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Dysregulation of human trophoblast invasion and differentiation can
result in preeclampsia (PE), a hypertensive disorder of pregnancywith
significant morbidity and mortality for mother and offspring. miRNA
microarray analysis of RNA from human cytotrophoblasts (CytT),
before and after differentiation to syncytiotrophoblast (SynT) in
primary culture, revealed that members of miR-515 family—including
miR-515-5p, miR-519e-5p, miR-519c-3p, and miR-518f, belonging to
the primate- and placenta-specific chromosome 19 miRNA cluster
(C19MC)—were significantly down-regulated upon human SynT dif-
ferentiation. The proto-oncogene, c-MYC, which declines during SynT
differentiation, interacted with E-boxes upstream of pri-miR-515-1
and pri-miR-515-2, encoding these mRNAs, to enhance their expres-
sion. Predicted targets of miR-515-5p, known to be critical for human
SynT differentiation, including hCYP19A1/aromatase P450, glial cells
missing 1 (GCM1), frizzled 5 (FZD5), WNT2, Sp1, and estrogen recep-
tor-α (ERα) mRNA, were markedly up-regulated during SynT differentia-
tion. Notably, overexpression of miR-515-5p in cultured primary human
trophoblasts impaired SynT differentiation and specifically decreased ex-
pression of hCYP19A1, GCM1, and Fzd5, which were validated as its
direct targets. Interestingly,miR-515-5p levelswere significantly increased
in PE placentas, whereas mRNA and protein levels of targets, hCYP19A1,
GCM1, and FZD5, were significantly decreased, compared with placentas
of normotensive women. Thus, miR-515-5p may serve a key role in hu-
man trophoblast differentiation; its aberrant up-regulation may contrib-
ute to the pathogenesis of PE.
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Branching morphogenesis of the trophoblast epithelium and
formation of a vascularized villous network are crucial for

normal embryonic development and successful pregnancy. De-
fective placental implantation and vascularization are implicated in
preeclampsia (PE), a hypertensive disorder of human pregnancy
that is a leading cause of maternal and neonatal morbidity and
mortality (1–3). In PE, cytotrophoblast (CytT) differentiation into
invasive cells is inhibited and the placenta is relatively hypoxic.
Thus, fewer arterioles are remodeled and O2 availability to the
hormone-producing syncytiotrophoblast (SynT) is reduced (4). The
multinucleated SynT, formed by fusion of underlying proliferative
CytT, covers the chorionic villi and is bathed in maternal blood.
The SynT performs essential functions to ensure growth and sur-
vival of the fetus, including transport of O2 and nutrients and
synthesis of protein and steroid hormones.
Estrogen synthesis by the human placenta is increased greatly

after the ninth week of gestation (5) in association with CytT in-
vasion and enlargement of the uterine arterioles, increased blood
flow, and O2 availability to floating chorionic villi (6, 7). Synthesis
of estrogens from C19-steroids is catalyzed by aromatase P450
(encoded by the hCYP19A1 gene). Trophoblast stem cells and CytT
do not express hCYP19A1/aromatase; however, when CytT fuse to
form multinucleated SynT, aromatase is markedly induced (8, 9).
Exceptionally high levels of placental aromatase likely metabolize
C19-steroids produced by the human fetal adrenals, preventing their
conversion to active androgens, which can masculinize the fetus.

Estrogens formed by placental aromatase may enhance angiogen-
esis, uteroplacental blood flow, and reduce systemic vascular
resistance (10–14).
In previous studies using transgenic mice and transfected human

trophoblasts in primary culture, we identified an ∼300-bp region
upstream of placenta-specific hCYP19A1 exon I.1 that acts as an
enhancesome and is essential for placenta-specific hCYP19A1
expression. This genomic region contains response elements for es-
trogen receptor-α (ERα) (15), estrogen-related receptor-γ (16), Sp1
(9), and glial cells missing 1 (GCM1) (17, 18); each of these tran-
scription factors serves a crucial role in placenta-specific hCYP19A1
expression. There is evidence to suggest that placentally derived
estrogen may play an autocrine role in trophoblast differentiation
(19, 20). We observed that ERα expression in human trophoblasts
is up-regulated during differentiation in culture. Furthermore, es-
trogen acting via ERα stimulates hCYP19A1 expression (15).
To further define mechanisms that underlie human trophoblast

