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ABSTRACT: A critical component of early human placental development includes migration of extravillous trophoblasts (EVTs) into the
decidua. EVTs migrate toward and displace vascular smooth muscle cells (SMCs) surrounding several uterine structures, including spiral ar-
teries. Shallow trophoblast invasion features in several pregnancy complications including preeclampsia. Maternal obesity is a risk factor for
placental dysfunction, suggesting that factors within an obese environment may impair early placental development. Herein, we tested the
hypothesis that palmitic acid, a saturated fatty acid circulating at high levels in obese women, induces an inflammatory response in EVTs
that hinders their capacity to migrate toward SMCs. We found that SMCs and SMC-conditioned media stimulated migration and invasion
of an EVT-like cell line, HTR8/SVneo. Palmitic acid impaired EVT migration and invasion toward SMCs, and induced expression of several
vasoactive and inflammatory mediators in EVTs, including endothelin, interleukin (IL)-6, IL-8 and PAIl. PAIl was increased in plasma of
women with early-onset preeclampsia, and PAIl-deficient EVTs were protected from the anti-migratory effects of palmitic acid. Using first
trimester placental explants, palmitic acid exposure decreased EVT invasion through Matrigel. Our findings reveal that palmitic acid induces
an inflammatory response in EVTs and attenuates their migration through a mechanism involving PAIlI. High levels of palmitic acid in patho-
physiological situations like obesity may impair early placental development and predispose to placental dysfunction.
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endometrial glands and blood vessels) and transform the tissue archi-
tecture of the maternal-placental interface (Moser et al, 2018).

Introduction

Extravillous trophoblast (EVT) invasion is a critical component of hu-
man placentation. EVTs arise at the distal tips of large anchoring villi
and proliferate extensively to form stratified cell columns. A subpopu-
lation of EVTs then acquires invasive properties, accompanied by ex-
pression of human leukocyte antigen-G (HLAG), integrin ol (ITGAI)
and human epidermal growth factor receptor 2 (HER2) (Damsky
et al, 1994; Wright et al., 2010). These EVTs invade into the decidua
as far as the inner third of the myometrium, anchor the placenta
to the uterus, integrate into various uterine structures (including

Migrating EVTs displace smooth muscle cells (SMCs) surrounding uter-
ine spiral arteries (Whitley and Cartwright, 2009; James et al., 2012),
transforming these vessels into low-resistance conduits capable of
providing the placenta with a consistent supply of maternal blood
that gently bathes the delicate surfaces of the chorionic villi. Defects in
EVT migration cause shallow spiral artery remodeling and are linked to
serious pregnancy complications including preeclampsia, which is a
major cause of maternal and fetal sickness and mortality (Lyall et dl,
2013).
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Maternal obesity is a major risk factor for placental dysfunction and
various obstetric complications (Leddy et al., 2008; Lynch et al., 2008;
Roberts et al., 201 |; Amark et dl., 2018). A study evaluating depth of
spiral artery remodeling in stillbirths found that elevated BMI was the
only maternal characteristic that significantly associated with poor spiral
artery remodeling (Avagliano et al., 2012). In rats, a species that, like
humans, relies on deep trophoblast invasion for pregnancy success,
diet-induced obesity impairs trophoblast migration and spiral artery
remodeling, and triggers placental inflammation (Hayes et al., 2014).
Therefore, factors within an obesogenic milieu may impact early
aspects of placental development, such as EVT invasion, and predis-
pose to adverse pregnancy outcomes.

Obesity is associated with elevated plasma levels of free fatty acids
(Jensen et al., 1989; Boden, 2008). In particular, plasma levels of satu-
rated long-chain fatty acids such as palmitic acid are higher in individu-
als with elevated BMI (Yew Tan et al, 2015), including pregnant
women with elevated pre-pregnancy BMI or excessive gestational
weight gain (Vidakovic et al., 2015). Palmitic acid is the most common
saturated fatty acid in the human body. It has a sixteen-carbon back-
bone (16:0) and is obtained through dietary intake or synthesized en-
dogenously from other macronutrients. High levels of palmitic acid
modulate cellular metabolism and promote production of inflamma-
tory mediators in several cell-types (Gupta et dl., 2012; Zhou et al.,
2013; Tian et al., 2015; Sergi et al., 2018; Korbecki and Bajdak-
Rusinek, 2019). In primary cytotrophoblasts isolated from term pla-
centas, palmitic acid (and stearic acid, another long-chain saturated
fatty acid) activates toll-like receptor 4 and stimulates production of
pro-inflammatory cytokines including tumor necrosis factor alpha, in-
terleukin (IL)-6 and IL-8 (Yang et al., 2015). These effects are not ob-
served in cytotrophoblasts exposed to unsaturated fatty acids,
indicating that saturated fatty acids such as palmitic acid may be
uniquely capable of promoting inflammation at the maternal—placental
interface. In some cell-types, palmitic acid also induces expression of
plasminogen activator inhibitor-1 (PAIl) (Jeong et al., 2016), a serine
protease inhibitor and powerful regulator of hemostasis, fibrinogenesis
and cell migration. PAIl inhibits EVT motility in vitro, and levels of PAI|
are elevated in pregnancy complications characterized by deficient pla-
centation (e.g. preeclampsia and unexplained recurrent pregnancy loss)
(Ye et al., 2017). Since excessive inflammation and production of PAII
is associated with compromised trophoblast function and predisposes
to poor placentation (Challier et al, 2008; Renaud et al, 2011;
Cotechini and Graham, 2015; Baines et al., 2020), herein we hypothe-
size that palmitic acid stimulates expression of PAll and other inflam-
matory mediators in EVTs, and reduces their migratory potential.

In this study, we investigated the effect of SMCs on EVT migration,
using co-cultures of vascular SMCs with a well-established EVT-like
cell-ine as a model system. Next, we determined whether palmitic
acid affects migration of EVTs toward SMCs, and we profiled expres-
sion of inflammatory mediators, including PAIl, by EVTs following ex-
posure to palmitic acid. We found that palmitic acid stimulates
inflammatory pathways in EVTs and impairs their migratory potential.
Moreover, we identified PAIl as a central mediator of the anti-
migratory effects of palmitic acid. Our results suggest that high levels
of palmitic acid in susceptible individuals may contribute to a subopti-
interface to deficient

mal  maternal-placental and predispose

placentation.

