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a b s t r a c t

This text reviews briefly the context in which epigenetics regulate gene expression in trophoblast
development and function. It is an attempt to focus on a limited number of recent papers that, according
to the author, shed new light on placental development, and constitute possible trails for improving
knowledge and women follow-up in pathological pregnancies.

© 2016 Published by Elsevier Ltd.
1. Introduction

One of the earliest events of embryo differentiation in
Eutherian mammals is when two major lineages differentiate
into two different types of stem cells, embryonic stem cells
(ESCs), on the one hand and trophoblast stem cells (TSCs), on the
other hand. ESCs will conduct to the development of the different
tissues of the embryo, while TSCs are at the origin of the
placenta. Clearly, early defects in the development of the
placenta are susceptible to lead to functional defects, either by
altering the materno-foetal immunological dialogue, the
placental structure, or the placental function. These alterations
will later be the cause of placental disorders, very common in
humans, such as preeclampsia or Intra-Uterine Growth Restric-
tion. Gene expression defects are considered as major culprits at
the base of such diseases. Epigenetic mechanisms, that regulate
gene expression without altering the DNA sequence, are now
increasingly thought are important actors in the onset and
severity of placental diseases in humans. This text will shortly
recapitulate the major genes involved in trophoblast differenti-
ation, then it will present briefly the different epigenetic ma-
chineries active in the cell; finally, the function of gene
methylation and regulation of gene expression through the ac-
tion of small RNAs will be exposed.
2. Genes of trophoblast differentiation

2.1. Embryonic versus trophoblast stem cells

The blastocyst stage is the first visible stage following fertiliza-
tionwhere two morphologically different types of cells are evident.
The periphery of the blastocyst is made of trophectoderm cells, and
a cellular mass (inner cell mass, ICM) is located at one side in the
blastocyste cavity. The trophectoderm cells near the ICM are the
‘polar trophectoderm’, while the opposite side is the ‘mural tro-
phectoderm’. In mice, the first gene associated with trophectoderm
development, the transcription factor Cdx2 (Drosophila caudal-type
homeobox 2) was identified in 2005 [1]. In the study, the authors
demonstrate in mice the existence of a balance between Oct3/Oct4
and Cdx2, the former being positioned very high in the hierarchy of
pluripotency, and able to block the expression and activity of the
later, the reciprocal repression being also present. Besides Cdx2,
another transcription factor belonging to the T-box family of pro-
teins, Eomesodermin (Eomes) is requested for trophoblast differ-
entiation and proliferation (as well as for mesoderm formation) [2].
In 2007, Yagi and coworkers identified the transcription factor
Tead4 (TEA-domain family member 4) as a trophectoderm deter-
minant acting upstream of Cdx2 [3]. When a mouse embryo de-
velops without Tead4, it dies before implantation after failure to
form the blastocoele (the cavity filling the blastocyst).
2.2. The network of early placental genes

Most knowledge on early development originates from the
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study of mouse embryos and depends on transcription factors,
most of them being highly conserved in Eutherian mammals,
suggesting that at least partly, what has been discovered in mice
may be widely applicable to humans despite possible differences in
the gene cascades involved [4]. In mice, mural trophectoderm
differentiate into primary trophoblast giant cells (TGCs). Other
trophoblast giant cells (secondary TGCs) emerge from the polar
trophectoderm sometimes through a transient spongiotrophoblast
stage of differentiation. TGCs will constitute an interface with the
maternal deciduas and will become polyploid through endor-
eplication, under the control of the polyploidy-regulating gene
Geminin [5]. Each of these placenta cell linages depends on a spe-
cific subset of genes as summarized by Maltepe and coworkers in a
2010 review [6]. Amongst those, it is important to note the tran-
scription factor GCM1, a major gene of the cytotrophoblasts lineage,
leading to the development of the placental syncytiotrophoblast,
which allows the utero-placental exchanges in mice. The complex
HIF1-ARNT, which is the major sensor of hypoxia in mammalian
cells, plays also an essential role in spongiotrophoblast develop-
ment (the cells composing the junctional zone of the mouse
placenta, which is the closest to the maternal structure). Knocking-
out HIF1 in mice leads to the death of 10% of the embryos between
days E6.5 and E7.5 [7]. These mice are not able to form extra-
embryonic and embryonic cavities. To note as well, the impor-
tance of imprinted genes at least at later stages of development and
placental growth, these genes playing a crucial role in adjusting the
trade-off between mother and fetus [8]. In the recent years, in
addition to the identification of crucial genes for trophoblast
development, the importance of epigenetic marks has been
revealed, with resistant methylated genes that prevent trans-
differentiation of ES cells into TS cells [9], and the demonstration of
the existence of genes able to modify the epigenetic landscape and
playing a crucial role in trophoblast differentiation, such as PRDM14
and ARID3a, acting respectively on DNA demethylation, and His-
tone acetylation [10,11].

3. Genetics versus epigenetics of trophoblast differentiation

3.1. Definition of epigenetics

Epigenetics may be defined as the study of mechanisms regu-
lating gene expression, that are heritable through cell division, but
not involving changes in the nucleotide sequence. From an opera-
tional point of view, epigenetics works through the action of a
battery of cellular machineries that regulate genome function.
Epigenetics is involved in various processes of development,
physiological homeostasis, and adaption to external stresses (be
them physical, chemical or of biochemical/biological origins). The
epigenetic marks that tag the genes as expressed or repressed are
inheritable through cell divisions, such as in the mitosis processes,
but also in a limited number of cases, through the meiosis process.
This is the basis of ‘transgenerational inheritance’, when without
exposure, an epigenetic mark is transmitted more than three gen-
erations after the exposure. For instance, exposure of female rats to
the endocrine disrupter vinclozolin, leads to anomalies of sperm
number and function (apoptosis, movement) even up to the fourth
generation [12]. Mechanisms for this type of transmission remain
elusive, albeit it has recently been shown that some histone marks
survive the multiple erasure mechanisms of male meiosis [13] and
could carry an epigenetic message; another possible explanation is
given by the stock of stable mi-RNA that are present in the cells and
especially in the sperm [14]. These miRNAs, may be stabilized by a
specific methylation by Dnmt2 (Trdmt1), since Dnmt2 invalidated
mice apparently lose the ability to transmit at least some epigenetic
memories in the case of paramutations [15].
3.2. The epigenetic machinery

Epigenetic marks are either apposed on the chromatin (on his-
tones, or directly on the DNA), while epigenetic modulators may be
stored in the cytoplasm of the cells such as miRNAs. It is not
possible here to describe all the elements of the epigenetic ma-
chinery, and the reader can analyze numerous excellent reviews on
these subjects. Among these reviews, the recent paper by Zhang
and Pradhan [16], gives a comprehensive and recent vision of the
various mechanisms, from DNA methylation, hydroxymethylation
and demethylation to the list of enzymes able to post-
translationnaly modify histones.

A highly simplified list of these different actors is presented as
Fig. 1.

4. Normal epigenetic marks in the placenta

The actual profiling of histone marks in the placenta is not well
known today, possibly because histone marks on chromatin may
not be very stable. However, a recent paper analyzed extensively
the placental methylome by an approach combining the use of the
450K Illumina methylation array and MethylC seq approaches [17].
A recent review listing the different technical approaches available
for quantifying DNA methylation is given in Calicchio et al. (2013),
[18].

