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Abstract

Apolipoprotein(a) [apo(a)] is a highly polymorphic O-glycoprotein circulating
in human plasma as lipoprotein(a) [Lp(a)]. The O-glycan structures of apo(a)
subunit of Lp(a) serve as strong ligands of galectin-1, an O-glycan binding pro-
angiogenic lectin abundantly expressed in placental vascular tissues. But the
pathophysiological significance of apo(a)-galectin-1 binding is not yet been re-
vealed. Carbohydrate-dependent binding of galectin-1 to another O-glycoprotein,
neuropilin-1 (NRP-1) on endothelial cells activates vascular endothelial growth
factor receptor 2 (VEGFR2) and mitogen-activated protein kinase (MAPK) signal-
ing. Using apo(a), isolated from human plasma, we demonstrated the potential of
the O-glycan structures of apo(a) in Lp(a) to inhibit angiogenic properties such as
proliferation, migration, and tube-formation in human umbilical vein endothe-
lial cells (HUVECS) as well as neovascularization in chick chorioallantoic mem-
brane. Further, in vitro protein-protein interaction studies have confirmed apo(a)
as a superior ligand to NRP-1 for galectin-1 binding. We also demonstrated that
the protein levels of galectin-1, NRP-1, VEGFR2, and downstream proteins in
MAPK signaling were reduced in HUVECs in the presence of apo(a) with intact
O-glycan structures compared to that of de-O-glycosylated apo(a). In conclusion,
our study shows that apo(a)-linked O-glycans prevent the binding of galectin-1
to NRP-1 leading to the inhibition of galectin-1/neuropilin-1/VEGFR2/MAPK-
mediated angiogenic signaling pathway in endothelial cells. As higher plasma
Lp(a) level in women is an independent risk factor for pre-eclamsia, a pregnancy-
associated vascular complication, we propose that apo(a) O-glycans-mediated in-
hibition of the pro-angiogenic activity of galectin-1 may be one of the underlying

molecular mechanism of pathogenesis of Lp(a) in pre-eclampsia.

Abbreviations: Apo(a), apolipoprotein(a); Con A, concanavalin A; DOA, de-O-glycosylated apo(a); DSA, de-sialylated apo(a); Gal-1, galectin-1; +H
Apo(a), heat-inactivated apo(a); HRP, horse-radish peroxidase; HUVEC, human umbilical vein endothelial cells; Lp(a), lipoprotein(a); MAPK,
mitogen-activated protein kinase; N-glycan, N-linked glycan; NRP-1, neuropilin-1; O-glycan, O-linked glycan; PNA, peanut agglutinin; T-antigen,
Thomsen-Friedenreich antigen; VEGFR2, vascular endothelial growth factor receptor-2.
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1 | INTRODUCTION

Lipoprotein(a) [Lp(a)] is a distinctive circulating plasma
lipoprotein present only in humans and old-world mon-
keys." It consists of a single subunit of low-density
lipoprotein to which a unique glycoprotein known as apo-
lipoprotein(a) [apo(a)] is covalently attached.>* Apo(a) is
structurally similar to plasminogen and composed of mul-
tiple numbers of specialized protein structures known as
“kringles”.> Two types of kringle structures, kringle IV and
kringle V are present in apo(a). A single copy of the krin-
gle V domain and 10 different sub-types of the kringle IV
domain, which are named kringle IV type 1 to type 10 are
present in apo(a). Further, the number of kringle IV type 2
domain in apo(a) varies according to the polymorphism of
apo(a) gene.1 Both carbohydrate analysis and peptide se-
quence analysis have shown that the interkringle regions
of apo(a) kringle IV type 2 domain are glycosylated with
both N-and O-linked glycan structures.>> Compared to
the N-glycans, apo(a) is heavily enriched with core-1-type
O-glycan structures with a predominance of a clinically
important disaccharide, Gal p 1—3 GalNAc, also known
as Thomsen-Friedenreich antigen (T-antigen) with a ter-
minal sialic acid group.? As the number of kringle IV type
2 domain increases, the interkringle region increases and
so the number of O-glycan also increases, thereby making
apo(a) one of the most polymorphic O-glycoprotein (mo-
lecular weight ranges from 300 to 900kDa) in human pop-
ulation.* Interestingly, the plasma of a single individual
contains two different Lp(a) isoforms.’ Moreover, the pe-
culiar apo(a) gene polymorphism is the reason for a large
variation in plasma Lp(a) level, ranging from 0.1 mg/dL to
1000mg/dL.

Very few studies have addressed the role of apo(a)-O-
glycans in physiologic or pathologic functions of Lp(a).
The heavily O-glycosylated structures of apo(a) make
Lp(a) a strong ligand for galectin-1, an evolutionarily
conserved, pro-angiogenic, O-glycan binding animal
lectin abundantly expressed in vascular tissues such as
heart and placenta.® Galectin-1 is secreted as a mono-
mer or a dimer with two identical carbohydrate-binding
domain. Galectin-1 is present on both the intracellular
and extracellular side of all cell membranes as well as
in the extracellular matrices.'” A few studies have ob-
served an increased expression of galectin-1, followed
by its translocation to the outer cell membrane and an
increase in membrane-bound galectin-1 in activated en-
dothelial cells.'"'* Galectin-1 performs both intracellular

and extracellular functions, in which the former is inde-
pendent of its lectin activity while the latter is mainly
dependent on it.'° Basically, galectin-1 is a f-galactoside
binding lectin,’ which can also recognize N-acetyl
lactosamine (LacNAc) residues present in core-2 O-
glycans and complexed branched N-glycans.'® Similarly,
galectin-1 is shown to bind Galpl—3GalNAc residue
(Thomsen-Friedenreich antigens or T-antigens) exclu-
sively present in core-1 O-glycans."* Interestingly, P.S.
Appukuttan and his group revealed that the T antigen
structure in O-linked glycoproteins is far superior to N-
acetyl lactosamine structures as ligands for galectin-1."3

The binding of galectin-1 to cell-surface glycoconjugates
plays a significant role in diverse cellular functions during
various stages of pregnancy.'* On the female reproduc-
tive tract and placenta, galectin-1 binds a cell-surface ex-
pressed O-glycoprotein, known as neuropilin-1 (NRP-1) via
its highly conserved carbohydrate-binding domain.*® The
O-glycan-mediated binding of galectin-1 to NRP-1 further
activates another angiogenic protein, vascular endothelial
growth factor receptor 2 (VEGFR2). In fact, galectin-1 can
directly bind to the LacNAc residues in VEGFR2.*! As a re-
sult, the downstream proteins of mitogen-activated protein
kinases (MAPK) signaling pathway get activated eventually
leading to the activation of angiogenic processes such as
proliferation, migration, and tube formation in endothelial
cells.**'"* An earlier report demonstrated that the inhibi-
tion of galectin-1-stimulated angiogenesis with anginex, a
designed anti-angiogenic peptide, leads to impaired angio-
genesis and poor placentation and provokes pre-eclampsia-
like symptoms with intrauterine fetal growth restriction in
mice.” Pre-eclampsia is a vascular disease of the placenta
that arises during pregnancy in association with hyperten-
sion and proteinuria.”” Poor placentation with impaired
vascular remodeling and altered angiogenesis of maternal
spiral arteries leading to intrauterine growth restriction is
one of the major pathological features of pre-eclampsia.”’”*
Numerous studies have provided strong evidence for the as-
sociation of galectin-1 dysregulation and pre-eclampsia®*’
and also an increased fetal death was observed in a galec-
tin-1 knockout mice model.'"® Recently, researchers have
shown an elevated plasma level of Lp(a) (>30mg/dL) in
women as an independent risk factor for pre-eclampsia.** >
The placenta of pre-eclamptic women was found to contain
an increased amount of Lp(a) deposits which is a marker
for chronic vascular damage,33’34 suggesting a significant
role of Lp(a) in pre-eclampsia pathology. Despite the reports
on the association of Lp(a) in pre-eclampsia, the underlying
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molecular mechanism of Lp(a) in the pathogenesis of pre-
eclampsia is still unknown.

There is a structural similarity of apo(a) to the natu-
rally occurring anti-angiogenic proteins such as plas-
minogen and angiostatin,> and the anti-angiogenic
property of Lp(a) has been demonstrated.>*” However,
the Lp(a)- receptor protein on endothelial cells and the
exact molecular mechanism of its anti-angiogenicity are
not completely known. Interestingly, an earlier study
demonstrated an exclusively O-glycan-mediated in situ
binding of exogenously added human Lp(a) to galectin-1
expressed on human mammary arterial cells.® Hence, we
hypothesize that the O-glycan-mediated binding of apo(a)
subunit of Lp(a) to galectin-1 on the vascular tissues may
have a detrimental effect on galectin-1/NRP-1/VEGFR-2/
MAPK-mediated angiogenic signaling pathway. Using
native apo(a) isolated from human plasma, we have
demonstrated an apo(a) O-glycan-mediated inhibition
of galectin-1-stimulated angiogenic processes in cultured
human umbilical vein endothelial cells (HUVECS) and in
chick chorioallantoic membrane.

