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and Reducing TGF-b Signaling
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The study investigated the regulation of Smad2 by miR-18a
and its role in preeclampsia (PE). Bioinformatics analysis
showed that both Smad2 and Smad3 were the predicted tar-
gets for miR-18a. Mass spectrum analysis showed that two
mature Smad2 isoforms existed in human placenta: full
length, Smad2(FL), and that lacking exon3, Smad2(Dexon3).
The protein level of Smad2(FL), but not Smad2(Dexon3) or
Smad3, was significantly increased in severe PE (sPE)
placenta, which was inversely correlated with the level of
miR-18a. Elevated Smad2(FL) phosphorylation level ap-
peared in sPE placenta, and Smad2 was colocalized with
miR-18a in various subtypes of trophoblasts in human
placenta. Smad2(FL) was validated as the direct target of
miR-18a in HTR8/SVneo cells. miR-18a enhanced tropho-
blast cell invasion, which was blocked by the overexpression
of Smad2(FL). Furthermore, overexpression of miR-18a
repressed Smad2 activation and the inhibition of trophoblast
cell invasion by transforming growth factor-b (TGF-b). In
conclusion, our results suggest that miR-18a inhibits the
expression of Smad2(FL), but not Smad2(Dexon3) or
Smad3, which can reduce TGF-b signaling, leading to the
enhancement of trophoblast cell invasion. A lack of miR-
18a, which results in the upregulation of Smad2(FL), contrib-
utes to the development of PE.
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INTRODUCTION
Preeclampsia (PE) is a multisystem disorder that affects about
2%–7% pregnancies worldwide and is considered one of the
leading causes of maternal and neonatal mortality as well as
morbidity.1,2 Although the etiology and the pathogenesis of PE
are not well understood, it is generally accepted that placental
defects, especially the dysregulation of the trophoblast behaviors,
are the underlying mechanisms that lead to the disease. For
instance, reduced trophoblast proliferation, excessive trophoblast
cell apoptosis, as well as the insufficient trophoblast invasion
have all been linked to the occurrence and the development
of PE.3,4
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MicroRNAs (miRNAs) are a subset of small, noncoding RNAs that
are involved in numerous important biological events.5 A major
mechanism by which miRNAs regulate gene expression is the partial
base pairing to the 30 untranslated region (30 UTR) of the target
mRNAs to repress their translation and/or to induce their degrada-
tion.6 Our7 and others’8,9 previous work have demonstrated that a
great number of miRNAs are differentially expressed in PE placentas,
and some of these differentially expressed miRNAsmay participate in
the regulation of various trophoblast cell functions.7,10,11 miR-18a is
predominantly downregulated in placental tissues and maternal
plasma of patients with PE and is mainly localized in the various sub-
types of trophoblast cells in the placenta.7 A series of in vitro and
in vivo studies have demonstrated that miR-18a plays an important
role in different cell functions via downregulating FGF1, Smad4,
HIF-1a, and other target genes.12–14 Therefore, elucidation of the un-
derlying mechanisms by which miR-18a regulates the functions of
trophoblast cells may provide a better understanding of the patho-
physiology of this disorder and uncover new targets for therapeutic
intervention.

With the use of bioinformatics tool Targetscan,15,16 we found that
Smad2 and Smad3 were both among the most predicted targets of
miR-18a. Smad2 and Smad3 are both central cytoplasmic mediators
that can be activated by transforming growth factor-b (TGF-b) and
its specific serine/threonine kinase receptors.17,18 TGF-b is a pleio-
tropic factor that plays essential roles in regulating numerous
physiological and pathological processes.19 Furthermore, it is highly
expressed in PE placentas,20,21 and the dysregulation of its signaling
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://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2020.09.019
mailto:wangyl@ioz.ac.cn
mailto:yangaogi@163.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2020.09.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


www.moleculartherapy.org
pathway is responsible for the dysfunction of trophoblast cells and the
pathophysiology of PE.21–27 We therefore speculated that miR-18a
interferes with the TGF-b signaling in PE placentas via targeting
Smad2 and/or Smad3.

Smad2 is composed of 12 exons, and exon3 is spliced out in about 10%
of Smad2 in several human tissues, including heart and placenta.28

There exists two mature Smad2 isoforms in human placenta: full-
length Smad2, Smad2(FL), and Smad2 lacking exon 3, Smad2(-
Dexon3). Perhaps due to the specificity of the antibody and/or the pro-
tein extraction method,29 our previous work just detected the expres-
sion patterns of the Smad2(FL) in human placenta.7 Despite that more
than 90% sequences are similar between Smad2(FL) and Smad2(-
Dexon3), these two proteins have different expression patterns and dis-
tinguishing function features in several pathologies.29,30 However, the
expression pattern and function of these two Smad2 isoforms in severe
PE (sPE) placenta remain unknown.

In the present study, based on the evidence noted above, we have pro-
posed that miR-18a regulated trophoblast cell function by targeting at
one or more of the Smad proteins, which impaired the TGF-b
signaling and led to the disease. To test our hypothesis, we used
human trophoblast cell line HTR8/SVneo to investigate whether
miR-18a attenuated the TGF-b signaling and inhibited the expression
of Smad protein(s), the disturbance of which favors the disease
development.

RESULTS
miR-18a Was Significantly Downregulated in the Chorionic

Plates, but Not the Basal Plates of the sPE Placentas

With the use of quantitative real-time PCR technology, we exam-
ined pri-miR-18a and miR-18a expression levels in the control and
sPE placentas. The levels of pri-miR-18a and miR-18a were signif-
icantly downregulated in the chorionic plates (Figures 1A and 1C)
but not in the basal plates (Figures 1B and 1D) of the sPE
placentas.

