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Abstract: Long non-coding RNAs (lncRNAs) are classified as RNAs greater than 200 nucleotides in
length that do not produce a protein product. lncRNAs are expressed with cellular and temporal
specificity and have been shown to play a role in many cellular events, including the regulation of gene
expression, post-transcriptional modifications and epigenetic modifications. Since lncRNAs were
first discovered, there has been increasing evidence that they play important roles in the development
and function of most organs, including the placenta. The placenta is an essential transient organ that
facilitates communication and nutrient exchange between the mother and foetus. The placenta is of
foetal origin and begins to form shortly after the embryo implants into the uterine wall. The placenta
relies heavily on the successful differentiation and function of trophoblast cells, including invasion
as well as the formation of the maternal/foetal interface. Here, we review the current literature
surrounding the involvement of lncRNAs in the development and function of trophoblasts and the
human placenta.
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1. Introduction

More than 75% of the human genome is actively transcribed into non-coding RNAs (ncRNA),
which is a stark contrast to the 1–2% of the genome that is protein coding [1,2]. These ncRNAs are
comprised of both small RNAs, including but not limited to micro RNA (miRNA), piwi-interacting
RNA (piRNA), small interfering RNA (siRNA), small nucleolar RNA (snoRNA), and transfer RNA
(tRNA) [3]. A large number of ncRNAs are >200 nucleotides in length and are termed long non-coding
RNAs (lncRNA) [3]. These are generally poorly conserved between species, for example, only 14% of
mouse lncRNAs have a human orthologue [4,5]. Since the introduction of next generation sequencing
there has been a steady increase in the number of lncRNAs identified. Currently it is estimated that
there are more lncRNAs than protein coding genes in the genome [2].

ncRNAs have increasingly appreciated roles in all stages of development, with each type of
ncRNA having distinct functions and mechanisms of action. miRNAs act by binding complimentary
RNA sequences where they recruit proteins that can destabilise RNA or impair translation leading to
a reduction in target protein levels [6,7]. lncRNAs have a diverse range of molecular functions.
They act as scaffolds, signals, and antisense decoys, and engage in transcriptional interference.
It is not uncommon for a single lncRNA to have multiple functions [8,9]. Scaffold lncRNAs bind
proteins and other RNAs to form larger functional complexes, such as the telomerase RNA complex
required for telomere repeat synthesis [10] or the polycomb repressor complex involved in histone
modifications [11]. lncRNAs can act as signals of particular developmental stages, transcriptional
regulation or specific locations. The transcription of some lncRNAs can indicate the silencing
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of co-located protein coding genes [12], or act as markers of upstream transcriptional events.
Decoy lncRNAs can act by binding a target protein, preventing the protein from performing its normal
function [13–15] or by binding and sequestering small regulatory RNAs including miRNAs [16].
Although the number of identified lncRNAs continues to grow, the function and biological significance
of the majority of lncRNAs remain unknown. lncRNAs play an important role in regulating gene
expression in utero, and likely strongly influence postnatal development and future health.

2. The Placenta

The placenta is one of the products of conception and, thus, is genetically identical to the
foetus. Correct placental development and function is critical for both maternal and foetal health [17].
The placenta is central to the cross talk between mother and foetus. It provides many functions
beyond the transfer of oxygen, nutrients and water to the foetus and elimination of wastes from
it. These include secretion of hormones into the maternal circulation that orchestrate maternal
adaptation to pregnancy and transfer of maternal antibodies to the foetus to provide passive immunity
to pathogens the newborn is likely to encounter [17]. Defects in placental differentiation and function
have been associated with pregnancy complications.

There are some published reports on placental lncRNAs in pregnancy complications assessed after
delivery but there is a paucity of literature on the role of lncRNAs in normal placental development.

3. The Role of lncRNAs in Pregnancy Complications

Abnormal placental differentiation has been implicated in a number of pregnancy complications
such as miscarriage, preeclampsia and intrauterine growth restriction [18,19]. Pregnancy complications
can have a lifelong influence on not only the mother’s health, but also that of her offspring.
The long-term impact on offspring health results from foetal programming which heightens risk
of developing non-communicable diseases later in life [20]. Identifying how these pregnancy
complications arise is a critical step for prevention. Gaining a greater understanding of the genetic
and molecular pathways involved in disease pathogenesis is essential and may provide future targets
for therapeutic action. An advantage to targeting lncRNAs over messenger RNAs (mRNA) is that
targeting a single lncRNA has the potential to affect multiple downstream pathways and therefore
amplify the effect of a single target. Targeting multiple pathways may also lead to unwanted side
effects, so the functions of lncRNAs should be completely characterised before they are used for
therapeutic targets. There are currently many different methods being developed to silence lncRNAs
in cancer, including siRNAs, antisense transcripts and aptamers, that could potentially be adapted for
use in treating pregnancy complications [21].

Table 1 and Figure 1 summarizes the lncRNAs linked to pregnancy complications. Additional
studies are required to confirm if the changes in expression are the cause or the consequence of
these complications.

Table 1. Summary of long non-coding RNAs (lncRNAs) linked to pregnancy complications and
their functions.

Pregnancy
Complication lncRNA Status/Function References

PE LOC391533 Upregulated [22]
LOC284100 Upregulated [22]
CEACAMP8 Upregulated [22]
SPRY4-IT1 Upregulated, increased trophoblast network formation [23]
MALAT1 Downregulated, decreased trophoblast invasion [24]

EOPE RP11-465L10.10 Downregulated [25]
H19 Downregulated, hypermethylated promoter [26]

HELLP LINC-HELLP Compound mutations, increase in proliferation and a
decrease in both invasion and differentiation [27,28]



Int. J. Mol. Sci. 2017, 18, 1371 3 of 16

Table 1. Cont.

Pregnancy
Complication lncRNA Status/Function References

Placenta increta/percreta MALAT1 Upregulated, increase trophoblast invasion [29]

IUGR NEAT1 Upregulated, disrupts formation of paraspeckles [30]
H19 Downregulated, hypermethylated promoter [31–33]

PE, preeclampsia; EOPE, early onset preeclampsia; HELLP, haemolysis elevated liver enzymes low platelets
syndrome; IUGR, intrauterine growth restriction.
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Figure 1. Summary of lncRNAs reported as altered in pregnancy complications. Green arrows indicate
lncRNAs that are increased in pregnancy complications when compared to control samples and red
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3.1. Miscarriage

Miscarriage is defined as pregnancy loss that occurs before 20 weeks of gestation. Miscarriage
during the first trimester affects up to 15% of clinically recognised pregnancies and up to 50% of
recurrent pregnancy losses have no identifiable cause [34]. Up to 50% of first trimester miscarriage is
associated with aneuploidy and chromosome translocations while other factors include maternal age,
obesity, thrombophilia, smoking, alcohol use, endocrine and immune parameters [35]. To date there
have only been two studies identifying a link between altered lncRNA expression and miscarriage.
The first study used microarray analysis to compare the expression of lncRNAs by embryonic
sac/chorionic villi in miscarriage with those in gestation matched pregnancies with elective induced
abortion and identified a large number of differentially expressed lncRNAs [36]. A number of the
regulatory pathways represented by these lncRNAs are related to infection and inflammation (although
the majority of miscarriages show no sign of infection), metabolism, signalling, and transcription
regulation [36]. In a recent study, also using the same microarray approach, 1449 differentially
expressed lncRNAs were identified from chorionic villi tissue from recurrent miscarriages (women
who had suffered three or more miscarriages before 12 weeks of gestation) compared to normal
pregnancy [37]. Some of the pathways represented by these differentially expressed lncRNAs included
immunity, steroid hormone biosynthesis and transforming growth factor beta (TGF-β) signalling
pathway [37].

3.2. Preeclampsia

Preeclampsia (PE) is a pregnancy complication diagnosed by new onset hypertension after
20 weeks of gestation with either proteinuria and/or other maternal organ dysfunction and/or foetal
growth restriction [38]. It is characterised by systemic maternal oxidative stress and endothelial
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dysfunction [39,40]. PE occurs in 3–5% of pregnancies worldwide and is a major cause of maternal and
perinatal mortality [41,42]. Microarray analysis (33,045 total probes for lncRNAs) comparing placentas
from PE and control pregnancies showed 738 (259 up and 479 down) lncRNAs were differentially
expressed [22]. LOC391533, LOC284100 and CEACAMP8 are three lncRNAs found to be more highly
expressed in placenta from PE and have been validated by quantitative polymerase chain reaction
(qPCR) comparing placentas from 40 PE and 40 control pregnancies. A co-expression analysis of
lncRNA and mRNA differential expression identified significant enrichment for pathways involving
lipid metabolism and type 2 immune response, consistent with the concept that PE has a disrupted
metabolic and immune state compared to uncomplicated pregnancies [22].

During normal placentation, extravillous cytotrophoblast cells colonise and migrate within the
spiral arteries in a retrograde direction transforming their structure to form large compliant vessels
lacking their smooth muscle layer [43]. This invasion and remodelling is required for successful
pregnancy, whereas in PE this arterial transformation fails or is impaired. A comparison of placentas
from 25 control and 25 PE pregnancies found a 2.8-fold increase in the expression of the lncRNA
SPRY4-IT1 (708 bp) [23]. SPRY4-IT1 has been linked to the formation of endothelial cell-like tubular
networks (as discussed below), an important angiogenic process, and may implicate this lncRNA in
spiral artery remodelling, in particular in placentas from PE pregnancies where it has higher expression
compared to in uncomplicated pregnancies.

A lncRNA microarray comparison of placentas from six early onset PE (EOPE) pregnancies and
six preterm deliveries as gestational age matched controls found 15,646 lncRNAs were up regulated
and 13,178 were down regulated in EOPE [25]. As the function of the majority of lncRNAs remains
largely unknown, standard gene ontology (GO) pathway analysis cannot be performed. In an attempt
to assign a function to the differentially expressed lncRNAs, the neighbouring protein coding genes
were interrogated by GO which revealed that pathways relating to cell migration and motility were
significantly enriched [25]. The lncRNA RP11-465L10.10 was found to be downregulated in placentas
from cases of EOPE, along with its target gene MMP9 [25]. Studies of MMP9 have linked its expression
to PE and trophoblast invasion in women [44,45]. It is important to note that approximately 80% of
the lncRNA probes on the microarray were identified as being differentially expressed, which has
implications for interpretation of the analysis. Since preterm birth is itself a pregnancy complication,
using placentas from preterm pregnancies may not constitute an ideal control so these results should
be viewed with caution.

