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Abstract: Members of the placenta-specific miRNA cluster C19MC, including miR-519d, are secreted
by fetal trophoblast cells within extracellular vesicles (EVs). Trophoblast-derived EVs can be
internalized by the autologous trophoblast and surrounding maternal immune cells, resulting
in coordination of cellular responses. The study of functions and targets of placental miRNAs in the
donor and recipient cells may contribute to the understanding of the immune tolerance essential
in pregnancy. Here, we report that miR-519d-3p levels correlate positively with cell proliferation
and negatively with migration in trophoblastic cell lines. Inhibition of miR-519d-3p in JEG-3 cells
increases caspase-3 activation and apoptosis. PDCD4 and PTEN are targeted by miR-519d-3p in a
cell type-specific manner. Transfection of trophoblastic cell lines with miR-519d mimic results in
secretion of EVs containing elevated levels of this miRNA (EVir-5194). Autologous cells enhance
their proliferation and decrease their migration ability when treated with EVyir5199. NK92 cells
incorporate EV-delivered miR-519d-3p at higher levels than Jurkat T cells. EV ir 5194 increases the
proliferation of Jurkat T cells but decreases that of NK92 cells. Altogether, miR-519d-3p regulates
pivotal trophoblast cell functions, can be transferred horizontally via EVs to maternal immune cells
and exerts functions therein. Vesicular miRNA transfer from fetal trophoblasts to maternal immune
cells may contribute to the immune tolerance in pregnancy.

Keywords: C19MC; cell-cell communication; pregnancy; NK cells; T cells; extracellular vesicles

1. Introduction

Healthy pregnancy relies on the ability of trophoblast cells to proliferate, differentiate and invade
the maternal tissues [1,2]. In doing so, trophoblast cells encounter maternal immune cells, such as
decidual natural killer (NK) cells, T cells and macrophages [3]. Fetal and maternal cells establish
a dialogue that reciprocally controls the recruitment of immune cells to the implantation site, and
trophoblast invasion and proliferation [4]. These processes are influenced by genetic, environmental
and physiological factors, and their disruption is tightly associated with pregnancy pathologies,
including preeclampsia and placenta accreta, intrauterine growth restriction and preterm birth [5].
Compelling evidence indicates that microRNAs (miRNAs) are major regulators of trophoblast and
immune cell functions, and thus, influence pregnancy outcomes [6-10].
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miRNAs are small (~22 nucleotides) noncoding RNAs that control gene expression at the
post-transcriptional level [11,12]. Trophoblast cells express, among others, three major miRNA
clusters: the chromosome 19 microRNA cluster (C19MC), C14MC and the miR-371-3 cluster [10,13,14].
Gene orthology analyses show that these clusters are linked to the evolution of the human placenta.
C14MC miRNAs are expressed only in placental mammals while C1I9MC and miR-371-3 miRNAs are
restricted to great apes and humans [10,14].

miR-519d-3p belongs to C19MC and constitutes one of the ten highest expressed miRNAs (out of
762 analyzed miRNA) in third trimester trophoblast cells [14]. In pregnancy, miR-519d is highly
expressed in maternal blood and decreases significantly within a few days after delivery [15,16].
The function of miR-519d remains widely unclear and is reported to be cell-specific. In several highly
invasive human cancers, including hepatocellular and cervical carcinoma, high miR-519d expression
has been documented. However, other studies describe that miR-519d attenuates invasion in breast
cancer and in trophoblast cells (reviewed in [17]).

C19MC members including miR-519d-3p are secreted by trophoblast cells via extracellular vesicles
(EVs), potentially for communication with neighboring and distant cells [18]. At least two populations
of EVs, small (sEVs; 30-120 nm) and large-EVs (IEV; 100-1000 nm), contain miRNAs and can be
transferred from trophoblast to immune cells, where they are able to regulate functions [19].

In this study, we aimed to investigate the effects of miR-519d-3p on trophoblast cell proliferation
and migration and to identify its potential targets. Additionally, the transfer of miR-519d-3p from
trophoblast cell lines to different immune cells via EVs and the subsequent effects have been studied.
Two trophoblastic cell lines widely used as models for physiological trophoblast cells have been selected
as models: JEG-3 derived from choriocarcinoma, and HTR-8/SVneo obtained by immortalization of
first trimester trophoblast cells with the gene encoding for simian virus 40 large T antigen [20,21].
These cell lines have marked differences in the expression patterns of genes, proteins and miRNAs,
including C19MC species [14,22,23]. Therefore, their simultaneous study facilitates a more reliable
extrapolation for the sake of understanding and interpreting molecular processes in primary cells.

2. Results

2.1. Expression of miR-519d-3p in Trophoblastic Cell Lines and Their Secreted EV's

miR-519d-3p was highly and constitutively expressed in JEG-3 cells, but not detectable in
HTR-8/SVneo cells (Ct >40). Transfection with miR-519d inhibitor significantly decreased miR-519d-3p
expression (~70 % reduction) in JEG-3 cells. miR-519d mimic transfection increased miR-519d-3p
expression to similar levels in both JEG-3 and HTR-8/SVneo cells. Due to constitutive expression
of this miRNA in JEG-3 cells, transfection promoted a >1200 fold increment on its level, whereas in
HTR-8/SVneo cells the values were >40,000 fold higher (Figure 1A).