The Expression Pattern of Placental miR-18a at Different

Gestational Stages during Normal Gestation

The expression pattern of miR-18a at different gestational stages of
normal pregnancy was examined by quantitative real-time PCR. At
least 3 samples were collected and analyzed in each gestational
week. As shown in Figure 1E, the level of miR-18a during
gestational weeks 8–10 was significantly higher than that at gesta-
tional weeks 6–7, and the level of miR-18a began to decrease
after gestational week 10. The level of miR-18a at mid-term and
term was significantly decreased compared to that at gestational
weeks 6–7.

Expressions of Smad2(FL) and Phosphorylated (p)-Smad2(FL)

Proteins Are in Inverse Correlation with miR-18a in sPE

Placentas

We compared the expression levels of Smad2(FL), Smad2(Dexon3),
and Smad3 in placentas from 13 sPE patients and 32 normal pregnant
women, both at mRNA and protein levels. The mRNA expression of
Smad3, Smad2(FL), and Smad2(Dexon3) had no obvious difference
between sPE and control placentas in neither chorionic nor basal
plates (Figures 2A, 2B, 3A, and 3B). The protein levels of Smad3
and Smad2(Dexon3) also exhibited no significant difference in sPE
and normal placentas in either chorionic or basal plates (Figures
2C, 2D, 3C, and 3D). However, the Smad2(FL) protein level was
increased in the chorionic plate, but not basal plates, of sPE placentas
(Figures 3C and 3D). Interestingly, the p-Smad2(FL) protein level in
the sPE placentas was also significantly increased in the chorionic
plate but not the basal plates. There were no significant differences
of the p-Smad2(Dexon3) between normal and sPE placentas either
in the chorionic plate or in the basal plate (Figures 3E and 3F).
p-Smad2(Dexon3) and Smad2(Dexon3) could not be detected in
the Htr8/SVneo cells (Figure 3C–3F).

A correlation analysis of miR-18a concentration and Smad2(FL)
(or p-Smad2(FL)) level was also performed accordingly. The data
revealed an inverse correlation between miR-18a and Smad2(FL)
(or p-Smad2(FL)) expression in the placental chorionic but not in
the basal plates of the studied individuals (Figures 3G–3J).

The antibody against Smad2 detected two bands on the western blots
(Figure 3), which raises a question of whether it is due to an anti-
body-specificity issue or whether there are two variants of the pro-
tein. In addition, apart from Smad2(Dexon3) (composed of 437
amino acids), three other Smad2 variants (composed of 425 amino
acids, 418 amino acids, and 414 amino acids, respectively) could
also be retrieved in the NCBI database (https://www.ncbi.nlm.nih.
gov). To verify that the lower band is Smad2(Dexon3), the corre-
sponding protein spot was cut from the middle of the lanes and
used for mass-spectrum analysis. As shown in Figure S1, five
conserved peptides and one Smad2(Dexon3)-specific peptide were
found, respectively. The five conserved peptide motifs were SLDGR,
NATVEMTRR, RHIGR, MSFVK, and MSFVKGWGAEYR, respec-
tively. The Smad2(Dexon3)-specific peptide motif was LDELEK.
These results confirmed that there are two variants of Smad2,
wild-type (WT) and mutant (MUT), and the MUT Smad2 isoform
is Smad2(Dexon3).

Colocalization of miR-18a and Smad2 in Human Placenta

The localization of miR-18a and Smad2 in normal human placentas
was examined by in situ hybridization and immunohistochemistry.
Immunostaining for cytokeratin (CK)-8 was used as a marker for
trophoblast cells (Figures 4E and 4F). miR-18a and Smad2 were
both localized in the in placental tissues, derived from gestational
weeks 7–8, in similar patterns. They were predominantly localized
in various subtypes of trophoblasts, including villous cytotrophoblast
cells, syncytiotrophoblasts (Figures 4A and 4C), and interstitial tro-
phoblasts cells invading the decidual stroma (Figures 4B and 4D).
They were also weekly expressed in some villous mesenchymal cells
(Figures 4A and 4C). No hybridization signals were detected in
decidual cells (Figures 4B and 4D). In the negative control (NC)
hybridization and immunochemistry without probe or primary
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Figure 1. Differential Expression Patterns of pri-miR-18a and Mature miR-18a in sPE Placentas

(A–D) Quantitative real-time PCR experiments were performed to measure the expression levels of pri-miR-18a (A and B) and mature miR-18a (C and D) in the chorionic

plates (A and C) and basal plates (B and D) of the placentas derived from sPE patients (n = 13) and normal pregnant women (n = 32). Data are presented as mean ± SD. *p <

0.05. (E) miR-18a expression levels change across gestation. At least 3 samples were collected and analyzed in each gestational week. Data are presented as mean ± SD.

*Compared to the miR-18a level at gestational weeks 6–7 (6–7w), p < 0.05.
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antibody, no positive signals were observed (Figures 4G and 4H),
showing the specificity of the experiments.
Verification of Primary Syncytiotrophoblasts and

Cytotrophoblasts

We performed western blot analysis to detect syncytin-2 and
human chorionic gonadotropin (hCG)-b of the primary syncytiotro-
phoblasts and cytotrophoblasts, which are markers for the cell
type, which confirmed that syncytin-2 and hCG-b were present
only in the primary cytotrophoblasts and syncytiotrophoblasts,
respectively (Figure S2).
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HTR8/SVneo Cell LineWas Selected as the Suitable Trophoblast

Cell Line in This Study

We compared the expression level of miR-18a in three trophoblast
cell lines (HTR8/SVneo, JEG-3, and B6-tert), as well as primary
cultured cytotrophoblasts and syncytiotrophoblasts. We found that
the HTR8/SVneo cells and the primary trophoblasts had comparable
expression levels of miR-18a, whereas other two cell lines (JEG-3 and
B6-tert) had a higher expression level than the primary cells (Fig-
ure S3), suggesting that HTR8/SVneo, rather than other two cell lines,
had a miR-18a homeostasis similar to that in trophoblasts. Thus, the
HTR8/SVneo cell line was selected as the experimental model to study
the function of miR-18a in trophoblasts in vitro.