Altered MALAT1 expression has been found in the placenta of two different pregnancy
complications, PE and placenta increta/percreta. Placentas from PE pregnancies show significantly
lower expression of MALAT1 compared to control placentas [24], while placentas from women with
placenta increta/percreta show significantly higher expression of MALAT1 [29]. MALAT1 expression
increases invasion and migration in trophoblast cell lines, as discussed below. The loss of expression of
MALAT1 in PE placentas may lead to a reduction in the invasive properties of trophoblast cells resulting
in PE pathogenesis. Conversely, the overexpression of MALAT1 observed in placenta increta/percreta
may lead to an overly invasive trophoblast phenotype. It should be noted that altered MALAT1
expression has only been shown after trophoblast invasion has occurred; as such, further evidence is
required to determine if altered MALAT1 is a cause or merely a marker of altered trophoblast invasion
in these pregnancy complications.

Haemolysis, elevated liver enzymes, low platelet count (HELLP) syndrome is considered a severe
form of preeclampsia [46–48]. HELLP symptoms usually present later in pregnancy, however first
trimester placentas from women with HELLP show a reduction in trophoblast invasion and impaired
spiral artery remodelling [49]. LINC-HELLP is a 205-kb lncRNA located within a genomic region
linked to familial HELLP syndrome in Dutch women [27]. LINC-HELLP is found within both the
nucleus and cytoplasm of first trimester extravillous cytotrophoblast cells [28]. Single and compound
mutagenesis studies of LINC-HELLP have demonstrated that this lncRNA plays an important role
in trophoblast proliferation and invasion [28]. Compound mutations found within families that



Int. J. Mol. Sci. 2017, 18, 1371 5 of 16

have HELLP syndrome such as the HAPLO215Rev + HAPLO378-M1 compound mutation leads
to a significant increase in trophoblast proliferation and a significant reduction in invasion [28].
These changes to proliferation are consistent with a cell cycle exit phenotype. It was also observed
that mutations in LINC-HELLP can reduce the differentiation of extravillous trophoblast cells [28].
LINC-HELLP has been shown to interact with ribosomal proteins RPS6 and RPL7 in SGPHL-5 cells
(an extra villous trophoblast like cell line) [28]. While lncRNAs are not usually associated with the
ribosome, as they are not translated, this interaction between lncRNAs and the ribosome has been
observed for other lncRNAs and may be linked to lncRNA degradation [50]. It is still unclear as to
whether this interaction is a specific function of particular lncRNAs or if it is a coincidental interaction
due to the RNA binding nature of the ribosome. LINC-HELLP knockdown followed by RNA-Seq
shows a massive reduction in gene expression [28], which may link this lncRNA to transcriptional
and/or posttranscriptional regulation via the ribosome and RNA splicing machinery.

3.3. Intrauterine Growth Restriction

Intrauterine growth restriction (IUGR) is defined as impaired foetal growth where the foetus
does not achieve its expected growth potential given its race, sex and gestation. IUGR is well known
to increase the risk for perinatal morbidity and mortality [17]. Undetected IUGR is a significant
antecedent to stillbirth [51]. IUGR is also known to be a significant risk factor for adult onset
non-communicable diseases including cardiovascular disease and Type 2 diabetes and as the placenta
mediates nutrient transport to the foetus in response to foetal demand and maternal capacity, it is key
to foetal programming [52].

A complimentary DNA (cDNA) subtraction assay comparing placentas from 12 IUGR and
12 control pregnancies revealed overexpression of the lncRNA NEAT1 in IUGR [53]. NEAT1 expression
was observed by in situ hybridisation and was localised exclusively within villous trophoblast cells of
the placenta. In addition, more cells express NEAT1 in IUGR villous trophoblast cells compared with
control placenta. There are two isoforms of the lncRNA NEAT1, NEAT1_1 and NEAT1_2. NEAT1_2 is
required for the formation of paraspeckles, while NEAT1_1 has been shown to increase the number of
paraspeckles found in a nucleus when overexpressed [30]. NEAT1 functions by retaining hyper-edited
mRNAs in the nucleus. Nuclear paraspeckles are sub nuclear regions where transcription and
pre-mRNA transcript processing occurs [54]. Interestingly, paraspeckles have been linked to cell
growth and differentiation [55], and the disruption of paraspeckles is often found in disease states,
such as acute promyelocytic leukaemia [56].

4. H19

H19 was one of the first lncRNAs to be discovered [57,58], long before the introduction of next
generation sequencing; consequently, it is the most highly studied lncRNA. H19 is located within
a large imprinted domain on chromosome 11, 130 kb downstream of IGF2 [59,60]. H19 and IGF2
are reciprocally imprinted that is, for H19 only the paternal allele is expressed, while for IGF2, only
the maternal allele is expressed [60]. H19 expression can be regulated by PLAGL1, a zinc finger
containing transcription factor, in the human placenta [61]. It has been proposed that due to the high
level of sequence conservation, the secondary structure of H19 is very important for its function [62].
Two major functions have been described for H19, specifically a modulator for binding small RNAs
and proteins [63], and as a source of the miRNA mir-675 [64], this function of H19 has been recently
reviewed [65].

DNA methylation of gene regulatory regions typically leads to a reduction in gene expression
(however, this is not always the case [66,67]). Additionally, DNA methylation plays a major role in
genomic imprinting, leading to parent-of-origin specific allele expression. H19 has variable levels of
biallelic expression in the placenta (reports suggest between 9% and 25% expression occurs from the
imprinted allele) until 10 weeks of gestation by which time H19 expression is mostly restricted to the
maternal allele [68,69]. DNA methylation of exon 1 of H19 in placenta shows a significant increase
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across gestation, from the first trimester to term [70]. Interestingly, there is a significant increase in
DNA methylation at a single CpG site within exon 1 of H19 in PE placentas compared to term (first
trimester placentas show no methylation at this site) [70]. The hypermethylation of this single CpG
site has been shown to correlate with an increase in proliferation in the human choriocarcinoma JEG-3
cell line [70]. In direct contrast, the methylation of the H19 differentially methylated region (DMR) is
lower at three specific CpG sites in placentas from pregnancies complicated by gestational diabetes
mellitus [71].

Aside from the altered H19 expression observed in placentas from complicated pregnancies, H19
is down-regulated when a hydatiform mole transitions to choriocarcinoma [72]. The expression of
H19 may inhibit malignant transformation of trophoblast cells into cancer cells, as is supported by
the fact that overexpression of H19 in trophoblast cells leads to reductions in proliferation, migration
and invasion [73]. Trophoblast cells, when cultured in the presence of 5-aza-2′-deoxycytidine (a DNA
methylation inhibitor), show marked demethylation of a specific CpG site within exon 1 of H19 (the
same CpG site, discussed above, that is hypermethylated in PE placentas), followed by an increase in
expression of H19 [70]. This indicates that the regulation of this one particular site may be important for
the expression of H19. It should be noted that 5-aza-2′-deoxycytidine acts globally upon the genome,
therefore the increased H19 expression may be a result of reduced DNA methylation elsewhere in
the genome.

H19 expression is restricted to intermediate and villous cytotrophoblasts, and is not found within
syncytiotrophoblasts in the human placenta. This expression pattern is consistent with the idea that
H19 helps regulate the invasive properties of intermediate trophoblasts [72,74,75]. DNA methylation
analysis of the promotor region of H19 in placentas from EOPE and PE have demonstrated that the
H19 promoter is hypermethylated in EOPE placentas compared to controls, while the promoter region
in PE placentas is not [26,76]. H19 expression is also significantly lower in EOPE placentas, which is
consistent with hypermethylation of the promoter [26,76]. While not statistically significant, DNA
methylation of H19 showed an increase in PE placentas while H19 expression in PE placentas was
lower than control placentas [76]. It is possible that the level of H19 expression and DNA methylation
is linked to the severity and stage of onset of PE observed.

Altered H19 and IGF2 expression have been linked to foetal growth restriction and small for
gestational age (SGA) in humans [26,77]. A partial loss of imprinting (LOI), together with biallelic
expression of H19, were detected in placentas from SGA and PE pregnancies [26,73,76]. Similarly,
LOI of H19 and biallelic expression were also linked to foetal growth restriction (FGR) [33] while
the maternally inherited single nucleotide polymorphism rs2071094 in H19 has also been shown to
associate with increased birth weight [32]. This LOI may result in an increase in expression of H19
and mir-675 (a growth suppressor) resulting in SGA and FGR pregnancies. Both a significant increase
in H19 and decrease in IGF2 expression have been observed in placentas from pregnancies with
assisted conception by intracytoplasmic sperm injection (ICSI) and in vitro fertilization (IVF) [78]. This
association indirectly provides evidence that there may be a loss of imprinting at the H19/IGF2 locus
in placentas from assisted reproductive technology (ART) pregnancies [78,79] which a meta-analysis
has recently shown are more likely to be affected by a wide range of pregnancy complications [80].
Currently there are conflicting reports as to the effect of altered H19/IGF2 expression on birth weight,
with four studies finding an association [26,77,81,82], while three different studies did not observe
this association with placentas from ART pregnancies [78,79,83]. Increased 5-hydroxymethlycytosine
(5hmC) methylation within the H19 gene body is positively associated with birth weight, but there is
no such association between 5hmC methylation and H19 gene expression [84].

Together evidence indicates that H19 plays an important role in placental development.
Changes to the DNA methylation status of either the promoter or the gene body of H19 have been
linked with the development of pregnancy complications, PE, EOPE, and IUGR, as well as playing
an important role in regulating foetal growth [26,33,77]. This indicates the expression of H19 is
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tightly controlled and deviations from the optimal level of expression have detrimental effects on
placental function.