4.1. The epigenetic status of the normal placenta

4.1.1. The placental methylome
Many papers deal with placental DNA methylation, and it is not

possible to analyze exhaustively the literature in the present article.
Many recent reviews can be consulted on the subject such as for
instance [19]. Amongst the most recent global studies, the paper of
Schroeder and co-workers appear as a landmark in the field, since it
compares systematically results from the Illumina 450K methyl-
ation array and MethylC-seq, in parallel with evaluating gene
expression by RNA-seq [17]. The authors first show that the Illu-
mina and MethylC-seq approaches resulted in a very similar
description of the methylation profiles along the chromosomes.
Another important and innovative result was the demonstration
that the methylation profile is stable in the placenta during the
three trimesters of pregnancy. This was unsuspected, since from an
expression point of view, placentas from first, second and third
trimester are quite different [20]. Before publication of the
Schroeder paper, it was known that placental methylation is lower
on average than in other tissues (see for instance Table 1 in
Ref. [21]). The Schroeder and coworker 2013 paper revealed that
the methylation is distributed in specific domains, and some of
them called ‘Partially Methylated Domains’ are absent from adult
tissues.

4.1.2. Links between DNA methylation and gene expression
More and more studies tend to negate the idea that high

methylation is associated simply with gene repression. The
Schroeder study showed that high methylation in the gene body is
rather associated to high expression levels, while the methylation
inside gene promoters can be associated either to repression or
increase of gene expression. To note, however, most studies
attempt to correlate methylation analyses with transcriptome data.
Classical transcriptome analysis measures the steady-state of
mRNAs that are present in the cell at a specific moment. Therefore,
the more stable mRNA may have a low expression and have a high
concentration inside the cell. By contrast, short-livedmRNAwill not
accumulate inside the cell even if they have a very active tran-
scription [22]. This couldmore accurately be tackled by translatome



Fig. 1. A short and non-exhaustive list of the mechanisms and genes involved in modulating the epigenetic anlagen in mammalian cells. To this table could be added genes involved
in hydroxymethylation, an issue that has not been studied in the context of trophoblast cells.
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approaches that prior to microarray analysis, purifies polysomes
with their associatedmRNA being translated, and thus be indicative
of the genes that are translated in proteins at a given moment [23].
To have an instant vision of the expression level of all the mRNAs is
muchmore challenging, andmay be approached rather by ChIP-seq
approaches using antibodies against RNA polymerase II. For the
moment such methods have not been applied to the placenta.
Nevertheless, there is a clear association of the expression of
several developmental genes (such as DLX5/DLX6) and specific
methylation patterns in the placenta [17]. The mechanistic link
between expression and methylation at the gene level is not very
frequent in the scientific literature.

Abnormal environmental conditions during development may
alter gene methylation. Among examples, prenatal stress imposed
to mothers has been shown to modulate the methylation of the
Hmox1 promoter [24]. Preeclampsia (cause or consequence) is
associated with alterations of the methylation of various genes,
such as TIMP3 [25], RassF1 and SERPINB5 [26], SERPINA3 [27,28]
Cullin7 and Cullin 4b [29], 11bHSD [30], HLA-G [31], and several
imprinted genes [32]. In 2012, it has been shown that SERPINA3
expression is regulated by the transcription factor ZBTB7B,
depending upon the state of methylation of the SERPINA3 promoter.
ZBTB7B is also involved in regulation extracellular matrix genes
[33]. The ZBTB family of genes has been associated to highly
expressed/highly methylated gene promoters [34,35]. Overall,
high-methylation in a gene is classically associated with a low level
of transcription. However, many recent results show that excep-
tions to this paradigm are numerous.
5. Regulation of gene expression by microRNA

5.1. Definition of miRNAs, number in the mammalian genome

MiRNAs are small RNA molecules (~22 nucleotides) synthesized
from the genome by the regular cell machinery either from bona
fide genes (and transcribed in pri-mi-RNA), or from introns of host
genes. Drosha and Pasha (DGCR8) proteins are involved in the
handling of the pri-miRNA and its transformation into pre-miRNA.
These are exported towards the cytoplasm through the action of
Exportin 5, then the Dicer complex will eliminate the loop, and the
dimer will be associated to the RISC complex (RNA-induced
Silencing Complex), composed of proteins of the Argonaut family,
and of a helicase able to dissociate the two RNA strands. The one
that is kept in the RISC complex will hybridize to target mRNA
inducing degradation or blocking protein synthesis. The processes
are summarized in Treiber (2012) [36].
5.2. MiRNAs functions in trophoblast

In trophoblast cells, as in other context, there is an increasing
corpus of data showing that miRNAs play important physiological
and developmental roles, consistently with the estimation that
they potentially regulate 60% of the genes in eukaryotic genomes
[37]. Actually, for several physiological characteristics of tropho-
blast biology (immunity, invasion, proliferation, vasodilation), it
has been shown that specific miRNAs are effective actors. An
important issue for trophoblast tissue and especially in humans, is
the existence of placental miRNAs that are specific of primates and
mainly organized into two clusters, one on chromosome 19 (54
miRNAs) and one on chromosome 14 (34 miRNAs) [38,39].
5.2.1. Immunity
Trophoblasts express specific HLAmolecules that differ from the

ones of other cells of the body. Instead of HLA A and B, which are
highly polymorphic, they express HLA-C and HLA-G (the former
being moderately polymorphic, while the later is quasi-
monomorphic [40]). It has recently been shown that HLAG
expression is down-regulated by miR-148a and miR-152 [41,42]. A
very interesting recent study suggests a miRNA basis for the
communication between trophoblast cells and uterine Natural
Killer (uNK), the major actors of the early materno-foetal immu-
nological dialogue. The authors showed that miR-517a-3p down-
regulate PRKG1 (Protein Kinase, CGMP-Dependent, Regulatory,
Type I) in Bewo cells (a choriocarcinoma cell line similar to villous
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trophoblast and able to fuse in culture under AMPc induction by
forskolin). Exosomes from the Bewo cells were able to fuse with
maternal NK cells, and the content in miRNAs induced a decrease of
PRKG1 in the NK cells [43]. PRKG1 is considered as an important
modulator of nitric oxide (NO) metabolism, NO being a major
molecule in the regulation of the vascular system function [44].
Therefore trophoblast cells appear able to communicate with the
maternal immune cells through miRNAs production, and possibly
to modulate their function.

5.2.2. Invasion
Trophoblast invasion is also affected by several miRNAs, often

through the alteration of the Nodal pathway. Nodal is a member of
the TGFb family that interacts with the ALK7 receptor (Activin
receptor-like kinase 7). Both are expressed in villous and extra-
villous trophoblast, and their overexpression decreases cell
migration and invasion, while silencing these genes has the
opposite effect [45]. Several miRNAs target genes of the Nodal
pathway (miR-373a-5p, miR-675, miR-195, miR-376c), and may
have a specific impact on trophoblast physiology [46e49]. Other
regulators of invasion are targeted by miRNAs (SMAD2 by miR-18a,
FOXA1 by miR-20a, S1PR by miR125b-1-3p, CXCL12 by miR135b,
cMYC by miR-34a, MMP9 by miR-204 [50e56]). In a recent study
using a BAC encompassing the C19MC cluster, the team of Yoel
Sadovsky showed that miRNAs encoded by this cluster target genes
involved in trophoblast movements, while miR-519d, located inside
this cluster, regulates invasion of Extra Villous Trophoblasts by
targeting CXCL6, NR4A2 and FOXL2 [57].

