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Mononuclear cytotrophoblasts of the human placenta proliferate rapidly, subsequently fuse, and differentiate to form multinu-
cleated syncytiotrophoblast with induction of aromatase (hCYP19A1) and chorionic gonadotropin (hCG�) expression. Using
microarray analysis, we identified members of the miR-17�92 cluster and its paralogs, miR-106a�363 and miR-106b�25, that
are significantly downregulated upon syncytiotrophoblast differentiation. Interestingly, miR-19b and miR-106a directly tar-
geted hCYP19A1 expression, while miR-19b also targeted human GCM1 (hGCM1), a transcription factor critical for mouse laby-
rinthine trophoblast development. Overexpression of these microRNAs (miRNAs) impaired syncytiotrophoblast differentiation.
hGCM1 knockdown decreased hCYP19A1 and hCG� expression, substantiating its important role in human trophoblast differ-
entiation. Expression of the c-Myc proto-oncogene was increased in proliferating cytotrophoblasts compared to that in differen-
tiated syncytiotrophoblast. Moreover, c-Myc overexpression upregulated miR-17�92 and inhibited hCYP19A1 and hCG� ex-
pression. Binding of endogenous c-Myc to genomic regions upstream of the miR-17�92 and miR-106a�363 clusters in
cytotrophoblasts dramatically decreased upon syncytiotrophoblast differentiation. Intriguingly, we observed higher levels of
miR-106a and -19b and lower aromatase and hGCM1 expression in placentas from preeclamptic women than in placentas from
gestation-matched normotensive women. Our findings reveal that c-Myc-regulated members of the miR-17�92 and miR-
106a�363 clusters inhibit trophoblast differentiation by repressing hGCM1 and hCYP19A1 and suggest that aberrant regulation
of these miRNAs may contribute to the pathogenesis of preeclampsia.

The multinucleated syncytiotrophoblast of the human placenta
is formed by fusion of underlying proliferating cytotropho-

blasts. This multinucleated cell layer, which covers the chorionic
villi, is bathed in maternal blood and performs several essential
functions to ensure growth and survival of the developing em-
bryo. These include transport of O2 and nutrients and synthesis
and secretion of syncytiotrophoblast-specific protein and steroid
hormones, including estrogen and progesterone. Synthesis of es-
trogens from C19 steroids is catalyzed by aromatase P450
(P450arom, product of the hCYP19A1 gene). The ability of the
human placenta to synthesize estrogens is vastly increased after
the ninth week of gestation (1), in association with cytotropho-
blast invasion and enlargement of the uterine arterioles, increased
blood flow, and O2 availability to the floating chorionic villi (2, 3).
Trophoblast stem cells and cytotrophoblasts do not express
hCYP19A1/aromatase; however, when cytotrophoblasts fuse to
form multinucleated syncytiotrophoblast, aromatase is markedly
induced (4, 5). The exceptionally high levels of placental aroma-
tase likely function to metabolize large amounts of C19 steroids
produced by the human fetal adrenals (e.g., dehydroepiandros-
terone), thus preventing conversion of these steroids to active an-
drogens, which can masculinize the fetus. Biologically active es-
trogens and their metabolites formed by placental aromatase may
also enhance angiogenesis and uteroplacental blood flow and re-
duce systemic vascular resistance (6–10).

While different genetic programs have been found to be
switched on and off during syncytiotrophoblast differentiation,
the regulatory mechanisms that affect these events remain incom-
pletely defined. We previously observed that when midgestation
human trophoblasts were cultured in a hypoxic (2% O2) environ-

ment, syncytiotrophoblast differentiation and induction of
hCYP19 gene expression were prevented (3). These inhibitory ef-
fects of hypoxia were associated with increased expression and
binding of the basic helix-loop-helix (bHLH)-zipper transcrip-
tion factors USF1 and -2 to two E boxes within placenta-specific
hCYP19 exon I.1 and its 5=-flanking region (11). Conversely, in-
creased O2 tension promoted enhanced USF1/2 polyubiquitina-
tion and degradation via the proteasome pathway (12). We there-
fore suggest that with the gestational increase in placental
vascularization and increased O2 availability to trophoblast cells,
the inhibitory USFs are degraded, which may allow stimulatory
transcription factors to bind to these E boxes and/or to other re-
sponse elements and promote placenta-specific expression. Pla-
cental estrogens are believed to play an autocrine role in tropho-
blast differentiation (13, 14). In recent studies, we have established
crucial roles for estrogen receptor � (ER�) (15) and estrogen-
related receptor � (ERR�) (16) in the O2-mediated induction of
CYP19 expression during human trophoblast differentiation.
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The transcription factor glial cells missing 1 (GCM1) has been
shown to play a fundamental role in trophoblast differentiation
and syncytiotrophoblast formation. GCM1 knockout mice die at
midgestation due to the failure of a functional placental labyrinth,
analogous to the human syncytiotrophoblast layer (17, 18). Hu-
man GCM1 (hGCM1) induces the expression of syncytin A, a
gene involved in trophoblast fusion (19), and regulates expression
of placental growth factor (20). While the hCYP19A1 promoter
has been shown to have a GCM1 binding element that is required
for reporter activity (21), a critical role for endogenous hGCM1 in
the regulation of CYP19A1 expression in human syncytiotropho-
blast has yet to be established.

MicroRNAs (miRNAs) are regulatory, small noncoding RNAs
of 20 to 25 nucleotides (nt) in length, with a fundamental role in
different aspects of cell biology, including cell cycle regulation,
differentiation, apoptosis, and maintaining stemness (22). Mi-
croRNAs function to repress gene expression by binding via their
seed sequences to complementary sites in the 3= untranslated re-
gions (3= UTR) of target mRNAs. This results in degradation of
the mRNA target and/or inhibition of translation (23). Individual
miRNAs can bind to and regulate networks of mRNAs with re-
lated biological functions and can act as rheostats or as on-off
switches of gene expression, while multiple miRNAs can target a
single mRNA. MicroRNAs have been found to play important
roles in cell differentiation (24–26) and cancer (27, 28) and have
been found to have particularly important roles in female repro-
duction (29–31).

Thus, to further define the cellular mechanisms that underlie
human trophoblast differentiation and induction of CYP19A1
gene expression, in the present study, we have investigated the
potential role of miRNAs. Interestingly, we have uncovered a
novel role for the c-Myc-regulated microRNA-17�92 (miR-
17�92) cluster and its paralog miR-106a�363 in directly target-
ing and inhibiting hCYP19A1 and hGCM1 gene expression in
cytotrophoblasts and thereby repressing human trophoblast dif-
ferentiation and aromatase expression. We suggest that dysregu-
lation of this pathway may have an important consequence in the
pathogenesis of preeclampsia, a pregnancy-induced hypertensive
disorder in which the placenta plays a central role.

