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Abstract

Imprinted genes uniquely drive and support fetoplacental growth by controlling the
allocation of maternal resources to the fetus and affecting the newborn’s growth.

We previously showed that alterations of the placental imprinted gene expression are
associated with suboptimal perinatal growth and respond to environmental stimuli including
socio-economic determinants. At the same time, maternal psychosocial stress during
pregnancy (MPSP) has been shown to affect fetal growth. Here, we set out to test the
hypothesis that placental imprinted gene expression mediates the effects of MPSP on fetal
growth in a well-characterized birth cohort, the Stress in Pregnancy (SIP) Study.

We observed that mothers experiencing high MPSP deliver infants with lower birthweight
(P=0.047). Among the 109 imprinted genes tested, we detected panels of placental imprinted
gene expression of 23 imprinted genes associated with MPSP and 26 with birthweight.
Among these genes, five imprinted genes (CPXM2, glucosidase alpha acid (GAA), GPR1, SH3
and multiple ankyrin repeat domains 2 (SHANK2) and THSD7A) were common to the two
panels. In multivariate analyses, controlling for maternal age and education and gestational
age at birth and infant gender, two genes, GAA and SHANK2, each showed a 22% mediation
of MPSP on fetal growth. These data provide new insights into the role that imprinted genes
play in translating the maternal stress message into a fetoplacental growth pattern.

Introduction

Imprinted genes are a small subset of about 0.3% of the transcribed human genome and are
uniquely monoallelically expressed according to the parent-of-origin. Imprinted genes are key
regulators of fetoplacental development.'™ Accordingly, the expression of over 70% of
imprinted genes can be detected in the placenta.’

The placenta is the key organ that supports and drives embryonic development by pro-
viding the environment for fetal growth, coordinating the different phases of embryogenesis
and serving as the interface for maternal—fetal interactions.® The placenta is a very dynamic
organ that undergoes constant phenotypic and morphological changes over the course of
gestation.” Such plasticity is largely driven by the unique set-up and function of imprinted
genes.>’

Imprinted genes have been extensively studied for their functions and accordingly classified
in three main groups including (1) placental genes that control allocation of maternal
resources to the fetus, (2) fetal genes that regulate newborn metabolism in the early postnatal
period and (3) placental/fetal genes that prenatally determine the metabolism of fetal
metabolism-setting organs such as the pancreas, muscle, fat cells and the hypothalamus."?
Imprinted genes are also characterized by low placental transcriptional noise* suggesting tight
regulatory control. Disruptions of the expression profile of low transcriptional noise genes'”
have been associated with increased likelihood of affecting the phenotype'>'® and even
determine lethality.'*'> Together with their low transcriptional noise, the constitutional
haplo-insufficiency of imprinted genes further highlights the potential role of the fine control
of their expression on impacting the phenotype.'®

We previously showed that alterations of placental imprinted gene expression were asso-
ciated with suboptimal perinatal growth* and responded to environmental stimuli, including
both chemical exposures'” and socio-economical determinants.'® Among the different socio-
economical determinants, maternal psychosocial stress during pregnancy (MPSP) has been
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shown to affect fetal growth and lead to suboptimal birthweight
supporting the formulation of what is today known as the
developmental origin of health and disease (DOHaD) theory."*~*!

This extensive body of knowledge suggests a possible role of
imprinted gene expression in the placenta in mediating the effects
of MPSP on fetal growth. In this study, we set out to test this
hypothesis in a well-characterized birth cohort, the Stress in
Pregnancy (SIP) Study. The SIP study, which builts an extensive
placenta biobank, aims at examining the influence of in utero
exposure to MPSP on infant growth, temperament and
neurodevelopment.*?

Material and methods
The SIP study population

The SIP study enrolls pregnant women at Icahn School of
Medicine at Mount Sinai and New York Presbyterian Queens, as
previously described (see http://sipstudy.com and ref** for addi-
tional information). The current study includes the subsample of
the SIP study cohort with stored placentas tissues that were col-
lected at delivery from enrolled mothers (n = 341) and later
underwent imprinted gene expression analysis at our laboratories.
For 273 of the 341 samples, tested data on MPSP and infant
birthweight were available for the current analysis.

The MPSP analysis provided additional data on maternal eth-
nicity, education, marital status and age. Birth-related information
was collected by medical chart abstraction and included, among
others, gestational age at birth, infant gender and birthweight.

Scores of MPSP

MPSP determination was based on a battery of self-administered
questionnaires from all pregnant mothers enrolled by the SIP study.
MPSP questionnaires included the Edinburgh Postnatal Depression
Scale (EPDS), the Pregnancy Related Anxiety (PRAQ-R), the
Perceived Stress Scale (PSS-14), the State/Trait Anxiety (STAI)
and the Psychiatric Epidemiology Research Interview Life Events
Scale (LES). These validate and widely used MPSP tests measures,
respectively: prenatal depression, pregnancy related anxiety,
perceived stress during pregnancy, state/trait anxiety during
pregnancy and negative stressful events during pregnancy.

MPSP was computed as previously described.” Briefly, MPSP
was determined by scoring the normative psychosocial stress during
pregnancy categorized into a composite latent measure using latent
profile analysis by Mplus (available at https://www.statmodel.com).
This method yielded three maternal stress classes that were named
low, moderate and high MPSP. A summary of the MPSP scores for
the samples analyzed here can be found in Table S1.

Placental tissue collection and RNA isolation

Placentas were sampled by excising one full-thickness cylindrically
shaped biopsy from each of the four placenta quadrants midway
from the cord insertion and the placental rim, within 2h from the
delivery. Biopsies were processed by removing the maternal decidua
and fetal membranes and abundantly washing the tissue in cold (4°
C) sterile phosphate-buffered saline. Biopsies were then blotted dry,
snap-frozen in liquid nitrogen and stored at —80°C.