Figure 2. Differential Expression Patterns of Smad3 in Placentas Derived from sPE Patients and Normal Pregnant Women

(A–D) Quantitative real-time PCR (A and B) and western blotting (C and D) were performed tomeasure the expression of Smad3 in chorionic (A and C) and basal plates (B and

D) of placentas derived from sPE patients (n = 13) and normal pregnant women (n = 32). Data are presented as mean ± SD.
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Smad2(FL) Is theDirect Target ofmiR-18a inHuman Trophoblast

Cells

As shown in Figures 5A and 5B, the transfection ofmiR-18a downregu-
lated the expression of Smad2(FL) at bothmRNAand protein levels, up
to 76% and 54%, respectively. According to bioinformatics analysis, the
seed sequence of miR-18a was complementary to 136 to 142 nt of
3ʹ UTR in Smad2(FL) mRNA. To further confirm that Smad2(FL)
was the target of miR18a, the luciferase reporter construct carrying a
300-bp DNA fragment, including binding site (BD) of the 3ʹ UTR in
human Smad2 mRNA (the vector was named BD-WT) or the point-
mutated report construct (the vector was named BD-MUT) was trans-
fected into HTR8/SVneo cells together with miR-18a mimics and
thymidine kinase promoter-Renilla luciferase reporter plasmid (pRL-
TK). 48 h after transfection, miR-18a mimics could evidently reduce
the relative luciferase activity of the BD-WT construct by z35%,
compared with scramble control, but could not affect the relative lucif-
erase activity of the BD-MUT construct (Figures 5C and 5D).

miR-18a Promoted Trophoblast Cell Invasion but Had No Effect

on Cell Growth or Cell Cycle

The effects of miR-18a on trophoblast cell invasion and proliferation
were examined. Data from quantitative real-time PCR experiments
showed that the level of miR-18a increased to �690-fold of that of
the scramble control cells after miR-18a mimics transfection (Fig-
ure 6A). miR-18a inhibitor decreased the level of miR18a by �98%
(Figure 6B). As shown in Figures 6C and 6D, overexpression of
miR-18a in Htr8/SVneo cells significantly promoted cell invasiveness
(Figure 6C). Conversely, inhibition of miR-18a could inhibit the cell-
invasive potential (Figure 6D). In addition, miR-18a did not have an
effect on cell growth (Figure 6E) or cell cycle (Figure 6F).
Overexpression of Smad2(FL) Rescued the Invasion-Promoting

Effect of miR-18a in HTR8/SVneo Cells

We performed a rescue experiment by transfecting HTR8/SVneo cells
with miR-18a together with pcDNA4-Smad2(FL). Interestingly, the
invasion-promoting effect of miR-18a was inhibited by the overex-
pressed Smad2(FL) (Figures 6G, S4A, and S4B).
miR-18a Inhibits the Invasion Suppression by TGF-b Induced in

Htr8/SVneo Cells

With the consideration of the antagonistic potential of TGF-b
signaling on trophoblast cell invasion, we investigated whether
miR-18a could counteract the invasion suppression activity of
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Figure 4. Colocalization of miR-18a and Smad2 in

Human Placenta

(A–D) In situ hybridization and immunochemistry experi-

ments showing the colocalization of miR-18a (A and B) and

Smad2 (C and D) in human normal placentas at gestational

weeks 7–8. (E and F) Immunostaining for CK-8 was used to

mark the interstitial trophoblasts in placentas using a section

adjacent to that used in (A)–(D). STB, syncytiotrophoblasts;

CTB, cytotrophoblast cells; iEVT, interstitial extravillous

trophoblast cells. Scale bars, 20 mm.
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TGF-b. The Htr8/SVneo cells were transfected with miR-18a
mimics and then treated with recombinant TGF-b protein. We
observed that TGF-b stimulated Smad2(FL) activation and inhibited
the invasion in HTR8/SVneo cells (Figures 7A–7D). More impor-
tantly, transfection of miR-18a mimics inhibited the upregulation
of p-Smad2(FL) and suppression of cell invasion by TGF-b (Figures
7A–7D).

DISCUSSION
Since the first major study conducted by Pineles et al.,8 more and
more differentially expressed miRNAs have been identified in the
Figure 3. Differential Expression Patterns of Smad2 Isoforms and p-Smad2 Isoforms in Placentas De

(A and B) Quantitative real-time PCR were performed to measure the expression of the Smad2(FL) and Smad

derived from sPE patients (n = 13) and normal pregnant women (n = 32). (C–F) Western blotting was performed

p-Smad2(FL), and p-Smad2(Dexon3) in chorionic (C and E) and basal plates (D and F) of placentas derived fro

(G–J) The inverse correlation between the miR-18a and Smad2(FL) (or p-Smad2(FL)) expression in the placenta

individuals was shown. Data are presented as mean ± SD. *p < 0.05.
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placentas from PE patients. However, despite the
wealth of studies that have suggested an associa-
tion of certain miRNAs with PE, consensus has
not yet been reached on which appears to be the
key contributor to the pathogenesis of the condi-
tion and what the underlying mechanisms are.
miR-18a is among the top 20 members of a list
of differentially expressed miRNAs in PE pla-
centas.31 With the consideration of the primary
expression of miR-18a in various subtypes of
placental trophoblasts,7 it is likely that miR-18a
may have functional roles in the regulation of
trophoblast cell behaviors.