5. lncRNAs Are Important for Trophoblast Cell Function

HTR8/SVneo is a cell line derived from first trimester extravillous cytotrophoblast cells and
is often used for in vitro cell culture experiments. siRNA knockdown of the lncRNA SPRY4-IT1 in
these cells leads to an increase in their migratory phenotype, as well as a reduction in the number of
dead cells [23]. HTR8/SVneo cells can be cultured on Matrigel to stimulate endothelial-like capillary
networks and are a useful cell culture model for studying spiral artery remodelling [85,86]. siRNA
knockdown of SPRY4-IT1 in HTR8/SVneo trophoblast cells leads to a reduced ability of the cells to
form tube like networks reminiscent of endothelial tubes, while overexpression of SPRY4-IT1 leads
to an increase in their capacity to form these networks [23]. The mechanism of action of SPRY4-IT1
in endothelial cell tube-like network remodelling remains unknown, but the expression of VEGF,
ANG1 and ANG2 remain unchanged, indicating it is not via a classical angiogenic pathway [23].
Conversely, when SPRY14-IT1 is overexpressed (expression plasmid) in HTR8/SVneo cells they show
a large reduction in migration [23]. A similar but not significant trend was observed in proliferation
assays [23]. Knockdown of SPRY14-IT1 leads to reduced mRNA and protein expression of E-cadherin
and β-catenin mRNA, and an increase in vimentin [87]. SPRY14-IT1 was shown to bind the cytoplasmic
RNA binding protein HuR in HTR8/SVneo cells and the complex formed was then demonstrated to
directly bind β-catenin mRNA [87]. The interaction of HuR and β-catenin mRNA has been shown to
destabilize β-catenin mRNA in other cell types [88,89]. WNT3 and WNT5B are two downstream targets
of β-catenin that are also downregulated as a result of SPRY14-IT1 knockdown. Tight regulation
of Wnt/β-catenin signalling is important for maintaining an epithelial phenotype and cell–cell
junctions, and loss of this pathway leads to epithelial-mesenchymal transition (EMT). Extravillous
cytotrophoblast cells undergo EMT which is the critical first step for their invasion of the maternal
decidua, remodelling of the spiral arterioles and successful pregnancy [90,91].

As mentioned above, MALAT1 shows altered expression in two pregnancy complications.
The function of MALAT1 was investigated in JEG-3 choriocarcinoma cells and following the knockdown
of MALAT1 expression there was reduced proliferation, migration and invasion and increased cell
death [24,29]. Additionally, lower MALAT1 expression resulted in cell cycle arrest in the G0/G1

phase [24]. The downregulation of MALAT1 in HeLa cells also leads to a cell cycle arrest phenotype,
but these cells arrested at the G2/M phase [92]. MALAT1 has been shown to act as a molecular sponge
(a mechanism by which lncRNAs bind miRNAs preventing them from binding their targets) for
miRNAs belonging to the miR-200 family in clear cell kidney carcinoma [93]. The miR-200 family
targets ZEB2, a transcription factor known for its role in promoting EMT [94,95]; a reduction in
MALAT1 expression can lead to an increase in free miRNAs that can target ZEB2. This reduction in
ZEB2 could be responsible for a loss of EMT-like properties observed in JEG-3 cells when MALAT1
expression is lost.

MIR503HG and LINC00629 are two long intergenic non-coding RNAs (lincRNA) found on the
X chromosome between HPRT1 and PLAC1. Expression of MIR503HG is similar to that of PLAC1
with expression found in placenta. Unlike PLAC1, MIRG503HG expression is also found in human
umbilical vein epithelial cells (HUVECS) [96]. By contrast, LINC00629 is expressed not only in the
placenta but also in other tissues such as the ovary, cervix, testis and heart [96]. MIR503HG is localised
to the nucleus of JEG-3 cells, while LINC00629 is found evenly throughout the cell. Overexpression
of either of these lincRNAs in JEG-3 cells has been shown to reduce both migration (30% lower) and
invasion (40% lower) [96]. By contrast, it has been reported that silencing of endogenous MIR503HG
in HUVEC cells leads to a reduction in cell migration [97]. This evidence surrounding MIR503HG
function suggests that it may be cell context specific.

MEG3 is an imprinted, maternally expressed, lncRNA that has been shown by qPCR to
be down-regulated in placentas from preeclamptic pregnancies when compared to normotensive
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pregnancies [98]. Using the HTR8/SVneo and JEG-3 cells, overexpression of MEG3 resulted in a
reduction in apoptosis and an increase in migration (Figure 2) [98]. A recent study has also shown that
MEG3’s role in apoptosis and migration may be critical factor in regulating vascular smooth muscle
cells during spiral artery remodelling [99]. Another lncRNA identified as altered in preeclampsia is
RPAIN, which by qPCR was shown to be overexpressed in placentas from preeclamptic pregnancies
when compared to uncomplicated controls [100]. Overexpression of RPAIN in HTR8/SVneo cells
resulted in inhibition of proliferation and invasion. The authors went on to show that C1q, a protein
that is important for trophoblast invasion and spiral artery remodelling, was also inhibited when
RPAIN was overexpressed [100].

lncRNAs are important for a number of critical trophoblast cell functions, from proliferation,
invasion and migration, to cell cycle progression. In particular, the altered expression of any of the
lncRNAs described above can lead to changes in these functions, and potentially lead to pregnancy
complications. So far only a small number of lncRNAs have been studied with respect to their
importance in trophoblast cell function, yet a majority influence proliferation and migration, two key
processes in trophoblast cell function (Figure 2). It is possible that the strong phenotypes observed
upon altering the expression of single lncRNAs are due to their being involved in multiple pathways.
Additionally, this emphasizes how complicated molecular control of trophoblast function is, and how
delicate the system is, where altered expression of a single lncRNA can have significant downstream
effects. Due to knowledge of lncRNA expression and function being in its infancy, it is likely that there
are many more unidentified lncRNAs required for trophoblast function, potentially opening up a large
future array of therapeutic targets.
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Figure 2. Summary of the roles and function of lncRNAs in trophoblast cells. MALAT1 and MEG3
expression influence trophoblast cell death while MALAT1, RPAIN and mutLINC-HELLP influence
trophoblast proliferation. Altered MALAT1, SPRY14-IT1, LINC00629, MIR503HG, RPAIN and MEG3
expression is associated with changes in trophoblast migration and invasion. Green arrows indicate
overexpression of the lncRNA and the impact on cell death, proliferation or migration/invasion
while red arrows denote knockdown of lncRNAs and resultant changes in trophoblast function as
measured by cell death, proliferation or migration/invasion assays. Black arrows indicate altered gene
expression promotes/increases trophoblast function. Black T-bar indicates altered gene expression
reduces trophoblast function.
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6. Links between lncRNAs and the Placental Immune/Inflammatory Functions

The placenta is formed from the extraembryonic tissue derived from the conceptus and as such is
a unique combination of both the maternal and paternal genomes. Hence, the placenta and the foetus
are foreign to the maternal immune system. The development and maintenance of immune tolerance
of foetal/placental antigens is a complicated and dynamic process that changes over the course of
pregnancy, making it a unique immune state [101]. It includes dramatic changes in the immune
profiles in both the maternal circulation and decidua (uterine mucosa in pregnancy) particularly
uterine natural killer cells [102], T regulatory cells [103] and M2 macrophages [104]. Since immune
tolerance involves changes to both adaptive and innate immunity, pregnant women are at greater risk
of infection, especially viral illness. During pregnancy there are several viral pneumonias that have
the potential to become more severe than in non-pregnant women, these include but are not limited to
influenza, coronavirus, and varicella [105]. Transmission of viral pathogens from the mother to the
conceptus can lead to complications in the developing foetus [106].

lncRHOFX1 is a newly-discovered 4.8-kb lncRNA located on the X chromosome and is one
of the most abundantly expressed lncRNAs in the trophectoderm and primitive endoderm [107].
In addition, lncRHOFX1 is expressed highly within syncytio- and extravillous cytotrophoblast
(EVTs) cells obtained by differentiating human embryonic stem cells (hESCs) in an in vitro culture
model [108–110]. lncRHOFX1 is also expressed by JEG-3 cells and primary isolated EVTs. lncRHOFX1
localises to nuclear paraspeckles but it is not known if these speckles are also positive for NEAT1.

Knockdown of lncRHOFX1 in hESC-derived placental cells leads to the increased expression of a
number of different immune response genes (Table 2). Trophoblast cells with lncRHOFX1 knockdown
that are subsequently exposed to Sendai virus show reduced expression of viral mRNA compared to
control trophoblast cells. This indicates that lncRHOFX1 expression suppresses antiviral activity. It is
proposed that lncRHOFX1 acts in trans to supress the cellular viral immune response [107]. In hESCs,
overexpression of lncRHOFX1 leads to a switch from cell growth to cell differentiation, while no change
to antiviral genes is observed [107]. This is another example of cell context influencing the function
of lncRNAs.

Further understanding of the molecular regulation of immune tolerance in pregnancy would
facilitate better prevention and treatment of pregnancy complications in which it is implicated, as well
as new insights into greater prevalence and severity of viral infections in pregnant women.

Table 2. List of viral sensing genes with altered expression following lncRHOFX1 knockdown.

Gene Name Fold Change 1 Function

MX1 2.24 A guanidine triphosphate metabolizing protein that has antiviral activity against a large
number of DNA and RNA viruses [111]. MX1 is induced by type I and II interferons.

IFIT1 2.34 An interferon-induced antiviral RNA binding protein which can selectively bind viral mRNAs
and prevent translation [112,113].

OAS1 1.95 A double-stranded RNA (dsRNA) binding protein, recognizes and binds dsRNA before
recruiting RNaseL [114,115].

LGALS16 2.00 A galectin protein found specifically within the syncytiotrophoblast [116] that induces T cell
apoptosis as a mechanism of immune tolerance [117].

IFIH1 2.23 Both IFIH1 and DDX58 are RNA helicases that sense viral RNAs [118].
Both proteins have caspase recruitment domains which can activate type I interferons [119].DDX58 1.97

1 All fold changes represent an increase in expression in lncRHOFX1 knockdown cells compared to control.

7. Conclusions

In recent years, the number of lncRNAs identified in the human placenta has increased
dramatically, and as more RNA sequencing data becomes available, this number is likely to increase.
lncRNAs are involved in many different cellular and gene regulatory networks, a discovery that
has changed the fundamental understanding of how these networks function and interact with one
another. Currently, the specific mechanisms of action for most lncRNAs remain largely unknown,
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partially due to a lack of conservation across evolution that has limited the suitability of using animal
models. This is compounded by the cell type-specific function that a number of lncRNAs exhibit (such
as MALAT1 and MIR503HG). Therefore, it is likely that each lncRNA will need to be independently
investigated in all cell types in which they are expressed.