5.2.3. Proliferation
Trophoblast proliferate massively at the first trimester, and in

humans, extravillous trophoblast will plug the maternal spiral ar-
teries of the endometrium [58], the local hypoxia being probably
important for the proliferation [59]. Again, several genes involved
in proliferation are regulated by mi-RNA; this is the case for LIF,
CCND1, TTN,MYC/ERK, IRAKM/NKIRAS, respectively targeted bymiR-
141, miR-155, miR-144, MiR-145, 377, let7a, and finally miR-155*
[60e64].

5.2.4. Vasodilation
Placentation in humans, especially the specific invasion of

maternal arteries aims at providing the growing fetus with a stable
hemosphere especially in terms of oxygen pressure. Indeed, while
trophoblasts are well adapted to low oxygen pressure, they are very
sensitive to steep variations in oxygen pressure, leading many re-
searchers to mimic preeclampsia through a hypoxia-reoxygenation
protocols, rather than a mere exposure to hypoxia [65e68]. These
variations are associated to an increase in oxidative and nitrosative
stress that are major actors in preeclampsia [69,70]. In eukaryotic
cells, it is clear that miR-210 plays the role of an important sensor of
hypoxia, and its deregulation has been recurrently reported, see for
instance [71e76]. Recently in a mouse model of preeclampsia, we
also reported abnormal miR-210 regulation [77]. Amongst the
various molecules important for vasodilation, NO and H2S play
prominent roles. It has recently been shown that miR-21 down-
regulate CSE (Cystathione lyase), a protein involved in H2S syn-
thesis [78].

5.3. Defining miRNA targets, some examples

Compared to other epigenetic regulations, the mode of action of
miRNAs is much more understood in molecular terms. In addition,
it is possible to define specifically and experimentally if a given
gene is a direct target for a miRNA. The idea is to clone the pre-
sumed miRNA target of the gene (often contained into the 30
Untranslated Region) in front of the luciferase coding sequence in a
reporter vector. Then cells are transfected with this construction
and either siRNA mimicking the miRNA or with a control siRNA. If
the miRNA targets the gene, then it will lead to a reduction of the
luciferase activity, thus validating the target. Following are some
examples in the context of placenta and placental diseases.

5.3.1. miR-1324 in preeclampsia
In 2013, Oudejans and coworkers identified polymorphisms in

the gene INO80B as associated with an increased risk of pre-
eclampsia. Interestingly the susceptible allele (rs34174194) is
located in the 30UTR of the gene and modifies a binding site for the
miRNA miR-1324. The common variant is highly conserved
throughout mammalian species. By luciferase assays, the authors
demonstrated that the repression of the gene is only marginal in
the mutant, thus leading to an increased risk of preeclampsia [79].

5.3.2. miR-675 and placental development
Another example is given by miR-675, a micro-RNA which is

encoded by a highly conserved sequence present in the imprinted
non-coding gene H19 [80]. In mice miR-675 synthesis is prevented
during the first 11 days of gestation by binding with the HuR pro-
tein, which decreases during pregnancy. Then, miR-675 is released,
and targets the Igf1RmRNA, encoding the active receptor of Igf2, as
well as NOMO1 (Nodal Modulator 1).

5.3.3. miR-34a and placental diseases
MiR-34 is frequently associated with cancer [81]. It is also

strongly expressed in placental cells, especially at the end of
pregnancy [82], while the pri-miR appears strongly expressed in
early placentas [83].We could show that its expression is correlated
tomethylation of its promoter, that this methylation is considerably
increased by hypoxia. Functionally, it has been recently shown by
Sun and coworkers that miR-34a inhibits cell migration and inva-
sion by directly targeting the c-MYC proto-oncogene [51].

5.4. Sets of preeclampsia-associated deregulated miRNAs

One of the major interests of miRNAs is that they have a double
hat. They regulate directly genes by repressing their expression,
and are thus important in physiology and development, but they
are also very stable in the plasma (at least several days) [84,85], and
constitute exciting potential biomarkers for a large number of hu-
man diseases; among those there are more than 20 articles
exploring preeclampsia and circulating miRNAs, for instance
[86e92]. For the moment, however, no consensual list of miRNAs
emerges from these screening experiments; possibly, a better
classification of the patients in term of preeclampsia severity,
combination with IUGR, HELLP syndrome, eclampsia, or consid-
ering the ethnical background, could be very helpful to classify the
various miRNA profiles and sort them more efficiently.

6. Conclusion

This short review aims at presenting the role of the epigenetic
machinery, in the context of trophoblast differentiation and
normal/pathological placental development. The histone code is
accessible through technically challenging and costly methods,
such as in particular ChIP-seq experiments, using antibodies
directed against the different histone variants. While these ap-
proaches have a great potential for the better understanding of
placental development, they appear difficult to set up in the context
of placental diseases. DNA methylation is now very easily imple-
mented in humans using high-throughput microarrays that inter-
rogate simultaneously and with a high quantitative precision more



D. Vaiman / Placenta 52 (2017) 127e133 131
than 450,000 CpG in the genome. However, besides the use of
demethylated maspin (SERPINB5) in the maternal blood [93], such
epigenetic marks are not envisaged for a systematic use in the
context of placental diseases. An additional problem is that the link
between DNAmethylation and gene expression down-regulation is
far from obvious [35]. Micro-RNA are probably the most promising
biomarkers, cumulating the advantage of a good knowledge of their
mode of action, high stability in the plasma, and the advantage of
being easily detectable in the women plasma. For the moment, no
clear subset of miRNAs appears as characteristic of preeclampsia;
this may be due to the heterogeneity of the disease, and possibly a
better clinical classification of the samples could drive significant
progress in the field. This would imply analyzing a much higher
number of human samples thoroughly characterized, which has not
been done today. A more distant additional use of small RNA could
be therapeutic, since siRNA could in principle be used to correct
specifically anomalies of gene expression. Attempts to address
small vesicles encompassing siRNA or therapeutic proteins towards
the syncytiotrophoblast could be an interesting approach in the
future.

Conflict of interest

No conflict of interest declared.

Acknowledgement

Presented at the 2015 Global Pregnancy Collaboration (CoLab)
conference in Oxford, England. The Global Pregnancy Collaboration
is part of the Pre-eclampsia-Eclampsia Monitoring, Prevention &
Treatment (PRE-EMPT) initiative funded by the University of British
Columbia, a grantee of the Bill & Melinda Gates Foundation.

References

[1] H. Niwa, Y. Toyooka, D. Shimosato, D. Strumpf, K. Takahashi, R. Yagi, J. Rossant,
Interaction between Oct3/4 and Cdx2 determines trophectoderm differenti-
ation, Cell 123 (5) (2005) 917e929.