differentiation, we have investigated the roles of miRNAs. We
performed miRNA microarray analysis of total RNA from freshly
isolated human CytT (0 h) and from SynT after 24 and 48 h of
culture in 20% O2. Among differentially expressed miRNAs, the
miR-17∼92 cluster and its paralogs were significantly down-regulated
upon SynT differentiation (18). In the present study, we character-
ized expression and function of members of miR-515 family, also
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significantly down-regulated in the microarray upon SynT differen-
tiation. The miR-515 family belongs to the placenta-specific chro-
mosome 19 miRNA cluster (C19MC), one of the largest miRNA
gene clusters in humans. Many of the C19MC-encoded miRNAs
share common seed sequences and are thought to originate from a
common ancestor (21). We observed that miR-515 family members,
miR-515-5p, miR-519e-5p, miR-519c-3p, and miR-518f were sig-
nificantly down-regulated during human SynT differentiation,
whereas miR-515-5p and miR-519e-5p were significantly up-
regulated in placentas from women with PE. Our studies have
further revealed important targets of these miRNAs, including
hCYP19A1, GCM1, and frizzled 5 (FZD5), which serve critical
roles in human trophoblast differentiation.

Results
Expression of C19MC Members Is Decreased During Differentiation of
Human Trophoblasts in Primary Culture. To identify miRNAs that are
differentially expressed during human trophoblast differentiation,
we previously conducted miRNAmicroarray analysis of RNA from
freshly isolated CytT before (0 h) and after 24 and 48 h of culture
(18). Among the 894 mature miRNA transcripts detected in the
array with signal intensities >500 at each time point, 24 were sig-
nificantly (P < 0.01, Student’s t test) down-regulated and 16 were
up-regulated at 24 and 48 h compared with 0 h (18). Interestingly,
we found that 10 of the 24 down-regulated miRNAs belonged to
the C19MC. These miRNAs included miR-519e-5p, miR-515-5p,
miR-518f, miR-519c-3p, miR-515-3p, miR-520d-5p, miR-524-5p,
miR-520a-5p, miR-516a-5p, and miR-518b (18).
C19MC is the largest known miRNA gene cluster in humans (21,

22), encoding 46 miRNA precursors, which are then processed into
58 mature miRNAs (23). Based on their seed sequences, signal in-
tensity values, fold-change in expression during trophoblast differen-
tiation, and putative targets relevant to trophoblast differentiation (Fig.
1 A and B), miR-519e-5p, miR-515-5p, miR-518f, and miR-519c-3p
were selected for further study using Taqman quantitative RT-PCR
(qRT-PCR). Consistent with the microarray data, all four of these
miRNAs were confirmed to be significantly down-regulated in primary
cultures of human trophoblasts after 24, 48, and 72 h of culture,
compared with the freshly isolated CytT before culture (Fig. 1C).

Potential Targets of C19MC miRNAs and Their Relevance to Placental
Development. Using three miRNA-target prediction algorithms
(Targetscan, DIANA-mt, miRanda), potential targets of miR-519e-5p,
miR-515-5p, miR-518f, and miR-519c-3p were identified. In-
terestingly, several genes involved in the regulation of trophoblast
differentiation and placental development were among the putative
targets identified using all three databases (Fig. 1B). miR-515-5p,
miR-519e-5p (referred to in Fig. 1B as hsa-miR-519e*), and miR-
519c-3p are predicted to target hCYP19A1 and estrogen receptor 1
(ESR1; ERα) mRNA transcripts. Previously, we observed that
hCYP19A1/aromatase was markedly induced during differentiation
of human trophoblasts in primary culture (9). The estrogens formed
act via ERα (which is coordinately up-regulated) in a positive
feedforward loop to further up-regulate hCYP19A1 expression; this
occurs via ERα binding to an estrogen response element-like se-
quence upstream of placenta-specific hCYP19A1 exon I.1 (15).
MiR-515-5p and miR-519e-5p also are predicted to target

transcription factors Sp1 and GCM1, and the WNT ligand and its
receptor, WNT2 and FZD5, respectively (Fig. 1B). The activating
transcription factor Sp1 is known to mediate tissue-specific, de-
velopmental, and hormonal regulation of many genes. A GC box
−233 bp upstream of hCYP19A1 exon I.1 specifically bound Sp1
and mediated Sp1 induction of hCYP19A1 promoter I.1 activity
(9). GCM1 is a transcription factor critical for labyrinthine tro-
phoblast development in mice (24) and for hCYP19A1 expression
in human placental cells (17, 18). Homozygous deletion ofWnt2 in
mice results in defective placental labyrinth formation (25). The
Wnt receptor, Fzd5, which is predominantly expressed by SynT

cells within the labyrinth of mouse placenta, is critical for normal
labyrinth development and maintenance of Gcm1 expression (26).
miR-518f is predicted to target HSD17B1, which metabolizes es-
trone to estradiol and plays an important role in placental vascular
development (27).
In this study, we observed that down-regulation of the selected

