. In preparation for the birth, RNAlater aliquots
(4.5ml, Sigma—Aldrich) in 5ml cryovials stored at —20 °C
and Tempus Blood RNA tubes (Thermo Fisher Scientific)
were transferred to the maternity clinic on ice. Five wash
tubes with 15 ml PBS were precooled on ice as well.

The local best practice protocol for singleton births is to
accelerate the delivery of the placenta with oxytocin (101U,
IM) immediately after delivery of the baby. All specimen
collections were done within 30 min of the recovery of the
placenta. First, 3ml of umbilical cord blood was collected
from the umbilical arteries with a syringe equipped with a
21 Gauge needle, added to the Tempus tube, and put on ice.
Second, the placenta was freed from the fetal membranes and
placed with the umbilical cord facing down on the dissection
tray. In a circle encompassing a central area that is three
quarters of the placental surface, two well-formed cotyledons
were identified. Each cotyledon was cut in half and ~1g of
tissue was dissected from the fetal compartment in the inte-
rior. The surface of each cotyledon was removed with a shav-
ing motion of the scalpel to yield the maternal decidua (not
analyzed here). The tissue samples were minced finely,
washed in cold PBS, and transferred to 4.5 ml of RNAlater.
Samples were incubated in RNAlater at 4 °C for 36 h before
excess liquid was drained and the samples transferred to a
—20 °C solar freezer. Fixed specimens of the fetal compart-
ment were obtained from the opposite cut face at the center
of each cotyledon. They were immediately placed in tissue
cages and submerged in 3.7% formaldehyde for 36 h, followed
by a 30 min wash with 70% ethanol and storage at —20 °C.
Samples were stored up to 10 months at —20 °C prior to
shipment on dry ice via World Courier to a laboratory freezer
(—80 °C) at the University of Michigan.

Nucleic Acid Purification

RNA

The TRIzol protocol was used with the following modifi-
cations (Chomczynski 1993). Tissue homogenization was
achieved in two steps. First, ~50 mg of thawed placental
tissue was crushed frozen in a prechilled (LN,) cell crusher
(cellcrusher.com) with 30 hammer strokes. Second, the
tissue powder was transferred into 1ml TRIzol and ho-
mogenized with 3x30s bursts of a TissueRuptor
(Qiagen). Phase separation was achieved with 100 ul 1-
bromo-3-chloropropane (Sigma—-Aldrich). The RNA was
immediately further purified with a Zymo-Spin Column
(R1016, Zymo Research) and digested with DNasel for
30 min at 37 °C (AM1907, Ambion).

DNA

Genomic fetal DNA was isolated from umbilical cord tissue
with QlAamp DNA Mini Kit following the manufacturer’s
instructions (Qiagen).

DNA from TRIzol preparations

To measure maternal contamination by pyrosequencing,
DNA was isolated from the same tissue sample as the RNA
by recovering DNA from the organic phase following a stan-
dard protocol (Stephenson et al. 2016).

Pyrosequencing

Validation of RNA-seq allelic bias was performed on select
SNPs using pyrosequencing. cDNA synthesis RT was per-
formed immediately after DNasel digestion of RNA with
the ProtoScriptll First Strand cDNA Synthesis Kit (E6560,
New England Biolabs) and random hexamer primers.
Pyrosequencing primers were designed with Qiagen
PyroMark Assay Design 2.0 software and amplicons were
generated with PyroMark PCR Kit (978705, Qiagen) and se-
quenced using a PyroMark Q96 MD workstation. 30 SNPs
were pyrosequenced in 22 cotyledons and the results are
shown in supplementary table S6, Supplementary Material
online. Pearson correlation between LOI determined by RNA-
seq and pyrosequencing was 0.59 (P = 9.2x 10>, n = 90) for
the SNPs that were included in the statistical model.

Library Preparation

Libraries were prepared by the University of Michigan DNA
Sequencing Core following the manufacturer’s instructions.
All samples were spiked with ERCC control RNA (mix 1 or
mix 2) according to the manufacturer’s instructions (4456739,
ThermoFisher Scientific). In most cases the library kit used
was SMARTer Stranded Total-Seq Kit Pico Input Mammalian
(635006, Clontech) using 10 ng of input RNA. Samples with
RIN >6 were also sequenced with the High Mammalian ver-
sion of the same kit (634873, Clontech) using 1 g input RNA.
Eleven sequence libraries were prepared with NEBNext Ultra
Directional (E7760, NEB) using 1 ug input RNA, and two with
lllumina TruSeq RNA Access (RS301, lllumina) using 1 ug in-
put RNA. See supplementary table S2, Supplementary
Material online, for summary statistics.

