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Preeclampsia (PE) is the leading cause of maternal and
neonatal morbidity and mortality. Defects in trophoblast inva-
sion, differentiation of endovascular extravillous trophoblasts
(enEVTs), and spiral artery remodeling are key factors in PE
development. There are no markers clinically available to pre-
dict PE, leaving expedited delivery as the only effective therapy.
Dysregulation of miRNA in clinical tissues and maternal circu-
lation have opened a new avenue for biomarker discovery. In
this study, we investigated the role of miR-218-5p in PE devel-
opment. miR-218-5p was highly expressed in EVTs and signif-
icantly downregulated in PE placentas. Using first-trimester
trophoblast cell lines and human placental explants, we found
that miR-218-5p overexpression promoted, whereas anti-miR-
218-5p suppressed, trophoblast invasion, EVT outgrowth, and
enEVT differentiation. Furthermore, miR-218-5p accelerated
spiral artery remodeling in a decidua-placenta co-culture.
The effect of miR-218-5p was mediated by the suppression of
transforming growth factor (TGF)-b2 signaling. Silencing of
TGFB2 mimicked, whereas treatment with TGF-b2 partially
reversed, the effects of miR-218-5p. Taken together, these
findings demonstrate that miR-218-5p promotes trophoblast
invasion and enEVT differentiation through a novel miR-
218-5p-TGF-b2 pathway. This study elucidates the role of an
miRNA in enEVT differentiation and spiral artery remodeling
and suggests that downregulation of miR-218-5p contributes
to PE development.
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INTRODUCTION
Preeclampsia (PE) is the leading and direct cause of maternal and
neonatal morbidity and mortality.1 Currently there are no predictive
methods clinically available, and the only effective treatment for PE is
delivery of the placenta and baby, often preterm, elevating the risk of
fetal complications.2 The risk to the mother does not end with the
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pregnancy; a relationship of developing PE during pregnancy to
future cardiovascular and metabolic diseases has been well estab-
lished.3,4 Furthermore, numerous studies report that babies born to
PE mothers have a significantly greater risk of developing cardiovas-
cular diseases later in life.5,6

The pathogenesis of PE is not well understood; however, it is recog-
nized that the placenta is the origin. A successful pregnancy
depends on healthy function of the placenta, which requires the pre-
cise and coordinated differentiation of cytotrophoblast cells (CTBs)
into interstitial extravillous trophoblasts (iEVTs) that invade the
decidua. A subset of EVTs further differentiates into endovascular
EVTs (enEVTs) that invade the maternal uterine spiral arteries dur-
ing vascular transformation. Remodeling of the uterine spiral ar-
teries into large dilated sinusoids is essential for adequate perfusion
of the placenta to support and sustain the increasing requirements
of the growing fetus.7 The molecular mechanisms governing the
development of these two distinct EVT subtypes are critical for
elucidating the etiology of PE.8 It has been suggested that shallow
EVT invasion into the decidua, along with poor enEVT-mediated
remodeling of spiral arteries, is a major cause of PE. This leads to
inadequate blood flow to the placenta, resulting in oxidative
stress, reperfusion injuries, and systemic maternal endothelial
dysfunction.9

MicroRNAs (miRNAs) are small non-coding RNAs that regulate
gene expression and play important roles in many developmental
and physiological processes, including placenta development and
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function.10–12 To date, no miRNAs have been implicated in the spe-
cific process of enEVT differentiation and spiral artery remodeling.13

miR-218-5p is processed from two precursor genes, MIR218-1 and
MIR218-2, located in introns of SLIT2 and SLIT3, respectively. The
Slit-Robo pathway is well known for its role in neuronal and vascular
development.14–18 This pathway is downregulated in PE placentas19

and has been suggested to regulate angiogenesis in the placental
bed.20,21 Interestingly, a recent study of human ectopic pregnancies
reported that migratory EVTs and actively remodeling enEVTs are
both strongly positive for SLIT2.22 miR-218-5p is expressed in the hu-
man placenta, and its levels are also downregulated in PE placental
tissues.23,24 However, the functional role and mechanism of miR-
218-5p in the placenta has not been reported.

The transforming growth factor b (TGF-b) family is a large group of
growth factors that play fundamental roles in many cellular processes,
such as cellular proliferation, differentiation, apoptosis, and angio-
genesis.25 They signal through a complex of type I and type II serine
and/or threonine receptors and a family of intracellular signaling
molecules, SMADs.26 Many studies, including those from our lab,
have demonstrated that the TGF-b signaling pathway plays
important roles in regulating trophoblast survival, proliferation,
and invasion.27–29

In this study, we investigated the expression and function of miR-
218-5p in the human placenta. We confirmed that miR-218-5p
was decreased in PE placental tissues, as shown previously,23,24

and report that the expression of miR-218-5p is upregulated at
the initiation of the invasive EVT pathway. We demonstrate that
miR-218-5p promotes invasion and enEVT differentiation and ac-
celerates the spiral artery remodeling process. We also provide evi-
dence that TGFB2 is a target of miR-218-5p. Our study reveals a
novel miR-218-5p-mediated mechanism regulating enEVT differen-
tiation that may contribute to the uteroplacental pathology associ-
ated with PE.

RESULTS
Expression of miR-218-5p in Placentas from Healthy and PE

Pregnancies

miR-218-5p is a highly conserved miRNA; a comparison across
several hemochorial placenta species showed complete conservation
of the entire 21-nt sequence (Figure S1A). To determine the expres-
sion level of miR-218-5p in the placenta, we first compared its levels
in PE placentas and gestational age-matched controls. PE samples
collected from either the basal or chorionic plate of the placenta
both showed a significant decrease in miR-218-5p levels compared
with controls (Figure 1A). Similarly, miR-218-5p levels were also
significantly lower in a second set of clinical samples from Mount
Sinai Hospital compared with healthy term controls (Figure S1B).
In placentas across gestation, miR-218-5p was detected, and a signif-
icantly higher level was observed in the second trimester (Figure 1B).
A closer investigation of the first-trimester anchoring villi showed
that miR-218-5p levels were significantly upregulated in the EVTs
and tips of villi starting at 8+ and 9+ weeks of gestation, respectively,
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whereas miR-218-5p levels in the branch portion of the villi remained
consistent throughout the 6- to 11-week period (Figure 1C).

