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Abstract

We previously reported that binding to heparan sulfate (HS) is required for the ability of the
placentally-secreted pregnancy-specific glycoprotein 1 (PSG1) to induce endothelial
tubulogenesis. PSG1 is composed of four immunoglobulin-like domains but which domains of the
protein bind to HS remains unknown. To analyze the interaction of PSG1 with HS, we generated
several recombinant proteins, including the individual domains, chimeric proteins between two
PSG1 domains, and mutants. Using flow cytometric and surface plasmon resonance studies, we
determined that the B2 domain of PSG1 binds to HS and that the positively charged amino acids
encompassed between amino acids 43-59 are required for this interaction. Furthermore, we
showed that the B2 domain of PSG1 is required for the increase in the formation of tubes by
endothelial cells (EC) including a human endometrial EC line and two extravillous trophoblast
(EVT) cell lines and for the pro-angiogenic activity of PSG1 observed in an aortic ring assay.
PSG1 enhanced the migration of ECs while it increased the expression of matrix
metalloproteinase-2 in EVTs, indicating that the pro-angiogenic effect of PSG1 on these two cell
types may be mediated by different mechanisms. Despite differences in amino acid sequence, we
observed that all human PSGs bound to HS proteoglycans and confirmed that at least two other
members of the family, PSG6 and PSG9, induce tube formation. These findings contribute to a
better understanding of the pro-angiogenic activity of human PSGs and strongly suggest
conservation of this function among all PSG family members.
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Introduction

Placental angiogenesis, which is first observed in the decidua in proximity of the
implantation site, is necessary to ensure fetal growth, (Berndt ef a/. 2006, Chen et al. 2017,
Reynolds & Redmer 2001). Maternal vascular malperfusion is found in diseases of
pregnancy, including severe preeclampsia and fetal growth restriction, underscoring the
importance of proper angiogenesis for a successful pregnancy (Mayhew et a/. 2004, Redman
& Sargent 2005, Reynolds et al. 2006). Therefore, it is important to understand the factors
that modulate the angiogenesis process during pregnancy, as some of the deregulated factors
could be candidates for therapeutic intervention or can be used as biomarkers aiding in early
diagnoses ( Torry et al. 2007, Sokolov et al. 2017).

Pregnancy-specific glycoproteins (PSGs) are secreted by syncytiotrophoblasts and
extravillous trophoblasts (EVTSs) into the maternal circulation in species with hemochorial
placentation (Bohn 1971, Roberts et al. 2016, Rattila et al. 2019). PSG expression is first
observed in the blastocyst and expression rapidly increases, with concentrations of 200ug/ml
in the third trimester (Towler et a/. 1976, Dimitriadou et al. 1992, Zhou et al. 1997a, Aronow
et al. 2001, Camolotto ef a/. 2010). PSG-expressing species have multiple PSG-encoding
genes; eleven in humans, fifteen in baboons, and seventeen in mice (Zhou & Hammarstrom
2001, McLellan et al. 2005). PSG1 is the best studied of the ten human PSG-protein
encoding genes ( Wurz et a/. 1981, Teglund et al. 1994, Zhou & Hammarstrom 2001,
Shanley et al. 2013, Moore & Dveksler 2014).

To date, several ligands have been described for PSG1, some of which are shared by other
members of the human and murine PSG families (Martinez et al. 2013, Shanley et al. 2013,
Moore & Dveksler 2014, Warren et al. 2018, Rattila ef a/. 2019). PSGs binds to the latency-
associated peptide (LAP) of TGF-B1, inducing the activation of the latent form of this
cytokine and, through this action, likely contribute to the establishment of tolerance to the
semi-allogeneic fetus (Blois e al. 2014, Warren et a/. 2018). In addition, PSG1, PSG9, and
murine PSG23 were shown to bind to allbf3 and inhibit the interaction of this integrin with
fibrinogen (Shanley et a/. 2013). Furthermore, PSG1 modulates the adhesion and migration
of EVTs by binding to integrin a5p1 (Rattila ef a/. 2019).

Besides the proposed functional roles of PSGs described above, previous studies indicated
that PSG1 also has pro-angiogenic functions but whether this activity is conserved in other
PSGs and which domain(s) of the protein is required for this action was not explored (Ha et
al. 2010, Lisboa et al. 2011).

The vasculature in adults is rather quiescent with the exception of pregnancy and the
menstrual cycle in which non-pathological angiogenesis is observed (Rizov et al. 2017).
Locally elevated pro-angiogenic growth factors (GFs) and cytokines are present at the site of
implantation and placentation and together with products of the syncytiotrophoblasts tip the

Reproduction. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rattila et al.

Page 3

balance towards angiogenesis (Fraser & Lunn 2000, Islami et a/. 2003, Cole 2009). We
proposed that PSGs participate in the regulation of maternal angiogenesis by inducing the
secretion of VEGF-A by monocytes and EVTs and by binding to the heparan sulfate (HS)
moiety of heparan sulfate proteoglycans (HSPG) (Ha et a/. 2010, Lisboa et al. 2011). PSG1
induced endothelial tubulogenesis by primary dermal microvascular ECs and also by porcine
aortic ECs, which lack the VEGF kinase insert domain receptor, indicating that VEGF-A is
not essential for this activity of PSGs in ECs (Ha et al. 2010, Lisboa et a/. 2011). In addition,
we determined that PSG1 did not induce VEGF-A in the ECs tested but synergized by
VEGF-A in its ability to induce tube formation (Ha et a/. 2010, Lisboa et a/. 2011). Studies
to identify PSG1 receptors that could be involved in its pro-angiogenic function revealed that
PSG1 did not bind to cells defective in glycosaminoglycan synthesis while it bound to their
wild type counterparts (Lisboa, ef a/ 2011). Binding of PSG1 to cell surface HSPG-
expressing cells was competed with heparin, and the interaction of PSG1 with HS and
heparin was further confirmed in solid-phase binding assays and affinity chromatography
studies (Lisboa et al. 2011).