C19MC members in human trophoblasts during differentiation
in culture was associated with significant up-regulation of mRNA
levels of their putative targets, hCYP19A1, GCM1, and WNT2,
ERα, Sp1, and FZD5 (Fig. 2).

miR-515-5p Inhibits Expression of CYP19A1, GCM1, FZD5, by Complementary
Base-Pairing to Their 3′UTRs in Primary Human Trophoblast. To de-
termine which of these genes are direct targets of miR-515-5p
(which shares an identical seed sequence with miR-519e-5p), we
first transfected freshly isolated human primary trophoblasts with
miR-515-5p mimics or nontargeting controls (NTC), and analyzed
changes in their mRNA and protein expression. Parallel dishes of
cells also were untransfected (−) as an additional control. As shown
in Fig. 3 A–C, mRNA levels of CYP19A1, GCM1, and FZD5 were
significantly decreased in trophoblasts after overexpression of miR-
515-5p for 48 and 72 h, but not in cells transfected with NTC.
Immunoblot analysis also indicated that expression of aromatase,
GCM1, and FZD5 proteins was significantly decreased 48-h post-
transfection of miR-515-5p mimics (Fig. 3D). In contrast, over-
expression of miR-515-5p mimic had no effect on ERα, Wnt2, or
Sp1 mRNA or ERα and Sp1 protein in the transfected cells (Fig.
S1). The finding that these transcripts and proteins were unaffected
under the same conditions in which miR-515-5p overexpression

Fig. 1. Members of C19MC are down-regulated in primary human tropho-
blasts during differentiation in culture. (A) RNA from freshly isolated CytT
(Cyto, 0 h) and from SynT after 24 h and 48 h of culture was analyzed using
miRNA microarray. Several members of the miR-515 family were significantly
down-regulated ≥twofold at 24 and 48 h compared with 0 h. (B) Shown are
predicted targets of these miRNAs known to be of importance in trophoblast
differentiation. (C) To validate the results of the microarray, RNA isolated from
midgestation human trophoblasts before (0 h) or after SynT differentiation
(24 h and 48 h of culture in 20% O2 environment) was analyzed by Taqman
qRT-PCR using U6 levels as the reference. Data are the mean ± SEM of values
from three independent experiments conducted in triplicate. *P < 0.05, **P <
0.01, ***P < 0.001 vs. 0 h; aP < 0.05 vs. 24 h.
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caused a pronounced diminution of CYP19A1, GCM1, and FZD5
mRNA and protein indicates that under the conditions used, ERα
and Wnt2 do not appear to be targets of miR-515-5p.

Overexpression of miR-515-5p Impairs Syncytialization of Human
Trophoblasts in Primary Culture. Because overexpression of miR-
515-5p in trophoblasts inhibited expression of GCM1 and FZD5,
which were reported to be critical for trophoblast fusion (26, 28, 29),
we evaluated the effects of miR-515-5p overexpression on morphol-
ogy of the human trophoblasts. Freshly isolated CytT were trans-
fected with NTC or miR-515-5p mimics. After 72 h of culture, the
cells were immunostained with antiplakoglobin antibody and viewed
by confocal fluorescence microscopy. ImageJ was used to quantify the
fusion index of SynT (26). When the cells were transfected with NTC
miRNA, there was clear syncytium formation; however, when cells
were transfected with miR-515-5p mimics, both the percentage and
the size of syncytia were significantly reduced (Fig. 3E).

Cyp19A1, GCM1, and FZD5 Are Validated Targets of miR-515-5p. Putative
binding sites for miR-515-5p within the 3′UTRs of hCYP19A1,
GCM1, and FZD5 were identified using target prediction software.
The 3′UTRs of hCYP19A1 and GCM1 each contain one miRNA
responsive element (MRE) specific for miR-515-5p, whereas, the
3′UTR of FZD5 mRNA contains two MREs for miR-515-5p (Fig.
S2). Using a dual luciferase reporter assay, HEK-293T cells were
cotransfected with miR-515-5p mimics and with psiCHECK-2
reporter plasmids in which the 3′UTRs of hCYP19A1, GCM1, and
FZD5 transcripts with (m) or without (WT) mutations in the MREs
(Fig. S2) were subcloned downstream of luciferase. In the case of
FZD5, each of the putative MREs was tested independently. For
each of theWT reporter plasmids, a significant reduction in luciferase

Fig. 2. Expression of potential targets of the miR-515 family are up-regulated
during human trophoblast differentiation. RNA from freshly isolated hu-
man trophoblasts before (0 h) or after 24 h and 48 h of culture was assessed
by qRT-PCR for expression of predicted mRNA targets relevant to trophoblast
differentiation. Data are the mean ± SEM of values from three independent ex-
periments conducted in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0 h; aP <
0.05 vs. 24 h.

