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STUDY QUESTION: Does low molecular weight heparin (LMWH) require heparin-binding epidermal growth factor (EGF)-like growth fac-
tor (HBEGF) signaling to induce extravillous trophoblast differentiation and decrease apoptosis during oxidative stress?

SUMMARY ANSWER: LMWH increased HBEGF expression and secretion, and HBEGF signaling was required to stimulate trophoblast
extravillous differentiation, increase invasion in vitro and reduce trophoblast apoptosis during oxidative stress.

WHAT IS KNOWN ALREADY: Abnormal trophoblast differentiation and survival contribute to placental insufficiency syndromes, includ-
ing preeclampsia and intrauterine growth restriction. Preeclampsia often manifests as a pro-thrombotic state, with unsuccessful transform-
ation of the spiral arteries that reduces oxygen supply and can produce placental infarction. LMWH improves placental function by increasing
blood flow. Recent data suggest that the actions of LMWH transcend its anti-coagulative properties, but the molecular mechanism is
unknown. There is evidence that LMWH alters the expression of human HBEGF in trophoblast cells, which regulates human trophoblast
pathophysiology. HBEGF, itself, is capable of increasing trophoblast survival and invasiveness.

STUDY DESIGN, SIZE, DURATION: First-trimester placental explants and the HTR-8/SVneo cell line, established using extravillous
trophoblast outgrowths from first-trimester villous explants, were treated in vitro with LMWH to examine the effects on HBEGF signaling and
trophoblast function under normal physiological and pathological conditions. A highly specific antagonist of HBEGF and other inhibitors of
HBEGF downstream signaling were used to determine the relationship between LMWH treatment and HBEGF.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Placental tissues (n = 5) were obtained with IRB approval and patient consent
from first-trimester terminations. Placental explants and HTR-8/SVneo cells were cultured on plastic or Matrigel™ and treated with a thera-
peutic dose of LMWH (Enoxaparin; 10 1U/ml), with or without CRM 197, pan Erb-B2 Receptor Tyrosine Kinase (ERBB) inhibitor, anti-ERBB |
or ERBB4 blocking antibodies, or pretreatment of cells with heparitinase |. Extravillous differentiation was assessed by immunocytochemistry
to determine the relative levels of integrins a6p4 and ol B 1. Trophoblast invasiveness was assessed in villous explants by measuring outgrowth
from villous tips cultured on Matrigel, and by invasion assays with HTR-8/SVneo cells cultured on Matrigel-coated transwell insert. Placental
explants and HTR-8/SVneo cells were exposed to oxidative stress in a hypoxia—reoxygenation (H-R) model, measuring cell death by TUNEL
assay, caspase 3 cleavage, and BCL-2a expression.

MAIN RESULTS AND THE ROLE OF CHANCE: LMWH induced extravillous differentiation, according to trophoblast invasion assays
and integrin (a6p4—alPl) switching. Treatment with LMWH rescued cytotrophoblasts and HTR-8/SVneo cells from apoptosis during
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exposure to reoxygenation injury, based on TUNEL, caspase 3 cleavage and BCL-2a expression. Experiments using CRM197, ERBBI and
ERBB4 blocking antibodies, pan-ERBB inhibitor and removal of cell surface heparin demonstrated that the effects of LMWH on trophoblast

invasion and survival were dependent upon HBEGF signaling.

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: The primary limitation of this study was the use of only in vitro experiments. Patient demo-

graphics from elective terminations were not available.

WIDER IMPLICATIONS OF THE FINDINGS: These data provide new insights into the non-coagulation-related aspects of perinatal

LMWH treatment in the management of placental insufficiency disorders.

STUDY FUNDING/COMPETING INTEREST(S): This research was supported by grants from the National Institutes of Health
(HDO71408 and HL128628), the March of Dimes, and the W. K. Kellogg Foundation. There were no conflicts or competing interests.
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Introduction

Preeclampsia is a disorder characterized by hypertension and protein-
uria that affects up to 5-8% of all pregnancies after 20 weeks of gesta-
tion (Roberts et al, 2003). It is a leading cause of maternal and
perinatal morbidity and mortality (Roberts, 1998; Redman and
Sargent, 2000; Steegers et al., 2010). Placental insufficiency syndromes
often manifest as a pro-thrombotic state (Di Prima et al., 201 1), and
are a contributory factor for miscarriage and preeclampsia (Burton and
Jauniaux, 2004). Preeclampsia is generally associated with intrauterine
growth restriction (IUGR), and, along with miscarriage, originates from
deficient extravillous trophoblast invasion (Burton and Jauniaux, 2004).
Evidence suggests that non-physiological hypoxia/reoxygenation (H/R)
occurs in the first trimester and is responsible for abnormal remodeling
of the placenta and its membranes (Burton and Jauniaux, 2004).
Unsuccessful transformation of the spiral arteries by the placental extra-
villous trophoblast is later associated with reduced oxygen supply and
placental dysfunction as pregnancy progresses (Drewlo et al., 201 1).
Antiphospholipid syndrome (APS) can cause recurrent miscarriage due
to poor transformation of spiral arteries (Tong et al., 2015), while unex-
plained pregnancy loss not related to anticoagulation pathways also
occurs (Simcox et al., 2015).