Using ultracentrifugation, two populations of enriched EVs were obtained. Following the
MISEV2018 guidelines [24], these populations were denotated small or large EVs (sEV or 1EV,
respectively). EVs enriched from JEG-3 and HTR-8/SVneo cells had similar average sizes (mode + SE
for IEV: 229.8 + 18.6 vs. 265.8 + 17.8 nm, and sEV: 127.4 + 16.5 vs. 120.6 + 21.3 nm, respectively),
and concentrations (x10° particles/mL + SE for IEV: 1.63 + 0.17 vs. 1.41 + 0.08, and sEV: 1.53 + 0.12
vs. 1.56 + 0.04, respectively (Figure 1C). CD63, tumor susceptibility gene 101 protein (TSG101)
and ALG-2 interacting protein X (ALIX) were enriched in sEV, and barely detected in IEV fractions.
Glyceraldehyde-3-phosphate dehydrogenase GAPDH was recovered in sEV and 1EV fractions from
both cell lines but was more abundant in the IEV fractions (Figure 1D). After transfection of trophoblast
cell lines with miR-519d mimic, their sEV and 1EV fractions contained significantly more miR-519d:
SEVmirs5194 (677.2- and 255-fold) and 1EV ,ir-5194 (972.8- and 749.3-fold) from HTR-8/SVneo and JEG-3
cells, respectively (Figure 1B).
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Figure 1. Quantification of miR-519d-3p in cells and EVs. Expression of miR-519d-3p in (A) cells and (B)
their secreted EVs determined by qPCR. Cells were transfected with miR-519d mimic (20 nM), miR-519d
inhibitor (120 nM) or the respective scramble sequences SCR mimic and SCR inhibitor. After 48 h,
EVs were enriched from cell culture supernatants. Non-detectable levels in HTR8/SVneo cells were
defined as Ct 40 for subsequent calculations. miR-519d-3p expression in cells was normalized to RNU48,
and in secreted vesicles to spiked cel-miR-39. Data are presented as means + SDs, n = 3. Two-way
ANOVA with Bonferroni multiple comparison test; *** p < 0.001. (C) Nanoparticle tracking analysis
(NTA) of sEV (small EV, red line) and IEV (large EV) fractions (blue line) isolated from HTR-8/SVneo
(upper) and JEG-3 cell (lower) supernatants. The graph shows EV concentration of depending on size,

mean + SE (n = 5). (D) Western blotting for EV-associated proteins.

2.2. The Effects of miR-519d-3p on Trophoblast Cell Proliferation and Migration

Trophoblast cell proliferation and migration are important processes in the establishment
and maintenance of healthy pregnancy. To evaluate its roles in these processes, miR-519d-3p was
overexpressed in both cell lines and inhibited in JEG-3 cells. Upon overexpression of miR-519d,
proliferation increased significantly in both cell lines beginning at 24h in HTR-8/SVneo and at 72 h
in JEG-3 cells. Inhibition of miR-519d-3p significantly decreased JEG-3 cell proliferation at 48-72 h
(Figure 2A). JEG-3 cells proliferated more but migrated less than HTR8-SVneo cells. miR-519d-3p had
a negative effect on trophoblast cell migration, as assessed through a wound healing migration assay.
In both trophoblastic cell lines, transfection with miR-519d mimic significantly decreased migration
compared to non-transfected cells or transfected with a non-genomic scramble sequence (SCR mimic;

Figure 2B).
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Figure 2. The effect of miR-519d-3p on trophoblastic cell behavior. HTR-8/SVneo and JEG-3 cells were
transfected with miR-519d mimic or the scramble sequence SCR mimic for 48 h. As JEG-3 cells express
miR-519d, they were additionally transfected with miR-519d inhibitor and SCR inhibitor. Cells were
seeded for (A) proliferation assay (BrdU incorporation assay) and (B) wound healing migration assay.
Six areas were photographed (10X) and repopulation was monitored using the JuLI™ Stage cell imaging
system. Data are presented as means + SDs, n = 3. Two-way ANOVA with Bonferroni multiple
comparison test. *p < 0.05, ** p < 0.01, *** p < 0.001 compared to non-transfected cells (CTR).

2.3. The Effect of miR-519d-3p Inhibition on the Apoptosis of Trophoblastic Cells

The decrease observed in cell viability after miR-519d-3p inhibition may be associated with an
increased apoptosis rate. To further evaluate this hypothesis, apoptosis was assessed by Annexin V
staining and TUNEL assay in JEG-3 cells after transfection with miR-519d-3p inhibitor. As HTR/SVneo
cells lack miR-519d-3p expression, they were not used for this assay. Early (Annexin V+/PI-) and late
apoptotic cells (Annexin V+/PI+) were augmented significantly of the JEG-3 cells transfected with
miR-519d inhibitor, compared to controls (Figure 3A). Apoptotic DNA cleavage was also elevated in
JEG-3 cells after miR-519d-3p inhibition, as assessed by TUNEL assay (Figure 3B). DNA fragmentation
and degradation of cytoskeletal proteins are often associated with activation of caspase-3, a member of
the family of endoproteases. Therefore, cleaved caspase-3 is considered an indicator of progressing
apoptosis. In our hands, inhibition of miR-519d-3p in JEG-3 cells also resulted in increased cleaved
caspase-3 detected by Western blotting (Figure 3C). Altogether, the data demonstrate that miR-519d-3p
inhibition induces cell apoptosis via caspase-3 activation.
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Figure 3. Induction of apoptosis by miR-519d-inhibition. (A) Annexin V staining detected by FACS.
JEG-3 cells were labelled with Annexin V-FITC and PI 48 h after transfection with miR-519d inhibitor
or the respective scramble sequences. Upper: exemplary flow cytometry analysis. Lower: Statistical
analysis of early and late apoptotic cells (1 = 3). Bars show the mean + SD. (B) Upper: TUNEL assay
indicating apoptotic cells (green) and nuclei counterstained with DAPI (blue). Scale bars: 50 pm.
Lower: Mean ratio of apoptotic cell number in treated cells to that in controls. Error bars indicate SD.
(C) Caspase-3 expression in transfected JEG-3 cells. Bars represent means + SDs, nn = 3. Two-way ANOVA
with Bonferroni multiple comparison test (A) and two-tailed t-test (B,C). ** p < 0.01, *** p < 0.001.