Overexpression of mir-218 Induces Differentiation toward the

enEVT Pathway

To investigate the role of miR-218-5p in placental development, we
generated a mir-218-1-overexpressing cell line. The mir-218-1
stem-loop sequence was cloned into the miRNASelect pEGP-miR
expression vector (Figure S1C). The construct was transfected into
an immortalized first-trimester trophoblast cell line, HTR8/SVneo,
which has been used extensively as an EVT model.30 Subsequently,
positive clones were selected with puromycin treatment. A clone
that had 6-fold higher miR-218-5p expression over a control clone
that expresses only the empty vector (EV) (Figure 1D) was chosen
for functional studies. The mir-218-1-overexpressing cells displayed
clear morphological differences compared with control cells. They
were smaller and spindle-shaped and grew in a more diffuse mesen-
chymal pattern (Figure 1E). The rate of cell growth of mir-218-1-
overexpressing cells was significantly slower compared with the EV
(Figure 1F). Confocal microscopy revealed a vastly more disorganized
microtubule network with asymmetric distribution in mir-218-1-
overexpressing cells compared with control cells (Figure 1G).

miR-218-5p Upregulates Key Markers of Invasion and enEVT

Differentiation

To determine which genes are regulated by mir-218-1, a cDNA mi-
croarray was used. Interestingly, several enEVT markers and genes
associated with trophoblast invasion and enEVT differentiation
were among the top genes upregulated by mir-218-1 (Figure 2A).
Enriched gene ontology terms included negative regulation of
proliferation, cellular migration, chemotaxis, and vascular develop-
ment (Figure S2). mRNAs for several key markers were validated
by qRT-PCR. Matrix metallopeptidase-1 (MMP-1), integrin a 1
(ITGA1), platelet and endothelial cell adhesion molecule 1
(PECAM1), Cadherin 5 (CDH5, also known as vascular endothelial
(VE)-Cadherin), endothelial cell-specific chemotaxis regulator
(ECSCR), interleukin-8 (IL-8), interleukin-1b (IL-1B), and chemo-
kine C-X-C motif ligand 1 (CXCL1) were all significantly upregu-
lated in mir-218-1-overexpressing cells (Figure 2B). Similarly, in
primary first-trimester anchoring villi, we found that treatment
with an miR-281-5p mimic upregulated MMP-1, ITGA1, PECAM1,
CHD5, IL8, and IL1B mRNA levels compared with a non-targeting
control (NC) (Figure 2C). In contrast, inhibition of endogenous
miR-218-5p by anti-miR-218-5p (Figure 2D) downregulated some
of the markers compared with the anti-scramble control (Figure 2E).
In addition, the conditioned medium from the miR-218-5p-treated
group showed significant changes in secretory proteins important in
the establishment of the feto-placental interface. Specifically, IL-8,
CXCL1, IL-6, chemokine C-C motif ligand 2 (CCL2), CXCL16,
C-X3-C motif chemokine ligand 1 (CX3CL1), and macrophage
migration inhibitory factor (MIF) were upregulated in the condi-
tioned medium of mir-218-5p-treated placental explants, whereas
soluble endoglin (sEng) was significantly downregulated in miR-
218-5p conditioned medium (Figure S3).



Figure 1. Expression Pattern of miR-218-5p in Human Healthy and PE Placentas

(A) miR-218-5p expression in normal and PE placentas. PE and healthy term placentas between 35 and 39 weeks of gestation were collected from the basal and chorionic

plates (n = 15 placentas). miR-218-5p was downregulated in PE placentas compared with the control. (B) miR-218-5p levels in placentas across gestation (n = 9–24

placentas). An increase (p < 0.0001) in miR-218-5p levels during the second trimester was observed compared with all other gestational periods. Different letters above bars

denote statistical significance. (C) miR-218-5p expression in different regions of anchoring villi during early pregnancy. Placental samples were obtained from elective

terminations from 6–10.6 weeks gestation, dissected into EVTs (top), tips (center), and branches (bottom), and measured for miR-218-5p levels. Different letters above bars

denote statistical significance (n = 3–4 placentas). An increase in miR-218-5p was observed from 8 and 9 weeks in EVTs and tips, respectively. No difference in miR-218-5p

expression was observed in villi branches. (D) Confirmation of miR-218-5p overexpression in HTR-8/SVneo cells stably transfected with mir-218-1 versus cells transfected

with empty vector (EV). (E) Morphological examination of stable mir-218-1 and control cells seeded in equal numbers showed that mir-218-1 cells were smaller and spindle-

shaped, with less cell-cell contact compared with EV cells. Scale bar, 100 mm. (F) Cell proliferation assays showedmir-218-1-overexpressing cells grew slower than EV cells.

(G) Immunofluorescence staining of acetylated a-tubulin. mir-218-1 cells displayed a more disorganized microtubule network and asymmetric organization. Scale bar,

10 mm. All cell data are representative of three independent experiments. Statistical analysis was performed using (A) unpaired two-tailed Student’s t test with Welch’s

correction, (B and C) one-way ANOVA with Tukey’s test, or (D and F) multiple t tests. **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
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miR-218-5p Promotes First-Trimester Trophoblast Migration

and Invasion

Since mir-218-1 upregulated enEVT markers and genes involved in
invasion, we assessed the migratory and invasive behavior of mir-
218-1-overexpressing cells using transwell assays. As expected, mir-
218-1 overexpression significantly increased cell migration (Fig-
ure 3A) and invasion (Figure 3B), and the invasion-promoting effect
of mir-218-1 was reversed by anti-miR-218-5p (Figure S4A). Simi-
larly, transient transfection of miR-218-5p significantly increased
cell migration (Figure 3C) and invasion (Figure 3D), whereas anti-
miR-218-5p had the opposite effects (Figures 3E and 3F). In a more
recently established immortalized first-trimester trophoblast cell
line, Swan71, miR-218-5p also enhanced invasion (Figure S4B).
miR-218-5p has been reported to inhibit cancer cell invasion;31–33

we therefore repeated the transwell invasion assay in an ovarian can-
cer cell line, ES-2. Similar to studies of other cancer cells, miR-218-5p
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decreased invasion compared with the control (Figure S4C). To
further investigate the invasive and migratory effect of miR-218-5p,
first-trimester placental explants were treated with controls, miR-
218-5p, or anti-miR-218-5p oligos.We found that miR-218-5p signif-
icantly promoted the outgrowth of EVTs (Figure 3G), whereas anti-
miR-218-5p significantly impeded this process (Figure 3H). Neither
miR-218-5p (Figure 3G) nor anti-miR-218-5p (Figure 3H) had signif-
icant effects on cytotoxicity, as revealed by lactate dehydrogenase
(LDH) assays.

miR-218-5p Accelerates Spiral Artery Remodeling

To further confirm that miR-218-5p promotes enEVT differentiation,
we investigated the angiogenic potential of mir-218-1 stable cells us-
ing an in vitro endothelium-like network formation assay.We showed
that the mir-218-1-overexpressing cells formed more richly branched
and extensive networks with a significantly longer total network
length compared with control cells (Figure 4A). Conversely, transfec-
tion of parental HTR8/SVneo cells with anti-miR-218-5p signifi-
cantly reduced their network-forming ability (Figure 4B). To deter-
mine how overexpression of mir-218-1 in trophoblasts affects their
ability to interact with endothelial cells, we co-cultured control or
mir-218-1 stable cells with human umbilical vein endothelial cells
(HUVECs) at a one-to-one ratio. To differentiate the two cell types,
staining with CellTracker green and red dye, respectively, was done
prior to seeding (Figure S5). mir-218-1-HUVEC co-culture had a
significantly larger total network length than EV-HUVEC co-culture
(Figure 4C, left). Interestingly, in co-culture with control cells,
HUVECs formed intact tubes. However, in co-culture with mir-
218-1-overexpressing cells, trophoblasts displaced the HUVECs
to form network branches (Figure 4C, right), suggesting that mir-
218-1 enhances the trophoblasts’ ability to displace endothelial cells
in the network.