Fig. 3. Overexpression of miR-515-5p in human trophoblasts inhibits expression
of hCYP19A1, GCM1, and FZD5 mRNA and prevents fusion to form SynT. Freshly
isolated human CytT were either not transfected (−) or transfected with NTC or
miR-515-5p mimic. qRT-PCR was used to evaluate mRNA levels of putative tar-
gets, hCYP19A1 (A), GCM1 (B), and FZD5 (C) mRNA, 48 and 72 h posttransfection.
Data are the mean ± SEM of four independent experiments conducted in trip-
licate. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. 0 h; aP < 0.05 vs. (−) 48 h; bP <
0.05 vs. NTC 48 h; cP < 0.05 vs. 515-5p 48 h; dP < 0.05 vs. (−) 72 h; eP < 0.05 vs. NTC
72 h. (D) Protein levels of these potential targets were analyzed 48-h post-
transfection by immunoblotting. (E) Plakoglobin immunostaining (green) of
trophoblasts after transfection of NTC or miR-515-5p mimic. Nuclei were stained
with DAPI (blue) and pseudocolored to red for better interpretation. Shown is a
representative confocal fluorescence micrograph of cells 72 h after transfection.
(Magnification: 400×.) ImageJ was used to quantify aggregation and fusion of
cells in 10 fields. Fusion index= (N− S)/T× 100%.N refers to the number of nuclei
in the syncytia, S refers to the number of syncytia, and T refers to the total
number of nuclei. (F) Sequences within the 3′UTR of CYP19A1, GCM1, or FZD5
containing one or more putative binding sites for miR-515-5p were subcloned
into the psiCHECK-2 vector to create WT or mutated luciferase reporter plasmids.
HEK293T cells were transfected with either an empty reporter (Vector), or
recombinant reporters containing WT or mutated (m) putative miR binding sites.
miR-515-5p mimic or NTC was cotransfected. Luciferase activities were measured
24-h posttransfection. Data are the mean ± SEM of values from five independent
experiments, each conducted in triplicate. *P < 0.05, **P < 0.01 [mutant (m) vs.
WT luciferase reporter].
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activity was evident 24-h posttransfection with miR-515 mimic,
compared with cells cotransfected with NTC (Fig. 3F). However,
when the putative binding sites for miR-515-5p were mutated in each
of these reporters, the inhibitory effects of miR-515-5p mimics on
luciferase activity were abolished (Fig. 3F). Taken together, we con-
clude that hCYP19A1, GCM1, and FZD5 are direct targets of miR-
515-5p, and that both MREs within the FZD5 3′UTR are functional.

miR-515-5p, miR-519e, and Their Targets Are Aberrantly Expressed
in Placentas from PE Patients Compared with Gestation-Matched
Normotensive Women. In consideration of the potential roles of
miR-515-5p in human trophoblast differentiation and the impair-
ment of trophoblast differentiation in PE, we next investigated
expression of selected members of C19MC and their targets,
hCYP19A1, GCM1, and FZD5, in placentas of PE and normo-
tensive women near term. RNA and protein from term placentas of
18 PE and 18 gestation-matched normotensive women were ana-
lyzed. Although women with PE met the recently revised criteria of
the American College of Obstetrics and Gynecology (ACOG) (30),
17 of 18 of the PE subjects studied also manifested proteinuria. PE
and normotensive subjects were matched for gestational age at the
time of delivery (38.8 vs. 39.6 wk, respectively) (Table S1). PE
subjects had an average blood pressure of 157/97 mmHg (systolic/
diastolic), whereas normotensive women had an average blood
pressure of 124/78 mmHg (Table S1). Interestingly, we observed
significantly higher levels of miR-515-5p and miR-519e-5p in pla-
centas from PE women compared with gestation-matched normo-
tensive women (Fig. 4A). Although miR-519c-3p and miR-518f
were modestly elevated in PE subjects compared with controls,
the differences were not significant (Fig. 4A). Correspondingly,
CYP19A1/aromatase and FZD5 mRNA (Fig. 4B) and protein (Fig.
4C) expression were significantly decreased in PE placentas com-
pared with those of normotensive women. GCM1 protein also was
significantly down-regulated in PE placentas (Fig. 4C), although
differences in mRNA expression were not significant (Fig. 4B).