MATERIALS AND METHODS
Term human placental samples and primary culture of human tropho-
blast cells. Term placental tissues from control normotensive women and
preeclamptic women were obtained at the time of cesarean section. The
placental tissues were immediately placed in RNAlater (Qiagen, Foster
City, CA) solution and snap-frozen at �80°C.

Midtrimester human placental tissues were obtained from Advanced
Bioscience Resources (Alameda, CA) in accordance with the Donors An-
atomical Gift Act of the State of Texas. Protocols were approved by the
Institutional Review Board of the University of Texas Southwestern Med-
ical Center at Dallas. Cytotrophoblasts were isolated from midgestation
human placenta and placed in primary culture, as described in detail
previously (5, 32). Briefly, the placental tissues were washed with Hanks’
balanced salt solution (pH 7.4) (Life Technologies, Grand Island, NY) and
then finely minced and digested with 0.125% trypsin in Hanks’ balanced
salt solution at 37°C for 20 min. At the end of the digestion, the superna-
tant was collected, layered over 10 ml of serum, and then briefly centri-
fuged at 1,000 � g. The resulting pellet was suspended in Dulbecco’s
modified Eagle’s medium (DMEM) (Life Technologies), filtered, and lay-
ered over a Percoll gradient (70% to 5%). This procedure was repeated
three times with the pellet from the original trypsin digestion. The gradi-
ents were centrifuged at 1,200 � g for 20 min at room temperature, and

cells in the middle layer (density, 1.045 to 1.062 g/ml) were collected,
washed, and counted. The cells were then resuspended in DMEM supple-
mented with 10% fetal bovine serum (FBS) and 1.2% antibiotic/antimy-
cotic solution (Life Technologies) and plated at a density of 2 � 106 cells
per 35-mm culture dish or 15 � 106 cells per 100-mm dish. The cells were
cultured overnight; the medium was then changed to DMEM containing
2% FBS. For expression of miRNA mimics or miR-19b inhibitor, freshly
isolated cytotrophoblasts were transfected with either 10 nM miRNA
mimic (Qiagen), LNA hsa-miR-19 family inhibitor (Exiqon, Woburn,
MA), LNA scrambled control (Exiqon), or AllStars Negative control (Qia-
gen) using the HiPerfect transfection reagent (Qiagen). Cells were har-
vested for RNA and protein analysis 24, 48, and 72 h posttransfection.

Quantitative reverse transcriptase PCR (qRT-PCR). Total RNA, in-
cluding small RNAs, from trophoblast cells cultured for 24, 48, or 72 h was
extracted using the miRNeasy minikit (Qiagen) according to the manu-
facturer’s instructions. Quantification of miRNAs was carried out by
TaqMan real-time PCR (Applied Biosystems). Primer sets specific for the
placenta-specific hCYP19A1 transcript, hCYP19I.1 (15), along with con-
stitutively expressed RPLP0, were designed utilizing the Primer Express
software program (PE Applied Biosystems, Boston, MA): hCYP19I.1 for-
ward primer, 5=-ACG GAA GGT CCT GTG CTC G-3=; reverse primer,
5=-GTA TCG GGT TCA GCA TTT CCA-3=; RPLP0 forward primer, 5=-
TGC ATC AGT ACC CCA TTC TAT CA-3=; reverse primer, 5=-AAG GTG
TAA TCC GTC TCC ACA GA-3=.

The relative abundance of each transcript was determined by qRT-
PCR using previously published methods (15). All primer sets produced
amplicons of the expected size and sequence. The relative fold changes
were calculated using the comparative cycle times (CT) method with
RPLP0 as the internal reference.

Immunoblot analysis. Nuclear and cytoplasmic extracts were pre-
pared from human trophoblast cells according to a protocol described
previously (15). Protein concentrations were determined by using the
Bradford assay (33) (Bio-Rad) and resolved by electrophoresis on 4 to
12% Bis-Tris gels (Invitrogen). Rabbit polyclonal c-Myc antibody (9402)
was obtained from Cell Signaling (Beverly, MA). Antiaromatase (A7981)
was obtained from Sigma (St. Louis, MO), anti-GCM1 from Aviva Sys-
tems Biology (San Diego, CA), anti-lamin A/C (catalog no. 05-714) from
Upstate (Lake Placid, NY), and anti-�-actin (ab8227) from Abcam (Cam-
bridge, MA). Horseradish peroxidase (HRP)-conjugated anti-rabbit and
anti-mouse IgGs from GE Healthcare (Little Chalfont, Buckinghamshire,
United Kingdom) were used as secondary antibodies. The membranes
were incubated with enhanced Supersignal West Pico chemiluminescent
substrate (Thermo Scientific, Rockford, IL) and exposed to X-ray film.

Cell culture and luciferase assay. Twelve hundred base pairs of the 3=
UTR of human CYP19A1 and 500 bp of the 3= UTR of the human GCM1
were amplified from placental genomic DNA and cloned downstream of
luciferase in the p-MIR-REPORT miRNA reporter vector (Applied Bio-
systems). JEG3 cells maintained in RPMI medium supplemented with
10% fetal bovine serum were transfected with either the empty pMIR-
REPORT luciferase plasmid (LUC) or with LUC containing the 3= UTR of
the CYP19A1 or hGCM1 gene (LUC-CYP19A1 or LUC-GCM1) with or
without the mutated miRNA response element (MRE) (LUC-CYPmut or
LUC-GCMmut). Nontargeting control (NTC) or miRNA mimics of miR-
19b or miR-106a and a plasmid expressing beta-galactosidase (�-Gal) to
correct for transfection efficiency were cotransfected. Forty-eight hours
after transfection, cells were harvested and luciferase and �-Gal activities
were measured. The mutation of the MRE site in placenta-specific
hCYP19 3= UTR was generated using the QuikChange II site-directed
mutagenesis kit (Stratagene, La Jolla, CA). All constructs were confirmed
by DNA sequencing.

Adenoviral overexpression and RNA interference. Recombinant ad-
enoviruses expressing human c-Myc were obtained from Vector Biolabs
(Philadelphia, PA). A cytomegalovirus �-gal-containing (CMV-�-gal)
adenovirus was kindly provided by Joseph Alcorn (University of Texas
Medical School, Houston, TX). Recombinant adenoviruses were used to

Placental Gene Regulation by miR-17�92 and miR-106a�363

May 2013 Volume 33 Number 9 mcb.asm.org 1783

http://mcb.asm.org


infect freshly isolated cytotrophoblasts at a multiplicity of infection
(MOI) of 2.0. Lentiviral vectors containing short hairpin RNAs (shRNAs)
targeting GCM-1 in pGIPZ vectors were obtained from a recombinant
lentivirus shRNAmir library (Open Biosystems) (34). Lentiviruses ex-
pressing shRNAs for GCM1 were produced in human embryonic kidney
(HEK)-293T cells by calcium phosphate transfection of the plasmids
pMD2.G and psPAX2 and specific human GIPZ lentiviral shRNA for
GCM1, according to a protocol described earlier (16). Lentiviral superna-
tants were collected after 24, 48, and 72 h of culture. The viral particles
were concentrated by ultracentrifugation, and the titer of the viral stock
(MOI or number of transducing units per cell) was determined according
to the protocol recommended by Open Biosystems (Thermo Scientific).
As a control, cells were infected with nonsilencing GIPZ lentivirus shRNA.
Two different shRNA vectors were used for silencing of GCM-1. The
following GCM1 shRNA clones were used: Open Biosystems catalog no.
RHS4430-99166548 and RHS4430-98703843.