Methods

Cells

HTR8/SVneo cells (henceforth called HTR8 EVTs), a well-established
human first trimester invasive EVT-like cell-line derived from placental
explant outgrowths (Graham et al, 1993), were maintained in stan-
dard culture conditions (37°C, 5% CO,) with RPMI-1640 medium
containing 5% fetal bovine serum (FBS), 100 units/ml penicillin and
00 uM streptomycin (Sigma-Aldrich) for no more than 20 sequential
passages. The number of viable HTR8 EVTs was assessed by staining
with trypan blue and counting with a hemocytometer.

Primary SMCs derived from human aorta (Cell Applications 354-
05a) were maintained in proprietary growth media (Cell Applications
311-500). Cells were plated at a density of 1.5 x 10* cells/cm?, and
grown in standard culture conditions for up to |5 passages. To differ-
entiate cells to a contractile phenotype, 1.0 x 10% SMCs/cm?® were
plated, and growth medium was replaced with SMC differentiation me-
dium (Cell Applications 311D-250) for up to 7 days. To produce
SMC-conditioned media, SMCs were differentiated for 5days, then
new differentiation medium was provided and conditioned for 48 h.
Conditioned media were then removed, centrifuged and used for
experiments.

Primary human uterine microvascular endothelial cells (PromoCell
C-12295) were maintained in proprietary growth media (PromoCell
C-22020). Cells were plated at a density of 2.0 x 10* cells/cm* and
grown in standard culture conditions for up to |0 passages.

Human embryonic kidney (HEK)-293T cells were maintained in
standard culture conditions with Dulbecco’s Modified Eagle’s Medium
(DMEM) containing 10% FBS, 100 units/ml penicillin and 100 uM
streptomycin for up to 20 passages.

Tissue collection and culture

Informed written consent was obtained from each patient in accor-
dance with the Declaration of Helsinki. Collections were approved by
the Morgentaler Clinic and the Mount Sinai Hospital Research Ethics
Board (Toronto, Canada; REB12-0007E).

For collection of plasma, blood samples were procured from healthy
non-pregnant women, pregnant women during mid-second trimester
(15.2-17.2 weeks), and third-trimester pregnant women with or with-
out early-onset preeclampsia. Clinical measures of patients are pro-
vided in Table |. Blood samples were collected in sterile tubes
containing ethylenediaminetetraacetic acid-dipotassium salt, and plasma
was immediately separated from peripheral blood mononuclear cells
and polymorphonuclear leukocytes using a dual density gradient sepa-
ration kit (Histopaque |119/1077, Sigma-Aldrich), according to the
manufacturer’s protocol. Plasma was aliquoted and stored at —80°C
until use.

First trimester (5-8 weeks) placentas, obtained at the time of elec-
tive terminations of pregnancy, were used to prepare placental
explants as previously described (Nadeem et al, 2011I). Villous
explants were dissected, washed in PBS and embedded on culture
inserts (0.4-um pores, 12-mm diameter; EMD Millipore) precoated
with 0.2ml undiluted phenol red-free Matrigel (Becton-Dickinson).
Inserts were placed into wells containing serum-free DMEM/FI2 me-
dia containing 100U/ml penicillin/streptomycin, 2mM L-glutamine,
100 pg/ml gentamicin and 2.5 pg/ml fungizone and were incubated at
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Table I Clinical measures of patients used for quantification of PAll levels in plasma.

Demographic Non-pregnant

(n=6)
Age (years)
Mean 3243
Range 25-37
Parity
Nullipara 3
Multipara 3

Gestational age at blood col-

lection (weeks)
Mean Not applicable
Range

Gestational age at delivery

(weeks)
Mean Not applicable
Range

Max systolic blood pressure Not measured

Max diastolic blood pressure Not measured

Second trimester

Third trimester Third trimester

(n=10) No preeclampsia Preeclampsia
n=9) (n=28)
32.52 29.86 26.88
20-42 23-40 25-35
5 5 6
5 3 2
16.33 27.80 29.53
152-17.2 26.0-29.0 27-34.0
38.07 39.00 31.20"
3741.1 37.3-40.6 28.2-34.4
116.6 £ 11.93 1242 + 19.83 154.79 + 6.24
71 =7.65 72.1 = 9.89 10033 = 7.72"

*P < 0.05.

37°C with an atmosphere containing 3% O, and 5% CO,. After 48 h
plating, adherent explants that initiated EVT outgrowths were given
SMC-conditioned media containing either bovine serum albumin (BSA)
or 125 pM palmitic acid for 72 h. Outgrowth area was measured using
Image | software (Schneider et al., 2012). Each treatment was con-
ducted in triplicate and repeated using explants from six different pla-
centas. To determine depth of EVT invasion, the Matrigel plug
(containing invaded EVTs) was fixed in 4% paraformaldehyde, embed-
ded in paraffin and 5-um serial sections prepared. Sections were rehy-
drated and stained using hematoxylin and eosin to identify invading
EVTs. The depth of EVT invasion into Matrigel was then calculated
based on the number of consecutive sections in which EVTs were
detected.

Treatments

To prepare fatty acids, 30% fatty acid-free BSA was conjugated 2:1 to
either 20mM palmitic acid or oleic acid and added to SMC-
conditioned media at final concentrations of 125, 250 and 500 uM
(Sigma-Aldrich). Controls consisted of medium containing an equiva-
lent amount of BSA. Activity of P38-MAPK was inhibited using 10 uM
SB203580 (P38-MAPK inhibitor) dissolved in dimethyl sulfoxide
(DMSO). SMC-conditioned media containing DMSO was used as con-
trol for these experiments.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde, permeabilized using 0.3%
Triton X-100, blocked in 10% normal goat serum (ThermoFisher
Scientific), and immersed in antibodies targeting a-smooth muscle actin
(A2547, 1:400, Sigma Aldrich), calponin (D8L2T, 1:50, Cell Signaling
Technology) or transgelin (sc-53932, 1:50, Santa Cruz Biotechnology).

Cells were then incubated with species-appropriate fluorescent anti-
bodies (AlexaFluor, ThermoFisher Scientific), and nuclei counterstained
using 4',6-diamidino-2-phenylindole (DAPI, ThermoFisher Scientific).
Cells were imaged using a Zeiss Axio fluorescence microscope.