RNA extraction was carried out by first grinding frozen tissue
in a liquid nitrogen-cooled mortar. Pulverized tissue was
then processed for RNA extraction with RNeasy Plus Minikit
(Qiagen, Valencia, CA, USA), quantified with Nanodrop
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spectrophotometer (Thermo Electron North America, Madison,
WI, USA) and stored at —80°C.

Imprinted gene expression profiling

Placental RNA was profiled using a custom-designed code
set (Nanostring Technologies, Seattle, WA, USA) as previously
described.*** Briefly, 100 ng RNA was incubated in the presence
of reporter and capture probes overnight at 65°C. Following
hybridization, unbound probes were removed, and the purified
complexes were aligned and immobilized on imaging cartridges
using an nCounter Prep station. Cartridges were then sealed
and scanned in an nCounter Digital Analyzer for code count
detection.

Statistical analysis

All statistical analyses were conducted using R 3.0.2.>° Gene
expression data were handled as previously described.* Briefly, the
NanoString ‘Norm’ R package®® was used to normalize nCounter
data. Specifically, raw nCounter code counts were first normalized
against the geometric mean of spike-in controls to account for
differences in hybridization and recovery. Differences in sample
content were accounted for by normalizing the data against the
geometric mean of standard housekeeping genes (GAPDH, RPL19
and RPLPO). Finally, the background threshold of detection was
set at the value of the limit of detection divided by the square root
of 2 to maintain sample variability. Genes where more than 50%
of the samples fell below the limit of detection were considered
unexpressed.

We devised our analysis as follows: (1) we assessed the cor-
relation between MPSP classes and birthweight by analysis of
variance test as a preliminary step that allows conducting the
mediation analysis; (2) we identified genes differentially expressed
by MPSP category by using the Linear Models for Microarray
(LIMMA) R package, which employs an empirical Bayes method
to fit linear models for each gene in the data set with a moderated
standard error, generating a moderated F-statistic; (3) we assessed
the relationships among imprinted gene expression and birth-
weight by using Pearson’s correlation; and (4) we conducted the
mediation analysis by using the ‘mediation’ R package limited to
those imprinted genes that were associated with both MPSP and
birthweight.

We also conducted a factor analysis to provide additional
validity to our findings. We replaced individual genes in the
statistical workflow outlined above with gene clusters generated
using the ‘psych’ R package. We used the scree plots generated by
the ‘nFactor’ R package to determine the number of factors
underlying the data. Correlation plots were generated using the
‘corrplot’ R package.

Gene network analysis

Lists of imprinted genes found associated with MPSP and birth-
weight were separately fed to the Ingenuity Pathway Analysis
(IPA) online engine for the analysis of ‘omics data (available at:
https://www.qgiagenbioinformatics.com/products/ingenuity-path-
way-analysis/). By using the commonly available set-ups of IPA
for network analyses, 70-gene networks were generated for both
MPSP and birthweight gene sets. A comparative IPA was also
conducted comparing the results of the MPSP and birthweight
individual analyses.


http://sipstudy.com and ref
https://www.statmodel.com
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Table 1. Stress in Pregnancy study cohort demographics

Gene expression set Analysis set
(n = 341) (n = 273)
Demographics n % n %
Maternal ethnicity
White 28 8.2 24 8.8
Black 71 20.8 64 234
Hispanic/Latino 161 47.2 149 54.6
Asian 24 7.0 22 8.1
Others 15 4.4 14 5.1
Missing 42 12.3 0 0.0
Total 341 100.0 273 100.0
Maternal educational attainment
Lower than high school 57 16.7 54 19.8
High school graduate or GED 64 18.8 60 22.0
Some college 91 26.7 86 315
Associate degree 34 10.0 29 10.6
Bachelor degree 29 8.5 24 8.8
Graduate/professional degree 22 6.5 20 7.3
Missing 44 12.9 0 0.0
Total 341 100.0 273 100.0
Marital status at delivery
Married 99 29.0 92 33.7
Common law 22 6.5 19 7.0
Single 170 49.9 157 57.5
Divorced/separated/widowed 5 1.5 5 1.8
Missing 45 13.2 0 0.0
Total 341 100.0 273 100.0
Maternal age (years)
<18 12 3.5 11 4.0
18-21 56 16.4 54 19.8
22-30 151 44.3 141 51.6
31-40 72 211 63 231
41-50 4 1.2 4 1.5
Missing 46 135 0 0.0
Total 341 100.0 273 100.0
Gestational age at birth (weeks)
35-36 15 4.4 14 5.1
37-40 247 724 196 71.8
41-42 79 23.2 63 231
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Table 1. (Continued)

Gene expression set Analysis set
(n = 341) (n = 273)
Demographics n % n %
Total 341 100.0 273 100.0
Infant gender
Male 177 51.9 143 52.4
Female 164 48.1 130 476
Total 341 100.0 273 100.0
GED, general educational development.
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Fig. 1. Correlation between maternal psychosocial stress during pregnancy (MPSP)
Classes and Birthweight. A statistically significant negative association was detected
for birthweight between the high and low MPSP classes. A non-significant negative
trend can also be observed with birthweight decreasing as MPSP increases. See
Tables S1 and S2 for additional details.

Results

Population demographics and characteristics of the variables
analyzed are presented in Table 1. Covariates distribution is
similar between the 273 samples with data on MPSP and infant
birthweight and the full cohort of placenta samples from the SIP
study (Table 1).

