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In eutherian organisms, the placenta interfaces the fetal and maternal environments. Located
at the placental villous surface, in direct contact with maternal blood, is the trophoblast layer,
which mediates the crucial maternal—fetal exchange of gases, nutrients, and waste products,
produces hormones that support the pregnancy, and provides immunologic defense.
Discovery of microRNAs (miRNAs) and their role in development, differentiation, and ho-
meostatic resilience has increased our understanding of genomic and epigenomic networks
that regulate placental function. Moreover, unique miRNA species, which are expressed by
human trophoblasts and are termed “trophomiRs,” may show specialized functions during
normal and pathological pregnancies. Placental miRNAs, packaged within exosomes and
other vesicles or bound in protein complexes, are capable of communicating distinctive
signals to maternal and/or fetal tissues. Additional research may usher in the use of circu-
lating miRNAs as pregnancy-related disease biomarkers, providing new diagnostic and ther-

apeutic options during pregnancy.

he discovery of microRNAs (miRNAs) and

their role in regulating the expression of
mRNAs and proteins has added a new dimen-
sion to our understanding of gene regulatory
networks. miRNAs are single stranded, noncod-
ing RNA molecules of 19-24 nucleotides (nt),
which act primarily by degrading mRNA tran-
scripts or inhibiting translation of mRNA into
proteins (Guo et al. 2010). Discrete genes en-
code miRNA precursors, which then undergo
an exquisitely regulated multi-step processing
before becoming fully functional as mature

miRNAs. Multiple biogenesis pathways have
been described. In the common one, after initial
transcription by RNA polymerase II (Bartel
2004), primary (pri-) miRNAs are processed
by the endonuclease Drosha and accessory pro-
teins, resulting in a 70-nt double-stranded
precursor (pre-) miRNA (Lee et al. 2003). The
pre-miRNA is exported from the nucleus into
the cytoplasm by the action of exportin 5, along
with its accessory proteins (Perron and Provost
2009). A set of proteins, including the endonu-
clease Dicer and its associated proteins, process
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the stem-loop miRNAs into a mature form of
miRNA duplex (Hutvagner et al. 2001; Jaskie-
wicz and Filipowicz 2008). These duplexes are
incorporated into the RNA-induced silencing
complex (RISC) (Matranga et al. 2005), which
includes Argonaute2 (Ago2) and a set of regu-
latory proteins. In the RISC, the miRNA duplex
unwinds and miRNA-specific sequences or-
chestrate RNA degradation and the inhibition
of mRNA translation into protein.

Whereas sequence complementarity be-
tween the target mRNA and the seed region (nt
2-8) within the miRNA plays a key role in reg-
ulating RISC activity, other characteristics of the
mRNA and miRNA are also relevant, including
duplex stability in regions outside the seed, the
presence of bulges at the mRNA—miRNA inter-
action interfaces, and the presence of DNA Alu
elements in the vicinity of the interaction inter-
face, and the like (Nykanen et al. 2001; Martinez
et al. 2002; Tsutsumi et al. 2011; Chi et al. 2012;
Fukunaga etal. 2012; Hibio et al. 2012; Hoffman
etal.2013). Moreover, other changesin cell phys-
iology may impact miRNA biogenesis and pro-
cessing. For example, epidermal growth factor
receptor signaling leads to phosphorylation of
Ago2, which attenuates its interaction with Dic-
er and thereby reduces miRNA processing into
mature miRNAs (Shen et al. 2013).

There are more than 1000 human miRNAs,
which appear to regulate >50% of human RNAs
(Krol et al. 2010). Whereas the expression
pattern and function of many miRNA species
remain unknown, certain miRNAs have been
shown to be expressed in a tissue-selective man-
ner and to respond to discrete physiological or
pathological stimuli in a manner that function-
ally controls gene expression. In general, most
miRNAs hitherto studied have a relatively small
effect on mRNA or protein expression. They
likely act together as a part of gene regulatory
networks to buttress cell and tissue homeostatic
resilience (Esteller 2011). Several miRNA species
have been implicated in important developmen-
tal, physiological, and pathological functions,
which are translatable to therapeutics (van Rooij
et al. 2008; Machlin et al. 2012). Key functions
relevant to trophoblast biology are discussed
below.