[2] A.P. Russ, S. Wattler, W.H. Colledge, S.A. Aparicio, M.B. Carlton, J.J. Pearce,
S.C. Barton, M.A. Surani, K. Ryan, M.C. Nehls, V. Wilson, M.J. Evans, Eomeso-
dermin is required for mouse trophoblast development and mesoderm for-
mation, Nature 404 (6773) (2000) 95e99.

[3] R. Yagi, M.J. Kohn, I. Karavanova, K.J. Kaneko, D. Vullhorst, M.L. DePamphilis,
A. Buonanno, Transcription factor TEAD4 specifies the trophectoderm lineage
at the beginning of mammalian development, Development 134 (21) (2007)
3827e3836.

[4] K.K. Niakan, K. Eggan, Analysis of human embryos from zygote to blastocyst
reveals distinct gene expression patterns relative to the mouse, Dev. Biol. 375
(1) (2013) 54e64.

[5] M.A. Gonzalez, K.E. Tachibana, D.J. Adams, L. van der Weyden, M. Hemberger,
N. Coleman, A. Bradley, R.A. Laskey, Geminin is essential to prevent endor-
eduplication and to form pluripotent cells during mammalian development,
Genes Dev. 20 (14) (2006) 1880e1884.

[6] E. Maltepe, A.I. Bakardjiev, S.J. Fisher, The placenta: transcriptional, epigenetic,
and physiological integration during development, J. Clin. Invest. 120 (4)
(2010) 1016e1025.

[7] K.L. Covello, J. Kehler, H. Yu, J.D. Gordan, A.M. Arsham, C.J. Hu, P.A. Labosky,
M.C. Simon, B. Keith, HIF-2alpha regulates Oct-4: effects of hypoxia on stem
cell function, embryonic development, and tumor growth, Genes Dev. 20 (5)
(2006) 557e570.

[8] M. Constancia, G. Kelsey, W. Reik, Resourceful imprinting, Nature 432 (7013)
(2004) 53e57.

[9] F. Cambuli, A. Murray, W. Dean, D. Dudzinska, F. Krueger, S. Andrews,
C.E. Senner, S.J. Cook, M. Hemberger, Epigenetic memory of the first cell fate
decision prevents complete ES cell reprogramming into trophoblast, Nat.
Commun. 5 (2014) 5538.

[10] A. Burton, J. Muller, S. Tu, P. Padilla-Longoria, E. Guccione, M.E. Torres-Padilla,
Single-cell profiling of epigenetic modifiers identifies PRDM14 as an inducer
of cell fate in the mammalian embryo, Cell Rep. 5 (3) (2013) 687e701.

[11] C. Rhee, B.K. Lee, S. Beck, A. Anjum, K.R. Cook, M. Popowski, H.O. Tucker,
J. Kim, Arid3a is essential to execution of the first cell fate decision via direct
embryonic and extraembryonic transcriptional regulation, Genes Dev. 28 (20)
(2014) 2219e2232.

[12] M.D. Anway, A.S. Cupp, M. Uzumcu, M.K. Skinner, Epigenetic
transgenerational actions of endocrine disruptors and male fertility, Science
308 (5727) (2005) 1466e1469.

[13] C. van de Werken, G.W. van der Heijden, C. Eleveld, M. Teeuwssen, M. Albert,
W.M. Baarends, J.S. Laven, A.H. Peters, E.B. Baart, Paternal heterochromatin
formation in human embryos is H3K9/HP1 directed and primed by sperm-
derived histone modifications, Nat. Commun. 5 (2015) 5868.

[14] M. Rassoulzadegan, V. Grandjean, P. Gounon, S. Vincent, I. Gillot, F. Cuzin,
RNA-mediated non-mendelian inheritance of an epigenetic change in the
mouse, Nature 441 (7092) (2006) 469e474.

[15] J. Kiani, V. Grandjean, R. Liebers, F. Tuorto, H. Ghanbarian, F. Lyko, F. Cuzin,
M. Rassoulzadegan, RNA-mediated epigenetic heredity requires the cytosine
methyltransferase Dnmt2, PLoS Genet. 9 (5) (2013) e1003498.

[16] G. Zhang, S. Pradhan, Mammalian epigenetic mechanisms, IUBMB Life 66 (4)
(2014) 240e256.

[17] D.I. Schroeder, J.D. Blair, P. Lott, H.O. Yu, D. Hong, F. Crary, P. Ashwood,
C. Walker, I. Korf, W.P. Robinson, J.M. LaSalle, The human placenta methyl-
ome, Proc. Natl. Acad. Sci. U. S. A. 110 (15) (2013) 6037e6042.

[18] R. Calicchio, L. Doridot, F. Miralles, C. Mehats, D. Vaiman, DNA methylation, an
epigenetic mode of gene expression regulation in reproductive science, Curr.
Pharm. Des. 20 (11) (2013) 1726e1750.

[19] T. Bianco-Miotto, B.T. Mayne, S. Buckberry, J. Breen, C.M. Rodriguez Lopez,
C.T. Roberts, Recent progress towards understanding the role of DNA
methylation in human placental development, Reproduction 152 (1) (2016)
R23eR30.

[20] V.D. Winn, R. Haimov-Kochman, A.C. Paquet, Y.J. Yang, M.S. Madhusudhan,
M. Gormley, K.T. Feng, D.A. Bernlohr, S. McDonagh, L. Pereira, A. Sali,
S.J. Fisher, Gene expression profiling of the human maternal-fetal interface
reveals dramatic changes between midgestation and term, Endocrinology 148
(3) (2007) 1059e1079.

[21] C. Fuke, M. Shimabukuro, A. Petronis, J. Sugimoto, T. Oda, K. Miura,
T. Miyazaki, C. Ogura, Y. Okazaki, Y. Jinno, Age related changes in 5-
methylcytosine content in human peripheral leukocytes and placentas: an
HPLC-based study, Ann. Hum. Genet. 68 (Pt 3) (2004) 196e204.

[22] A. Honkela, J. Peltonen, H. Topa, I. Charapitsa, F. Matarese, K. Grote,
H.G. Stunnenberg, G. Reid, N.D. Lawrence, M. Rattray, Genome-wide modeling
of transcription kinetics reveals patterns of RNA production delays, Proc. Natl.
Acad. Sci. U. S. A. 112 (42) (2015) 13115e13120.

[23] P. Zuccotti, A. Modelska, Studying the translatome with polysome profiling,
Methods Mol. Biol. 1358 (2016) 59e69.

[24] M.E. Solano, M.K. Kowal, G.E. O'Rourke, A.K. Horst, K. Modest, T. Plosch,
R. Barikbin, C.C. Remus, R.G. Berger, C. Jago, H. Ho, G. Sass, V.J. Parker,
J.P. Lydon, F.J. DeMayo, K. Hecher, K. Karimi, P.C. Arck, Progesterone and
HMOX-1 promote fetal growth by CD8þ T cell modulation, J. Clin. Invest. 125
(4) (2015) 1726e1738.

[25] R.K. Yuen, M.S. Penaherrera, P. von Dadelszen, D.E. McFadden, W.P. Robinson,
DNA methylation profiling of human placentas reveals promoter hypo-
methylation of multiple genes in early-onset preeclampsia, Eur. J. Hum. Genet.
18 (9) (2010) 1006e1012.