RNA Sequencing

Paired-end sequencing at 150 bp read length was performed
for the bulk of the samples on an lllumina HiSeq 4000 plat-
form at a depth of one lane per sample. Read length was
75bp for some lower RIN samples and four samples were
multiplexed on one lane for NEB and TruSeq libraries.

DNA Sequencing

Targeted DNA sequencing was employed for genotyping us-
ing the Roche-NimbleGen design and SeqCap EZ Choice. The
targeted region included all exons extended at each end by
50 bp of imprinted genes and 1kb sequence at the 5 end
(099 Mb). Genes are listed in supplementary table S3,
Supplementary Material online. In addition, custom selected
genes were added bringing the total targeted region to
1.42 Mb. KAPA HyperPrep libraries (KK8504, Roche) and en-
richment were performed according to the manufacturer’s
instructions and samples multiplexed no more than 72-fold
and paired-end sequenced on one HiSeq 4000 lane at 125 bp
read length.
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DNA-Sequence Analysis

lllumina adapter contamination and read ends with base
quality <20 were removed using Trimmomatic v0.36
(Bolger et al. 2014). Reads shorter than 75 nt after trimming
were discarded. Trimmed reads were aligned to hg19 refer-
ence genome using BWA v0.7.15 (Li and Durbin 2009).
Duplicate reads were removed using MarkDuplicated from
Picard v2.7.1 (http://broadinsitutegithub.io/picard). GATK
v3.7 with its hg19 resource bundle (Van der Auwera et al.
2013) was used to perform base quality recalibration by
BaseRecalibrator and variant calling by HaplotypeCaller in
its joint-calling mode. Resulting variants underwent GATK-
recommended hard-filtering for SNPs and INDELs separately.
Variant calling and filtering were restricted to the targeted
region padded by 500 bp. Furthermore, we applied a series of
filters in order to remove less-confident genotypes that in-
cluded the following: 1) sites with genotyping quality <20 or
total read depth <20; 2) sites that fell in regions with 75mer-
alignability score <1 using the ENCODE mappability track
(Derrien et al. 2012; Rosenbloom et al. 2012); 3) sites in the
DAC (ENCODE Data Analysis Consortium) Blacklisted
Regions or the Duke Excluded Regions (ENDCODE Project
Consortium 2012); 4) variants with known alternate allele
mapping bias identified in this study (Panousis et al. 2014;
Castel et al. 2015); 5) SNPs that were called as INDELs in
another sample; 6) less-frequent alternate alleles at the
SNPs that had more than one alternate allele in the batch;
7) heterozygous SNPs whose reference allele frequency was
<02 or >0.8 (Nielsen et al. 2011); 8) homozygous SNPs
whose reference allele frequency was >0.05; 9) homozygous
reference sites whose reference allele frequency was <0.95;
and 10) SNPs where >5% of reads supported an allele that
was neither reference nor alternate. In order to apply the
above filters, allele-specific read depth at SNPs was recalcu-
lated using ASEReadCounter in GATK. PhaseByTransmission
in GATK was used to phase the variants in F2 samples whose
parents were both genotyped. The phased variants were fil-
tered by requiring the transmission probability score to be no
lower than 20, and then combined with the variants phased
by HaplotypeCaller. Samples with excessive Mendelian viola-
tions indicative of nonpaternity or tube error were excluded
from the final phasing results. The coordinates of the final
variants were lifted over to hg38 using LiftoverVcf from
Picard.