5-Ethynyl-2'-deoxyuridine incorporation
assay

HTR8 EVTs were seeded onto Poly-D lysine-coated coverslips at
5% 10" cells/coverslip. The following day, 10 M 5-ethynyl-2’-deoxy-
uridine (EdU, dissolved in culture media) was added to cells for 4 h.
Cells were fixed using 4% paraformaldehyde and detection of EdU
was performed according to the manufacturer’s instructions (ClickiT
EdU Proliferation Kit, ThermoFisher Scientific). Nuclei were detected
using Hoechst. Cells were imaged with a Zeiss Axio fluorescence mi-
croscope. The total number of cells and number of EdU-positive cells
were counted in three random non-overlapping fields of view per well,
and the percentage of EdU-positive cells was calculated.

Cell viability and apoptosis assays

HTR8 EVTs were seeded at 5x 10* cells/cm® The following day,
SMC-conditioned media containing BSA, palmitic acid or oleic acid
were added for 24 h. As a positive control, 10 pM camptothecin (Cell
Signaling Technology) was added to cells for 24h. Cells were then
trypsinized, centrifuged and incubated with annexin V and propidium
iodide (Pl) as per the manufacturer’s instructions (Early Apoptosis
Detection Kit, Cell Signaling Technology). Cells were analyzed by flow
cytometry using a BD FACSCanto cell analyser (BD Biosciences). Data
were analyzed using Flow]o software. Gating strategies can be found in
Supplementary Fig. SI. In brief, gating commenced with a forward scat-
ter area versus forward scatter height plot to remove doublets,
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followed by a second gate on forward scatter area versus side scatter
area to remove obvious debris from the plot while retaining both live
and dead cells. Single-stained positive control cells on annexin V versus
Pl plots were gated on this population, which was also used to derive
the frequencies shown in Fig. 3.

Transwell migration and invasion assays

To measure cell migration, 2.0 x 10* HTR8 EVTs were placed into
transwell inserts (8-um pore, 6.5-mm diameter, Greiner BioOne).
Media containing 3.8 x 10* human uterine microvascular endothelial
cells, 1.9 x 10* synthetic SMCs, 1.9 x 10* contractile SMCs or condi-
tioned media from contractile SMCs containing either fatty acids or
inhibitors (see cell treatments) were added to the lower chamber.
Cells were incubated in standard culture conditions for 24 h. Cells in
the upper portion of the transwell were removed with a cotton swab.
Cells attached to the underside of the membrane were fixed in metha-
nol, then stained with Diff-Quik cytometry stain (GE Healthcare).
Membranes were excised, placed onto slides and counted using a
bright-field microscope. Normalized migration indices were calculated
by dividing the number of cells that migrated under both control and
treatment conditions by the mean number of cells that migrated in
control conditions, as done previously (Jeyarajah et al., 2019). This
normalization step was performed to determine the relative change in
cell migration for each experiment, which facilitated comparisons be-
tween experiments.

Cell invasion was assessed by precoating transwells with growth
factor-reduced Matrigel (BD Biosciences, 400 pig/ml diluted in serum-
free RPMI-1640) for 3h. Medium was removed, and then 4.0 x 10*
HTR8 EVTs were placed on top of the Matrigel. All other steps were
the same as described above. Normalized invasion indices were deter-
mined by dividing the number of cells that invaded under both control
and treatment conditions by the mean number of cells that invaded in
control conditions.

Immunohistochemistry

Explants were fixed in 4% paraformaldehyde, embedded in paraffin
and sectioned at 5-pum thickness. Sections were deparaffinized, rehy-
drated and subjected to heat-mediated antigen retrieval in 10mM cit-
rate buffer pH 6.0. Sections were then immersed in 0.1% Sudan Black
in 70% ethanol for | min to reduce autofluorescence, blocked and im-
mersed in primary antibodies specific for: proliferating EVT markers,
i.e. proliferating cell nuclear antigen (PCNA; sc-56, 1:200, Santa Cruz
Biotechnology), Kl67 (abl15580, 1:200, Abcam) and integrin o5
(ITGAS; abl 12183, 1:1000, Abcam); or markers of invasive EVTs, i.e.
ITGAI (ab243032, 1:500, Abcam), HLAG (sc-21799, 1:50, Santa Cruz
Biotechnology) and HER2 (A0485, 1:300, Dako). Primary antibodies
were diluted in PBS and were applied to sections overnight at 4°C.
The following day, species-appropriate fluorescent antibodies were ap-
plied (AlexaFluor, ThermoFisher Scientific), and DAPI was used to
counterstain nuclei. Sections were mounted with Fluoromount-G
(SouthernBiotech), and images acquired using either a Nikon DS-Qi2
microscope or a Quorum Wave FX spinning disc confocal system
comprising a Leica DMI 6000B microscope with a Yokogawa Spinning
Head and Image EM Hamamatsu EMCCD camera and Velocity imag-
ing software. To ensure fair comparison between control and treat-
ment in the explant experiments, control images were initially

captured and time of exposure and laser intensity recorded and set.
Treatment images were then captured using the same settings.

Western blot analysis

Cells were lysed using | x Laemmli sample buffer (2% sodium dodecyl
sulfate, 10% glycerol, 5% 2-mercaptoethanol, 0.002% bromophenol,
0.125M Tris-HCI and 0.5 M dithiothreitol) supplemented with phenyl-
methylsulfonyl fluoride, boiled and loaded onto sodium dodecyl
sulfate-containing polyacrylamide gels. Proteins were separated using
gel electrophoresis and transferred to polyvinylidene difluoride mem-
branes (GE Healthcare). Membranes were blocked with 3% BSA in
TBS containing 0.1% Tween-20 and probed using antibodies targeting
o-smooth muscle actin (A2547, 1:2000, Sigma Aldrich), calponin
(D8L2T, 1:1000, Cell Signaling Technology), transgelin (SC-53932,
[:500, Santa Cruz Biotechnology), P38-MAPK (DI3EI, [:1000, Cell
Signaling Technology), phosphorylated P38-MAPK (D3F9, 1:1000, Cell
Signaling  Technology), ERKI/2 (9102, 1:1000, Cell Signaling
Technology) or phosphorylated ERK1/2 (EI0, 1:2000, Cell Signaling
Technology). Expression of a-tubulin (CP06, 1:1000, Calbiochem) was
used as a loading control. Proteins were detected using a LI-COR
Odyssey imaging system (LI-COR Biosciences) following incubation
with species-appropriate, infrared-conjugated secondary antibodies
(Cell Signaling Technology).