2 | MATERIALS AND METHODS

2.1 | Materials

Out-dated human plasma was collected from the Blood
bank, Ananthapuri Hospitals and Research Institute,
Thiruvananthapuram, Kerala, India after getting approval
(IHEC/1/2019/02) from the Institute Human Ethical
Committee. Human Umbilical Vein Endothelial Cells
(HUVECs) were received from Central Cell and Tissue
Repository of Rajiv Gandhi Centre for Biotechnology
(RGCB), Thiruvananthapuram, Kerala, India. Fertilized
hen eggs were purchased from a local hatchery,
Thiruvananthapuram, Kerala, India. The lectins, jacalin,
peanutagglutinin (PNA), and concanavalin A (con A), used
in this study were a kind gift from Dr. P. S. Appukuttan,
Senior Grade Professor & Former Head of Department of
Biochemistry, Sree Chitra Tirunal Institute for Science
and Technology (SCTIMST), Thiruvananthapuram,
Kerala, India. Lectins were subsequently conjugated with
horse-radish peroxidase type VI (HRP, P8375-5U; Sigma-
Aldrich, USA) as described previously.38

2.2 | Isolation of apolipoprotein(a)
[apo(a)] from human plasma

Apo(a) was isolated from human plasma as reported
earlier.” Briefly, human plasma was taken in Optiseal
polyallomer centrifuge tubes after adjusting its density to
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1.24g/mL with solid potassium bromide (KBr) and sub-
jected to ultracentrifugation at 535000x g for 7h at 4°C
using an NVT90 rotor in a Beckman Coulter Vacuum
Ultracentrifuge (Life Sciences, USA). Lp(a) containing
lipid sample was collected from the top 20% layer, pooled,
and dialyzed in a 10 kDa cut-off dialysis tubing cellulose
membrane (D9777; Sigma-Aldrich, USA) against 20 mM
potassium phosphate buffer, pH 7.4 containing 150 mM
sodium chloride (PBS) at 4°C for overnight. Apo(a) was
separated from Lp(a) by reducing the dialyzed lipids with
4mM di-thiothreitol (DTT) for 15 min at 37°C. The den-
sity of the reduced lipid solution was again adjusted to
1.24g/mL with KBr and subjected to one more ultracen-
trifugation as above. The separated apo(a) protein was col-
lected from the bottom 30% layer using a syringe with a
long needle and subjected to dialysis overnight in PBS at
4°C. The amount of total protein in apo(a) samples were
estimated using Bio-Rad protein assay reagent (Bio-Rad,
USA) according to the manufacturer's instruction.

2.3 |
apo(a)

Glycosylation modifications of

In this study, we have tried both chemical and enzymatic
methods to modify apo(a) O-glycans.* To remove the en-
tire O-glycan structures (de-O-glycosylation), a specified
amount of apo(a) sample was incubated with 1 M sodium
borohydride in 0.05 N sodium hydroxide solution for
16h at 37°C in a water bath and later, dialyzed overnight
against PBS. To remove the terminal sialic acid group (de-
sialylation), a specified amount of apo(a) sample was in-
cubated in 0.1 N sulfuric acid for 1h at 80°C in a water
bath followed by overnight dialysis in PBS. For enzymatic
removal of apo(a) O-glycans, native apo(a) was treated
with O-glycosidase (Cat.No:11347101001, Sigma-Aldrich,
USA) as described previously.® To get heat-inactivated
apo(a), a specified amount of apo(a) sample was incu-
bated in 150mM PBS (pH 7.4) buffer at 90°C in a water
bath. After 5min, heat-inactivated apo(a) was kept in ice
and later subjected to a gentle spin-down at 1000x g for
1min.

2.4 | HUVEC culture

HUVEC was cultured in EGM™ 2 Endothelial Cell Growth
Medium-BulletKit™ (EGM-2, Lonza, Switzerland, CC-
3162) with added growth supplements, 10% fetal bovine
serum (FBS), 100U/mL penicillin, 100 pg/mL of strepto-
mycin and 0.25pg/mL of amphotericin B at 37°C under
5% CO, in a CO, incubator. Approximately, 75-80% con-
fluent HUVECs within passages 4-6 were used for all
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the experiments. Prior to treatment, cells were starved
overnight by keeping them in the same media condi-
tions without FBS. The control cultures were also kept in
EGM-2 without any treatment. Cell morphology was ob-
served and images were taken by an inverted microscope
(Nikon Eclipse Ti, USA, magnification, x10).

2.5 | Measurement of HUVEC
proliferation—MTT assay

The effect of apo(a) O-glycans on cell viability
was measured with  3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazoliumbromide (MTT) assay. Briefly,
serum-starved 75-80% confluent HUVECs cultured in a
96-well culture plate (0.5x10* cells/well) were treated
with 10pg/mL each of native apo(a), de-O-glycosylated
apo(a) [DOA], de-sialylated apo(a) [DSA] and 50 mM lac-
tose for 18h. After that, a 10 pL MTT (5mg/mL; Sigma-
Aldrich, USA) solution was added to each well containing
90 pL PBS, and the wells were incubated for 4h at 37°C.
Then, the supernatant was decanted, and 100 pL of
MTT solubilization solution (4mM HCI and 0.1% NP-40
in isopropanol) was added to each well. The plate was
wrapped with aluminum foil and placed on an orbital
shaker (Spinix Orbital shaker, Tarsons, India) for 2h at
room temperature. Subsequently, absorbance in each well
was measured at 570nm (A 570) with a microplate reader
(Infinite M200, Tecan Inc., USA). The effect of apo(a) O-
glycans on the viability of HUVEC was expressed as the
% of viable cells using the following formula: % of viable
cells = [A 570 of treated cells] x 100/[A 570 of control cell].

2.6 | Measurement of HUVEC migration:
Wound-scratch assay

A wound was made on the 100 % confluent, serum-
deprived HUVEC monolayer by a single scratch using a
sterile 10-pL pipette tip. After washing twice with PBS,
cells were incubated for 12h with 10 pg/mL each of native
apo(a), de-O-glycosylated apo(a), and 50 mM lactose. The
wounded area was photographed at the beginning and
after incubation. The rate of cell migration was quantified
after the indicated time intervals using image J software as
relative wound density in which the ratio of the occupied
area in the wound gap to the total area of the initial wound
gap was measured and expressed as a percentage.

To check the effect of apo(a)-linked O-glycans on the
pro-angiogenic activity of galectin-1, fully confluent,
serum-deprived, scratch-wounded HUVEC monolayer
was treated with 2pg/mL recombinant human galec-
tin-1 protein (Cat.No: NBP1-30230, Novus Biologicals,

USA) pre-incubated with (a) PBS 7.4, (b) 10 pg/mL de-O-
glycosylated apo(a) [DOA], (c) 10 pg/mL native apo(a), (d)
50mM lactose, (e) 10 pg/mL heat-inactivated apo(a) [+H
apo(a)], and (f) 1pg/mL polyclonal rabbit anti-human
galectin-1 antibody (10290-RP01-400; SinoBiologicals,
China). After an incubation period of 12h at 37°C under
5% CO,, images of the cells that migrated into the wounded
area were photographed as described above.

2.7 | Measurement of HUVEC
tube formation

The effect of native and glycosylation-modified apo(a) on
tube formation of HUVECs was assayed by capillary-like
structure (CLS) formation assay and Matrigel tube forma-
tion assay. In the CLS formation assay, a 100% confluent
HUVEC monolayer was treated with native and de-O-
glycosylated apo(a) (10 pg/mL), and images of CLS forma-
tion were taken before and after 18 h of incubation. For the
Matrigel tube formation assay, ECM Gel from Engelbreth-
Holm-Swarm murine sarcoma (E1270; Sigma-Aldrich,
USA) was pipetted into a 24-well plate (100 pL/well) and
polymerized at 37°C for 2h. HUVECs (1 mL, 4 x 10* cells/
well) mixed with 10 pg/mL each of native apo(a), de-O-
glycosylated apo(a), and 50 mM lactose in serum-deprived
EGM-2 media were seeded into Matrigel pre-coated wells
and incubated for 6h and photographed before and after
incubation. The number of CLS formed and the number
of tubes formed were calculated by manual counting. A
three-branch point area was considered as one tubular
structure. Three random fields per well were quantified
and mean tube formation was expressed as a percentage
of control.

2.8 | Measurement of
neovascularization—Chorioallantoic
membrane (CAM) assay

Fertilized hen eggs were incubated horizontally for 8 days
at40°Cunder a humidified atmosphere in a bacteriological
incubator (KIS-2, Kemi, India) with an intermittent man-
ual rotation at every 8 h. At day 8-post fertilization, CAM
assay was carried out according to the assay procedures
detailed elsewhere.”’ Briefly, eggs were cleaned with 70%
ethanol and a small incision (approximately 0.5 cm?) was
made using pointed, sterile forceps on the eggshell where
the air sac is located under sterile conditions. Eggshell
fragments were carefully removed to access the CAM be-
neath. Through the incision, a 20 uL. volume of 1 mg/mL
sample [PBS, native apo(a), and de-O-glycosylated apo(a)]
was carefully injected into the CAM. The incision was
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then covered with sterile non-transparent, surgical tape,
and eggs were further incubated as described above. A
group of 2 eggs was assigned for each sample. Embryos
were inspected daily by candling. At day 12-post treat-
ment, eggs were opened, embryos were carefully removed
and the CAM was retained on the eggshell. Blood vessels
formed on CAM were photographed using a digital cam-
era. Angiogenesis on CAM was evaluated macroscopically
by carefully counting the number of new blood vessels
formed on CAM after treatment.