The subdivision of the cohort in low, moderate and high
MPSP according to the MPSP questionnaires administered to
mothers during pregnancy yielded three classes of, respectively,
104 low, 119 moderate and 50 high MPSP mothers (Table S1).
A statistically significant negative correlation between MPSP
and birthweight was detected between the low and high
MPSP classes (Fig. 1 and Table S2). A non-significant trend was
also observed suggesting a birthweight decrease with increasing
MPSP (Fig. 1).
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Fig. 2. Maternal psychosocial stress during pregnancy (MPSP) statistical analysis. A total of 23 imprinted genes were found associated with the different MPSP classes. (a) Venn
diagram for the distribution of the significant imprinted genes across MPSP classes. (b) Breakdown of the imprinted genes associated with MPSP classes according to their
significant differential expression. Color coding expresses the change in log, gene expression. See Tables S4 and S5 for additional details.

We analyzed the expression of a panel of 109 imprinted genes
(Table S3). The imprinted gene expression profile generated was
comparable to those that we obtained from other placenta
cohorts.*** Similar distributions were detected for the 10 highest
expressed imprinted genes (Figure S1) and the imprinted genes
were removed from the analysis (16 genes) because of a detectable
expression limited to <50% of the samples (Table S3). Additional
investigations also showed that the distribution of the removed
imprinted genes did not differ among the three MPSP classes and
was not correlated to birthweight (Figures S2 and S3).

A total of 23 imprinted genes were found differentially
expressed in pairwise comparisons between the three MPSP
classes (Fig. 2). Of those 23 genes, eight genes showed significant
higher expression in the high MPSP class v. both low and mod-
erate MPSP classes (group I); five returned significant higher
expression in the high v. low MPSP class (group II); seven had
significant higher expression in the high v. moderate MPSP class
(group III);two had significant higher expression in the low v.
moderate MPSP class (group IV); and one imprinted gene had
significant higher expression in the moderate v. both low and high
MPSP classes (group V) (Fig. 2b and Tables S4 and S5).

The expression of 26 imprinted genes was associated with
birthweight (Fig. 3a and Tables S4 and S6). Of those, 10 genes
were negatively correlated with birthweight, whereas the
remaining 16 were positively correlated. Five genes were common
to the MPSP genes of groups I and II (Fig. 3b).

Mediation analysis

As we observed a statistically significant difference in birthweight only
in the high v. low MPSP class we limited our analysis on the role of
the imprinted gene expression in mediating the effects of MPSP on
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birthweight to the five genes of groups I and II that were individually
associated to both MPSP and birthweight (Figs. 2b and 3a).

Four of the five genes tested returned a mediation effect
between 16 and 28% within an unadjusted model. Two genes,
glucosidase alpha acid (GAA) and SH3 and multiple ankyrin
repeat domains 2 (SHANK2), each showed a 22% contribution to
the mediation once we corrected our analysis for maternal age
and education and gestational age at birth and infant gender
(Fig. 4a and Table S7).

Factor analysis

The factor analysis returned a total of seven clusters with strongly
correlated expression profiles (Table 2 and Figure S4). The clusters
included 87 of the 93 genes whose expression profiles were used for
the analysis. Cluster memberships spanned from five (Cluster 7) to
21 genes (Clusters 1 and 2). Interestingly 10 of the 13 genes of
groups I and II from the MPSP analysis were grouped in cluster 1.
Overall cluster 1 included 15 of the 23 imprinted genes (or 65%)
associated with MPSP (all gene groups). The factor loading for
cluster 1 for the high MPSP class was also significantly higher when
compared with both low and moderate MPSP classes (Fig. 4b).
Cluster 4 showed significantly higher factor loading in the mod-
erate v. low MPSP classes (Fig. 4b). Interestingly, cluster 4 includes
the only gene, H19 (group V), that showed the highest expression
level in the moderate MPSP class. The cluster distribution for the
genes associated with birthweight was instead more scattered with
the majority of the genes grouped in cluster 2 (11 genes —42%) and
1 (seven genes — 27%) (Table S8). A statistically significant negative
association was detected between clusters 1 and 7 and birthweight;
a positive significant association was instead detected between
cluster 2 and birthweight (Fig. 4c and Table S9). Accordingly, for
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Fig. 3. Birthweight statistical analysis. (a) Degree and direction (r) of the association
of 26 imprinted genes with birthweight. Color coding is provided for both the r and p
statistics. Boxed imprinted genes are in common between the birthweight analysis
and groups | and Il of the maternal psychosocial stress during pregnancy (MPSP)
analysis (see text for details). (b) Venn diagram showing the distribution of the 26
imprinted genes associated with birthweight and the 13 imprinted genes of groups |
and Il of the MPSP analysis. See Tables S4 and S6 for additional details.

cluster 1 and 7, the imprinted genes associated to birthweight
(seven out of 21 for cluster 1 and one out of five for cluster 7) all
individually showed a negative association with birthweight. For
cluster 2, the imprinted genes associated with birthweight all
individually showed a positive association with birthweight (11 out
of 21) (Table S4).

We then reran the mediation analysis by using the factor
loadings for each cluster in place of the gene expression
values. Cluster 1 returned a 17% mediation effect between
prenatal low- and high-stress classes and birthweight within an
unadjusted model.
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Gene network analysis

We fed the two sets of genes that were significantly associated
with MPSP and birthweight, separately, to IPA obtaining two very
different pictures (Table S10). The gene set associated with MPSP
had 21 of its 23 genes grouped in a single 70-gene network
(Fig. 5a and Table S11) centered on the glycogen degradation,
cholesterol biosynthesis, myo-inositol biosynthesis and PTEN
signaling pathways. The high scores for these pathways were
driven by genes GAA, DHCR24 and INPP5F which are important
terminals of the gene network functions.

The gene set associated with birthweight gave instead a
broader picture returning two main 70-gene networks including
16 (Fig. 5b) and four (Fig. 5c) of the input genes, respectively
(Table S12). Other five small networks were also generated
including one input gene each. The role of genes CCNEI and RBI
appeared central for the pathways scored by IPA which pre-
dominantly include cell-cycle regulatory pathways with hormonal
(estrogen-mediated S-phase entry pathway), immune (anti-
proliferative role of the transducer of ERBB2 in T cells pathway)
and neural (glioblastoma multiforme pathway) features.