Here we have discussed the current literature surrounding lncRNA expression and function in
the placenta, trophoblast cells, and how altered expression of several lncRNAs is linked to a number
of pregnancy complications. Increasing our understanding of lncRNA function in normal placental
development will be critical to unravelling the complex pathogenesis of pregnancy complications and
may lead to new diagnostic or therapeutic options.
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PE Preeclampsia
qPCR Quantitative polymerase chain reaction
mRNA Messenger RNA
EOPE Early onset preeclampsia
GO Gene ontology
IUGR Intrauterine growth restriction
cDNA Complimentary DNA
SA Spontaneous abortion
LOI Loss of imprinting
ICIS Intracytoplasmic sperm injection
FGR Fetal growth restriction
IVF In vitro fertilization
ART Assisted reproductive technology
DMR Differentially methylated region
MET Mesenchymal-epithelial transition
lincRNA Long intronic non coding RNA
EVT Extravillous cytotrophoblast
hESC Human embryonic stem cells

References

1. Birney, E. Evolutionary genomics: Come fly with us. Nature 2007, 450, 184–185. [CrossRef] [PubMed]
2. Djebali, S.; Davis, C.A.; Merkel, A.; Dobin, A.; Lassmann, T.; Mortazavi, A.; Tanzer, A.; Lagarde, J.; Lin, W.;

Schlesinger, F.; et al. Landscape of transcription in human cells. Nature 2012, 489, 101–108. [CrossRef]
[PubMed]

http://dx.doi.org/10.1038/450184a
http://www.ncbi.nlm.nih.gov/pubmed/17994082
http://dx.doi.org/10.1038/nature11233
http://www.ncbi.nlm.nih.gov/pubmed/22955620


Int. J. Mol. Sci. 2017, 18, 1371 11 of 16

3. Cech, T.R.; Steitz, J.A. The noncoding RNA revolution-trashing old rules to forge new ones. Cell 2014, 157,
77–94. [CrossRef] [PubMed]

4. Chodroff, R.A.; Goodstadt, L.; Sirey, T.M.; Oliver, P.L.; Davies, K.E.; Green, E.D.; Molnar, Z.; Ponting, C.P.
Long noncoding RNA genes: Conservation of sequence and brain expression among diverse amniotes.
Genome Biol. 2010, 11, R72. [CrossRef] [PubMed]

5. Church, D.M.; Goodstadt, L.; Hillier, L.W.; Zody, M.C.; Goldstein, S.; She, X.; Bult, C.J.; Agarwala, R.;
Cherry, J.L.; DiCuccio, M.; et al. Lineage-specific biology revealed by a finished genome assembly of the
mouse. PLoS Biol. 2009, 7, e1000112. [CrossRef] [PubMed]

6. Baek, D.; Villen, J.; Shin, C.; Camargo, F.D.; Gygi, S.P.; Bartel, D.P. The impact of microRNAs on protein
output. Nature 2008, 455, 64–71. [CrossRef] [PubMed]

7. Bartels, C.L.; Tsongalis, G.J. MicroRNAs: Novel biomarkers for human cancer. Clin. Chem. 2009, 55, 623–631.
[CrossRef] [PubMed]

8. Geisler, S.; Coller, J. RNA in unexpected places: Long non-coding RNA functions in diverse cellular contexts.
Nat. Rev. Mol. Cell Biol. 2013, 14, 699–712. [CrossRef] [PubMed]

9. Ulitsky, I.; Bartel, D.P. LincRNAs: Genomics, evolution, and mechanisms. Cell 2013, 154, 26–46. [CrossRef]
[PubMed]

10. Collins, K. Physiological assembly and activity of human telomerase complexes. Mech. Ageing Dev. 2008,
129, 91–98. [CrossRef] [PubMed]

11. Rinn, J.L.; Kertesz, M.; Wang, J.K.; Squazzo, S.L.; Xu, X.; Brugmann, S.A.; Goodnough, L.H.; Helms, J.A.;
Farnham, P.J.; Segal, E.; et al. Functional demarcation of active and silent chromatin domains in human hox
loci by noncoding RNAs. Cell 2007, 129, 1311–1323. [CrossRef] [PubMed]

12. Mohammad, F.; Mondal, T.; Kanduri, C. Epigenetics of imprinted long noncoding RNAs. Epigenetics 2009, 4,
277–286. [CrossRef] [PubMed]

13. Hung, T.; Wang, Y.; Lin, M.F.; Koegel, A.K.; Kotake, Y.; Grant, G.D.; Horlings, H.M.; Shah, N.; Umbricht, C.;
Wang, P.; et al. Extensive and coordinated transcription of noncoding RNAs within cell-cycle promoters.
Nat. Genet. 2011, 43, 621–629. [CrossRef] [PubMed]

14. Martianov, I.; Ramadass, A.; Barros, A.S.; Chow, N.; Akoulitchev, A. Repression of the human dihydrofolate
reductase gene by a non-coding interfering transcript. Nature 2007, 445, 666–670. [CrossRef] [PubMed]

15. Redon, S.; Reichenbach, P.; Lingner, J. The non-coding RNA terra is a natural ligand and direct inhibitor of
human telomerase. Nucleic Acids Res. 2010, 38, 5797–5806. [CrossRef] [PubMed]

16. Franco-Zorrilla, J.M.; Valli, A.; Todesco, M.; Mateos, I.; Puga, M.I.; Rubio-Somoza, I.; Leyva, A.; Weigel, D.;
Garcia, J.A.; Paz-Ares, J. Target mimicry provides a new mechanism for regulation of microRNA activity.
Nat. Genet. 2007, 39, 1033–1037. [CrossRef] [PubMed]

17. Roberts, C.T. IFPA award in placentology lecture: Complicated interactions between genes and the
environment in placentation, pregnancy outcome and long term health. Placenta 2010, 31, S47–S53. [CrossRef]
[PubMed]

18. Ergaz, Z.; Avgil, M.; Ornoy, A. Intrauterine growth restriction-etiology and consequences: What do we know
about the human situation and experimental animal models? Reprod. Toxicol. 2005, 20, 301–322. [CrossRef]
[PubMed]

19. Sibai, B.; Dekker, G.; Kupferminc, M. Pre-eclampsia. Lancet 2005, 365, 785–799. [CrossRef]
20. Heindel, J.J.; Balbus, J.; Birnbaum, L.; Brune-Drisse, M.N.; Grandjean, P.; Gray, K.; Landrigan, P.J.; Sly, P.D.;

Suk, W.; Cory Slechta, D.; et al. Developmental origins of health and disease: Integrating environmental
influences. Endocrinology 2015, 156, 3416–3421. [CrossRef] [PubMed]

21. Parasramka, M.A.; Maji, S.; Matsuda, A.; Yan, I.K.; Patel, T. Long non-coding RNAs as novel targets for
therapy in hepatocellular carcinoma. Pharmacol. Ther. 2016, 161, 67–78. [CrossRef] [PubMed]

22. He, X.; He, Y.; Xi, B.; Zheng, J.; Zeng, X.; Cai, Q.; Ouyang, Y.; Wang, C.; Zhou, X.; Huang, H.; et al. LncRNAs
expression in preeclampsia placenta reveals the potential role of lncRNAs contributing to preeclampsia
pathogenesis. PLoS ONE 2013, 8, e81437. [CrossRef] [PubMed]

23. Zou, Y.; Jiang, Z.; Yu, X.; Sun, M.; Zhang, Y.; Zuo, Q.; Zhou, J.; Yang, N.; Han, P.; Ge, Z.; et al. Upregulation of
long noncoding RNA SPRY4-IT1 modulates proliferation, migration, apoptosis, and network formation in
trophoblast cells HTR-8SV/neo. PLoS ONE 2013, 8, e79598. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.cell.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24679528
http://dx.doi.org/10.1186/gb-2010-11-7-r72
http://www.ncbi.nlm.nih.gov/pubmed/20624288
http://dx.doi.org/10.1371/journal.pbio.1000112
http://www.ncbi.nlm.nih.gov/pubmed/19468303
http://dx.doi.org/10.1038/nature07242
http://www.ncbi.nlm.nih.gov/pubmed/18668037
http://dx.doi.org/10.1373/clinchem.2008.112805
http://www.ncbi.nlm.nih.gov/pubmed/19246618
http://dx.doi.org/10.1038/nrm3679
http://www.ncbi.nlm.nih.gov/pubmed/24105322
http://dx.doi.org/10.1016/j.cell.2013.06.020
http://www.ncbi.nlm.nih.gov/pubmed/23827673
http://dx.doi.org/10.1016/j.mad.2007.10.008
http://www.ncbi.nlm.nih.gov/pubmed/18054989
http://dx.doi.org/10.1016/j.cell.2007.05.022
http://www.ncbi.nlm.nih.gov/pubmed/17604720
http://dx.doi.org/10.4161/epi.4.5.9242
http://www.ncbi.nlm.nih.gov/pubmed/19617707
http://dx.doi.org/10.1038/ng.848
http://www.ncbi.nlm.nih.gov/pubmed/21642992
http://dx.doi.org/10.1038/nature05519
http://www.ncbi.nlm.nih.gov/pubmed/17237763
http://dx.doi.org/10.1093/nar/gkq296
http://www.ncbi.nlm.nih.gov/pubmed/20460456
http://dx.doi.org/10.1038/ng2079
http://www.ncbi.nlm.nih.gov/pubmed/17643101
http://dx.doi.org/10.1016/j.placenta.2010.01.001
http://www.ncbi.nlm.nih.gov/pubmed/20096927
http://dx.doi.org/10.1016/j.reprotox.2005.04.007
http://www.ncbi.nlm.nih.gov/pubmed/15982850
http://dx.doi.org/10.1016/S0140-6736(05)71003-5
http://dx.doi.org/10.1210/EN.2015-1394
http://www.ncbi.nlm.nih.gov/pubmed/26241070
http://dx.doi.org/10.1016/j.pharmthera.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27013343
http://dx.doi.org/10.1371/journal.pone.0081437
http://www.ncbi.nlm.nih.gov/pubmed/24312300
http://dx.doi.org/10.1371/journal.pone.0079598
http://www.ncbi.nlm.nih.gov/pubmed/24223182


Int. J. Mol. Sci. 2017, 18, 1371 12 of 16

24. Chen, H.; Meng, T.; Liu, X.; Sun, M.; Tong, C.; Liu, J.; Wang, H.; Du, J. Long non-coding RNA MALAT1 is
downregulated in preeclampsia and regulates proliferation, apoptosis, migration and invasion of JEG-3
trophoblast cells. Int. J. Clin. Exp. Pathol. 2015, 8, 12718–12727. [PubMed]