EXPRESSION AND FUNCTION OF
TROPHOMIRS AND OTHER PLACENTAL
miRNAs

In eutherian organisms, the placenta is oblig-
atory for supporting fetal development and
growth. Within the human hemochorial pla-
centa, the villi are lined by the trophoblast layer,
composed of multinucleated, terminally differ-
entiated syncytiotrophoblasts and the subjacent
mononucleated, less differentiated cytotropho-
blasts. The syncytiotrophoblasts, which are di-
rectly bathed in maternal blood, regulate key
placental functions, including maternal—fetal
gas exchange, nutrient supply to the fetus, re-
moval of waste products from the intrauterine
compartment, immunological protection of
the fetus, and the production of hormones that
are key to fetal development and to the mainte-
nance of gestational homeostasis. The placenta
shows intricate signaling mechanisms, includ-
ing miRNA-based signals, to regulate these func-
tions. To appreciate these signals in the context
of placental biology, it is imperative to define
the trophoblastic miRNA landscape and chang-
es in miRNA expression in response to diverse
stimuli.

Early microarray-based reports on placental
miRNA expression identified miRNA species
that are differentially expressed in the placenta
compared with other tissues, such as miR-141,
-23a, and -136 (Barad et al. 2004). Soon there-
after, it was discovered that a large fraction of
trophoblastic miRNAs are expressed from a
gene cluster located on chromosome 19, termed
the chromosome 19 miRNA cluster (C19MC)
(Bentwich et al. 2005; Donker et al. 2012). The
C19MC spans ~100 kb of genomic DNA and
includes 46 intronic miRNA genes that express
58 miRNA species. As a group, miRNAs from
this cluster are the most abundant miRNAs in
human trophoblasts (Bentwich et al. 2005;
Donker et al. 2012). The C19MC miRNAs are
primate-specific and are expressed almost ex-
clusively in the placenta (and are thus termed
trophomiRs), with markedly weaker expression
in the testis, brain, and a few other organs (Bent-
wich et al. 2005; Liang et al. 2007). Within
the human placenta, the expression of C1I9MC
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miRNAs is seen as early as 5 wk of pregnancy,
and the expression gradually increases as preg-
nancy progresses (Zhang et al. 2008).

While C19MC members are predominantly
expressed in trophoblasts, the expression of
C19MCsinplacenta-derived mesenchymal stro-
mal cells in vitro has also been documented
(Luo et al. 2009; Flor et al. 2012). This apparent
discrepancy between in vivo and in vitro ex-
pression may represent the use of different tech-
nologies (PCR vs. in situ hybridization) or the
demethylation that may occur in vitro and
potentially also in tumors in vivo (Ceccom et
al. 2014). Interestingly, placental cell lines de-
rived from villous trophoblasts express C19MC.
Conversely, HTR8/SVneo, derived from extra-
villous trophoblasts, do not express C19MC
trophomiRs (Donker et al. 2012; Morales-
Prieto et al. 2012; Xie et al. 2014).

While the mechanisms controlling the tis-
sue-specific regulation of CI9MC expression,
as well as the regulation of individual C19MC
miRNA expression, remain unknown, we do
know that an imprinted, paternally expressed,
CpG-rich domain plays a cardinal role in
C19MC expression (Noguer-Dance et al. 2010).
This differentially methylated region, located
17.6 kb upstream of the first miRNA gene, is
hypermethylated in cell lines that do not express
C19MCs (Tsai et al. 2009). Further, expression
of CI9MC miRNAs in nonexpressing cell lines
can be restored using the DNA methylation
inhibitor 5-aza-2’'-deoxycytidine (Saito et al.
2009; Tsai et al. 2009).

The C19MC region contains recurring
genomic transposable elements called “Alu re-
peats,” which have been implicated in recombi-
nation and gene duplication events and likely
contribute to the evolution of miRNA clusters
(Zhang et al. 2008; Lehnert et al. 2009). The
interaction between CI9MC miRNAs and Alu
sequences remains unknown. Interestingly,
several CI9MC miRNA species show sequence
complementarity with Alu repeats in the sense
orientation, suggesting that these neighbor-
ing CI9MC miRNAs may target transcribed
Alu sequences for degradation (Lehnert et al.
2009). This is consistent with sequence comple-
mentarity between transposable elements and
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other miRNAs in the human genome, suggest-
ing a general role for these miRNAs in counter-
acting foreign nucleic acid sequences (Shalgi
et al. 2010; Ahn et al. 2013). The C19MC also
harbors recurring short DNA segments (120
nt). Although the function of these repeats is
unknown, they may encode spliced, noncoding,
short-lived RNA transcripts (Bortolin-Cavaille
et al. 2009).