[26] J.C. Robins, C.J. Marsit, J.F. Padbury, S.S. Sharma, Endocrine disruptors, envi-
ronmental oxygen, epigenetics and pregnancy, Front. Biosci. (Elite Ed. 3
(2011) 690e700.

[27] S.T. Chelbi, F. Mondon, H. Jammes, C. Buffat, T.M. Mignot, J. Tost, F. Busato,
I. Gut, R. Rebourcet, P. Laissue, V. Tsatsaris, F. Goffinet, V. Rigourd, B. Carbonne,
F. Ferre, D. Vaiman, Expressional and epigenetic alterations of placental serine
protease inhibitors: SERPINA3 is a potential marker of preeclampsia, Hyper-
tension 49 (1) (2007) 76e83.

[28] S.T. Chelbi, M.L. Wilson, A.C. Veillard, S.A. Ingles, J. Zhang, F. Mondon,
G. Gascoin-Lachambre, L. Doridot, T.M. Mignot, R. Rebourcet, B. Carbonne,
J.P. Concordet, S. Barbaux, D. Vaiman, Genetic and epigenetic mechanisms
collaborate to control SERPINA3 expression and its association with placental
diseases, Hum. Mol. Genet. 21 (9) (2012) 1968e1978.

[29] G. Gascoin-Lachambre, C. Buffat, R. Rebourcet, S.T. Chelbi, V. Rigourd,
F. Mondon, T.M. Mignot, E. Legras, U. Simeoni, D. Vaiman, S. Barbaux, Cullins
in human intra-uterine growth restriction: expressional and epigenetic al-
terations, Placenta 31 (2) (2010) 151e157.

[30] M. Causevic, M. Mohaupt, 11beta-Hydroxysteroid dehydrogenase type 2 in
pregnancy and preeclampsia, Mol. Asp. Med. 28 (2) (2007) 220e226.

[31] S. Chen, G. Zhao, H. Miao, R. Tang, Y. Song, Y. Hu, Z. Wang, Y. Hou, MicroRNA-
494 inhibits the growth and angiogenesis-regulating potential of mesen-
chymal stem cells, FEBS Lett. 589 (6) (2015) 710e717.

[32] D.K. Bourque, L. Avila, M. Penaherrera, P. von Dadelszen, W.P. Robinson,
Decreased placental methylation at the H19/IGF2 imprinting control region is
associated with normotensive intrauterine growth restriction but not pre-
eclampsia, Placenta 31 (3) (2010) 197e202.

[33] R.L. Widom, J.Y. Lee, C. Joseph, I. Gordon-Froome, J.H. Korn, The hcKrox gene
family regulates multiple extracellular matrix genes, Matrix Biol. 20 (7) (2001)
451e462.

[34] N. Sasai, M. Nakao, P.A. Defossez, Sequence-specific recognition of methylated
DNA by human zinc-finger proteins, Nucleic Acids Res. 38 (15) (2010)
5015e5022.

[35] C.G. Spruijt, M. Vermeulen, DNA methylation: old dog, new tricks? Nat. Struct.
Mol. Biol. 21 (11) (2014) 949e954.

[36] T. Treiber, N. Treiber, G. Meister, Regulation of microRNA biogenesis and
function, Thromb. Haemost. 107 (4) (2012) 605e610.

[37] R.C. Friedman, K.K. Farh, C.B. Burge, D.P. Bartel, Most mammalian mRNAs are

http://refhub.elsevier.com/S0143-4004(16)30680-4/sref1
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref1
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref1
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref1
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref2
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref2
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref2
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref2
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref2
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref3
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref3
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref3
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref3
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref3
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref4
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref4
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref4
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref4
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref5
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref5
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref5
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref5
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref5
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref6
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref6
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref6
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref6
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref7
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref7
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref7
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref7
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref7
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref8
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref8
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref8
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref9
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref9
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref9
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref9
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref10
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref10
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref10
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref10
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref11
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref11
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref11
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref11
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref11
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref12
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref12
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref12
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref12
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref13
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref13
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref13
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref13
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref14
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref14
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref14
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref14
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref15
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref15
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref15
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref16
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref16
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref16
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref17
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref17
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref17
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref17
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref18
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref18
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref18
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref18
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref19
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref19
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref19
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref19
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref19
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref20
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref20
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref20
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref20
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref20
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref20
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref21
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref21
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref21
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref21
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref21
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref22
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref22
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref22
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref22
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref22
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref23
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref23
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref23
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref24
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref24
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref24
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref24
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref24
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref24
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref24
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref25
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref25
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref25
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref25
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref25
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref26
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref26
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref26
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref26
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref27
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref27
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref27
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref27
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref27
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref27
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref28
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref28
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref28
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref28
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref28
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref28
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref29
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref29
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref29
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref29
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref29
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref30
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref30
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref30
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref31
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref31
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref31
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref31
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref32
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref32
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref32
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref32
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref32
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref33
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref33
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref33
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref33
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref34
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref34
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref34
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref34
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref35
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref35
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref35
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref36
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref36
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref36
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref37


D. Vaiman / Placenta 52 (2017) 127e133132
conserved targets of microRNAs, Genome Res. 19 (1) (2009) 92e105.
[38] R.B. Donker, J.F. Mouillet, T. Chu, C.A. Hubel, D.B. Stolz, A.E. Morelli,

Y. Sadovsky, The expression profile of C19MC microRNAs in primary human
trophoblast cells and exosomes, Mol. Hum. Reprod. 18 (8) (2012) 417e424.

[39] D.M. Morales-Prieto, W. Chaiwangyen, S. Ospina-Prieto, U. Schneider,
J. Herrmann, B. Gruhn, U.R. Markert, MicroRNA expression profiles of
trophoblastic cells, Placenta 33 (9) (2012) 725e734.

[40] M. Kirszenbaum, P. Moreau, E. Gluckman, J. Dausset, E. Carosella, An alter-
natively spliced form of HLA-G mRNA in human trophoblasts and evidence for
the presence of HLA-G transcript in adult lymphocytes, Proc. Natl. Acad. Sci. U.
S. A. 91 (10) (1994) 4209e4213.

[41] C. Zhang, Q. Li, N. Ren, C. Li, X. Wang, M. Xie, Z. Gao, Z. Pan, C. Zhao, C. Ren,
W. Yang, Placental miR-106a approximately 363 cluster is dysregulated in
preeclamptic placenta, Placenta 36 (2) (2014) 250e252.

[42] I. Manaster, D. Goldman-Wohl, C. Greenfield, D. Nachmani, P. Tsukerman,
Y. Hamani, S. Yagel, O. Mandelboim, MiRNA-mediated control of HLA-G
expression and function, PLoS One 7 (3) (2012) e33395.