2.4. Targets of miR-519d-3p in Trophoblastic Cell Lines

A bioinformatic analysis of genes involved in cell proliferation, invasion and apoptosis identified
PTEN and PDCD4 as putative miR-519d-3p targets. As assessed by Western blotting, mRNA targets of
miR-519d-3p were cell-type-specific. PDCD4 was upregulated in JEG-3 cells after transfection with
miR-519d inhibitor and downregulated after transfection with miR-519d mimic. In HTR8/SVneo
cells, PDCD4 levels were unaltered (Figure 4A right). Transfection with miR-519d mimic significantly
reduced PTEN in HTR-8/SVneo, but not in JEG-3 cells (Figure 4A left). The PTEN/PI3K/AKT system
constitutes an important signaling pathway of cell proliferation and metabolism, and thus, activation
of AKT was investigated in HTR-8/SVneo cells where miR-519d-3p targets PTEN. To measure AKT
activation, cells were treated with epithelial growth factor (EGF) after transfection with miR-519d
mimics. Increased EGF-induced AKT phosphorylation was observed in transfected cells, confirming
the capacity of miR-519d-3p in regulating the PTEN/AKT pathway in HTR-8/SVneo cells (Figure 4B).
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Figure 4. miR-519d-3p targets PTEN and PDCD4 in trophoblastic cell lines. HTR-8/SVneo and
JEG-3 cells were transfected with miR-519d mimic or the respective scramble sequence, SCR mimic.
Additionally, JEG-3 cells were transfected with inhibitors of miR-519d-3p and the respective control,
SCR inhibitor. After 48 h, Western blots and densitometric analyses were carried out for (A) PTEN
(left) and PDCD4 (right). (B) p-AKT and AKT have been assessed upon further stimulation with
EGF (1 ng/uL, for 5 min) in HTR-8/SVneo. Bars represent means + SDs, n = 3 (PTEN and AKT) and
n =4 (PDCD4). Two-way (PTEN and PDCD4) and one-way ANOVA (AKT). * p < 0.05, ** p < 0.01,
*** 9 < 0.001.

2.5. Uptake of EVs by Autologous Trophoblast Cells

As shown above, miR-519d-3p regulates the behavior and gene expression of trophoblast cells.
Transfer of miR-519d-3p via EVs may serve as a mechanism of synchronization among autologous
cells, and therefore, was studied next. Non-transfected JEG-3 and HTR-8/SVneo cells were incubated
with sEV or 1EV, stained with PKH67 (sEVpkps7 and 1IEVpkpey, respectively) or PBSpkpe7 (control).
After 24 h of incubation with sEVpgpyey and IEVpke7 but not with PBSpky, a high percentage (>89%)
of cells became positive for PKH67, as measured by flow cytometry (Figure 5A). Furthermore, cells
incubated with sEVpkye7, IEVpkHez or PBSpkpey for 24 h were visualized by confocal microscopy.
A merged image is presented showing cellular uptake of trophoblast-derived EVs (IEVpkpsy and
sEVpkiie7) in HTR-8/SVneo and JEG-3 cells. Ortho-view images of the z-stack show PKH67 (IEVpggy or
sEVpkns7) and DAPI (nuclei) signals colocalizing at the same plane, demonstrating EVs inside the cells
(Figure 5B). 3D visualization of internalized EVs demonstrated the localization of IEV and sEV mostly
in the perinuclear region (Figures S1-56). In both cell lines, treatment with 125 ng/mL sEV,ir-5194 and
IEVnir-5194 resulted in elevation of intracellular miR-519d-3p level compared to controls (Figure 5C).
Compared to non-treated controls, HTR8/SVneo cells treated with sEVctr and IEV TR have a higher
proliferation rate. This effect did not occur in JEG-3 cells. JEG-3 and HTR-8/SVneo cells proliferated
significantly more after treatment with sEVir5199 and IEVir 5199 compared to controls, and the
effect was more pronounced in HTR-8/SVneo cells (Figure 5D,E).
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Figure 5. Uptake of trophoblastic EVs by autologous cells. (A) Flow cytometry analysis of HTR-8/SVneo
and JEG-3 cells co-incubated with unstained (EV ynstained) 0r PKH-67-labeled EVs (SEVpgygy and
IEVpkrey) or treated with EV-free PBSpkyi67. Non-treated cells (NTC). Numbers (green/red) indicate the
respective percentages of labeled cells. (B) Cellular uptake of autologous EVs (IEVpgtys7 and sEVpgisy)

PBS-pkHe7

in HTR-8/SVneo and JEG-3 cells imaged by confocal laser scanning microscopy. The fluorescence
of DAPI and that of PKH-67 are labeled with blue and green, respectively. Merged are shown for
HTR-8/SVneo and JEG-3 cells and displayed in two different magnifications. Ortho-view images of
the z-stack show EVs inside the cells. Scale bars: 10 um. (C) miR-519d-3p expression in recipient cells
by qPCR normalized to RNU48. (D) Cell proliferation of HTR8/SVneo and (E) JEG-3 cells relative to
NTC at 0 h. C-E: HTR-8/SVneo and JEG-3 cells were treated with sEVs and 1EVs isolated from cells
transfected with miR-519d-3p mimic (SEVir-519q and IEVir-5199), SCR mimic (sEVgcr and IEVgcR) or
non-transfected controls (SEVcrr and IEVcTR). Bars represent means + SDs, n = 3. Two-way ANOVA
with Bonferroni multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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A significant reduction in migration was observed in HTR-8/5Vneo cells treated with 500 ng/mL
of IEV hir-5194 and with 10 and 125 ng/mL of sEVir-519q4 (Figure 6A). Likewise, JEG-3 cells showed a
decreased migration when treated with 10 and 125 ng/mL of SEVir 5194 or IEVir-5194 (Figure 6B).
No effects were observed under treatment with EV from non-transfected cells (SEVrr and IEVrR) or
transfected with non-genomic scramble sequences (SEVscr and IEVscRr) at any tested concentration
(Figure 6).
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Figure 6. The effect of EVs containing miR-519d-3p on trophoblastic cell migration. (A) HTR-8/SVneo
and (B) JEG-3 cells were treated with sEV and 1EV isolated from cells transfected with miR-519d-3p
mimic (SEVpir-5194 and 1IEV ir-5194), SCR mimic (sEVgcr and 1IEVgeRr) or non-transfected controls
(sEVctr and IEVTR) and compared to non-treated cells (NTC). Migration was assessed by using a
wound healing migration assay on a JuLI™ Stage automated cell imaging system. Data are presented as
means + SDs, nn = 3. Two-way ANOVA with Bonferroni multiple comparison test. * p < 0.05, ** p < 0.01,
***p < 0.001 compared to NTC.
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2.6. The Uptake by Heterologous Immune Cells of EVs, and Their Effects

Trophoblast-derived EV-mediated delivery of C19MC into maternal immune cells occurs in
pregnancy and may be assumed to contribute to the maternal tolerance required for a physiological
pregnancy. To evaluate the transfer of miR-519d-3p via EVs from trophoblast to immune cells and their
function therein in vitro, naive Jurkat T and NK92 cells were incubated with EVs secreted from JEG-3
and HTR-8/SVneo cells.