Several lines of evidence suggest a role for
the C19MC in cell proliferation and differenti-
ation. Expression of C19MC miRNAs has been
observed in embryonic and induced stem cells.
Interestingly, their expression drops consider-
ably when these cells differentiate, which may
indicate a role in the maintenance of an undif-
ferentiated state (Bar et al. 2008; Laurent et al.
2008; Morin et al. 2008; Ren et al. 2009; Stadler
et al. 2010). Furthermore, recent reports indi-
cate that certain C19MC miRNAs are aberrantly
expressed in specific tumors, possibly reflecting
reactivation of the CI9MC cluster as a conse-
quence of chromosomal rearrangements or epi-
genetic modifications (Li et al. 2009, 2013a;
Saito et al. 2009; Tsai et al. 2009; Rippe et al.
2010; Flor and Bullerdiek 2012). In contrast,
miR-519, a C19MC miRNA, was shown to
have a strong tumor-suppressive activity (Mar-
asa et al. 2010; Abdelmohsen et al. 2012). Two
other C19MC members, miR-517a and miR-
517¢, were recently implicated in the inhibition
of cell proliferation of liver carcinoma cells (Liu
et al. 2013).

Recent data from our laboratory also indi-
cates that members of the CI9MC cluster are
expressed at much higher levels in villous tro-
phoblasts compared with extravillous tropho-
blasts and that overexpression of the C19MC
cluster results in reduced migration of the ex-
travillous trophoblast line HTR8/SVneo (Xie
et al. 2014).

A complete qualitative and quantitative as-
sessment of the miRNA landscape in the human
placenta remains to be determined, although
the subject has been recently reviewed (Fu
et al. 2013b; Buckberry et al. 2014). Such an
assessment will depend on the experimental
conditions, the platforms used (e.g., microarray
or RNAseq), and the use of a reliable cutoff for
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establishing expression. Moreover, the knowl-
edge we gain of the placental miRNA landscape
depends on the timing of profiling during preg-
nancy. Using RNAseq, Luo et al. (2009) showed
that 80% of the short RNAs in the human pla-
centa are miRNAs, with the remaining species
representing other types of short RNAs such
as piRNA, snRNA, and the like. The expression
of the CI9MC trophomiRs generally increases
as pregnancy progresses. The chromosome
14 miRNA cluster (C14MC) is another large
miRNA cluster that is expressed in the placenta
(Morales-Prieto et al. 2013). Unlike C19MC,
the expression of C14MC miRNA members
generally declines during pregnancy and can
be detected in many other tissues (Liang et al.
2007). C14MC spans 52 miRNA genes, 40 of
which are organized as a single large cluster,
with tandem expression of other members. It
is located within the 14q32 locus, between the
DLK1 and DIO3 genes, and is regulated by a
maternally imprinted differentially methylated
region (DMR) ~200 kb upstream of the tran-
scription start site (Seitz et al. 2004; Morales-
Prieto et al. 2013). The expression of the 371—
373 cluster, also encoded by chromosome 19,
generally remains unchanged during pregnancy
(Gu et al. 2013; Morales-Prieto et al. 2013).
Recent data, largely based on pregnant
mouse models, have established the bona fide
role of miR-675 in fetoplacental development
(Keniry et al. 2012). miR-675 is expressed from
the first exon of HI9, a large intergenic noncod-
ing (linc) RNA. HI9 is a maternally expressed
imprinted gene located on human chromosome
11p15.5, downstream from IGF2, a locus that
harbors some of the most highly expressed tran-
scripts in the placenta (Hao et al. 1993; Gabory
etal. 2010). Up-regulation of miR-675, which is
controlled by the stress-response RNA-binding
protein HuR, restricts murine placental growth.
Deficiency of H19, which harbors miR-675,
promotes placental growth, and miR-675 over-
expression decreases cell proliferation, likely
through targeting insulin-like growth factor 1
receptor (Keniry et al. 2012). Consistent with
these findings, the expression of miR-675 rises
toward the end of murine pregnancy, when pla-
cental growth decelerates. In addition, miR-675

restricts trophoblast proliferation in JEG3 cells,
likely through binding to the nodal modulator 1
(NOMOL1) protein (Gao et al. 2012).

Other miRNAs have been suggested as hav-
ing defined regulatory functions during early
placental development. A number of miRNAs,
such as Let-7a, miR-377, and miR-145, are in-
volved in the regulation of placental growth fac-
tors and have been implicated in placental cell
proliferation (Forbes et al. 2012; also reviewed in
Doridotetal. 2013). Assessing the role of miRNAs
in mediating trophoblast differentiation and
fusion, Kumar et al. found that members of
the miR-17~92 cluster, as well as members of
the miR-106a~363 and miR-106b~25 clusters,
are regulated by the transcription factor c-Myc
and attenuate differentiation of trophoblasts
through the silencing of GCM1. The level of
these miRNAs is reduced during trophoblast
differentiation, allowing increased expression
of GCM1, CYP19A1, and hCG. Interestingly,
this c-Myc-induced pathway is up-regulated in
preeclampsia, implicating this miRNA network
in the diminished trophoblast differentiation
that characterizes placentas from preeclamptic
women (Kumar et al. 2013).