HSPG contribute to various biological processes, including cell growth, migration, and
angiogenesis (Julian et a/. 2001, Chiodelli ef a/. 2015). The HS moiety of HSPGs interacts
with GFs, GF-binding proteins, proteases, chemokines, cytokines, and adhesive proteins
(Fuster & Wang 2010, Nagarajan et al. 2018). The interaction with HS regulates the stability
of many ligand-receptor complexes functioning as a co-receptor, and it is implicated in the
formation of GF gradients (Ruoslahti 1991, Yanagishita & Hascall 1992, Fuster & Wang
2010, Nagarajan et al. 2018).

PSG1 is comprised of four Ig-like domains designated as N, Al, A2, and B2, and different
ligands interact with more than one domain of the protein (Shanley et a/. 2013, Ballesteros et
al. 2015, Rattila et al. 2019). Here, we found that only the B2 domain of PSG1 binds to HS,
and the importance of this domain in the pro-angiogenic activity of this protein was
confirmed in tube formation assays using EC and EVT cell lines, and in the aortic ring assay.
The effect of PSGL1 in the migration and metalloproteinase (MMP)-2 and -9 expression of
ECs and EVT cell lines was also investigated. In addition, we determined that binding to HS
and induction of endothelial tubulogenesis is not restricted to PSG1, as it is shared by other
members of the human PSG family.

Materials and Methods

Cell lines

The human endometrial endothelial cell (HEEC) line and the human trophoblast cell line
Swan71 were provided by Dr. Gil Mor (Wayne State University, Detroit, USA) and were
cultured as previously described (Aldo et al. 2007, Straszewski-Chavez et al. 2009). The
trophoblast cell line HTR8/SVneo was obtained from Dr. Charles Graham (Queen’s
University, Ontario, Canada) (Graham et a/. 1993). Porcine aortic ECs expressing the yellow
fluorescent protein (PAE-YFP) were provided by Dr. Enrique Zudaire (Janssen
Pharmaceutical, Pennsylvania, USA) and were cultured in DMEM/F12 medium
supplemented with 10% fetal bovine serum (FBS) and 100U/ml penicillin/streptomycin (PS)
(Lisboa et al. 2011). Namalwa cells and Namalwa cells expressing syndecan-1 (Namalwa-

Reproduction. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rattila et al.

Page 4

SD1) or syndecan-2 (Namalwa-SD2) were provided by Dr. Guido David (Department of
Human Genetics, KU Leuven, Belgium) and were cultured in RPMI 1640 medium with
7.5% FBS, PS, 2mM glutamine, and 0.5mg/ml G418 (Zhang et al. 2001). Cells were
maintained in a 37°C humidified incubator with 5% CO,.

Protein production

PSG1-Fc, PSG1-His, PSGIN-Fc, PSG1Al-Fc, PSG1A2-Fc, PSG1B2-Fc, PSG9-Fc, and a
protein containing the Fc part of human 1gG1 (designated as Fc) were generated from the
supernatant of stably transfected CHO-K1 cells grown in a hollow fiber cartridge (FiberCell
Systems, MD, USA) or by transient transfection of ExpiCHO cells as previously described
(Ballesteros et al. 2015, Ha et al. 2010, Jones et al. 2016, Mendoza et al. 2020). The cDNAs
encoding the PSGs with the VV5His tags were provided by Dr. Tom Moore (University
College Cork, Ireland) and the proteins were generated by transient transfection of Expi293
cells and purified with a HisTrap column followed by gel filtration chromatography as
previously published (Warren et a/. 2018). Plasmids encoding the cDNAs for the chimeric
constructs between the A2 and B2 domains, PSG1 lacking the B2 (PSG1AB2) domain, and
the B2 domain of PSG6 (PSG6B2) were synthesized by Genscript, cloned into EcoRI-Bglll
sites of the pFuse-1gG1 e3-Fcl vector (InvivoGen, CA, USA), and the cDNA inserts were
sequenced. CHO-K1 cells were transfected with the plasmids encoding the chimeric
constructs with Lipofectamine 2000 (Invitrogen) following the manufacturer’s
recommendations. The medium was replaced with OPTI-MEM (Invitrogen, CA, USA) six
hours post-transfection and was harvested 72h later. ExpiCHO cells (Thermo Fisher
Scientific, MA, USA) were utilized to generate PSG6B2-Fc and PSG1AB2-Fc following the
standard protocol and the supernatants were collected 6 days post-transfection. All Fc-
tagged proteins were purified on protein A columns in an AKTA chromatography system
(GE Healthcare, IL, USA) as previously described (Ballesteros et al. 2015, Rattila et al.
2019). Following elution from the column, proteins were buffer exchanged into PBS and
concentrated with Amicon centrifugal filter units with a 10kDa cutoff membrane (Millipore,
MA, USA). For quantitation, the purified proteins were separated on 4-20% NuPAGE Bis-
Tris gels at different dilutions alongside known concentrations of BSA (Thermo Fisher
Scientific) used as standards. The gels were stained with GelCode Blue (Thermo Fisher
Scientific), and the proteins were quantitated by densitometry in a BioRad Gel Doc EZ
Imager. The amino acid sequences of the proteins employed in our studies are shown as
supplementary material and the newly generated proteins for these studies are shown as
supplemental figure 1.

Tube formation assay

Tube formation assays were performed as previously described (Beltrame et al. 2018).
Briefly, 96-well plates were coated with 50ul/well of Geltrex (Life Technologies, CA, USA)
and incubated for 30 min at 37°C to allow for matrix solidification. Cell suspensions
prepared in serum-free media (SFM) containing the indicated proteins or an equal volume of
PBS were seeded (HTR8/SVneo and Swan71 cells at 15,000/well, PAE-YFP cells at 18,000/
well, and HEECs at 20,000/well) on top of the solidified Geltrex and incubated at 37°C with
5% CO». PBS and Fc were used interchangeably as controls due to their similar effect in the
assay. Images of tubules were captured using Olympus C-5060 digital camera connected to

Reproduction. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Rattila et al.