Upon incubation with PKH67-stained trophoblastic EVs (sEVpksy and 1IEVpkyie7) for 24 h, a high
percentage of immune cells became positive for PKH67, as assessed by flow cytometry (Figure 7A).
No fluorescence shift was observed when cells were incubated with unstained EVs (EV nstained) OF
PKH67-treated PBS (PBSpkpsy). In NK92 cells, two subpopulations were observed after EV treatment
as result of higher or lower-uptake (Figure 7A). Additionally, uptake of PKH67-stained vesicles was
visualized by confocal microscopy in Jurkat T (left) and NK92 (right) cells incubated with sEVpxpg7,
IEVpk67 or PBSpkey for 24 h. Increased uptake in NK92 cells compared to Jurkat T cells was observed
by increased green fluorescence. Serial slices were acquired to produce a Z-stack confocal image, which
demonstrates internalization and localization of labeled EVs in the cytoplasm and perinuclear regions
of target cells (Figure 7B and Figures 57-512).
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Figure 7. Uptake of trophoblastic EVs by heterologous immune cells. Immune cells were co-incubated
with 125 ng/mL unstained (EV ynstained) 0r PKH-67-labeled EVs (SEVpkpgy and IEVpkrgy) or treated with
EV-free PBSpkps7. NTC: non-treated cells. (A) Assessment of trophoblastic EV (EVjgg.3 or EVHTR-8/5Vneo)
incorporation in immune cells by flow cytometry. The numbers (green/red) indicate the respective
percentages of labeled cells. (B) Representative cellular uptake of HTR-8/SVneo-derived EVs (IEVpgyer
and sEVpgpgy) in Jurkat T (left) and NK92 (right) cells imaged by confocal laser scanning microscopy:.
The fluorescence of DAPI and that of PKH-67 are pseudo-labeled with blue and green, respectively,
and displayed in two different magnifications. Ortho-view images of z-stack show EVs inside the
cells. Scale bars: 10 um. (C) Jurkat T and NK92 cells were transfected directly or treated with EVs
enriched from medium conditioned by trophoblastic cell lines transfected with miR-519d mimic or SCR
mimic. miR-519d-3p expression in recipient cells by qPCR normalized to RNU48. (D) Cell proliferation
assessed by BrdU assay at 72 h. Bars represent means + SDs, nn = 3. Two-way ANOVA with Bonferroni
multiple comparison test. * p < 0.05, ** p < 0.01, *** p < 0.001.

Expression of miR-519d-3p was significantly increased in NK92 and Jurkat T cells upon direct
transfection with miR-519d mimic or upon treatment with 125 ng/mL sEVir.5199 or IEVnir-5194
compared to controls (Figure 7C). Higher changes were observed in NK92 cells compared to Jurkat T
cells (Figure 7C). These results were independent of the EV origin (JEG-3 or HTR-8/SVneo cells).

Treatment with SEVir_5194 01 IEVir 5194, and direct transfection with miR-519d mimic resulted
in increased proliferation in Jurkat T cells (Figure 7D left). In contrast, in NK92 cells, transfection with
miR-519d mimic and treatment with SEV ir.5194 0r IEVnir-5194 from JEG-3 but not from HTR-8/SVneo
cells reduced proliferation (Figure 7D right).

3. Discussion

Placental miRNAs are commonly organized in families or clusters which may share regulatory
mechanisms and functions [13]. C19MC, the largest human miRNA cluster, is a pregnancy-associated
cluster located on chromosome 19q13.42. Despite being found in cancer cells [25], physiological
expression of C1I9MC members is restricted to placental-tissue [26] and increases with gestational
age [14,18]. Recent evidence has suggested a pivotal role of CI9MC miRNAs in controlling placental
development and trophoblast behavior [27,28]. Furthermore, C19MC members can be packed and
secreted by placental cells in EVs as a mechanism of communication between neighboring or distant
cells [29,30]. Nevertheless, the functions of these miRNAs remain largely unknown.

In this study, we have investigated the function and targets of miR-519d-3p, a C19MC member,
in trophoblastic cell lines and its transfer to autologous trophoblastic and heterologous immune cells
via EVs. Overexpression of miR-519d has been found in several invasive human cancers, including
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hepatocellular carcinoma, gastric cancer and breast cancer [31,32]. This potential association with
invasiveness may go in line with some reports of placental tissue showing miR-519d down-regulation
in pathologies associated with low invasion, such as gestational hypertension, fetal growth restriction
and preeclampsia [15,33,34]. Recent studies on extravillous trophoblast cells, however, reported the
role of miR-519d and other C19MC members in attenuating cell migration but not proliferation [35].
In our hands, miR-519d-3p expression correlated positively with cell proliferation and negatively with
migration capacity in trophoblast cells independently of their basal expression levels. Furthermore,
treatment of JEG-3 cells with a specific miR-519d-3p hairpin inhibitor resulted in increased cellular
apoptosis indicated by caspase-3 activation, in agreement with recent publications describing this
molecular mechanism in cancer cells [36,37]. As expectable, because of their malignant origin,
in our experiments JEG-3 cells had a higher proliferative rate than HTR8/SVneo cells. Moreover,
JEG-3 choriocarcinoma cells have a constitutively high miR-519d-3p expression, whilst HTR8/SVneo
cells, established by immortalization of first trimester trophoblast cells, lack its expression [14,18,28].
The similar response observed in proliferation and migration reported here in two trophoblast cell
models demonstrates conserved functions of miR-519d-3p which may be relevant in vivo. Recently,
we reported differences in the miRNA response of trophoblastic cell lines to leukemia inhibitory factor
(LIF) [38]. Therefore, it may be expected that additional stimuli at the materno-fetal interface, such
as growth factors or cytokines, may influence the function of miR-519d-3p. Further experiments are
required to investigate this assumption.

