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MicroRNA-155 inhibits migration of trophoblast cells and
contributes to the pathogenesis of severe preeclampsia
by regulating endothelial nitric oxide synthase
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Abstract. The aim of the present study was to characterize
the role of microRNA (miR)-155 in the pathogenesis of severe
preeclampsia (PE). A total of 19 severe preeclampsic and 22
normal placentas were collected to measure miR-155 and endo-
thelial nitric oxide synthase (eNOS) expression using quantitative
(@)PCR and western blot analysis. The results demonstrated a
significant increase in the levels of miR-155 and decreased eNOS
expression in the severe preeclampsic placentas, as compared
with the normal controls. In order to examine the function of
miR-155 in the human placenta, the HTR8/Svneo cell line was
transiently transfected with an miR-155 mimic or its inhibitor,
anti-miR-155. It was confirmed that miR-155 may suppress
the expression of eNOS in HTR-8/SVneo cells. Furthermore,
a transwell insert invasion assay demonstrated that miR-155
inhibited cell invasion in trophoblast cells, and the effect was
rescued by over expression of eNOS. The present study revealed
that miR-155 has a negative regulatory role in the migratory
behavior of HTR-8/SVneo cells via modulating eNOS.

Introduction

Preeclampsia (PE) is a medical condition characterized by
hypertension and proteinuria in pregnant females following
20 weeks of gestation. It is the most common cause of fetal
morbidity and mortality, which has no curative therapeutic
strategy, except for delivery of the placenta (1). The association
between PE and aberrant microRNA (miRNA) expression in
placentas was first reported in 2007 (2) and a number of other
similar findings have since been demonstrated (3). Considering
the previously reported role of miRNAs in the development
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of the placenta (4) and the generally accepted opinion that the
abnormal development of the placenta at an early stage of gesta-
tion initiates this disease, it is important to elucidate the role
of miRNA in the development of PE which may facilitate the
understanding of the pathogenesis of the disease.

miRNA, a class of ~22-nucleotide-long non-protein coding
RNAs, are able to regulate gene expression by binding to the
3" untranslated region (UTR) of target gene messenger RNA
(mRNA), resulting in translational repression and/or mRNA
degradation (5). It is generally considered that ~1/3 of all human
genes may be regulated by miRNA (6), and that microRNA has
akey role in cellular activities, including cell proliferation, apop-
tosis and immune responses (7-9). Therefore, understanding the
regulatory network of miRNAs has attracted noteable attention
in recent years.

Investigating the expression of miRNA and endothelial
nitric oxide synthase (eNOS) in PE is important for the following
reasons: 1) Aberrant expression of eNOS may reduce the migra-
tory capabilities of trophoblast cells (10) and the migratory
capability is the key for deep placentation, the compromise
of which may result in a wide spectrum of obstetric diseases,
including PE (11); ii) ENOS may directly exacerbate the PE-like
phenotype by interfering with the endothelin system (12); iii)
functional polymorphisms in eNOS that alter enzymatic activity
in vivo were reported to be associated with an increased risk
for PE (13); iv) miR-155 was demonstrated to be an essential
regulator of eNOS expression and endothelium-dependent
vasorelaxation, and inhibition of miR-155 may restore eNOS
expression and improve endothelial dysfunction (14,15).

Based on the aforementioned evidence, it was hypothesized
that miR-155 may function as a regulator of trophoblast cell
behavior by modulating eNOS. To examine this hypothesis, the
effect of miR-155 on the proliferation and invasion of tropho-
blast cells as well as the rescue effect of eNOS was investigated.
The expression pattern of miR-155 and eNOS in preeclampsic
placentas in comparison with the normal controls was also
examined.

Materials and methods

Sample collection. The present study was performed with
placenta tissues collected from 22 normal pregnant females
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and 19 severe PE patients at The First Affiliated Hospital, (Xi'an
Jiao Tong University, Xi'An, Shaanxi, China). The study was
approved by the Research Ethics Committees of the hospital
and written informed consent were obtained from all of the
subjects. Normal pregnancy was defined as a previously and
currently normotensive female during pregnancy who deliv-
ered a healthy neonate following 37 weeks of gestation. Severe
PE was define as a female patient without a history of hyper-
tension presenting with systolic blood pressure =160 mmHg or
diastolic blood pressure =110 mmHg on at least two occasions,
combined with significant proteinuria following 20 weeks of
gestation. The pregnant females who had renal disease, spon-
taneous abortion, gestational diabetes, fetal chromosomal or
congenital abnormalities were excluded from the present study.