A major function of enEVTs is to replace the endothelial cells lining
uterine spiral arteries through vascular remodeling.34 To examine
the role of miR-218-5p in this process, we used a placenta-decidua
explant co-culture system previously shown to mirror first-trimester
decidual vascular transformation.35 Placental explants with intact
EVT columns were incubated for 24 hr with control or miR-218-
5p mimics prior to placement onto the decidual epithelial surface
(Figure S6). A decidua-alone culture was used to confirm that there
was no sign of trophoblast invasion and spiral artery remodeling in
utero before the setup of co-culture. As shown in Figures 5A–5E,
Figure 2. miR-218-5p Increases the Expression of Key Markers of Trophoblast

(A) Gene expression profiling in EV and mir-218-1 stable cells by cDNA microarray. Seve

upregulated inmir-218-1 cells. (B) Validation of genes regulated bymir-218-1. All marker

of gene expression by miR-218-5p in first-trimester placental explants. Placental tissue

miR-218-5p or a scramble non-targeting control (NC) for 48 hr. miR-218-5p significa

placentas). (D) Anti-miR-218-5p inhibits endogenous miR-218-5p in placental explants

levels were measured (n = 6 placentas). miR-218-5p was downregulated by anti-miR

samples described in (D) were used for real-time qPCR. Although most markers meas

analysis was performed by (B) multiple t tests (a = 0.05) corrected for multiple compa

confidence interval [CI]) using GraphPad Prism. *p < 0.05, **p < 0.01, ***p < 0.001. Err
the decidua tissue cultured without placental explants was negative
for the trophoblast (epithelial) marker cytokeratin-7 (CK-7) and the
EVT marker histocompatibility antigen, class I, G (HLA-G) (Fig-
ures 5A and 5B). As expected, in non-invaded tissues, decidua con-
trols displayed tight, un-remodeled arterioles that stained positive
for the smooth muscle marker smooth muscle actin (SMA) and
the endothelial cell marker PECAM1 (Figures 5C and 5D). Leuko-
cytes, positive for lymphocyte common antigen (CD45), were
spread evenly throughout the tissue and were not associated with
any observed vessels (Figure 5E). In placental-decidual co-cultures
pre-treated with NC, the placenta had a large EVT-anchoring col-
umn, as shown by CK-7- and HLA-G-positive staining (Figures
5F and 5G). EVT cells were seen invading the lumen of a cross-
sectioned arteriole at the proximal end (black arrowheads, Figures
5F and 5G) that displayed a complete loss of smooth muscle cells
and nearly all endothelial cells (Figures 5H and 5I, magnified areas).
The distal portion of the arteriole (red arrowheads) showed an early
“active phase” of vascular transformation with a residual smooth
muscle layer (Figure 5H) and an intact endothelial cell layer with
signs of endothelial cell swelling (Figure 5I). These changes
occurred prior to the presence of trophoblasts and were associated
with infiltration of CD45-positive leukocytes in the vessel wall (Fig-
ure 5J). In placenta-decidua co-cultures pre-treated with miR-218-
5p, an accelerated process of vessel remodeling was evident. The
placenta tissue transfected with miR-218-5p mimics displayed large
EVT columns positive for both CK-7 and HLA-G (Figures 5K and
5L). Although CK-7 positive EVTs were visible in the proximal
portion of the vessel (black arrowheads), they were also present
in large numbers in the distal part of the vessel (red arrowheads),
where they were seen lining the walls and interacting in the lumen
(Figure 5K). The HLA-G marker was lightly positive in the deep
invaded trophoblasts (Figure 5L). Nearly all vascular smooth muscle
cells were lost, as shown by the lack of SMA staining (Figure 5M).
Likewise, the endothelial cell marker PECAM1 was only observed in
a few cells lining the vessel wall (Figure 5N, arrowheads). Interest-
ingly, the EVTs in the placental column and distal portion of the
vessel were weakly stained for PECAM1 (Figure 5N asterisks).
Compared with the NC-pretreated co-culture, there was also a
greater extent of leukocyte recruitment to the site of vascular re-
modeling, with higher numbers of leukocytes directly associating
with the wall and in the lumen of the transformed vessel of the
miR-218-5p co-cultures (Figure 5O). Similar results were obtained
from two additional placenta-decidua co-cultures (Figures S7A
Invasion and Endovascular Trophoblast Differentiation

ral markers of trophoblast differentiation and genes involved in invasion were greatly

s were significantly upregulated inmir-218-1 cells (n = 3 experiments). (C) Regulation

s were dissected to enrich extravillous trophoblast (EVT) columns and treated with

ntly upregulated PECAM1, CDH5, IL-8, and IL-1B mRNA levels versus NC (n = 6

. Placental tissues were incubated with anti-miR-218-5p for 48 hr, and miR-218-5p

-218-5p. (E) Anti-miR-218-5p downregulated marker gene expression. The RNA

ured showed a trend of decrease, only CDH5 and IL-8 were significant. Statistical

risons with the Holm-Sidak method and (C and D) Welch’s t test (p < 0.05, 95%

or bars represent SEM.
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Figure 4. Overexpression of mir-218-1 Promotes Endothelium-like Network Formation

(A) mir-218-1 enhances network formation. Control and mir-218-1 stable cells were seeded on Matrigel-coated wells, and network formation was assessed 18 hr after

seeding. mir-218-1 cells displayed an increased ability to align into network structures compared with control cells (n = 3 experiments). A representative image is shown. (B)

Anti-miR-218-5p inhibits network formation. HTR8/SVneo cells were transiently transfected with anti-miR-218-5p, and network formation assays were performed.