Low molecular weight heparin (LMWH) is used clinically for the pre-
vention of pregnancy complications associated with pro-thrombotic
disorders (Oberkersch et al., 2010). LMWH has been suggested as an
intervention to improve placental function by increasing blood flow
toward the implantation site and reducing the presence of thrombotic
lesions (Yinon et al., 2015). Additionally, LMWH appears to be a useful
therapy for prevention of placenta-mediated pregnancy complications,
including preeclampsia, IUGR (Rodger et al., 2014) and unexplained
recurrent pregnancy loss (Girardi et al., 2004; Yuksel et al., 2014). A
recent systematic review and meta-analysis found that LMWH signifi-
cantly reduces the risk of recurrent placenta-mediated pregnancy
complications in women with prior occurrences (Rodger et al., 2014).
LMWH is often used as preventative therapy for these common, ser-
jous pregnancy disorders, for which other prevention strategies are
unavailable.

Previous studies proposed that heparin directly influences trophoblast
cells independently of its anticoagulant activity by interacting with key
proteins and signaling pathways (Bose et al., 2004; Bose et al., 2005;

Adiguzel et al., 2009; Rey et al., 2009; Kingdom and Drewlo, 201 1).
Unfractionated heparin and LMWH promote the differentiation and
invasion of extravillous trophoblast cells (Chen et al., 2012; D’lppolito
et al, 2012), and decrease vascular resistance (Hills et al, 2006;
Ganapathy et al., 2007; Oberkersch et al., 2010). The exact molecular
mechanisms by which heparin could exert its potential therapeutic
effects in human reproduction are not fully understood (Adiguzel et al.,
2009). However, it has been reported that LMWH is associated with
increased heparin-binding epidermal growth factor (EGF)-like growth
factor (HBEGF) protein expression and secretion (Di Simone et dl.,
2007; Chen et al., 2012). HBEGF is a member of the EGF family, which
includes proteins that bind to tyrosine kinase receptors of the human
EGF receptor (ERBB) family (Riese and Stern, 1998). HBEGF specifically
binds to ERBBI and ERBB4, but is capable of activating ERBB2 through
receptor transactivation (Holbro and Hynes, 2004). Heparin is a cofac-
tor for proteins with heparin-binding domains, including HBEGF (Riese
and Stern, 1998). In addition to HBEGF, heparin is required as a cofactor
for fibroblast growth factor (FGF) 4 in the maintenance of rodent
trophoblast stem cells (Tanaka et al., 1998). In humans, villous cytotro-
phoblasts (CTBs) proliferate in response to heparin and FGF treatment
(Baczyk et al., 2006). These studies show that heparins activate numer-
ous signaling pathways that could influence trophoblast survival and
function.

HBEGF contributes to trophoblast survival and extravillous differen-
tiation during early pregnancy, and is dysregulated in placental insuffi-
ciencies (Leach et al., 2002; Chobotova et al., 2005; Chen et al., 2012;
Dodd et al., 2013). HBEGF is secreted from trophoblast cells of the
human blastocyst (Aghajanova et al., 2012), induces trophoblast extra-
villous differentiation (Leach et al., 2004), regulates endometrial stro-
mal cell motility at the implantation site (Schwenke et al., 2013), and
provides cytoprotection in an adverse environment (Jessmon et al.,
2009). Inhibition of HBEGF signaling by a specific antagonist, or by inhi-
biting ERBB receptors, abrogates its cytoprotective function, as does
removal of its cofactor, heparan sulfate from the cell surface (Armant
et al., 2006). HBEGF expression is significantly reduced in all tropho-
blast populations of placentas from women with preeclampsia (Leach
et al., 2002), suggesting a contribution of this deficiency to the asso-
ciated cell death and poor invasion of those cells. LMWH induces a sig-
nificant increase in HBEGF protein expression and secretion, and
reduces TNF-o—induced apoptosis (Di Simone et al, 2007).



1220

Bolnick et al.

Therefore, we investigated whether LMWH acts through HBEGF sig-
naling to induce trophoblast extravillous differentiation and decrease
apoptosis caused by oxidative stress. We have examined this concept
using both a human trophoblast cell line and first-trimester placental
explants. Our findings suggest a mechanism for heparin-mediated
reduction of placental disorders.

Materials and Methods

Cell culture

HTR-8/SVneo an extravillous trophoblast cell line was grown in DMEM/F12
medium containing 10% (v/v) fetal bovine serum. Culture medium was
replaced with serum-free medium 24 h prior to all experiments. Cells were
cultured in a humidified 5% CO,/95% air incubator for ambient culture
(20% O,), or at 2% O, as previously reported (Armant et al., 2006). HTR
cell exposure to H/R was performed as previously described (Leach et al.,
2008). Briefly, cells were cultured at 2% O, for 2 h, and then medium was
replaced with fresh medium pre-equilibrated to 20% O, for an additional 6 h
of culture at ambient conditions. Cells cultured at 20% or 2% O, for 8 h
served as controls.