RNA extraction and quantitative polymerase chain reac-
tion (qPCR). Total RNA was isolated from the cultured
cells or placenta tissues using TRIzol reagent (Invitrogen
Life Technologies, Carlsbad, CA, USA) following the
manufacturer's instructions with few modifications.
Reverse transcription and qPCR were conducted using
the primer set: 5'-CTGTTAATGCTAATCGTGATAG-3'
and 5'-GCAGGGTCCGAGGT-3' for miR-155 detec-
tion; primer set: 5'-CTCGCTTCGGCAGCACA-3" and
5'-AACGCTTCACGAATTTGCG T-3' for U6 detection;
primer set: 5'-CCCTTCAGTGGCTGGTACAT-3' and
5'-CACGATGGTGACTTTGGCTA-3' for eNOS detection,
and the SYBR Green real time detection system (Bio-Rad,
Hercules, CA, USA), respectively. U6, an internal control, was
used to normalize miR-155 levels.

Western blot analysis. Cell lysates were loaded onto an
SDS-polyacrylamide gel for electrophoresis and then the
proteins were transferred onto a polyvinylidene fluoride
membrane (Beyotime Institute of Biotechnology, Haimen,
China), which was blocked with TBST (10 mM Tris-ClI pH 8.0,
150 mM NaCl and 0.05% Tween-20) containing 5% non-fat dry
milk powder at room temperature for 1 h. The membrane was
then incubated with the rabbit anti-eNOS polyclonal antibody
(1:1500; Abcam, Cambridge, UK) at 4°C overnight, followed by
incubation with horseradish peroxidase-anti-rabbit secondary
antibody (Abcam) at room temperature for 1 h. Chemical fluo-
rescence was detected using an enhanced chemiluminescence
kit (Amersham Biosciences, Piscataway, NJ, USA) according
to the manufacturer's instructions. The target bands were
densitometrically analyzed and normalized by [-actin.

Cell lines and cell culture. The immortalized trophoblast
cell line, HTR8/Svneo, was purchased from the American
Type Culture Collection (ATCC; Manassas, VA, USA). Cells
were cultured in RPMI-1640 (Invitrogen Life Technologies)
containing 10% fetal bovine serum (Sigma-Aldrich Canada
Co., Oakville, ON, Canada), 100 U/ml penicillin and 100 mg/ml
streptomycin (Invitrogen Life Technologies).

Plasmids and transfection. The small interfering (si)RNA,
duplex against human eNOS (anti-eNOS-siRNA), the mimics
for miR-155, the miR-155 inhibitor (anti-miR-155) and the
scramble control were purchased from Ambion, Inc. (Foster
City, CA, USA). The coding sequence for eNOS was ampli-
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fied and inserted into a pcDNA4.0 vector (Invitrogen Life
Technologies) to construct the eNOS expression plasmid
(pcDNA4-eNOS).

Cell survival and proliferation assay. Untreated or pre-treated
cells were cultured in serum-free RPMI-1640 medium for
three days. To examine the viability, cells were incubated in
RPMI-1640 medium supplemented with 10% fetal bovine
serum in 6-well plates for 48 h and the cell number was counted
using the trypan blue exclusion method. Dead cells were defined
as those stained with trypan blue dye. The percentage of living
cells was calculated by the association between the number of
viable cells and the total number of cells counted.

Transwell invasion and migration assay. A transwell insert
invasion assay was performed in 24 well fitted inserts with
membranes (pore size, 8§ mm; Costar, Cambridge, MA, USA).
As described previously (16), cell invasion was examined using
a polycarbonate membrane cell culture insert (Costar, Corning
Inc., Corning, NY, USA) coated with growth factor reduced
Matrigel (BD Biosciences, Bedford, MA, USA). The cells
transfected with the control, miR-155 mimic, anti-miR-155
or eNOS, were treated with 10 mg/ml mitomycinC (Sigma-
Aldrich, St. Louis, MO, USA) for 2 h and placed on top of the
wells at a density of 2.5x10° cells/well. For the ‘rescue experi-
ment’, pPDNA4-eNOS or its control plasmid was transfected
into the cells, respectively. Invaded cells on the lower surface
of the membrane were stained with crystal violet and counted.

Statistical analysis. The results of the transwell insert invasion
assay, proliferation assay, qPCR, western blotting, densitometry
analysis and clinical characteristics of the severe PE group and
control group, were performed in triplicate and expressed as the
mean + standard error of the mean. Student's t-test or one-way
analysis of variance was used to analyze the differences. The
statistical analysis was conducted by SPSS 17.0 software (SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Expression levels of miR-155 and eNOS in preeclampsic
placentas. The expression levels of miR-155 and eNOS in
the placentas were measured and compared between the
two groups comprising of 19 patients with severe PE and 22
healthy pregnant females. No significant differences were
identified between the normal pregnant and the preeclamptic
female patients with respect to maternal age, body mass index,
glucose tolerance, infant birth weight and gestational age,
as summarized in Table I. The results demonstrated that the
relative expression of miR-155 in preeclampsic placentas was
significantly upregulated to ~260% compared with the normal
placentas (Fig. 1A). The eNOS protein level was also measured
using western blot analysis and the relative density of eNOS in
the placentas from severe PE patients was ~4-fold more than
that of the controls (Fig. 1B). The ENOS mRNA expression
level was also measured by qPCR and it was identified that the
mRNA level in the placentas derived from severe preeclampsic
female patients was significantly lower than the normal
placentas (Fig. 1C).
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Table I. Distribution of the selected variables between the severe PE cases and control subjects.