Despite previous studies have demonstrated that
this small RNA has biological functions in
different cells,7,32–36 the existing results are con-
flicting. We proposed that such discrepancies
might be due to the differences in microenviron-
ments and regulatory networks in different kinds
of cells. For instance, human placenta trophoblast
cells share properties, such as active proliferation
and invasion with tumor cells. However, these
tumor-like behaviors in trophoblasts are tightly
organized in unique temporal and spatial manners during pregnancy.
In this study, we examined the expression profile of miR-18a in
placentas at different gestational weeks and found that miR-18a
was significantly upregulated during gestational weeks 8–10, followed
by a decrease until term (Figure 1C), which is consistent with the
previous results.37 Since trophoblast cells are highly invasive at
gestational weeks 8–10 during the whole gestation,38,39 miR-18a
may regulate trophoblast cell invasion. However, unlike the
report in tumor cells, miR-18a substantially improved cell invasion
(Figures 6C and 6D), but had no influence on cell growth and cell cy-
cle in trophoblast cells (Figures 6E and 6F). These observations
rived from sPE Patients and Normal Pregnant Women

2(Dexon3) in chorionic (A) and basal plates (B) of placentas

to measure the expression of Smad2(FL), Smad2(Dexon3),

m sPE patients (n = 8) and normal pregnant women (n = 8).

l chorionic (G and I) and basal (H and J) plates of the studied

rapy: Nucleic Acids Vol. 22 December 2020 547
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Figure 5. Validation of Smad2(FL) as the Direct Target of miR-18a in Human Trophoblast Cells

(A) Quantitative real-time PCR to reveal change of the Smad2(FL) mRNA level in HTR8/ SVneo cells transfected with negative control (NC), miR-18amimics, or Smad2 siRNA.

(B) Western blot analysis to show change of Smad2(FL) protein level in HTR8/SVneo cells transfected with NC, miR-18a, or si-Smad2. (C) Schematic representation of

luciferase constructs used for reporter assays. The construct containing the region complementary to the seed sequence for miR-18a in the 30 untranslated region (UTR)

segment of the human Smad2(FL) gene is shown as BD-WT, and mutant construct is shown as BD-MUT (mutation sites). (D) Luciferase activity measured in HTR8/SVneo

cells transfected with BD-WT or BD-MUT luciferase constructs together with miR-18a or NC. All experiments were performed with triplicate in at least 3 independent

experiments. Data above are presented as mean ± SD. *p < 0.05.
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indicate that this small molecule has unique functions in placental
trophoblast cells.

Our results have shown that miR-18a promoted trophoblast invasion
via targeting Smad2(FL): (1) The expression of Smad2(FL) was mark-
edly upregulated in PE placentas, whereas miR-18a was decreased
(Figures 1A, 1B, 3C, and 3D).7 (2) miR-18a inhibited the expression
of Smad2(FL) (Figures 5A and 5B).7 (3) The luciferase reporter assay
demonstrated the direct binding of miR-18a to the 30 UTR of
Smad2(FL) gene (Figures 5C and 5D).7 (4) miR-18a was colocalized
with Smad2 in human trophoblast cells (Figures 4A–4D). (5) The in-
vasion-promoting effect of miR-18a could be partly attenuated by the
overexpression of Smad2(FL) (Figure 6G).7

Notably, there exists a great difference in the miR-18a expression
levels of control placentas (Figure 1C), and this difference may be
due to the different genetic backgrounds of these control placentas.
The mRNA levels of Smad2(Dexon3) in sPE and control placentas
were much lower than those of Smad2(FL) (Figures 3A and 3B). In
contrast, the protein levels of these two molecules were comparable
in both sPE and control placentas (Figures 3C and 3D). The inconsis-
548 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
tency may be due to the differences of translation efficiency, mRNA,
and protein stability of these two molecules in the sPE and control
placenta tissues. In addition, the protein level of p-Smad2(Dexon3)
in control and sPE placentas was much higher than those of
p-Smad2(FL) (Figures 3E and 3F). This discrepancy may be caused
by the activities and specificities of phosphokinases and/or phospha-
tases, as well as the stabilities of these two phosphor proteins in the
sPE and control placenta tissues.

The next step was to clarify which signal pathway was regulated by
miR-18a in PE placentas. Smad2(FL) is an important downstream
effector of the TGF-b superfamily.18 Aberrant expressions of several
members in this superfamily have been implicated in PE pregnancies.
For instance, productions of TGF-b and Nodal, as well as their recep-
tors, were significantly enhanced in PE placentas, which may lead to
over-activated signaling, excessive cell apoptosis, and less inva-
sion.20,21,40 More importantly, in human placenta, TGF-b primarily
regulates trophoblast cell invasion,22–27 and Nodal promotes cell
apoptosis.41 We found that miR-18a increased cell invasiveness (Fig-
ures 6C and 6D) but did not influence the cell growth or cell cycle
(Figures 6E and 6F). Furthermore, members in the same miRNA



(legend on next page)
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Figure 7. miR-18a Blocks TGF-b Signaling in HTR8/

SVneo Cells

(A–C) miR-18a inhibited Smad2(FL) expression and

activation induced by TGF-b1. (D) miR-18a reversed the

inhibitory effect of TGF-b1 on cell invasion. All experiments

were carried out with triplicate in at least three independent

experiments. The data above were presented as

mean ± SD. *p < 0.05.
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cluster have similar functions.42 miR-18a belongs to miR-17-92 clus-
ter,42 and our previous bioinformatic analysis demonstrated that the
miR-17-92 cluster may regulate placenta development via fine tuning
TGF-b signaling.7 These provide clues that miR-18a has a vital role in
TGF-b signaling and PE, which is indeed supported by the experi-
mental findings (Figures 3E, 3F, 7A, 7B, 7C, and 7D).