RNA-Sequence Analysis

lllumina adapter contamination and read ends with base
quality <20 were removed using Trimmomatic v0.36. The
first six nucleotides of the reads were trimmed off as sug-
gested by the SMARTer kit manual. Reads shorter than 36 nt
after trimming were discarded. HISAT2 v2.1.0 (Kim et al.
2015) was used to first build a new reference for each indi-
vidual to incorporate the genomic variants identified from
the corresponding DNA sample, and then to align the paired
trimmed reads onto this reference with GENCODE GTF (re-
lease 27) (Harrow et al. 2012) as the known splice sites.
Alignments were filtered using WASP v0.2 (van de Geijn
et al. 2015) to reduce allelic bias. Then properly paired
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alignments with the highest mapping quality were selected
as confident alignments and used for downstream analyses.
StringTie v1.3.4d (Pertea et al. 2016) was used to quantify the
relative expression at the gene level. Alignments were split
into sense-strand and antisense-strand alignments, and
ASEReadCounter in GATK was used to calculate allele-
specific RNA read depth in both strands, at each heterozy-
gous SNP in the proband individual identified from the paired
DNA sample. Parameter “~countOverlapReadsType” was set
to “COUNT_FRAGMENTS_REQUIRE_SAME_BASE” to
count only once in a read pair and require the two reads
to be consistent at the examined base. Parameters “—
minMappingQuality” and “~minBaseQuality” were set to 40
and 15, respectively, to exclude ambiguous bases. SNPs were
annotated with the coordinates of the exons to which they
mapped and with the names of the genes to which the exons
belonged. Overlapping exons in the same gene were merged
into one interval.

Assessment of Maternal Contamination

Maternal contamination in RNA-seq samples was assessed by
examining the genotype at positions that are homozygous in
the DNA but appeared to be heterozygous in the RNA
(Hamada et al. 2016). All genomic locations in the targeted
region with at least one heterozygous SNP in the population
were examined. The fraction of non-Ref reads was calculated
for these locations when the genotype of the fetus derived
from umbilical cord tissue was homozygous Ref (0/0). A gene
by sample contamination variable was obtained by averaging
over all these locations that map to the same gene in a given
sample. For a subset of samples (60%) for which the genotype
of the mother was known, we determined the contamination
similarly except that only locations were considered where
the mother was heterozygous yielding a direct measure of the
fraction of contaminating alleles. This revealed that 89% of
the gene-sample pairs in this subset had a nonreference allele
frequency <0.05. The full data set was then filtered on the
89th percentile of the contamination variable that was based
only on the genotype of the fetus. In addition, we excluded
from the analysis any gene by sample pairs for which there
were no data to determine contamination.

To uncover any residual effects of maternal contamination
after eliminating gene sample pairs, we included a sample-
level contamination variable in the GLMM:s as a fixed effect.
This variable is the average frequency of non-Alt reads at
homozygous Alt. SNPs (1/1).

Statistical Analysis

The SNP-level sequencing data were converted to exon-level
data and analyzed using the GLMM framework implemented
in  Python (https://github.com/statsmodels/statsmodels/
blob/master/statsmodels/genmod/bayes_mixed_gim.py).
The dependent variable is imprinting rate, which is deter-
mined from the imprinting status of each exon. Imprinting
status is a dichotomous variable determined from all infor-
mative SNPs that map to the same exon. An exon was
deemed to be imprinted if >90% of the reads for at least
50% of the SNPs within the exon mapped to one allele.
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The following technical variables were included in the
model as fixed effects: Library type: SMARTer Pico = Ref,
SMARTER High Mammalian, NEBNext, lllumina TruSeq
RNA Access; Sequence batch: 6 batches; GeneClass: Protein
coding = Ref, IncRNA, ncRNA; RIN; Percent mitochondrial
sequences; Maternal contamination.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.

Acknowledgments

This research was supported by the Eunice Kennedy Shriver
National Institute of Child Health & Human Development of
the National Institutes of Health (ROT1HDO088521 and
R21HDO077465 to BIS); the John Templeton Foundation
(52269 to BIS); and the National Science Foundation program
in Biological Anthropology (NSF BCS-1354814 to BIS). The
content is solely the responsibility of the authors and does
not necessarily represent the official views of the National
Institutes of Health, the John Templeton Foundation, or
the National Science Foundation. The authors thank the
study participants who made this research possible as well
as three Malian gynecologists for their advice and helpful
suggestions: Prof. Amadou Dolo, Prof. Niani Mounkoro, and
Prof. Mamadou Traoré. We also thank our field manager,
Zachary Dolo, and the Malian medical team: Dr Gouro
Dicko, Dr Akoro Dolo, Madeleine Goita, Aissa Dolo, Younus
Dolo, Geremy Sagara, and Safoura Guindo. For permission to
carry out this study in Mali, we are grateful to the Centre
National de la Recherche Scientifique et Technologique and
the Comité dEthique de la Faculté de Médecine de
Pharmacie et d'Onto-Stomatologie of the University of
Sciences, Techniques, and Technologies of Bamako (authori-
zation No. 2016/68/CD/FMPOS).