Compared with an NC oligo (anti-NC), cells transfected with anti-miR-218-5p showed a decreased ability to form network structures (n = 3). One representative experiment is

shown. (C) mir-218-1 stimulates network formation in a co-culture of trophoblasts and HUVECs. Control (EV) or mir-218-1 stable trophoblasts (green) were seeded on

Matrigel at a one-to-one ratio with HUVECs (red), and cells were allowed to co-localize and form networks for 18 hr. mir-218-1-HUVEC co-culture showed a more complex

network with a larger total length (n = 3). Examination of networks formed on the left showed that, in co-culture with control (EV) trophoblasts, HUVECs formed intact

branches. However, in co-culture with mir-218-1-overexpressing cells, the networks formed by HUVECs were not intact (white arrowheads). Representative images are

shown. **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM. Scale bars, 500 mm.
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and S7B). Quantification of remodeling vessels revealed that pre-
treatment with miR-218-5p led to a doubling of the depth of
trophoblast invasion and vascular transformation in comparison
with the control (Figure 5P).

mir-218-5p Promotes Trophoblast Invasion and Differentiation

into enEVTs through Suppression of TGF-b2 Signaling

TGFB2mRNA contains a predicted binding site for miR-218-5p (Fig-
ure S8A), and, therefore, a luciferase reporter containing the TGFB2
Figure 3. miR-218-5p Promotes Trophoblast Invasion, Migration, and EVT Out

(A–F) Cells were seeded on transwells without and with Matrigel to assess cell migration

and invasion (B) compared with control cells transfected with EV. Transient transfection o

with NC. Conversely, anti-miR-218-5p significantly decreased the migratory (E) and inva

data pooled from a minimum of three independent experiments. (G) Explants from first-

(200 nM) for 24 hr. EVT outgrowth was measured at the time of treatment (0 hr) and at t

miR-218-5p-treated tissues. (H) Explant tissues were treated with anti-miR-218-5p or t

miR-218-5p treatment. Neither miR-218-5p (G) nor anti-miR-218-5p (H) had significan

data from four experiments with unique placentas. *p < 0.05, **p < 0.01, ***p < 0.001.
30 UTR bracketing the predicted miR-218-5p binding site was gener-
ated (Figure S8B). Luciferase assays revealed that miR-218-5p signif-
icantly downregulated luciferase activity in the TGFB2 3’ UTR re-
porter (Figure 6A). In addition, TGFB2 mRNA (Figure 6B) and
secretion of TGFB2 protein (Figure 6C) were also lower in mir-
218-1 cells than in control cells. In contrast to the increased level of
miR-218-5p in EVTs from mid- to late first trimester, TGFB2 immu-
noreactivity in the EVT population decreased from 7 to 17 weeks of
gestation (Figure S9). Using a SMAD-reporter construct, we found
growth

or invasion, respectively. Stable transfection of mir-218-1 increased cell migration (A)

f themiR-218-5pmimics also promoted cell migration (C) and invasion (D) compared

sive (F) ability of the cells compared with controls. The results presented in (A)–(F) are

trimester placentas were placed on Matrigel and treated with miR-218-5p or control

ermination of the experiment (24 hr). An increase in EVT outgrowth was observed in

he control (200 nM) for 48 hr. A decrease in EVT outgrowth was observed with anti-

t effects on cytotoxicity. Representative images are shown, and bar graphs present

Error bars represent SEM. Scale bars, 250 mm.
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Figure 5. miR-218-5p Accelerates Spiral Artery Remodeling

(A–E) Investigation of markers for trophoblasts (CK-7 and HLA-G), spiral arteries (SMA and PECAM1), and leukocytes (CD45) in decidua parietalis cultured alone. The tissue

was negative for CK-7 and HLA-G (A and B, black arrowheads). Tight, non-invaded arterioles stained positive for SMA and PECAM1 (C and D, black arrowheads). Lym-

phocytes positive for CD45 were spread evenly throughout the tissue (E). (F–J) Placenta tissue pre-treated with NC was assessed for the degree of vessel remodeling. EVTs

positive for CK-7 (F) and HLA-G (G) (black asterisks, *) entered the proximal arteriole (black arrowheads), and a few cells also reached the distal portion (red arrowheads).

Smooth muscle (H) and endothelial (I) cells were mostly removed in the proximal portion (black arrowheads) of the spiral arteriole but remained intact in the distal portion (red

arrowheads), suggesting that the vessel was at an early “active phase” of vascular transformation. Leukocyte recruitment (J) at the site of remodeling was observed

(arrowheads). (K–O) Placenta tissue pre-treated with miR-218-5p showed an accelerated degree of vessel remodeling. CK7-positive (K) and HLA-G-positive (L) EVTs (black

asterisks, *) entered the proximal portion of the arteriole (black arrowheads) and invaded the distal portion (red arrowheads). Only a few cells positive for SMA (M) remained at

the proximal (black arrowheads) but also the distal (red arrowheads) portions of the arteriole. Smooth muscle cells in both proximal (black arrowheads) and distal portions

had been predominantly removed, and cells in the lumen showed signs of phagocytosis (red arrowheads). Only residual PECAM1 -positive endothelial cells (N) remained at

both the proximal (black arrowheads) and distal (red arrowheads) portions of arteriole. EVTs were weakly positive for PECAM1 in the placenta column and the endovascular

EVTs at the distal site of remodeling (black asterisks, *). Extensive recruitment of leukocytes to the site of active remodeling (arrowheads) and associated clearing of

leukocytes from surrounding tissue was observed (O). (P) Quantification of the remodeling arterioles showed a doubling in depth of trophoblast invasion and vessel re-

modeling in miR-218-5p-pretreated placentas compared with the control (n = 3 independent experiments with 2–3 co-cultures per experiment). Error bars represent SEM.

Scale bars, 50 mm.
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that transient transfection of miR-218-5p (Figure 6D) and stable
transfection of mir-218-1 (Figure 6E) both significantly reduced
SMAD transcriptional activity. Treatment with recombinant human
TGF-b2 significantly decreased CDH5, MMP-1, IL-1B, and IL-8
mRNA levels, whereas PECAM1 was unaffected (Figure 6F).
Silencing of TGFB2 by small interfering RNA (siRNA) (Figure 6G)
resulted in a significant increase in invasion compared with the
2196 Molecular Therapy Vol. 26 No 9 September 2018
scrambled siRNA control (Figure 6H). Conversely, treatment with
TGF-b2 significantly decreased cell invasion (Figure 6I). First-
trimester placenta explants treated with TGFB2 siRNA had a signifi-
cantly larger EVT outgrowth area (Figure 6J), whereas TGF-b2 treat-
ment had the opposite effect (Figure 6K). Furthermore, TGF-b2
decreased the ability of HTR8/SVneo cells to form a network-like
structure (Figure 6L). Finally, in the placenta-decidua co-culture



(legend on next page)
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experiments, we observed lower TGFB2 immunoreactivity in EVT
columns of miR-218-5p-treated placental explants ones treated with
NC (Figure S10).

