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Abstract. Background/Aim: Although it has been accepted
that the tandem repeat galectin-8 (Gal-8) is linked to
angiogenesis, the underlying mechanisms in endothelial cells
has remained poorly understood. In this study we aimed to
investigate the effect of Gal-8 on selected biological
processes linked to angiogenesis in in vitro and in vivo
models. Materials and Methods: In detail, we assessed how
exogenously added human recombinant Gal-8 (with or
without vascular endothelial growth factor — VEGF) affects
selected steps involved in vessel formation in human
umbilical vein endothelial cells (HUVECs) as well as using
the chick chorioallantoic membrane (CAM) assay. Gene
expression profiling of HUVECs was performed to extend the
scope of our investigation. Results: Our findings demonstrate
that Gal-8 in combination with VEGF enhanced cell
proliferation and migration, two cellular events linked to
angiogenesis. However, Gal-8 alone did not exhibit any
significant effects on cell proliferation or on cell migration.
The molecular analysis revealed that Gal-8 in the presence
of VEGF influenced cytokine-cytokine receptor interactions,
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HIF-1 and PI3K/AKT signaling pathways. Gal-8 alone also
targeted cytokine-cytokine receptor interactions, but with a
different expression profile as well as a modulated focal
adhesion and TNF signaling. Conclusion: Gal-8 promotes a
pro-angiogenic phenotype possibly in a synergistic manner
with VEGF.

The process of angiogenesis has been the focus of extended
research as an attempt to treat cancers with poor prognosis
(1, 2), particularly targeting a key regulator of angiogenesis
- the vascular endothelial growth factor (VEGF) (3).
Although a single line anti-angiogenic therapy has not led to
any success (4, 5), the anti-angiogenic therapy has been well
established as an adjuvant treatment administered in
combination with conventional chemotherapy in the
management of many solid tumors (6-8). In addition to
VEGEF, the regulation of angiogenesis involves the interplay
of many other regulatory molecules (9). Recent evidence has
been provided on the tandem repeat -galactoside binding
proteins, galectins (Gal), which present a class of sugar-
binding proteins and are capable of inducing cell-cell and/or
cell matrix communication (10-12), also emerging in many
cancers, such as in chromophobe and papillary carcinomas,
squamous cell carcinoma, pediatric ependymoma, chronic
lymphocytic leukemia and many others (13-23). Gal-1 and -
3 have been the most intensively studied in different aspects
of cell biology and immunology (24). Gal-1 positively
contributes towards endothelial cell (EC) proliferation,
migration, sprouting and tube-like structure formation (25-
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28). Gal-1 binds to neuropilin-1 or to VEGF receptor 2
(VEGFR-2) followed by VEGFR-2 phosphorylation and
signal transduction through the Raf/extracellular signal-
regulated kinase and Akt (25). The interactions of Gal-1 with
complex N-glycans on VEGFR-2 in ECs contribute towards
preserved angiogenesis in anti-VEGF-resistant tumors (29).
This leads to the notion that the over-expression of Gal-1 may
be considered as a biomarker for the diagnosis, prognosis and
treatment condition in many types of cancers. The
mechanisms of Gal-3-mediated pro-angiogenic responses
described so far include the binding to and activation of
VEGFR-2 (30) in ECs and of neuron-glial antigen 2 (NG2)
at the pericyte-EC interface (31). Moreover, Gal-3 also binds
to avP3 integrin and this in turn facilitates basic fibroblast
growth factor (bFGF) and VEGF-induced angiogenic
responses (32). Furthermore, under hypoxic conditions, Gal-
3 directly binds to JAG1 and triggers vessel sprouting by
JAG1/Notch-1 signaling activation in ECs (33).