Our previous results have demonstrated the varying expression
pattern of miRNAs in differential sampling sites of sPE placentas.7

Consistent with this, in this study, miR-18a, Smad2(FL), and
p-Smad2(FL) exhibited differential expression patterns in sPE pla-
centas, and they are differentially expressed in the chorionic plates
of sPE placentas (Figures 1A, 1B, 3C, 3D, 3E, and 3F).7 miR-18a could
promote trophoblast cell invasion via downregulating Smad2(FL)
(Figure 6G). The improper synthesis of hCG and the dysregulated
expression of HLA-C gene and PPI3 genes in the chorionic plates
Figure 6. Effects of miR-18a on Cell Invasion and Proliferation in HTR8/SVneo Cells

(A and B) Quantitative real-time PCR results to reveal the miR-18a expression in HTR8/SVneo cells transfected w

18a inhibitor or scramble inhibitor (inhibitor-NC) (B). The level of miR-18a was adjusted by the value of U6, and th

independent experiments. *p < 0.05. (C and D) Transwell insert assay to examine cell invasiveness in HTR8/SVneo

or miR-18a inhibitor (D). The invasion index is presented asmean ± SD, based on 3 independent experiments. *p

SVneo cells. The data are presented as the mean ± SD, according to the results of three independently repeate

HTR8/SVneo cells. The data are presented as the mean ± SD, according to the results of three independently

miR-18a on cell invasion in HTR8/SVneo cells. The cells were transfected with miR-18a and Smad2 alone or in

(pcDNA4) as corresponding NC. The Transwell insert assay was performed to monitor cell invasiveness. The

pendently repeated experiments. Data are presented as mean ± SD. *p < 0.05.
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of human placenta are linked to the insufficient
trophoblast cell invasion and the occurrence of
PE.43–45 Therefore, the differential expressions
of miR-18a, Smad2(FL), and p-Smad2(FL) in
the chorionic plates of the sPE placentas may
interfere with the synthesis of hCG, as well as
the expression of the HLA-C gene and PPI3
gene, which is implicated in the control of
the trophoblast cell invasion and the occurrence
of sPE.

One of the most complex properties of miRNAs
is the large number of targets that may exist for
one miRNA. Our previous results have revealed
that several target genes of miR-195 and miR-
210 are involved in PE.32,46–51 Furthermore,
miR-195 can promote trophoblast cell invasion
via downregulating activin receptor IIA (ActRIIA) and ActRIIB,46,48

whereas, miR-210 can inhibit trophoblast cell invasion via modu-
lating potassium channel modulatory factor 1 and thrombospondin
type I domain-containing 7A.50,51 Our results have shown that
Smad2 was not activated without TGF-b treatment (Figure 7C),
whereas miR-18a promoted cell invasion independent of TGF-b
treatment (Figure 7D). Previous studies have also shown that miR-
18a may promote the trophoblast cell invasion via targeting estrogen
receptor (ER)-a.32 Therefore, we propose that miR-18a regulates the
trophoblast cell invasion via modulating other target genes, and
further experimental studies are warranted to elucidate the way that
miR-18a and its targets are involved in causing the trophoblast cell
dysfunction associated with PE.

The mechanism of miR-18a downregulation in PE placentas remains
unknown. Our finding of lowered expression of pri-miR-18a in sPE
ith miR-18a mimics and scramble control (NC) (A) and miR-

e relative value is presented as the mean ± SD, based on 3

cells transfected with NC andmiR-18a (C) and inhibitor NC

< 0.05. (E) The effect of miR-18a on the cell growth of HTR8/

d experiments. (F) The effect of miR-18a on the cell cycle of

repeated experiments. (G) Smad2(FL) rescued the effect of

combination with scramble siRNA (NC) or pcDNA4 vector

bar chart represents statistical analysis based on 3 inde-



Figure 8. Proposed Roles of miR-18a in Placenta Development and

Preeclampsia

In preeclamptic placenta, an increase in TGF-b expression and a decrease in miR-

18a expression will cause overactivation of Smad2(FL), leading to insufficient

invasion of trophoblast cells.

Table 1. Clinical Characteristics of the Pregnant Women Who Donated the

Placentas for This Study

Characteristics
Normal
Pregnancy (n = 32)

Preeclampsia
(n = 13) p Value

Maternal age (years) 31 ± 4 29 ± 5 0.211

BMI (kg m�2) 22 ± 2 22 ± 3 0.661

SBP (mmHg) 116 ± 6 157 ± 13a 1.549E�07

DBP (mmHg) 77 ± 5 101 ± 8a 2.094E�14

24 h urine protein (g) N/D 3 ± 2a –

50 g GCT (mM) 7 ± 1 6 ± 2 0.062

Gestational age at
delivery (day)

268 ± 7 256 ± 6a 2.020E�06

Data are expressed as mean ± SD and compared by one-way ANOVA. SBP, systolic
blood pressure; DBP, diastolic blood pressure; N/D, no data; GCT, glucose challenge
test.
ap < 0.05 versus normal pregnancy.
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placentas strongly indicates the aberrant transcription of this small
RNA during the pathological process. Several transcription factors
have been proven to be responsible for the transcription regulation
of pri-miR-18a, such as c-myc52 and ER-a53. What transcription
factors can account for the reduced pri-miR-18a and mature miR-
18a expression in sPE placentas needs further investigation.

In addition, it is well known that primary cells retain most of their
physical characteristics in vivo, thus mirroring the status and func-
tionality of these cells under normal physiological conditions, mak-
ing them well suited for use in studies of cell biology.42 However, for
the limited number of each separation and the finite lifespan, the
selection of a suitable cell line is urgently needed.42 Recently,
research into the function of human trophoblasts has been largely
restrained by a lack of proper cell models, despite considerable
research efforts.54 In this study, by comparing the expression level
of miR-18a in three trophoblast cell lines, as well as primary
cultured cytotrophoblasts and syncytiotrophoblasts (Figure S2),
the HTR8/SVneo cell line was selected as the suitable trophoblast
cell line in this study. Previous results have showed that JEG-3 cells
and the primary trophoblasts had comparable expression levels of
several miRNAs.37 Such discrepancies may be due to the differences
of miRNAs examined and/or the experimental settings, as well as
platforms. Our results strongly suggest that the comparison of the
expression levels of miRNAs among various trophoblast cell lines
and the primary cells is a good approach for the selection of the
suitable trophoblast cell model to study the function of miRNAs
in human trophoblasts.