References

Adkins RM, Somes G, Morrison JC, Hill JB, Watson EM, Magann EF,
Krushkal J. 2010. Association of birth weight with polymorphisms
in the IGF2, H19, and IGF2R genes. Pediatr Res. 68:429-434.

Apostolidou S, Abu-Amero S, O'Donoghue K, Frost J, Olafsdottir O,
Chavele KM, Whittaker JC, Loughna P, Stanier P, Moore GE. 2007.
Elevated placental expression of the imprinted PHLDA2 gene is as-
sociated with low birth weight. ] Mol Med. 85(4):379-387.

Babak T, DeVeale B, Tsang EK, Zhou Y, Li X, Smith KS, Kukurba KR,
Zhang R, Li JB, van der Kooy D, et al. 2015. Genetic conflict reflected
in tissue-specific maps of genomic imprinting in human and mouse.
Nat Genet. 47(5):544—549.

Baran Y, Subramaniam M, Biton A, Tukiainen T, Tsang EK, Rivas MA,
Pirinen M, Gutierrez-Arcelus M, Smith KS, Kukurba KR, et al. 2015.
The landscape of genomic imprinting across diverse adult human
tissues. Genome Res. 25(7):927-936.

Barker D), Bull AR, Osmond C, Simmonds SJ. 1990. Fetal and placental
size and risk of hypertension in adult life. BMJ 301(6746):259-262.

Bartolomei MS, Ferguson-Smith AC. 2011. Mammalian genomic im-
printing. Cold Spring Harb Perspect Biol. 3:1-18.

Begemann M, Rezwan Fl, Beygo J, Docherty LE, Kolarova J, Schroeder C,
Buiting K, Chokkalingam K, Degenhardt F, Wakeling EL. 2018.
Maternal variants in NLRP and other maternal effect proteins are

associated with multilocus imprinting disturbance in offspring. | Med
Genet. 55(7):497—-504.

Benirschke K, Burton GJ, Baergen RN. 2012. Pathology of the human
placenta. Heidelberg: Springer.

Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics 30(15):2114-2120.

Bonthuis P}, Huang WC, Horndli CNS, Ferris E, Cheng T, Gregg C. 2015.
Noncanonical genomic imprinting effects in offspring. Cell Rep.
12(6):979-991.

Bourque DK, Avila L, Penaherrera M, von Dadelszen P, Robinson WP.
2010. Decreased placental methylation at the H19/IGF2 imprinting
control region is associated with normotensive intrauterine growth
restriction but not preeclampsia. Placenta 31(3):197-202.

Carpenter BL, Zhou W, Madaj Z, DeWitt AK, Ross JP, Granbzk K, Liang
G, Clark SJ, Molloy PL, Jones PA. 2018. Mother-child transmission of
epigenetic information by tunable polymorphic imprinting. Proc
Natl Acad Sci U S A. 115(51):E11970-E11977.

Castel SE, Levy-Moonshine A, Mohammadi P, Banks E, Lappalainen T.
2015. Tools and best practices for data processing in allelic expres-
sion analysis. Genome Biol. 16(1):195.

Chomczynski P. 1993. A reagent for the single-step simultaneous isola-
tion of RNA, DNA and proteins from cell and tissue samples.
Biotechniques 15(3):532-534. 536-537.

Dao D, Frank D, Qian N, O’Keefe D, Vosatka RJ, Walsh CP, Tycko B. 1998.
IMPT1, an imprinted gene similar to polyspecific transporter and
multi-drug resistance genes. Hum Mol Genet. 7(4):597—608.

Deonovic B, Wang Y, Weirather ), Wang XJ, Au KF. 2017. IDP-ASE:
haplotyping and quantifying allele-specific expression at the gene
and gene isoform level by hybrid sequencing. Nucleic Acids Res.
45(5)e32.

Derrien T, Estelle ), Marco Sola S, Knowles DG, Raineri E, Guigo R, Ribeca
P. 2012. Fast computation and applications of genome mappability.
PLoS One 7(1):¢30377.

Diplas Al, Lambertini L, Lee M-}, Sperling R, Lee YL, Wetmur J, Chen ).
2009. Differential expression of imprinted genes in normal and IUGR
human placentas. Epigenetics 4(4):235-240.