Page 5

an inverted light microscope (10x, IMT2 Olympus) (at 6h post-seeding for EVTSs) or using a
Leica AF600 DMI600B microscope with a built-in DFC365FX-566903911 camera (at 4h
and 12h post-seeding for PAE-YFP and HEECSs, respectively). Five wells were utilized for
each treatment and five different fields per well were analyzed using the Wimtube image
analysis software (Wimasis GmbH, Spain) for ECs and the ImageJ software version 1.52r
(NIH, USA) for EVTs. To determine whether PSG1 binding to the cell surface was sufficient
to induce tube formation, HEECs were incubated with PSG1-His or PBS for 1h. After
washing with SFM, the cells were seeded on the matrix, as described above. To define
whether PSG1-mediated tube formation in HEECs is dependent on MMPs, the cells were
pre-treated with the pan-MMP inhibitor, GM6001 (cat#BML-EI300, Enzo Life Sciences) or
vehicle (DMSO) for 1h before seeding on Geltrex and kept for the duration of the
experiment.

Determination of protein binding to cells by flow cytometric analysis

Namalwa-SD1 or Namalwa-SD2 cells (1x10° cells/100pl) in fluorescence-activated cell
sorting (FACS) buffer (PBS with 2% BSA and 0.05% NaN3) were kept on ice throughout
the experiment and washed between incubation steps with FACS buffer. FcR blocking
reagent (Miltenyi Biotec) was added to the cells for 30 min after which the cells were
incubated with the indicated proteins for 1h. Binding of the Fc-tagged proteins was detected
after 30 min incubation with Alexa Fluor 488-conjugated anti-human 1gG1 Ab (cat#A10631,
Invitrogen). Binding of proteins containing the V5His tags was detected with the anti-human
PSG mAb (cat#MAB6799, R&D Systems), followed by allophycocyanin (APC) conjugated
anti-mouse 1gG (cat#550826, BD Biosciences). The BD LSR 11 flow cytometer (BD
Biosciences) was utilized for cell analysis and 50,000 events were collected per treatment
with the FACS Diva software (BD Biosciences). The FlowJo software version 10.0.8 (BD
Biosciences) was utilized for the analysis of the flow cytometric data.

Surface Plasmon Resonance (SPR) Studies

The SPR experiments were performed in a BIAcore 3000 instrument (GE Healthcare) at
25°C with HBS-EP (0.01M HEPES pH 7.4, 0.15M NaCl, 3mM EDTA, and 0.005%v/v
Surfactant P20) as running buffer. Between 50 and 250 resonance units (RU) of biotinylated
heparin (Cat#375054, Millipore Sigma) were immobilized on a streptavidin-coated sensor
chip (SA chip, cat# BR100032; GE Healthcare). Before the immobilization to the sensor
surface, the biotinylated heparin was pass through a PD SpinTrap G-25 desalting column
(GE Healthcare). The chip surface was first washed three times with one-minute injections
of 1M NaCl/50mM NaOH. We next performed two 2 min injections of 5ug/ml biotinylated
heparin in HBS-EP buffer at a 5ul/min flow rate. An empty surface was used as control.
Proteins were diluted in HBS-EP buffer and injected at a flow rate of 30ul/min. The sensor
SA surface with 200RU of immobilized heparin was used to test the binding of 1uM PSG1-
Fc, PSG1A2-Fc, the chimeric proteins, and the protein comprising the Fc-tag. The chip
surface was regenerated with a one min injection of 2M MgCl, in 10mM Glycine pH2.0.
The real-time sensorgrams were aligned using the BlAevaluation 4.1 software (GE
Healthcare).
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Gelatin zymography
HTR8/SVneo, Swan71 cells, and HEECs were seeded at 1.2x108/ml in wells of a 24-well
plate in RPMI and DMEM supplemented with 10% FBS and endothelial growth media-2,
respectively, and incubated until they reached 80-90% confluency. The cells were washed
with PBS and the proteins in SFM were added for the indicated time. The media was then
clarified by centrifugation and concentrated ten-fold in a Nanosep centrifugal device with a
10kDa molecular weight cut off membrane (Pall Corporation) prior to determination of
protein concentration using the EZQ protein reagent (Invitrogen). One hundred micrograms
from each sample were mixed 1:1 with Tris-Glycine SDS 2X Sample buffer (Life
Technologies) and resolved in a 10% Zymogram Plus (Gelatin) protein gel (Life
Technologies). The gels were incubated three times for 30 min each with Zymogen
Renaturing Buffer (Life Technologies) followed by addition of the Zymogen Developing
Buffer (Life Technologies) for 30 min at RT. The gels were incubated with fresh developing
buffer for 24h at 37°C, stained with GelCode Blue (Thermo Fisher Scientific) for 30 min
and destained with water. Densitometry was performed using the ImageJ software version
1.52r (NIH, USA).

Wound healing assay

HEECs in 2% FBS containing media were seeded at 1.3x10° cells in 300pl/well in a 48-well
plate. Swan71 at 1.2x10° cells/well and PAE-YFP at 1.3x10° cells/well were seeded in
300pl of 10% FBS containing media, respectively. Cells were incubated overnight to form
confluent monolayers. The wells were washed with SFM after scratching with 200l pipette
tips. The indicated proteins were added in 0.2% FBS containing media for HEECs and in
SFM for PAE-YFP and Swan71 cells. Cell migration was recorded by time-lapse
microscopy (Leica AF6000 DMI6000B with a built in DFC365FX-566903900 camera) for
4, 6, and 12h for PAE-YFP, Swan71, and HEECs, respectively. Images were captured every
20 min using the LASX software version 3.3.2 (Leica Microsystems). Images obtained from
nine fields of three wells per treatment were analyzed with the “Wound Healing ACAS
Image Analysis” (MetaVi Labs Inc, Germany), and results are expressed as gap closure area
(the measurement of the difference between gap area at t= Oh and t= 12h (for HEECs); t= 4h
(for PAE-YFP); t= 6h (for Swan71)).