Villous explant culture

Placental tissues (n = 5; mean gestational age 8.2 + 0.7 weeks) were
obtained with approval of Wayne State University Institutional Review
Board and patient informed consent from first-trimester terminations at a
Michigan Family Planning Facility. Fresh tissue was placed in ice cold PBS
and immediately transported to the laboratory. The chorionic villi contain-
ing extravillous clusters were dissected under a microscope into pieces of
~5 mg wet weight (Drewlo et al., 201 |), and cultured free floating for 24 h
in DMEM/F12 medium (Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum, 001U penicillin and 100 pug/ml streptomycin. Villous
explants exposed to H/R were cultured at 2% O, for 2h, and then
medium was replaced with fresh medium pre-equilibrated to 8% O, for an
additional 6 h of culture at ambient conditions consistent with elevated
oxygen concentrations (~60 mm Hg or 8%) at the end of the first trimes-
ter. Explants were then used for experimentation as described below.

Treatments

Cells and villous explant cultures were treated by supplementing culture
medium with 101U/ml LMWH (Enoxaparin; Sigma, St. Louis, MO) for
24 h during ambient culture or during reoxygenation. LMWH was titrated
to a therapeutic range based on the anti-factor Xa assay (Ignjatovic et al.,
2007). Cells and villous explants were also treated with vehicle, 10 pg/ml
CRMI97 (a highly specific HBEGF antagonist; EMD Biosciences, San
Diego, CA), 10 pg/ml EGFR/ERBB2/ERBB4 (pan-ERBB inhibitor) tyrosine
kinase antagonist (Millipore, catalog no. 324 840), 0.1 U/ml heparitinase |
(from Flavobacterium heparinum, EC 4.2.2.8; 100704-1, Seikagaku
America, East Falmouth, MA), and 10 pg/ml mouse anti-ERBBI (Ab-2) or
ERBB4 (Ab-3) blocking antibodies (Lab Vision, Fremont, CA). At the con-
clusion of each experiment, cells or explants were either lysed to make cell
extracts or fixed. Extracts from an ~80% confluent T-25 tissue culture
flask, or 20-30 mg of tissue, or were prepared using a lysis buffer contain-
ing 1% sodium dodecyl sulfate (SDS), or 1% Triton X-100. Cells or villous
explants in each well were gently rinsed three times with PBS and fixed for
30 min in PBS containing 4% paraformaldehyde or 10% neutral buffered
formalin for tissue. Fixative was removed by rinsing three times with |50 pl
of PBS. Fixed villous explants were embedded in paraffin wax and 5 pm
sections were cut and mounted on glass slides. Paraffin sections were

deparaffinized with xylene and rehydrated into Tris-buffered saline before
immunocytochemical or cell death assays.

Anchoring villous explant outgrowth
experiments

Villous explants were cultured on Matrigel™-coated Millicell-CM inserts
(12-mm diameter, 0.4-pm pores; Millipore, Burlington, MA) in a 24-well
culture plate for a total of 72 h (Caniggia et al., 1997a, b). The bottom
chamber contained 500 pl DMEM/FI2 medium supplemented with 10%
fetal bovine serum, penicillin and streptomycin, and the upper chamber
contained ~25 pl of medium initially. Chorionic villi were added with
150 pl of medium to the upper chamber, with or without supplementation,
and the culture was continued for 72 h. The villi were fixed in 4% parafor-
maldehyde, rinsed three times with PBS, and assessed for outgrowth.
Streams of migrating extravillous trophoblast cells were measured at the
tip of each villous explant using digital images captured with a Hamamatsu
(Hamamatsu City, Japan) Orca digital camera mounted on a Leica
(Wetzlar, Germany) DM IRB epifluorescence microscope. Outgrowth
length was measured using Simple PCI (Hamamatsu) imaging software.

Invasion assay

HTR-8/SVneo cells (100000 per well) were cultured for 72h on
Matrigel™ (Collaborative Research, Bedford, MA) in 6.5-mm transwell
inserts (Corning Inc., Acton, MA), as previously reported (Kilburn et al.,
2000). Cells that penetrated the Matrigel™ and populated the lower
chamber were detached using trypsin-EDTA solution, fixed and counted
(Jessmon et al., 2010).

ELISA

ELISA was performed using the HBEGF DuoSet ELISA kit (R&D Systems),
as previously described (Armant et al., 2006, Leach et al, 2008). The
optical density of the final reaction product was determined at 450 nm
using a programmable multiplate spectrophotometer (Power Wave
Workstation; Bio-Tek Instruments) with automatic wavelength correction.
HBEGF concentrations were calculated from the corresponding standard
curve.

Immunocytochemistry

Fixed HTR-8/SVneo cells were grown in 96-well plates or deparaffinized
sections of placental explants were permeabilized for 10 min by incubation
in PBS containing 0.1% Triton X-100. Overnight incubations with primary
antibody diluted in antibody diluent (DAKO, Carpinteria, CA) were car-
ried out with 5 pg/ml of goat polyclonal HBEGF antibody (R&D Systems),
10 pg/ml of rabbit anti-cleaved caspase 3 and mouse anti-BCL-2-o (Cell
Signaling Technology; Danvers, MA), | pg/ml of mouse monoclonal anti-
bodies against the integrin subunits al or aé (Upstate Biotechnology, Lake
Placid, NY), or 0.55 pg/ml anti-Ki-67 monoclonal antibody (Ki-S5; DAKO,
Carpinteria, CA). Controls were incubated with 10 pg/ml non-immune
IgG (Jackson ImmunoResearch, West Grove, PA). Antibody labeling was
visualized with either fluorescent conjugated antibody or an Envision
System™ peroxidase anti-mouse kit (DAKO). For immunofluorescence,
primary antibodies were visualized with 0.3 pg/ml FITC- or Texas red-
conjugated secondary antibody (Jackson), and counterstained with 5 g/
ml 4,6-diamidino-2-phenylindole, HCI (DAPI; EMD Biosciences). Staining
was imaged using a Leica DM IRB epifluorescence microscope, and images
were captured using a Hamamatsu Orca digital camera. Peroxidase labeled
cells were quantified using Simple PCl imaging software, as previously
described (Leach et al., 2012). Values obtained with non-immune IgG con-
trols were subtracted from each sample.
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Western blotting