25. Long, W.; Rui, C.; Song, X.; Dai, X.; Xue, X.; Lu, Y.; Shen, R.; Li, J.; Li, J.; Ding, H. Distinct expression profiles
of lncRNAs between early-onset preeclampsia and preterm controls. Clin. Chim. Acta 2016, 463, 193–199.
[CrossRef] [PubMed]

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

27. Van Dijk, M.; Thulluru, H.K.; Mulders, J.; Michel, O.J.; Poutsma, A.; Windhorst, S.; Kleiverda, G.;
Sie, D.; Lachmeijer, A.M.; Oudejans, C.B. Hellp babies link a novel lincRNA to the trophoblast cell cycle.
J. Clin. Investig. 2012, 122, 4003–4011. [CrossRef] [PubMed]

28. Van Dijk, M.; Visser, A.; Buabeng, K.M.; Poutsma, A.; van der Schors, R.C.; Oudejans, C.B. Mutations within
the linc-hellp non-coding RNA differentially bind ribosomal and RNA splicing complexes and negatively
affect trophoblast differentiation. Hum. Mol. Genet. 2015, 24, 5475–5485. [CrossRef] [PubMed]

29. Tseng, J.J.; Hsieh, Y.T.; Hsu, S.L.; Chou, M.M. Metastasis associated lung adenocarcinoma transcript 1 is
up-regulated in placenta previa increta/percreta and strongly associated with trophoblast-like cell invasion
in vitro. Mol. Hum. Reprod. 2009, 15, 725–731. [CrossRef] [PubMed]

30. Clemson, C.M.; Hutchinson, J.N.; Sara, S.A.; Ensminger, A.W.; Fox, A.H.; Chess, A.; Lawrence, J.B. An
architectural role for a nuclear noncoding RNA: Neat1 RNA is essential for the structure of paraspeckles.
Mol. Cell 2009, 33, 717–726. [CrossRef] [PubMed]

31. Petry, C.J.; Ong, K.K.; Barratt, B.J.; Wingate, D.; Cordell, H.J.; Ring, S.M.; Pembrey, M.E.; Reik, W.; Todd, J.A.;
Dunger, D.B.; et al. Common polymorphism in H19 associated with birthweight and cord blood IGF-II levels
in humans. BMC Genet. 2005, 6, 22. [CrossRef] [PubMed]

32. Petry, C.J.; Seear, R.V.; Wingate, D.L.; Acerini, C.L.; Ong, K.K.; Hughes, I.A.; Dunger, D.B. Maternally
transmitted foetal H19 variants and associations with birth weight. Hum. Genet. 2011, 130, 663–670.
[CrossRef] [PubMed]

33. Zuckerwise, L.; Li, J.; Lu, L.; Men, Y.; Geng, T.; Buhimschi, C.S.; Buhimschi, I.A.; Bukowski, R.; Guller, S.;
Paidas, M.; et al. H19 long noncoding RNA alters trophoblast cell migration and invasion by regulating
TβR3 in placentae with fetal growth restriction. Oncotarget 2016, 7, 38398–38407. [CrossRef] [PubMed]

34. Allison, J.L.; Schust, D.J. Recurrent first trimester pregnancy loss: Revised definitions and novel causes.
Curr. Opin. Endocrinol. Diabetes Obes. 2009, 16, 446–450. [CrossRef] [PubMed]

35. Agenor, A.; Bhattacharya, S. Infertility and miscarriage: Common pathways in manifestation and
management. Women's Health 2015, 11, 527–541. [CrossRef] [PubMed]

36. Wang, H.; Cao, Q.; Ge, J.; Liu, C.; Ma, Y.; Meng, Y.; Wang, Y.; Zhao, X.; Liu, R.; Li, C.; et al. lncRNA-regulated
infection and inflammation pathways associated with pregnancy loss: Genome wide differential expression
of lncRNAs in early spontaneous abortion. Am. J. Reprod. Immunol. 2014, 72, 359–375. [CrossRef] [PubMed]

37. Wang, L.; Tang, H.; Xiong, Y.; Tang, L. Differential expression profile of long noncoding RNAs in human
chorionic villi of early recurrent miscarriage. Clin. Chim. Acta 2017, 464, 17–23. [CrossRef] [PubMed]

38. Tranquilli, A.L.; Dekker, G.; Magee, L.; Roberts, J.; Sibai, B.M.; Steyn, W.; Zeeman, G.G.; Brown, M.A. The
classification, diagnosis and management of the hypertensive disorders of pregnancy: A revised statement
from the ISSHP. Pregnancy Hypertens. 2014, 4, 97–104. [CrossRef] [PubMed]

39. Redman, C.W. Preeclampsia: A multi-stress disorder. Rev. Med. Interne 2011, 32, S41–S44. [CrossRef]
[PubMed]

40. Redman, C.W.; Sargent, I.L. Latest advances in understanding preeclampsia. Science 2005, 308, 1592–1594.
[CrossRef] [PubMed]

41. Ananth, C.V. Ischemic placental disease: A unifying concept for preeclampsia, intrauterine growth restriction,
and placental abruption. Semin. Perinatol. 2014, 38, 131–132. [CrossRef] [PubMed]

42. Mol, B.W.; Roberts, C.T.; Thangaratinam, S.; Magee, L.A.; de Groot, C.J.; Hofmeyr, G.J. Pre-eclampsia. Lancet
2016, 387, 999–1011. [CrossRef]

43. Pijnenborg, R.; Bland, J.M.; Robertson, W.B.; Brosens, I. Uteroplacental arterial changes related to interstitial
trophoblast migration in early human pregnancy. Placenta 1983, 4, 397–413. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/26722461
http://dx.doi.org/10.1016/j.cca.2016.10.036
http://www.ncbi.nlm.nih.gov/pubmed/27816668
http://dx.doi.org/10.1016/j.ydbio.2008.04.025
http://www.ncbi.nlm.nih.gov/pubmed/18550048
http://dx.doi.org/10.1172/JCI65171
http://www.ncbi.nlm.nih.gov/pubmed/23093777
http://dx.doi.org/10.1093/hmg/ddv274
http://www.ncbi.nlm.nih.gov/pubmed/26173455
http://dx.doi.org/10.1093/molehr/gap071
http://www.ncbi.nlm.nih.gov/pubmed/19690017
http://dx.doi.org/10.1016/j.molcel.2009.01.026
http://www.ncbi.nlm.nih.gov/pubmed/19217333
http://dx.doi.org/10.1186/1471-2156-6-22
http://www.ncbi.nlm.nih.gov/pubmed/15885138
http://dx.doi.org/10.1007/s00439-011-1005-x
http://www.ncbi.nlm.nih.gov/pubmed/21573965
http://dx.doi.org/10.18632/oncotarget.9534
http://www.ncbi.nlm.nih.gov/pubmed/27223264
http://dx.doi.org/10.1097/MED.0b013e3283327fc5
http://www.ncbi.nlm.nih.gov/pubmed/19779333
http://dx.doi.org/10.2217/whe.15.19
http://www.ncbi.nlm.nih.gov/pubmed/26238301
http://dx.doi.org/10.1111/aji.12275
http://www.ncbi.nlm.nih.gov/pubmed/24916667
http://dx.doi.org/10.1016/j.cca.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27836685
http://dx.doi.org/10.1016/j.preghy.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26104417
http://dx.doi.org/10.1016/j.revmed.2011.03.331
http://www.ncbi.nlm.nih.gov/pubmed/21530020
http://dx.doi.org/10.1126/science.1111726
http://www.ncbi.nlm.nih.gov/pubmed/15947178
http://dx.doi.org/10.1053/j.semperi.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24836823
http://dx.doi.org/10.1016/S0140-6736(15)00070-7
http://dx.doi.org/10.1016/S0143-4004(83)80043-5


Int. J. Mol. Sci. 2017, 18, 1371 13 of 16

44. Huppertz, B.; Kertschanska, S.; Demir, A.Y.; Frank, H.G.; Kaufmann, P. Immunohistochemistry of matrix
metalloproteinases (MMP), their substrates, and their inhibitors (TIMP) during trophoblast invasion in the
human placenta. Cell Tissue Res. 1998, 291, 133–148. [CrossRef] [PubMed]

45. Xu, P.; Wang, Y.L.; Zhu, S.J.; Luo, S.Y.; Piao, Y.S.; Zhuang, L.Z. Expression of matrix metalloproteinase-2, -9,
and -14, tissue inhibitors of metalloproteinase-1, and matrix proteins in human placenta during the first
trimester. Biol. Reprod. 2000, 62, 988–994. [CrossRef] [PubMed]

46. Audibert, F.; Friedman, S.A.; Frangieh, A.Y.; Sibai, B.M. Clinical utility of strict diagnostic criteria for the
hellp (hemolysis, elevated liver enzymes, and low platelets) syndrome. Am. J. Obstet. Gynecol. 1996, 175,
460–464. [CrossRef]

47. Sibai, B.M.; Taslimi, M.M.; el-Nazer, A.; Amon, E.; Mabie, B.C.; Ryan, G.M. Maternal-perinatal outcome
associated with the syndrome of hemolysis, elevated liver enzymes, and low platelets in severe
preeclampsia-eclampsia. Am. J. Obstet. Gynecol. 1986, 155, 501–509. [CrossRef]

48. Weiner, E.; Schreiber, L.; Grinstein, E.; Feldstein, O.; Rymer-Haskel, N.; Bar, J.; Kovo, M. The placental
component and obstetric outcome in severe preeclampsia with and without hellp syndrome. Placenta 2016,
47, 99–104. [CrossRef] [PubMed]

49. Cartwright, J.E.; Fraser, R.; Leslie, K.; Wallace, A.E.; James, J.L. Remodelling at the maternal-fetal interface:
Relevance to human pregnancy disorders. Reproduction 2010, 140, 803–813. [CrossRef] [PubMed]

50. Carlevaro-Fita, J.; Rahim, A.; Guigo, R.; Vardy, L.A.; Johnson, R. Cytoplasmic long noncoding RNAs are
frequently bound to and degraded at ribosomes in human cells. RNA 2016, 22, 867–882. [CrossRef] [PubMed]