2.9 | HUVEC protein extraction

HUVEGCs treated with and without native, glycosylation-
modified apo(a) and lactose were detached from the cell-
culture plates by incubating with 0.25% trypsin-EDTA
solution at 37°C for 1-2min. HUVEC pellets collected
after gentle centrifugation at 1000x g for 5-10min were
lyzed in radioimmunoprecipitation assay (RIPA) buffer
(10mM Tris-HCI, pH 8 with 1 mM EDTA, 0.5mM EGTA,
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS and
140mM NaCl) with protease inhibitor cocktail (P8340;
Sigma-Aldrich, USA) on ice for 30min. Cell lysates were
then centrifuged at 13000x g for 20min at 4°C and the
supernatants were collected. Protein estimation was per-
formed using Bio-Rad protein assay reagent (Bio-Rad,
USA) according to manufacture's instruction.

210 | Immunoblot analysis

Proteins extracted from the HUVECsS treated, non-treated,
and the protein molecular weight marker (PM007-0500;
GeneDireX, Inc.) were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
under reducing conditions. For galectin-1, ERK1/2 and
phospho-ERK1/2, a 12% gel was used while for NRP-
1, VEGFR2 and phospho-VEGFR2, a 5% gel was used.
Resolved proteins were transferred onto Immobilon-
P-Polyvinylidene fluoride (PVDF) membrane for 1h in
transfer buffer (25mM Tris, 190 mM glycine, 20% metha-
nol, pH-8.3) under cold conditions and a constant current
of 0.8 mA/cm?* membrane using a Mini Trans-Blot Module
(Bio Rad, USA).*! Transfer of proteins on the PVDF mem-
brane was verified by Ponceau S staining. The remaining
unbound sites on the membrane were blocked by incu-
bating the membrane for 1h in 5% bovine serum albumin
(BSA) in 200mM Tris-buffered saline, pH 7.6 contain-
ing 150 mM NacCl with 0.5% Tween-20 (5% BSA-TBS-T)
at room temperature. After that, the membrane was in-
cubated separately overnight at 4°C with specified dilu-
tions of primary antibodies in 3% BSA in TBS-T solution.

;'IC-ASEBJournaI

After washing three times with TBS-T, the membrane
was further incubated with 1:10000 dilutions of HRP-
labeled secondary antibody for 45min at 37°C on an or-
bital shaker (Spinix Orbital Shaker, Tarsons, India). The
bound HRP was assayed using a chemiluminescent west-
ern blot hyper HRP substrate (T7103A, Takara Bio, USA)
and images were taken with VersaDoc MP 4000 Imaging
System (Bio-Rad). p-actin was used as an internal control.
Protein bands on PVDF membrane were quantified using
Quantity One software, BioRad.

List of primary antibodies used; monoclonal mouse
anti-human apo(a) antibody (1.5 pg/mL; 5684-9485) from
Bio-Rad Laboratories, US; polyclonal rabbit anti-human
NRP-1 antibody (1pg/mL; 10011-RP01-400) and poly-
clonal rabbit anti-human galectin-1 antibody (1pg/mL;
10290-RP01-400) from SinoBiologicals, China; polyclonal
goat anti-human apoB antibody (1.5pg/mL; PA1-26901),
polyclonal rabbit anti-human VEGFR2 antibody (5pg/
mL; PA5-16487), polyclonal rabbit anti-human phospho-
VEGFR2 antibody (1:1000; PA5-12598), polyclonal rab-
bit anti-human ERK1 antibody (1:1000; PA5-32395),
monoclonal mouse anti-human ERK2 antibody (1:1000;
MA1-099), and monoclonal rabbit phospho-ERK1/
ERK2 antibody (1pg/mL; 700012) from Thermofischer
Scientific, US; monoclonal mouse anti-human f-actin an-
tibody (1:2000; sc-47778) from Santa Cruz Biotechnology,
Inc.

List of secondary antibodies used; rabbit anti-goat IgG-
HRP (sc-2768), goat anti-mouse IgG-HRP (sc-2005), and
polyclonal goat anti-rabbit IgG-HRP (sc-2030) from Santa
Cruz Biotechnology, Inc.

2.11 | Far-western blot analysis

Proteins (2mg/mL) extracted from untreated, HUVECs
containing the prey protein, NRP-1 were separated by
loading the sample into a single well with 5% SDS-PAGE
under reducing conditions. Separated proteins were trans-
ferred to a PVDF membrane as described in Section 2.10
and the PVDF membrane was cut vertically into several
strips of equal width. The unbound sites on each strip
were then blocked with 5% BSA-TBS-T. Each blocked
strip was separately incubated for 2h at 4°C with 2 pg/mL
of the bait protein, recombinant human galectin-1 (NBP1-
30230; Novus Biologicals, USA), which was pre-incubated
for 1h at 4°C with apo(a) (10 pg/mL), de-O-glycosylated
apo(a) (10pg/mL) and 50mM lactose, respectively. After
washing each strip separately in 5% BSA-TBS-T, they
were incubated in 1pg/mL of goat anti-human galectin-
1 antibody (10290-RP01-400; SinoBiologicals, China) in
3% BSA-TBS-T solution overnight at 4°C. After wash-
ing with 5% BSA in TBS-T, strips were incubated with
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1:10000 dilutions of HRP-labeled anti-goat IgG antibody
in 3% BSA-TBS-T solution. Along with this, two blocked
strips were separately incubated for 2h at 4°C with 15pg/
mL HRP-labeled jacalin and 1pg/mL rabbit anti-human
NRP-1 antibody (10011-RP01-400; SinoBiologicals,
China) followed by HRP-labeled anti-rabbit IgG antibody
(1:10000) in 3% BSA-TBS-T solution. Afterward, the strips
were washed thrice with 5% BSA-TBS-T. Membrane-
bound HRP was then detected using a chemiluminescent
western blot hyper HRP substrate (T7103A, Takara Bio,
USA), and the images of the band on the strips that corre-
spond to the prey protein, NRP-1 were taken and quanti-
fied as detailed in Section 2.10. Densitometric analysis of
bands was performed by Image J Software.

212 | Gelatin-zymography

For detecting matrix metalloproteinase (MMP) activity,
supernatants from HUVECs (2 X 10° cells/well, six wells
per plate) treated with 10 pg/mL each native apo(a), de-O-
glycosylated apo(a) and 50 mM lactose in serum-deprived
EGM-2 media were collected and subjected to gelatin-
zymography. Briefly, gelatin (1 mg/mL) was prepolymer-
ized on a 7.5% SDS-polyacrylamide gel and electrophoresis
was carried out under non-reducing conditions. After
electrophoresis, the gel was washed twice with renatura-
tion buffer (50 mM Tris—-HCI, pH 7.5, 100mM NaCl, and
2.5% Triton X-100), followed by incubation in a substrate
buffer (50mM Tris-HCI, pH 7.5, 150mM NaCl, 10mM
CaCl, and 0.02% NaN;) at 37°C for 72h. After that, the
gel was stained with Coommassie Brilliant Blue R-250 and
subsequently destained. The cleared zone on the gelatin
zymogram was visualized and captured using a Gel-Doc
System (Bio-Rad, USA).

213 | Co-immunoprecipitation

HUVECs treated with and without native apo(a) were
treated with 0.25% trypsin-EDTA solution as described
in Section 2.9 and the cell pellets collected were lysed at
4°C in 50mM Tris-HCl, pH 7.4 buffer containing 150 mM
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate with
protease inhibitor cocktail. Cell lysates were centrifuged
for 10min at 16000x g at 4°C, supernatants were collected
and the protein estimation was performed as described
in Section 2.9. To prevent non-specific binding, HUVEC
proteins (1 mg/mL) were pre-incubated with 50 pL of pro-
tein A/G-agarose bead suspension (Roche Diagnostics,
Germany) for 3h at 37°C on a RotoSpin (Tarsons, India).
After centrifugation at 12000xg for 2min at 4°C, the
unbound HUVEC proteins collected from the top of the

agarose bead suspension were mixed with 10 pg of rab-
bit polyclonal anti-human NRP-1 antibody and incubated
for 2h at 4°C. To this antigen-antibody mixture, a 50 pL
of fresh protein A/G-agarose bead suspension was added
and incubated again overnight at 4°C. Agarose beads with
the attached immune complexes were pelleted by cen-
trifugation for at 16000x g for 10min at 4°C. Beads were
collected and washed four times in ice-cold lysis buffer.
Afterward, beads were subjected to SDS-PAGE (5% gel
for NRP-1 and 12% gel for galectin-1) and continued with
western blot analyses using rabbit anti-human galectin-1
antibody (1:100) and anti-human NRP-1 antibody (1:100)
as described in Section 2.10.

214 | Enzyme-linked immunosorbent
assay (ELISA) and enzyme-linked lectin
assay (ELLA)

A 200 pL of a specified concentration of apo(a) sample,
HUVEC lysates, or other protein samples in PBS were
coated on polystyrene wells of 96-well ELISA plates
(Lockwell C8; Maxisorp, Nunc Thermofischer, USA) by in-
cubating the samples at 37°C for 3h in a water bath. After
decanting the supernatants, wells were washed thrice with
PBS containing 0.05% Tween 20 (PBS-T), and the unbound
sites on the wells were blocked with PBS containing 0.5%
Tween 20 for 30min at 37°C. Finally, wells were again
washed with PBS-T and then incubated with 200 pL of the
specified concentrations of HRP-labeled lectins (such as ja-
calin, con A, PNA, and galectin-1) for ELLA or antibody
solution in PBS-T for ELISA at 4°C under dark. After an
incubation period of 2h, supernatants were decanted and
unbound proteins were removed by washing the wells
three times with the same buffer. Bound HRP was assayed
by treating the washed wells with 200 pL (5mg/mL) of o-
phenylenediamine (OPD, P5412; Sigma-Aldrich, USA) in
100mM citrate-phosphate buffer, pH 5.0 containing 0.03%
H,0, for 30 min at room temperature under dark. The reac-
tion was stopped by the addition of 50 pL of 12.5% H,SO,
and absorbance was measured at 490 nm in a microplate
reader (Infinite M200, Tecan Inc., USA).