Chromatin immunoprecipitation assay. Human trophoblasts were
cultured for 5 h or 72 h in DMEM containing 2% FBS. Utilizing the ChIP
kit (Millipore, Temecula, CA), chromatin immunoprecipitation (ChIP)
assays were performed as described previously (15). Precleared cross-
linked chromatin was immunoprecipitated using either c-Myc antibody
or nonimmune rabbit IgG control (sc-2027; Santa Cruz Biotechnology,
Santa Cruz, CA). Quantitative RT-PCR using primers that flanked E
boxes corresponding to putative Myc-responsive elements (identified by
using the Genomatrix MatInspector program; Genomatrix Software
GmbH, Munich, Germany) in the genomic regions of the miR-17�92
and the miR-106a�363 clusters was used to assess the fold enrichment of
the immunoprecipitated protein-DNA complex for endogenous c-Myc.
Primers used in this assay were the following: miR-17�92 E box 1f, AAA
GGCAGGCTCGTCGTTG; miR-17�92 E box 1r, CGGGATAAAGAGTT
GTTTCTCCAA; miR-17�92 E box 2f, CTCGACTCTTACTCTCACAAA
TGG; miR-17�92 E box 2r, GCTACTGGTGCAGTTAGGTCC; miR-
106A�3631f, GAGAGGGGGAGTCCAAAATC; miR-106A�3631r, TGG
TTTCAACCAAATCCTGA; miR-106A�3632f, GACTGGAGCGCGTG
GTGTGA; miR-106A�3632r, CTCCCGTTGAAGTCCGCGAGC.

Quantitative PCR was performed using SYBR green PCR master mix
(Applied Biosystems) on a Bio-Rad CFX384 real-time PCR detection sys-
tem. Signals were normalized to input samples and expressed relative to
that for control IgG. Samples from three independent ChIP experiments
were analyzed.

Data analysis. Data are expressed as means � standard deviations
(SD). Differences between groups were analyzed by Student’s t test. Sta-
tistical significance was set as P values of �0.05, and each experiment was
performed at least three times (from three independent cell preparations)
in triplicate.

RESULTS
Microarray analysis of miRNAs in trophoblast cells reveals de-
creased expression of members of the miR-17�92 cluster and its
paralog miR-106a�363 during human trophoblast differentia-
tion. To identify miRNAs that are differentially regulated during
human trophoblast differentiation, RNA isolated from human cy-
totrophoblasts before (0 h) and after 24 and 48 h of culture was
sent to LC Sciences (Houston, TX), which carried out miRNA
microarray using quadruple replicates of the 0-h-, 24-h-, and 48-
h-of-incubation time points. We detected 16 miRs that were sig-
nificantly downregulated and 9 miRs that were significantly up-
regulated 	2-fold at both 24 and 48 h, compared to results at 0 h
(a heat map of all significantly regulated miRNAs is shown in Fig.
S1 in the supplemental material). Shown in Fig. 1A is a heat map of
several members of the miR-17�92 cluster and its paralogs miR-
106a�363 and miR-106b�25 that were found to be significantly
downregulated during human trophoblast differentiation. In the
human genome, the miR-17�92 cluster encodes six miRNAs

(miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-
1), while its paralog, the miR-106a�363 cluster, also encodes six
miRNAs (miR-106a, miR-18b, miR-20b, miR-19b-2, miR-92a-2,
and miR-363). Using TargetScan v5.1 analysis, we identified
several predicted and confirmed mRNA targets of these miRs
(Fig. 1B). ER� and SRC-3 are known targets of the miR-17�92
and miR-106a�363 clusters (35, 36). MicroRNAs in these clusters
that share similar seed sequences are grouped in Fig. 1C. miR-106a
and miR-19b are predicted to target hCYP19A1 mRNA. In previ-
ous studies, we observed that hCYP19A1 expression is highly up-
regulated during syncytiotrophoblast differentiation (5) and the
estrogens formed via the action of hCYP19A1/aromatase act in a
positive feed-forward manner through ER� to further promote
syncytiotrophoblast differentiation and the induction of hCYP19
expression (15). Furthermore, miR-19b, a member of the miR-
17�92 cluster, is also predicted to target hGCM1, a transcription
factor critical for trophoblast differentiation (18) and upregu-
lation of hCYP19I.1 promoter activity (21). As hCYP19I.1 ex-
pression increased during syncytiotrophoblast differentiation
(Fig. 1D), downregulation of several members of the miR-17�92
cluster and its paralog miR-106a�363 was confirmed in cultured
trophoblasts using TaqMan-based RT-qPCR (Fig. 1E). Interest-
ingly, JEG-3 cells, which express low levels of aromatase and are
cytotrophoblast-like, manifested significantly higher expression
of these miRNAs than syncytiotrophoblast (Fig. 1D and E). Thus,
we have clearly demonstrated that members of the miR-17�92
cluster and its paralog miR-106a�363 are highly expressed in cy-
totrophoblasts and their expression decreases as the cells differen-
tiate to form syncytiotrophoblast.

miR-106a and miR-19b negatively regulate hCYP19A1 ex-
pression via elements in its 3= UTR. Since miR-17, -20a, and
-106b are predicted to target hCYP19A1 mRNA, contain identical
seed sequences, and were significantly downregulated along with
miR-19b during syncytiotrophoblast differentiation, we initially
analyzed the effects of overexpression of miR-19b and -106a on
their predicted target, hCYP19A1. Nontargeting control (NTC) or
miRNA mimics of miR-19b or -106a were transfected into freshly
isolated placental trophoblasts. After 72 h of culture, the cells were
harvested for RNA; although TaqMan qRT-PCR analysis revealed
a 100-fold increase in either miR-19b or miR-106a expression
(data not shown), a significant decrease in hCYP19I.1 mRNA ex-
pression was observed in cells transfected with miR-19b but not in
cells transfected with nontargeting control or miR-106a (Fig. 2A).
Since miRNAs are also known to inhibit mRNA translation, we
performed immunoblot analysis of aromatase and observed that
overexpression of either miR-19b and -106a greatly decreased en-
dogenous aromatase protein expression in syncytiotrophoblast
(Fig. 2B, top panel). The immunoblot results of three independent
experiments quantitated using the software program Image J
demonstrated that these miRNAs significantly decreased aroma-
tase protein expression (Fig. 2B, bottom panel). To inhibit endog-
enous miR-19b expression, LNA scrambled control (Con) or LNA
miR-19 inhibitors were transfected into freshly isolated tropho-
blasts. After 72 h, the cells were analyzed for expression of miRNA
by TaqMan qRT-PCR analysis and aromatase protein by immu-
noblot analysis. Inhibition of miR-19b specifically decreased miR-
19b (and had no effect on miR-106a expression) and increased
aromatase protein expression compared to results for cells trans-
fected with a LNA scrambled control (Fig. 2C). Using TargetScan
prediction software, we identified 2 binding sites for miR-17, -20a,
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and -106a and one for miR-19b in the 3= UTR of hCYP19A1
mRNA, as shown in Fig. 2D. To demonstrate that miR-106a and
miR-19b directly regulate hCYP19A1 expression, we transfected a
reporter construct containing the hCYP19A1 3= UTR subcloned
downstream of the luciferase gene (LUC/CYP19) together with