Proliferation assay

HEECs were seeded on wells of a 96-well plate at 2x10* cells/well with endothelial basal
medium-2 medium with 0.2% FBS and treated in quadruplicate with PSG1-V5His or PBS.
At 6h or 24h post-seeding, the cells were incubated with 20l CellTiter 96 AQueous One
Solution (Promega, Madison, WI, USA) and incubated for an additional 2h. The absorbance
at 490nm was recorded in a GloMax Discover instrument (Promega).

Mice and aortic ring assay (ARA)

Eight-week-old C57BL/6J mice (Jackson Laboratory) were housed in specific pathogen-free
conditions on a 12h:12h dark-light cycle and fed a standard chow ad libitum. All animal
experiments were performed in accordance with German Animal protection law. The ARA
were performed as previously described (Baker et a/. 2011). Briefly, mice were sacrificed by
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cervical dislocation, aortae were freed from perivascular fat tissue after thoracotomy and
aortic ring segments (Imm) were embedded in a collagen | gel (cat#08-115, Millipore
Sigma) containing the factors indicated in the figure legend. Aortic ring segments were
cultured in Opti-MEM (Life Technologies) supplemented with GlutaMAX (Thermo Fisher
Scientific) and incubated at 37°C in 5% CO,. The medium was changed at day three of
culture and sprouting was documented using a phase-contrast microscope (Leica® DFC
3000G, Leica Microsystems) at day four. Maximum sprouting distance was analyzed using
the ImageJ software version 1.52r.

Statistical analysis

Results

Each experiment was repeated at least three times with each repeat considered as a
biological replicate, and the results of one representative experiment are shown. The
numbers of technical replicates are indicated in the figure legends. Statistical data analysis
was performed using the GraphPad Prism software version 7.05. Statistical significance was
determined using the Mann-Whitney test when two groups were compared, or with the
Kruskal-Wallis test followed by Dunn’s multiple comparison tests for the comparison of
three or more groups. When two-way ANOVA was applied, the residuals were tested with
Shapiro-Wilks test for normality. A P-value of less than 0.05 was considered statistically
significant.

Binding of PSG1 to HSPGs on the EC surface mediates tube formation

We previously showed that PSG1 induces the formation of tubular structures by primary
dermal human ECs and porcine aortic ECs (PAE) (Ha et al. 2010, Lisboa et a/. 2011). In
addition, we reported that PSG1 failed to induce endothelial tube formation by PAE cells
pretreated with heparinase | and chondroitinase ABC (Ha et al. 2010, Lisboa et al. 2011). In
order to better understand the involvement of glycosaminoglycans in PSG1-mediated tube
formation, we performed additional studies to determine whether binding of PSG1 to HS on
the EC surface is sufficient to elicit an increase in branching points (BP), tube number (TN),
and tube length (TL). In addition, we studied the effect of PSG1 in a more relevant EC to
decidual angiogenesis, HEECs. To this end, PSGL1 or the control protein was added to the
cells, followed by washes to remove the unbound protein prior to seeding the cells on the
matrix (Fig. 1A). Fig. 1B shows that PSG1 induced more BPs, an increase in TL and in TNs
than the Fc control protein.

The B2 domain of PSG1 binds to HSPG and induces endothelial tube formation

PSG1 does not bind to Namalwa cells, which lack HS expression, while it binds to Namalwa
cells transfected with any of the four HSPG-containing syndecans (Alexopoulou et a/. 2007,
Lisboa et al. 2011). To define which domain(s) of PSG1 interact with HS, we utilized Fc-
tagged single-domain proteins (N, Al, A2 and B2), and also generated a protein comprised
of the N, Al, A2 domains of PSG1 but lacking the B2 domain, designated as PSG1AB2-Fc
(Supplementary figure 1). We tested whether these proteins bind to syndecan-1-expressing
Namalwa cells (Namalwa-SD1) by flow cytometry and found that only the protein
comprised of the B2 domain bound to Namalwa-SD1 cells over the control (Fig. 1C). In
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agreement with this data, PSG1AB2-Fc did not bind to the Namalwa-SD1 cells (Fig. 1C)
and as expected, none of these proteins bound to wild type Namalwa cells (Fig. 1D).

We next tested which domain(s) of PSG1 induces tube formation by HEECs. As shown in
Fig. 1E-F, tube structures were only formed over the observed in the control-treated cells in
the presence of the protein consisting of the B2 domain. The N, Al, A2 single domain
proteins, and PSG1AB2 did not induce tube formation by the HEECs (Fig. 1E-F). Similar
results were obtained with PAE-YFP cells (Fig 2A and 2B). We also examined whether the
B2 domain was required for endothelial tube formation when the proteins were mixed with
Geltrex and found that PSG1 induced tube formation over the control when mixed with the
matrix while PSG1AB2 did not (Fig 2C and 2D).