Aswereported before [19], transfection of trophoblastic cell lines with miR-mimics (double-stranded
miRNA-like fragments) results in significant enhancement of specific miRNA levels in both the
transfected cells and their secreted EVs. Two populations of EVs were isolated: sEV and IEVs. Despite
presenting overlay in their size distribution and inter-experimental differences by nanoparticle tracking
analysis (NTA), the size mode of sEV fractions was clearly smaller than that of IEV fractions. Particle
size overestimation may have occurred caused by measurement of the larger hydroscopic diameter [39],
but aggregate formation can also play a role even, after filtration through 200 nm pore filters. In our
hands, biochemical analysis of EV subpopulations confirmed a high degree of separation between
fractions. sEVs harbored CD63, ALIX, and TSG101, which were almost undetectable in the 1IEV fractions.
The tetraspanin CD63 localizes predominantly to late endosomes and lysosomes and plays an important
role in sorting intraluminal vesicles [40]. ALIX and TSG101 are proteins associated with the endosomal
sorting complex required for transport (ESCRT) machinery responsible for sorting cargo into endosome
membranes [41]. As a result, CD63, ALIX and TSG101 are considered markers for endosomal-derived
EVs. Conversely, GAPDH is a cytosolic protein incorporated in different EV populations [24]. In our
hands, it was expressed by both EV fractions. These results together with the size measurements point
out to an enrichment of vesicles of endosomal origin in the sEV fractions.

Treatment of trophoblastic cell lines with EVs containing elevated miR-519d-3p levels resulted in
a reduction of cell migration. Remarkably, this effect was generally higher at lower EV concentrations,
and in HTR-8/SVneo cells, it differs between sEV and IEV. In our setting, it is unfeasible to assess the
effect of miR-519d-3p transfer independently of the overall EV effect. The similar effect caused by direct
transfection with miR-519d-3p-mimic demonstrates that trophoblast cell lines horizontally transfer
miR-519d-3p among autologous cells via EVs, and that it remains functional in the recipient cells,
reducing their migration potential. The differences observed at higher concentrations may be caused
also by the effect of miR-519d-3p on cell proliferation potentially overlying the effect on migration.
Furthermore, other molecules (including additional miRNAs) are transferred during EV treatment and
can differ between EV subpopulations [42], which may imply additional mechanisms that counteract
the solely the effect of vesicular miR-519d-3p. Further studies are needed to evaluate these mechanisms
and the implications for miR-519d-3p transfer in the cellular synchronization of trophoblast cells in
physiological situations and in pregnancy pathologies.

To better elucidate the translational potential of our findings for the in vivo situation, we identified
miR-519d-3p targets in trophoblast cells. PTEN and PDCD4 were recognized as putative miR-519d-3p
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targets in different bioinformatics platforms and were selected because they regulate cell growth,
proliferation, migration, invasion and apoptosis in several cell types [24-28]. Similarly to our previous
report [9], mRNA targets of miRNAs were found to be cell-type specific. Only in HTR-8/SVneo
cells, PTEN was confirmed to be a target of miR-519d-3p. This impacts the associated pathway,
as demonstrated in cells treated with miR-519d mimic, which showed higher AKT activation when
stimulated with EGF. On the other hand, PDCD4 was confirmed to be a miR-519d-3p target only
in JEG-3 cells, supporting its role in controlling apoptosis reported above. This cell-type specificity
of miR-519d-3p targets may be due to dissimilarities in the expression of miRNAs and their target
mRNAs in trophoblast cell lines [14,22]. Furthermore, regulation of mRNA targets may be time or
differentiation-dependent, as occurs in primary trophoblast cells that increasingly express miR-519d-3p
throughout pregnancy [14]. Further experiments may clarify the targets of miR-519d-3p in different
trophoblast populations.

Trophoblast cells also communicate with surrounding immune cells either directly by cell—cell
contact or indirectly through extracellular mediators [43,44]. During early pregnancy, this process is
of outmost importance because trophoblast cells modulate immune cell recruitment, T cell activation
and NK cell cytotoxicity at the maternal-fetal interface [45—48]. Our results demonstrate that T and
NK cells bind and incorporate trophoblast-secreted EVs. Assessment of miR-519d-3p levels in the
cytoplasm of recipient cells via qPCR suggested a higher trophoblast-derived EV incorporation in NK92
compared to Jurkat T cells. miR-519d-3p levels increased more than 100-fold in NK92 cells treated with
EVnir-5194 compared to approximately 5-fold in Jurkat T cells. Nevertheless, the behavior of NK92
cells was not homogenous and resulted in two subpopulations characterized by higher and lower EV
uptakes. The diverse cytotoxic, metabolic and uptake capacities of specific NK92 subpopulations may be
responsible for these observations. The specificity of EV uptake by different NK subpopulations may be
relevant for the immunosuppression and tolerance in pregnancy, and thus, is worthy of being investigated.
Further studies on other types of EVs are necessary to determine whether NK cells have a generally
higher capacity of EV internalization than T cells or this is specific to trophoblast-derived EVs [49].

In recipient immune cells, internalized miR-519d-3p remained active and modified their
proliferation in a cell-specific manner. EV ,jr-519q4 uptake resulted in increased Jurkat T but decreased
NKO92 cell proliferation. The observed differences were the result of miR-519-3pd internalization rather
than a general response to EVs, as confirmed by direct transfection of cells with miR-519d-3p-mimic.
Our observations also demonstrate that EVjgg.3 were more effective in reducing NK92 proliferation
than EVHTR-8/5vneo- These differences may rely on their different sizes and molecular compositions,
such as the expression of miRNAs, including further members of C19MC [14,18]. The effects on Jurkat T
cells induced by miR-519d-3p are opposite to those induced by miR-141, another pregnancy-associated
miRNA, which reduces T cell proliferation in the same experimental design [19], demonstrating a
miR-specific cell response.