To determine whether the effects of miR-218-5p on enEVT differen-
tiation were mediated by TGF-b2, rescue experiments were per-
formed. Control and mir-218-1 cells were treated with and without
TGF-b2. We found that mir-218-1-induced MMP-1, CDH5, IL-1B
and IL-8 expression was blocked by TGF-b2 (Figure 7A). TGF-b2
also reversed the pro-invasive phenotype observed in mir-218-1 cells
(Figure 7B). Finally, the significantly larger network formed by mir-
218-1 cells when seeded on Matrigel was lost after TGF-b2 treatment
(Figure 7C).

DISCUSSION
The precise mechanisms underlying the development of PE are still
elusive. Although it is clear that there is a complex interplay of
both placental and maternal factors, there is consensus that a disrup-
tion in the invasive trophoblast pathway is an important contributing
factor to the etiology. Histological studies of PE tissues have
consistently shown superficial EVT invasion, absence of enEVT
differentiation, and consequent insufficient remodeling of maternal
spiral arteries.36–38 The mechanism of enEVT differentiation and spi-
ral artery remodeling has not been well studied. In this study, we
demonstrate that miR-218-5p induces trophoblast invasion, pro-
motes EVT-to-enEVT differentiation, and accelerates spiral artery re-
modeling. To the best of our knowledge, this is the first report of an
miRNA implicated in enEVT differentiation and spiral artery
remodeling.13

In this study, we first investigated the expression level of miR-218-5p
in healthy placental tissues compared with PE placentas to identify its
biological and pathological relevance. Consistent with previous re-
ports,23,24 we found that miR-218-5p is downregulated in placenta tis-
sues from patients diagnosed with PE. To date, it has been established
that the period of deep placental invasion and spiral artery remodel-
ing in the first and early second trimester is of particular importance
in the onset of PE.39 Using qRT-PCR, we found that miR-218-5p
expression spikes in the tips of placental explants from 8 to 11 weeks.
These findings suggest that miR-218-5p is expressed in the placenta,
especially in EVTs, and that it may play a role in regulating the estab-
lishment of the maternal fetal interface. However, the precise cellular
Figure 6. miR-218-5p Targets TGFB2

(A) Luciferase reporter assay. miR-218-5p reduced luciferase activity in cells transfected

TGFB2 mRNA was downregulated in mir-218-1 cells compared with the control (n = 3

media collected from mir-218-1 stable cells compared with EV (n = 3). (D) Transient tra

SMAD response reporter, pAR3-lux (n = 3). (E) mir-218-1-overexpressing cells had lo

treated with recombinant human TGF-b2 (10 ng/mL) for 24 hr downregulated key mark

targeting TGFB2 (siTGFB2) (n = 3). (H) Silencing of TGFB2 increased cell invasion (n =

enhanced first-trimester placental explant outgrowth. Placental explants were treated w

24 hr inhibited placental explant outgrowth (n = 5). (L) TGF-b2 inhibits network formation.

structures on Matrigel compared with the control (n = 3). Statistical analysis was perfo

comparisons with the Holm-Sidak method. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
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localization of miR-218-5p within the placenta requires further
confirmation by in situ hybridization.

Next, we assessed the consequence of mir-218-1 overexpression in
the well-established immortalized first-trimester trophoblast cell
line HTR8/SVneo.40 We observed that cells stably transfected
with mir-218-1 displayed a spindly morphology and a more disor-
ganized cytoskeletal structure characteristic of highly motile cells,
higher mRNA levels of several genes known to be enEVT markers
or associated with trophoblast invasion, an increase in cell invasion
and endothelium-like network-formation, and a reduction in pro-
liferation rate. These changes are consistent with differentiation to-
ward an invasive enEVT pathway.41,42 A recent cDNA microarray
study compared gene expression patterns between HTR8/SVneo
cells grown under standard or network-forming conditions. They
reported that network-forming cells expressed genes associated
with cytoskeleton organization, cell migration, and blood vessel
development, whereas mitotic genes associated with proliferation
were more highly expressed in cells grown under standard condi-
tions. Interestingly, SLIT2, which houses the MIR218-1 gene, was
among the pro-angiogenic genes upregulated in network-forming
cells.43

Several genes upregulated by miR-218-5p have been well docu-
mented in previous work as promoters of trophoblast invasiveness
and markers of endovascular differentiation. CDH5 and IL-8 were
the most congruent markers upregulated by miR-218-5p in both
our cell and tissue models. Studies of feto-maternal interface sec-
tions showed that the upregulation of CDH5 in healthy tissue
EVTs is absent in PE-affected tissues. They further demonstrated
that CDH5 promotes primary CTB invasiveness in culture.37 Like-
wise, IL-8 promotes primary CTB and HTR8/SVneo cell migration
and invasion.44 MMP-1 is one of the top upregulated markers in
stable mir-218-1 cells. As a collagenase, MMP-1 is responsible
for the degradation of collagen-rich extracellular matrices, such
as those abundantly found in the decidua and the myometrium.45

MMP-1 was reported to be the highest downregulated MMP in PE
cases. Specifically, there is a clear reduction in the MMP-1+ EVT
population, suggesting its involvement in the reduced invasiveness
observed in the pathophysiology of PE.46 IL-1B was reported to
directly promote the motility of first-trimester EVT47 and to regu-
late the degree of their invasiveness.48 Both PECAM1 and CDH5
with the TGFB2 30 UTR reporter but not in cells transfected with the EV (n = 3). (B)

). (C) ELISA quantification of TGF-b2 showed a downregulation in the conditioned

nsfection of miR-218-5p reduced SMAD transcription activity, as measured using a

wer SMAD-induced luciferase activity compared with control cells (n = 3). (F) Cells

ers of invasion and endovascular EVT differentiation (n = 3). (G) Validation of siRNA

3). (I) Treatment with TGF-b2 suppressed invasion (n = 3). (J) Silencing of TGFB2

ith 200 nM siTGFB2 or NC for 48 hr (n = 4). (K) Treatment with TGF-b2 (10 ng/mL) for

HTR8/SVneo cells pre-treated with TGF-b2 (10 ng/mL) showed decreased network

rmed using a two-tailed unpaired t test or (F) multiple t tests corrected for multiple

0.0001. Error bars represent SEM. Scale bars, 250 mm.



Figure 7. miR-218-5p Exerts Its Effect through Suppression of TGF-b2

(A) TGF-b2 reversed the effect of mir-218-1 on gene expression. EV control and mir-218-1-overexpressing stable cells were treated with TGF-b2 (10 ng/mL). mir-218-1

increased MMP-1, CDH5, IL-1B, and IL-8 mRNA levels, but these effects were abolished by TGF-b2. (B) TGF-b2 reversed the effect of mir-218-1 on cell invasion. Treatment

with TGF-b2 inhibited the promoting effect of mir-218-1 on cell invasion. (C) TGF-b2 reversed the effect of mir-218-1 on network formation. TGF-b2 treatment reduced the

ability of mir-218-1 stable cells to form network-like structures. (D) Proposed role of miR-218-5p in placental development and in the pathogenesis of preeclampsia. miR-218-