miRNA mimics into JEG-3 cells and observed a significant reduc-
tion in luciferase activity compared to results for cells transfected
with nontargeting control miRNA (Fig. 2D). Notably, no reduc-
tion in luciferase activity was detected when the putative miRNA
binding sequence in the hCYP19A1 3= UTR luciferase reporter

FIG 1 Members of the miR-17�92 cluster and its evolutionary paralogs, miR-106a�363 and miR-106b�93, are downregulated during human trophoblast
differentiation. (A) Heat map of differentially expressed miRNAs. The heat map shows in green the miRNAs that were significantly downregulated during human
trophoblast differentiation. Statistical analysis of the microarray data revealed 6 miRs of the miR-17 and miR-19 families that were downregulated 	2-fold at
both 24 and 48 h compared to results at 0 h. (B) Table of the conserved putative and known mRNA targets of these miRNAs, identified using the Target Scan v5.1
software tool, that may be of importance in trophoblast differentiation. (C) miR-17, -106a, -20a, -20b, and -93, encoded in clusters on three different chromo-
somes in humans (in the upper panel, gray areas represent premiRNAs and black areas represent mature miRNAs), are members of the miR-17/20/106 family and
thus share the same seed sequence and bind the same mRNA targets. Shown as groups are different miRNA families encoded within these clusters that share
common seed sequences and thus common targets. (D) RNA from freshly isolated cytotrophoblasts before (Cyto) and after 24, 48, and 72 h of culture
(syncytiotrophoblast) and from JEG-3 cells was analyzed for hCYP19I.1 mRNA expression by SYBR green qRT-PCR. (E) TaqMan qRT-PCR analysis of miRNA
expression using RNA from freshly isolated cytotrophoblasts before (Cyto) and after 24, 48, and 72 h of culture (syncytiotrophoblast) and from JEG-3 cells.
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construct was mutated (LUC/CYP19mut) (Fig. 2D). These data
suggest that hCYP19A1 expression is negatively regulated in hu-
man trophoblasts via direct interaction of both miR-106a and
miR-19b miRNA response elements in the hCYP19A1 3= UTR.

miR-19b negatively regulates hGCM1 expression via ele-
ments in its 3= UTR. As mentioned, GCM1 is a transcription fac-
tor critical for trophoblast differentiation and fusion (18), as well
as hCYP19I.1 expression (21). Accordingly, we observed that
hGCM1 protein expression increased rapidly in cultured human

trophoblasts, reaching peak levels at 24 h. Although GCM1 ex-
pression declined at later time points, it remained at markedly
higher levels than in the cytotrophoblasts prior to culture (Fig. 3A).
Since miR-19b is predicted to target hGCM1, mimics of miR-19b,
-106a, or NTC were transfected into freshly isolated human tro-
phoblasts. After 72 h of culture, the cells were harvested and ana-
lyzed for hGCM1 mRNA and protein. While qRT-PCR analysis
revealed no change in hGCM1 mRNA expression, overexpression
of miR-19b and -106a mimics caused a significant decrease in

FIG 2 miR-106a and miR-19b negatively regulate hCYP19 expression via elements in its 3= UTR during trophoblast differentiation. (A and B) Nontargeting
control (NTC) or miRNA mimics of miR-19b or -106a were transfected into freshly isolated placental trophoblasts. After culture for 72 h, the cells were analyzed
for the expression of hCYP19I.1 mRNA (A) or for the aromatase protein by immunoblot analysis (B, top panel). The immunoblot results of three independent
experiments were quantitated using Image J and corrected for loading and transfer using �-actin (B, bottom panel). (C) LNA scrambled control (Con) or LNA
miR-19 inhibitors were transfected into freshly isolated trophoblasts. After 48 h, the cells were analyzed for expression of miRNA by TaqMan qRT-PCR analysis
and for the aromatase protein by immunoblot analysis. (D) The 3= UTR of hCYP19A1 mRNA was cloned downstream of the luciferase gene in the pMIR-
REPORT luciferase plasmid. Reporters in which the putative miR-19b or miR-106a binding sites, shown within the 3= UTR, were mutated also were constructed.
JEG3 cells were transfected either with an “empty” pMIR-REPORT luciferase plasmid (LUC) or with pMIR-REPORT-LUC containing the 3= UTR of the
hCYP19A1 gene with wild-type (LUC-CYP19) or mutated (LUC-CYP19mut) sequences corresponding to the miR-19b (left panel) or 106a (right panel) binding
sites. Nontargeting control (NTC) or miRNA mimics of miR-19b or miR-106a and a plasmid expressing �-Gal to correct for transfection efficiency were
cotransfected. Forty-eight hours after transfection, cells were harvested and luciferase and �-Gal activities were measured.
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FIG 3 hGCM1 is rapidly induced during syncytiotrophoblast differentiation; miR-19b negatively regulates hGCM1 expression in cytotrophoblasts via elements
in its 3= UTR. (A) Nuclear proteins extracted from cytotrophoblasts (Cyto) or syncytiotrophoblast after 24, 48, and 72 h of culture were analyzed by immuno-
blotting using antiserum to hGCM1 or lamin A/C (catalog no 05-714; Upstate, Lake Placid, NY) as a loading control. (B and C) Nontargeting control (NTC) or
miRNA mimics of miR-19b or -106a were transfected into freshly isolated placental trophoblasts. After culture for 72 h, the cells were analyzed for the expression
of hGCM1 and hCG� mRNA (B) or for hGCM1 protein by immunoblot analysis (C, upper panel). The immunoblot results of three independent experiments
were quantitated using the Image J program (C, lower panel). (D) LNA scrambled control (Con) or LNA miR-19 inhibitors (19b inh) were transfected into freshly
isolated trophoblasts. After 48 h, the cells were analyzed for expression of the GCM1 protein by immunoblot analysis. (E) The 3= UTR of hGCM1 mRNA was
cloned downstream of the luciferase gene in the pMIR-REPORT luciferase plasmid (upper panel). A reporter in which the miR-19b binding site within the 3=
UTR was mutated was also constructed. JEG3 cells were transfected with either an “empty” pMIR-REPORT luciferase plasmid (LUC) or with pMIR-REPORT-
LUC containing the 3= UTR of hGCM1 with a wild-type (LUC-GCM1) or mutated (LUC-GCMmut) miR-19b binding site. Nontargeting control (NTC) or
miRNA mimics of miR-19b and a plasmid expressing �-Gal to correct for transfection efficiency were cotransfected. Forty-eight hours after transfection, cells
were harvested and luciferase and �-Gal activities were analyzed (lower panel).
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human chorionic gonadotropin � (hCG�) mRNA, a marker of
syncytiotrophoblast differentiation (Fig. 3B). However, immuno-
blot analysis revealed that overexpression of miR-19b but not
miR-106a markedly decreased endogenous hGCM1 protein ex-
pression in syncytiotrophoblast (Fig. 3C, top panel). The inhibi-
tory effect of miR-19b on hGCM1 protein expression was con-
firmed by Image J analysis of immunoblots from three
independent experiments (Fig. 3C, bottom panel). In contrast,
transfection of cultured human trophoblasts with the LNA miR-
19b inhibitor increased GCM1 protein expression in cells com-
pared to that in cells transfected with LNA scrambled control
(Con) (Fig. 3D). Thus, miR-19b targets hGCM1 in human tro-
phoblasts. While hCG� is not a predicted target of these miRNAs,
its expression was probably decreased by miR-19b and miR-106a
transfection as a consequence of reduced expression of either
hGCM1 or hCYP19.