Cumulating evidence demonstrates the effects of trophoblast-derived EVs on maternal cells
starting at the preimplantation period. Embryo-secreted EVs are taken up by the luminal epithelium
but not the stroma or myometrium, and their miRNA content is associated with the implantation
potential (reviewed by [50]). Furthermore, trophoblast-derived EV cargo includes immunomodulatory
factors such as trophoblast glycoprotein, Fas ligand, TRAIL, the non-classical human leucocyte
antigen (HLA)-G and progesterone-induced blocking factor (PIBF) whose transfer to immune cells are
associated with successful vascular remodeling and pregnancy maintenance ([51-53] and reviewed
in [54,55]). Trophoblast cells communicate via EVs with maternal immune cells, including B, T and
NK cells but the study of their effects remains incipient. In peripheral blood mononuclear cells
(PBMCs), IEV induces the release of proinflammatory cytokines, including tumor necrosis factor (TNF),
IL-18, IL-12 and IFN-y; the sEV fraction suppresses PBMC activation mediating the Th1-Th2 cytokine
shift [54,55]. Besides the effects on cell proliferation reported in this study, it may be hypothesized that
miR-519d-3p-containing EVs also modulate the cytokine profiles of maternal immune cells, thereby
contributing to embryo implantation and peripheral tolerance.
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Since one miRNA potentially can target thousands of mRNAs, the selection depends greatly on
the simultaneous presence of both the miRNA and the mRNA target within a specific cell. Because
immune cells do not constitutively express placenta-specific miRNAs, such as miR-519d-3p, additional
regulatory processes may occur in the presence of trophoblast EVs. However, the functionality of this
process in vivo has to be confirmed.

In conclusion, miR-519d-3p regulates trophoblastic cell proliferation and migration. It can be
transferred via EVs to autologous trophoblastic or allogeneic immune cells where it is internalized and
may regulate cellular processes necessary for adaption of the maternal organism to pregnancy.

4. Materials and Methods

4.1. Cell Lines and Cell Culture

The immortalized human trophoblast cell line HTR-8/SVneo (kind gift from CH Graham, Kingston,
Canada), the human T lymphocyte cell line Jurkat (ACC 282; DSMZ) and the human natural killer
lymphoma cell line NK92 (ACC 488; DSMZ) were cultured in RMPI-1640 medium (PAA laboratories,
Pasching, Austria). The choriocarcinoma cell line JEG-3 (DSMZ, Braunschweig, Germany) was
cultured in Ham F-12 medium (PAA laboratories, Pasching, Austria). Media were supplemented with
10% heat-inactivated fetal bovine serum (FBS; Sigma, Germany), 50 U/mL penicillin and 50 pg/mL
streptomycin (PAA laboratories, Pasching, Austria). Cells were maintained under standardized
conditions (37 °C, 5% CO,, humidified atmosphere), authenticated by STR DNA profiling analysis and
regularly screened for absence of mycoplasma.

4.2. Transfection with miR-519d Mimic and miR-519d Inhibitor

Cells were seeded in 6-well plates and allowed to attach overnight to reach 30%-50% confluence
at the time of transfection. Transfection was performed for 48 h using Oligofectamine (Invitrogen
Life Technologies, Darmstadt, Germany), miRNA mimics (20 nM) and miRNA inhibitors (120 nM)
according to the manufacturer’s instructions. miR-519d-3p-inhibitor (IH-300812-06), miR-519d-3p-mimic
(C-300812-05) and the respective negative scramble controls, SCR inhibitor (IN-001005-01-05) and
SCR mimic (CN-001000-01-05), were obtained from Thermo Fisher Scientific Dharmacon (Schwerte,
Germany). Incubation was carried out in media supplemented with exosome-depleted FBS (ED-FBS;
Thermo Fisher).

4.3. Enrichment of sEV or IEV Populations from Cell Line Supernatants and Protein Quantification

Cells were kept in medium containing 10% ED-FBS for 48 h. EVs were enriched from supernatants
by differential centrifugation as previously described [19]. Pellets containing sEV or IEVs were
resuspended either in PBS for functional assays or in TRIzol for RNA extraction. Protein equivalents of
sEV and IEV fractions were quantified using Micro BCA assay (Pierce™ BCA Protein Assay Kit, Sigma
Aldrich, Poole, UK) following the manufacturer’s instructions. Briefly, 150 uL of sample was incubated
with 150 pL of the working reagent at 37 °C. After 2 h, absorbance was measured at 562 nm using a
SPECTROstar microplate reader. EV concentrations used for further experiments were determined as
protein equivalents based on a standard curve of BSA.

4.4. Nanoparticle Tracking Analysis (NTA)

Sizes and concentrations of EV suspensions were assessed by NTA on a NanoSight version 2.3
(NanoSight Ltd., Amesbury, UK) as described before [19].

4.5. Quantification of miR-519d-3p by qPCR

Total RNA was extracted from cells or EV fractions using TRIzol reagent (Invitrogen life technologies,
Damstadt, Germany) according to the manufacturer’s instructions. Total RNA concentration was
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determined at a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
Samples with a A260/A280 ratio greater than 1.8 were stored at —80 °C until being processed.
Expression of miR-519d-3p was measured by qPCR using a TagMan miRNAs reverse transcription
kit (Applied Biosystems, Damstadt, Germany) in a 7300 Real-time PCR System (Applied Biosystems,
Damstadt, Germany). For analysis of EV, the Caenorhabditis elegans miRNA cel-miR-39 (ID # MSY0000010.
5-UCACCGGGUGUAAAUCAGCUUG) was added at a concentration of 1.6 x 10 copies/ul and used as
spike-in control. Specific TagMan microRNA assays for hsa-miR-519d-3p (Assay ID: 002403), cel-miR-39
(Assay ID: 000200) and RNU-48 (Assay ID: 001006) were employed. Expression of miR-519d-3p was

Z—AACt

normalized using the method relative to RNU48 or cel-miR-39 in cells or EV, respectively.