51. Lawn, J.E.; Blencowe, H.; Waiswa, P.; Amouzou, A.; Mathers, C.; Hogan, D.; Flenady, V.; Froen, J.F.;
Qureshi, Z.U.; Calderwood, C.; et al. Stillbirths: Rates, risk factors, and acceleration towards 2030. Lancet
2016, 387, 587–603. [CrossRef]

52. Barker, D.J.; Lampl, M.; Roseboom, T.; Winder, N. Resource allocation in utero and health in later life. Placenta
2012, 33, e30–e34. [CrossRef] [PubMed]

53. Gremlich, S.; Damnon, F.; Reymondin, D.; Braissant, O.; Schittny, J.C.; Baud, D.; Gerber, S.; Roth-Kleiner, M.
The long non-coding RNA NEAT1 is increased in iugr placentas, leading to potential new hypotheses of
IUGR origin/development. Placenta 2014, 35, 44–49. [CrossRef] [PubMed]

54. Hutchinson, J.N.; Ensminger, A.W.; Clemson, C.M.; Lynch, C.R.; Lawrence, J.B.; Chess, A. A screen for nuclear
transcripts identifies two linked noncoding RNAs associated with SC35 splicing domains. BMC Genom. 2007,
8, 39. [CrossRef] [PubMed]

55. Ulfig, N.; Briese, V. Immunolabelling of spliceosomes in sections and cultured astrocytes of human fetal
brain tissue. Brain Dev. 1999, 21, 51–58. [CrossRef]

56. Weis, K.; Rambaud, S.; Lavau, C.; Jansen, J.; Carvalho, T.; Carmo-Fonseca, M.; Lamond, A.; Dejean, A.
Retinoic acid regulates aberrant nuclear localization of PML-RAR α in acute promyelocytic leukemia cells.
Cell 1994, 76, 345–356. [CrossRef]

57. Brannan, C.I.; Dees, E.C.; Ingram, R.S.; Tilghman, S.M. The product of the H19 gene may function as an RNA.
Mol. Cell. Biol. 1990, 10, 28–36. [CrossRef] [PubMed]

58. Pachnis, V.; Belayew, A.; Tilghman, S.M. Locus unlinked to α-fetoprotein under the control of the murine
RAF and RIF genes. Proc. Natl. Acad. Sci. USA 1984, 81, 5523–5527. [CrossRef] [PubMed]

59. Gabory, A.; Jammes, H.; Dandolo, L. The H19 locus: Role of an imprinted non-coding RNA in growth and
development. Bioessays 2010, 32, 473–480. [CrossRef] [PubMed]

60. Gabory, A.; Ripoche, M.A.; Yoshimizu, T.; Dandolo, L. The H19 gene: Regulation and function of a non-coding
RNA. Cytogenet Genome Res. 2006, 113, 188–193. [CrossRef] [PubMed]

61. Iglesias-Platas, I.; Martin-Trujillo, A.; Petazzi, P.; Guillaumet-Adkins, A.; Esteller, M.; Monk, D. Altered
expression of the imprinted transcription factor PLAGl1 deregulates a network of genes in the human IUGR
placenta. Hum. Mol. Genet. 2014, 23, 6275–6285. [CrossRef] [PubMed]

62. Juan, V.; Crain, C.; Wilson, C. Evidence for evolutionarily conserved secondary structure in the H19 tumor
suppressor RNA. Nucleic Acids Res. 2000, 28, 1221–1227. [CrossRef] [PubMed]

63. Kallen, A.N.; Zhou, X.B.; Xu, J.; Qiao, C.; Ma, J.; Yan, L.; Lu, L.; Liu, C.; Yi, J.S.; Zhang, H.; et al. The imprinted
H19 lncRNA antagonizes let-7 microRNAs. Mol. Cell 2013, 52, 101–112. [CrossRef] [PubMed]

64. Keniry, A.; Oxley, D.; Monnier, P.; Kyba, M.; Dandolo, L.; Smits, G.; Reik, W. The H19 lincRNA is a
developmental reservoir of miR-675 that suppresses growth and IGF1R. Nat. Cell Biol. 2012, 14, 659–665.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s004410050987
http://www.ncbi.nlm.nih.gov/pubmed/9394051
http://dx.doi.org/10.1095/biolreprod62.4.988
http://www.ncbi.nlm.nih.gov/pubmed/10727268
http://dx.doi.org/10.1016/S0002-9378(96)70162-X
http://dx.doi.org/10.1016/0002-9378(86)90266-8
http://dx.doi.org/10.1016/j.placenta.2016.09.012
http://www.ncbi.nlm.nih.gov/pubmed/27780546
http://dx.doi.org/10.1530/REP-10-0294
http://www.ncbi.nlm.nih.gov/pubmed/20837731
http://dx.doi.org/10.1261/rna.053561.115
http://www.ncbi.nlm.nih.gov/pubmed/27090285
http://dx.doi.org/10.1016/S0140-6736(15)00837-5
http://dx.doi.org/10.1016/j.placenta.2012.06.009
http://www.ncbi.nlm.nih.gov/pubmed/22809673
http://dx.doi.org/10.1016/j.placenta.2013.11.003
http://www.ncbi.nlm.nih.gov/pubmed/24280234
http://dx.doi.org/10.1186/1471-2164-8-39
http://www.ncbi.nlm.nih.gov/pubmed/17270048
http://dx.doi.org/10.1016/S0387-7604(98)00070-9
http://dx.doi.org/10.1016/0092-8674(94)90341-7
http://dx.doi.org/10.1128/MCB.10.1.28
http://www.ncbi.nlm.nih.gov/pubmed/1688465
http://dx.doi.org/10.1073/pnas.81.17.5523
http://www.ncbi.nlm.nih.gov/pubmed/6206499
http://dx.doi.org/10.1002/bies.200900170
http://www.ncbi.nlm.nih.gov/pubmed/20486133
http://dx.doi.org/10.1159/000090831
http://www.ncbi.nlm.nih.gov/pubmed/16575179
http://dx.doi.org/10.1093/hmg/ddu347
http://www.ncbi.nlm.nih.gov/pubmed/24993786
http://dx.doi.org/10.1093/nar/28.5.1221
http://www.ncbi.nlm.nih.gov/pubmed/10666466
http://dx.doi.org/10.1016/j.molcel.2013.08.027
http://www.ncbi.nlm.nih.gov/pubmed/24055342
http://dx.doi.org/10.1038/ncb2521
http://www.ncbi.nlm.nih.gov/pubmed/22684254


Int. J. Mol. Sci. 2017, 18, 1371 14 of 16

65. Buckberry, S.; Bianco-Miotto, T.; Roberts, C.T. Imprinted and X-linked non-coding RNAs as potential
regulators of human placental function. Epigenetics 2014, 9, 81–89. [CrossRef] [PubMed]

66. Becket, E.; Chopra, S.; Duymich, C.E.; Lin, J.J.; You, J.S.; Pandiyan, K.; Nichols, P.W.; Siegmund, K.D.;
Charlet, J.; Weisenberger, D.J.; et al. Identification of DNA methylation-independent epigenetic events
underlying clear cell renal cell carcinoma. Cancer Res. 2016, 76, 1954–1964. [CrossRef] [PubMed]

67. Moarii, M.; Reyal, F.; Vert, J.P. Integrative DNA methylation and gene expression analysis to assess the
universality of the CPG island methylator phenotype. Hum. Genom. 2015, 9, 26. [CrossRef] [PubMed]

68. Jinno, Y.; Ikeda, Y.; Yun, K.; Maw, M.; Masuzaki, H.; Fukuda, H.; Inuzuka, K.; Fujishita, A.; Ohtani, Y.;
Okimoto, T.; et al. Establishment of functional imprinting of the H19 gene in human developing placentae.
Nat. Genet. 1995, 10, 318–324. [CrossRef] [PubMed]

69. Buckberry, S.; Bianco-Miotto, T.; Hiendleder, S.; Roberts, C.T. Quantitative allele-specific expression and
DNA methylation analysis of H19, IGF2 and IGF2R in the human placenta across gestation reveals H19
imprinting plasticity. PLoS ONE 2012, 7, e51210. [CrossRef] [PubMed]

70. Lu, L.; Hou, Z.; Li, L.; Yang, Y.; Wang, X.; Zhang, B.; Ren, M.; Zhao, D.; Miao, Z.; Yu, L.; et al. Methylation
pattern of H19 exon 1 is closely related to preeclampsia and trophoblast abnormalities. Int. J. Mol. Med. 2014,
34, 765–771. [CrossRef] [PubMed]

71. Su, R.; Wang, C.; Feng, H.; Lin, L.; Liu, X.; Wei, Y.; Yang, H. Alteration in expression and methylation of
IGF2/H19 in placenta and umbilical cord blood are associated with macrosomia exposed to intrauterine
hyperglycemia. PLoS ONE 2016, 11, e0148399. [CrossRef] [PubMed]

72. Walsh, C.; Miller, S.J.; Flam, F.; Fisher, R.A.; Ohlsson, R. Paternally derived H19 is differentially expressed in
malignant and nonmalignant trophoblast. Cancer Res. 1995, 55, 1111–1116. [PubMed]

73. Yu, L.L.; Chang, K.; Lu, L.S.; Zhao, D.; Han, J.; Zheng, Y.R.; Yan, Y.H.; Yi, P.; Guo, J.X.; Zhou, Y.G.; et al.
Lentivirus-mediated RNA interference targeting the H19 gene inhibits cell proliferation and apoptosis in
human choriocarcinoma cell line JAR. BMC Cell Biol. 2013, 14, 26. [CrossRef] [PubMed]

74. Adam, G.I.; Cui, H.; Miller, S.J.; Flam, F.; Ohlsson, R. Allele-specific in situ hybridization (ASISH) analysis:
A novel technique which resolves differential allelic usage of H19 within the same cell lineage during human
placental development. Development 1996, 122, 839–847. [PubMed]

75. Rachmilewitz, J.; Gileadi, O.; Eldar-Geva, T.; Schneider, T.; de-Groot, N.; Hochberg, A. Transcription of the
H19 gene in differentiating cytotrophoblasts from human placenta. Mol. Reprod. Dev. 1992, 32, 196–202.
[CrossRef] [PubMed]

76. Gao, W.L.; Li, D.; Xiao, Z.X.; Liao, Q.P.; Yang, H.X.; Li, Y.X.; Ji, L.; Wang, Y.L. Detection of global DNA
methylation and paternally imprinted H19 gene methylation in preeclamptic placentas. Hypertens. Res. 2011,
34, 655–661. [CrossRef] [PubMed]