The comparative IPA between MPSP and birthweight net-
works revealed an overlapping of 11 genes (of which six from our
input list) between network 1 of the MPSP analysis and network 1
from the birthweight analysis; eight (two from our input list)
between network 1 of the MPSP analysis and network 2 from the
birthweight analysis; and two (one from our input list) between
network 1 of the MPSP analysis and network 5 from the birth-
weight analysis (Fig. 5d and Table S13). Among the genes com-
mon to network 1 of the MPSP analysis and network 1 from the
birthweight analysis, there are four of the five genes that belong to
the key pathways from each separate analysis (CCNE1, DHCR24,
GAA and RBI) (Table S14). Finally, among the genes common to
network 1 of the MPSP analysis and networks 1, 2 and 5 from the
birthweight analysis there are four of the five genes that have been
statistically shown to mediate the effects of MPSP and birthweight
(GAA, GPR1, SHANK?2 and THSD7A).

Comparison with the genome-wide placental co-expression
modules generated from the Rhode Island Child Health
Study (RICHS)*”

We conducted an additional analysis to assess the distribution of
the imprinted genes that we found associated to MPSP and
birthweight across the 18 genome-wide co-expression modules
that we previously generated from the RNA sequencing of 200
placenta samples from RICHS. Overall, 72 of the 93 imprinted
genes consistently expressed in the SIP study placentas were
found belonging to one of the 18 genome-wide co-expression
modules (Table S15). As expected by chance alone the three
modules grouping the three highest numbers of genes also
included the highest number of imprinted genes (Table 3).
Interestingly, when limiting the analysis to the imprinted genes
associated with MPSP or birthweight or both, only the first
two modules returned a sizeable number of imprinted genes.
Additionally, the first module, called ‘turquoise’, showed a
prevalence of imprinted genes associated with MPSP, whereas the
second module, ‘blue’, had a prevalence of genes associated with
birthweight (Table 3).

A further analysis was carried out by crossing genome-wide
co-expression modules with imprinted gene clusters. This analysis
revealed a scattered random distribution of genes with no
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Fig. 4. Mediation and factor analyses. (a) Mediation chart for the five imprinted genes associated with both maternal psychosocial stress during pregnancy (MPSP) classes
(groups I and Il - see text for details) and birthweight. Genes glucosidase alpha acid (GAA) and SH3 and multiple ankyrin repeat domains 2 (SHANK2) withstood the adjustment
for maternal age and education and gestational age at birth and infant gender. See Table S7 for additional details. (b) Imprinted gene expression cluster 1 showed a higher
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are negatively associated and cluster 2 positively. See Table S9 for additional details.

https://doi.org/10.1017/52040174418000545 Published online by Cambridge University Press


https://doi.org/10.1017/S2040174418000545

202 L. Lambertini et al.
)
GPR171 PPPOR9A
oerpiye P THSD7A Cgm4[Psg16
A A A ETV2
GPR176 ‘C;!;R i ANGPTA . L
ZNF137P G PROKR1 \‘x\\53‘ CYP4z1
CER$4 . ICTNN, -CTNNGICDH5” 2'-fuicosyllactos
ERS . ICTN B1 CTNNE CD‘rj,s TASTR2 g
IL22RA-IL
T -GAE >
GPR139--- . GABﬁFopa{
HTREA™ p
St ~SBHD
GpR173SSR2 SE2FT-HDAC-RD
! eatro  ROE2F-DP1 / .
SN [ NLRP2 DH& . ‘ \
HNFAA_ /[ hL p Y | Wfdc17/Wfdc18
PR T Segaeas 7 TRaFiRKF2TRAFS TYEMEIVOL
IRT ek /B, o aNFé7s 7 s DENDDT
TN " TMEM184A
] GP,§137\ stee SNEPN ANKRD11
(@) ZNB264  opise | GPRIGO ()
GPR45 CCR10 .MPSF’AnaIySiS
\ I ADGRL2 WiBirth Weight Analysis
SSTR% GpRico /
GNG5 \ f | DLGARS. “SHANK2
\ S ——y
ademige x \ | 8L \ ADGRL1
a0 STR1 | '+ "
L1 \ | [T — NeKi—
GPR39 /\ //N S . DLGAP2
\ a g GELSR3 THSD7A 2
VN1R1 VEZR\ || Y < \
1-PRPF: \! ~ !
GPRiar—__PRRRIE  \\WHTeRs INK Sl GPR1
L7/ L8 SHANK2
_ADSS_ N4
GPR146 AL — -
/P CCNE1
) DHCR24
LTB4RZCTDNERA DLX5 11
GAA
FANCF RB1
: TFPI2
STARD7GP,
(c) (d)

Fig. 5. Ingenuity Pathway Analysis (IPA). (a) Gene network including 21 of the 23 imprinted genes associated with maternal psychosocial stress during pregnancy (MPSP)
classes. (b and c) Gene networks including 16 (b) and four (c) imprinted genes associated with birthweight. For (a)-(c) color coding refers to expression downregulation (green)
and upregulation (red). See Tables S10 to S12 for additional details. (d) Genes common to the IPA-generated networks for MPSP and birthweight. The number of common
genes is reported together with the list of the imprinted genes common to the networks of the two analyses. Bolded are those imprinted genes included in the mediation

analysis. See Table S13 for additional details.

significant patterns (Table S16). Only cluster 1, in fact, returned a
high proportion of significant imprinted genes (CPXM2, IGF2R,
TFPI2, THSD7A) grouped in the ‘gray’ module.