To demonstrate that miR-19b directly targets hGCM1 mRNA,
we transfected a hGCM1 3= UTR luciferase reporter construct
(LUC/GCM) together with miRNA mimics into JEG-3 cells and
observed a significant reduction in luciferase activity in cells
cotransfected with miR-19b, compared to that in cells cotrans-
fected with nontargeting control (Fig. 3E). On the other hand, no
reduction in luciferase activity was detected upon cotransfection
of miR-19b when the putative miR binding sequence in the
hGCM1 3= UTR luciferase reporter construct was mutated (LUC/
GCMmut) (Fig. 3E). These findings suggest that hGCM1 expres-
sion is translationally suppressed in human cytotrophoblasts by
increased levels of miR-19b binding to a response element in its
3= UTR.

hGCM1 is required for hCYP19 and hCG� expression in tro-
phoblasts. Having established that miR-19b directly targets
hGCM1 expression in human trophoblasts, we further investi-
gated the functional role of endogenous hGCM1. While cotrans-
fection studies in a choriocarcinoma cells line indicated that
hCYP19I.1 promoter activity was upregulated by hGCM1 (21), a
role for endogenous hGCM1 in the regulation of hCYP19A1 in
primary human syncytiotrophoblast has yet to be established.
Therefore, we utilized an RNA interference approach to knock
down hGCM1. Two different lentivirus constructs carrying
hGCM1-targeting shRNA (GCM shRNA) were used to infect
freshly isolated human cytotrophoblasts at a multiplicity of infec-
tion (MOI) of 0.5 and 1.0. Parallel dishes of cells were infected
with lentiviruses expressing a nontargeting shRNA, as a control.
After 72 h of culture, a significant knockdown in hGCM1 mRNA
and protein expression was observed. This was associated with a
corresponding decrease in hCYP19I.1 and hCG� mRNA expres-
sion, compared to results for cells infected with control lentivirus
(Fig. 4A). A decrease in endogenous hGCM1 protein in cells in-
fected with lentiviruses expressing hGCM1 shRNA was confirmed
by immunoblot analysis (Fig. 4B). These findings clearly identify
an essential role for hGCM1 in regulating hCYP19I.1 and hCG�
expression during human trophoblast differentiation and suggest
that miR-19b-mediated repression of hGCM1 in cytotrophoblasts
contributes to suppression of hCYP19I.1 and hCG� expression.

c-Myc upregulates miR-17�92 and miR-106a�363 expres-
sion in cultured human trophoblasts. c-Myc belongs to a family
of helix-loop-helix/leucine zipper transcription factors and to-
gether with its obligatory binding partner, Max, regulates cell pro-
liferation, transformation, growth, differentiation and apoptosis
(37). Increased c-Myc expression is evident in the proliferative

cytotrophoblasts of human placenta (38). Interestingly, studies
have shown that c-Myc directly binds and activates expression of
the miR-17�92 cluster in immortalized B lymphocytes (P493-6
cells) stably expressing a tetracycline-regulated c-Myc transgene
(39). Thus, we explored a role for c-Myc in differentiation of
human primary trophoblast cells in culture. During tropho-
blast differentiation, c-Myc mRNA (Fig. 5A) and protein ex-
pression (Fig. 5B) were markedly decreased. To determine
whether c-Myc overexpression in cultured trophoblast cells al-
tered expression of miR-17�92 and miR-106a�363 family
members and whether this occurred at the transcriptional level,
freshly isolated cytotrophoblasts were infected with recombinant
adenoviruses expressing c-Myc or �-Gal, as control, and cultured