Tagman PCR array and quantitative RT-
PCR

RNA was extracted using TriZol (ThermoFisher Scientific). The aque-
ous phase was diluted |:I with 70% ethanol, placed on RNeasy col-
umns (Qiagen), treated with DNase |, and purified. Complementary
DNA was generated from purified RNA using High Capacity Reverse
Transcription kit (ThermoFisher Scientific), diluted 1:10, and used for
quantitative RT-PCR (qRT-PCR). Relative mRNA levels of a panel of
inflammation-associated genes were initially screened using a Human
Immune Tagman PCR array (4418718, ThermoFisher Scientific) and
Tagman Fast Advanced Master Mix. A CFX Connect Real-Time PCR
system (Bio-Rad Laboratories) was used for amplification and fluores-
cence detection. The cycling conditions included an initial uracil-N-
glycosylase step (50°C for 2min), followed by enzyme inactivation
(95°C for 20s), and then 40 cycles of two-step PCR (95°C for |'s
then 60°C for 205s). Four reference genes (/8S, GAPDH, HPRTI and
GUSB) were also analyzed in the array, and their expressions were sta-
ble among the conditions tested. Transcript levels of select genes
(EDNI, IL6, LIF, ILIA, PTGS2 and VEGFA) were validated on indepen-
dent samples using gqRT-PCR with predesigned Tagman probes
(ThermoFisher Scientific, Table Il) and /8S as a reference RNA. All
other gqRT-PCR analyses were conducted using cDNA mixed with
SensiFAST SYBR Green PCR Master Mix (FroggaBio) and primers de-
scribed in Table Ill. Cycling conditions included an initial holding step
(95°C for 3 min), followed by 40 cycles of two-step PCR (95°C for
[0s, 60°C for 455), then a dissociation step (65°C for 55, and a se-
quential increase to 95 °C). Relative mMRNA expression was calculated
using the comparative cycle threshold (AACt) method, using /8S as a
reference RNA.
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Enzyme immunoassay

Levels of PAIl in human plasma were measured using a Bio-Plex muilti-
plex enzyme immunoassay (Customized Human Cancer Biomarker
Assay, Bio-Rad Laboratories). Plasma was diluted 1:4 in assay diluent
prior to performing the assay. Levels of PAll in media conditioned by
HTR8 EVTs were measured using a Human Total PAIl enzyme immu-
noassay (DY9387-05, Biotechne), as per the manufacturer’s instruc-
tions. A standard curve was generated using absorbance values
plotted against defined concentrations of recombinant PAII.
Conditioned media were diluted in assay buffer to ensure absorbance
values fell within the linear range of the standard curve.

Lentivirus production

Lentivirus-encapsulated short hairpin RNAs (shRNAs) were generated
to knockdown SERPINE! gene expression. Briefly, HEK-293T cells
were transfected using Lipofectamine 2000 (ThermoFisher Scientific)
with lentiviral packaging plasmids (MD2.G, MDLG/RRE, and RSV-Rev)
and a SERPINE! shRNA construct encoded in a PLKO.l vector
(henceforth called shPAII: TRCNO0000370159, sense:
ACACCCTCAGCATGTTCATTG; Sigma-Aldrich). A control PLKO.I
vector containing a scrambled shRNA (Addgene 1864) was used as a
control. Lentivirus-containing culture supernatants were collected at
24h and 48h and stored at —80°C until use. To transduce HTR8
EVTs, cells were exposed to lentiviral particles for 24 h in the presence
of 8ug/ml hexadimethrine bromide, as described previously (Jaju
Bhattad et al., 2020). After 48-h infection, transduced cells were se-
lected with puromycin (3.5 pug/ml).

Table Il Tagman probe IDs.

Statistical analysis

Statistical comparisons between two means were tested using
Student’s t-test; statistical comparisons between three or more means
were assessed using analysis of variance, followed by Tukey’s post hoc
analysis. A two-way ANOVA followed by a Sidak’s multiple compari-
son test was performed to compare HTR8 EVTs transduced with
shRNAs and then exposed to BSA or palmitic acid. Means were con-
sidered statistically different when P < 0.05. GraphPad Prism 7.0 was
used for all graphing and statistical analysis. The Human Immune PCR
array was conducted using one replicate; all other experiments were
repeated at least three independent times. The specific number of rep-
licates is indicated in the figure legends.

Results

SMCs stimulate EVT migration and
invasion

EVTs migrate chemotactically toward several uterine structures con-
taining vascular SMCs. Therefore, to determine whether SMCs drive
migration of EVTs, human vascular SMCs were first differentiated to a
contractile phenotype, reminiscent of vascular SMCs surrounding spiral
arteries in first trimester human decidua. When cultured under differ-
entiation conditions, vascular SMCs progressively increased levels of
calponin, a-smooth muscle actin and transgelin and possessed mor-
phological characteristics consistent with a contractile phenotype
(Supplementary Fig. S2). We then placed uncoated or Matrigel-coated
transwells harboring HTR8 EVTs into wells containing differentiated
SMGs, to determine whether SMCs drive migration and invasion of
EVTs (Fig. 1A). Compared to control conditions in which SMCs were
absent, the presence of SMCs increased HTR8 EVT migration by |6-