5p is upregulated in EVTs to promote trophoblast invasion, endovascular differentiation, and spiral artery remodeling, in part through suppression of TGF-b2 signaling. Other

target genes remain to be identified. Downregulation of miR-218-5p may lead to upregulation of TGF-b2 and other genes, which contributes to the shallow invasion of EVTs

and defective spiral artery remodeling observed in PE placentas. STB, syncytiotrophoblast; CTB, cytotrophoblast; EVT, extravillous trophoblast; enEVT, endovascular EVT.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM. Scale bar, 500 mm.
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were previously identified in EVTs at decidual-endothelial junc-
tions, whereas CDH5 was shown to be essential in the transendo-
thelial migration of enEVTs during spiral artery remodeling.49

Similarly, both PECAM1 and CDH5 were found to be critical in
endothelial cell network formation on Matrigel.50 Strong ECSCR
immunoreactivity was detected in enEVTs of the placenta bed
and within enEVTs of myometrial microvessels,51 and ECSCR
was strongly upregulated by mir-218-1 in our study.
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Using an ex vivomodel, we showed that placental explants pre-treated
with miR-218-5p accelerated the decidual spiral artery remodeling
process and induced PECAM1 expression in enEVTs in the vascular
lumens. The remodeling of maternal spiral arteries is a complex
multi-step process involving priming of the vessels by decidual im-
mune cells and subsequent infiltration of enEVTs.52–54 Our results
suggest that miR-218-5pmay upregulate genes involved in the epithe-
lial-to-enEVT switch, resulting in an increased pool of enEVTs avail-
able for remodeling. The secondmechanism responsible for the accel-
eration of spiral artery remodeling by miR-218-5p may lie in the
upregulation of immune-responsive chemokines. Crosstalk between
trophoblasts and the decidualized uterus is vital for establishment
of a healthy feto-maternal interface. We found that decidua co-
cultured with miR-218-5p-treated placental explants showed an
abundant recruitment of CD45-positive leukocytes to the site of
vascular remodeling. Furthermore, treatment of placental explants
with miR-218-5p upregulated the secretion of several pro-invasive
and pro-angiogenic proteins into the conditioned medium. These
data support a leukocyte chemotaxis effect of miR-218-5p-treated
trophoblasts on the surrounding maternal tissue. Paracrine signals
from the invading trophoblasts have been shown to contribute to
the enriched cytokine milieu at the implantation site responsible for
immune modulation and angiogenesis. In decidual stromal cells
cultured in conditionedmedium from primary first-trimester tropho-
blasts, CXCL1, IL-6, IL-8, and intercellular adhesion molecule-1
(ICAM1) are among the most highly upregulated genes.48 EVT-
derived IL-6 and IL-8 have been shown to act on endothelial cells
in remodeling arterioles to produce CCL14 and CXCL6, which, in
turn, recruit decidua natural killer cells (dNKs) and macrophages to
the site of remodeling.55 Likewise, trophoblast-secreted CXCL16
has been implicated in the recruitment of monocytes and T cells in
first-trimester decidua.56 Because miR-218-5p induced the expression
and secretion of several cytokines and chemokines, notably CXCL1
and IL-8, it is possible that they are involved in miR-218-5p-pro-
moted leukocyte recruitment. This possibility will be tested in the
future.

Although the TGF-b pathway has been implicated in placental devel-
opment, its role in enEVT differentiation and spiral artery remodeling
has not been reported. In this study, we show that miR-218-5p targets
the TGFB2 30 UTR and downregulates TGFB2 mRNA levels and
secretion. Furthermore, silencing of TGFB2 mimicked some of the
miR-218-5p phenotype. Specifically, in both HTR-8/SVneo cells
and placental explants, we found that TGF-b2 inhibited invasion
and EVT outgrowth, and incubation with TGF-b2 resulted in down-
regulation of enEVT markers in the trophoblast cell line. Moreover,
high levels of miR-218-5p expression correlated well with low
TGFB2 levels in EVTs during the most active phase of utero-placental
development. These findings suggest that TGF-b2 exerts a negative
effect on enEVT differentiation and that its downregulation by
miR-218-5p is in part responsible for the promotion of enEVT differ-
entiation and spiral artery remodeling by miR-218-5p. The three
TGFb isoforms and their downstream regulatory molecules are
located at the feto-maternal interface. The majority of studies suggest
2200 Molecular Therapy Vol. 26 No 9 September 2018
that the TGFb pathway is a negative regulator of trophoblast inva-
sion.57–59 Although the effect of TGF-b2 on the endovascular EVT
pathway has not been previously reported, primary trophoblast
treatment with TGF-b1 has been shown to downregulate CDH5.60

Interestingly, miR-218-5p-treated placental explants also showed sig-
nificant downregulation of the placenta-derived soluble TGF-b co-re-
ceptor sEng, an anti-angiogenic protein known to be upregulated in
sera of PE patients and to correlate with disease severity.61

In summary, this study provides the first evidence that miR-218-5p
plays an important role in healthy placentation and may be involved
in the pathogenesis of PE. Our findings suggest that miR-218-5p in
the EVT population promotes the migration, invasion, and differen-
tiation of enEVTs that contribute to proper remodeling of maternal
spiral arteries, in part via inhibition of TGF-b2 signaling. Because
miR-218-5p is downregulated in PE placentas, whereas serum
TGF-b2 is upregulated in PE patients,62 we propose that miR-218-
5p is important in normal placenta development by limiting TGF-
b2 signaling, and downregulation of miR-218-5p may contribute to
the pathogenesis of PE (Figure 7D). Shallow EVT invasion and insuf-
ficient spiral artery remodeling are shared pathophysiologies of other
pregnancy complications, such as intrauterine growth restriction
(IUGR)63 and pre-term labor.64 Therefore, our findings regarding
miR-218-5p may warrant further investigation into other gestational
disorders. The use of miRNAs as potential plasma biomarkers has
been investigated,28,65 and the utility of miR-218-5p as both a predic-
tive and prognostic marker in cancer has been suggested.66,67 The
possibility of using miR-218-5p as a biomarker of PE and possibly
other disorders of pregnancy remains to be investigated. Further-
more, the use of miRNA-based therapeutic agents is a focus in
next-generation medicine,68 making miR-218-5p a great candidate
for exploration in early PE intervention.