FIG 4 hGCM1 serves an important role in hCYP19 and hCG� expression
during differentiation of human trophoblasts in culture. (A) Freshly isolated
human cytotrophoblasts were infected with lentiviral vectors carrying GCM1-
targeting shRNA (shGCM) or control shRNA (shCon). Other dishes of cells
were untreated (�). RNA was isolated 72 h later, and hCYP19I.1, GCM1, and
hCG� mRNA levels were analyzed by qRT-PCR; RPLP0 was used as the refer-
ence. (B) Nuclear proteins (20 
g) extracted from syncytiotrophoblast after 72
h of culture were analyzed for hGCM1 or �-actin by immunoblotting using
specific antisera.
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FIG 5 Overexpression of c-Myc in human trophoblast cells increases expression of the miR-17�92 cluster and decreases expression of hCYP19I.1/aromatase
and hCG�. (A and B) RNA and protein isolated from freshly isolated cytotrophoblasts (Cyto) and after 24, 48, and 72 h of culture (syncytiotrophoblast) were
analyzed for c-Myc mRNA expression by SYBR green qRT-PCR (A) or protein by immunoblot analysis (B). (C to E) Freshly isolated human cytotrophoblasts
were infected with adenoviruses expressing c-Myc or �-Gal, as a control. Other dishes of cells were untreated (�). RNA was isolated 24, 48, and 72 h later;
expression of mature miRNAs in the miR-17�92 and miR-106a-363 clusters (C) or pri-miR-17�92 transcripts (D) was analyzed by TaqMan-based qPCR; U6
RNA was used as a reference. hCYP19I.1, hCG�, and c-Myc mRNA levels were analyzed by SYBR green qRT-PCR; RPLP0 was used as the reference (E).
Aromatase and GCM1 protein expression was analyzed by immunoblot analysis in cells infected with c-Myc adenovirus and transfected with either LNA
scrambled control or LNA miR19b inhibitor (19b Inh) (F).
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for 24, 48, or 72 h. Effects of c-Myc overexpression on levels of
mature miRNAs in the miR-17�92 and miR-106a�363 clusters
was analyzed, as was expression of pri-miR-17�92. Expression of
hCYP19I.1, hCG�, and c-Myc mRNA levels was also analyzed by
qRT-PCR. As can be seen in Fig. 5C, c-Myc overexpression signif-
icantly increased mature miR-17, -19, -20a, and -106a expression
after 48 h and 72 h of culture. Notably, increased expression of
pri-miR-17�92 was evident within 24 h of culture in cells over-
expressing c-Myc (Fig. 5D), indicating that c-Myc transcription-
ally activates expression of the miR-17�92 cluster. Importantly,
this was associated with a marked inhibition of hCYP19I.1 and
hCG� expression (Fig. 5E), suggesting that increased c-Myc ex-
pression in cytotrophoblasts upregulates miR-17�92 and miR-
106a�363 cluster expression, which in turn blocks the induction
of hCYP19I.1 and hCG�. Since hCYP19I.1 mRNA levels also were
inhibited within 24 h of culture in cells overexpressing c-Myc, it
remains possible that c-Myc also directly represses hCYP19A1
gene expression. However, when the cMyc-transduced cells were
cotransfected with the miR-19b inhibitor, aromatase and GCM1
protein expression was greater than that observed with c-Myc
alone (Fig. 5F). This suggests that c-Myc repression of GCM1 and
aromatase expression in the cultured trophoblasts is mediated in
part via induction of the miR-17-92 cluster expression. When hu-
man trophoblasts were transfected with c-Myc small interfering
RNA (siRNA) to knock down endogenous c-Myc expression, sig-
nificant decreases in expression of mature miR-17, -19b, -20a, and
-106a, as well as pri-miR-17-92, were observed after 72 h of cul-
ture (see Fig. S3 in the supplemental material).

To determine whether c-Myc increases miR-17�92 and miR-
106a�363 expression by directly binding to the genomic regula-
tory regions, we performed ChIP assays with human trophoblasts
before and after differentiation in culture. Chromatin was cross-
linked in cells before culture (0 h), after 5 h (a time point at which
we previously observed early chromatin modifications associated
with differentiation) (15), or after 72 h of culture, when the cells
have differentiated to form syncytiotrophoblast. After immuno-
precipitation with anti-c-Myc antibody or control IgG, PCR was
carried out using primers that amplify two genomic regions con-
taining E boxes within intron I of MIR17HG, the gene coding for
the miR-17�92 cluster (Fig. 6A), that are conserved between hu-
man and mouse and that have been previously demonstrated to
recruit c-Myc (39). We also identified putative c-Myc binding
sites upstream of the miR-106a�363 genomic cluster (Fig. 6C)
and designed primers to amplify two of these regions. Using ChIP,
we observed increased binding of endogenous c-Myc (relative to
the IgG control) to E box 1 within the miR-17�92 cluster genomic
region (Fig. 6B) in freshly isolated cytotrophoblasts; relative bind-
ing activity markedly declined after 5 h of culture and was unde-
tectable by 72 h. No specific c-Myc binding to E-box 2 was ob-
served. Increased binding of endogenous c-Myc (relative to the
IgG control) to the MIR106A1 region upstream of the miR-
106a�363 cluster in freshly isolated cytotrophoblasts also was ob-
served (Fig. 6D); again, c-Myc binding declined rapidly and was
undetectable after 5 h of culture. Binding of endogenous c-Myc to
the MIR106A2 genomic region was undetectable at any time
point. These findings provide strong evidence that these miRNAs
are directly upregulated by c-Myc in cytotrophoblasts; as c-Myc
expression decreases upon trophoblast differentiation, expression
of the miR-17�92 and miR-106a�363 clusters declines, releasing
repression of their target genes.

Overexpression of miR-106a and miR-19b in cytotropho-
blasts prevents trophoblast differentiation. Since overexpres-
sion of miR-19b and miR-106a in trophoblasts inhibited expres-
sion of their direct targets, hGCM1 and hCYP19, as well as hCG�,
a critical marker of trophoblast differentiation, we next examined
the morphology of the human trophoblasts in which these
miRNAs were overexpressed. Freshly isolated human cytotropho-
blasts were transfected with nontargeting control (NTC) or with
mimics of miR-19b or -106a. After 72 h of culture, the cells were
stained with hematoxylin and eosin and viewed by light micros-
copy. When the cells were transfected with NTC miRNA, there
was clear syncytium formation; however, when cells were trans-
fected with either miR-106a or miR-19b, syncytium formation
was markedly reduced (Fig. 7A). The Image J program was used to
quantify the percentage of syncytiotrophoblasts compared to the
total number of cells; statistical analysis indicated that miR-106a
and miR-19b transfection significantly decreased syncytium for-
mation (Fig. 7B). c-Myc overexpression decreased syncytium for-
mation, while in the presence of miR19b inhibitors, this inhibition
was prevented (see Fig. S4 in the supplemental material). This
effect of miR-19b inhibitor may be due to increased expression of
GCM1 in the cultured cells (Fig. 3D).

Expression of miR-106a and miR-19b and of the hCYP19/
aromatase protein in placentas from preeclamptic and gesta-
tion-matched normotensive women. In consideration of the po-
tential roles of the miR-17�92 and miR-106�363 clusters in
human trophoblast differentiation and the impairment of tropho-
blast differentiation in preeclampsia, we next investigated expres-
sion of members of these miRNA clusters and their targets,
hCYP19A1 and hGCM1, in placentas of preeclamptic and normo-
tensive women near term. RNA and protein from term placentas
of 8 preeclamptic and 8 gestation-matched normotensive women
were analyzed for miR-106a and miR-19b expression using Taq-
Man-based qPCR; aromatase/CYP19A1 and hGCM1 protein ex-
pression were analyzed by immunoblotting. We observed signifi-
cantly higher levels of miR-106a and -19b expression in placentas
from preeclamptic women than in placentas from gestation-
matched normotensive women (Fig. 8A). Correspondingly, aro-
matase and hGCM1 protein expression in protein extracts of pre-
eclamptic placentas compared to that in normotensive placentas
was significantly decreased (Fig. 8B and C). However, expression
of CYP19A1 and hGCM1 mRNA was not significantly altered (see
Fig. S5 in the supplemental material). These findings suggest that
aberrant expression of members of the miR-17�92 and miR-
106a�363 clusters may contribute to the pathogenesis of pre-
eclampsia.