[43] S. Kambe, H. Yoshitake, K. Yuge, Y. Ishida, M.M. Ali, T. Takizawa, T. Kuwata,
A. Ohkuchi, S. Matsubara, M. Suzuki, T. Takeshita, S. Saito, Human exosomal
placenta-associated miR-517a-3p modulates the expression of PRKG1 mRNA
in Jurkat cells, Biol. Reprod. 91 (5) (2014) 129.

[44] I. Birschmann, U. Walter, Physiology and pathophysiology of vascular
signaling controlled by guanosine 3',5'-cyclic monophosphate-dependent
protein kinase, Acta Biochim. Pol. 51 (2) (2004) 397e404.

[45] L. Nadeem, S. Munir, G. Fu, C. Dunk, D. Baczyk, I. Caniggia, S. Lye, C. Peng,
Nodal signals through activin receptor-like kinase 7 to inhibit trophoblast
migration and invasion: implication in the pathogenesis of preeclampsia, Am.
J. Pathol. 178 (3) (2011) 1177e1189.

[46] W.L. Gao, M. Liu, Y. Yang, H. Yang, Q. Liao, Y. Bai, Y.X. Li, D. Li, C. Peng,
Y.L. Wang, The imprinted H19 gene regulates human placental trophoblast
cell proliferation via encoding miR-675 that targets Nodal Modulator 1
(NOMO1), RNA Biol. 9 (7) (2012) 1002e1010.

[47] G. Fu, G. Ye, L. Nadeem, L. Ji, T. Manchanda, Y. Wang, Y. Zhao, J. Qiao,
Y.L. Wang, S. Lye, B.B. Yang, C. Peng, MicroRNA-376c impairs transforming
growth factor-beta and nodal signaling to promote trophoblast cell prolifer-
ation and invasion, Hypertension 61 (4) (2013) 864e872.

[48] Y. Bai, W. Yang, H.X. Yang, Q. Liao, G. Ye, G. Fu, L. Ji, P. Xu, H. Wang, Y.X. Li,
C. Peng, Y.L. Wang, Downregulated miR-195 detected in preeclamptic
placenta affects trophoblast cell invasion via modulating ActRIIA expression,
PLoS One 7 (6) (2012) e38875.

[49] L. Luo, G. Ye, L. Nadeem, G. Fu, B.B. Yang, E. Honarparvar, C. Dunk, S. Lye,
C. Peng, MicroRNA-378a-5p promotes trophoblast cell survival, migration and
invasion by targeting Nodal, J. Cell Sci. 125 (Pt 13) (2012) 3124e3132.

[50] Y. Yu, L. Wang, T. Liu, H. Guan, MicroRNA-204 suppresses trophoblast-like cell
invasion by targeting matrix metalloproteinase-9, Biochem. Biophys. Res.
Commun. 463 (3) (2015) 285e291.

[51] Y. Gu, X. Zhang, Q. Yang, J. Wang, Y. He, Z. Sun, H. Zhang, Aberrant placental
villus expression of miR-486-3p and miR-3074-5p in recurrent miscarriage
patients and uterine expression of these MicroRNAs during early pregnancy in
mice, Gynecol. Obstet. Invest. 81 (2016) 112e117.

[52] R.T. Pang, C.O. Leung, T.M. Ye, W. Liu, P.C. Chiu, K.K. Lam, K.F. Lee, W.S. Yeung,
MicroRNA-34a suppresses invasion through downregulation of Notch1 and
Jagged1 in cervical carcinoma and choriocarcinoma cells, Carcinogenesis 31
(6) (2010) 1037e1044.

[53] S. Tamaru, Y. Mizuno, H. Tochigi, T. Kajihara, Y. Okazaki, R. Okagaki, Y. Kamei,
O. Ishihara, A. Itakura, MicroRNA-135b suppresses extravillous trophoblast-
derived HTR-8/SVneo cell invasion by directly down regulating CXCL12 un-
der low oxygen conditions, Biochem. Biophys. Res. Commun. 461 (2) (2015)
421e426.

[54] L. Anton, A.O. Olarerin-George, J.B. Hogenesch, M.A. Elovitz, Placental
expression of miR-517a/b and miR-517c contributes to trophoblast dysfunc-
tion and preeclampsia, PLoS One 10 (3) (2015) e0122707.

[55] Y. Wang, Y. Zhang, H. Wang, J. Wang, Z. Pan, S. Luo, Aberrantly up-regulated
miR-20a in pre-eclampsic placenta compromised the proliferative and inva-
sive behaviors of trophoblast cells by targeting forkhead box protein A1, Int. J.
Biol. Sci. 10 (9) (2014) 973e982.

[56] P. Xu, Y. Zhao, M. Liu, Y. Wang, H. Wang, Y.X. Li, X. Zhu, Y. Yao, J. Qiao, L. Ji,
Y.L. Wang, Variations of microRNAs in human placentas and plasma from
preeclamptic pregnancy, Hypertension 63 (6) (2014) 1276e1284.

[57] L. Xie, J.F. Mouillet, T. Chu, W.T. Parks, E. Sadovsky, M. Knofler, Y. Sadovsky,
C19MC microRNAs regulate the migration of human trophoblasts, Endocri-
nology 155 (12) (2014) 4975e4985.

[58] L. Carbillon, J.C. Challier, S. Alouini, M. Uzan, S. Uzan, Uteroplacental circula-
tion development: doppler assessment and clinical importance, Placenta 22
(10) (2001) 795e799.

[59] O. Genbacev, To proliferate or to divide - to be or not to be, Early Pregnancy 5
(1) (2001) 63e64.

[60] D.M. Morales-Prieto, E. Schleussner, U.R. Markert, Reduction in miR-141 is
induced by leukemia inhibitory factor and inhibits proliferation in chorio-
carcinoma cell line JEG-3, Am. J. Reprod. Immunol. 66 (Suppl 1) (2011) 57e62.

[61] Y. Dai, Z. Qiu, Z. Diao, L. Shen, P. Xue, H. Sun, Y. Hu, MicroRNA-155 inhibits
proliferation and migration of human extravillous trophoblast derived HTR-8/
SVneo cells via down-regulating cyclin D1, Placenta 33 (10) (2012) 824e829.

[62] Y. Liang, Q. Lin, F. Luo, W. Wu, T. Yang, S. Wan, Requirement of miR-144 in CsA
induced proliferation and invasion of human trophoblast cells by targeting
titin, J. Cell Biochem. 115 (4) (2014) 690e696.
[63] F. Farrokhnia, J.D. Aplin, M. Westwood, K. Forbes, MicroRNA regulation of

mitogenic signaling networks in the human placenta, J. Biol. Chem. 289 (44)
(2014) 30404e30416.

[64] P. Xue, M. Zheng, Z. Diao, L. Shen, M. Liu, P. Gong, H. Sun, Y. Hu, miR-155*
mediates suppressive effect of PTEN 3'-untranslated region on AP-1/NF-
kappaB pathway in HTR-8/SVneo cells, Placenta 34 (8) (2013) 650e656.