Western blots were performed as previously described (Patel et dl.,
2015). Cellular lysates (35 pg protein) were diluted in SDS sample buffer
containing 5% P-mercaptoethanol, run on precast 4-20% Tris-HCI gradi-
ent gels (BioRad), and blotted overnight at 4°C with primary antibody
diluted 1:1000 against BCL-2a. Membranes were incubated with horse
radish peroxidase-conjugated secondary antibodies diluted 1:1000 for | h
at room temperature, and developed with Western Lightning® ECL Pro
(PerkinElmer, USA). Signals were visualized using a ChemiDoc Imaging
System (BioRad, USA) and Image Lab V.5.| software (BioRad, USA).
Densities of immuno-reactive bands were measured as arbitrary units by
Image] software (NIH, USA). Protein levels were normalized to a house-
keeping protein (B-actin, 1:20 000; Abcam).

Cell death and proliferation assays

Cell death was detected in HTR-8/SVneo cells and tissue sections by ter-
minal deoxynucleotidyl transferase-mediated dUTP nick end-labeling
(TUNEL), using a fluorescein-based kit from Roche Applied Science
(Indianapolis, IND) as previously described (Armant et al., 2006). Cells
were counterstained with DAPI. Fluorescent nuclei were imaged at X400
magnification and processed using Simple PCl imaging software, counting
total nuclei (DAPI) and TUNEL-positive nuclei (fluorescein) for each field.
The percentage of TUNEL/DAPI-labeled nuclei (TUNEL index) was cal-
culated by averaging counts for triplicate fields in each well or tissue sec-
tion. Cell proliferation was measured in nuclei of HTR-8/SVneo cells or
tissue sections fluorescently (FITC) labeled with antibody against Ki-67
and counterstained with DAPI. We determined the percentage of Ki-67/
DAPI-labeled nuclei (Ki-67 index), as previously described (Armant et al.,
2006).

Statistical analysis

All experiments were conducted using triplicate samples and were
repeated at least three times. Data were statistically compared using SPSS
Version 22.0. (IBM Corp., 2012). Independent t-tests were used to com-
pare the effects of treatments on HBEGF expression levels. One-way
ANOVA followed by Tukey’s post hoc test was used to compare the
effects of treatments on cell proliferation and integrin switching. One-way
ANOVA followed by Dunnett’s post hoc test was used to compare the effects
of treatments on cell invasion, outgrowth length and cell death. P < 0.05 was
considered statistically significant.

Results

LMWH prevents apoptosis in first-trimester
villous explants in vitro

First-trimester villous explants exposed to H/R exhibited elevated cell
death, as detected by TUNEL, compared to continuous culture at a
physiological (8%) O, concentration (Fig. | A, C). However, treatment
with LMWH during reoxygenation prevented cell death (Fig. 1C, D).
DAPI nuclear staining indicated equivalent amounts of tissue present
for each treatment (Fig. |E-H). Quantification of TUNEL demon-
strated increased (P < 0.05) cell death in villous explants exposed to H/R,
rising from 21 + 3% to 38 + 5% (Fig. |l). Supplementing the medium
with 101U/ml LMWH during H/R exposure reduced (P < 0.05)
TUNEL to 23 + 2%. Addition of LMWH to explants cultured continu-
ously at 8% O, trended toward a reduction in apoptosis, but was not
statistically significant (Fig. I1). Culturing first-trimester explants at

lower oxygen concentrations (2%) did not significantly change the
TUNEL index from explants cultured at 8% O,.

The level of anti-apoptotic BCL-2« in response to LMWH stimula-
tion was determined by western blot of whole cell extracts of villous
explants cultured at 8% O, or with H/R. BCL-2a was detected at 8%
O,, and protein expression remained stable after LMWH stimulation,
as determined by densitometry (Fig. |J). BCL-2a was unaffected by
LMWH at 8% O,. However, there was a significant increase in BCL-
20 after LMWH treatment during H/R, compared to untreated tissue.
First-trimester villous explants exposed to H/R exhibited a higher
expression of the pro-apoptotic cleaved caspase 3 in cytotrophoblast
cells compared to explants cultured continuously at 8% O,, as
assessed by immunofluorescence (Fig. 1K, M). The expression of BCL-
2o was unchanged in H/R compared to villi cultured continuously at
8% O, (Fig. P, R). Supplementation with 10 IU/ml LMWH during H/R
resulted in low expression of pro-apoptotic cleaved caspase 3 protein
(Fig. IN) and high expression of the anti-apoptotic BCL-2a protein
(Fig. 1S). Without H/R, LMWH reduced cleaved caspase 3 (Fig. IL),
but had little effect on BCL-2a (Fig. 1Q) levels.