c-MYC Up-Regulates Expression of miR-515-5p in Human Trophoblasts
Through Binding to E-Boxes Upstream of themiR-515-1 and miR-515-2
Precursor Genes. The c-MYC proto-oncogene is highly expressed
in human CytT and is implicated in CytT proliferation (31). Pre-
viously, we observed that c-MYC mRNA and protein were mark-
edly down-regulated during differentiation of human trophoblasts
in primary culture (18). Moreover, c-MYC overexpression in pri-
mary human trophoblasts blocked the up-regulation of genes as-
sociated with SynT differentiation (i.e., hCYP19A1 and hCG-β)
(18). Interestingly, we found that when human CytT were infected
with adenoviruses expressing c-MYC and cultured for up to 72 h
(Fig. 5A), levels of miR-515-5p were significantly increased at 48
and 72 h of culture compared with cells transduced with adenovi-
ruses expressing β-Gal, as a control (Fig. 5B). Moreover, expression
of miR-515-5p target genes, hCYP19A1 (Fig. 5C), GCM1 (Fig.
5D), and FZD5 (Fig. 5E), were coordinately decreased by c-MYC
overexpression. Notably, miR-519e-5p was previously reported to
be up-regulated in MYC-induced human lymphomas (32).
To determine the mechanisms underlying c-MYC regulation of

miR-515-5p expression, ChIP assays were performed using human
trophoblasts before and after differentiation in primary culture, with
or without c-MYC overexpression. MiR-515-5p is encoded by two
precursors, miR-515-1 and miR-515-2, both of which are located
within the C19MC. E-boxes that could serve as putative c-MYC
binding sites upstream each miR-515 precursor were identified by
bioinformatics analysis (PROMO 3.0.2) (Fig. 5 F and G). Freshly
isolated CytT were infected with adenoviruses expressing c-MYC or
β-Gal, as control. Chromatin cross-linking was performed in CytT
before culture (0 h) and in cultured cells 40-h postinfection with
β-Gal or c-MYC–expressing adenoviruses.
Binding of c-MYC to genomic regions containing four E-boxes

∼1.9 kb upstream of the miR-515-1 precursor (Fig. 5F) and two

E-boxes ∼0.6 kb upstream of the miR-515-2 precursor (Fig. 5G)
were evaluated by ChIP-qPCR. As shown in Fig. 5F, elevated
binding activity of endogenous c-MYC (relative to the IgG con-
trol) to E-box 4 was observed in freshly isolated CytT, whereas,
relative binding of c-MYC was markedly decreased in cells
expressing β-Gal after 40 h, but remained high in cells infected
with recombinant adenoviruses containing a c-MYC expression
vector. Specific binding of c-MYC to E-boxes 1–3 over the IgG
control was not detectable (Fig. S3A).
In the case of the miR-515-2 precursor, E-box 1, which contains

the canonical consensus sequence for c-MYC binding (CACGTC),
manifested specific binding of endogenous c-MYC (relative to
IgG control) in freshly isolated CytT (0 h); relative binding of

Fig. 4. miR-515 family members are up-regulated in placentas from PE vs.
gestation-matched normotensive women, whereas expression of miR-515-5p
targets is significantly decreased. (A) RNA isolated from term placentas of PE
(n = 18) and gestation-matched normotensive (CTR) women (n = 18) was an-
alyzed for expression of several miR-515 family members using TaqMan based
qRT-PCR. RNA from term placentas of PE and gestation-matched normotensive
women (n = 18 per group) was analyzed for expression of CYP19A1, FZD5, and
GCM1 mRNA (B) and protein (C). Relative expression of aromatase, FZD5
and GCM1 proteins was assessed by immunoblotting of normotensive (n = 18)
and PE groups (n = 18). The immunoreactive bands were scanned and nor-
malized to β-actin scanned on the same immunoblot. Values are presented as
mean ± SEM. *Significantly different from CTR, P < 0.05.
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endogenous c-MYC dramatically declined in cells transduced with
β-Gal adenovirus after 40 h of culture (Fig. 5G). In contrast, in
cells infected with adenoviruses expressing c-MYC, increased
binding of c-MYC to E-box 1 was detected at the 40-h time point
(Fig. 5G), consistent with induction of miR-515-5p with c-MYC
overexpression (Fig. 5B). Specific binding of c-MYC to E-box 2 of
miR-515-2 over the IgG control was not detectable (Fig. S3B).
These collective findings suggest that expression of miR-515-5p is

induced by increased expression of c-MYC in CytT and its binding
to E-box 4 of miR-515-1 and E-box 1 of miR-515-2. Thus, during
differentiation of CytT to SynT, down-regulation of miR-515-5p is
associated with a decline in c-MYC expression (18) and its re-
cruitment to E-boxes in the genomic regions upstream of themiR-
515 precursors.
These findings raise the question of whether c-Myc is up-reg-