[65] Z. Yang, B. Bai, X. Luo, X. Xiao, X. Liu, Y. Ding, H. Zhang, L. Gao, J. Li, H. Qi,
Downregulated Kruppel-like factor 8 is involved in decreased trophoblast
invasion under hypoxia-reoxygenation conditions, Reprod. Sci. 21 (1) (2014)
72e81.

[66] R.E. Leach, B.A. Kilburn, A. Petkova, R. Romero, D.R. Armant, Diminished
survival of human cytotrophoblast cells exposed to hypoxia/reoxygenation
injury and associated reduction of heparin-binding epidermal growth factor-
like growth factor, Am. J. Obstet. Gynecol. 198 (4) (2008), 471 e1-7; discussion
e7e8.

[67] L. Belkacemi, S.A. Bainbridge, M.A. Dickinson, G.N. Smith, C.H. Graham, Glyc-
eryl trinitrate inhibits hypoxia/reoxygenation-induced apoptosis in the syn-
cytiotrophoblast of the human placenta: therapeutic implications for
preeclampsia, Am. J. Pathol. 170 (3) (2007) 909e920.

[68] L.O. Kurlak, H.D. Mistry, T. Cindrova-Davies, G.J. Burton, F.B. Pipkin, Human
placental renin-angiotensin system in normotensive and pre-eclamptic
pregnancies at high altitude and after acute hypoxia-reoxygenation insult,
J. Physiol. 594 (5) (2016 Mar 1) 1327e1340.

[69] T. Cotechini, M. Komisarenko, A. Sperou, S. Macdonald-Goodfellow,
M.A. Adams, C.H. Graham, Inflammation in rat pregnancy inhibits spiral artery
remodeling leading to fetal growth restriction and features of preeclampsia,
J. Exp. Med. 211 (1) (2014) 165e179.

[70] L. Myatt, A.L. Eis, D.E. Brockman, I.A. Greer, F. Lyall, Endothelial nitric oxide
synthase in placental villous tissue from normal, pre-eclamptic and intra-
uterine growth restricted pregnancies, Hum. Reprod. 12 (1) (1997) 167e172.

[71] K. Mayor-Lynn, T. Toloubeydokhti, A.C. Cruz, N. Chegini, Expression profile of
microRNAs and mRNAs in human placentas from pregnancies complicated by
preeclampsia and preterm labor, Reprod. Sci. 18 (1) (2011) 46e56.

[72] O. Ishibashi, A. Ohkuchi, M.M. Ali, R. Kurashina, S.S. Luo, T. Ishikawa,
T. Takizawa, C. Hirashima, K. Takahashi, M. Migita, G. Ishikawa, K. Yoneyama,
H. Asakura, A. Izumi, S. Matsubara, T. Takeshita, Hydroxysteroid (17-beta)
dehydrogenase 1 is dysregulated by miR-210 and miR-518c that are aber-
rantly expressed in preeclamptic placentas: a novel marker for predicting
preeclampsia, Hypertension 59 (2) (2012) 265e273.

[73] S. Muralimanoharan, A. Maloyan, J. Mele, C. Guo, L.G. Myatt, L. Myatt, MIR-210
modulates mitochondrial respiration in placenta with preeclampsia, Placenta
33 (10) (2012) 816e823.

[74] D.C. Lee, R. Romero, J.S. Kim, A.L. Tarca, D. Montenegro, B.L. Pineles, E. Kim,
J. Lee, S.Y. Kim, S. Draghici, P. Mittal, J.P. Kusanovic, T. Chaiworapongsa,
S.S. Hassan, C.J. Kim, miR-210 targets iron-sulfur cluster scaffold homologue in
human trophoblast cell lines: siderosis of interstitial trophoblasts as a novel
pathology of preterm preeclampsia and small-for-gestational-age pregnan-
cies, Am. J. Pathol. 179 (2) (2011) 590e602.

[75] L. Anton, A.O. Olarerin-George, N. Schwartz, S. Srinivas, J. Bastek,
J.B. Hogenesch, M.A. Elovitz, miR-210 inhibits trophoblast invasion and is a
serum biomarker for preeclampsia, Am. J. Pathol. 183 (5) (2013) 1437e1445.

[76] D.A. Enquobahrie, D.F. Abetew, T.K. Sorensen, D. Willoughby,
K. Chidambaram, M.A. Williams, Placental microRNA expression in pregnan-
cies complicated by preeclampsia, Am. J. Obstet. Gynecol. 204(2) (178) (2011)
e12e21.

[77] L. Doridot, L. Chatre, A. Ducat, J.L. Vilotte, A. Lombes, C. Mehats, S. Barbaux,
R. Calicchio, M. Ricchetti, D. Vaiman, Nitroso-redox balance and mitochondrial
homeostasis are regulated by STOX1, a pre-eclampsia-associated gene, Anti-
oxid. Redox Signal 21 (6) (2014) 819e834.

[78] T. Cindrova-Davies, E.A. Herrera, Y. Niu, J. Kingdom, D.A. Giussani, G.J. Burton,
Reduced cystathionine gamma-lyase and increased miR-21 expression are
associated with increased vascular resistance in growth-restricted pregnan-
cies: hydrogen sulfide as a placental vasodilator, Am. J. Pathol. 182 (4) (2013)
1448e1458.

[79] C.B. Oudejans, O.J. Michel, R. Janssen, R. Habets, A. Poutsma, E.A. Sistermans,
M.M. Weiss, D. Incarnato, S. Oliviero, G. Kleiverda, M. Van Dijk,
R. Arngrimsson, Susceptibility allele-specific loss of miR-1324-mediated
silencing of the INO80B chromatin-assembly complex gene in pre-
eclampsia, Hum. Mol. Genet. 24 (1) (2015) 118e127.

[80] A. Keniry, D. Oxley, P. Monnier, M. Kyba, L. Dandolo, G. Smits, W. Reik, The
H19 lincRNA is a developmental reservoir of miR-675 that suppresses growth
and Igf1r, Nat. Cell Biol. 14 (7) (2012) 659e665.

[81] M. Ghandadi, A. Sahebkar, MicroRNA-34a and its target genes: key factors in
cancer multidrug resistance, Curr. Pharm. Des. 22 (7) (2016) 933e939.

[82] Y. Gu, J. Sun, L.J. Groome, Y. Wang, Differential miRNA expression profiles
between the first and third trimester human placentas, Am. J. Physiol.
Endocrinol. Metab. 304 (8) (2013) E836eE843.

[83] L. Doridot, D. Houry, H. Gaillard, S.T. Chelbi, S. Barbaux, D. Vaiman, miR-34a
expression, epigenetic regulation, and function in human placental diseases,
Epigenetics 9 (1) (2014).