Variable Control (n=19) Severe PE (n=22) P-value
Maternal age (years) 28.2+4.5 27.6+4.2 0.661
Body mass index (kg/m?) 26.2+3.2 26.8+34 0.566
Systolic BP (mmHg) 11518 171+8.2 <0.001
Diastolic BP (mmHg) 81x12 109+9.3 <0.001
Gestational age (weeks) 38.5+2.3 374+2.1 0.117
50 GCT (mmol/l) 7.1+1.1 7.0+0.9 0.750
24 h urine protein (g) 0.02+0.04 421+2.12 <0.001
Infant birth weight (g) 3460+220 3350+208 0.108
Placenta weight (g) 521469 502455 0.332

PE, preeclampsia; BP, blood pressure; GCT, glucose challenge test.
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Figure 1. Comparison of the expression patterns of miR-155 and eNOS between preeclampsic and normal placentas. (A) The expression of miR-155-5p in
19 preeclamptic placentas (PE) and 22 normal placentas (Control). (B) Western blot analysis demonstrating the protein levels of eNOS in placentas from 19 PE
and 22 Control (left bar chart, densitometry analysis and statistical comparison; right panel, selected results of western blot, four samples/group). (C) The
mRNA expression of eNOS in placentas from 19 PE and 22 Control. PE, preeclampsia; eNOS, endothelial nitric oxide synthase; miR, microRNA.

Effect of miR-155 on the invasion and proliferation of tropho-
blast cells. The invasion and cell proliferation of HTR8/SVneo
cells were examined in order to further investigate the effect
of miR-155 on trophoblast cell behavior. First, the inhibi-
tory effect of miR-155 on the mRNA and protein expression
levels of eNOS was confirmed. As demonstrated in Fig. 2A,
the inhibitory effect of specific anti-eNOS siRNA was ~2X
higher than that of the miR-155. Secondly, it was identified
that neither upregulation nor downregulation of miR-155 in
HTRS8/SVneo cells affected the cell viability (data not shown).
Furthermore, a transwell insert invasion assay was performed
with the cells treated with mitomycin C that was used to elimi-
nate the possible effect of cell growth on cell invasion. The
results revealed that inhibition of miR-155 in HTR8/SVneo
cells evidently promoted cell invasiveness (Fig. 3A and B).

Consistently, the overexpression of miR-155 significantly
suppressed cell invasiveness and the inhibitory effect of
miR-155 was 2X higher than that of the anti-eNOS-siRNA
(Fig. 2B).

Effect of overexpression of eNOS on miR-155 regulated
cellular behavior. To identify whether eNOS was directly
involved in the miR-155 invasion-regulating effect, eNOS
(pcDNA4-ENOS) was overexpressed in the cells trans-
fected with miR-155 or anti-eNOS-siRNA, respectively, to
achieve a ‘rescue’ effect. The results demonstrated that the
overexpression of eNOS completely blocked the effect of
anti-eNOS-siRNA in HTR8/SVneo cells. However it only
restored 80% of the migratory capability in the cells trans-
fected with miR-155 (Fig. 2B).
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Figure 2. Effect of miR-155 on the upregulation of cell invasion in HTR8/SVneo cells. (A) Suppression of eNOS by miR-155 mimic and anti-eNOS siRNA in
HTR8/SVneo cells (upper panel, selected results of the western blot; lower bar chart, densitometry analysis and statistical comparison). (B) A transwell insert
assay was utilized to examine cell invasiveness by transfecting HTR8/SVneo cells with the control, miR-155 (miR-155 mimic), siRNA for eNOS (anti-eNOS
siRNA), and the ‘rescue’ effect by overexpressing eNOS in HTR8/SVneo cells transfected with miR-155 mimic and anti-eNOS siRNA, respectively. miRNA,
microRNA; PE, preeclampsia; eNOS, endothelial nitric oxide synthase; siRNA, small interfering RNA.
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Figure 3. Effect of miR-155-5p downregulation on cell invasion in
HTR&8/SVneo cells. (A) Suppression of miR-155-5p by its inhibitor,
anti-miR-155-5p in HTR8/SVneo cells. (B) A transwell insert assay was
utilized to examine cell invasiveness transfected with the inhibitor control or
anti-miR-155. The value of invasion index in the corresponding NC was set
as 100. miRNA, microRNA; NC, negative control.