LMWH increases HBEGF protein expression
and secretion

Secreted HBEGF was quantified by ELISA in conditioned medium after
treating with LMWH for 24h. We examined the LMWH dose
dependency of HBEGF secretion with the human first-trimester
trophoblast cell line, HTR-8/SVneo. LMWH was dose dependent
over the concentration range of 0.1-25IU/ml (Fig. 2A). HBEGF pro-
duction and secretion significantly increased at or above | IU/ml
LMWH. Cells cultured with 10 or 251U/ml LMWH showed an 8- to
| 0-fold increase in HBEGF secretion as assessed by ELISA, suggesting
an optimal dosage of 101U/ml. HBEGF protein was nearly undetect-
able in untreated HTR-8/SVneo and villous explant media (0.06 + 0.05
and 0.07 + 0.03 ng/ml, respectively). However, it increased significantly
in medium collected from HTR-8/SVneo cells (7.6 + 1.5ng/ml;
Fig. 2A) and villous explants (17.9 + 2.63 ng/ml; Fig. 2B) after 24 h of
exposure to 10 IlU/ml LMWH (P < 0.05). The effect of LMWH on the
expression of HBEGF in the HTR-8/SVneo cell line and first-trimester
villous explants was also examined by immunofluorescence. HTR-8/
SVneo cells (Fig. 2C, D) and villi (Fig. 2F, G) expressed higher levels of
HBEGF after treatment with LMWH compared to untreated controls.
HBEGF antibody stained trophoblast and mesoderm at levels above
the background staining of non-immune IgG (Fig. 2E, H). Fetal capillaries
and blood cells exhibited high amounts of HBEGF staining that
appeared as hot spots in villous explants (Fig. 2F, G).

LMWH increases cell invasion in vitro
through HBEGEF signaling

We examined the effect of LMWH on trophoblast invasion using a
Matrigel invasion assay with the HTR-8/SVneo cell line and first-
trimester placental explants. Supplementation with [101U/ml of
LMWH stimulated (P < 0.05) invasion of HTR-8/SVneo cells cultured
with LMWH (4.5-fold increase compared to control) assessed by
penetration through Matrigel™ and cell counting (Fig. 3A-G). To
examine the involvement of HBEGF in LMWH induction of invasion,
we evaluated the effects of a specific antagonist, CRM197, a mutant
diphtheria toxin that specifically antagonizes HBEGF by masking its



1222 Bolnick et al.

8% 0, H/R
Control LMWH Control LMWH

I 2%0, 8%O0, H/R J 8% 0, H/R
S e . BCL-20
50 W e e e B-actin
{ -
o S
& a0 7 20 :
% o
E 30 > g 15
5 o
1.0
& 20 2
b= 5
F 10 & os
0 0
LMWH (10U/ml) - - + — + LMWH (10U/ml) — + — 4+
8% O. H/R X
b / Negative controls

Control LMWH _Contro[ LMWH

Figure | Effect of LMWH on cell death in first-trimester placental explants. Dissected villous explants were cultured at 8% O,, 2% O, or during H/
R, with or without addition of 10 [lU LMWH, as indicated. Cell death was assessed using a TUNEL assay (A-I). Villi were double-labeled using fluores-
cent indicators to visualize DNA fragmentation (dUTP) by TUNEL (A-D) or nuclei with DAPI (E—H). TUNEL Index was quantified as a percentage by
dividing the number of TUNEL-positive cells by the total cell number of DAPI-labeled nuclei (I). Western blot analysis of villous explant extracts was
performed for BCL-2a expression, and densities of immuno-reactive bands were measured as arbitrary units by Image] software (J). Protein levels
were normalized to B-actin. (K-Y) first-trimester villous explants were fluorescently labeled with antibodies against BCL-2a and cleaved caspase 3
(cCASP3). Immunofluorescence images are shown for BCL-2a (without treatment at ambient green, K—N), cCASP3 (red, P-S) and merged fields (U-
Y), as indicated. Non-immune IgG negative controls are shown in O and T. Arrows indicate STB and CTB cells. Bars = 50 uM. Error bars denote SEM.
*P < 0.05 compared to treatments without LMWH (I, ]). LMWH, low molecular weight heparin; STB, syncytiotrophoblast; CBT, cytotrophoblast;
H/R, hypoxia/reoxygenation.
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Figure 2 HBEGF protein expression and LMWH. HTR-8/SVneo (HTR) cells were cultured untreated (0, Control), or their medium was supple-
mented with 0.1-25 IU/ml LMWH for 24 h (A). Afterward, HBEGF was measured by ELISA in the cell lysates and media. Secreted HBEGF was mea-
sured by ELISA in first-trimester villous explants after 24 h of culture with 0 (Control) or 10 1U/ml of LMWH (B). HBEGF expression was localized by
immunofluorescence in HTR cells (C-D) and first-trimester villous explants (F-G) for control and LMWH treatments, as indicated. DAPI nuclear
counterstain (blue) is included in the images. Villi and cells treated with LMWH were labeled with non-immune goat IgG, as indicated (E and H). Bars
=50 pM. *P < 0.05, compared with control. HBEGF, heparin-binding epidermal growth factor-like growth factor.