4.6. Proliferation Assay

Proliferation was assessed using a colorimetric BrdU-incorporation ELISA kit (Roche Applied
Science, Mannheim, Germany) following the manufacturer’s instructions. Cells were seeded in 96 well
plates at a density of 5 x 103 cells/well in 200 uL. medium containing 10% ED-FBS. IEV or sEV fractions
were added at a concentration of 125 ng/mL and cells were cultured for up to 72 h. Subsequently,
BrdU-incorporation was completed in 2 h.

4.7. Wound Healing Migration Assay

Cell migration was assessed using Ibidi™ culture inserts (Ibidi, Regensburg, Germany). Briefly,
inserts consisting of two chambers, each one with an area of 0.22 cm? and separated by a 0.5 mm divider,
were placed on the well surfaces of 24-well plates. A cell suspension of 1 x 10° cells/mL was prepared
and 70 pL was transferred to each chamber. After cell attachment, culture inserts were gently removed,
and wells were filled with 1 mL of supplemented media (10 % ED-FBS and 1% streptomycin-penicillin)
containing different concentrations (10, 125 and 500 ng/mL) of IEV or sEV fractions. Wound closure
was monitored every hour during a period of 24 h using a JuLI™ Stage automated cell imaging system
(NanoEnTek, Seoul, Korea).

4.8. Apoptosis Assays

Cells were harvested and washed twice in cold PBS. Thereafter, cells were stained with FITC
annexin V and propidium iodide (PI; both Immunotools, Friesoythe, Germany) for 15 min and then
measured at a FACS Calibur and analyzed by using Cell Quest software (both Becton Dickinson Co.,
Franklin Lakes, NJ, USA). Percentage of early and late apoptotic cells was determined in 10,000 events.
Annexin V-positive/PI-negative cells were designated as early and Annexin V-positive/PI-positive cells
as late apoptotic.

Apoptosis was additionally evaluated using The DeadEnd™ Fluorometric TUNEL System (Promega,
Walldorf, Germany), according to the manufacturer’s instructions. Cells were cultured on slides at a total
number of 250,000. After 24 h, they were fixed in 4% methanol-free formaldehyde and permeabilized
with Triton® X-100. DNA strand breaks were labeled with fluorescein-12-dUTP for 1 h and nuclei were
counterstained with DAPI. Slides were observed under an AxioPlan2 microscope (Carl Zeiss, Jena, Germany).

4.9. Western Blot Analysis

HTR-8/SVneo and JEG-3 cell pellets were lysed using RIPA lysis buffer (1% NP-40, 0.1% SDS,
0.5% sodium deoxycholate, 150 mM NaCl and 50 mM Tris-HCI) containing protease and phosphatase
inhibitors. Total protein concentrations were assessed using the Pierce™ Micro BCA™ Protein-Assay
(Thermo Scientific). EV fractions (5 pg) were mixed with non-reducing Laemmli loading buffer (375 mM
Tris.HCL, 9% SDS, 50% glycerol, 0.03% bromophenol blue) for analysis of EV markers. Cell lysates
(30 ng) were mixed with reducing Laemmli buffer (adding 9% v/v i-mercaptoethanol) for remaining
proteins. Protein extracts were loaded on a 12 % precast gel SERVAGel™ (SERVA Electrophoresis GmbH,
Heidelberg Germany), and resolved proteins were transferred to a nitrocellulose membrane (Hybond-P;
GE Healthcare, Freiburg, Germany). Non-specific binding sites were blocked by incubation with TBST
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containing 5% (w/v) non-fat dried milk for 1 h at room temperature. Membranes were immunoblotted
with specific primary antibodies overnight at 4 °C, followed by 1 h incubation at room temperature with
the respective HRP-conjugated secondary antibody. The following primary monoclonal antibodies
(rabbit) were purchased from Cell Signaling Technology Inc. (Danvers, MA, USA) and diluted 1:1000:
anti-PTEN (catalogue number 95525), anti-PDCD4 (catalogue number 95355), anti-AKT (catalogue
number 4685S), anti-phospho-AKT (p-AKT; catalogue number 4060S), anti-cleaved-caspase-3 (catalogue
number 9664S) and anti-beta-actin (catalogue number 8457S). Anti-rabbit-HRP was diluted 1:10,000
(catalogue number 7074P2). For EV marker detection, the following primary antibodies were used at a
1:500 dilution: mouse anti-human CD63 (Thermo Scientific, catalogue number 10628D) and rabbit
anti-human GAPDH (Cell Signaling, catalogue number 2118S); or 1:300 dilution: rabbit anti-human
ALIX (Cell Signaling, catalogue number 928805) and mouse anti-human TSG101 (Abcam, catalogue
number ab83). For detection, the respective anti-rabbit-HRP or anti-mouse-HRP (Cell Signaling,
catalogue number 7076P2) secondary antibodies were diluted 1:3000. Blots were developed using
an enhanced chemiluminescence (ECL) detection kit (Millipore, Schwalbach, Germany). Intensity of
bands was analyzed and quantified by a MF-ChemiBis 3.2 gel documentation system with Totallab
TL100 software version 2006 (Biostep GmbH, Jahnsdorf, Germany) and normalized to beta-actin.

4.10. AKT Activation in HTR-8/SVneo Cells

Transfected HTR-8/SVneo cells were serum-starved for 2 h before stimulation with 1 ng/uL. EGF
(Merck, Darmstadt, Germany) for 5 min. Cells were harvested and protein expression was quantified
as described before in the “Western blot analysis” section.