ulated in placentas of PE vs. normotensive women. Interestingly,

Fig. 5. c-MYC enhances expression of miR-515-5p in CytT by binding to E-boxes upstream of the miR-515-1 and miR-515-2 genes and coordinately represses
expression of its targets; endogenous c-MYC binding declines during SynT differentiation. Primary human trophoblasts were infected with recombinant ade-
noviruses expressing c-MYC or β-galactosidase (β-Gal) as a control and cultured for 24, 48, and 72 h. RNA was isolated from the cells and expression of c-MYC (A),
miR-515-5p (B), hCYP19A1 (C), GCM1 (D), and FZD5 (E) mRNA was analyzed by qRT-PCR. n = 3 per treatment at each time point. aP < 0.01 vs. 0 h; *P < 0.05 vs. (−)
and β-Gal at 48 and 72 h; **P < 0.01 vs. (−) and β-Gal at 48 and 72 h; ***P < 0.001 vs. (−) and β-Gal at 48 and 72 h. (F and G) Binding of c-MYC to genomic regions
surrounding E-boxes within ∼1.9 kb upstream of the miR-515–1 precursor (F) and ∼0.6 kb upstream of the miR-515-2 precursor (G) was evaluated in freshly
isolated human CytT before (0 h) and after 40 h of culture using ChIP-qPCR. Before culture, the cells were infected with recombinant adenoviruses expressing
β-Gal or c-MYC. (F) Increased binding of endogenous c-MYC (relative to the IgG control) to E-box 4 ofmiR-515-1was observed in freshly isolated CytT (0 h) and was
markedly decreased in cells expressing β-Gal after 40 h, but remained high in cells overexpressing c-MYC. Specific binding of c-MYC to E-boxes 1–2 and E-box 3
compared with the IgG control was not detectable (Fig. S3A). (G) In the case of the miR-515-2 precursor, E-box 1 manifested increased binding of c-MYC (relative
to IgG control) in freshly isolated CytT (0 h); relative binding of endogenous c-MYC markedly declined in cells transduced with β-Gal adenovirus after 40 h of
culture. In contrast, in cells infected with adenoviruses expressing c-MYC, elevated binding of c-MYC to E-box 1 was detected after 40 h, consistent with induction
of miR-515-5p upon c-MYC overexpression. Specific binding of c-MYC to E-box 2 over the IgG control was not detectable (Fig. S3B). Values are the mean ± SEM of
data from nine replicate dishes for each treatment and at each time point. Significantly (*P < 0.05; **P < 0.01) different from 0 h. #Significantly (P < 0.05) different
from c-MYC binding in cells transduced with β-Gal-expressing adenovirus at 40 h. (H) c-MYC-induced miR-515 expression in human CytT blocks differentiation to
SynT by inhibiting expression of key genes in trophoblast differentiation, GCM1, FZD5, and CYP19A1.
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we observed that, although c-Myc mRNA levels were similar in
placentas of PE vs. normotensive subjects, protein levels were sig-
nificantly elevated in PE placentas (Fig. S4). These findings suggest
that aberrant elevation of c-Myc expression in PE subjects may
occur at the posttranslational level.

Discussion
In this study, we made the striking observation that selected members
of the C19MC were markedly down-regulated in midgestation hu-
man trophoblasts during differentiation to SynT in primary culture.
These included members of the miR-515 family (33), miR-515-5p,
miR-519e-5p, miR-519c-3p, and miR-518f. Using luciferase reporter
assays, we found that miR-515-5p and miR-519e-5p, which share the
same seed sequence, directly targeted hCYP19A1, GCM1, and
FZD5, which were significantly induced in concert with the decline of
these miRNAs and with SynT differentiation. Importantly, miR-515-5p
and miR-519e-5p were significantly up-regulated in placentas of
women with PE, compared with gestational age-matched normo-
tensive subjects, whereas their targets were significantly decreased.
Although WNT2, ERα, and Sp1 are predicted targets of these
miRNAs and were significantly up-regulated during SynT differen-
tiation, we were unable to establish that they are direct targets. On
the other hand, ERα mRNA was reported to be directly targeted by
members of themiR-17∼92 cluster, miR-18a and miR-19a, in human
neuroblastoma cells (34). These miRNAs were previously found to
be markedly down-regulated during differentiation of human tro-
phoblasts in culture (18) as ERα expression increased (15).
The C19MC, which is primate-specific, largely placenta-specific,

and expressed from the paternally inherited chromosome, spans
∼100 kb of genomic DNA and encodes 46 pri-miRNA genes that
are processed into 58 mature miRNAs (21, 23). C19MC is also
highly expressed in human embryonic stem cells and has been linked
to cell proliferation and stemness (35); expression declines upon
stem cell differentiation (36, 37). Furthermore, C19MC expression
is up-regulated in a number of cancers and has been linked to tu-
mor invasion and metastasis (22, 38, 39). Exosomes secreted by
primary human trophoblasts were found to be enriched in miRNAs
encoded within the C19MC (40). Secretion of these exosomal
miRNAs has been suggested to play a role in fetoplacental–maternal
communication (41) and to confer viral resistance (42). Exposure of
nonplacental cells to trophoblast-derived, C19MC-enriched exo-
somes induced autophagy, which may promote degradation of for-
eign pathogens (43).
Our present findings, that miR-515-5p directly targeted GCM1