EGF domain (Mitamura et al., 1995), inhibitors of its receptors (ERBBI
and 4), and heparitinase-mediated removal of cell surface heparan sul-
fate to deprive HBEGF of an essential cofactor for binding to its recep-
tor. Increased invasion due to LMWH treatment was blocked with
CRMI197, pan-ERBB inhibitor and heparitinase. Inhibition of either
ERBBI or ERBB4 alone had no effect on LMWH’s ability to increase
HTR-8/SVneo invasion; however, a combination of antibodies block-
ing both receptors did abolish the effect of LMWH (Fig. 3G).

To evaluate the direct effect of LMWH on human first-trimester
extravillous explants, culture medium was supplemented with 10 [U/ml
LMWH and extravillous trophoblast outgrowth on Matrigel™ was
quantified, as described in the Materials and Methods section. Villi
exposed to LMWH produced large outgrowths from their tips, while
control villi had very small areas of extravillous trophoblast outgrowth
(Fig. 3 H, ). The length of villous tips increased significantly after 72 h of
culture in explants treated with LMWH, compared to untreated con-
trols (73.9 + 3.8 vs 281.9 + 41.0; P < 0.05). The increased outgrowth
due to LMWH was blocked with CRM197 (Fig. 3)). Increased invasion
due to LMWH in villous explants was also blocked with pan-ERBB

inhibitor and heparitinase (Fig. 3L), but not ERBBI or ERBB4 alone
(Fig. 3K), similar to HTR-8/SVneo cells.

LMWH promotes trophoblast extravillous
differentiation through HBEGF

We and others previously found that integrin protein expression in
HTR-8/SVneo and primary cytotrophoblast cells switches from pre-
dominantly a6p4 to al B during culture on Matrigel as part of extravil-
lous differentiation (Damsky et al., 1994; Kilburn et al., 2000). The
integrin switch also occurs when trophoblast cells are induced to
become invasive by other treatments (Leach et al., 2004; Bolnick et al.,
2015). Since LMWH increased trophoblast invasion, we determined
whether it also induced integrin switching (extravillous differentiation)
in the trophoblast cell line. HTR-8/SVneo cells cultured without
LMWH expressed low levels of integrin al (3.33 + 0.52) and high
levels of integrin aé (27.9 + 3.26), as shown in Fig. 4A,G, and L. Cells
treated with 10 1U/ml of LMWH exhibited a clear switch (P < 0.05) to
elevated integrin al (24.7 + 1.61; Fig. 4B) and reduced integrin a6
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Figure 3 Induction of trophoblast invasion and outgrowth by LMWH. HTR-8/SVneo cells were cultured on Matrigel™-coated transwell inserts for
72 h to determine their invasive capacity (A—G). Cells that invaded through the Matrigel™ were trypsinized from the bottom of the insert, and fixed.
Examples of cells that penetrated through the Matrigel™ are shown after culture with no treatment (Control, A), 10 [U/ml LMWH (B), or combina-
tions of LMWH and either 10 pg/ml CRMI197 (C), pan-ERBB inhibitor (D), ERBBI blocking antibody (E) or ERBB4 blocking antibody (F). The number
of cells entering the lower chambers after 72 h was quantified for the indicated treatments that did (solid bars) or did not (open bars) include LMWH
(G). First-trimester villous explants were cultured on Matrigel™-coated transwell inserts for 72 h, and assessed for trophoblast outgrowth from their
distal ends (H-L). Examples of outgrowths from villous explants cultured with no treatment (Control, H), 10 1U/ml LMWH (l), and a combination of
LMWH with either CRM197 (J), or ERBB4 blocking antibody (K) are shown. Outgrowth length was measured, as indicated by red arrows, using Simple
PCl image analysis software, and is depicted graphically in L for triplicate experiments in which 10 villous explants were measured for each indicated
treatment that did (solid bars) or did not (open bars) include LMWH. Size bars = 100 pM. *P < 0.05 compared to no treatment (open bars). Error

bars represent SEM. ERBB, Erb-B2 Receptor Tyrosine Kinase.

(10.67 + 1.07; Fig. 4B, H and L). The HBEGF antagonist CRM197
(Fig. 4C, | and L), pan-ERBB inhibitor (Fig. 4D, | and L) and heparitinase
treatment of cells (Fig. 4E, K and L) each attenuated the ability of
LMWH to induce integrin switching in HTR-8/SVneo cells, with differ-
ent (P < 0.05) integrin expression levels than those of cells treated
with LMWH only.

LMWH does not affect trophoblast
proliferation in vitro

Trophoblast proliferation, assessed by nuclear Ki-67 expression, was
unaffected by LMWH in HTR-8/SVneo cells and first-trimester villous
explants when comparing the relative percentage of Ki-67 expressing

cells in LMWH-treated and untreated controls (Supplementary data,
Fig SI). Treating HTR-8/SVneo cells with HBEGF also fails to increase
proliferation significantly (Leach et al., 2004).