Discussion

Our study confirmed that the existing literature showed that
mothers experiencing high MPSP delivered babies with lower
birthweight.'** We also detected specific imprinted gene
expression panels associated with MPSP and birthweight that
overlap over five genes. Two such genes, GAA and SHANK2,
mediated the effect of MPSP on birthweight. These findings raise
the interesting prospect that imprinted genes may sense the
intrauterine environment as shaped by MPSP and translate this
message into a fetal growth pattern.

The MPSP-associated imprinted gene expression panel that we
detected highlighted an expression upregulation of significant
genes in the high MPSP category. Ten of thirteen genes showing
higher expression in high MPSP also clustered together (cluster 1)
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possibly implying their co-expression regulation which may
extend to the other imprinted genes of this cluster. The cluster
analysis additionally supported our individual gene analysis by
showing significant higher factor loadings for cluster 1 in high
MPSP. The IPA also grouped all imprinted genes significantly
associated with high MPSP in a single network together with
other 11 of 13 imprinted genes differentially expressed in other
MPSP categories. The resulting network showed a strong vocation
for gene expression and cell cycle regulation and cell differ-
entiation. In the IPA-generated network, these functions are
carried out, among others, by imprinted genes involved in the
metabolism of glycogen (e.g. GAA), cholesterol (e.g. DHCR24)
and myo-inositol (e.g. INPP5F) and PTEN signaling (e.g. IGF2R).
Key imprinted genes of these pathways have been linked to dis-
orders of glucose metabolism, diabetes and insulin resistance
(GAA),®® oxidative stress (DHCR24)*° and neurotransmitter
metabolism (INPP5F and IGF2R).*® Of note, all these features are
hallmarks of metabolic alterations which are often found in
children delivered with low birthweight.*
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Table 2. Factor analysis of the imprinted genes expressed in stress in
pregnancy placentas

Clusters Genes List?,°

203

Table 3. Distribution of imprinted genes significantly associated with maternal
psychosocial stress during pregnancy (MPSP) and birthweight across the
placental genome-wide co-expression modules from Rhode Island Child
Health Study

1 21 SHANK2; DLX5; UBE3A; GAA; ZFAT; PEG3; TFPI2; INPP5F; Imprinted Significant imprinted genes
THSD7A; ZDBF2; NORAD; L3MBTLI; IGF2R; CPXM2; SGCE;
G R At 5 Wy s CURE S WL B Modules Genes Genes  MPSP Birth weight Common Total
2 21 TRAPPCY; CDKALI; MCTS2P; LDB1; ANKRD11; PPP1R9A; .
’ ’ ’ ? ’ ’ Ti 3073 12 6 2 1 7
MIMTL; CCDC86; ZNF331; KCNQL; VTRNAZ-I; ILK: urquoise
KCNQ10T1; SNRPN; MEG3; NHP2L1; FAM50B; COPG2IT1; Blue 2757 23 3 11 2 12
PLAGLI1; CD44; ZNF597.
Brown 1411 6 1 1 1 1
3 11  NDN; SDHD; NAPIL5; CALCR; DLK1; EPS15; MAGEL2; MEST;
GLIS3; DHCR24; PRIM2. Yellow 583 5 1 1 - 2
4 11 LIN28B; NEDD9; BLCAP; NNAT; BMPR2; OSBPL5; IGF2AS; Green 505 3 1 1 - 2
GNAS; H19; RB1; GRB10.
Red 486 3 2 - - 2
5 9  CTNND2; GFI1; DOK7; ZIM2; PEG10; IGF2; GPR1; PCNA;
CTAG2. Black 458 1 = = = -
6 9  CTNNA3; GDNF; CYR61; NGFB; SLC22A3; HYMAI; ZC3H12C; Pink 434 5 - = - _
DIRAS3; CPA4.
Magenta 337 - - - - -
7 5  PHLDA2; CDKNIC; CCNE1; SLC22A18; SLC22A18AS.
Purple 217 1 1 1 1 1
A total of 87 of the 93 expressed genes grouped into seven clusters.
?For each cluster, genes are listed from the highest to the lowest factor loading. Greenyellow 201 1 1 _ _ 1
"The remaining six genes, ATP10A, E2F7, GNASAS, HLA-DPB2, LOC253039 and LOC654433,
were not loading on any of the clusters listed above. Their factor loadings did not also Tan 198 _ _ _ _ _
aggregate to generate any additional cluster(s).
Salmon 162 1 - 1 - 1
The turquoise module of the genome-wide placental co-
Cyan 154 1 - - - -

expression analysis from RICHS included five of the 13 imprinted
gene associated with high MPSP. This module is enriched for genes
of the cellular respiration including GAA. Increase expression of this
same co-expression module is associated with low birthweight.*”
Notably, other three imprinted genes associated with high MPSP
(CPXM2, IGF2R and THSD7A) were included in the gray module
that lists genes that do not load in any co-expression module. High
MPSP imprinted genes of the gray module mostly had wide-ranging
functions including cell-cell adhesion, cell migration and trans-
membrane transport.’’ > Among them, THSD7A is interestingly
almost exclusively expressed in endothelial cells from placenta and
umbilical cord where it inhibits endothelial cell migration and the
formation of capillary-like tubes.” In our study, THSD7A showed a
higher expression in the high MPSP class which is associated with
low birthweight.

The birthweight-associated imprinted gene expression panel
included significant imprinted genes both up- and down-
regulated. The expression cluster distribution accordingly
revealed a spread of the significant imprinted genes across all
clusters. The cluster analysis again strongly supported the find-
ings for the individual genes by replicating the direction of the
association shown by those imprinted gene members found
associated with birthweight. The IPA similarly painted a broader
network picture with a strong fetal development component
dominated by the activity of two genes: CCNEI and RBI. These
genes by controlling proliferation and differentiation, during
development,* participate in regulating the growth of different
organs and systems. More specifically, the IPA supported a
relevant role for CCNEI and RBI in regulating the activity of
pathways including key imprinted genes involved in the response
to hormonal cell-cycle control (e.g. TFPI2),*® immune system
functioning (e.g. CD44),”” metabolism (e.g. GPR1)*® and neuro-
development (e.g. SHANK?2).¥

https://doi.org/10.1017/52040174418000545 Published online by Cambridge University Press

Midnightblue 86 - - = - -

Lightcyan 38 - - = = -
Grey60 37 - - - - -
Gray 998 10 5 5 4 6

Total 12,135 72 21 23 9 35
Not assigned to module 21 2 3 - 5
Inconsistent expression 16 - - - -

Total 109 23 26 g 40

See Tables S13 and S14 for additional details.