and FZD5, is of great interest. Gcm1 knockout mice die at
midgestation because of a complete block of chorionic villous
branching and absence of a functional placental labyrinth containing
syncytial cells, analogous to the human SynT (24, 44). GCM1 in-
duces expression of Syncytin 1, a gene involved in trophoblast fusion
(45), and regulates expression of placental growth factor (46).
hCYP19A1 promoter I.1 contains a GCM1 response element re-
quired for promoter activity (17). We observed that GCM1 serves an
important role in regulating expression of hCYP19A1 and hCGβ
during human trophoblast differentiation (18). Studies using gene-
targeted mice further indicated a crucial role of Wnt/β-catenin sig-
naling pathway components in chorion branchpoint initiation, lab-
yrinth development, and in SynT fusion. These studies include
knockout of the Wnt receptor Fzd5 (26), as well as R-spondin3 (47)
and Bcl9l (29), potentiators of Wnt-β-catenin signaling. Gcm1 up-
regulates Fzd5 at sites in the basal chorion where branching is initi-
ated. In turn, Fzd5/β-catenin maintains Gcm1 expression in a positive
feedback loop (26). Interestingly, Gcm1 may promote branching by
stimulating epithelial-to-mesenchymal transition in chorionic tro-
phoblasts, by causing decreased expression of tight junction proteins,
zona dens-1 and claudins-4 and -7 (26).
To elucidate mechanisms for down-regulation of miR-515-5p

in human trophoblasts during differentiation, we considered the
role of c-MYC, which is highly expressed in CytT and declines

during SynT differentiation (18). c-MYC, a basic helix–loop–helix
zipper transcription factor, is believed to regulate an estimated 15%
of genes in the human genome via binding to E-boxes within target
promoters (48). We previously observed that c-MYC activated
expression of themiR-17∼92 cluster and its paralogs (18), which we
found to be significantly down-regulated during SynT differentia-
tion, in association with the fall in c-MYC expression and its
binding to their promoters (18). We observed that miR-17∼92 and
paralogous members, miR-19b and miR-106a, directly targeted
hCYP19A1 mRNA, whereas miR-19b also targeted GCM1.
Overexpression of these miRNAs impaired SynT differentiation
(18). Several members of the miR-17∼92 (miR-17, -19b, -20a) and
miR-106a∼363 (miR-19b, -20b) clusters are known to target ERα
(ESR1) (49), which we previously found to be up-regulated dur-
ing human SynT differentiation and essential for induction of
hCYP191A promoter I.1 activity (15). Placentas from PE women
had higher levels of miR-106a and -19b and lower aromatase and
GCM1 (18).
In the present study, we observed that c-MYC overexpression

significantly increased miR-515-5p. This observation was associ-
ated with a significant decline in hCYP191A, GCM1, and FZD5
mRNA levels. miR-515-5p is encoded by two pri-miRs within
C19MC, pri-miR-515-1 and pri-miR-515-2. Using ChIP-qPCR, we
found that endogenous c-MYC bound specifically to E-boxes
upstream of pri-miR-515-1 and pri-miR-515-2 in freshly isolated
CytT; binding declined in trophoblasts during SynT differentia-
tion. Thus, increased expression of c-MYC in CytT may prevent
SynT differentiation, in part, by up-regulating miRNAs in both the
C19MC and miR-17∼92 clusters, which target important regula-
tors of branching morphogenesis and cell fusion.
In conclusion, our studies have uncovered an inhibitory role of

miR-515-5p, a miRNA within the primate-specific C19MC, in hu-
man trophoblast differentiation (Fig. 5H). We observed that miR-
515-5p, which was expressed at relatively high levels in CytT, isolated
from midgestation human placenta, serves a critical role through its
action to inhibit expression of a number of key genes involved in
human trophoblast differentiation. Early in the first trimester when
the placenta is poorly vascularized and relatively hypoxic, c-MYC
expression is enhanced, resulting in increased transcription of the
miR-515-1 andmiR-515-2 precursors. Increased levels of miR-515-5p
were found to directly target both FZD5 and GCM1, which are
essential for SynT differentiation (26).
After ∼10 wk of gestation in the human, increased CytT in-