4.11. Cellular Uptake of Tophoblast-Derived EV's

EVs resuspended in 500 uL PBS were labelled with 2 uM PKH67 dye (Sigma-Aldrich, Munich,
Germany) for 5 min. For the PKH67-PBS control, an equivalent volume of PBS was used as starting
material. The reaction was stopped by adding an equal volume of 1% BSA. Pellets containing labelled
EVs were washed twice with PBS by centrifugation at 100,000x g for 70 min. Recipient cells were
seeded into 6-well plates and incubated with 125 ng/mL PKH67-labelled EV for 24 h in 2 mL medium
containing ED-FBS. After washing, fluorescence in recipient cells was detected with an Accuri C6 plus
cytometer (Becton Dickinson) and analyzed by using the manufacturer’s software.

For confocal examinations, 20,000 cells were seeded in Ibidi Chambered Coverslips (HTR-8/SVneo
and JEG-3) or in 48-well plates (Jurkat T and NK92 cells) in 500 pL. ED-FBS medium and treated
with 125 ng/mL PKH67 stained EVs (IEVpkpe7 and sEVpkpsy) or an equivalent volume of PBSpkiygy.
After 24 h, the cultures were washed 3 times with cooled PBS and fixed with 2% formaldehyde for
10 min at room temperature; 1 ug/mL DAPI (catalogue number D9542-5MG; Sigma Aldrich) staining
was used to visualize nuclei. Cellular uptake of trophoblast-derived EVs was observed and recorded
using a Zeiss LSM 710 confocal laser microscope with an oil-immersion Plan-Apochromat 63x NA 1.4
objective (Carl Zeiss Microscopy GmbH) with 405 nm (DAPI) and 488 nm (PKH67) lasers. The 3D data
reconstruction was made using a maximum intensity projection algorithm implemented in the Zeiss
ZEN lite blue 2.5 software (Carl Zeiss Microscopy GmbH). This 3D visualization method is based on
the projection of the most intense voxels along rays orthogonal to the projection plane. This method
allows to present the localization of EVs inside the cell relative to other structures, such as the nucleus.

4.12. Bioinformatic Prediction of miR-519d-3p Target Genes

Potential miR-519d-3p targets were selected from the bioinformatics platforms Microrna (https:
/[www.microrna.org), PITA (http://genie.weizmann.ac.il) and Diana Micro-T V3.0 (http://diana.cslab.
ece.ntua.gr/microT). Targets were confirmed by Western blotting as described above.
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4.13. Statistical Analysis

Each experiment was repeated independently at least three times. Values were expressed as means
+ standard deviation (SD). Statistical analyses were performed by two-tailed Student’s ¢ test, 2-way
ANOVA test or 1-way ANOVA with a Bonferroni multiple comparisons test, as described in the figure
legends. * p value < 0.05, ** p value < 0.01, *** p value < 0.001.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/10/
3458/s1. Supplementary Figure S1. Movie 1. Visualization of autologous internalized 1EVpxpg¢; after 24 h by
HTR-8/SVneo cells. HTR-8/SVneo cells turn around X. HTR-8-SVneo + IEV (Turn around X).wmv. Supplementary
Figure S2. Movie 2. Treatment with PBSpgrys; of HTR-8/SVneo cells. HTR-8/SVneo cells turn around X.
HTR-8-SVneo + PBS-PKH67 (Turn around X).wmv. Supplementary Figure S3. Movie 3. Visualization of autologous
internalized sEVpkpgy after 24 h by HTR-8/SVneo cells. HTR-8/SVneo cells turn around X. HTR-8-SVneo + sEV
(Turn around X).wmv. Supplementary Figure S4. Movie 4. Visualization of autologous internalized IEVpkpey
after 24 h by JEG-3 cells. JEG-3cells turn around X. JEG-3+ IEV (Turn around X).wmv. Supplementary Figure S5.
Movie 5. Visualization of JEG-3 cells treated with PBSpgygy of. JEG-3 cells turn around X. JEG-3 + PBS-PKH67
(Turn around X).wmv. Supplementary Figure S6. Movie 6. Visualization of autologous internalized sEVpxgie7
after 24 h by JEG-3 cells. JEG-3 cells turn around X. JEG-3 + sEV (Turn around X).wmv. Supplementary Figure S7.
Movie 7. Visualization of heterologous internalized IEVpkyigy after 24 h Jurkat T cells. Jurkat T cells turn around X.
Jurkat + IEV (Turn around X).wmv. Supplementary Figure S8. Movie 8. Visualization of Jurkat T cells treated
with PBSpkpey. Jurkat T cells turn around X. Jurkat + PBS-PKH67 (Turn around X).wmv. Supplementary Figure
S9. Movie 9. Visualization of heterologous internalized sEVpgyyey after 24 h by Jurkat T cells. Jurkat T cells turn
around X. Jurkat + sEV (Turn around X).wmv. Supplementary Figure S10. Movie 10. Visualization of heterologous
internalized 1IEVpgpgy after 24 h by NK92 cells. NK92 cells turn around X. NK92+ IEV (Turn around X).wmuv.
Supplementary Figure S11. Movie 11. Visualization of NK92 cells treated with PBSpgtys7. NK92 cells turn around
X. NK92 + PBS-PKH67 (Turn around X).wmv. Supplementary Figure S12. Movie 12. Visualization of heterologous
internalized sEVpkpgy after 24 h by NK92 cells. NK92 cells turn around X. NK92+ sEV (Turn around X).wmv.
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Abbreviations

ED-FBS exosome depleted fetal bovine serum

EVs extracellular vesicles

NTC non-treated cells

sEV small EV

IEV large EV

SEVinir5194  SEV derived from miR-519d mimic transfected cells

SEVgcr sEV derived from non-genomic SCR mimic transfected cells
sEVerr sEV derived from non-transfected cells

IEVinirs194¢  1EV derived from miR-519d mimic transfected cells

1IEVgcr IEV derived from non-genomic SCR mimic transfected cells
IEVerr IEV derived from non-transfected cells

SEVpiHe7 sEV stained with PKH67
1IEVpkHey IEV stained with PKH67
PBSpke7 pellet of PBS stained with PKH67 following the same protocol as for EVpgrygy
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