The blue module of the genome-wide placental co-expression
analysis from RICHS included 11 of the 26 imprinted gene
associated with birthweight. The blue module, however, did not
show a direct correlation with birthweight.”” Interestingly,
though, this module showed an enrichment of GWAS-associated
phenotypes of vascular endothelial growth. Together with the
increased expression of THSD7A in low birthweight, these
observations overlap with the findings that report of alterations of
the vasculature development in placentas from growth-restricted
pregnancies delivering low birthweight babies.** At the same
time, the elevated THSD7A expression found in MPSP provides
clues on the mechanism of maternal stress affecting placental
differentiation.

Our mediation analysis pointed at two imprinted genes GAA
and SHANk2 as mediators of the effects of MPSP on birthweight.
GAA is an enzyme that catalyzes the selective hydrolyzation of
lysosomal glycogen to release single glucose molecules.” GAA
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thus increases glucose absorption promoting obesity and insulin
resistance.”” Several drugs have been developed that specifically
target GAA to treat diabetes.*> These findings are in agreement
with reports on the association between low birthweight and the
development of metabolic alterations in childhood.”" They also
point out a possible effect of high MPSP in promoting a phe-
notype that may best adapt to an environment that the mother
experiences as challenging.

The scientific literature on SHANK2 and, more at large, the
whole family of shank genes, instead speaks for a strong asso-
ciation between inactivating mutations of one or more of the
shank genes and autism spectrum disorder (ASD).***> Mutations
of the shank family associated with ASD all lead to different
degrees of inactivation of genes of the shank family, which
functionally correspond to a decrease in the expression level of
the affected gene(s).”> Mutations of the shank family may induce
gene expression-equivalent alterations spanning from down-
regulation, for those mutations that affect the activity rates of the
protein product(s), to total ablation, for those mutations that
completely disrupt the Shank protein(s) activity.” In our study,
however, we observed an upregulation of SHANK2 in placentas
from high MPSP mothers which are significantly associated with
low birthweight. Human and animal studies reported that
duplications of shank-coding regions, possibly leading to
expression upregulation, are associated with attention deficit
hyperactivity disorder and manic-like phenotypes.***” All of
these conditions have been associated with low birthweight and
they normally emerge in later stages of childhood/early adoles-
cence.*** Interestingly, in our previous studies on the RICHS
cohort, by using the same expression analysis platform, we
detected SHANK2 among the genes driving suboptimal scores
clustering for, chiefly, ‘stress abstinence’, ‘asymmetrical reflexes’,
and ‘quality of movement’ in children whose neurodevelopmental
status was assessed with the neonatal intensive care unit Network
Neurobehavioral Scale at least 24h after birth but before
discharge.**

Similarly, the same study on the RICHS cohort highlighted a
significant positive association between the expression of two
genes, MEG3 and PLAGLI, and birthweight. In our study, these
genes returned concordant findings and they were both grouped
into cluster 2, the 21-gene cluster that includes 11 imprinted
genes all positively associated with birthweight. These data
provide additional confidence to the findings presented here.
Finally, additional support to our findings came for the com-
parative IPA that pointed at the same genes of our mediation
statistical analysis as common drivers of MPSP and birthweight
gene networks.

In conclusion, to our knowledge, this is the first study that
shows that the expression of imprinted genes mediates the effects
of MPSP on birthweight. These results, however, need additional
confirmatory investigations because of the inherent limitations of
our study which could not analyze all factors that are known to
play a role in determining birthweight and the size of the available
sample set. Data on the metabolic status and infant neurodeve-
lopment also need to be generated that are not currently available
because of the different ages of the children enrolled in the SIP
study. Nevertheless, the current study showed the potential to
effectively fill the gap linking MPSP and suboptimal birth out-
come by providing evidence that placental imprinted gene
expression could be used as a useful marker for suboptimal infant
development.

https://doi.org/10.1017/52040174418000545 Published online by Cambridge University Press

L. Lambertini et al.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/52040174418000545

Acknowledgements. None.

Financial Support. This work was supported by the following National
Institutes of Health (NIH) grants: R0O1 MH102729 (YN and JC) from the
National Institute of Mental Health (NIMH); R01 ES022223 (CM and JC)
from the National Institute of Environmental Health Sciences (NIEHS).

Conflict of Interest. None.

Ethical Standards. The authors assert that all procedures contributing to
this work comply with the ethical standards of the Helsinki Declaration of
1975, as revised in 2008, and have been approved by the Institutional Review
Boards at Icahn School of Medicine at Mount Sinai Queens College and New
York Presbyterian Queens. All participants provided written informed consent
for their enrollment in the SIP study and all research activities conducted on
the samples collected by the SIP study and used in this work.

References

1. Bressan FF, De Bem TH, Perecin F, et al. Unearthing the roles of
imprinted genes in the placenta. Placenta. 2009; 30, 823-834.

2. Charalambous M, da Rocha ST, Ferguson-Smith AC. Genomic imprint-
ing, growth control and the allocation of nutritional resources:
consequences for postnatal life. Curr Opin Endocrinol Diabetes Obes.
2007; 14, 3-12.