77. Ying, W.; Jingli, F.; Wei, S.W.; Li, W.L. Genomic imprinting status of IGF-II and H19 in placentas of fetal
growth restriction patients. J. Genet. 2010, 89, 213–216. [PubMed]

78. Nelissen, E.C.; Dumoulin, J.C.; Daunay, A.; Evers, J.L.; Tost, J.; van Montfoort, A.P. Placentas from pregnancies
conceived by IVF/ICSI have a reduced DNA methylation level at the H19 and mest differentially methylated
regions. Hum. Reprod. 2013, 28, 1117–1126. [CrossRef] [PubMed]

79. Turan, N.; Katari, S.; Gerson, L.F.; Chalian, R.; Foster, M.W.; Gaughan, J.P.; Coutifaris, C.; Sapienza, C. Inter-
and intra-individual variation in allele-specific DNA methylation and gene expression in children conceived
using assisted reproductive technology. PLoS Genet. 2010, 6, e1001033. [CrossRef] [PubMed]

80. Qin, J.; Liu, X.; Sheng, X.; Wang, H.; Gao, S. Assisted reproductive technology and the risk of
pregnancy-related complications and adverse pregnancy outcomes in singleton pregnancies: A meta-analysis
of cohort studies. Fertil. Steril. 2016, 105, 73–85. [CrossRef] [PubMed]

81. Demetriou, C.; Abu-Amero, S.; Thomas, A.C.; Ishida, M.; Aggarwal, R.; Al-Olabi, L.; Leon, L.J.; Stafford, J.L.;
Syngelaki, A.; Peebles, D.; et al. Paternally expressed, imprinted insulin-like growth factor-2 in chorionic
villi correlates significantly with birth weight. PLoS ONE 2014, 9, e85454. [CrossRef] [PubMed]

82. Koukoura, O.; Sifakis, S.; Soufla, G.; Zaravinos, A.; Apostolidou, S.; Jones, A.; Widschwendter, M.;
Spandidos, D.A. Loss of imprinting and aberrant methylation of IGF2 in placentas from pregnancies
complicated with fetal growth restriction. Int. J. Mol. Med. 2011, 28, 481–487. [PubMed]

83. Sakian, S.; Louie, K.; Wong, E.C.; Havelock, J.; Kashyap, S.; Rowe, T.; Taylor, B.; Ma, S. Altered gene
expression of H19 and IGF2 in placentas from art pregnancies. Placenta 2015, 36, 1100–1105. [CrossRef]
[PubMed]

http://dx.doi.org/10.4161/epi.26197
http://www.ncbi.nlm.nih.gov/pubmed/24081302
http://dx.doi.org/10.1158/0008-5472.CAN-15-2622
http://www.ncbi.nlm.nih.gov/pubmed/26759245
http://dx.doi.org/10.1186/s40246-015-0048-9
http://www.ncbi.nlm.nih.gov/pubmed/26463173
http://dx.doi.org/10.1038/ng0795-318
http://www.ncbi.nlm.nih.gov/pubmed/7670470
http://dx.doi.org/10.1371/journal.pone.0051210
http://www.ncbi.nlm.nih.gov/pubmed/23227253
http://dx.doi.org/10.3892/ijmm.2014.1816
http://www.ncbi.nlm.nih.gov/pubmed/24969494
http://dx.doi.org/10.1371/journal.pone.0148399
http://www.ncbi.nlm.nih.gov/pubmed/26840070
http://www.ncbi.nlm.nih.gov/pubmed/7866996
http://dx.doi.org/10.1186/1471-2121-14-26
http://www.ncbi.nlm.nih.gov/pubmed/23711233
http://www.ncbi.nlm.nih.gov/pubmed/8631262
http://dx.doi.org/10.1002/mrd.1080320303
http://www.ncbi.nlm.nih.gov/pubmed/1497869
http://dx.doi.org/10.1038/hr.2011.9
http://www.ncbi.nlm.nih.gov/pubmed/21326306
http://www.ncbi.nlm.nih.gov/pubmed/20861572
http://dx.doi.org/10.1093/humrep/des459
http://www.ncbi.nlm.nih.gov/pubmed/23343754
http://dx.doi.org/10.1371/journal.pgen.1001033
http://www.ncbi.nlm.nih.gov/pubmed/20661447
http://dx.doi.org/10.1016/j.fertnstert.2015.09.007
http://www.ncbi.nlm.nih.gov/pubmed/26453266
http://dx.doi.org/10.1371/journal.pone.0085454
http://www.ncbi.nlm.nih.gov/pubmed/24454871
http://www.ncbi.nlm.nih.gov/pubmed/21805044
http://dx.doi.org/10.1016/j.placenta.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26386650


Int. J. Mol. Sci. 2017, 18, 1371 15 of 16

84. Piyasena, C.; Reynolds, R.M.; Khulan, B.; Seckl, J.R.; Menon, G.; Drake, A.J. Placental 5-methylcytosine and
5-hydroxymethylcytosine patterns associate with size at birth. Epigenetics 2015, 10, 692–697. [CrossRef]
[PubMed]

85. Dokras, A.; Gardner, L.M.; Seftor, E.A.; Hendrix, M.J. Regulation of human cytotrophoblast morphogenesis
by hepatocyte growth factor/scatter factor. Biol. Reprod. 2001, 65, 1278–1288. [CrossRef] [PubMed]

86. Highet, A.R.; Zhang, V.J.; Heinemann, G.K.; Roberts, C.T. Use of matrigel in culture affects cell phenotype
and gene expression in the first trimester trophoblast cell line HTR8/SVneo. Placenta 2012, 33, 586–588.
[CrossRef] [PubMed]

87. Zuo, Q.; Huang, S.; Zou, Y.; Xu, Y.; Jiang, Z.; Zou, S.; Xu, H.; Sun, L. The lncRNA SPRY4-IT1 modulates
trophoblast cell invasion and migration by affecting the epithelial-mesenchymal transition. Sci. Rep. 2016, 6,
37183. [CrossRef] [PubMed]

88. Chou, S.D.; Murshid, A.; Eguchi, T.; Gong, J.; Calderwood, S.K. HSF1 regulation of β-catenin in mammary
cancer cells through control of HUR/elavL1 expression. Oncogene 2015, 34, 2178–2188. [CrossRef] [PubMed]

89. D’Uva, G.; Bertoni, S.; Lauriola, M.; de Carolis, S.; Pacilli, A.; D’Anello, L.; Santini, D.; Taffurelli, M.;
Ceccarelli, C.; Yarden, Y.; et al. β-catenin/hur post-transcriptional machinery governs cancer stem cell
features in response to hypoxia. PLoS ONE 2013, 8, e80742. [CrossRef] [PubMed]

90. Gude, N.M.; Roberts, C.T.; Kalionis, B.; King, R.G. Growth and function of the normal human placenta.
Thromb. Res. 2004, 114, 397–407. [CrossRef] [PubMed]

91. Vicovac, L.; Aplin, J.D. Epithelial-mesenchymal transition during trophoblast differentiation. Acta Anat.
1996, 156, 202–216. [PubMed]

92. Yang, F.; Yi, F.; Han, X.; Du, Q.; Liang, Z. MALAT1 interacts with hnRNP C in cell cycle regulation. FEBS Lett.
2013, 587, 3175–3181. [CrossRef] [PubMed]

93. Xiao, H.; Tang, K.; Liu, P.; Chen, K.; Hu, J.; Zeng, J.; Xiao, W.; Yu, G.; Yao, W.; Zhou, H.; et al. LncRNA
MALAT1 functions as a competing endogenous RNA to regulate ZEB2 expression by sponging mir-200s in
clear cell kidney carcinoma. Oncotarget 2015, 6, 38005–38015. [PubMed]

94. Brabletz, S.; Brabletz, T. The ZEB/miR-200 feedback loop—A motor of cellular plasticity in development
and cancer? EMBO Rep. 2010, 11, 670–677. [CrossRef] [PubMed]

95. Chu, P.Y.; Hu, F.W.; Yu, C.C.; Tsai, L.L.; Yu, C.H.; Wu, B.C.; Chen, Y.W.; Huang, P.I.; Lo, W.L.
Epithelial-mesenchymal transition transcription factor ZEB1/ZEB2 co-expression predicts poor prognosis
and maintains tumor-initiating properties in head and neck cancer. Oral Oncol. 2013, 49, 34–41. [CrossRef]
[PubMed]

96. Muys, B.R.; Lorenzi, J.C.; Zanette, D.L.; Lima e Bueno Rde, B.; de Araujo, L.F.; Dinarte-Santos, A.R.;
Alves, C.P.; Ramao, A.; de Molfetta, G.A.; Vidal, D.O.; et al. Placenta-enriched lincRNAs MIR503HG and
LINC00629 decrease migration and invasion potential of JEG-3 cell line. PLoS ONE 2016, 11, e0151560.
[CrossRef] [PubMed]

97. Fiedler, J.; Breckwoldt, K.; Remmele, C.W.; Hartmann, D.; Dittrich, M.; Pfanne, A.; Just, A.; Xiao, K.; Kunz, M.;
Muller, T.; et al. Development of long noncoding RNA-based strategies to modulate tissue vascularization.
J. Am. Coll. Cardiol. 2015, 66, 2005–2015. [CrossRef] [PubMed]

98. Zhang, Y.; Zou, Y.; Wang, W.; Zuo, Q.; Jiang, Z.; Sun, M.; De, W.; Sun, L. Down-regulated long
non-coding RNA MEG3 and its effect on promoting apoptosis and suppressing migration of trophoblast
cells. J. Cell. Biochem. 2015, 116, 542–550. [CrossRef] [PubMed]

99. Liu, W.; Liu, X.; Luo, M.; Liu, X.; Luo, Q.; Tao, H.; Wu, D.; Lu, S.; Jin, J.; Zhao, Y.; et al. DNK derived
IFN-γ mediates VSMC migration and apoptosis via the induction of lncRNA MEG3: A role in uterovascular
transformation. Placenta 2017, 50, 32–39. [CrossRef] [PubMed]

100. Song, X.; Rui, C.; Meng, L.; Zhang, R.; Shen, R.; Ding, H.; Li, J.; Li, J.; Long, W. Long non-coding RNA rpain
regulates the invasion and apoptosis of trophoblast cell lines via complement protein C1q. Oncotarget 2017,
8, 7637–7646. [CrossRef] [PubMed]