DISCUSSION

In this study, we have analyzed the miRNA profile of cytotropho-
blasts versus that of syncytiotrophoblast and demonstrated that
members of the miR-17�92 cluster and its paralogs, the miR-
106a�363 and miR-106b�25 clusters, are expressed at relatively
high levels in rapidly proliferating cytotrophoblasts and that their
expression declines in association with syncytiotrophoblast differ-
entiation (Fig. 1). The miR-17�92 cluster, also known as oncomir
1, is among the most potent of oncogenic miRNAs (28, 40, 41). It
is overexpressed in a variety of human cancers, including lung
carcinomas, B-cell lymphomas, and retinoblastomas (42–44).
Overexpression is frequently due to amplification of its locus (44).
These miRNAs are known to contribute to tumorigenesis by tar-
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geting the cyclin-dependent kinase inhibitor CDKN1A (p21), a
potent negative regulator of the G1-S checkpoint; thus, increased
expression of these miRNAs enhances cell cycle progression (45).
miR-19 also targets PTEN, a critical negative regulator of the
highly oncogenic prosurvival P13K/Akt signaling pathway (46).
Thus, it is likely that the relatively high levels of expression of all
three miRNA clusters observed in human cytotrophoblasts pro-
motes their proliferation and prevents syncytiotrophoblast differ-
entiation. Notably, a subset of cytotrophoblasts in placental villi
have been equated to tumor cells because they rapidly proliferate,
invade maternal blood vessels, and form aggregates that attach the
fetus to the maternal uterine wall (47). Thus, our findings further
support the concept that cytotrophoblasts share properties with

tumor cells in their similarly high expression levels of these
miRNAs.

Despite these well-studied actions of the miR-17�92 cluster in
tumorigenesis, a role for miRNAs in this cluster during normal
development also has been established. Loss of function of the
miR-17�92 cluster in mice resulted in smaller embryos and post-
natal death associated with lung hypoplasia, cardiac defects, a
block in B-cell development, and abnormal skeletal mineraliza-
tion and patterning (48). While mice lacking the miR-106a�363
cluster do not manifest any phenotypic abnormalities, embryos
that are doubly deficient in both the miR-17�92 and miR-
106a�363 clusters die prior to embryonic day 15.5 (E15.5), sug-
gesting that these miRNAs functionally cooperate (48). The miR-

FIG 6 Endogenous c-Myc binds to genomic regions of the miR-17�92 and miR-106a�363 clusters; binding declines with syncytiotrophoblast differentiation.
(A and C) Schematic representations of genomic regulatory regions of the miR-17�92 (A) or miR-106a�363 (C) clusters containing putative c-Myc binding
sites. (B and D) Human cytotrophoblasts before (0 h) and after culture for 5 h or 72 h were treated with 1% formaldehyde and subjected to ChIP analysis using
c-Myc IgG or nonimmune IgG, as a control. The immunoprecipitated complexes were quantified by PCR using specific primers designed to amplify putative
c-Myc response elements, as indicated by the arrows in the diagrams in panels A and C. The ChIP data were normalized to input data and expressed relative to
nonspecific IgG. Error bars represent standard errors from three independent experiments, each conducted in triplicate. �, significantly different (P � 0.05) from
results for IgG.
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17�92 cluster is highly expressed in embryonic lung, and
expression decreases toward term. Moreover, overexpression of
these miRNAs in lung epithelium of transgenic mice resulted in
severe developmental defects with enhanced cell proliferation and
inhibition of epithelial cell differentiation (49). The miR-17�92
cluster also was found to be downregulated in myeloid progeni-
tors undergoing macrophage differentiation (50), and studies of
developing mouse embryos suggest that the miR-17�92 cluster
inhibits stem cell differentiation (51).

In the present study, we have clearly established that members
of the miR-17�92 and miR-106a�363 clusters are highly ex-
pressed in cytotrophoblasts and that expression declines upon ter-
minal differentiation to syncytiotrophoblast. Members of these
miR clusters were found to target hCYP19A1/aromatase (Fig. 2)
and hGCM1 (Fig. 3) directly, and their overexpression in cytotro-
phoblasts prevented syncytiotrophoblast differentiation (Fig. 7).
Our novel findings indicate that miR-106a and miR-19b can both
directly target hCYP19A1, while miR-19b directly targets hGCM1.
Since miR-17, -20a, -20b, -106a, -106b, and -93 all share the same
seed sequence, whereas miR-19a and miR-19b share a different
seed sequence, they all can be expected to target hCYP19A1 and
may cooperatively promote hCYP19A1 gene repression. More-
over, we confirmed that miR-17 also exerts an effect similar to that
of miR-106a to target aromatase protein expression and inhibit
trophoblast differentiation (see Fig. S2 in the supplemental mate-
rial).

GCM1 functions as an important transcription factor during
formation of the mouse labyrinth; fusion of chorion trophoblast
cells to form syncytiotrophoblast was blocked when GCM1 was
ablated (17). Our results indicate that knockdown of hGCM1 in
cultured human trophoblasts inhibits the induction of hCYP19I.1
and hCG� (Fig. 4), known markers of trophoblast differentiation.
Moreover, miRNA overexpression mimicked the effects of
hGCM1 knockdown by inhibiting trophoblast differentiation
(Fig. 3). Notably, miR-18a and miR-19a also target and repress
expression of estrogen receptor � (ER�) and were found to inhibit
neuroblast differentiation (52). In previous studies, we observed

that ER� is expressed in human trophoblasts and was upregulated
during differentiation in culture (15). Furthermore, estrogens act-
ing via ER� upregulated hCYP19A1 expression and contributed to
trophoblast differentiation in a positive feed-forward manner
(15). Thus, the miR-17�92 and miR-106a�363 clusters may also
inhibit trophoblast differentiation by inhibiting ER� expression
in cytotrophoblasts. Another studied target of the miR-17/20/106
family is steroid receptor coactivator 3 (SRC-3), which serves as a
coactivator for several nuclear receptors and other transcription
factors, including ER� (35). Although we have yet to establish a
functional role for SRC-3 in human trophoblasts, we observed
that SRC-3 mRNA levels were upregulated in association with
syncytiotrophoblast differentiation and the decline in miR-17�92
expression (see Fig. S6 in the supplemental material). Moreover,
SRC-2 and SRC-3 have been reported to act cooperatively to pro-
mote mouse labyrinthine trophoblast development (53). Conse-
quently, multiple miRNAs of the miR-17�92 and miR-106a�363
clusters may converge to inhibit trophoblast differentiation by
targeting several key mRNA targets.