3. Court F, Tayama C, Romanelli V, et al. Genome-wide parent-of-origin
DNA methylation analysis reveals the intricacies of human imprinting
and suggests a germline methylation-independent mechanism of estab-
lishment. Genome Res. 2014; 24, 554-569.

4. Kappil MA, Green BB, Armstrong DA, et al. Placental expression profile
of imprinted genes impacts birth weight. Epigenetics. 2015; 10, 842-849.

5. Lambertini L, Marsit CJ, Sharma P, et al. Imprinted gene expression in
fetal growth and development. Placenta. 2012; 33, 480-486.

6. Wolpert L, Tickle C, Lawrence P, et al. Principles of Development, 4th edn,
2010. Oxford University Press: New York, NY.

7. Hu D, Cross JC. Development and function of trophoblast giant cells in
the rodent placenta. Int | Dev Biol. 2010; 54, 341-354.

8. Perry JK, Lins RJ, Lobie PE, Mitchell MD. Regulation of invasive growth:
similar epigenetic mechanisms underpin tumour progression and
implantation in human pregnancy. Clin Sci (Lond). 2010; 118, 451-457.

9. Schroeder DI, Blair JD, Lott P, et al. The human placenta methylome. Proc
Natl Acad Sci U S A. 2013; 110, 6037-6042.

10. Newman JR, Ghaemmaghami S, Thmels J, et al. Single-cell proteomic
analysis of S. cerevisiae reveals the architecture of biological noise. Nature.
2006; 441, 840-846.

11. Zaitoun I, Downs KM, Rosa GJ, Khatib H. Upregulation of imprinted
genes in mice: an insight into the intensity of gene expression and the
evolution of genomic imprinting. Epigenetics. 2010; 5, 149-158.

12. Kaern M, Elston TC, Blake W], Collins JJ. Stochasticity in gene
expression: from theories to phenotypes. Nat Rev Genet. 2005; 6, 451-464.

13. Sanchez A, Choubey S, Kondev J. Regulation of noise in gene expression.
Ann Rev Biophys. 2013; 42, 469—491.

14. Blake W], Kaern M, Cantor CR, Collins JJ. Noise in eukaryotic gene
expression. Nature. 2003; 422, 633—637.

15. Fraser HB, Hirsh AE, Giaever G, Kumm J, Eisen MB. Noise minimization
in eukaryotic gene expression. PLoS Biol. 2004; 2, el37.

16. Ruiz S, Lopez-Contreras AJ, Gabut M, et al. Limiting replication stress
during somatic cell reprogramming reduces genomic instability in
induced pluripotent stem cells. Nat Commun. 2015; 6, 8036.

17. Kappil MA, Li Q, Li A, et al. In utero exposures to environmental organic
pollutants disrupt epigenetic marks linked to fetoplacental development.
Environ Epigenetics. 2016; 2, dvv013.


https://doi.org/10.1017/S2040174418000545

Journal of Developmental Origins of Health and Disease

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Chen J, Li Q, Rialdi A, et al. Influences of maternal stress during
pregnancy on the epi/genome: comparison of placenta and umbilical
cord blood. J Depress Anxiety. 2014; 3, 1-6.

Grote NK, Bridge JA, Gavin AR, et al. A meta-analysis of depression
during pregnancy and the risk of preterm birth, low birth weight, and
intrauterine growth restriction. Arch Gen Psychiatry. 2010; 67, 1012-1024.
Loomans EM, van Dijk AE, Vrijkotte TG, et al. Psychosocial stress during
pregnancy is related to adverse birth outcomes: results from a large multi-
ethnic community-based birth cohort. Eur J Public Health. 2013; 23, 485-491.
O'Donnell K], Meaney M]. Fetal origins of mental health: The
developmental origins of health and disease hypothesis. Am ] Psychiatry.
2017; 174, 319-328.

Finik ], Nomura Y. Cohort profile: stress in pregnancy (SIP) study. Int J
Epidemiol. 2017; 46, 1388—1388k.

Zhang W, Li Q, Deyssenroth M, et al. Timing of prenatal exposure to
trauma and altered placental expressions of hypothalamic-pituitary-
adrenal axis genes and genes driving neurodevelopment. ] Neuroendocrinol.
2018; 30, e12581.

Green BB, Kappil M, Lambertini L, et al. Expression of imprinted genes
in placenta is associated with infant neurobehavioral development.
Epigenetics. 2015; 10, 834-841.

R Core Team. R: A language and environment for statistical computing.
2013. Retrieved 1 January 2018 from http://www.r-project.org/

Waggott DM. NanoStringNorm: Normalize Nanostring miRNA and
mRNA data. R package version 1.1.17. 2014. Retrieved 17 December 2017
from http://cran.r-project.org/packageD=NanoStringNorm.

Deyssenroth MA, Peng S, Hao K, et al. Whole-transcriptome analysis
delineates the human placenta gene network and its associations with
fetal growth. BMC Genomics. 2017; 18, 520.

Rasouli H, Hosseini-Ghazvini SM, Adibi H, Khodarahmi R. Differential
alpha-amylase/alpha-glucosidase inhibitory activities of plant-derived
phenolic compounds: a virtual screening perspective for the treatment
of obesity and diabetes. Food Funct. 2017; 8, 1942-1954.

Zerenturk EJ, Sharpe L], Ikonen E, Brown AJ. Desmosterol and DHCR24:
unexpected new directions for a terminal step in cholesterol synthesis.
Progress in Lipid Res. 2013; 52, 666—680.

Crespi B. Genomic imprinting in the development and evolution of
psychotic spectrum conditions. Biol Rev Camb Philos Soc. 2008; 83, 441-493.
Colland F, Jacq X, Trouplin V, et al. Functional proteomics mapping of a
human signaling pathway. Genome Res. 2004; 14, 1324-1332.