Amino acids 43-59 in the B2 domain of PSGL1 interact with HSPGs and heparin

To identify the region in the B2 domain that interacts with HSPGs, we generated chimeric
proteins composed of parts of the A2 domain, which lacks the ability to interact with HS,
and parts of the B2 domain. The chimeric constructs were designed based on a model of the
B2 domain to replace entire B-sheets and loop structures indicated by different colors in Fig.
3A. The amino acid sequences of the resulting chimeric proteins are shown in Fig. 3B and
were designated as A2/B2(1-20), A2/B2(21-42), A2/B2(43-59), and A2/B2(60-84)
(Supplementary figure 1). These proteins were tested for binding to heparin by SPR. We
observed that the A2/B2(43-59) bound considerably better to heparin when compared to the
other chimeras and the control protein (Fig. 3C). In addition, we analyzed the binding of the
chimeric proteins to Namalwa-SD1 cells by flow cytometry (Fig. 3D). Among the four
chimeras, A2/B2(43-59) and A2/B2(1-20) bound to Namalwa-SD1 over the control protein,
with the A2/B2(43-59) showing the highest binding activity. As expected, none of the
chimeras bound to the untransfected Namalwa cells (data not shown). These experiments
strongly suggest that the 43-59 region of the B2 domain is required for the interaction of
this domain with HS.

Positively charged amino acids in the 43-59 region of the B2 domain of PSG1 are required
for binding to HSPGs and the induction of endothelial tubulogenesis

The negative charges of the HS chains are believed to interact with positively charged
patches of proteins often delineated by clusters of arginine, lysine, and histidine (Meneghetti
et al. 2015, Smock & Meijers 2018). Therefore, we hypothesized that mutation of these
amino acids in the 43-59 region of the B2 would abolish the interaction with HSPGs (Fig.
3E). To test this hypothesis, we generated a mutant of the A2/B2(43-59) where K48, R52,
H53, K57, and H58, which correspond to the B2 domain, were replaced by glutamic acid
and designated this mutant as A2/B2(43-59)Em,t (Fig. 3E and Supplementary figure 1). We
observed that A2/B2(43-59)E: did not bind to syndecan-expressing Namalwa cells (Fig.
3F) and that it bound considerably less than the A2/B2(43-59) to heparin (Fig. 3G). We next
tested the ability of A2/B2(43-59) and A2/B2(43-59)E ¢ to induce endothelial tube
formation. As shown in Figs. 3H and 31, PAE-YFP cells formed tube networks in the
presence of A2/B2(43-59) but not when incubated with A2/B2(43-59)E,,:. Altogether, the
results indicate that the positively charged amino acids in the 43-59 region of B2 domain are
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involved in the binding to HS and are required for the induction of endothelial tube
formation.

PSG1 induces endothelial-like tube formation by EVT cell lines

During remodeling of the uterine spiral arteries, EVTs adopt an EC-like phenotype and
replace the EC lining (Ashton et a/. 2005). Therefore, we tested whether PSG1 could induce
endothelial-like tube formation by two EVT cell lines, HTR8/SVneo and Swan71. The cells
were incubated with PSG1 at 15, 30 and 60ug/ml, and PSG1 induced tube formation by
HTR8/SVneo and Swan71 cells over the control protein starting at 30ug/ml (500nM) (Fig.
4A, 4B, and data not shown). In accordance with our observations in ECs, the B2 domain
was required for the PSG1-mediated tube formation by EVTSs, as the cells treated with
PSG1AB2-Fc at all three concentrations tested did not form tubes when compared to the
control (data not shown).

Effect of PSGL1 in cell migration and matrix metalloproteinase (MMP)-2 and -9 expression

The process of angiogenesis involves cell migration, proliferation, and remodeling of
extracellular matrix (ECM) through proteases (Conway et a/. 2001, Fuster & Wang 2010).
Hence, we investigated whether PSG1 plays a role in any of these processes. Because the
expression of MMP-2 and MMP-9 by EVTs is important for their ECM-remodeling
function, we examined whether PSG1 modulates the expression of these enzymes (Isaka et
al. 2003, Chen & Khalil 2017). As shown in Fig. 4C and D, PSG1 induced higher expression
of MMP-2 by HTR8/SVneo and Swan71 cells (data not shown) while the expression of
MMP-9 remained unchanged. Interestingly, we did not observe an effect of PSG1 on
MMP-2 and MMP-9 expression by HEECs (data not shown). We next performed wound
healing assays with HEECs and analyzed the migration of the cells incubated with PSG1 or
PBS added to the media. Cells incubated with PSG1 covered an area within the gap that was
larger than the area covered by the cells in the presence of PBS (Fig. 5A and 5B). Similar
results were obtained with PAE-YFP cells (data not shown). The PSG1 migration-enhancing
effect was not due to changes in cell proliferation as cells did not proliferate differentially in
the presence or absence of PSG1 (Fig. 5C). On the other hand, we did not observe
differences in migration of the EVT cell lines as compared to the control-treated cells when
PSG1 was added to the media (data not shown). Overall, these results indicate that PSG1
differentially regulated the MMP secretion and migratory activity of ECs and EVT cell lines.

Binding of other members of the human PSG family to HSPGs

We explored whether other human PSGs can bind to HS to determine if this is a conserved
function of these glycoproteins. The B2 domains of human PSGs share 72 to 95% amino
acid sequence identity (Fig. 6A), and two family members (PSG9 and PSG6) have a
potential N-linked glycosylation site that could interfere with HS binding. We tested binding
of PSG2, PSG4, PSG5, PSG7, PSG8, PSG9 and PSG11 to Namalwa-SD1 cells and found
that all bound to these syndecan-expressing cells (Fig. 6B). Unfortunately, we could not test
PSG3 due to insufficient amount of protein resulting from low yield (Warren, et al. 2018).
We selected PSG9 to test whether, like PSG1, they induced endothelial tube formation. As
shown in Fig. 6C, PSG9 induced tube formation. In addition, we determined that the B2
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domain of PSG6 is sufficient to bind to HS and to elicit tube formation (Fig. 6B, 6D and
Supplementary figure 1).