HBEGF signaling is needed for LMWH to
prevent apoptosis induced by H/R

Finally, we determined whether HBEGF signaling is required to inhibit
apoptosis. HTR-8/SVneo cells exposed to H/R exhibited elevated cell
death, as detected by TUNEL, and compared to ambient (20% O,)
culture (Fig. 5A, B). LMWH attenuated apoptosis during H/R to levels
comparable to ambient controls (Fig. 5C), which was reversed in the
presence of CRMI97 (Fig. 5D). DAPI nuclear staining indicated
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Figure 4 Induction of integrin switching by LMWH, and HBEGF dependence. HTR-8/SVneo cells were cultured for 24 h with no treatment
(Control; A, G), 101U/ml LMWH (B, H), and combinations of LMWH with |0 pg/ml CRMI97 (C, 1), pan-ERBB inhibitor (D, J) or heparitinase (E, K).
Cells were assessed for al (A-E) or a6 (G-K) integrin subunits by immunofluorescence. Nuclei were counterstained with DAPI. Cells treated with
LMWH were labeled with non-immune goat IgG (F) as a negative control. Bars = 100 pM. Integrin a| and a6 protein expression was quantified by image
analysis (L). * or 1, P < 0.05 compared to no treatment. § or f, P < 0.05 compared to LMWH treatment.

equivalent amounts of cells present for each treatment (Fig. 5 E-H).
Quantification of TUNEL (Fig. 5I) demonstrated that H/R increased
(P < 0.05) the TUNEL index more than 2-fold over the control
(5 £ 0.3-14 + 0.2%). Supplementing the medium with 10 1U/ml of
LMWH during H/R exposure reduced (P < 0.05) TUNEL to 6 +
0.3%. Cell treatment with CRM 197, pan-ERBB inhibitor and hepariti-
nase each prevented the LMWH-induced rescue from cell death.
Inhibition of either ERBBI or ERBB4 alone had no effect on LMWH'’s
ability to rescue from cell death (Fig. 5I).

Discussion

In this study, we provide for the first time, direct evidence for a mech-
anism by which LMWH exerts its anti-thrombin-independent effects
on trophoblast survival and invasion through HBEGF signaling. In add-
ition to anticoagulation properties, LMWH promotes villous cytotro-
phoblast proliferation and syncytiotrophoblast (STB) differentiation
(Drewlo et al., 2011), increases extravillous trophoblast invasion (Di
Simone et al., 2007) and exerts a cytoprotective effect (Chen et dl.,
2012). LMWH could also limit maternal disease through mechanisms
independent of trophoblast function, as recently proposed in a study
of its positive impact on endothelial function and angiogenesis
(McLaughlin et al., 2016). HBEGF is important for embryonic implant-
ation, uterine function (Jessmon et al., 2009) and trophoblast

physiology (Hung and Burton, 2006; Leach et al., 2008; Jessmon et al.,
2009; Chen et al., 2012). HBEGF signaling activates integrin switching
to initiate trophoblast invasion, and exerts a cytoprotective effect dur-
ing the first trimester (Leach et al, 2004; Armant et al., 2006; Wolff
et al., 2007; Leach et al., 2008).

Our results illustrate that LMWH increases HBEGF protein expres-
sion and secretion, which is sustained through autocrine signaling in
both a human first-trimester trophoblast cell line, HTR-8/SVneo, and
first-trimester villous explants. We found that LMWH reduced apop-
tosis of villous explants and human trophoblast cells exposed to H/R
through a mechanism dependent on HBEGF signaling. Additionally,
LMWH enhanced extravillous trophoblast outgrowth in first-trimester
villous explants, and directly induced trophoblast phenotypic differenti-
ation at the molecular level by switching cells from a6p4 to ol B 1 integ-
rin protein expression. These changes increased cellular invasive
activity in both villous explants and first-trimester cytotrophoblast
cells. Inhibition of HBEGF during trophoblast culture using the antag-
onist CRM197, or specific inhibitors of its two receptors, ERBBI and
ERBB4, prevented the effects of LMWH, indicating that LMWH acts
through and requires HBEGF signaling. Although each inhibitor of
HBEGF signaling could have off-target effects, the very similar results
found with each, supports our interpretation. Similar to HBEGF (Leach
et al., 2004; Armant et al., 2006; Leach et al, 2008), the effects of
LMWH on trophoblast survival and invasion were mediated by either
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Figure 5 LMWH rescue from cell death requires HBEGF. HTR-8/SVneo cells were cultured without treatment at ambient (20%) O,, or
exposed to H/R with no treatment (Control), supplementation with 10IU/ml LMWH, or combinations of LMWH and either 10 pg/ml
CRM197, pan-ERBB inhibitor, heparitinase |, ERBBI blocking antibody or ERBB4 blocking antibody. HTR-8/SVneo cells were fluorescently
double-labeled after treatment to visualize cell death by TUNEL (green fluorescence) and nuclei with DAPI (blue fluorescence). Representative
fluorescent images are shown of TUNEL (A-D) or merged TUNEL/DAPI (E-H) in cells cultured at ambient O, (A, E), with H/R (B, F), with
H/R + LMWH (C, G) and with H/R + LMWH + CRMI197 (D, H). Bars = 100 pM. TUNEL Index is shown graphically for the indicated culture
conditions and treatments, which did (solid bars) or did not (open bars) include LMWH (1). Error bars denote SEM. Bars labeled with dissimilar

letters indicate differences at P < 0.05.

one of the HBEGF-binding ERBB receptors, as inhibition of one recep-
tor alone was not sufficient to prevent the effects of LMWH. Cell sur-
face proteoglycans that contain heparin or heparan sulfate are
required cofactors for HBEGF signaling (Nishi and Klagsbrun, 2004).
However, addition of LMWH did not rescue from H/R after cell sur-
face heparin was removed, suggesting LMWH and cell surface heparin
work through different mechanisms that are each essential for redu-
cing apoptosis. LMWH likely increases HBEGF accumulation, rather
than contributing directly to HBEGF activation of ERBB receptors.
HBEGF expression has been correlated with the beneficial effects of
LMWH on trophoblast functions (Chen et al., 2012); however, our
findings now provide a mechanism by which HBEGF contributes to the
physiological effects of LMWH on trophoblasts.