For ELISA to check the effect of apo(a) O-glycans on
galectin-1 protein level in HUVEC, polystyrene wells were
coated with 5pg/mL polyclonal rabbit anti-human galec-
tin-1 antibody (10290-RP01-400; SinoBiologicals, China)
as described earlier. After blocking the unbound sites on
the wells, 5pug/mL HUVEC cell lysates were added and
incubated for 2h at 4°C. After washing, the wells were
further incubated with the same anti-human galectin-1
antibody (5pg/mL) followed by HRP-labeled polyclonal
goat anti-rabbit IgG antibody (1:1000; sc-2030; Santa
Cruz Biotechnology, Inc.). The amount of galectin-1 in
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cell lysates was assayed by measuring the absorbance of
bound HRP as described earlier.

215 | Immunofluorescence assay

HUVECs (1 x 10* cells/well) were seeded on 18 mm cover-
slips coated with 0.1% sterile gelatin solution placed in the
wells of a 12-well cell-culture plate and cultured in a CO,
incubator until the growth reaches 50% confluency. Cells
were then treated with native apo(a), de-O-glycosylated
apo(a), and lactose as described in Section 2.5. After the
treatment, cells were fixed on the coverslips by incubating
them in 4% buffered p-formaldehyde fixative solution for
30min at 37°C. Cells were then washed thrice with 50 mM
glycine in PBS and subsequently, incubated in 2% BSA in
0.1% Triton-X-100 solution for 5min at 37°C. Cells were
then blocked with 5% BSA in Hank's balanced salt solu-
tion (HBSS) for 1h at 37°C, and incubated with specified
dilutions of primary antibodies prepared in 3% BSA in
HBBS overnight at 4°C under dark. Afterward, cells were
washed thrice with 0.1% Triton X-100 in PBS and incu-
bated with 1:1000 dilutions of fluorescent-labeled second-
ary antibody for 45min at room temperature in dark on
an orbital shaker (Spinix Orbital Shaker, Tarsons, India).
Cells were then washed with 50mM glycine in PBS and
further incubated with Hoechst 33342 stain (10 pg/mL;
Sigma-Aldrich) for 1min at 37°C. Finally, after washing
the cells with PBS, coverslips were gently removed from
the wells and mounted in a fluorescent mounting medium
(Fluoromount G, Invitrogen) coated on a clean glass slide.
Cell-bound fluorescence was visualized and images were
captured by inverted confocal fluorescence microscopy.

List of primary antibodies used; monoclonal mouse
anti-human von Willebrand Factor (vVWF) antibody (1:100;
MAS5-14029) from Thermo Fischer Scientific, USA; mono-
clonal mouse anti-human apo(a) antibody (1:100; 5684-
9485) from Bio-Rad Laboratories, US; polyclonal rabbit
anti-human NRP-1 antibody (1:300; 10011-RP01-400) and
polyclonal rabbit anti-human galectin-1 antibody (1:300;
10290-RP01-400) from Sino Biologicals, China.

List of secondary antibodies used; polyclonal goat anti-
rabbit IgG (H&L)-Alexa Fluor 488 (ab15077) and poly-
clonal donkey anti-mouse IgG (H&L)-Alexa Fluor 647
(ab150111) from Abcam, US.

2.16 | RNA isolation and real-time
polymerase chain reaction

HUVECs after treatment were lysed with Trizol rea-
gent (Thermo Fischer, USA) and RNA was isolated
as per the manufacturer's instruction. The purity and

Th|'IC-)A\SEBJourr1C|I

quantity of RNA were evaluated by NanoDrop 1000
(Thermo Scientific, USA). cDNA synthesis was done
with GoScript™ Reverse Transcription System (Promega
Corporation, USA) in C1000 Touch Thermal Cycler
(BioRad, USA). Sybr green-based qPCR analysis was per-
formed with Kapa Sybr Fast qPCR kit (Kapa Biosystems,
USA) in ABI 7500 Fast system (Applied Biosystems Inc.,
USA). Change in gene expression of galectin-1 and NRP-1
was compared with that of g-actin. The following primer
sequences were used:

Galectin-1 Forward: 5-TCGCCAGCAACCTGAATC

TC-3'
Galectin-1 Reverse: 5'-GCACGAAGCTCTTAGCGT
CA-3'
NRP-1 Forward: 5'-GGCGCTTTTCGCAACGATAA
A-3’

NRP-1 Reverse: 5'-TCGCATTTTTCACTTGGGTGAT-3’
B-actin Forward: 5'-CCGTGAAAAGATGACCCAGA
TC-3'

B-actin Reverse: 5'-CACAGCCTGGATGGCTACGT-3’

2.17 | Statistical analysis

All data are presented as mean + standard deviation. The
means and standard deviations were calculated from
three independent experiments. All treated groups were
compared to the relevant control group. The statistical sig-
nificance was determined by Student's ¢ test and ANOVA
using Graph pad Prism Version 9.1.2 (226). p<.05 was
considered as a significant difference.

3 | RESULTS

3.1 | Affinity of N-and O-glycan specific
lectins toward human apo(a) before and
after glycosylation modification

To demonstrate the anti-angiogenic potential of apo(a)-
linked O-glycans of Lp(a), Lp(a) was isolated from out-
dated human plasma and its apo(a) subunit was separated
by chemical reduction® (Figures S1 and S2). The released
apo(a) subunit was collected and its O-glycan structures
were removed chemically.*® Apo(a) with intact O-glycan
structures was named “native apo(a)”, whereas apo(a)
without any O-glycan structures as ‘de-O-glycosylated
apo(a) [DOA]’. HRP-labeled plant lectins such as jacalin,
galectin-1, peanut agglutinin (PNA), and concanavalin
A (con A) were used to check the presence of O-glycans,
Galpl—3GalNAc residue in O-glycans, de-sialo (asialo) O-
glycans (O-glycans devoid of a terminal sialic acid group)
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and N-glycans respectively on both native and de-O-
glycosylated apo(a) as described previously.®

Results show that jacalin, an O-glycan-specific plant
lectin failed to bind de-O-glycosylated apo(a) prepared
both chemically and enzymatically in contrast to its high
affinity towards native apo(a) suggesting the complete
removal of all O-glycan structures of apo(a) (Figures 1
and S5A). The comparatively low Con A response in both
native and de-O-glycosylated apo(a) indicates the low
abundance of N-glycans in apo(a). Our data also shows
that after the removal of O-glycan structures from apo(a),
the resulting de-O-glycosylated apo(a) became a poor li-
gand for the binding of galectin-1. Moreover, the absence
or very low response of HRP-labeled PNA shows that O-
glycan structures of native apo(a) are protected with in-
tact terminal sialic acid groups. In addition, as expected,
no PNA binding was observed in de-O-glycosylated
apo(a) due to the absence or removal of sialo O-glycan
structures.

3.2 | O-Glycans in apo(a) subunit of
human Lp(a) suppress the proliferative,
migratory, and tube-forming

ability of HUVECs

A 75%-80% confluent HUVEC was used for our in vitro
studies and an immunofluorescence analysis for vWF,
an endothelial cell-specific marker on HUVEC was
performed (Figure S3) to confirm the authenticity of
HUVEC. Using confocal imaging, we have also verified

2.5
£ mm Native apo(a)
o
S 2.0+ =3 De-O-glycosylated apo(a)
<
® -
> 1.5
2
g 1.0
©
K2 = "
5 0.5
(e)
0.0- T

Jacalin Galectin-1 Con A PNA
FIGURE 1 Glycan pattern in native and de-O-glycosylated
apo(a): Native apo(a) and de-O-glycosylated apo(a) [DOA] were
coated (5pg protein/mL) on polystyrene wells. After blocking the
unbound sites, wells were incubated with HRP-labeled jacalin
(1.5pg/mL), galectin-1 (10 pg/mL), con A (10 pg/mL), and PNA
(5pg/mL). Bound HRP was assayed as optical density at 490 nm
using an ELISA. Values are mean + SD of three independent trials.
*Different (p <.05) from native apo(a).

the binding of apo(a) on HUVECSs. From Figure S4, it is
clear that after 6 h incubation, apo(a) binds to HUVECs
and starts to enter into the cells. Using native and de-
O-glycosylated apo(a), we demonstrated the anti-
angiogenic potential of apo(a) in terms of its ability to
modulate proliferative, migratory, and tube-forming
capacity of HUVECs in endothelial cell growth medium
supplemented with a pro-angiogenic factor, vascular en-
dothelial growth factor (VEGF). The potential of apo(a)-
linked O-glycans to modulate endothelial cell tube
formation was investigated by observing the formation of
capillary-like structures (CLS) on completely confluent
HUVECSs as well as the formation of tubular structures
on the Matrigel matrix. Both CLS and Matrigel tubes
are in vitro representations of the ability of endothelial
cells to form blood vessel lumen.** Figure 2 shows that
HUVECS upon incubation with native apo(a), lost their
ability to proliferate and to migrate into a wounded area
created on the HUVEC monolayer. Our result (Figure 2)
also shows that incubation with native apo(a) signifi-
cantly inhibits (p <.05) CLS formation and tube forma-
tion, while the proliferative, migratory, and tube forming
ability of untreated and de-O-glycosylated apo(a)-treated
HUVECSs remained less or unchanged.