The B2 domain is required for the PSG1-mediated pro-angiogenic effect in the ARA

We performed experiments to determine whether PSG1 has pro-angiogenic activity in an
assay in which non-ECs are also present (Baker et a/. 2011). To this end, aortic rings were
seeded on collagen | containing PSG1, PSG1AB2-Fc, or equal volumes of PBS as control.
As shown in Fig. 6E, at four days post-treatment, PSG1 showed higher maximum capillary
sprouting distance when compared to the control-treated rings. In addition, we observed no
significant difference in capillary sprouting distance from the rings treated with PSG1AB2
and the control. These results indicate that the PSG1-mediated angiogenic activity in this
assay is also dependent on the B2 domain of the protein.

Discussion

Extensive decidual vascular modifications occur prior to placental spiral arterial remodeling,
establishing the conditions for successful implantation and early fetal development (Sherer
& Abulafia 2001, Lima et al. 2014). As pregnancy progresses, invasion of decidual vessels
by endovascular EVTs starts at approximately eight weeks after the earlier plugging of the
vessels (Pijnenborg et al. 1980). In this report we extended our prior investigations to
explore the potential activity of PSG1 in decidual angiogenesis using HEEC and confirmed
that PSG1 binding to HSPG on the cell membrane rather than the matrix is required for this
activity. Cell-surface HSPGs include SD1-4, which have all been implicated in EC biology,
and GPI-tethered glypicans, CD44, and betaglycan (Sarrazin et al. 2011, Teng et al. 2012,
De Rossi & Whiteford 2014). SD2 and SD4 are expressed in HEECs and expression SD1-4
was detected in PAE-YFP cells (data not shown). We showed that PSG1 induces tube
formation in a B2-dependent manner even when mixed with Geltrex indicating that PSG1
remains in a dynamic equilibrium between the matrix, which contains HSPGs, and the
membrane of the cells.

The B2 is the only domain of PSG1 that bound to HS and induced tube formation. This
domain also binds to the LAP of TGF-B1 and to integrin a5p1, although which amino acids
are involved in these interactions remains unknown (Ballesteros et al. 2015, Rattila et al.
2019). We showed that a region between amino acids 43-59 of the B2 domain are involved
in the interaction with HS. Basic amino acids are key contributors in the interaction of
proteins with HS, therefore it is not surprising that mutations of K48, R52, H53, K57, and
H58 reduced the interaction with HS as demonstrated in the SPR and flow cytometric
analysis (Esko & Linhardt 2009, Rudd et a/. 2017). We also observed binding of the protein
that included amino acids 1-20 of the B2 domain to SD-expressing cells over the control
protein. Therefore, the possible participation of these amino acids in HS-binding cannot be
ruled out.

The acquisition of the endovascular phenotype by first-trimester EVTs is crucial for spiral
artery remodeling (Zhou et al. 1997a, Zhou et al. 1997b, Pijnenborg et al. 2006). EVT cell
lines are known to spontaneously form tubules when plated on Matrigel and to form
extensive networks in response to pro-angiogenic factors (Lala et a/. 2012, Wang et al.
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2018). Tubulogenesis assays using the HTR-8/SVneo and Swan71 cell lines to model the
acquisition of endovascular phenotype by EVTs have been widely employed and are
considered a good alternative to the difficulties of studying angiogenesis using primary
EVTs (Graham et al. 1993, Basak & Duttaroy 2013, Renaud et a/. 2014, Beltrame et al.
2018, Reppetti et al. 2020). Because PSG1 bound to HTR8/SVneo and Swan71 in a HS-
dependent manner (data not shown) we hypothesized that PSG1 might induce tube
formation by these cells. We found that PSG1 but not PSG1 lacking the B2 domain induced
tube formation in these two EVT cell lines. We previously showed that PSG1 induces
VEGF-A secretion by monocytes and EVT cell lines in a TGF-p dependent manner (Ha et
al. 2010). Therefore, we propose that secretion of PSGs by EVTs may function in an
autocrine manner to enhance the angiogenic activity of these cells by two different
mechanisms. In addition, we propose that PSGs, secreted by trophoblasts as early as 3—4
days post-fertilization, could bind to ECs in the decidua and promote angiogenesis
(Dimitriadou et al. 1992, Aronow et al. 2001).

When added to the media, PSG1 increased the migration of ECs while having no effect on
the migration of Swan71. However, we have previously shown that when coated on a well,
PSG1 increased the migration of primary and EVT cell lines, indicating that soluble and
immobilized PSG1 may affect the migration of these cells by different mechanisms (Rattila,
et al. 2019). The up-regulation of MMP-2 and MMP-9 has been correlated with the pro-
angiogenic activity of several molecules, including IL-8, and with the invasive capacity of
EVTs (Li et al. 2003, Peng et al. 2016). PSG1 increased MMP-2 secretion by EVTs while it
did not increase MMP-2 secretion by ECs. While we did not observe an effect of PSG1 in
the secretion of MMP-2/9 in HEECs, we noted a reduction in the PSG1-mediated tube
formation in the presence of a pan-MMP inhibitor (data not shown). Therefore, it is possible
that PSG1 regulates MMPs other than MMP-2 and -9 in ECs.

The B2 domains of human PSGs differ both in number and position of positively charged
residues. Nevertheless, we found that the HS-binding ability is conserved among all the nine
PSGs tested. In the analysis of the HS interaction with human PSGs, we utilized an Ab that
binds to an epitope present in the Al and A2 domain (Warren et a/. 2018). The lack of
complete conservation of the epitope and the absence of one of the two recognized domains
in some PSGs may explain that different concentrations were required to observe binding to
the SD-transfectants. We found that PSG6 and PSG9, which have fewer positively charged
amino acids in the B2 domain than PSG1, induced tube formation. Polar residues, such as
glutamine, nearby positively charged amino acids or hydrophobic residues, e.g. tyrosine,
have been found to contribute to HS-binding and may contribute to the ability of some PSGs
to bind HS (Hascall & Esko 2015, Sarkar & Desai 2015). Murine PSG17, 22, and 23 were
shown to bind to HS through their N1 domain, and PSG22 and PSG23 induced endothelial
tubulogenesis highlighting the conservation of this function of PSGs in different species
although different domains of the proteins appear to be required for the same function
(Sulkowski et al, 2011, Blois et al. 2012).