101. Mor, G.; Cardenas, I. The immune system in pregnancy: A unique complexity. Am. J. Reprod. Immunol. 2010,
63, 425–433. [CrossRef] [PubMed]

102. Moffett, A.; Chazara, O.; Colucci, F.; Johnson, M.H. Variation of maternal KIR and fetal HLA-C genes in
reproductive failure: Too early for clinical intervention. Reprod. Biomed. Online 2016, 33, 763–769. [CrossRef]
[PubMed]

http://dx.doi.org/10.1080/15592294.2015.1062963
http://www.ncbi.nlm.nih.gov/pubmed/26091021
http://dx.doi.org/10.1095/biolreprod65.4.1278
http://www.ncbi.nlm.nih.gov/pubmed/11566754
http://dx.doi.org/10.1016/j.placenta.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22541610
http://dx.doi.org/10.1038/srep37183
http://www.ncbi.nlm.nih.gov/pubmed/27853262
http://dx.doi.org/10.1038/onc.2014.177
http://www.ncbi.nlm.nih.gov/pubmed/24954509
http://dx.doi.org/10.1371/journal.pone.0080742
http://www.ncbi.nlm.nih.gov/pubmed/24260469
http://dx.doi.org/10.1016/j.thromres.2004.06.038
http://www.ncbi.nlm.nih.gov/pubmed/15507270
http://www.ncbi.nlm.nih.gov/pubmed/9124037
http://dx.doi.org/10.1016/j.febslet.2013.07.048
http://www.ncbi.nlm.nih.gov/pubmed/23973260
http://www.ncbi.nlm.nih.gov/pubmed/26461224
http://dx.doi.org/10.1038/embor.2010.117
http://www.ncbi.nlm.nih.gov/pubmed/20706219
http://dx.doi.org/10.1016/j.oraloncology.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22892238
http://dx.doi.org/10.1371/journal.pone.0151560
http://www.ncbi.nlm.nih.gov/pubmed/27023770
http://dx.doi.org/10.1016/j.jacc.2015.07.081
http://www.ncbi.nlm.nih.gov/pubmed/26516004
http://dx.doi.org/10.1002/jcb.25004
http://www.ncbi.nlm.nih.gov/pubmed/25358633
http://dx.doi.org/10.1016/j.placenta.2016.12.023
http://www.ncbi.nlm.nih.gov/pubmed/28161059
http://dx.doi.org/10.18632/oncotarget.13826
http://www.ncbi.nlm.nih.gov/pubmed/28032589
http://dx.doi.org/10.1111/j.1600-0897.2010.00836.x
http://www.ncbi.nlm.nih.gov/pubmed/20367629
http://dx.doi.org/10.1016/j.rbmo.2016.08.019
http://www.ncbi.nlm.nih.gov/pubmed/27751789


Int. J. Mol. Sci. 2017, 18, 1371 16 of 16

103. Jiang, T.T.; Chaturvedi, V.; Ertelt, J.M.; Kinder, J.M.; Clark, D.R.; Valent, A.M.; Xin, L.; Way, S.S. Regulatory T
cells: New keys for further unlocking the enigma of fetal tolerance and pregnancy complications. J. Immunol.
2014, 192, 4949–4956. [CrossRef] [PubMed]

104. Svensson-Arvelund, J.; Mehta, R.B.; Lindau, R.; Mirrasekhian, E.; Rodriguez-Martinez, H.; Berg, G.;
Lash, G.E.; Jenmalm, M.C.; Ernerudh, J. The human fetal placenta promotes tolerance against the
semiallogeneic fetus by inducing regulatory T cells and homeostatic M2 macrophages. J. Immunol. 2015, 194,
1534–1544. [CrossRef] [PubMed]

105. Longman, R.E.; Johnson, T.R. Viral respiratory disease in pregnancy. Curr. Opin. Obstet. Gynecol. 2007, 19,
120–125. [CrossRef] [PubMed]

106. Kaplan, C. The placenta and viral infections. Semin. Diagn. Pathol. 1993, 10, 232–250. [CrossRef] [PubMed]
107. Penkala, I.; Wang, J.; Syrett, C.M.; Goetzl, L.; Lopez, C.B.; Anguera, M.C. LncRHOXF1, a long noncoding

RNA from the X chromosome that suppresses viral response genes during development of the early human
placenta. Mol. Cell. Biol. 2016, 36, 1764–1775. [CrossRef] [PubMed]

108. Amita, M.; Adachi, K.; Alexenko, A.P.; Sinha, S.; Schust, D.J.; Schulz, L.C.; Roberts, R.M.; Ezashi, T. Complete
and unidirectional conversion of human embryonic stem cells to trophoblast by BMP4. Proc. Natl. Acad.
Sci. USA 2013, 110, E1212–E1221. [CrossRef] [PubMed]

109. Das, P.; Ezashi, T.; Schulz, L.C.; Westfall, S.D.; Livingston, K.A.; Roberts, R.M. Effects of FGF2 and oxygen in
the BMP4-driven differentiation of trophoblast from human embryonic stem cells. Stem Cell Res. 2007, 1,
61–74. [CrossRef] [PubMed]

110. Sarkar, A.A.; Sabatino, J.A.; Sugrue, K.F.; Zohn, I.E. Abnormal labyrinthine zone in the HECTD1-NULL
placenta. Placenta 2016, 38, 16–23. [CrossRef] [PubMed]

111. Haller, O.; Kochs, G. Human MxA protein: An interferon-induced dynamin-like GTPase with broad antiviral
activity. J. Interferon Cytokine Res. 2011, 31, 79–87. [CrossRef] [PubMed]

112. Vladimer, G.I.; Gorna, M.W.; Superti-Furga, G. IFITs: Emerging roles as key anti-viral proteins. Front. Immunol.
2014, 5, 94. [CrossRef] [PubMed]

113. Young, D.F.; Andrejeva, J.; Li, X.; Inesta-Vaquera, F.; Dong, C.; Cowling, V.H.; Goodbourn, S.; Randall, R.E.
Human IFIT1 inhibits mRNA translation of rubulaviruses but not other members of the paramyxoviridae
family. J. Virol. 2016, 90, 9446–9456. [CrossRef] [PubMed]

114. Hornung, V.; Hartmann, R.; Ablasser, A.; Hopfner, K.P. OAS proteins and CGAS: Unifying concepts in
sensing and responding to cytosolic nucleic acids. Nat. Rev. Immunol. 2014, 14, 521–528. [CrossRef] [PubMed]

115. Maitra, R.K.; Li, G.; Xiao, W.; Dong, B.; Torrence, P.F.; Silverman, R.H. Catalytic cleavage of an RNA target by
2–5A antisense and RNase L. J. Biol. Chem. 1995, 270, 15071–15075. [CrossRef] [PubMed]

116. Than, N.G.; Balogh, A.; Romero, R.; Karpati, E.; Erez, O.; Szilagyi, A.; Kovalszky, I.; Sammar, M.;
Gizurarson, S.; Matko, J.; et al. Placental protein 13 (PP13)—A placental immunoregulatory galectin
protecting pregnancy. Front. Immunol. 2014, 5, 348. [CrossRef] [PubMed]

117. Than, N.G.; Romero, R.; Goodman, M.; Weckle, A.; Xing, J.; Dong, Z.; Xu, Y.; Tarquini, F.; Szilagyi, A.; Gal, P.;
et al. A primate subfamily of galectins expressed at the maternal-fetal interface that promote immune cell
death. Proc. Natl. Acad. Sci. USA 2009, 106, 9731–9736. [CrossRef] [PubMed]

118. Dixit, E.; Kagan, J.C. Intracellular pathogen detection by RIG-I-like receptors. Adv. Immunol. 2013, 117,
99–125. [PubMed]

119. Yoneyama, M.; Kikuchi, M.; Natsukawa, T.; Shinobu, N.; Imaizumi, T.; Miyagishi, M.; Taira, K.; Akira, S.;
Fujita, T. The RNA helicase RIG-I has an essential function in double-stranded RNA-induced innate antiviral
responses. Nat. Immunol. 2004, 5, 730–737. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.4049/jimmunol.1400498
http://www.ncbi.nlm.nih.gov/pubmed/24837152
http://dx.doi.org/10.4049/jimmunol.1401536
http://www.ncbi.nlm.nih.gov/pubmed/25560409
http://dx.doi.org/10.1097/GCO.0b013e328028fdc7
http://www.ncbi.nlm.nih.gov/pubmed/17353679
http://dx.doi.org/10.1097/00003081-199006000-00005
http://www.ncbi.nlm.nih.gov/pubmed/8210774
http://dx.doi.org/10.1128/MCB.01098-15
http://www.ncbi.nlm.nih.gov/pubmed/27066803
http://dx.doi.org/10.1073/pnas.1303094110
http://www.ncbi.nlm.nih.gov/pubmed/23493551
http://dx.doi.org/10.1016/j.scr.2007.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19194525
http://dx.doi.org/10.1016/j.placenta.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26907377
http://dx.doi.org/10.1089/jir.2010.0076
http://www.ncbi.nlm.nih.gov/pubmed/21166595
http://dx.doi.org/10.3389/fimmu.2014.00094
http://www.ncbi.nlm.nih.gov/pubmed/24653722
http://dx.doi.org/10.1128/JVI.01056-16
http://www.ncbi.nlm.nih.gov/pubmed/27512068
http://dx.doi.org/10.1038/nri3719
http://www.ncbi.nlm.nih.gov/pubmed/25033909
http://dx.doi.org/10.1074/jbc.270.25.15071
http://www.ncbi.nlm.nih.gov/pubmed/7797490
http://dx.doi.org/10.3389/fimmu.2014.00348
http://www.ncbi.nlm.nih.gov/pubmed/25191322
http://dx.doi.org/10.1073/pnas.0903568106
http://www.ncbi.nlm.nih.gov/pubmed/19497882
http://www.ncbi.nlm.nih.gov/pubmed/23611287
http://dx.doi.org/10.1038/ni1087
http://www.ncbi.nlm.nih.gov/pubmed/15208624
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Placenta 
	The Role of lncRNAs in Pregnancy Complications 
	Miscarriage 
	Preeclampsia 
	Intrauterine Growth Restriction 

	H19 
	lncRNAs Are Important for Trophoblast Cell Function 
	Links between lncRNAs and the Placental Immune/Inflammatory Functions 
	Conclusions 