In conclusion, our results suggest that miR-18a inhibits Smad2(FL)
expression and activation, which promote trophoblast cell invasion,
which is likely via inhibition of TGF-b signaling. This, thus, plays
an important role in the pathogenesis of PE (Figure 8).
MATERIALS AND METHODS
Subjects

In this study, all of the collection of human placenta tissues was per-
formed with the permission of the Local Ethical Committee in the
Institute of Zoology, Chinese Academy of Sciences, and in Peking
University Third Hospital. The informed consents were obtained
from all patients enrolled in this study.

Placenta samples from normal pregnancies and those from sPE
women were obtained from Peking University Third Hospital. A total
of 13 sPE patients and 32 normal pregnant women were enrolled in
this study. sPE was diagnosed according to the definition in Williams
Obstetrics (23rd edition).55 In brief, the patients had no history of pre-
existing or chronic hypertension, but they showed systolic blood pres-
sure of >160 mmHg or diastolic blood pressure of >110 mmHg on at
least 2 occasions, accompanied by significant proteinuria (>2 g per 24 h
or R3+ by dipstick in 2 random samples collected at >4-h intervals)
after 20 weeks of gestation. Normal or uncomplicated pregnancy was
defined as gestation in a previously normotensive woman who did
not suffer from any complications during pregnancy and who deliv-
ered a healthy neonate with a weight adequate for a gestational age
of more than 37 weeks of pregnancy.56 Women who developed renal
disease, transient hypertension during pregnancy, multiple pregnancy,
gestational diabetes, spontaneous abortion, intrauterine fetal death,
fetal chromosomal or congenital abnormalities, or pregnancies
conceived by fertility treatment were all excluded from this study.
For each of the pregnant women in this cohort, placenta of the preg-
nant womanwas collected within 1 h of caesarean birth, and specimens
at the chorionic plate and the basal plate were separately taken from the
placenta disc near the position of umbilical cord insertion. The
specimens were snap frozen in liquid nitrogen until use. The clinical
characteristics of the patients were summarized in Table 1.

Tissues of human chorionic villi at gestational weeks 6–12 and
placenta tissues at gestational weeks 24–27 were obtained at Beijing
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Table 2. Sequences of the Primers Used for Plasmid Construction or Real-

Time PCR

Product Primer Sequence (50 to 30)

GAPDH real-time PCR F: AAGGTCATCCCTGAGCTGAAC

GAPDH real-time PCR R: ACGCCTGCTTCACCACCTTCT

pri-miR-18a real-time PCR
F: CAGTAAAGGTAAGGAGAGCTCA
ATCTG

pri-miR-18a real-time PCR
R: CATACAACCACTAAGCTAAAG
AATAATCTGA

miR-18a real-time PCR F: TAAGGTGCATCTAGTGCAGATAG

U6 real-time PCR F: CGCAAGGATGACACGCAAATTC

Smad2(FL) real-time PCR F: TGGGCAGGAAGAAAAGTGGT

Smad2(FL) real-time PCR R: GGCCTGTTGTATCCCACTGA

Smad2(Dexon3) real-time PCR F: GAGCAGAATGGGCAGGAAGA

Smad2(Dexon3) real-time PCR R: ACGACCATCAAGAGACCTTGG

BD-WT
F: GGACTAGTTCATAGCATTGTG
TGTGGTCC

BD-WT
R: CCCAAGCTTTAAACAGCACAA
TACTGTGA

BD-MUT
F: GGTCTCATCAATTAAAGCAGC
TTGTGGAATCTGTTCCT

BD-MUT
R: AGGAAACAGATTCCACAAGC
TGCTTTAATTGATGAGACC

Smad2(FL)-expressing plasmid
F: GGAATTCAAGAGGCTGTTTTC
CTAGCGT

Smad2(FL)-expressing plasmid
R: CCGCTCGAGCATTAAGTCTTT
TCATGGGAC

F, forward; R, reverse.
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Haidian Hospital (Beijing, China) from patients who underwent
spontaneous abortion and preterm labor, respectively. The gesta-
tional week of specimens was determined according to morphological
observation and pathological examination, with the record of men-
strual cycles as a reference.
Quantitative Real-Time PCR

Total RNA was extracted from cells and placenta tissues using TRIzol
reagent (Life Technologies, CA, USA) following the manufacturer’s
protocol. Two micrograms of total RNA was reverse transcribed
into cDNA using oligo(dT) primer (Tiangen, Beijing, China) and
Moloney murine leukemia virus reverse transcriptase (Promega,
WI, USA). Reverse transcription of miRNA was performed with the
use of the miRcute miRNA First-Strand cDNA Synthesis Kit
(Tiangen, Beijing, China).

Quantitative real-time PCR was performed using Applied Biosystems
7500 (Life Technologies, CA, USA). For the detection of cDNA, the
experiment was carried out using the SYBR Premix Ex Taq Kit
(Takara, Dalian, China) following the manufacturer’s instructions.
The reaction for each sample was carried out in duplicate at 95�C
for 30 s, followed by 40 cycles of 95�C for 5 s and 60�C for 31 s. Quan-
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titation of miRNA cDNA was achieved using the miRcute miRNA
qPCR Detection Kit (Tiangen, Beijing, China), according to the man-
ufacturer’s instructions. The reaction for each sample was carried out
in duplicate at 94�C for 2 min, followed by 40 cycles of 94�C for 20 s,
60�C for 30 s, and 72�C for 30 s. Human glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and U6 RNA was amplified in parallel as
an internal control. The fold changes in mRNA and miRNA expres-
sion were calculated using the 2�DDCq method, where DCq indicated
the subtraction of the Cq of GAPDH or U6 from the mRNA or
miRNA of interest, and DDCq was calculated by subtracting the
DCq. The sequences of primers of U6, miR-18a, GAPDH, pri-miR-
18a, Smad2(FL), Smad2(Dexon3), and Smad3 were listed in Table 2.