Dominguez-Salas P, Moore SE, Baker MS, Bergen AW, Cox SE, Dyer RA,
Fulford AJ, Guan Y, Laritsky E, Silver M), et al. 2014. Maternal nutri-
tion at conception modulates DNA methylation of human meta-
stable epialleles. Nat Commun. 5(1):3746.

Einstein F, Thompson RF, Bhagat TD, Fazzari MJ, Verma A, Barzilai N,
Greally JM. 2010. Cytosine methylation dysregulation in neonates
following intrauterine growth restriction. PLoS One 5(1):e8887.

ENDCODE Project Consortium. 2012. An integrated encyclopedia of
DNA elements in the human genome. Nature 489:57-74.

Fowden AL, Coan PM, Angiolini E, Burton GJ, Constancia M. 2011.
Imprinted genes and the epigenetic regulation of placental pheno-
type. Prog Biophys Mol Biol. 106(1):281-288.

Gelman A, Hill JB. 2006. Data analysis using regression and multilevel/
hierarchical models. New York: Cambridge University Press.

Gulyas-Kovacs A, Keydar |, Xia E, Fromer M, Hoffman G, Ruderfer D,
Sachidanandam R, Chess A. 2018. Unperturbed expression bias of
imprinted genes in schizophrenia. Nat Commun. 9:2914.

Guo L, Choufani S, Ferreira J, Smith A, Chitayat D, Shuman C, Uxa R,
Keating S, Kingdom J, Weksberg R. 2008. Altered gene expression
and methylation of the human chromosome 11 imprinted region in
small for gestational age (SGA) placentae. Dev Biol. 320(1):79-91.

Hamada H, Okae H, Toh H, Chiba H, Hiura H, Shirane K, Sato T, Suyama
M, Yaegashi N, Sasaki H, et al. 2016. Allele-specific methylome and
transcriptome analysis reveals widespread imprinting in the human
placenta. Am | Hum Genet. 99(5):1045-1058.

Hanna CW, Kelsey G. 2014. The specification of imprints in mammals.
Heredity 113(2):176-183.

Harrow J, Frankish A, Gonzalez JM, Tapanari E, Diekhans M, Kokocinski F,
Aken BL, Barrell D, Zadissa A, Searle S, et al. 2012. GENCODE: the
reference human genome annotation for The ENCODE Project.
Genome Res. 22(9):1760-1774.

Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, Susser ES,
Slagboom PE, Lumey LH. 2008. Persistent epigenetic differences

439


Deleted Text: -
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msz226#supplementary-data

Vincenz et al. - doi:10.1093/molbev/msz226

MBE

associated with prenatal exposure to famine in humans. Proc Natl
Acad Sci U S A. 105(44):17046—17049.

Hoyo C, Daltveit AK, Iversen E, Benjamin-Neelon SE, Fuemmeler B,
Schildkraut ), Murtha AP, Overcash F, Vidal AC, Wang F, et al.
2014. Erythrocyte folate concentrations, CpG methylation at
genomically imprinted domains, and birth weight in a multiethnic
newborn cohort. Epigenetics 9(8):1120—1130.

Inoue A, Jiang L, Lu F, Suzuki T, Zhang Y. 2017. Maternal H3K27me3
controls DNA methylation-independent imprinting.  Nature
547(7664):419-424.

Jadhav B, Monajemi R, Gagalova KK, Ho D, Draisma HHM, van de Wiel
MA, Franke L, Heijmans BT, van Meurs J, Jansen R, et al. 2019. RNA-
Seq in 296 phased trios provides a high-resolution map of genomic
imprinting. BMC Biol. 17(1):50.

Jelinic P, Shaw P. 2007. Loss of imprinting and cancer. | Pathol.
211(3):261-268.

Kappil MA, Green BB, Armstrong DA, Sharp AJ, Lambertini L, Marsit CJ,
Chen ). 2015. Placental expression profile of imprinted genes impacts
birth weight. Epigenetics 10(9):842-849.

Kim D, Langmead B, Salzberg SL. 2015. HISAT: a fast spliced aligner with
low memory requirements. Nat Methods. 12(4):357-360.

Koukoura O, Sifakis S, Spandidos DA. 2012. DNA methylation in the
human placenta and fetal growth. Mol Med Rep. 5(4):883-889.