In addition, the de-O-glycosylated apo(a) prepared
by the enzymatic degradation of native apo(a) by O-
glycosidase  (Cat.No:11347101001,  Sigma-Aldrich,
USA)® also failed to make any response on angiogenic
processes (Figure S5B). To avoid any interference of
enzyme remnants in the cellular assays, we preferred a
chemical method for the removal of apo(a) O-glycans.
Moreover, an earlier report showed the absence of any
apo(a) fragmentation by the chemical methods employed
for apo(a) isolation and removal of its O-glycan struc-
tures.”*’ The smallest glycan unit recognized by galec-
tin-1 is the p-galactoside residue.” Lactose (Gal p 1—4
Glu), a B-galactoside containing disaccharide is a simple
carbohydrate ligand necessary for binding to galectin-1.°
So, in all our in vitro experiments, we used lactose as a
positive control. However, being a low-affinity ligand of
galectin-1, high concentrations of lactose (50-150 mM)
are needed to inhibit galectin-l.43 Here, we have used
50mM lactose to ensure maximum binding and inhi-
bition of galectin-1. A significant inhibition (p<.05)
on the proliferation, migration, and tube formation
of HUVECS similar to that with native apo(a) was ob-
served when HUVECs were incubated with 50 mM lac-
tose (Figure 2). In addition, HUVECs were also treated
with de-sialylated apo(a) [DSA], in which the terminal
sialic acid group of apo(a) was removed, and we found
inhibition in the proliferation of cells (Figure S6). All
these results confirm the potential of apo(a) O-glycans
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FIGURE 2 Effect of apo(a)-linked O-glycans on proliferation, migration, and tube formation of HUVECs: Cells were incubated

with native, de-O-glycosylated apo(a) [DOA] and 50 mM lactose in EGM-2 at 37°C under 5% CO, and images were taken by an inverted

microscope (Nikon Eclipse Ti, USA, magnification, x10). The effect of apo(a) O-glycans on HUVEC proliferation, migration, and tube

formation was demonstrated using MTT assay, wound-scratch assay, and CLS formation assay or Matrigel-tube formation assay respectively.

The rate of cell migration was quantified after the indicated time intervals using image J software as relative wound density and expressed

as a percentage. The number of CLS formed and the number of tubes formed were calculated by manual counting. Tube formation was

scored as follows: A three-branch point event was defined as one tubular structure. Three random fields per well were quantified by manual

counting and mean tube formation was expressed as a percentage of control. The control cultures were incubated in EGM-2 with PBS 7.4.

Experiments were repeated in three different trials with duplicates. Values are mean + SD of three independent trials. *Different (p <.05)

from control.

to inhibit the proliferative, migratory, and tube-forming
capacity of HUVECs.

3.3 | Apo(a)-linked O-glycans

also have the potential to

inhibit the in vivo neovascularization in
chick chorioallantoic membrane

To demonstrate the in vivo anti-angiogenic potential
of O-glycans of apo(a), we examined the effect of na-
tive apo(a) and de-O-glycosylated apo(a) on new blood

vessel formation (neovascularization) in chick chorio-
allantoic membrane (CAM) as described previously.4°
The assays were conducted between the 8th day and
12th day of egg fertilization which is the period of maxi-
mum angiogenesis in CAM.* Figure 3 shows that the
number of newly formed blood vessels (shown in the
insert) in embryonic eggs treated with native apo(a) is
significantly (p <.05) lesser than that of untreated or de-
O-glycosylated apo(a)-treated eggs. This result suggests
that apo(a) via its heavily O-glycosylated structures, sig-
nificantly suppresses the formation and growth of new
embryonic blood vessels.
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FIGURE 3 Effect of Apo(a)-linked O-glycans on new blood vessel formation on chick chorioallantoic membrane (CAM): A 20 L
volume (1 mg/mL) of native apo(a), de-O-glycosylated apo(a) [DOA] and PBS 7.4 was carefully injected separately on the CAM of eight days
old fertilized hen eggs through a small incision made on the eggshell near the air sac and incubated at 40°C under humidified atmosphere.
On day 12-post treatment, eggs were opened and images were taken using a digital camera. The anti-angiogenic effect of apo(a)-linked

O-glycans was evaluated macroscopically by observing the number of new blood vessels formed in the CAM. Experiments were repeated in
five different trials with duplicates. Values are mean + SD of three independent trials. *Different (p <.05) from control.

3.4 | Apo(a)-linked O-Glycans reduce the
pro-angiogenic activity of galectin-1
in HUVECs

Results so far revealed that apo(a)-linked O-glycans sig-
nificantly suppress the angiogenic processes both in vitro
and in vivo. Next, we investigated whether the O-glycan-
mediated inhibitory potential of apo(a) in angiogenesis
is mediated by inhibiting the pro-angiogenic effect of
galectin-1. Confluent, serum-deprived, scratch-wounded
HUVEC monolayer was treated with recombinant human
galectin-1 (2 pg/mL) pre-incubated with native and de-O-
glycosylated apo(a). From Figure 4Aa, it is clear that in
response to galectin-1 stimulation, HUVECs migrated
and covered up to ~80% of the wounded area. Similarly,
galectin-1-mediated migration of HUVECs was less af-
fected in the presence of de-O-glycosylated apo(a) re-
sulting in ~80% closure of wounded HUVEC monolayer
(Figure 4Ab). To rule out the possibility of galectin-1-
mediated wound closure due to endothelial cell prolifera-
tion rather than migration, wound-scratch experiments
were performed in the presence of mitomycin (5pg/mL).
Moreover, the anti-human galectin-1 antibody was used
to neutralize the pro-angiogenic effect of galectin-1 prior
to the addition of galectin-1 on the wounded HUVEC
monolayer.

Figure 4Af shows that HUVECs failed to migrate
and close the wounded area in response to galectin-1
pre-incubated with anti-human galectin-1 antibody
(p<.05). This result indicates the complete neutraliza-
tion of galectin-1 by anti-human galectin-1 antibody and

thus verifies the pro-angiogenic effect of galectin-1 on
HUVECs. Similar to the effect of galectin-1 neutraliz-
ing antibody, the wounded area remained unaffected by
galectin-1 pre-incubated with native apo(a) (Figure 4Ac),
suggesting the potential of apo(a)-linked O-glycans to
inhibit the galectin-1-induced HUVEC migration. To fur-
ther confirm the role of apo(a) O-glycans, especially Gal 8
1—-3 GalNAc structure in inhibiting galectin-1-stimulated
HUVEC migration and wound closure, we have tested the
migratory potential of HUVEC in the presence of galec-
tin-1 pre-incubated with 50mM lactose and also with
heat-inactivated apo(a) [+H apo(a)]. Boiling of apo(a) in
150mM PBS (pH 7.4) buffer at 90°C for 5min denatures
the protein structure of apo(a) with minimal or no effect
on its O-glycosylated groups.** Hence, we found a signif-
icant (p <.05) inhibitory effect with lactose (Figure 4Ad)
and heat-inactivated apo(a) (Figure 4Ae) on HUVEC mi-
gration similar to that observed with native apo(a). These
results confirm that apo(a) O-glycans inhibit galectin-1-
induced migration of HUVEC.

3.5 | O-glycans of apo(a) neither
modulates MMP production nor its activity
in HUVECs

The well-established regulatory function of matrix metal-
loproteinases (such as MMP-2 and MMP-9) in early phases
of angiogenesis such as cell migration** prompted us to
investigate whether the inhibitory potential of apo(a)-
linked O-glycans on galectin-1-induced angiogenesis is
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FIGURE 4 (A, B) Effect of apo(a)-linked O-glycans on the pro-angiogenic activity of galectin-1 in HUVECs: Fully confluent, serum-
deprived, scratch-wounded HUVEC monolayer was treated with 2 pg/mL recombinant human galectin-1 protein pre-incubated with (a)
PBS 7.4, (b) 10 pg/mL de-O-glycosylated apo(a) [DOA], (c) 10 pg/mL native apo(a), (d) S0mM lactose, () 10 pg/mL heat-inactivated apo(a)
[+H apo(a)], and (f) 1 pg/mL anti-human galectin-1 antibody. After an incubation period of 12h at 37°C under 5% CO,, images of the cells
that migrated into the wounded area were photographed. Using image J software, the migration rate was quantified as relative wound
density and expressed as a percentage. Experiments were repeated in three different trials with duplicates. Values are mean +SD of three

independent trials. *Different (p <.05) from PBS 7.4.

modulated by the production or activity of MMPs (MMP-2
and MMP-9) in HUVECs. Gelatin zymography was per-
formed to determine the activity of gelatinase (MMP-2
and MMP-9) released into the HUVEC supernatant
after treatment with apo(a), de-O-glycosylated apo(a),
and 50mM lactose. Our result shows that treatment
of HUVEC monolayer with native apo(a) or de-O-
glycosylated apo(a) made no significant difference in the
release of MMP-2 and MMP-9 proteins into the medium
(Figure 5A). Moreover, the gelatin-zymography image of
HUVEC-supernatant collected after treatment with na-
tive and de-O-glycosylated apo(a) (Figure 5B) shows the
inability of apo(a) to alter the matrix (gelatin)-degrading
activity of MMPs. Similarly, the failure of lactose to
make any change in the production or activity of MMPs
in HUVECs (Figure 5A,B) confirms that not only the O-
glycan structures but also the intact apo(a) protein subu-
nit lack any significant role in modulating MMP activity
and its production by endothelial cells. These results sug-
gest that the inhibitory effect of apo(a)-linked O-glycans

on angiogenesis is not due to a decrease in the produc-
tion, release, or activation of MMPs. This observation is
consistent with an earlier report®” and suggests the less or
no effect of apo(a) with or without O-glycans in inhibiting
extracellular matrix remodeling during angiogenesis.