Several researchers have shown that miR-
155 attenuates trophoblast proliferation, act-
ing through direct regulation of cyclin D1 in
the HTR-8/SVneo extravillous trophoblast
line (Dai et al. 2012). MiR-155 also targets inter-
leukin-1 receptor-associated kinase M (IRAKM),
NFkB inhibitor interacting Ras-like 1
(NKIRAS1), and phosphatase and tensin ho-
molog (PTEN), thereby enhancing AP-1/
NFkB inflammatory pathways (Xue et al.
2013). Interestingly, PTEN is a target for miR-
17 and -19b, both down-regulated in first tri-
mester miscarriages (Ventura et al. 2013). Con-
sistent with these observations, increased ex-
pression of miR-155 has also been implicated
in conditions associated with shallow placental
invasion, such as severe preeclampsia (Dai et al.
2011). Another miRNA, miR-34, has been im-
plicated in limiting placental proliferation, with
reduced expression in conditions associated
with abnormal trophoblast proliferation or in-
vasion, such as placental accreta or preeclamp-
sia (Umemura et al. 2013; Doridot et al. 2014).
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Lastly, some miRNAs were shown to regulate
discrete targets within the placenta. For exam-
ple, miR-15a and -16 regulate the expression of
serotonin transporter in a trophoblast cell line
(Moya et al. 2013).

PLACENTAL DISORDERS AND miRNAs

Research into the impact of physiological or
pathological conditions on miRNA expression
has uncovered intriguing associations among
exposures, pathology, and/or altered miRNA
expression landscape and has generated hypo-
theses regarding the roles of placental miRNAs
in these processes. One of these conditions is
preeclampsia, a common disease of pregnancy
that is initiated by a form of placental dys-
function and characterized by maternal hy-
pertension, proteinuria, and a systemic vas-
culopathy that impact many maternal organs,
with a secondary effect on fetal well-being and
growth.

Several miRNAs have been consistently
found to be differentially regulated in pre-
eclampsia. The most reproducible effect has
been the up-regulation of miR-210 (Pineles
et al. 2007; Zhu et al. 2009; Enquobahrie et al.
2011; Lee et al. 2011; Ishibashi et al. 2012; Mur-
alimanoharan et al. 2012; Zhang et al. 2012;
Kleinrouweler et al. 2013; Xu et al. 2014). Al-
though the precise molecular function of miR-
210 remains unknown, this miRNA is known
to be up-regulated in hypoxia, likely mediated
by the NFkB p50 subunit and by toll-like re-
ceptor (TLR)-3 (Huang et al. 2010; Zhang et
al. 2012; Kopriva et al. 2013). Lee et al. showed
that miR-210 targets the 3'-UTR of iron—sul-
fur cluster scaffold homolog (ISCU), which is
down-regulated in preeclampsia and is associ-
ated with hemosiderosis in interstitial tropho-
blasts in certain placental pathologies (Lee et al.
2011). The inverse expression pattern of miR-
210 and ISCU has been recapitulated by others
groups (Muralimanoharan et al. 2012; Colleoni
etal. 2013). Yet, others have implicated miR-210
in stimulated mitochondrial respiration and
mitochondrial oxygen consumption, reduced
mitochondrial complex 1 expression and cyto-
chrome c oxidase assembly protein (Muralima-
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noharan et al. 2012; Colleoni et al. 2013), re-
duction of trophoblast invasion (Anton et al.
2013), and reduced expression of hydroxyste-
roid (17-B) dehydrogenase 1 (Ishibashi et al.
2012).