Koukoura O, Sifakis S, Zaravinos A, Apostolidou S, Jones A, Hajiioannou J,
Widschwendter M, Spandidos DA. 2011. Hypomethylation along
with increased H19 expression in placentas from pregnancies com-
plicated with fetal growth restriction. Placenta 32(1):51-57.

Lambertini L, Marsit CJ, Sharma P, Maccani M, Ma Y, Hu J, Chen J. 2012.
Imprinted gene expression in fetal growth and development.
Placenta 33(6):480-486.

Lee KJ, Shim SH, Kang KM, Kang JH, Park DY, Kim SH, Farina A, Shim SS,
Cha DH. 2010. Global gene expression changes induced in the hu-
man placenta during labor. Placenta 31(8):698-704.

Li H, Durbin R. 2009. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics 25(14):1754—1760.
Mackay DJG, Callaway JLA, Marks SM, White HE, Acerini CL, Boonen SE,
Dayanikli P, Firth HV, Goodship JA, Haemers AP, et al. 2008.
Hypomethylation of multiple imprinted loci in individuals with tran-
sient neonatal diabetes is associated with mutations in ZFP57. Nat

Genet. 40(8):949-951.

Mackin S, Thakur A, Walsh CP. 2018. Imprint stability and plasticity
during development. Reproduction 156(2):R43-R55.

Maddock J, Wulaningsih W, Fernandez )JC, Ploubidis GB, Goodman A,
Bell J, Kuh D, Hardy R. 2018. Associations between body size, nutri-
tion and socioeconomic position in early life and the epigenome: a
systematic review. PLoS One 13(8):e0201672.

Majewska M, Lipka A, Paukszto L, Jastrzebski JP, Myszczynski K,
Gowkielewicz M, Jozwik M, Majewski MK. 2017. Transcriptome pro-
file of the human placenta. Funct Integr Genomics. 17:551-563.

MAL-ED Network Investigators. 2017. Childhood stunting in relation to
the pre- and postnatal environment during the first 2 years of life:
the MAL-ED longitudinal birth cohort study. PLoS Med. 14:¢1002408.

Martorell R, Zongrone A. 2012. Intergenerational Influences on Child
Growth and Undernutrition. Paediatr Perinatal Epidemiol.
26:302-314.

McGrath J, Solter D. 1984. Completion of mouse embryogenesis requires
both the maternal and paternal genomes. Cell 37(1):179-183.

Mclaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A, Flicek P,
Cunningham F. 2016. The Ensembl variant effect predictor. Genome
Biol. 17(1):122.

McMinn J, Wei M, Sadovsky Y, Thaker HM, Tycko B. 2006. Imprinting of
PEG1/MEST isoform 2 in human placenta. Placenta 27(2-
3)119-126.

McMinn J, Wei M, Schupf N, Cusmai J, Johnson EB, Smith AC, Weksberg
R, Thaker HM, Tycko B. 2006. Unbalanced placental expression of
imprinted genes in human intrauterine growth restriction. Placenta
27(6~7):540~549.

Metsalu T, Viltrop T, Tiirats A, Rajashekar B, Reimann E, Koks S, Rull K,
Milani L, Acharya G, Basnet P, et al. 2014. Using RNA sequencing for

440

identifying gene imprinting and random monoallelic expression in
human placenta. Epigenetics 9(10):1397-1409.

Monk D, Arnaud P, Frost J, Hills FA, Stanier P, Feil R, Moore GE. 2009.
Reciprocal imprinting of human GRB10 in placental trophoblast and
brain: evolutionary conservation of reversed allelic expression. Hum
Mol Genet. 18(16):3066—-3074.

Monk D, Mackay DJG, Eggermann T, Maher ER, Riccio A. 2019. Genomic
imprinting disorders: lessons on how genome, epigenome and en-
vironment interact. Nat Rev Genet. 20(4):235-248.

Monk D, Sanches R, Arnaud P, Apostolidou S, Hills FA, Abu-Amero S,
Murrell A, Friess H, Reik W, Stanier P, et al. 2006. Imprinting of IGF2
PO transcript and novel alternatively spliced INS-IGF2 isoforms show
differences between mouse and human. Hum Mol Genet.
15(8):1259-1269.

Monteagudo-Sanchez A, Sanchez-Delgado M, Mora J, Santamaria N,
Gratacos E, Esteller M, de Heredia M, Nunes V, Choux C, Fauque
P, et al. 2019. Differences in expression rather than methylation at
placenta-specific imprinted loci is associated with intrauterine
growth restriction. Clin Epigenet. 11(1):35.