3.6 | Apo(a)-linked O-Glycan structures
reduce the expression of galectin-1 protein
with no effect on its mRNA

As apo(a) O-glycans could inhibit galectin-1-stimulated
angiogenesis in HUVEC (Figure 4), our next objective was
to investigate the underlying molecular mechanism of the
inhibitory potential of apo(a) O-glycans. Interestingly, a
recent study reported down-regulation of galectin-1 pro-
tein expression in pre-eclamptic placenta.29 Moreover,
Hirashima et al.** have demonstrated a lower serum con-
centration of galectin-1 in the second trimester as an inde-
pendent risk factor for both gestational hypertension and
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FIGURE 5 Effect of apo(a) O-glycans on MMP production and its activity: (A) Ponceau S staining of proteins transferred on the PVDF

membrane from 7.5% SDS-PAGE of HUVEC-culture supernatants treated with or without apo(a). The image was taken using a digital

camera; (B) Gelatin zymogram of 7.5% SDS-PAGE of HUVEC-supernatant performed under non-reducing conditions. After incubation in

a substrate buffer at 37°C for 72h, the gel was stained with Coommassie Brilliant Blue R-250 and subsequently destained. The cleared zone

on the gelatin zymogram was visualized and captured by a Gel-Doc System (Bio-Rad, USA). Lane (a): HUVEC culture supernatant from
non-treated cells, lane (b): HUVEC culture supernatant from native apo(a)-treated cells, lane (c): HUVEC culture supernatant from de-O-
glycosylated apo(a) [DOA]-treated cells, and lane (d): HUVEC culture supernatant from cells treated with 50 mM lactose. The experiment

was repeated in three different trials.

pre-eclampsia. But the underlying molecular mechanism
in the reduced level of galectin-1 during pre-eclampsia is
not yet elucidated. Many studies have reported that pre-
eclamptic women possess a higher plasma Lp(a) level and
placental Lp(a) deposits.’** So, we propose that apo(a)
O-glycans may possess some modulatory effect on the ex-
pression of galectin-1 protein and/or mRNA, which may
further affect the galectin-1-mediated angiogenesis in
HUVECs. Both immunoblotting and ELISA of HUVEC
lysates collected after treatment with native apo(a) and
lactose showed a decrease in galectin-1 protein level
(Figure 6A-C). Immunofluorescence of HUVECs con-
firms that cellular expression of the galectin-1 protein is
diminished upon treatment with native apo(a) and lactose
(Figure 7). At the same time, galectin-1 mRNA level in
HUVECs remained unchanged (Figure 6D). These re-
sults confirm an apo(a)-O-glycan-mediated inhibition of
galectin-1 protein expression in HUVEC and suggest that
apo(a) reduce the galectin-1 protein level.

3.7 | Apo(a) via its O-glycan structures
competitively inhibit the carbohydrate-
mediated binding of galectin-1 to its ligand
neuropilin-1, expressed on HUVEC

Galectin-1-mediated angiogenic processes were initiated
by the binding of its carbohydrate-recognition domain to
neuropilin-1 (NRP-1), an O-glycosylated transmembrane
protein expressed on endothelial cells.”>** Therefore, we
hypothesize that being a heavily O-glycosylated protein
and a potent ligand of galectin-1, apo(a) can competi-
tively inhibit the carbohydrate-mediated binding between
galectin-1 and NRP-1. We performed a far-western blot

analysis for NRP-1 after immobilizing HUVEC-lysate
proteins on the PVDF membrane (Figure 8A). Using anti-
human NRP-1 antibody and HRP-labeled jacalin we con-
firmed that the antigenicity, as well as O-glycan structures
of NRP-1 in the immobilized HUVEC lysate, is preserved
(Figures 8Aa and S7). From Figure 8Bb, it is clear that after
an incubation period of 2h at 4°C, recombinant human
galectin-1 binds to membrane-immobilized NRP-1. The
significant decrease (p <.05) in the intensity of the galec-
tin-1 band in the presence of native apo(a) (Figure 8Bd)
and lactose (Figure 8Be) compared to that in the presence
of de-O-glycosylated apo(a) (Figure 8Bc) indicates an
apo(a)-O-glycan-mediated inhibition in the binding of the
carbohydrate-binding domain of galectin-1 to immobi-
lized neuropilin-1. To further prove the apo(a)-O-glycan-
mediated interference in the galectin-1:NRP-1 binding,
we performed immunoprecipitation of proteins collected
from native apo(a)-treated and non-treated HUVEC cell
lysates. Using rabbit anti-human NRP-1 antibody, the
galectin-1:NRP-1 complex was precipitated from HUVEC
lysates. The resulting immune complex [anti-human
NRP-1-(galectin-1:NRP-1) complex]| was then captured by
protein A/G-agarose beads and subjected to immunoblot-
ting (Figure 8C). Presence of both NRP-1 and galectin-1
bands in non-treated HUVEC lysate indicates the forma-
tion of galectin-1:NRP-1 complex, while the absence of a
galectin-1 band in native apo(a)-treated HUVEC indicates
the failure of galectin-1:NRP-1 complex formation in the
presence of apo(a) (Figure 8C).

This result confirms that interaction between galec-
tin-1 and NRP-1 is mediated by apo(a) through its O-
glycan structures. Similar to the apo(a)-O-glycan induced
reduction in the level of galectin-1 (Figure 6), levels in
NRP-1 also reduced when cells were treated with native
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FIGURE 6 Effect of apo(a) O-glycans on galectin-1 protein and mRNA level: (A) In immunoblotting, HUVEC lysates (30 pg protein/
well) were subjected to 12% SDS-PAGE. Afterward, western-blotting analyses were performed by, probing with rabbit anti-human galectin-1
antibody (1 pg/mL) followed by HRP-labelled anti-rabbit IgG antibody (1:10000). B-actin was used as an internal control. The bound HRP
was detected using a chemiluminescent substrate. Images were taken with VersaDoc MP 4000 Molecular Imager. Lane (a): HUVEC lysate
from non-treated cells, lane (b): HUVEC lysate from native apo(a)-treated cells, lane (c): HUVEC lysate from de-O-glycosylated apo(a)
[DOA]-treated cells, and lane (d): HUVEC lysate from cells treated with 50 mM lactose. (B) Intensity of each band was quantitated using
Quantity One software and expressed as relative band intensity. Values are mean +SD of three independent trials. (C) For ELISA, after
blocking the unbound sites, rabbit anti-human galectin-1 antibody-coated (5 pg/mL) polystyrene wells were incubated with 5pug/mL HUVEC
cell lysates for 2h at 4°C. After washing the wells, the bound galectin-1 was detected by incubating the wells with rabbit anti-human
galectin-1 antibody (5pg/mL) followed by HRP-labelled anti-rabbit IgG antibody (1:1000). The amount of galectin-1 in cell-lysates was
assayed by measuring the absorbance of bound HRP at 490 nm using an ELISA reader. Values are mean + SD of six independent trials. (D)
Effect of native, de-O-glycosylated apo(a) [DOA], and lactose on the galectin-1 mRNA level was detected by an RT-PCR. $-actin was used as
an internal control. The experiment was repeated in three different trials. *Different (p <.05) from control.

apo(a) compared to that of non-treated cells (Figure 8C).
Immunofluorescence analysis of HUVEC after treatment
with native apo(a) and lactose further confirms a reduced
expression of NRP-1 compared to that in non-treated and
de-O-glycosylated apo(a)-treated HUVEC (Figure 9).
Moreover, our RT-PCR result indicates that similar to
galectin-1, apo(a) O-glycans have no effect on the mRNA
level of NRP-1 (Figure S8).