Unlike miR-210, miR-376c¢ is down-regulat-
ed in preeclampsia, targeting activin receptor-
like kinase 5 (ALK5), and ALK7 (Fu et al.
2013a). miR-378c¢, which was also found to be
regulated in the placentas of preeclamptic wom-
en, promotes migration and proliferation of ex-
travillous trophoblasts by targeting Nodal (Luo
etal. 2012). In addition, an agomir of miR-126,
an angiogenic miRNA produced by endothelial
cells, was recently shown to ameliorate hyper-
tension, improve placental perfusion, and en-
hance fetal and placental weight in a rat model
of preeclampsia, possibly acting by stimulat-
ing the PI3K-Akt pathway (Yan et al. 2014).
Other miRNAs were shown to be regulated in
placentas from preeclamptic women. Examples
include miR-182, -181, -1, -17, -20a, -20b, and
miR-29b (Pineles et al. 2007; Hu et al. 2009; Zhu
et al. 2009; Gunel et al. 2011; Mayor-Lynn et al.
2011; Yangetal. 2011; Wangetal. 2012; Wu et al.
2012; Chen and Wang 2013; Choi et al. 2013b;
Kleinrouweler et al. 2013; Li et al. 2013a). Var-
iable miRNA levels in these studies likely reflect
differences in disease definition, ethnic groups,
the timing of biopsies, quality of array, analysis,
and the like. Intriguingly, in most cases, there
was no correlation between miRNA expression
change and disease severity.

Another common manifestation of placen-
tal dysfunction is substandard fetal growth,
leading to the clinical condition of fetal growth
restriction (FGR). Several research groups found
that miR-21 is elevated in FGR-related pla-
centas, potentially silencing the expression of
PTEN or cystathionine g-lyase, an enzyme that
catalyzes the production of the vasodilator hy-
drogen sulfide, which may lead to increased pla-
cental vascular resistance (Maccani et al. 2011;
Cindrova-Davies et al. 2013). The level of miR-
141, which silences the E2F transcription factor
3 (E2F3) protein and pleiomorphic adenoma
gene 1 (PLAG1), is also elevated in FGR placen-
tas (Tang et al. 2013). Several other placental
miRNAs, including miR-16 and members of
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the C19MC (miR-518b, -1323, -516b, -515-5p,
-520h, -519d, -526b) are dys-regulated in FGR
placentas (Maccani et al. 2011; Guo et al. 2013;
Higashijima et al. 2013; Wang et al. 2014; re-
viewed in Maccani and Marsit 2011). Interest-
ingly, the influence of hypoxia on the expres-
sion of discrete miRNA species in the placenta
in vivo and in hypoxic trophoblasts in vitro
may be dissimilar. For example, miR-424, which
silences FGFR1, is up-regulated or unchanged
in FGR-related placentas in vivo (Mouillet et al.
2010b; Huang et al. 2013), but down-regulated
in hypoxic trophoblasts in vitro (Mouillet et al.
2010a, 2013). These differences likely repre-
sent variability in experimental conditions, in-
fluences that occur in the context of the intact
tissue in vivo that may be eliminated in dis-
persed, cultured cells in vitro, and/or the strin-
gency of analysis (Mouillet et al. 2010a). Last-
ly, altered placental miRNA profiles have been
associated with preterm delivery and with child-
hood neurodevelopmental outcomes (Mayor-
Lynn et al. 2011; Maccani et al. 2013).

During pregnancy, the fetoplacental unit is
susceptible to diverse types of microbial infec-
tions, including viral infections. It remains un-
clear whether or not pregnant women show a
higher susceptibility to viral infections when
compared with nonpregnant women. Whereas
some reports attribute an “immune deficiency
of pregnancy” to a high level of circulating ste-
roid hormones, others indicate competent
immunity (Arck et al. 2007; Mor and Cardenas
2010). Irrespective of immune competence,
the physiological changes of pregnancy may
predispose mothers and fetuses to serious
consequences of viral infections. For example,
changes in maternal lung volumes and function
may predispose to severe pneumonia during
pregnancy, caused by viruses such as influenza,
coronavirus (SARS), varicella, and rubeola,
with grave secondary consequences to the feto-
placental unit (Longman and Johnson 2007).
Transmission of viruses into the intrauterine
compartment may cause pregnancy loss, fetal
death, fetal developmental or growth abnormal-
ities (Kaplan 1993; Duff et al. 2009). Examples
include cytomegalovirus (CMV), rubella, par-
vovirus, and other viruses (Nigro et al. 2005;

Ergaz and Ornoy 2006; Best 2007; Duff et al.
2009; Mouillet et al. 2014).

Small RNA molecules have been implicated
in antimicrobial defense mechanisms (Ding
2010; Wiedenheft et al. 2012; tenOever 2013).
Examples include the CRISPR (clustered, regu-
larly interspaced, short palindromic repeats)
machinery, which is based on binding of short
CRIPSR sequences to nucleic acids of invading
microbes and subsequent degradation (Marraf-
fini and Sontheimer 2010; Wiedenheft et al.
2012), and antiviral RNAi pathways (at least
in nonmammalian cells and in human embry-
onic stem cells) (Cullen et al. 2013; Maillard
et al. 2013; tenOever 2013). Interestingly, some
miRNAs promote viral replication or pathogen-
esis, such as the liver-specific miR-122, which
promotes hepatitis C virus replication by shield-
ing the viral genome from nuclease-based deg-
radation (Li et al. 2013b; Liu et al. 2013).