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

Moore T, Haig D. 1991. Genomic imprinting in mammalian develop-
ment: a parental tug-of-war. Trends Genet. 7(1):45-49.

Nielsen R, Paul JS, Albrechtsen A, Song YS. 2011. Genotype and SNP
calling from next-generation sequencing data. Nat Rev Genet.
12(6):443~451.

Noguer-Dance M, Abu-Amero S, Al-Khtib M, Lefevre A, Coullin P,
Moore GE, Cavaille ). 2010. The primate-specific microRNA gene
cluster (C19MC) is imprinted in the placenta. Hum Mol Genet.
19(18):3566—-3582.

Panousis NI, Gutierrez-Arcelus M, Dermitzakis ET, Lappalainen T. 2014.
Allelic mapping bias in RNA-sequencing is not a major confounder
in eQTL studies. Genome Biol. 15(9):467.

Payer B, Saitou M, Barton SC, Thresher R, Dixon JPC, Zahn D, Colledge
WH, Carlton MBL, Nakano T, Surani MA. 2003. Stella is a maternal
effect gene required for normal early development in mice. Curr Biol.
13(23):2110-2117.

Perez JD, Rubinstein ND, Fernandez DE, Santoro SW, Needleman LA, Ho-
Shing O, Choi J), Zirlinger M, Chen SK, Liu JS, et al. 2015. Quantitative
and functional interrogation of parent-of-origin allelic expression
biases in the brain. Elife 4:¢07860.

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. 2016. Transcript-level
expression analysis of RNA-seq experiments with HISAT, StringTie
and Ballgown. Nat Protoc. 11(9):1650-1667.

Peters ). 2014. The role of genomic imprinting in biology and disease: an
expanding view. Nat Rev Genet. 15(8):517-530.

Prats-Puig A, Carreras-Badosa G, Bassols J, Cavelier P, Magret A, Sabench
C, de Zegher F, Ibanez L, Feil R, Lopez-Bermejo A. 2017. The placental
imprinted DLK1-DIO3 domain: a new link to prenatal and postnatal
growth in humans. Am J Obstet Gynecol. 217:350.e351-350.e313.

Rosenbloom KR, Sloan CA, Malladi VS, Dreszer TR, Learned K, Kirkup
VM, Wong MC, Maddren M, Fang R, Heitner SG, et al. 2012.
ENCODE data in the UCSC Genome Browser: year 5 update.
Nucleic Acids Res. 41(D1):D56-D63.

Sakatani T, Wei M, Katoh M, Okita C, Wada D, Mitsuya K, Meguro M,
lkeguchi M, Ito H, Tycko B, et al. 2001. Epigenetic heterogeneity at
imprinted loci in normal populations. Biochem Biophys Res
Commun. 283(5):1124-1130.

Sanchez-Delgado M, Riccio A, Eggermann T, Maher ER, Lapunzina P,
Mackay D, Monk D. 2016. Causes and consequences of multi-locus
imprinting disturbances in humans. Trends Genet. 32(7):444—455.

Santoni FA, Stamoulis G, Garieri M, Falconnet E, Ribaux P, Borel C,
Antonarakis SE. 2017. Detection of imprinted genes by single-cell
allele-specific gene expression. Am J Hum Genet. 100(3):444—453.

Silver M|, Kessler NJ, Hennig B), Dominguez-Salas P, Laritsky E, Baker MS,
Coarfa C, Hernandez-Vargas H, Castelino JM, Routledge MN, et al.
2015. Independent genomewide screens identify the tumor



Loss of Imprinting in Human Placentas - doi:10.1093/molbev/msz226

MBE

suppressor VTRNA2-1 as a human epiallele responsive to pericon-
ceptional environment. Genome Biol. 16(1):118.

Stephenson EJ, Ragauskas A, Jaligama S, Redd JR, Parvathareddy ),
Peloquin M), Saravia ), Han JC, Cormier SA, Bridges D. 2016.
Exposure to environmentally persistent free radicals during gestation
lowers energy expenditure and impairs skeletal muscle mitochon-
drial function in adult mice. Am | Physiol Endocrinol Metab.
310(11):E1003-E1015.