MATERIALS AND METHODS
Patients and Tissue Collection

Placental tissues from PE and healthy term controls were collected
with informed consent from pregnant women who underwent peri-
natal medical care between 2010 and 2011 at the Department of Ob-
stetrics and Gynecology, Peking University Third Hospital, China.
The study protocol was approved by the Ethics Committee of the
Institute of Zoology, Chinese Academy of Science. Specifically,
15 unique placenta samples were used for each group. Exclusion
and diagnostic criteria can be found in the Supplemental Materials
and Methods, and the clinical characteristics of patients are listed
in Table S1A.

Additional fresh and frozen normal human tissues in this study were
collected with informed consent through the BioBank program at the
Research Centre for Women’s and Infants’ Health at Mount Sinai
Hospital using a protocol approved by the Mount Sinai Hospital
Research Ethics Board. For the evaluation of miR-218-5p expression
across gestation, 69 placentas were used. Specifically, 13 first-
trimester (5–12 weeks), 9 from second-trimester (13–20 weeks), 23
pre-term (26–36 weeks), and 24 term (37–40 weeks) placentas were
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analyzed. Exclusion and diagnostic criteria can be found in the
Supplemental Materials and Methods, and the clinical characteristics
of patients are listed in Table S1B. To evaluate the endogenous level
of miR-218-5p in trophoblast subpopulations, placentas from
6–11 weeks of gestation were carefully dissected into EVT columns,
tips of villi beneath the columns, and villous branches. Tissues were
snap-frozen in liquid nitrogen and stored at �80�C for further
RNA extraction. At least three unique placentas were dissected per
gestational week.

Cell Culture

An immortalized human first-trimester trophoblast cell line, HTR8/
SVneo, was obtained from Dr. Charles Graham (Queen’s University,
Kingston, ON, Canada) and cultured as described previously.40 Cells
were periodically checked for mycoplasma contamination using the
Mycoplasma Detection Kit QuickTest (BioTools, Jupiter, FL) and,
when needed, treated with the MycoSmash Mycoplasm Removal
Kit (BioTools) following the manufacturer’s directions. All experi-
ments were carried out on cells between passages 73 and 85.

Transfections and Recombinant Protein Treatment

Transient transfection of siRNAs, miRNA mimics, or inhibitors
(100 nM; sequences are listed in Table S2) was carried out using
Lipofectamine RNAiMax (Themo Fisher Scientific, Burlington,
ON, Canada). Plasmid DNA was transfected into cells using
Lipofectamine 2000 (Themo Fisher Scientific). All transfections
were performed in 6-well plates on 70% confluent cultures using
2 mL of Lipofectamine reagent in Opti-MEMmedium (Thermo Fisher
Scientific). Transfections were carried out for 5 hr, and cells were then
recovered in 10% fetal bovine serum (FBS)-containing medium for
16 hr. miR-218-5p, siTGFB2, and NCs were purchased from
GenePharma (Shanghai, China). MirVana anti-miR-218-5p and a
negative control were purchased from Thermo Fisher Scientific.
Recombinant human TGF-b2 protein (Cedarlane, Burlington, ON,
Canada) was used at 10 ng/mL in serum-free medium. To study
the effect of TGF-b2 on enEVT marker expression, cells were treated
with TGF-b2 for 24 hr. To determine whether TGF-b2 affects cell
migration, invasion, and network formation, cells were pre-treated
with TGF-b2 overnight prior to seeding for these assays.

Generation of miR-218-1 Stable Cells

A portion of the SLIT2 intron (NG_047105; 281,231 to 281,568 bp)
bracketing the mir-218-1 stem-loop sequence was amplified using
the pair of primers listed in Table S2 and cloned into a GFP-express-
ing pEGP-miR vector between the NheI and BamHI cut sites. HTR8/
SVneo cells were subsequently transfected with the empty pEGP-miR
vector or the mir-218-1 construct, followed by addition of 2 mg/mL
puromycin treatment for 2 weeks to select positive clones. All viable
colonies were assessed for overexpression by detecting GFP signals
and measuring miR-218-5p levels.

RNA Extraction, Reverse Transcription, and Real-Time qPCR

Total RNA from cells and tissues was extracted using TRIzol reagent
(Thermo Fisher Scientific) according to the manufacturer’s protocol.
Reverse transcription was performed on 1.5 mg total RNA with molo-
ney murine leukemia virus reverse transcriptase (M-MuLV) (New
England Biolabs, Whitby, ON, Canada). miRNA quantification was
performed with the NCode miRNA First-Strand cDNA Synthesis
Kit (Thermo Fisher Scientific), following the manufacturer’s direc-
tions. Real-time qPCR was carried out with EvaGreen qPCR Master
Mix (ABM, Richmond, BC, Canada), following the manufacturer’s
directions, on a RotorGene-Q thermocycler (Thermo Fisher Scienti-
fic). miR-218-5p levels were normalized to U6 small nuclear RNA
(snRNA) levels, and all other genes were normalized to cytochrome
c1 (CYC1). The relative mRNA level was calculated using the 2�DDct

method. Primer sequences are listed in Table S2.

Effects of miR-218-5p on enEVT Marker Gene Expression in

Anchoring Villi

First-trimester placentas were collected as described above. Placental
tissues between 8–10 weeks of gestation were dissected to collect
EVT-containing villi. To assess changes in desired gene markers,
the EVT-anchoring cell columns were carefully dissected with curved
scissors and incubated with 200 nM of miR-218-5p, anti-miR-218-5p,
or NC oligos in serum-free DMEM-F12 phenol red-free medium
(Thermo Fisher Scientific) at 37�C with 3% O2 and 5% CO2. For
each treatment group within the experiment, approximately 50
EVT columns were used. After 48 hr, tissues were collected, snap-
frozen in liquid nitrogen, and stored at �80�C until RNA extraction.
Because of limitations in tissue size, only one to two replicates were
used per trial, and each experiment was repeated at least five times us-
ing different placentas.

First-Trimester Human Placental Explant Culture

Placenta explant cultures were performed as described previously.27 All
successfully attached explants were randomly assigned to a treatment
group. Explants were treated with NC, miR-218-5p, anti-miR-218-
5p, or siTGFB2 (Table S2) at 200 nM or recombinant TGF-b2 at
10 ng/mL. Each treatment group had 3–5 replicates, depending on
the availability of tissue. Each experiment was performed 4–5 times us-
ing different placentas. Explants were photographed immediately after
adding treatment and subsequently at 24 and 48 hr using a Leica
DFC400 camera attached to a dissecting microscope. ImageJ software
(NIH, USA) was used to measure the area of EVT outgrowth. Specif-
ically, total outgrowth area was calculate by subtracting the initial
area before treatment from the area at the end of the treatment. To
reduce quantification error, each explant replicatewas quantified across
all time points in one sitting. To reduce bias, the quantificationwas per-
formed blindly when possible. At the end of the experiments, condi-
tionedmediawere collected. Secreted chemokinesweremeasuredusing
the Bio-Plex Pro Human Chemokine Panel, 40-Plex panel (Bio-Rad).