Our group has recently discovered that,
when compared with nontrophoblastic cells,
primary human trophoblasts (PHT cells) are
resistant to infection by diverse types of DNA
and RNA viruses, including coxsackievirus B,
poliovirus, vesicular stomatitis virus, vaccinia
virus, herpes simplex virus-1, rubella, HIV, and
human CMV (Delorme-Axford et al. 2013a,b;
Bayer et al. 2014; Mouillet et al. 2014). Remark-
ably, we found that viral resistance can be trans-
ferred to other, nonplacental primary cells and
immortalized cell lines by exposing these cells to
medium conditioned by PHT cells. This effect is
mediated, at least in part, by the release of exo-
some-packaged CI9MC miRNAs (Donker et al.
2012) and was not observed with nonviral path-
ogens such as listeria and toxoplasma (De-
lorme-Axford et al. 2013a; Bayer et al. 2014).
Cells transfected with a BAC that harbors the
C19MC locus or with individual, highly ex-
pressed C19MC miRNAs (miR-517-3p, -516b-
5p, or -512-3p) also become more resistant to
viral infections. Our data also indicate that
PHT-conditioned media or C19MC miRNAs
stimulate autophagy in recipient cells (De-
lorme-Axford et al. 2013a). Autophagy, a cellu-
lar prosurvival mechanism in which cellular
organelles or foreign microbes are shuttled for
degradation in lysosomes, (Choi et al. 2013a),
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can be seen to mediate the CI9MC-dependent
antiviral response because pharmacologic or
genomic inhibition of autophagy diminishes
the conferral of antiviral response to recipient
cells (Delorme-Axford et al. 2013a). Although
the C19MC miRNAs are likely acting in concert
with other yet-to-be-identified antiviral re-
sponses, these data point to a unique and trans-
ferrable antiviral response, triggered by PHT-
derived CI9MC miRNAs (Fig. 1) (Delorme-
Axford et al. 2013a,b; Mouillet et al. 2014).

Various environmental exposures can influ-
ence the placental miRNA landscape. These ex-
posures are commonly modeled in vitro, using
cultured PHT cells or human trophoblast lines.
We have previously showed that hypoxia regu-
lates a set of miRNAs in trophoblasts and that
one of these miRNA species, miR-205, directly
regulates the expression of the transcriptional
coactivator MED1 (Mouillet et al. 2010a). Oth-
ers have found that exposure to bisphenol A or
cigarette smoking impacts miRNA expression
and that some of the responsive miRNA (e.g.,
miR-146a) regulate trophoblast cell prolif-
eration (Avissar-Whiting et al. 2010; Maccani
et al. 2010).

CIRCULATING miRNAs AND PLACENTAL
DISEASES

Research using plasma or other body fluids such
as blood, breast milk, or urine or in vitro cell
culture medium has clearly established that
miRNAs are released from diverse types of cells,
either complexed with proteins such as Ago2,
nucleophosminl, or high-density lipoproteins
(Wang et al. 2010; Arroyo et al. 2011; Vickers
etal. 2011; Chen et al. 2012) or packaged within
extracellular vesicles, such as exosomes, micro-
vesicles, and/or apoptotic bodies (Fig. 2) (Va-
ladi et al. 2007; Chen et al. 2012; Montecalvo
et al. 2012; Vickers and Remaley 2012; El Anda-
loussi et al. 2013; Raposo and Stoorvogel 2013;
Xu et al. 2013). These miRNA-containing vesi-
cles are defined by size, protein composition,
density, mechanism of biogenesis, packaging
and release, and cells of origin. In general, exo-
somes (~50—150 nm in diameter) are generat-
ed through a series of endocytic steps that result
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in the formation of intraluminal vesicles within
multivesicular bodies (Scita and Di Fiore 2010;
Hanson and Cashikar 2012). The sorting and
loading of cargo into exosomes is largely de-
termined by several protein complexes known
as endosomal sorting complexes required for
transport (ESCRT), their associated proteins
(VPS4, VTA1, ALIX), and proteins such as the
Rab proteins and sphingomyelinase (Trajkovic
et al. 2008; Ostrowski et al. 2010; Baietti et al.
2012; Colombo et al. 2013).