[84] P.S. Mitchell, R.K. Parkin, E.M. Kroh, B.R. Fritz, S.K. Wyman, E.L. Pogosova-
Agadjanyan, A. Peterson, J. Noteboom, K.C. O'Briant, A. Allen, D.W. Lin,
N. Urban, C.W. Drescher, B.S. Knudsen, D.L. Stirewalt, R. Gentleman,
R.L. Vessella, P.S. Nelson, D.B. Martin, M. Tewari, Circulating microRNAs as

http://refhub.elsevier.com/S0143-4004(16)30680-4/sref37
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref37
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref38
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref38
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref38
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref38
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref39
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref39
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref39
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref39
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref40
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref40
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref40
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref40
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref40
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref41
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref41
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref41
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref41
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref42
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref42
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref42
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref43
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref43
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref43
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref43
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref44
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref44
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref44
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref44
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref45
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref45
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref45
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref45
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref45
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref46
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref46
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref46
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref46
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref46
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref47
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref47
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref47
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref47
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref47
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref48
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref48
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref48
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref48
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref49
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref49
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref49
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref49
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref50
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref50
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref50
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref50
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref51
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref51
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref51
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref51
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref51
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref52
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref52
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref52
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref52
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref52
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref53
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref53
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref53
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref53
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref53
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref53
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref54
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref54
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref54
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref55
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref55
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref55
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref55
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref55
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref56
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref56
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref56
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref56
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref57
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref57
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref57
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref57
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref58
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref58
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref58
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref58
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref59
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref59
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref59
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref60
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref60
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref60
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref60
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref61
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref61
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref61
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref61
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref62
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref62
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref62
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref62
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref63
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref63
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref63
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref63
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref64
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref64
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref64
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref64
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref65
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref65
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref65
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref65
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref65
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref66
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref66
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref66
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref66
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref66
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref66
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref67
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref67
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref67
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref67
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref67
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref68
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref68
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref68
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref68
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref68
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref69
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref69
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref69
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref69
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref69
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref70
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref70
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref70
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref70
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref71
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref71
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref71
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref71
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref72
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref72
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref72
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref72
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref72
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref72
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref72
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref73
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref73
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref73
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref73
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref74
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref74
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref74
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref74
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref74
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref74
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref74
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref75
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref75
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref75
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref75
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref76
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref76
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref76
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref76
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref76
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref77
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref77
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref77
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref77
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref77
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref78
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref78
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref78
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref78
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref78
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref78
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref79
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref79
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref79
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref79
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref79
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref79
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref80
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref80
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref80
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref80
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref81
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref81
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref81
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref82
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref82
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref82
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref82
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref83
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref83
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref83
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref84
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref84
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref84
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref84


D. Vaiman / Placenta 52 (2017) 127e133 133
stable blood-based markers for cancer detection, Proc. Natl. Acad. Sci. U. S. A.
105 (30) (2008) 10513e10518.

[85] X. Chen, Y. Ba, L. Ma, X. Cai, Y. Yin, K. Wang, J. Guo, Y. Zhang, J. Chen, X. Guo,
Q. Li, X. Li, W. Wang, J. Wang, X. Jiang, Y. Xiang, C. Xu, P. Zheng, J. Zhang, R. Li,
H. Zhang, X. Shang, T. Gong, G. Ning, K. Zen, C.Y. Zhang, Characterization of
microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and
other diseases, Cell Res. 18 (10) (2008) 997e1006.

[86] Q. Li, A. Long, L. Jiang, L. Cai, L.I. Xie, J. Gu, X. Chen, L. Tan, Quantification of
preeclampsia-related microRNAs in maternal serum, Biomed. Rep. 3 (6)
(2015) 792e796.

[87] S. Yang, H. Li, Q. Ge, L. Guo, F. Chen, Deregulated microRNA species in the
plasma and placenta of patients with preeclampsia, Mol. Med. Rep. 12 (1)
(2015) 527e534.

[88] Q. Yang, J. Lu, S. Wang, H. Li, Q. Ge, Z. Lu, Application of next-generation
sequencing technology to profile the circulating microRNAs in the serum of
preeclampsia versus normal pregnant women, Clin. Chim. Acta 412 (23e24)
(2011) 2167e2173.
[89] G. Fu, J. Brkic, H. Hayder, C. Peng, MicroRNAs in human placental development

and pregnancy complications, Int. J. Mol. Sci. 14 (3) (2013) 5519e5544.
[90] T. Gunel, Y.G. Zeybek, P. Akcakaya, I. Kalelioglu, A. Benian, H. Ermis, K. Aydinli,

Serum microRNA expression in pregnancies with preeclampsia, Genet. Mol.
Res. 10 (4) (2011) 4034e4040.

[91] M. Choudhury, J.E. Friedman, Epigenetics and microRNAs in preeclampsia,
Clin. Exp. Hypertens. 34 (5) (2012) 334e341.

[92] A. Luque, A. Farwati, F. Crovetto, F. Crispi, F. Figueras, E. Gratacos, J.M. Aran,
Usefulness of circulating microRNAs for the prediction of early preeclampsia
at first-trimester of pregnancy, Sci. Rep. 4 (2014) 4882.

[93] S.S. Chim, Y.K. Tong, R.W. Chiu, T.K. Lau, T.N. Leung, L.Y. Chan, C.B. Oudejans,
C. Ding, Y.M. Lo, Detection of the placental epigenetic signature of the maspin
gene in maternal plasma, Proc. Natl. Acad. Sci. U. S. A. 102 (41) (2005)
14753e14758.

http://refhub.elsevier.com/S0143-4004(16)30680-4/sref84
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref84
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref84
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref85
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref85
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref85
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref85
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref85
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref85
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref86
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref86
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref86
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref86
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref87
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref87
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref87
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref87
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref88
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref88
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref88
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref88
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref88
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref88
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref89
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref89
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref89
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref90
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref90
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref90
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref90
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref91
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref91
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref91
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref92
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref92
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref92
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref93
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref93
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref93
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref93
http://refhub.elsevier.com/S0143-4004(16)30680-4/sref93

	Genes, epigenetics and miRNA regulation in the placenta
	1. Introduction
	2. Genes of trophoblast differentiation
	2.1. Embryonic versus trophoblast stem cells
	2.2. The network of early placental genes

	3. Genetics versus epigenetics of trophoblast differentiation
	3.1. Definition of epigenetics
	3.2. The epigenetic machinery

	4. Normal epigenetic marks in the placenta
	4.1. The epigenetic status of the normal placenta
	4.1.1. The placental methylome
	4.1.2. Links between DNA methylation and gene expression


	5. Regulation of gene expression by microRNA
	5.1. Definition of miRNAs, number in the mammalian genome
	5.2. MiRNAs functions in trophoblast
	5.2.1. Immunity
	5.2.2. Invasion
	5.2.3. Proliferation
	5.2.4. Vasodilation

	5.3. Defining miRNA targets, some examples
	5.3.1. miR-1324 in preeclampsia
	5.3.2. miR-675 and placental development
	5.3.3. miR-34a and placental diseases

	5.4. Sets of preeclampsia-associated deregulated miRNAs

	6. Conclusion
	Conflict of interest
	Acknowledgement
	References