Gene name Assay ID Amplicon size fold (Fig. 1B, P=0.0001) and increased invasion by 2.6-fold (Fig. |C,
EDN| Hs00174961 _ml 62 bp P <0.0001). Although undifferentiated (synthetic) SMCs. and human
ILIA Hs00174092_m| 69 bp uterine microvascular 'endf)thellal cells enhanced mlg.ratlo.n of HTRB
L6 Hs00174131_ml 95 bp EVTs, the extent of migration was not as robust as with differentiated
SMCs (3.5-fold and |.5-fold, respectively, P=0.0004 and P=0.0002,
LIF Hs00171455_ml 66 bp .
VEGFA Hs00173626_ml 77b Supplementary Fig. 53).
- P To determine whether factors secreted by SMCs stimulated EVT
PTGS2 Hs00153133_ml 75 bp L - .
migration, transwells containing HTR8 EVTs were placed into wells
RNATBSNS Hs99999901 s 187 bp containing media conditioned by contractie SMCs (Fig. ID).
oy, 52 i Compared to unconditioned media, vascular SMC-conditioned media
increased HTR8 EVT migration by 7.4-fold (Fig. |1E, P=0.0002), and
Table IlI List of primers used for qRT-PCR.
Gene Name Accession No. Forward primer Reverse primer
SERPINE| NM_000602.4 AAGAGGTGCCTCTCTCTGCC TAGGGGCTTCCTGAGGTCGA
CXCL8 NM_000584.4 AATTCATAAAAAAATTCATT TGGTACAATGAAAAACTATT
RNA8SN5 NR_003286.4 GCAATTATTCCCCATGAACG GGCCTCACTAAACCATCCAA
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Figure I. Contractile SMCs enhance migration and invasion of EVTs. (A) Schematic of co-culture design with smooth muscle cells
(SMCs). Relative number of HTR8 extravillous trophoblasts (EVTs) that migrated (B) and invaded (C) in the presence of SMCs. Controls (Ctrl) con-
sisted of wells not containing SMCs. Representative images of membranes are included above each graph (the black circles represent pores within
the transwell membrane; cells appear purple). (D) Schematic of experimental design, showing transwells containing HTR8 EVTs placed into wells
containing SMC-conditioned media (CM). Relative number of HTR8 EVTs that migrated (E) and invaded (F) in the presence of SMC CM. Ctrl repre-
sents cells migrating toward unconditioned media. Representative images of membranes are included above each graph. (G) Percentage of EdU-posi-
tive HTR8 EVTs after exposure to SMC CM in comparison to cells immersed in unconditioned media (Ctrl). Representative images are shown to the
left of the graph. Nuclei were detected using Hoechst. (H) Trypan blue viability assay showing total live cell counts of HTR8 EVTs exposed to SMC
CM compared to Ctrl (unconditioned media). Graphs represent means * SEM. Migration and invasion assays were conducted using three mem-
branes per treatment from each of three independent experiments. Proliferation and viability experiments: n = 3. Asterisks denote statistical signifi-
cance (*P < 0.001; ***P < 0.0001). Scale bar = 100 uM.
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increased invasion through Matrigel by 2.2-fold (Fig. IF, P=0.0005).
To investigate whether SMCs affect proliferation of HTR8 EVTs, EdU
incorporation and trypan blue viability assays were performed. There
was no significant difference in the number of proliferating or viable
cells cultured with SMC-conditioned media versus unconditioned me-
dia (Fig. |G and H). These results suggest that SMCs drive migration
and invasion of HTR8 EVTs, and that this effect is not due to altered
cell proliferation.

SMC-conditioned media induces
phosphorylation of kinases required for
EVT migration

To determine whether contractile SMCs enhance phosphorylation of
kinases required for migration of EVTs, we treated HTR8 EVTs with
media conditioned by differentiated SMCs and assessed phosphoryla-
tion of signaling factors implicated in EVT migration. There was no
change in phosphorylated levels of ERKI/2 following exposure of
HTR8 EVTs to SMC-conditioned media, whereas levels of phosphory-
lated P38-MAPK were increased 3h following exposure to SMC-
conditioned media (Fig. 2B, P=0.007). Total levels of these kinases
were consistent among all treatment conditions. Addition of SB203580
(P38-MAPK inhibitor) to SMC-conditioned media resulted in an 84%
decrease in HTR8 EVT migration compared to vehicle control
(Fig. 2C, P < 0.0001). These results suggest that P38-MAPK signaling is
involved, at least in part, in vascular SMC-induced HTR8 EVT
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Palmitic acid inhibits EVT migration and
invasion

Serum levels of palmitic acid are elevated in obese pregnancies, which
are associated with poor EVT-directed spiral artery remodeling.
Therefore, we next determined whether palmitic acid affects SMC-
induced HTR8 EVT migration and invasion. In preliminary experiments,
EVT viability was compromised following exposure to 250 uM and
500 uM palmitic acid (not shown), but not following exposure to
|25 UM palmitic acid, so a dose of 125 uM palmitic acid was used for
all subsequent experiments. Addition of palmitic acid to SMC-
conditioned media resulted in a 91% decrease in HTR8 EVT migration
and a 57% decrease in HTR8 EVT invasion, compared to cells ex-
posed to BSA (Fig. 3, P<0.000! for both). To determine if these
effects were due to the bioactive properties of palmitic acid, we in-
cluded an additional treatment group in which 125 pM oleic acid (an
unsaturated fatty acid) was added to media conditioned by SMCs.
Addition of oleic acid had no effect on the capacity of HTR8 EVTs to
migrate or invade (Fig. 3A and B). To confirm that 125puM palmitic
acid or oleic acid did not affect viability of HTR8 EVTs, annexin V and
Pl expression were determined by flow cytometry. The number of ap-
optotic (annexin V and Pl-positive) and necrotic (Pl-positive) cells did
not significantly differ between HTR8 EVTs exposed for 24h to
125 pM palmitic acid, oleic acid or BSA. In contrast, exposure of
HTR8 EVTs to camptothecin caused a much higher percentage of cells
to be apoptotic and necrotic (Fig. 3C, P=0.0l and P=0.001, respec-
tively). These results demonstrate that palmitic acid impairs SMC-
induced migration and invasion of HTR8 EVTs through a mechanism
not involving decreased cell viability.
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Figure 2. SMCs induce phosphorylation of P38-MAPK in EVTs. (A) Western blots depicting phosphorylated and total levels of P38-MAPK
and ERK1/2 in HTR8 EVTs following exposure to SMC-conditioned medium (CM) for 0.5, I, 2 or 3 h. Cells not exposed to CM were used as a con-
trol (Ctrl). a-tubulin was used as a loading control. Uncropped images of the western blots are provided in Supplementary Fig. S5. (B) Densitometric
analysis of phosphorylated ERKI/2 (pERK) and phosphorylated P38-MAPK (pP38) relative to total ERKI/2 and P38-MAPK, respectively. (C)
Relative number of HTR8 EVTs that migrated toward SMC CM containing SB203580 (P38-MAPK inhibitor) in comparison to media containing di-
methyl sulfoxide (DMSO) . Representative images of membranes are shown above each graph (the black circles represent pores within the transwell
membrane; cells appear purple). Graphs represent means * SEM. Western blots: n = 3 independent experiments; migration assays were conducted
using three membranes per treatment from each of three independent experiments. Asterisks denote statistical significance (**P < 0.0l;

w5p 2 0,0001).
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Figure 3. Palmitic acid attenuates SMC-induced EVT migration and invasion. Relative number of HTR8 EVTs that (A) migrated or
(B) invaded through Matrigel in the presence of SMC-conditioned media containing either 125 puM oleic acid (OA) or |25 pM palmitic acid (PA).
Controls (Ctrl) consisted of cells migrating or invading toward SMC-conditioned media containing bovine serum albumin (BSA). Representative
images of membranes are included above each graph (the black circles represent pores within the transwell membrane; cells appear purple).
(€) Flow cytometry analysis of annexin V and Pl-positive (apoptotic) and Pl-positive (necrotic) HTR8 EVTs treated with BSA (Ctrl), OA, PA or
camptothecin (+ve Ctrl). Percentage of apoptotic and necrotic cells are shown to the right of the images. Gating strategies and single-stained
controls can be found in Supplementary Fig. SI. Graphs represent means = SEM. Migration and invasion assays were conducted using three
membranes per treatment from each of three independent experiments. Flow cytometry: n = 3. Asterisks denote statistical significance (*P < 0.05;
**P < 0.01; **P <0.0001).
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Palmitic acid induces a pro-inflammatory
response in EVTs