Microvesicles (~100—1000 nm in diame-
ter) originate from direct shedding of the plas-
ma membrane, where cargo is enveloped for
direct exit from the cells. They contain cho-
lesterol-rich microdomains and associated
proteins (Meckes and Raab-Traub 2011). Apo-
ptotic bodies, (apoptosomes, cell fragments,
500—4000 nm in diameter) are formed during
partial or complete cell disintegration, and con-
tain cell organelles and cytoplasmic proteins
(Akers et al. 2013). Vesicles can be separated
by differential ultracentrifugation with densi-
ty-gradient, gel chromatography or fluid-based
field-flow fractionation. The specificity and pu-
rity of each vesicle preparation can be confirmed
using micro-imaging, nanoparticle tracking in-
struments, and determination of proteins, lip-
ids, or nucleic acid content (El Andaloussi
et al. 2013; Zheng et al. 2013). Packaging of
miRNAs within vesicles or protein complexes
likely enhances miRNA stability by shielding
against RNase-mediated degradation and al-
lows selective targeting of recipient cells (Valadi
et al. 2007; Arroyo et al. 2011; O’Loughlin et al.
2012).

While the presence of extracellular, protein-
or vesicle-bound miRNAs may provide new op-
portunities for biomarker discovery (discussed
below), it is clear that circulating miRNAs
are functionally active and have a physiological
role in nonhormonal, paracrine and systemic
communication among cells and tissues (Valadi
etal. 2007; Arroyo etal. 2011; Vickers et al. 2011;
Mittelbrunn and Sanchez-Madrid 2012; Pei-
nado et al. 2012; Feng et al. 2013; Ramakrish-
naiah et al. 2013; Raposo and Stoorvogel 2013).
Nonvesicular, protein-bound miRNAs are also
taken up by recipient cells, where they regulate
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Figure 1. A model depicting the conferral of viral resistance to recipient cells. Primary human trophoblasts
release exosomes containing C1I9MC (C19) miRNAs, which are taken up by recipient cells. These C19 miRNAs
stimulate autophagy in the recipient cells. Incoming viruses travel within endocytic vesicles (EV) and are guided
into C19-induced autophagosomes (APs). These autophagosomes fuse with lysosomes to form autolysosomes
(AL), thus degrading viral endosomal vesicles. This process may cooperate with other factors (X), released into
the conditioned medium. (From Delorme-Axford et al. 2013a; modified, with permission, from The National

Academy of Sciences 2013.)

their respective mRNA targets (Vickers et al.
2011; Vickers and Remaley 2012).

Akin to the presence of fetoplacental RNA
molecules in the circulation (Poon et al. 2000;
Ng et al. 2003; Maron et al. 2007; Koh et al.
2014), trophomiRs, as well as other types of
miRNAs, are present in the maternal circulation
during pregnancy (Gilad et al. 2008; Luo et al.
2009; Miura et al. 2010; Mouillet et al. 2010b;
Donker et al. 2012), reaching median levels of 9
fmol/pg of total RNA in maternal plasma
(compared with 37 fmol/pug of total placental

RNA, or 25 fmol/pg of total fetal plasma RNA)
(Williams et al. 2013). Williams et al. found that
the most abundant miRNAs in the circulation
of pregnant women were miR-451, -486, -92a,
-16, let-7b, -21, -19b, -25, -22, and miR-144. In
addition, the maternal plasma miRNA land-
scape is more closely related to that of fetal
plasma miRNA than to the placental miRNA
landscape (Williams et al. 2013). The rapid
postpartum decline in the circulating levels of
some (e.g., the C19MC, miR-127, and miR-
134), but not all (miR-141, -149, -299-5p, and
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Figure 2. A schematic depicting the extracellular packages of trophoblastic miRNAs. Placental trophoblasts
package miRNAs in several forms, including microvesicles, apoptotic bodies, exosomes, or protein-bound.
Exosome-associated miRNAs are packaged within intraluminal vesicles contained within multivesicular bodies
and are released as exosomes into the extracellular space. (From Ouyang et al. 2014; reprinted, with permission,

from Elsevier 2014.)

-135b) miRNAs suggests that they originate in
the fetoplacental unit or in maternal tissues that
were influenced by hormonal or other physio-
logical changes during pregnancy (Chim et al.
2008; Williams et al. 2013).