Discussion

miRNA is considered to have an important role in gene
expression regulation and is known to contribute to the
development of numerous diseases. Key components of the
miRNA biosynthesis pathway have been identified in placenta
tissues, and aberrant expression of microRNAs and their
target genes has been detected in the placentas obtained from
preeclampsic pregnancies (17-20), indicating a significant role

for microRNAs in regulating placental development, function
and disease pathogenesis. The mechanisms underlying how
miRNAs modulate trophoblast cell function and placental
development, however, remains mostly elusive.

Genetic components have been considered to have an
important role in the development of PE (21). Previous linkage
analyses have located the PE susceptibility locus tochromosome
7q35 to 36 and have identified eNOS as one of the susceptibility
genes of PE (22,23). A common polymorphism of the eNOS
gene that enhances the degradation of the enzyme, results in
an aberrantly low production of nitric oxide (NO) as well as an
increased risk for PE in the carriers of the rare allele (24-26).
In one study, eNOS knockout mice presented with symptoms,
including hypertension, insulin resistance, hyperlipidemia and
decreased production of NO (27). In addition, the expression
of eNOS was evidently decreased in the umbilical vessel of
female patients with PE (28) and reduced maternal eNOS/nitric
oxide exacerbated the PE-like phenotype through activation
of the endothelin system (12). This evidence indicates that
eNOS is important in the pathogenesis of PE. Simultaneously,
miR-155 was identified to be an essential regulator of eNOS
expression and endothelium-dependent vasorelaxation, and it
was identified that inhibition of miR-155 may restore eNOS
expression and improve endothelial dysfunction (14,15). In the
present study, it was confirmed that miR-155 suppresses the
expression of eNOS in trophoblast cells and the expression
pattern of miR-155 and eNOS in PE and normal placentas
was demonstrated. As expected, a significantly higher level of
miR-155 and lower level of eNOS expression were detected in
the 19 preeclampsic placentas compared with the 22 normal
placentas.

The invasion of trophoblast cells into the endometrial
stroma and inner third of the myometrium is a crucial
step for the development of the maternal-fetal circulation.
Compromised migration of trophoblast cells may cause insuf-
ficient placentation, which has been reported to be associated
with various pathological processes, including fetal growth
retardation, PE and spontaneous abortion (11). miR-155 has
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been reported to be involved in the regulation of the migratory
capability of trophoblast cells through more than one pathway.
Dai et al reported that cyclin D1 promoted migration of
trophoblast cells and the suppression of cyclin D1 by miR-155
decreased the migratory ability of the cells, mediated by the
phosphorylation of FLNa (25). Similarly, miR-155 may also
affect the occurrence of PE by affecting trophoblast migration
via downregulating CYR61 (26). In the present study, it was
demonstrated that miR-155 inhibited trophoblast cell migra-
tion and invasion via regulating eNOS. In order to examine the
function of miR-155 in the human placenta, miR-155 mimic or
its inhibitor were transfected into HTR8/Svneo cells. miR-155
was identified to possess a strong inhibitory effect on tropho-
blast cell migration and invasion. Consistently, the suppression
of miR-155 by anti-miR-155, led to promotion of cell migration
and invasion, indicating that endogenous miR-155 significantly
contributed to the regulation of this cellular behavior. Notably,
the silencing effect of anti-eNOS-siRNA was ~2X higher than
the miR-155 mimic, whereas the inhibitory effect of miR-155
on trophoblast cell migration was paradoxically more potent
than anti-eNOS-siRNA. It was reasoned that miR-155 may
suppress the migration of the cell by downregulating other
components, including cyclin D1 (25) or CYR61 (26). This
hypothesis was supported by the results of the ‘rescue’ experi-
ment, where eNOS was cloned into a pcDNA4 vector and
overexpressed in the HTR-8/SVneo cells transfected with the
miR-155 mimic or anti-eNOS-siRNA. As demonstrated in
Fig. 2, the suppression of migration was completely restored
in the anti-eNOS-siRNA transfected cells by overexpressing
eNOS. By contrast, in miR-155 mimic transfected cells, eNOS
only restored 80% of the migratory capability of the intact
cells, which was still higher than expected. It was reasoned
that the messenger, such as cGMP, may partially compensate
for the lost signal of CYRG6I if eNOS is overexpressed (29).

In conclusion, the present study has revealed a negative
regulatory role of miR-155 in the migration of HTR-8/SVneo
cells via modulating eNOS. eNOS is confirmed as a target of
miR-155 in trophoblast cells and miR-155 is identified as a key
regulator in the development of severe PE. These data provide
insight into the molecular mechanisms of diseases associated
with trophoblasts~2x higher and may facilitate in further
elucidating the pathogenic role of miR-155 in PE.
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