A particular member of the galectin family, Gal-8, is
heavily involved with different types of cancer (34) and can
be found in many tissues, including lung, liver, kidney,
spleen and others [reviewed in (35)]; however, its role in
tumorigenesis is still not well understood. Gal-8 is expressed
in the cytoplasm as well as nucleus of ECs in normal and
tumor-associated blood vessels, but also in lymphatic ECs
[reviewed in (36)]. This protein contributes to cell adhesion,
either positively or negatively depending on its subcellular
localization (37, 38), prevents tumor cell apoptosis (39), and
may also control metastatic progression (40). Several studies
have also shown that Gal-8 expression differs in various
types of tumors and can serve as a new prognostic factor for
the overall survival and disease-free survival of cancer
patients (41-46). The role of Gal-8 in vivo also involves
eNOS activation, S-nitrosylation of adherens junction
components and induction of hyperpermeability, possibly by
S-nitrosylation, which potentially contributes to the
malignancy of tumors (47). Moreover, Gal-§, as an
angiogenic modulator, recognizes different ligands in blood
(36, 48) and lymphatic endothelia (49, 50). One such
molecule, CD166/ALCAM (activated leukocyte cell
adhesion molecule), has been identified as a major ligand for
Gal-8 in bovine aortic ECs and at least partially regulates
Gal-8-mediated angiogenesis and migration. In lymphatic
ECs, a Gal-8-dependent cross-talk among VEGF-C, PDPN,
and integrin pathways (alfl or a5f1 integrins) plays a
critical role in lymphangiogenesis (51).

Although it is now accepted that Gal-8 is linked to
angiogenesis, still little is known regarding its exact
functions in ECs. For this reason, in the current study, we
studied how exogenously added human recombinant Gal-8,
alone and in combination with VEGEF, affects endothelial cell
biology. On the in vitro level we used primary cultures of
human umbilical vein endothelial cells (HUVECs) whereas
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the in vivo study was realized using as our model the chick
chorioallantoic membrane (CAM). Furthermore, gene
expression profiling of HUVECs was performed to extend
the scope of our investigation.

Materials and Methods

Cell culture. In the present study we used primary cultures of
HUVECs that were isolated and expanded following published
protocol (52) and with respect to the Helsinki Declaration (53) with
an informed consent from donors. The study was approved by the
Ethical committee of the Faculty of Pharmacy, Comenius University
in Bratislava (06/2019). All in vitro experiments were performed
using HUVECs at passage 2-3 isolated from 3 donors. Cells were
cultured on gelatin-coated dishes in M199 supplemented with 20%
heat-inactivated new born calf serum (both from Cambrex, Verviers,
Belgium), 150 pg/ml crude endothelial cell growth factor (ECGF),
5 U/ml heparin, 100 IU/ml penicillin, and 100 pg/ml streptomycin
(all from Invitrogen, Carlsbad, CA, USA) at 37°C under 5% CO,/
95% air atmosphere. Twenty-four hours prior to the experiments the
endothelial cell cultures were refreshed with Opti-MEMTM I
Reduced Serum Medium (Thermo Fisher Scientific, Waltham, MA,
USA). Cell viability, estimated by trypan blue exclusion, was higher
than 95% before each experiment. As a positive control, 25 ng/ml
of VEGF (R&D Systems, Minneapolis, MN, USA) (54), was used
in all experiments. Recombinant human Gal-8 (R&D Systems) was
tested at the following concentrations: i) 0.004, ii) 0.02, iii) 0.1, iv)
0.5, and v) 1.0 pg/ml.

5-bromo-2’-deoxyuridine (BrdU) cell proliferation assay. Cell
proliferation was examined by quantification of BrdU incorporated
into the genomic DNA during the cell cycle. DNA synthesis was
assessed using the colorimetric cell proliferation ELISA assay
(Roche Diagnostics GmbH, Mannheim, Germany) following the
vendor’s protocol. Briefly, 4x103 cells in 80 ul of medium per well
were placed into a 96-well plate. The next day, cells were treated
with tested concentrations of Gal-8 (0.004-1.0 pg/ml) in the
presence or absence of 25 ng/ml of VEGF and further cultured.
VEGF (25 ng/ml) without Gal-8 was used as a positive control.
After 24 h of treatment, cells were incubated with BrdU labeling
solution for another 24 h followed by fixation and incubation with
anti-BrdU peroxidase conjugate for an additional 1.5 h at room
temperature. Following substrate reaction, color intensity was
measured using the Cytation™ 3 Cell Imaging Multi-Mode Reader
(BioTek, Winooski, VT, USA) at 450 nm (reference wavelength:
690 nm).