The c-myc proto-oncogene encodes a basic helix-loop-helix
leucine zipper transcription factor that modulates diverse cellular
processes, including proliferation, growth, apoptosis, and differ-
entiation (37). In human placenta, c-Myc was observed to peak at
4 to 5 weeks of gestation and to be highly expressed in the prolif-
erating cytotrophoblasts (38). In the present study, we detected
relatively high levels of c-Myc mRNA and protein expression in
freshly isolated cytotrophoblasts, which declined upon syncy-
tiotrophoblast differentiation in culture (Fig. 5A and B). Elevated
expression of the miR-17�92 and miR-106a�363 clusters in cy-
totrophoblasts was associated with increased binding of endoge-
nous c-Myc to a previously identified conserved region in the first
intron of the miR-17�92 cluster (39) (Fig. 6B) and to a genomic
region upstream of the miR-106a�363 cluster identified in the
present study (Fig. 6C). Endogenous c-Myc binding to these
genomic regions declined rapidly within 5 h of culture. While
elevated c-myc mRNA expression was still evident at 24 h (Fig. 5A), a
pronounced reduction in c-Myc protein levels was evident at this

FIG 7 Overexpression of miR-106a and miR-19b in cytotrophoblasts prevents trophoblast differentiation. Nontargeting control (NTC) or miRNA mimics of
miR-19b or -106a were transfected into freshly isolated placental trophoblasts. (A) After 72 h of culture, the cells were stained with hematoxylin and eosin and
viewed by light microscopy to assess syncytiotrophoblast formation. (B) Image J was used to quantify the percentage of syncytiotrophoblasts relative to total cell
number in 10 different fields from two independent experiments performed in duplicate. �, significantly (P � 0.05) decreased compared to results for cells
transfected with NTC.
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time point (Fig. 5B). Several posttranslational modifications, in-
cluding phosphorylation, acetylation, and ubiquitylation of
c-Myc, are known to control its transcriptional activity (54); one
or more of these modifications may be responsible for the rapid
decline in DNA binding activity to the miR-17�92 and miR-
106a�363 clusters. Notably, targeted deletion of the c-myc gene in
mice resulted in apparent placental defects by E10.5, with mark-
edly decreased cell proliferation and inhibition of branching mor-
phogenesis (55).

c-Myc has been shown to directly activate transcription of the
miR-17�92 cluster (39) and thereby promote cell proliferation,
survival, angiogenesis, and metabolic reprogramming in a num-
ber of tumor cell lines (56). In cultured human trophoblasts, we
found that c-Myc overexpression upregulated miR-17�92 and
miR-106a�363 transcription (Fig. 5C). Thus, our findings sup-
port the important role of c-Myc in the increased transcription of
the miR-17�92 and miR-106a�363 clusters in proliferating cy-
totrophoblasts, thereby suppressing translation of CYP19A1 and
hGCM1 and inhibiting trophoblast differentiation (Fig. 9).

Preeclampsia, characterized by the onset of hypertension and
proteinuria after 20 weeks of gestation, affects 6 to 8% of all preg-
nancies in the United States and is a leading cause of maternal and

neonatal morbidity and mortality (57–59). In preeclampsia, the
placenta is relatively hypoxic and cytotrophoblast differentiation
into invasive cells is inhibited. Thus, fewer arterioles are invaded,
and O2 availability to the hormone-producing syncytiotropho-
blast is reduced (60). Recently it was observed that miR-17, -20a,
and -20b, encoded within the miR-17�92 cluster, were signifi-
cantly increased in placentas of preeclamptic women and that
these miRNAs directly target Eph receptor B4 (EPHB4) and eph-
rin B2 (61), which are critical for vascular patterning and tropho-
blast invasion during placentation (62). In another study, miR-
18a and -19a were among 22 miRNAs significantly upregulated in
preeclamptic placentas (63). Importantly, in the present study, we
observed that miR-106a and miR-19b were expressed at higher
levels in placentas of preeclamptic women than in placentas of
gestation-matched normotensive women (Fig. 8A). Elevated ex-
pression of these miRNAs may reflect upregulated expression of
the miR-17�92 and miR-106a�363 clusters and/or a relative in-
crease in the proportion of undifferentiated cytotrophoblasts in
preeclamptic placentas. Since our primary cell culture studies sug-
gest that increased miR-17�92/106a�363 expression prevents
syncytiotrophoblast differentiation, it may be difficult to clearly
establish a cause-effect relationship.

FIG 8 Differential expression of miRNAs, hCYP19, and hGCM1 in placentas from preeclamptic and gestation-matched normotensive women. RNA and protein
were isolated from placentas of 8 preeclamptic and 8 term gestation-matched normotensive women and measured for miRNA expression by TaqMan-based PCR
(A) or for hCYP19A1/aromatase and hGCM1 protein expression by immunoblotting (B and C, left panels). These immunoblot results were quantitated using
Image J and corrected for loading and transfer using GAPDH (B, right panel) or actin (C, right panel). �, significantly (P � 0.05) different from results for the
normotensive group.
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While the molecular basis for placental dysregulation in pre-
eclampsia remains unclear, our findings indicate that increased
miR-106a and -19b expression in preeclamptic placentas was as-
sociated with decreased expression of aromatase (Fig. 8B). Impor-
tantly, placental aromatase deficiency has been found in women
with preeclampsia (64), and a hCYP19A1 gene polymorphism as-
sociated with decreased aromatase levels has been reported to oc-
cur more commonly in preeclamptic patients (65). Notably,
hGCM1, which we also found to be a target of miR-19b, was found
to be markedly decreased in placentas of women with preeclamp-
sia (66). We also observed decreased GCM1 protein levels in pla-
centas from preeclamptic women (Fig. 8C). Moreover, reduced
GCM1 expression in mouse placenta was associated with defective
syncytiotrophoblast differentiation and pregnancy outcomes re-
sembling preeclampsia in women (67). In light of our important
findings and to further understand the significance of increased
miRNA expression in preeclampsia, our future work will include
analysis of clinical endpoints of preeclampsia in a transgenic
mouse model of miR-17�92 overexpression.

In summary, the present findings provide evidence for a critical
inhibitory role of a c-Myc/miR-17�92/-106a�363 signaling
pathway in the regulation of syncytiotrophoblast differentiation
and the expression of hGCM1 and hCYP19A1 in human placenta
(Fig. 9). Early in the first trimester, when the placenta is poorly
vascularized and relatively hypoxic, c-Myc expression is elevated,
resulting in increased transcription of the miR-17�92 and miR-
106a�363 clusters. We suggest that elevated expression of c-Myc
and these miRNA clusters in cytotrophoblasts promotes “stem-
ness,” exemplified by increased expression levels of the stem cell
factor, achaete-scute homologous protein 2 (ASCL2/Mash-2) (3).
Increased expression of these miRNA clusters may promote in-
creased cytotrophoblast proliferation via targeting of p21 (45) and
suppression of hGCM1 and hCYP19A1 to block syncytiotropho-
blast differentiation. After 9 to 10 weeks of gestation, increased
cytotrophoblast invasion of the spiral arteries results in increased
placental perfusion and enhanced oxygen tension. This is associ-
ated with suppression of ASCL2 and c-Myc expression and de-
creased expression of the miR-17�92/106a�363 clusters, which
permits upregulation of hGCM1 to promote syncytiotrophoblast
differentiation and increased hCYP19A1 expression. We suggest

that aberrant regulation of this novel signaling pathway interferes
with normal induction of trophoblast differentiation that may
contribute to the pathogenesis of preeclampsia.
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