Western Blotting

The proteins were extracted by lysing the cells or the homogenized tis-
sues with Radio-Immunoprecipitation Assay (RIPA) buffer containing
150 mMNaCl, 10 mM Tris (pH 7.6), 1% Nonidet P-40 (NP-40), 0.5%
Na deoxylcholate, 0.1% SDS, 1 mMNaF, Na3VO4 with 100� protease
inhibitor cocktail (Sigma-Aldrich, MO, USA) and harvesting the su-
pernatants after centrifuging. Protein concentration was measured
by a bicinchoninic acid (BCA) protein assay (Boster Biological Tech-
nology, Wuhan, China), and 40 mg protein from each cell lysate was
subjected to 10% SDS-PAGE and transferred to a nitrocellulose mem-
brane (GE Healthcare, CT, USA). The membrane was blocked for 1 h
with 5% nonfat milk in PBST (PBS and 0.1% Tween 20) and incubated
at 4�C overnight with Smad2 (R&D Systems, MN, USA), p-Smad2
(Cell Signaling Technology, MA, USA), Smad3 (Cell Signaling Tech-
nology, MA, USA), syncytin-2 (Abcam, Cambridge, UK), hCG-b (Ab-
cam, Cambridge, UK), and GAPDH (Ambion, TX, USA) primary
antibodies, respectively. The membrane was washed with PBST 3
times, incubated further with horseradish peroxidase-conjugated
secondary antibody (Jackson ImmunoResearch, PA, USA) at room
temperature for 2 h, and washed 3 times with PBST. Final visualization
was achieved by an enhanced chemiluminescence (ECL) kit (Thermo
Scientific, MA, USA), and the signals were captured on X-ray films
(Kodak, NY, USA) and analyzed by ImageJ software (NIH, MD,
USA). The relative densities of Smad2, p-Smad2, and Smad3 protein
were determined by normalization with a density value of GAPDH.

SDS-PAGE and Mass Spectrum Assays

40 mg of proteins for each sample was separated on a 10% SDS-PAGE
gel. Protein bands were visualized by Coomassie blue R-250 staining.
To identify the proteins, the corresponding protein spots were cut
from the middle of the lanes, washed with water, and stored at
�20�C. The samples were sent to Shanghai Applied Protein Technol-
ogy (Shanghai, China) for mass spectrum analysis. Experiments were
carried out on a Q Exactive mass spectrometer (Thermo Scientific,
MA, USA), which was coupled with Easy-nLC 1000 (Thermo Scien-
tific, MA, USA). The data of mass spectrum were analyzed by
MASCOT software.

In Situ Hybridization for miRNAs

Paraffin sections of 5 mm in thickness were subjected to routine de-
paraffinization and rehydration and treated with protease K, followed



Table 3. The Sequences of siRNA and miRNA

Mimics Sense (50 to 30) Antisense (50 to 30)

Scramble control UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

si-Smad2 GGUUUACUCUCCAAUGUUATT UAACAUUGGAGAGUAAACCTA

hsa-miR-18a UAAGGUGCAUCUAGUGCAGAUAG AUCUGCACUAGAUGCACCUUAUU

Inhibitor NC CAGUACUUUUGUGUAGUACAA –

Inhibitor-18a CUAUCUGCACUAGAUGCACCUUA –
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by hybridization with the miRCURY LNA (locked nucleic acid)
miRNA detection probes (Exiqon, Copenhagen, Denmark), specif-
ically against miR-18a and NC, at 55�C overnight. The sections
were serially washed in 5�, 2�, and 0.2� saline sodium citrate
(SSC) buffer and then were incubated with alkaline phosphatase
(AP)-conjugated anti-digoxygenin (DIG) antibody (Roche, IN,
USA) at 37�C for 2 h. The stained signals were visualized
using 5-bromo-4-chloro-3-indolyl phosphate/nitro-blue tetrazolium
chloride (BCIP/NBT; Promega, WI, USA) as a substrate. The
scramble miRNA (NC) probe was used as a NC. The probe sequences
(50 to 30) were the following: miR-18a, CTATCTGCACTAGATG
CACCTTA, and NC, GTGTAACACGTCTATACGCCCA.

Immunohistochemistry

Paraffin sections of 5 mm in thickness were subjected to routine de-
paraffinization, rehydration, and antigen retrieval before being incu-
bated with antibodies against human Smad2 (Proteintech, IL, USA)
and CK-7 (Cell Signaling Technologies, MA, USA). The sections
were further incubated with secondary antibody conjugated with
horseradish peroxidase (Zhongshan Goldenbridge, Beijing, China)
and were visualized with diaminobenzidine (Zhongshan Golden-
bridge, Beijing, China) as the substrate.

Cell Culture and Transient Transfection

The human choriocarcinoma cell line, JEG-3, was purchased from
American Type Culture Collection and cultured as previously
described.11 The human trophoblast cell line HTR8/SVneo was
kindly provided by Dr. C.H. Graham at Queen’s University, Canada,
and cultured as previously described.7 Immortalized human cytotro-
phoblast cell line B6Tert-1 was cultured as previously described.54

The chorionic villi tissues were spliced into small pieces of approxi-
mately 3 cm � 2 cm in size and then were agitated violently in the
PBS. The primary syncytiotrophoblasts could be isolated from the
tissues. After centrifugation (800 rpm for 5 min), the primary syncy-
tiotrophoblasts could be collected for further use (such as RNA
extraction). Then, the primary cytotrophoblast cells could be isolated
from the remaining tissues as previously described.57 The primary cy-
totrophoblast cells were cultured as previously described.57 To verify
that the syncytiotrophoblasts were really isolated and separated from
other cell types, the expression levels of syncytin-2 and hCG-b were
examined in the proteins extracted from the primary cytotrophoblast
cells and the primary syncytiotrophoblasts.
After HTR8/SVneo cells were grown to 60%–70% confluence, tran-
sient transfection of small interfering (si)RNA or miRNA duplexes
was carried out using Lipofectamine 2000 (Life Technologies, CA,
USA) following the manufacturer’s protocol.