The placenta is capable of releasing differ-
ent types of vesicles, with altered dynamics of
vesicle release associated with placental dys-
function in such conditions as preeclampsia
or FGR (Ishihara et al. 2002; Redman and Sar-
gent 2008; Aharon and Brenner 2013; Mayhew
2014). Recent investigation, focusing primarily
on placental exosomes, indicates that these
nanovesicles contain miRNAs (Luo et al. 2009;
Donker et al. 2012; Redman et al. 2012; De-
lorme-Axford et al. 2013a; Ouyang et al. 2014;
Record 2014). Whereas the function of circulat-
ing miRNAs during pregnancy remains un-
known, inferring from the data discussed earlier
regarding the function of extracellular C19MC

miRNAs in vitro, it is plausible that CI9MC
trophomiRs, which are highly expressed in
maternal plasma during pregnancy, can confer
viral resistance to maternal endothelial cells
and to other cell types.

Most research on circulating miRNAs dur-
ing human pregnancy has centered on the use of
these miRNAs as biomarkers for placental dis-
orders or other pregnancy-related diseases (re-
viewed in Zhao et al. 2013). The accessibility of
plasma analysis, along with the relative ease of
measurement of abundant miRNA species, at-
tracted many researchers to correlate the level of
circulating miRNAs with diseases (Kotlabova et
al. 2011). Not surprisingly, a correlation exists
between plasma miR-210 and preeclampsia
(Anton et al. 2013; Xu et al. 2014). Others have
found associations between circulating plasma
miRNA and FGR, gestational diabetes, and
ectopic pregnancy (Zhao et al. 2011, 2012;
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Hromadnikova et al. 2012). Interestingly, search-
ing for biomarkers of fetal hypoxia implicated
in FGR, Whitehead et al. have found an associa-
tion between miR-21 and miR-20b and umbili-
cal cord lactate level (Whitehead et al. 2013).
Lastly, members of the C19MC cluster (miR-
520b, -520c-3p, -520f ) have been suggested as
indicators of response to treatment in women
with hydatidiform mole (Miura et al. 2014).

Notwithstanding the interest in profiling
miRNA in maternal plasma to discover bio-
markers of placental disease, no single miRNA
or combination of miRNAs has thus far been
shown to reliably predict gestational diseases.
Several studies have confirmed the relative sta-
bility of plasma miRNAs, rendering miRNA
assessment an attractive diagnostic tool (Mitch-
ell et al. 2008; Mraz et al. 2009). As discussed
earlier, most miRNAs participate in maintain-
ing homeostatic resilience, and thus do not show
dramatic changes in response to physiologic or
pathologic stimuli. In addition, patient-to-pa-
tient variability in plasma miRNA levels, along
with temporal changes in miRNA levels during
pregnancy, render this analyte less predictive.
This variability in miRNA assays is amplified
by the different forms of miRNA packaging in
the plasma, where most analyses measure total
plasma miRNA without stratification to vesicle
type or protein-bound miRNA. The complexity
of miRNA target prediction algorithms also
hobbles the ability to envisage reliable miRNAs
that match transcripts implicated in diseases.
Finally, variability among researchers may be
augmented by inconsistent tools used to isolate
miRNAs from plasma or serum and the diversity
of technology (e.g., PCR, microarrays, or RNA-
seq) used in the diagnostic assays.

SUMMARY

The discovery of miRNAs and their unique
function in the regulation of gene expression
has added a new dimension to our understand-
ing of gene regulatory networks and their intri-
cate roles in tissue development, differentiation,
function, and the maintenance of homeostasis.
Pregnancy is a unique state, in which miRNAs,
as part of the genetic regulatory networks of two

individuals, mediate crosstalk at the placental
interface. Likewise, unique species and profiles
of miRNAs that are expressed only during preg-
nancy, lead to intriguing questions regarding
the function(s) of these miRNAs in pregnancy
and the uses that might be made of these com-
mon and unique miRNA species in the diag-
nostics and therapeutics of gestational diseases.
The identification of miRNA targets has been
hampered by the suboptimal performance of
miRNA target prediction algorithms. These
problems are compounded by incomplete in-
formation on competitive endogenous miRNAs
(e.g., circular RNAs, IncRNAs), which are known
to be expressed in maternal plasma during preg-
nancy and may function to squelch miRNA sig-
naling (Kosik 2013; Koh et al. 2014; Tay et al.
2014). Despite an onslaught of studies profiling
the miRNA landscape in the maternal plasma,
the use of miRNA-based diagnostic tools has
not yet entered into the clinical arena. Basic
and translational research into miRNA function
and regulation during pregnancy, bolstered by
analyses of miRNA communication among the
maternal, placental, and fetal compartments,
are greatly needed to translate the power of
miRNA-based gene regulatory networks into a
more complete understanding of health and
disease.
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