Palmitic acid promotes proinflammatory cytokine production in several
cell-types (Korbecki and Bajdak-Rusinek, 2019). Therefore, to examine
whether palmitic acid alters expression of inflammation-associated
genes in EVTs, cDNA was prepared from HTR8 EVTs exposed to pal-
mitic acid or BSA, and a PCR array was used to screen inflammation-
associated genes potentially induced following palmitic acid exposure.
The array included probes for four housekeeping genes and 92 distinct
genes associated with inflammation. Of these, 33 inflammation-
associated genes were expressed (normalized expression > 0.001) in
HTR8 EVTs following exposure to either BSA or palmitic acid
(Fig. 4A). Expression of seven genes (VEGFA, encodes vascular endo-
thelial growth factor A; LIF, encodes leukemia inhibitory factor; PTGS2,
encodes cyclooxygenase 2; END/, encodes endothelin-1; IL6, encodes
IL-6; ILIA, encodes IL-1o; and CXCL8/IL8, encodes IL-8) was increased
at least 2-fold in EVTs exposed to palmitic acid, so levels of these tran-
scripts were further assessed using qRT-PCR. Palmitic acid increased
expression of VEGFA (I.6-fold, P=10.03), EDN/ (2-fold, P=0.0003),
IL6 (4.2-fold, P=0.02) and CXCL8/IL8 (Il-fold, Fig. 4B, P=0.04).
Expression of LIF also appeared to be increased, although it did not
reach statistical significance (4.5-fold, Fig. 4B, P=0.056), whereas there
was no statistically significant change in PTGS2 or ILIA (not shown).
We additionally investigated expression of SERPINE [, because it enco-
des PAIlIl: a key component of fibrogenic and thrombotic pathways cir-
culating at increased levels in obese women (Mavri et al., 1999), and in
women with early-onset preeclampsia (Fig. 5). SERPINE! transcript lev-
els in HTR8 EVTs were increased |5-fold following exposure to pal-
mitic acid compared to controls (Fig. 4B, P=0.008), and levels of
PAIl in conditioned medium were increased by 62% (Fig. 4C,
P=0.02). Collectively, palmitic acid enhances expression of various
factors associated with inflammation and fibrinogenesis in EVTs.

Knockdown of PAIlIl rescues trophoblast
migration following exposure to palmitic
acid

To determine the contribution of elevated PAIl levels to impaired
EVT migration following palmitic acid exposure, we transduced HTR8
EVTs with shRNAs targeting SERPINE| (shPAIl). Compared to cells
receiving the control shRNA, HTR8 EVTs stably expressing shPAll
exhibited reduced SERPINE! expression by 57% (Fig. 6A, P=0.04)
and decreased PAIl secretion by 75% (Fig. 6B, P=0.006). Cells
expressing control shRNA exhibited 86% reduced migration (Fig. 6C,
P=0.0003) and 58% reduced invasion (Fig. 6D, P<0.0001) in the
presence of palmitic acid compared to BSA-treated conditions, which
is consistent with our earlier observations. Remarkably, migration and
invasion were completely unaffected following palmitic acid exposure
in shPAll-expressing EVTs (Fig. 6C and D, P<0.0001 and P < 0.0001
compared to control shRNA-expressing EVTs exposed to palmitic
acid, respectively). Our results demonstrate that the anti-migratory
functions of palmitic acid on EVTs are due, at least in part, to elevated
PAIl expression.

Palmitic acid inhibits EVT differentiation in
placental explants

Primary placental EVT outgrowths were used to further investigate the
effects of palmitic acid on EVT cell invasion ex vivo. Explants can be
used to recapitulate the multiple stages of EVT lineage development,
including proliferative PCNA-positive proximal column EVTs and inva-
sive HLAG-positive distal column EVTs (Fig. 7A). After 72 h in culture
with SMC-conditioned media, EVT outgrowth extension was apparent
in all explants, although those exposed to palmitic acid exhibited a 2-
fold increased EVT outgrowth as compared to those exposed to BSA
(Fig. 7B, P=0.04). However, explants exposed to palmitic acid exhib-
ited a 35% decrease in depth of EVT invasion into Matrigel in compari-
son to those exposed to BSA (Fig. 7C, P=0.01), suggesting that
palmitic acid did not affect EVT proliferation and spreading on Matrigel
but impaired the invasive capacity of distal column EVTs. Explants
were further analyzed for markers of proliferative and invasive EVTs.
EVTs emanating from explants exposed to SMC-conditioned media
with BSA showed progressively decreased ITGAS5 and increased cell
surface expression of ITGAI, HLAG and HER2 characteristic of distal
column invasive EVTs. In contrast, EVTs exposed to SMC-conditioned
media containing palmitic acid showed an increase in HER2 on the cell
surface but retained high levels of ITGAS5 expression and reduced or
aberrant (perinuclear) ITGAI expression (Fig. 7D). Collectively, these
results suggest that palmitic acid prevents the full acquisition of the in-
vasive EVT phenotype, which may contribute to the reduced invasive
capacity of EVTs exposed to palmitic acid.