Probst OC, Karayel E, Schida N, et al. The mannose 6-phosphate-binding
sites of M6P/IGF2R determine its capacity to suppress matrix invasion by
squamous cell carcinoma cells. Biochem J. 2013; 451, 91-99.

Wang CH, Su PT, Du XY, et al. Thrombospondin type I domain
containing 7A (THSD7A) mediates endothelial cell migration and tube
formation. J Cell Physiol. 2010; 222, 685-694.

https://doi.org/10.1017/52040174418000545 Published online by Cambridge University Press

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

205

Parisi T, Beck AR, Rougier N, et al. Cyclins E1 and E2 are required for
endoreplication in placental trophoblast giant cells. EMBO J. 2003; 22,
4794-4803.

Wu L, de Bruin A, Saavedra HI, et al. Extra-embryonic function of Rb
is essential for embryonic development and viability. Nature. 2003; 421,
942-947.

Ma S, Chan YP, Kwan PS, et al. MicroRNA-616 induces androgen-
independent growth of prostate cancer cells by suppressing expression
of tissue factor pathway inhibitor TFPI-2. Cancer Res. 2011; 71,
583-592.

Lieberman LA, Hunter CA. Regulatory pathways involved in the
infection-induced production of IFN-gamma by NK cells. Microbes
Infect. 2002; 4, 1531-1538.

Ernst MC, Issa M, Goralski KB, Sinal CJ. Chemerin exacerbates glucose
intolerance in mouse models of obesity and diabetes. Endocrinology. 2010;
151, 1998-2007.

Monteiro P, Feng G. SHANK proteins: roles at the synapse and in autism
spectrum disorder. Nat Rev Neurosci. 2017; 18, 147-157.

Degner K, Magness RR, Shah DM. Establishment of the human
uteroplacental circulation: A historical perspective. Reprod Sci. 2017; 24,
753-761.

Chiba S. Molecular mechanism in alpha-glucosidase and glucoamylase.
Biosci Biotechnol Biochem. 1997; 61, 1233-1239.

Kong WH, Oh SH, Ahn YR, et al. Antiobesity effects and improvement of
insulin sensitivity by 1-deoxynojirimycin in animal models. ] Agric Food
Chem. 2008; 56, 2613—2619.

Liu Z, Ma S. Recent advances in synthetic alpha-glucosidase inhibitors.
ChemMedChem. 2017; 12, 819-829.

Leblond CS, Nava C, Polge A, et al. Meta-analysis of SHANK mutations in
autism spectrum disorders: a gradient of severity in cognitive impair-
ments. PLoS Genet. 2014; 10, e1004580.

Sala C, Vicidomini C, Bigi I, Mossa A, Verpelli C. Shank synaptic scaffold
proteins: keys to understanding the pathogenesis of autism and other
synaptic disorders. ] Neurochem. 2015; 135, 849-858.

Han K, Holder JL Jr, Schaaf CP, et al. SHANK3 overexpression causes
manic-like behaviour with unique pharmacogenetic properties. Nature.
2013; 503, 72-77.

Moessner R, Marshall CR, Sutcliffe JS, et al. Contribution of SHANK3
mutations to autism spectrum disorder. Am | Hum Genet. 2007; 81,
1289-1297.

Grissom NM, Reyes TM. Gestational overgrowth and undergrowth affect
neurodevelopment: similarities and differences from behavior to epige-
netics. Int ] Dev Neurosci. 2013; 31, 406—414.

Pettersson E, Sjolander A, Almqvist C, et al. Birth weight as an
independent predictor of ADHD symptoms: a within-twin pair analysis.
J Child Psychol Psychiatry. 2015; 56, 453—459.


http://www.r-project.org/
http://cran.r-project.org/packageD=NanoStringNorm
https://doi.org/10.1017/S2040174418000545

	Placental imprinted gene expression mediates the effects of maternal psychosocial stress during pregnancy on fetal growth
	Introduction
	Material and methods
	The SIP study population
	Scores of MPSP
	�Placental tissue collection and RNA isolation
	�Imprinted gene expression profiling
	��Statistical analysis
	���Gene network analysis

	Results
	Table 1Stress in Pregnancy study cohort demographics
	Fig. 1Correlation between maternal psychosocial stress during pregnancy (MPSP) Classes and Birthweight. A statistically significant negative association was detected for birthweight between the high and low MPSP classes. A non-significant negative trend c
	Mediation analysis
	�Factor analysis

	Fig. 2Maternal psychosocial stress during pregnancy (MPSP) statistical analysis. A total of 23 imprinted genes were found associated with the different MPSP classes. (a) Venn diagram for the distribution of the significant imprinted genes across MPSP clas
	�Gene network analysis
	Comparison with the genome-wide placental co-expression modules generated from the Rhode Island Child Health Study (RICHS)27

	Fig. 3Birthweight statistical analysis. (a) Degree and direction (r) of the association of 26 imprinted genes with birthweight. Color coding is provided for both the r and p statistics. Boxed imprinted genes are in common between the birthweight analysis 
	Fig. 4Mediation and factor analyses. (a) Mediation chart for the five imprinted genes associated with both maternal psychosocial stress during pregnancy (MPSP) classes (groups I and II &#x2013; see text for details) and birthweight. Genes glucosidase alph
	Discussion
	Fig. 5Ingenuity Pathway Analysis (IPA). (a) Gene network including 21 of the 23 imprinted genes associated with maternal psychosocial stress during pregnancy (MPSP) classes. (b and c) Gene networks including 16 (b) and four (c) imprinted genes associated 
	Table 2Factor analysis of the imprinted genes expressed in stress in pregnancy placentas
	Table 3Distribution of imprinted genes significantly associated with maternal psychosocial stress during pregnancy (MPSP) and birthweight across the �placental genome-wide co-expression modules from Rhode Island Child Health�Study
	Supplementary material
	Acknowledgements
	ACKNOWLEDGEMENTS
	References
	References
	References
	References