The PSG1-mediated angiogenic activity in the ex vivo ARA was also dependent on the B2
domain of PSG1 even when a different ECM was utilized for these experiments. Cultivation
of the entire vascular wall in the ARA enables to investigate not only the role of ECs in new
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vessel formation but also the impact of smooth muscle cells, pericytes of the vasa vasorum,
progenitor cells of the aortic adventitia as well as local inflammatory cells such as
macrophages (Baker et al. 2011, Worsdorfer ef al. 2017). Furthermore, the ARA evaluates
the important initiation step of activating the ECs in the vessels and their sprouting for
creating new capillaries (Nakatsu et a/. 2003, Nowak-Sliwinska et a/. 2018).

How binding to HS by PSGs is sufficient to induce tube formation and sprouting in aortic
rings is puzzling. Since HSPGs serve mostly as co-receptors, PSGs may engage a low-
affinity receptor, which requires HS. Another possibility is that PSGs might be involved in
the competitive binding of HSPGs and displace a bound molecule, undefined in our current
study, for promoting angiogenesis as observed in the competitive glycosaminoglycan
binding for chemokine cooperativity (Verkaar et al. 2014). Surprisingly, we found that PSG1
without the B2 domain increased EC sprouting over the control in the ARA when the
experiment was performed in the presence of 2.5% or higher FBS concentrations. Similarly,
we observed that in the presence of serum, PSG1 lacking the B2 domain induced tube
formation by PAE-YFP on collagen | over the control, although the pro-angiogenic effect of
this protein was significantly lower when compared to that of full-length PSG1. These
studies suggest that either serum may up-regulate an unknown binding partner on the cell
surface, which is absent under serum-free conditions and independent of the B2 domain, or a
serum component indirectly serves as an adaptor protein for cellular binding.

In summary, we observed that PSG1 is pro-angiogenic in ECs and EVTs cell lines. Also, the
B2 domain of PSG1 is important for this activity and exerts this function through an
interaction with HSPGs. Since all human PSGs tested bind to HSPGs, the pro-angiogenic
activity might be a conserved function of human PSGs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Binding of PSGL1 to heparan sulfate proteoglycans (HSPGs) on the cell surface is
sufficient for PSG1-mediated endothelial tube formation and identification of the domain of
PSG1 required for HS binding and pro-angiogenic activity of this protein.

A. HEECs were incubated with 1500nM PSG1-His or a protein containing the Fc-tag as
control for 1h on ice. After washing, cells were seeded on the gelled growth factor reduced
Geltrex (GFR-Geltrex). Representative images of the endothelial tube structures formed with
PSG1 or control protein are shown. B. Image analyses of tube structures formed are
expressed as branching point, tube length, and tube numbers. C-D. Namalwa cells stably
transfected with syndecans-1 (Namalwa-SD1) (C) and Namalwa cells (D) were treated with
PSG1N-Fc, PSG1A1-Fc, PSG1A2-Fc, and a protein consisting of an Fc-tag (control) at
10pg/ml, PSG1AB2-Fc at 20ug/ml, and PSG1B2-Fc at 5ug/ml, followed by Alexa Fluor
488-conjugated anti-human Fc Ab. The median fluorescence intensity (MFI) of each
treatment is indicated. E. HEECs were seeded on the gelled GFR-Geltrex and treated with
the indicated proteins at 1000nM or with equal volume of PBS (control); representative
images of the endothelial tube structures formed in response to the treatments are shown. F.
Image analyses of the tube structures shown in E. The average of the replicate wells with the
cells incubated with Fc control (in B) or with PBS (in F) is considered as 1. Magnification =
5x; Scale bar = 250um. Quantitative results are expressed as the median, interquartile range,
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and minimum and maximum values of replicates (n = 9 for 1B and n = 5 for 1F); one
representative of three individual experiments is shown. Statistical significance was obtained
by Mann-Whitney test (in B) or by Kruskal-Wallis test, followed by Dunn’s multiple
comparison tests (in F). (****P<0.0001, ***/<0.0002, and */~<0.03).
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Figure 2. The B2 domain of PSG1 is required for endothelial tube formation when either added
in media or mixed with GFR-Geltrex.

A. Representative images of the tube structures formed by PAE-YFP in response to various
domains of PSG1 added at 1000nM or equal volume of PBS (control) in the media are
shown. B. Quantitative analysis of tube structures formed with PAE-YFP in response to
various treatments applied in A are shown as described in Fig 1B. C. Representative images
of the tube structures formed by HEECs seeded on the gelled GFR-Geltrex premixed with
the indicated proteins at 1000nM or with equal volume of PBS (control). Magnification =
5x; Scale bar = 250um (for A and C). D. Quantitative analysis of tube structures formed by
HEECs in response to the treatment applied in C are shown as described in Fig. 1B. The
average of the replicate wells with PBS added in Geltrex or to media is considered as 1.
Results are expressed as the median, interquartile range, and minimum and maximum values
of replicates (n = 5); one representative of three independent experiments is shown.
Statistical significance was obtained by Kruskal-Wallis test, followed by Dunn’s multiple
comparison tests. (***P<0.0002, **P<0.002, and *~<0.03).
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Figure 3. Amino acids 43-59 in the B2 domain of PSG1 interact with HSPGs and heparin, and
the positively charged amino acids in that region of the B2 domain are required for HSPG-
binding and for endothelial tube formation.