vasion of the spiral arteries results in increased placental per-
fusion and enhanced O2 tension (Fig. 5H). This process is
associated with suppression of c-MYC and decreased expression
of the miR-515-1 and miR-515-2 precursors, and allows up-reg-
ulation of GCM1 and FZD5, which exist in a positive feedfor-
ward loop. In turn, Fzd5/β-catenin maintain elevated Gcm1
expression (26). GCM1 promotes trophoblast fusion, in part via
its action to enhance expression of Syncytin 1 (45). GCM1 also
regulates expression of placental growth factor (46), as well as
hCYP19A1/aromatase (17, 18), which contribute to SynT differ-
entiation. Notably, increased E2 has been observed to act via
ERα to inhibit miR-515-5p expression (50). Thus, the up-regu-
lation of E2/ERα signaling further suppresses miR-515-5p ex-
pression to promote human SynT differentiation. We suggest
that aberrant regulation of this signaling pathway interferes with
normal induction of trophoblast differentiation, and may con-
tribute to the pathogenesis of preeclampsia.

Materials and Methods
Patients and Tissue Samples. This studywas approved by the Institutional Review
Board of theUniversity of Texas SouthwesternMedical Center. Informed consent
was obtained from all participants. Classification of PE vs. normotensive subjects
were in accord with recently revised ACOG guidelines (30). Patient selection
criteria and tissue processing are described in SI Materials and Methods.
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Primary Culture of Human Trophoblast Cells. Primary human CytT from mid-
gestation placenta were isolated as described previously (9, 15) and detailed in
SI Materials and Methods.

qRT-PCR. Total RNA was extracted from tissues or cultured cells using a mi-
RNeasy mini kit (Qiagen). MicroRNA expressionwas quantified using a TaqMan
MicroRNA assay (Applied Biosystems), as previously described (18) and detailed
in SI Materials and Methods. Sequences of primer pairs are presented in
Table S2.

Immunoblot Analysis. Immunoblot analysis of putative miR-515-5p targets
was carried out as described in SI Materials and Methods.

Transfection of miRNA Mimics. For overexpression of miR-515-5p, freshly iso-
lated CytT were transfected with either 20 nM miR-515-5p mimics (Applied
Biosystems) or nontargeting control (Applied Biosystems) using the HiPerfect
transfection reagent (Qiagen), according to the manufacturer’s instructions.
After 24 h, medium was changed to DMEM/F12 containing 2% (vol/vol) FBS.
The cells were harvested for further analysis after 48-h posttransfection.

Luciferase Reporter Assay. Putative miR-515-5p targets (CYP19A1, GCM1, FZD5)
known to be involved in the regulation of trophoblast differentiation
were validated using luciferase reporter assays as detailed in SI Materials
and Methods.

Adenovirus Overexpression. Adenovirus-mediated overexpression of CMV-c-MYC
(Vector Biolabs) vs. CMV-β-Gal (51), as control, in human primary trophoblasts
was performed as previously described (18) and detailed in SI Materials
and Methods.

ChIP-qPCR. E-boxes corresponding to putative c-MYC responsive elements in the
genomic regions upstream of miR-515-1 and miR-515-2 precursors were
identified by an online bioinformatics analysis program (PROMO 3.0). Human
trophoblasts were transduced either with recombinant adenoviruses express-
ing c-MYC or β-Gal, as described above. After 40 h of culture, ChIP-qPCR assays
were performed to analyze binding of c-MYC to each of the E-boxes using the
Magna ChIP A kit (Millipore) according to the manufacturer’s instructions and
as detailed in SI Materials and Methods.

Morphological Analysis. CytT transfected with 20 nM miR-515-5p mimics or
nontargeting control were cultured in DMEM/F12 containing 2% (vol/vol) FBS
for 72 h. Cells were immunostained for plakoglobin, with second antibody
conjugated to Alexa Fluor 488. Nuclei were counterstained with DAPI and
images were captured on a Zeiss confocal microscope (400× magnification), as
detailed in SI Materials and Methods. ImageJ was used to quantify the fusion
index of cells in 10 fields. Fusion index = (N − S)/T × 100%. N refers to the
number of nuclei in the syncytia, S refers to the number of syncytia, and T
refers to the total number of nuclei. Therefore, the more syncytia, the fewer
the number of nuclei per syncytia and the lower the number of fusion events.

Data Analysis. All statistical analyses were performed using GraphPad Prism
6.04. Values are expressed as means ± SEM. Differences between two groups
were analyzed by Student’s t test. One-way ANOVA, followed by Newman–
Keuls post hoc test or nonparametric Mann–Whitney test was used for mul-
tiple comparisons. Statistical significance was defined as P < 0.05. For each
assay, data were collected from at least three independent cell preparations
performed in triplicate.
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