3.8 | Apo(a)-linked O-Glycans inhibit
galectin-1/neuropilin-1/VEGFR-2/MAPK-
mediated angiogenic signaling pathway
in HUVEC

Previous studies have demonstrated that the interac-
tion of the carbohydrate-binding domain of galectin-1

with NRP-1 on endothelial cells promotes the VEGFR-2/
MAPK-mediated angiogenic signaling.”’ VEGFR-2 is an-
other O-glycoprotein on endothelial cells, which is es-
sential for pregnancy-associated angiogenesis.'** It gets
activated after the carbohydrate-mediated binding of ga-
lectin-1 with NRP-1 and promotes the downstream MAPK
pathway,” thereby promoting the adhesion and migra-
tion of endothelial cells."** Extracellular signal-regulated
kinase 1 and 2 (ERK1/2) are important downstream pro-
teins in MAPK signaling, which regulates both endothelial
cell migration and proliferation through the phosphoryla-
tion/de-phosphorylation mechanisms.” In this study,
we tested whether the apo(a)-O-glycan-mediated inhi-
bition of the binding of galectin-1 to NRP-1 diminishes
the expression or the phosphorylation of VEGFR-2 and
ERK1/2 in HUVEC. Immunoblotting of HUVEC lysates
collected after treatment (Figure 10A) shows that both
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FIGURE 7 Immunofluorescence analysis of galectin-1 expression on HUVECS treated with and without apo(a): Starved HUVECs

grown on sterile coverslips were treated with native apo(a), de-O-glycosylated apo(a) [DOA] and lactose. After 12h incubation at 37°C, cells
were fixed with p-formaldehyde and stained with rabbit anti-human galectin-1 antibody (diluted 1:100 in 3% BSA in HBBS), followed by
fluorescence-labeled anti-rabbit IgG antibody (diluted 1:1000 in 3% BSA in HBBS). Fluorescence was captured using an inverted confocal

fluorescence microscopy. The blue color indicates Hoechst staining of the nucleus and the green color indicates Alexa 488 staining of

galectin-1. Experiments were repeated in three different trials with duplicates.

native apo(a) and lactose hinder the expression as well as
the phosphorylation of VEGFR-2 and ERK2 (Figure 10B-
E). Even though the protein expression of ERK1 is not af-
fected much, its phosphorylation is significantly reduced
(p<.05) in the presence of native apo(a) and 50mM lac-
tose. To verify the inhibitory action of apo(a) O-glycan
structures on the MAPK pathway, we went on to look at
the expression of galectin-1, NRP-1, VEGFR-2, ERK1, and
ERK2 as well as the phosphorylation status of VEGFR-2,
ERK1, and ERK2 in HUVEC lysates collected after treat-
ment of cells with heat-inactivated apo(a) [+H apo(a)]
and de-sialylated apo(a) [DSA] (Figure 10A).

Figure 10 shows that similar to the effect of native
apo(a), both heat-inactivated and de-sialylated apo(a)
significantly downregulates (p<.05) the expression of
galectin-1, ERK2, and VEGFR-2, without affecting the
expression of ERK1. Moreover, the phosphorylation of
ERK1, ERK2, and VEGFR-2 is also significantly decreased
(p<.05) by heat-inactivated and de-sialylated apo(a). But

de-sialylated apo(a) failed to make any change in the ex-
pression of NRP-1 (Figure 10C,E). Our data confirm that
apo(a) via its O-glycan structures inhibits the expression
and activation of downstream proteins in the MAPK sig-
naling pathway.

4 | DISCUSSION

Galectin-1 is an O-glycan-binding animal lectin ubiqui-
tously expressed in human reproductive tracts, placenta,
and developing embryo,'*'® where it interacts with the
specific cell-surface glycoconjugates via its specific evo-
lutionarily conserved carbohydrate-binding domain®*
and regulates each and every stages of pregnancy such as
implantation, fetomaternal tolerance, spiral artery remod-
eling, angiogenesis, and placentation.'”'®* In vivo ad-
ministration of agents which mimic its glycan ligand or its
carbohydrate-binding domain blocks galectin-1-mediated
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FIGURE 8 Apo(a)viaits O-glycan structure competitively inhibits the interaction between galectin-1 and neuropilin-1 (A) Far-
Western blotting: Proteins collected from untreated HUVEC lysates (2 mg/mL) were subjected to 5% SDS-PAGE and resolved proteins were
transferred on PVDF membrane. The membrane was cut into five small strips. (a) One strip was incubated with rabbit anti-human NRP-1
antibody (1 pg/mL) followed by HRP-labeled anti-rabbit IgG antibody (1:10000). The remaining four PVDF strips were separately incubated
in a solution of 2 pg/mL of recombinant human galectin-1 pre-treated with (b) PBS 7.4, (c) de-O-glycosylated apo(a) [DOA] (10 pg/mL),

(d) native apo(a) (10 pg/mL), and (e) 50 mM lactose. Galectin-1 bound on PVDF-immobilized NRP-1 was detected by incubating each strip
separately in rabbit anti-human galectin-1 antibody (1 pg/mL) followed by HRP-labeled anti-rabbit IgG antibody (1:10000). The bound

HRP on PVDF was detected using a chemiluminescent western blot hyper HRP substrate and images were taken with VersaDoc MP 4000

Molecular Imager. (B) Intensity of each band was quantitated using Quantity One software and expressed as relative band intensity. Values

are mean + SD of three independent trials. (C) Immunoprecipitation: Proteins collected from HUVEC lysates after treatment with and

without native apo(a) were incubated with rabbit anti-human NRP-1 antibody. The resulting immune complexes formed (NRP-1:anti-NRP-1

complex) were captured on protein A/G-Agarose beads. After washing, the beads were subjected to 5% SDS-PAGE and separated proteins

were transferred on PVDF membrane and probed separately with rabbit-anti-human NRP-1 antibody (1 pg/mL) and rabbit-anti-human
galectin-1 antibody (1 pg/mL) respectively. This is followed by the incubation with HRP-labeled anti-rabbit IgG antibody (1:10000). The
bound HRP was detected as described above. Lane (a): HUVEC supernatant from non-treated cells, lane (b): HUVEC supernatant from

native apo(a)-treated cells. Experiments were repeated in three different trials. *Different (p <.05) from control.

placental angiogenesis and leads to pre-eclampsia in
mice.” The core-1 type O-glycan containing Gal p 13
GalNAc (T antigen) structure with or without sialic acid
substitution is one of the most efficient ligands for galec-
tin-1.° Interestingly, the Gal p 1—-3 GalNAc structure is
a hidden oncofetal antigen, ie, proteins that are typically
present only during fetal development and certain kinds
of cancer.*® In the placenta, the interaction between the
disaccharide structure, Gal p 1—3 GalNAc, and galectin-1
plays a vital regulatory role.*’ Hence, the observation of
increased deposits of an O-glycan-rich Lp(a), a strong af-
finity ligand of placental galectin-1,° in the pre-eclamptic
placenta needs special attention.

In this study, our first aim was to demonstrate the
O-glycan-mediated anti-angiogenic potential of apo(a)

subunit of Lp(a). For this purpose, native apo(a) was iso-
lated from human plasma and its O-glycan structures
were removed chemically without affecting its protein
structure.®*? Similar to the previous reports,>®* our study
also revealed that apo(a) possesses both O-and N-glycan
structures in sialylated form. (Figure 1). Using native and
de-O-glycosylated apo(a), we demonstrated the O-glycan-
mediated inhibitory effect of apo(a) on proliferation, mi-
gration, and tube formation in HUVECs (Figure 2). In
addition, HUVEC proliferation was also inhibited in the
presence of de-sialylated apo(a) (Figure S6). Conversely,
an earlier study found that de-sialylated recombinant
apo(a) enhances the angiogenic response of endothelial
cells.”’” This discrepancy in the result may be due to the
variation in the glycan structure of apo(a) used or the
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FIGURE 9 Confocal imaging to confirm the apo(a)-mediated reduction in the expression of neuropilin-1: Starved HUVECs grown

on sterile coverslips were treated with native apo(a), de-O-glycosylated apo(a) [DOA] and lactose. After incubation for 12h at 37°C, cells
were fixed with p-formaldehyde and stained with rabbit anti-human NRP-1 antibody (diluted 1:100 in 3% BSA in HBBS), followed by
fluorescence-labeled anti-rabbit IgG antibody (diluted 1:1000 in 3% BSA in HBBS). Fluorescence was captured using inverted confocal

fluorescence microscopy. The blue color indicates Hoechst staining of the nucleus and the green color indicates Alexa 488 staining of NRP-1.

The experiment was repeated in three different trials with duplicates.

method employed to remove the sialic acid group from
apo(a). Lactose is one of the most used and relatively small
p-galactoside-containing disaccharides to inhibit the lec-
tin activity of galectin-1."%*® In this study, we have used
50mM lactose to inhibit the glycan-mediated binding of
galectin-1. Furthermore, a reduced count and intensity of
newly formed blood vessels in chick chorioallantoic mem-
brane was observed after the treatment of eight days old
fertilized hen eggs with apo(a) and its subsequent incuba-
tion till the 12th day (Figure 3). In contrast, a much lesser
effect was found in CAM treated with de-O-glycosylated
apo(a) and PBS 7.4. This result clearly shows the involve-
ment of apo(a)-linked O-glycans in neovascularization
and so in angiogenesis. Altogether, our results suggest a
glycan-mediated inhibitory potential of apo(a) in various
stages of angiogenic processes.