St-Pierre ), Hivert MF, Perron P, Poirier P, Guay SP, Brisson D, Bouchard L.
2012. IGF2 DNA methylation is a modulator of newborn’s fetal
growth and development. Epigenetics 7(10):1125-1132.

Strassmann BIl. 2011. Cooperation and competition in a cliff-
dwelling people. Proc Natl Acad Sci U S A. 108(Suppl
2):10894-10901.

Surani MA, Barton SC, Norris ML. 1984. Development of reconstituted
mouse eggs suggests imprinting of the genome during gametogen-
esis. Nature 308(5959):548—550.

Tabano S, Colapietro P, Cetin I, Grati FR, Zanutto S, Mando C
Antonazzo P, Pileri P, Rossella F, Larizza L, et al. 2010. Epigenetic
modulation of the IGF2/H19 imprinted domain in human embry-
onic and extra-embryonic compartments and its possible role in
fetal growth restriction. Epigenetics 5(4):313-324.

Takahashi N, Coluccio A, Thorball CW, Planet E, Shi H, Offner S,
Turelli P, Imbeault M, Ferguson-Smith AC, Trono D. 2019.
ZNF445 is a primary regulator of genomic imprinting. Genes
Dev. 33:49-54.

Tobi EW, Heijmans BT, Kremer D, Putter H, Waal HA, Finken MJ), Wit
JM, Slagboom EP. 2011. DNA methylation of IGF2, GNASAS, INSIGF
and LEP and being born small for gestational age. Epigenetics
6(2):171-176.

Tucci V, Isles AR, Kelsey G, Ferguson-Smith AC, Tucci V, Bartolomei MS,
Benvenisty N, Bourchis D, Charalambous M, Dulac C, et al. 2019.
Genomic imprinting and physiological processes in mammals. Cell
176(5):952-965.

van de Geijn B, McVicker G, Gilad Y, Pritchard JK. 2015. WASP: allele-
specific software for robust molecular quantitative trait locus dis-
covery. Nat Methods. 12(11):1061-1063.

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, Levy-
Moonshine A, Jordan T, Shakir K, Roazen D, Thibault J, et al. 2013.
From FastQ data to high confidence variant calls: the Genome
Analysis Toolkit best practices pipeline. Curr Protoc Bioinformatics.
43:11 10 11-33.

Varrault A, Gueydan C, Delalbre A, Bellmann A, Houssami S, Aknin C,
Severac D, Chotard L, Kahli M, Digarcher A, et al. 2006. Zac1 regu-
lates an imprinted gene network critically involved in the control of
embryonic growth. Dev Cell. 11(5):711-722.

Vertesy A, Arindrarto W, Roost MS, Reinius B, Torrens-Juaneda V,
Bialecka M, Moustakas |, Ariyurek Y, Kuijk E, Mei H, et al. 2018.
Parental haplotype-specific single-cell transcriptomics reveal incom-
plete epigenetic reprogramming in human female germ cells. Nat
Commun. 9:1873.

Victora CG, Adair L, Fall C, Hallal PC, Martorell R, Richter L, Sachdev H,
for the Maternal and Child Undernutrition Study Group. 2008.
Maternal and child undernutrition: consequences for adult health
and human capital. Lancet 371(9609):340-357.

Wilkins JF, Haig D. 2002. Parental modifiers, antisense transcripts and loss
of imprinting. Proc R Soc Lond B. 269(1502):1841-1846.

Wilkins JF, Ubeda F, Van Cleve ). 2016. The evolving landscape of
imprinted genes in humans and mice: conflict among alleles, genes,
tissues, and kin. Bioessays 38(5):482-489.

Xia W, Xu ), Yu G, Yao G, Xu K, Ma X, Zhang N, Liu B, Li T, Lin Z, et al.
2019. Resetting histone modifications during human parental-to-
zygotic transition. Science 365(6451):353-360.

Zink F, Magnusdottir DN, Magnusson OT, Walker NJ, Morris T),
Sigurdsson A, Halldorsson GH, Gudjonsson SA, Melsted P,
Ingimundardottir H, et al. 2018. Insights into imprinting from
parent-of-origin phased methylomes and transcriptomes. Nat
Genet. 50(11):1542-1552.

441



	msz226-TF1
	msz226-TF2
	msz226-TF3
	msz226-TF4
	msz226-TF5
	msz226-TF6
	msz226-TF7
	msz226-TF8
	msz226-TF9