Discussion

EVT invasion is a critical component of normal placentation and main-
tenance of a healthy pregnancy. Since EVTs typically migrate toward
uterine structures containing smooth muscle (myometrium, uterine
glands, endometrial veins, spiral arteries) (Moser et al., 2018), we first
tested the hypothesis that EVTs are driven to migrate toward SMCs.
We found that factors produced by contractile vascular SMCs stimu-
late phosphorylation of P38-MAPK in HTR8 EVTs, resulting in en-
hanced migration and invasion of these cells. We further show that
palmitic acid restrains EVT motility and increases expression of several
inflammatory factors in EVTs, most notably PAIl, and that the effects
of palmitic acid on EVT motility are restored by reducing expression
of PAIIl. Our results provide new insights into mechanisms of EVT mi-
gration, with important implications for pathophysiological conditions
such as obesity, which are characterized by elevated levels of palmitic
acid and a higher incidence of placental dysfunction.

Although EVTs migrate toward many different uterine structures,
the best understood paradigm is their migration toward spiral arteries.
EVTs home toward spiral arteries using both interstitial and endovas-
cular routes and transform these vessels by displacing endothelial cells
and SMCs. Previous studies have shown that EVTs and EVT cell-lines
trigger SMC migration and apoptosis, indicating that EVTs and SMCs
are capable of dynamic cellular crosstalk (Harris et al., 2006; Bulmer
et al., 2012; Salomon et al., 2014). To the best of our knowledge, our
study is the first to show that EVT migration is triggered by factors se-
creted by contractile vascular SMCs. Although we did not deduce
which factors produced by SMCs are responsible for stimulating EVT
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Figure 4. Palmitic acid induces production of inflammatory factors in EVTs. (A) PCR array depicting transcript levels of various inflam-
matory factors following 24-h exposure to SMC-conditioned media containing BSA (Ctrl) or 125uM PA. Transcript levels from Ctrl conditions are
represented by the solid line. Transcripts increased >2-fold (demarcated by the dashed line) following PA exposure are bolded. A heat map is shown
below the graph. (B) Transcript levels of VEGFA, LIF, EDNI, IL6, CXCL8 and SERPINE| in HTR8 EVTs after a 24-h exposure to SMC-conditioned me-
dia containing BSA (Ctrl) or 125 pM PA. (C) Levels of PAIl in media conditioned by HTR8 EVTs following 24-h exposure to SMC-conditioned media
containing BSA (Ctrl) or 125 uM PA. Graphs in (B) and (C) represent means = SEM based on n=3 independent experiments. Asterisks denote sta-
tistical significance (*P < 0.05; **P < 0.01; **P < 0.001).
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migration, we did profile a select number of growth factors produced
by contractile vascular SMCs (not shown), and detected high expres-
sion of platelet-derived growth factor (PDGF), epidermal growth factor
(EGF) and heparin-binding EGF-like growth factor (HB-EGF). PDGF,
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Figure 5. PAII is increased in plasma from women with
preeclampsia. Plasma was isolated from non-pregnant women
(Not Preg; n=6), pregnant women in second trimester (n = 10) and
pregnant women in early third trimester without preeclampsia
(n=9) or with early-onset preeclampsia (PE; n=8). Levels of PAIll
in plasma were detected using a Bio-Plex Assay. Data are shown as
box plots. Asterisks denote statistical significance comparing third tri-
mester samples with and without preeclampsia (****P < 0.0001).
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EGF and HB-EGF stimulate human EVT adhesion, migration and inva-
sion (Han et al.,, 2010; Wright et al., 2010; Silva and Serakides, 2016;
Bolnick et al., 2017), so it is possible that production of these growth
factors by vascular SMCs contributes to the enhanced EVT migration
observed in our study. Regardless of which factors are involved, we
show that SMC-conditioned media activates P38-MAPK signaling path-
ways in EVTs, and inhibition of this pathway inhibits EVT migration,
which is consistent with previous reports (Renaud et al., 2014).
Maternal obesity is a pregestational factor associated with a higher
risk of placental dysfunction (Avagliano et al, 2011; Myatt and
Maloyan, 2016). Pregnant obese women, and those with excessive
gestational weight gain, have increased saturated fatty acids circulating
in blood, most prominently palmitic acid (Chen et al., 2010; Vidakovic
et al, 2015). Palmitic acid concentrations are normally maintained un-
der stringent homeostatic control, likely due to its essential role in cell
membrane structural properties, synthesis of palmitoylethanolamide
and protein palmitoylation. Palmitic acid is metabolized in cells into sat-
urated phospholipids (e.g. lysophosphatidylcholine), diacylglycerol and
ceramides, high levels of which can alter cellular signaling events, in-
cluding oxidative and endoplasmic reticulum stress and activation of
protein kinase C. Palmitic acid is also a toll-like receptor agonist, and it
can stimulate inflammatory responses through myeloid differentiation
factor 88/nuclear factor kappa B and interferon regulatory factor 3-de-
pendent pathways (reviewed in Korbecki and Bajdak-Rusinek (2019)).
Thus, palmitic acid is a highly bioactive molecule with the potential to
alter cellular gene expression, metabolism and behavior. We found
that palmitic acid decreased viability of HTR8 EVTs at concentrations
of 250 and 500 pM, but cell viability was unaffected at 125 uM, which
is why this dose was used for our experiments. Although the

2.0+
& =
.y @ .
- 'U -
£ :
= 15+
kS .
w .e
]
£ 1.0+ .
=] e
E 0.54
Pa Z 00 v '
- i Ctrl Ctrl PA PA
SCR shPAM SCR  shPAI

Figure 6. Knockdown of PAII restores EVT migration following exposure to palmitic acid. (A) Transcript levels of SERPINE | in HTR8
EVTs expressing shPAll compared to cells expressing control shRNA (scrambled; SCR). (B) Levels of PAll from media conditioned by HTR8 EVTs
expressing SCR or shPAIll. (C and D) Relative number of HTR8 EVTs expressing SCR or shPAll that (C) migrated and (D) invaded toward SMC-
conditioned media containing BSA (Ctrl) or PA. Representative images of membranes are shown above the graphs (the black circles represent pores
within the transwell membrane; cells appear purple). Graphs represent means * SEM. (A) and (B) represent data from three independent experi-
ments; (C and D) represent data obtained using three membranes per treatment from each of three independent experiments. Asterisks denote sta-