First-Trimester Placenta-Decidua Explant Co-culture

Placenta-decidua co-culture was performed as described previously.35

Briefly, small sections of decidua parietalis and placental villi with
EVT columns from the same patient were carefully dissected from tis-
sues collected as described. Deciduae were placed at a 45� angle,
epithelial side facing up, on Transwell inserts (EMD Millipore,
Molecular Therapy Vol. 26 No 9 September 2018 2201

http://www.moleculartherapy.org


Molecular Therapy
Toronto, ON, Canada) pre-coated with 120 mL of undiluted phenol
red-free Matrigel (BD Biosciences, Mississauga, ON, Canada).
Placental explants were placed in serum-free medium containing
200 nM miR-218-5p or NC. Tissues were incubated at 37�C with
3% O2 and 5% CO2 for 24 hr. Treated placenta explants were washed
five times in 1� PBS to remove residual oligos. Villi were gently
placed on the exposed epithelial surface of the decidua and, after 24
h, anchored with 50 ml of Matrigel. Tissues were covered with
serum-free DMEM-F12 medium supplemented with estradiol
(0.3 ng/mL) and progesterone (20 ng/mL) and allowed to incubate
for an additional 6 days, and then the tissues were fixed in 4% para-
formaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 1 hr.
Tissues were dehydrated in ascending concentrations of ethanol,
cleared in xylene, and embedded in paraffin. Blocks were sectioned
to 5-mm thickness and every tenth slide was histologically assessed
by standard H&E staining. Decidua-alone samples served as a control
to ensure that the selected tissue was not of decidua basalis origin. The
experiment was performed on three individual placenta-decidua
matched tissues. To quantify the extent to which spiral arteries
were remodeled, serial sections of co-cultures, pretreated with NC
or miR-218-5p and immunostained for SMA, were scanned (Visio-
pharm Integrator System version 3.0.8.0, Visiopharm, Horsholm,
Denmark) at 100�. Three measurements per explant were made
(in millimeters) from the luminal epithelial surface of the decidua
to the deepest point of vascular transformation, identified by loss of
SMA staining, as reported previously.69 Three independent experi-
ments, each with 2-3 explants per group, were quantified.

Immunohistochemical Analysis

Immunohistochemical analysis was performed using the streptavidin
peroxidase method as described previously.35 Antigen retrieval for all
antibodies used was performed by boiling slides in 10mM sodium cit-
rate. A blocking buffer of 10% goat serum and 2% rabbit serum
(Dako, Burlington, ON, Canada) was used in a humidified chamber
for 1 hr at room temperature, followed by overnight incubation at
4�C in primary antibody (Table S3). Incubation withmouse immuno-
globulin G (IgG) (1:100, Dako) in place of primary antibody served as
a negative control. Excess antibody was washed off, and subsequent
incubations with anti-mouse or anti-rabbit biotinylated secondary
antibody (1:300, Dako) and streptavidin-horseradish peroxidase
(HRP)-conjugated tertiary reagent (Thermo Fisher Scientific) were
performed for 1 hr each at room temperature. Specific signals were
detected using a Dako 3,30-diaminobenzidine (DAB) staining kit con-
taining 0.02% H2O2 and 0.075% 3,30-diaminobenzidine in 1� PBS.
Slides were counterstained using Harris hematoxylin (1:2; Sigma-Al-
drich, Oakville, ON, Canada), dehydrated in ascending series of
ethanol, cleared in xylene, and mounted with Cytoseal (Thermo
Fisher Scientific). Photographs were taken with an Olympus DP72
camera mounted on a BX61 Olympus microscope using the cellSens
Standard program.

Reporter Constructs and Luciferase Assay

A luciferase reporter construct was generated by cloning a portion of
the TGFB2 30 UTR containing the predicted miR-218-5p binding site
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into the pMIR-REPORT (Thermo Fisher Scientific) vector down-
stream of a luciferase gene. The TGFB2 30 UTR was amplified from
nucleotides 178 to 813 with the primers listed in Table S2. Luciferase
assays were performed using the Dual-Luciferase Reporter Assay
System according to the manufacturer’s directions (Promega). A
Renilla construct (10 ng/mL) was co-transfected with all experiments
as a normalization control. TGF-b signaling was assessed using the
PAR3-Lux reporter and FAST2 as described previously.70
Isolation of HUVECs

Umbilical cords of term placentas were collected from Mackenzie
Richmond Hill Hospital after cesarean delivery. The use of tissues
was approved by the research ethics committee at Mackenzie Health
and the York University Office of Research Ethnics. All patients
provided informed consent. HUVECs were isolated as described
previously.71 Cells were plated in M199 medium (Thermo Fisher
Scientific) supplemented with 10% FBS, streptomycin (100 mg/mL),
penicillin (100 IU/mL), and 5 mg/mL endothelial cell growth supple-
ment (BD Biosciences). Validation of isolated HUVECs was per-
formed each time by examining the morphology and positive staining
for vascular endothelial growth factor-A (VEGF-A) and PECAM1,
and they were discarded after 10 passages.
Network Formation Assay and HUVEC Co-culture

On ice, 96-well plates were quickly coated with 50 mL of Celtrex
Reduced Growth Factor BM Extract-PathClear (Trevigen, Gaithers-
burg, MD) and allowed to polymerize at 37�C for 30min. For network
formation assays, 25,000 HTR8/SVneo cells were seeded per well in
100 mL of 10% FBS containing RPMI 1640. After 18 hr of culture, cells
were stained with 1 mMCalcein AM (Corning Life Sciences, Corning,
NY) for 15 min, and pictures were taken at 20� magnification on a
fluorescence microscope. For co-culture assays, HUVECs and
HTR8/SVneo cells were stained for 45 min with 1 mM CellTracker
Red CMTPX (Thermo Fisher Scientific) and CellTracker Green
CMFDA (Sigma-Aldrich), respectively. When stained, cells were
seeded at a one-to-one ratio with a total of 25,000 cells per well. Total
network length was quantified in ImageJ using the NeuronJ plugin.72

Each experimental group had a minimum of 3 replicates, and the
experiment was repeated with at least three individual trials.
Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7 (p < 0.05,
95% confidence interval). One-way ANOVA followed by Tukey’s
multiple comparisons test determined differences among several
groups. Unpaired two-tailed Student’s t test was used for comparisons
between two groups.When test assumptions were notmet, alternative
statistical tests were used as necessary as specified in the correspond-
ing figure legends.

Additional methods, including microarray analysis, cell proliferation,
migration and invasion, LDH activity, ELISA, and detection of
acetylated a-tubulin by immunofluorescence can be found in the
Supplemental Materials and Methods.
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