A. A predicted model of the B2 domain of PSG1 with the theoretical demarcation of the four
regions is shown in different colors. B. Amino acid sequences of the A2 and B2 domains of
PSG1 and the chimeric proteins. C. SPR sensorgram of the interaction of the indicated
proteins with heparin. All the proteins were injected at 1uM in HBS-EP buffer over a sensor
surface with immobilized heparin during a 3min association and 3min dissociation phase. A
protein consisting of an Fc-tag was used as control. D. Namalwa-SD1 cells were treated with
the indicated proteins, followed by Alexa Fluor 488-conjugated anti-human Fc Ab. E.
Amino acid sequences of the A2/B2(43-59) and its mutant with glutamic acid replacing the
K48, R52, H53, K57, and H58 in the 43-59 region, designated as A2/B2(43-59)Emt. F.
Namalwa-SD2 cells were incubated with the indicated proteins at 10ug/ml, followed by
Alexa Fluor 488-conjugated anti-human Fc Ab. G. A2/B2(43-59) and A2/B2(43-59)Emut
were injected at 1uM in HBS-EP buffer over a heparin surface as described in part C. H.
PAE-YFP cells were seeded on the gelled GFR-Geltrex and treated with the indicated
proteins at 1000nM or equal volume of PBS (control). Representative images of the
endothelial tube structures formed are shown. Magnification = 5x; Scale bar = 250um. 1.
Image analyses of the tube structures are expressed as described in Fig. 1B. The average of
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replicate wells with the cells treated with PBS is considered as 1. Quantitative results are
expressed as the median, interquartile range, and minimum and maximum values of
replicates (n = 3); one representative of three individual experiments is shown. Statistical
significance was obtained by Kruskal-Wallis test, followed by Dunn’s multiple comparison
tests (*£<0.03).
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Figure 4. PSG1 induces endothelial-like tube formation and an increased expression of MMP-2
by HTR/SVneo cells.

A. Representative images of the tube structures formed by HTR/SVneo cells seeded on the
gelled GFR-Geltrex and treated with PSG1-His at 500nM or equal volume of PBS (control).
Magnification = 10x. B. Quantitative analyses of the tube structures formed by HTR/SVneo
cells are expressed as described in Fig. 1B. C-D. An image of a representative gelatin
zymograph and the related quantification of MMP-2 and MMP- 9 secretion by HTR8/SVneo
in response to PSG1-treatment. The average of the replicate wells with the cells seeded in
the presence of PBS is considered as 1 in panels B and D. Quantitative results are expressed
as the median, interquartile range, and minimum and maximum values of replicates (n = 6
for B and n = 4 for D); one representative of three individual experiments is shown.
Statistical significance was obtained by Mann-Whitney test in B. For D, data was analyzed
using two-way ANOVA followed by Sidak’s multiple comparison test and residuals were
tested with Shapiro-Wilk’s test for normality. (****/2<0.0001, *~<0.03).
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Figure 5. PSG1 enhances migration of HEECs without affecting their proliferation.
A. Confluent monolayers of HEECs were treated with PSG1-V5His or PBS (control) added

in the media post-scratching (Oh). Cell migration was recorded periodically for 12h and
representative images are shown with the black lines indicating where the cell fronts were at
0Oh. B. Quantitative analyses of wound healing assays performed with HEECs in the presence
of PSG1-V5His or PBS (as control). The average of replicate wells with the cells treated
with PBS is considered as 1. Gap covered area were calculated as described in the ‘Materials
and Methods” section. C. HEECs were seeded in the presence of PSG1-V5His, PSG1AB2-
Fc, or PBS (as control) in 0.2% serum-containing media. Cell proliferation was analyzed at
6h and 24h as described in the ‘Materials and Methods’ section. Quantitative results are
expressed as the median, interquartile range, and minimum and maximum values of
replicates (n = 9 for B, n = 4 for C); one representative of three individual experiments is
shown. Statistical significance was obtained by Mann-Whitney test (****/<0.0001) (in B)
or by two-way ANOVA followed by Sidak’s multiple comparison test and the residuals were
tested with Shapiro-Wilk’s test for normality (in C).
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Figure 6. All human PSGs bind to HSPGs and PSG1 induces capillary sprouting in mouse aortic
rings in a B2 domain-dependent manner.

A. The positively charged amino acids in the B2 domains of all human PSGs are shown in
red and the potential glycosylation sites in the B2 domains of PSG6 and PSG9 are
underlined. B. Namalwa-SD1 cells were treated with PSG2-V5His (50ug/ml), PSG4-V5His
(30ug/ml), PSG5-V5His (80ug/ml), PSG6B2-Fc (5ug/ml), PSG7-V5His (50ug/ml), PSG8-
V5His (50ug/ml), PSG9-Fc (20pg/ml), PSG11-V5His (50pug/ml), and a protein consisting of
the Fc tag (5 and 20ug/ml) used as control. Binding of the proteins containing the VV5His
tags was detected with the anti-PSG MAb6799 followed by APC-conjugated anti-mouse
1gG (anti-mlgG-APC) and cells incubated only with the primary and secondary Abs without
the addition of PSGs were included as control. Binding of the Fc-tagged proteins was
detected with an Alexa Fluor 488-conjugated anti-human Fc Ab. The median fluorescence
intensity (MFI) of each treatment is shown. C and D. PAE-YFP cells were seeded on the
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gelled GFR-Geltrex in the presence of the indicated proteins. Quantitative analyses of the
tube structures are expressed as described in Fig. 1B. Results are shown as the median,
interquartile range, and minimum and maximum values of replicates (n = 5); one
representative of three individual experiments is shown. E. Micrographs showing capillary
sprouting of mouse aortic rings in the presence of PSG1, PSG1AB2, or PBS (control), four
days post-treatment. Arrows show the tips of capillary sprouts, indicating length of capillary
sprouts in the presence of respective treatments. Quantitative analyses of maximum
sprouting distance (average of n=15 wells per mouse and n = 4 mice per experiment) are
expressed after normalization to control. Statistical significance was obtained by Kruskal-
Wallis test followed by Dunn’s multiple comparison tests (in C and E) or by Mann-Whitney
test (in D) (**/<0.002, */<0.03).
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