Previous studies suggested that LMWHs might affect extravillous
trophoblast invasion through increased matrix metalloproteinase-2 activity,
and by increasing HBEGF and Cyr6| expression (Di Simone et al., 2007;

Chen et al., 2012; D’lppolito et al., 2012) based only on correlative
data. We have extended this idea by demonstrating that inhibition of
HBEGF signaling attenuates the effect of LMWH on extravillous
trophoblast invasion, as well its cytoprotective activity. Although it is
difficult to eliminate the potential role of proliferation in the higher
numbers of HTR-8/SVneo cells found in the lower chamber after a
72-h invasion assay, LMWH treatment caused no increase in cell pro-
liferation, as assessed by Ki-67 labeling. HBEGF transiently activates
the mitogen-activated protein kinases (MAPKs) JNK, ERK and p38,
as well as the PIK3/AKT pathway, downstream of its ERBB receptors
in HTR-8/SVneo trophoblast cells (Jessmon et al., 2010). Of these
kinases, p38 prevents apoptosis induced by oxygen fluctuations. We
speculate that this signaling suppresses the cleavage of caspase 3 in
trophoblast cells. Further, it appears to increase BCL-2a expression,
but only under stress (H/R) conditions. The p38 pathway functions
in combination with the ERK, JNK and PIK3 pathways to induce
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trophoblast extravillous differentiation (Jessmon et al., 2010).
Additionally, it has been demonstrated that heparin, like EGF and
HBEGF, elicits phosphorylation of the EGF receptor and activation of
PI3K, ERK1/2 and JNK signal transduction pathways in primary villous
trophoblast (Hills et al., 2006). Our findings strongly support a mechan-
ism in which LMWH stimulation of HBEGF activity induces extravillous
trophoblast differentiation and provides cytoprotection through ERBBI
and ERBBA4, suggesting HBEGF is a necessary downstream target for
LMWH.

The cellular mechanism that increases HBEGF in response to LMWH
remains to be determined. We previously reported that HBEGF biosyn-
thesis in HTR-8/SVneo cells is upregulated post-transcriptionally in
response to low (2%) O, levels (Armant et al., 2006). The accumulation
of HBEGF under those conditions is dependent on HBEGF signaling
through the ERBB and MAPK pathways (Armant et al., 2006; Jessmon
et al.,, 2010). The similar dependence of LMWH-mediated accumula-
tion of HBEGF on the ERBB pathway suggests a comparable mechan-
ism. Experiments using the metalloproteinase inhibitor GM600I
suggest that HBEGF shedding might be essential for its upregulation
in trophoblast cells cultured at low O, (Armant et al., 2006).
Produced initially as a transmembrane protein, HBEGF requires
shedding of its ectodomain for paracrine and autocrine signaling,
which can occur as cross-talk with other cellular signaling pathways
that activate the appropriate sheddase (Umata et al, 2001).
Therefore, it is plausible that LMWH exposure activates the HBEGF
sheddase to initiate autocrine signaling and HBEGF biosynthesis.

Trophoblast survival and differentiation are compromised during
placental dysfunction and have been hypothesized to contribute to
preeclampsia and other adverse pregnancy outcomes (Hung et al.,
2002; Hung and Burton, 2006). Placental-mediated disorders such as
preeclampsia (Pennington et al., 2012), small for gestational age
fetuses and APS, are all conditions associated with decreased
trophoblast invasion (Khong et al., 1986) and increased levels of
trophoblast apoptosis (DiFederico et al., 1999; Allaire et al., 2000).
Studies indicate that LMWH can restore in vitro invasion and differen-
tiation functions of trophoblast inhibited by anticardiolipan antibodies
and has a direct influence on the trophoblast (Girardi et al., 2004).
Antiphospholipid antibodies alter the invasiveness of trophoblast
cells, causing defective placentation and thrombophilia associated
with complications of pregnancy in patients with APS (Di Simone
et al., 2000). HBEGF expression is also impaired in placental tissue
from women with antiphospholipid antibody-mediated APS, and can
reduce the effects of antiphospholipid antibodies on trophoblast cells
(Di Simone et al., 2010).

Heparins are widely used in clinical practice to prevent deep vein
thrombosis and reoccurring pregnancy loss, as well as improve blood
flow to the implantation site (Simon and Laufer, 2012; Wang et al.,
2016). In addition, heparins improve outcome in patients with
repeated implantation failure during ART (Qublan et al., 2008; Akhtar
etal., 2015). In a group of non-thrombotic patients, LMWH improved
pregnancy outcomes (Rey et al., 2009). This work initiated many stud-
ies to understand the molecular anti-thrombin independent properties
of heparins on placental function. The important interplay of HBEGF
and LMWH provide new insights into the potential beneficial effects of
LMWH in the treatment of placental-mediated disorders that may be
useful in the management of at-risk patients, even in the absence of an
identifiable thrombophilia or pro-thrombotic disorders.

Supplementary data

Supplementary data are available at Humrep Reproduction online.
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