Sequences and Constructs

The siRNA duplex against human Smad2, mature miRNAmimics for
miR-18a, miR-18a inhibitor, and the scramble control was designed
and purchased from Shanghai GenePharma, China. The sequences
of siRNA and miRNA are shown in Table 3.

To generate pMIR-REPORT Luciferase plasmids for Smad2(FL),
30 UTR segments of human Smad2 mRNA (50�349 nt) containing
putative miR-18a-binding sequences (136–142 nt) were amplified
and cloned into pMIR-REPORT luciferase plasmid (Ambion, TX,
USA) at the SpeI and HindIII sites. A point mutation was incorpo-
rated into the 139 nt of the 30 UTR in the BD-WT plasmid to generate
a BD-MUT construct. For the construction of the Smad2(FL)-
expressing plasmid (pcDNA4-Smad2(FL)), the coding sequence of
Smad2 was amplified and inserted into the pcDNA4.0 vector at the
EcoRI and XhoI restriction sites. The sequences of primers for the
construction of vectors are also listed in Table 2. All of the constructs
were confirmed by DNA sequencing.

In addition, there exists a poorly conserved site in the 7,608–7,614 nt
of the 30 UTR of Smad2(FL) mRNA. The site type of this poorly
conserved site is 7-mer-A1 but not 7-mer-m8, and several score
values (such as context++ score, context++ score percentile) are too
low. Therefore, we did not perform a luciferase assay to confirm
this BD.

Luciferase Assay

For the luciferase assay, Htr8/SVneo cells (40,000 per well) were
seeded into 24-well plates, 12 h before transfection. The cells were co-
transfected with 80 ng of Smad2(FL) 30 UTR luciferase reporter
plasmid, 8 ng of Renilla luciferase reporter vectors (Promega, WI,
USA), and 40 nM chemically synthesized, mature hsa-miR-18a or
NC miRNAs with Lipofectamine 2000, according to the manufac-
turer’s protocol. Luciferase activity was assayed 48 h after transfection
with a dual-lucifererase reporter assay system (Promega, WI, USA)
and was measured with a luminometer (Promega, WI, USA). All
transfections were carried out with triplicate replicates in at least three
independent experiments.
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Transwell Invasion Assay

A Transwell insert invasion assay was conducted in 24-well fitted
inserts (8 mmpore size; Millipore, MA, USA). Briefly, 48 h after trans-
fection, HTR8/SVneo cells were treated with 10 mg/mL mitomycin C
for another 2 h and were trypsinized and seeded into Transwell in-
serts, precoated with 20 mg Matrigel (BD Biosciences, NJ, USA)
with 200 mL serum-free culture medium. Lower chambers were
loaded with the same medium with 10% fetal bovine medium. After
incubating for 28 h, cells on the upper surface of membranes were
completely removed, and the migrated cells were fixed with 0.25%
glutaraldehyde and stained with hematoxylin. The number of invaded
cells was counted in the whole field of the membranes under light mi-
croscope. A cell-invasion index was presented as the percentage of
invaded cell number compared with that in the corresponding
controls.

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium (MTT)

Assay

HTR8/SVneo cells transfected with miR-18a or NC miRNAs for 48 h
were trypsinized and plated on 24-well culture plates at a density of
3 � 104 cells/well. Then after 24, 48, and 72 h, cells were incubated
in 5 mg/mL MTT solution (Sigma Aldrich, CA, USA) for 4 h. After
removal of MTT solution, dimethyl sulfoxide (DMSO) was added,
and the absorbance at a wavelength of 490 nm (reference wavelength
690 nm) was recorded with a microplate reader (BioTek, VT, USA).

Cell-Cycle Analysis

As described by Xia et al.,58 HTR8/SVneo cells transfected with
miR-18a or NC miRNAs for 72 h were harvested with trypsinization
(0.25% trypsin) and fixed with 70% ethanol overnight at 4�C.
The cells were further incubated with 120 mg/mL RNase A (Sigma-
Aldrich, CA, USA) and 120 mg/mL propidium iodide (Sigma-
Aldrich, CA, USA) at room temperature for 30 min before cell-
cycle analysis. Then the distribution of cells in the different phases
of the cell cycle was determined with flow cytometry (BD Biosciences,
NJ, USA) and analyzed by CellQuest software (BD Biosciences, NJ,
USA).

TGF-b1 Treatment

To investigate whether miR-18a could interfere with the TGF-b1
signaling in human trophoblast cells, we measured p-Smad2 in the
cells to monitor the activation of TGF-b1 signaling. After the trans-
fection with miRNA duplexes for 24 h and then cell starvation for
24 h, cells were treated with 5 ng/mL TGF-b1 (R&D Systems, MN,
USA) for 15 min before protein extraction.

We also investigated whether there existed an additive effect of miR-
18a and TGF-b1 on cell invasion. Htr8/SVneo cells transfected with
miRNA duplexes for 48 h were used for Transwell invasion assay,
supplemented with or without 2.5 ng/mL TGF-b1.

Statistical Analysis

All statistical analyses were performed with Statistical Package for the
Social Sciences software (version 17.0; SPSS, IL, USA). The compar-
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ison among groups was estimated by one-way ANOVA, and p
<0.05 was considered statistically significant.
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