Previous studies have demonstrated a dose-dependent,
glycan-mediated stimulatory effect of galectin-1 on

HUVEC proliferation and migration.”” As apo(a)-linked
O-glycans in Lp(a) are experimentally proven as strong
ligands of galectin-1,"® we investigated its ability to abol-
ish the pro-angiogenic potential of exogenously added
galectin-1. In Figure 4, a significant inhibitory effect of
native apo(a), lactose, and heat-inactivated apo(a) on
galectin-1-mediated HUVEC migration, and tube for-
mation was observed. The endothelial cell culture media
(EGM-2, Lonza) used in our study is supplemented with
another pro-angiogenic protein, vascular endothelial
growth factor (VEGF). The presence of VEGF in cell
culture medium stimulates the angiogenic processes of
endothelial cells in 2-dimensional culture dishes as well
as in a 3-dimensional Matrigel matrix as previously de-
scribed.?’ Interestingly, the presence of both galectin-1
and VEGF in cell-culture media enhances cell migration
in the wounded area as well as the formation of capillary-
like tubular structures (Figure 4). This observation is
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FIGURE 10 Effect of apo(a) O-glycans on the expression of downstream proteins in MAPK pathway (A) HUVECs were treated with (a)
PBS 7.4, (b) de-O-glycosylated apo(a) [DOA], (c) native apo(a), (d) heat-inactivated apo(a) [+H apo(a)], (e) de-sialylated apo(a) [DSA], and
(f) 50mM lactose and images were taken as described above. HUVEC lysates (30 pug protein/well) collected after treatment were subjected

to SDS-PAGE. (B) 12% gel for galectin-1, ERK1/2 and phospho-ERK1/2, and (C) 5% gel for NRP-1, VEGFR2 and phospho-VEGFR2. After
western-blotting of proteins from the PVDF membrane were blocked and incubated separately with rabbit anti-human galectin-1, ERK1/2,
phospho-ERK1/2, NRP-1, VEGFR2, and phospho-VEGFR2, followed by HRP-labeled anti-rabbit IgG antibody. The bound HRP was detected
using a chemiluminescent substrate. Images were taken with VersaDoc MP 4000 Molecular Imager. -actin was used as an internal control.
Lane (a): HUVEC lysate from PBS-treated cells, lane (b): HUVEC lysate from de-O-glycosylated apo(a) [DOA]-treated cells, lane (c): HUVEC
lysate from apo(a)-treated cells, lane (d): HUVEC lysate from heat-inactivated apo(a) [+H apo(a)]-treated cells, lane (e): HUVEC lysate from
de-sialylated apo(a) [DSA]-treated cells, and lane (f): HUVEC lysate from cells treated with 50 mM lactose. (D, E) Intensity of each band was
quantitated using Quantity One software and expressed as relative band intensity. The experiment was repeated in three different trials.
Values are mean + SD of three independent trials. *Different (p <.05) from control.

consistent with an earlier study, which described the re-
sultant angiogenic effect of both galectin-1 and VEGF in
endothelial cells as an additive one and not due to a syn-
ergistic interaction.”

We also evaluated the underlying molecular mecha-
nism of the inhibitory potential of apo(a)-linked O-glycans

on galectin-1-induced angiogenesis. First, we analyzed
whether the anti-angiogenic activity of apo(a)-linked
O-glycans is modulated by MMPs. MMPs are a group of
specialized proteinases involved in the regulation of ex-
tracellular matrix (ECM) remodeling, an early phase of
angiogenesis.** Similar to a previous study,”’ we found
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that apo(a) via its O-glycan structures failed to make any
change in MMP release or its activity (Figure 5).

Our immunoblotting and immunofluorescence results
indicate that apo(a)-linked O-glycans of Lp(a) reduce the
protein levels of galectin-1, but not the mRNA levels in
apo(a)-treated HUVECs (Figures 6 and 7). Therefore, we
propose that the mechanism of apo(a)-mediated reduction
in the galectin-1 protein levels occurred may either by in-
hibiting the galectin-1 translation machinery or by induc-
ing the proteasome machinery leading to the degradation
of the galectin-1 protein released into the extracellular
matrix medium. The possibility of an apo(a)-mediated
induction of proteasome machinery in the reduction of
galectin-1 protein levels sounds plausible because an
earlier report demonstrates the binding of Lp(a) to the
proteasome machinery following an endocytosis and the
comparatively protease-resistant apo(a) subunit of Lp(a)
recycled back to the extracellular medium.** However,
more studies are required to confirm our proposition.

Next, our far-western blotting and immunoprecipitation
experiments (Figure 8) clearly show that native apo(a) via
its O-glycan structures prevents galectin-1 from interact-
ing with NRP-1, an O-glycosylated transmembrane pro-
tein involved in a number of signaling pathways mediated
by galectin-1.2>° We preferred far-western blot analysis to
show apo(a) as a competitive inhibitor of NRP-1 in galec-
tin-1 binding because it is a rapid and highly reproducible
experimental approach for identifying and understanding
the interaction that occurs between natively, structured
proteins.” Moreover, compared with other biochemical
binding assays, far-western blotting does not need any pu-
rification or modification of proteins.”! Other biochemi-
cal approaches such as Surface Plasmon Resonance (SPR)
and phase solid assays are expensive, time-consuming, and
require a good quantity of purified proteins (apo(a), neu-
ropilin-1, and galectin-1). In addition, the commercially
available purified (mostly recombinant) proteins lack intact
O-glycan structures. Here, we have immobilized the native
neuropilin-1 expressed in HUVEC on the PVDF membrane
by performing a western blot of HUVEC-lysate. Then, we
checked the inhibitory potential of apo(a) in galectin-1-
binding toward immobilized neuropilin-1. Jacalin binding
toward immobilized NRP-1 confirms the presence of O-
glycan structures in immobilized NRP-1 (Figure S7). NRP-1
contains 24 monosaccharide units in the form of sialylated
core 1 and core 2 O-glycan structures,’> while each inter-
kringle region of apo(a) contains 5 O-glycan structures.” A
single apo(a) subunit possess 10 different kringle IV types
and so 9 interkringle regions. Moreover, according to the
molecular and peptide analysis studies, in the human pop-
ulation, the number of kringle IV type 2 domains of apo(a)
varies from 2 to 42, and two different apo(a) isoforms are
present in a single individual >** Hence, the smallest apo(a)

possesses 50 O-glycan structures with a predominance of
core 1 O-glycan structures. Further, as the number of apo(a)
kringle IV type 2 domain increases, the number of O-glycan
structures also increases,* thereby making apo(a) superior
to NRP-1 for galectin-1 binding. So, it is obvious that apo(a)
could competitively inhibit the carbohydrate-mediated
binding between galectin-1 and NRP-1 via its heavily en-
riched O-glycan structures and our results confirm this
notion (Figure 8). Furthermore, just like in galectin-1, the
protein level of NRP-1 is also reduced in HUVECs treated
with native apo(a) (Figures 9 and S7). Here also, we propose
the involvement of an apo(a)-mediated proteasome ma-
chinery in the degradation of NRP-1 protein which should
also be verified in the future.

Finally, our result also indicates that native apo(a) and
lactose hinder VEGFR-2/MAPK-mediated signaling by in-
hibiting the expression as well as the phosphorylation of
VEGFR-2 and ERK1/2 (Figure 10). Collectively, all these
results confirm that via the heavily O-glycosylated apo(a)
subunit, Lp(a) inhibit galectin-1/NRP-1/VEGR2/MAPK-
mediated angiogenic processes in endothelial cells such
as proliferation, migration, and tube formation as well as
neovascularization in chick chorioallantoic membrane
with no or minimal effect on MMPs. The anti-angiogenic
effect of Lp(a) without affecting MMPs and so on ECM
remodeling may be the possible reason for the impaired
angiogenesis in lipid [Lp(a)]-laden vascular tissues but re-
quires more studies for confirmation.

5 | CONCLUSION

Previous studies show that the anti-angiogenic potential
of apo(a) lies in its kringle domains, which are structur-
ally similar to that of plasminogen and angiostatin.>**"**
A significant role of heavily O-glycosylated interkringle
regions of apo(a) in angiogenesis remained unnoticed in
those studies because of the absence or variation in the
intact glycan structure in the apo(a)/Lp(a) sample they
have used.>**” However, a couple of studies have found
that a large number of kringle IV type 2 repeats (which
are enriched with O-glycans) are necessary for the anti-
angiogenic activity of apo(a).”>** An in vitro study found
that after an enzymatic glycosylation modification by
sialidase, recombinant apo(a) was less effective in ex-
erting an anti-angiogenic effect on HUVEC.?” In addi-
tion, a few studies have exploited the anti-angiogenic
potential of apo(a) kringle domains and demonstrated
it as a novel therapeutic agent to inhibit angiogenesis-
dependent cancer progression.”® In our study, we have
demonstrated for the first time an inhibitory potential of
O-glycan structures of apo(a) subunit of Lp(a) in galectin-
1-stimulated angiogenesis. From our results, we conclude
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FIGURE 11 Schematic representation of the inhibitory potential of apo(a) O-glycans in galectin-1-mediated angiogenesis: O-glycan

structures of apo(a) subunit of Lp(a) inhibit galectin-1/NRP-1/VEGFR-2/MAPK-mediated angiogenic signaling pathway by (a) inhibiting

the expression of galectin-1, (b) competitively inhibiting the interaction between galectin-1 and neuropilin-1, and (c) inhibiting the

phosphorylation of down-stream signaling proteins in MAPK pathway.

that apo(a)-linked O-glycan-mediated inhibition of (a)
galectin-1 and NRP-1 protein expression, (b) the interac-
tion of galectin-1 with NRP-1, and (c) the expression and
phosphorylation of MAPK proteins are the underlying
molecular mechanisms of the anti-angiogenic potential
of Lp(a) in HUVECs (Figure 11). Our observations point
toward the possibility that in women with higher plasma
Lp(a) level, circulating Lp(a) can bind, and immobilized
on vascular tissues enriched with galectin-1 such as pla-
centa and interfere galectin-1-mediated angiogenesis via
its heavily O-glycosylated apo(a) protein subunit.
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