tistical significance (*P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001).
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Figure 7. Increased outgrowth and impaired EVT invasion in first trimester placental explants exposed to palmitic acid. (A)
Eight-week placental explants cultured for 96 h stained with hematoxylin and eosin (H&E), proliferating cell nuclear antigen (PCNA) and human leuko-
cyte antigen-G (HLAG). Nuclei were detected using 4',6-diamidino-2-phenylindole (DAPI). Scale bar = 100 um. (B) Relative change in placental ex-
plant outgrowth area after exposure to SMC-conditioned media containing BSA (Ctrl) or 125 uM PA. Representative images of the explants are
depicted above the graph. (C) Depth of EVT invasion into Matrigel following exposure to SMC-conditioned media containing BSA (Ctrl) or PA.
Graphs represent means = SEM based on three explants prepared from each of six different placentas. Asterisks denote statistical significance
(*P < 0.05). (D) Placental explants cultured in SMC-conditioned media containing BSA (Ctrl) or PA. Explants are shown in phase-contrast (left pan-
els), or after being sectioned and immunostained using antibodies specific for HLAG (EVT marker), KI67, ITGAS5 (proliferating EVTs), ITGAI and
HER2 (invasive EVTs). Nuclei were detected using DAPI. Images are representative of two explants from each of six different placentas. Scale bar of
phase images = 300 pm; scale bar of immunofluorescent images = 50 pm.
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concentration of palmitic acid present at the maternal-placental inter-
face during early pregnancy is not known, 125 uM palmitic acid is con-
sistent with other cell culture studies modeling hyperlipidemia seen in
obesity and related comorbidities (Benoit et al, 2009; Hua et dl.,
2015; Jiang et al., 2017; Frommer et al, 2019; Hernandez-Caceres
et al, 2019; Zeng et dl., 2020). Others have reported compromised
trophoblast viability following exposure to high doses of palmitic acid,
including endoplasmic reticulum stress, proliferation defects, and re-
duced viability in HTR8 EVTs exposed to 400 and 800 uM palmitic
acid, as well as lipotoxicity in human syncytiotrophoblast exposed to
200 and 400 puM palmitic acid (Colvin et al., 2017; Yang et al., 2018).
Our study is the first to show the effect of palmitic acid on EVT motil-
ity at sublethal doses. Palmitic acid can either stimulate (Chung et dl.,
2012; Balaban et al., 2017; Landim et al., 2018) or inhibit (Trombetta
et al, 2013;; Girona et al., 2019) migration of distinct cell-types, sug-
gesting that the impact of palmitic acid on cell motility is likely dose,
cell-type and context-specific. We found that palmitic acid attenuated
migration and invasion of HTR8 EVTs, and reduced EVT invasion in
first trimester placental explants, whereas there was no effect on EVT
motility when cells were exposed to an unsaturated fatty acid, oleic
acid. Furthermore, palmitic acid induced expression of several genes
encoding inflammatory (IL6, CXCL8), vasoactive (EDN) and fibrogenic
(SERPINET) proteins, all of which are increased in serum of obese
patients (Alessi et al., 2000; Derosa et al.,, 2013) and in various preg-
nancy complications (Raghupathy, 2013; Ye et al., 2017). High levels of
palmitic acid in susceptible pregnancies may therefore contribute to a
suboptimal microenvironment at the maternal-placental interface that
impairs EVT motility and predisposes to deficient placentation.

In the current study, we detected elevated levels of PAIl in women
with early-onset preeclampsia compared to age-matched controls,
which is consistent with several other studies (Purwosunu et al., 2007,
Wikstrém et al., 2009; Bodova et al., 201 ). Unfortunately, we did not
have patient consent to obtain additional information such as BMI or
palmitic acid concentrations in blood, so correlating these parameters
with PAIl concentrations is the subject of future investigations. High
levels of PAll may impede placental development by promoting occlu-
sive lesions and deposition of fibrin within placental vasculature
(Estellés et al., 1994), as well as restricting EVT migration by inhibiting
degradation of extracellular matrices (Floridon et al, 2000; Renaud
et al., 2005; Lash et al., 2006). Conversely, low expression of PAll is
associated with uncontrolled trophoblast invasion in molar pregnancies
(Floridon et al., 2000). In the current study, treatment of HTR8 EVTs
with palmitic acid increased PAIl expression. Palmitic acid induces
PAIl in other cell-types (e.g. renal epithelial cells), indicating that high
circulating levels of palmitic acid may enhance PAIl production by
many tissues, resulting in elevated systemic levels of this protein (Jeong
et al, 2016). We found that knocking down expression of PAIl did
not affect migration or invasion of EVTs in control conditions, which
we attribute to EVTs already migrating at high capacity. Intriguingly,
when EVTs were exposed to palmitic acid, motility was abrogated in
control cells but completely restored in PAll-deficient cells. Antibody-
mediated neutralization of PAIl also rescues EVT migration following
exposure to the pro-inflammatory cytokine tumor necrosis factor al-
pha (Bauer et al., 2004). Increased PAII levels may therefore contrib-
ute to poor EVT migration and deficient placentation in various
pathophysiological conditions, such as in pregnancies with high plasma
levels of palmitic acid or inflammatory cytokines.

In sum, our findings show that EVT migration is stimulated by SMCs,
and that palmitic acid interferes with this process. We recognize that
palmitic acid is only one factor of many circulating at aberrant levels in
blood of patients with metabolic disturbances such as obesity that may
influence EVT gene expression signatures and migratory phenotypes.
However, palmitic acid is the most common saturated fatty acid circu-
lating in human blood (Carta et al., 2017), and our data show that it is
sufficient to induce inflammatory and fibrogenic mediators in EVTs.
Thus, altered levels of this particular fatty acid may have major impacts
on trophoblast function and placental development. We exploited
HTR8 EVTs for analysis of PAIl expression and knockdown since
these cells are advantageous as models of migratory first trimester
EVTs and are amenable to stable incorporation of shRNAs. Although
technical limitations precluded us from using shRNA to disrupt PAII
expression in placental explants, in future studies it would be interest-
ing to determine whether neutralization of PAIl, via recently devel-
oped pharmacological inhibitors (Placencio et al., 2015), is sufficient to
restore EVT invasion following exposure to palmitic acid. Our findings
are in support of others (Seferovic and Gupta, 2016), who suggest
that monitoring PAIl levels may have diagnostic utility as a biomarker
to predict placental insufficiency. Furthermore, our study opens doors
to new therapeutic interventions in which managing levels of palmitic
acid or PAIl to within a ‘normal’ physiological range may help to re-
store trophoblast function and prevent dysfunctional placentation.
Considering the current prevalence of obesity in women of child-
bearing age, this intervention may be useful in reducing the high risk of
adverse pregnancy outcomes common to obese pregnancies.

Supplementary data

Supplementary data are available at Molecular Human Reproduction
online.
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