Two-dimensional migration (wound healing) assay. Migration of
HUVECs was evaluated using a scratch-assay (55). Briefly, a confluent
layer of cells cultured on a 24-well plate in the cM199 medium was
scratched using a pipette tip creating a “wound”. Afterwards, the
medium was replaced with Opti-MEM™ 1 Reduced Serum Medium
containing Gal-8 at tested concentrations (0.004-1.0 pyg/ml) in the
presence or absence of 25 ng/ml VEGF. VEGF (25 ng/ml) without Gal-
8 was used as positive control. The wounded area was photographed
at the start (t=0 h) and at a specific time point t=16 h. The migration
distance (gap size) was determined using the Imagel] image analysis
software (Bethesda, MD, USA). The experiments were performed in
duplicate wells and repeated three times with cells from different
donors.
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RNA isolation and cDNA Synthesis. Following HUVECs treatment
with tested Gal-8 concentrations (0.004-1 pg/ml), with or without
VEGF (25 ng/ml), the total RNA was extracted using the Qiagen
RNeasy® Mini Kit (#74104) according to the manufacturer’s
recommendations. VEGF alone (25 ng/ml) was used as positive
control. RNA samples were handled by DNase. RNA was
spectrophotometrically quantified (ND-1000; NanoDrop Products,
Thermo Fisher Scientific, Wilmington, Delaware, USA) and 250 ng
of total RNA was analyzed by agarose gel electrophoresis to confirm
its integrity. The residual RNA was stored at —80°C. Only samples
pure enough (A260/A230 ratio>1.8, A260/A280 ratio=1.8-2.0), with
a reasonably high concentration (>100 ng/ul), were used as templates
for c¢cDNA synthesis. First-strand complementary DNA was
synthesized from total RNA (0.5 pg) using the RT? First-Strand Kit
(#330401; QIAGEN Sciences, MD, USA). Briefly, 0.5 pg of total
RNA was added to 2 pl of Buffer GE (5x gDNA Elimination Buffer)
and filled with RNase-free water to the final volume of 10 ul. The
mixture was denatured at 42°C for 5 min and then immediately
cooled by placing on ice for 1 min. Reverse transcription was
performed after adding 10 pl of the reverse transcription mix. The
reaction mixture was incubated at 42°C for 15 min and the reaction
was terminated by heating the mixture at 95°C for 5 min. The
generated cDNA was diluted with 91 pl of RNase-free water and
stored at —20°C until use.

Gene expression profiling. Quantitative PCR was performed on the
Applied Biosystems 7500 Fast Real-Time PCR system (Thermo
Fischer Scientific, MA, USA). Gene transcription was evaluated
using the Human Angiogenesis RTZ Profiler™ PCR Array
(#330231; QIAGEN Sciences, MD, USA). The array contains built-
in primers for 84 tested and 5 housekeeping genes and positive
control elements to determine i) the efficiency of the reverse
transcription reaction, ii) performance of the PCR reaction, and iii)
detection of genomic DNA contamination. The PCR mixture
includes 1350 pl of RT2 SYBR Green ROX™ ¢PCR Mastermix
(#330523, QIAGEN Sciences), 102 ul cDNA template, and 1248 ul
RNase-free water. The PCR reaction mix was added to the wells of
the PCR plate in equal amounts (25 pl), and then the real-time PCR
cycling program was initiated. The thermal cycling program
recommended by the plates’ manufacturer (QIAGEN Sciences) was
as follows: 10 min at 95°C followed by 40 cycles: denaturation at
95°C for 15 s, with 60 s annealing and elongation at 60°C, followed
by melting curve analysis.

PCR data analysis and statistics. Data obtained from the
quantitative PCR were analyzed using the SABiosciences data
analysis  software and the AACt method (https:/
www.qiagen.com/sk/shop/genes-and-pathways/data-analysis-
center-overview-page/?akamai-feo=off). In detail, fold-changes for
each gene were calculated as a difference in gene expression
between Gal-8 exposure in the presence or absence of VEGF and
the untreated control or the VEGF-treated positive control. A
positive value indicated gene up-regulation and a negative value
indicated gene down-regulation. Each experiment was
independently repeated twice (as recommended by the
manufacturer). Genes with greater than 1.5-fold change in
expression compared to the respective control were identified as
statistically significant (p<0.05).

To visualize observed changes in context of signaling pathways,
we used Pathview Web with default parameters (56). Log FC values

greater than 10 (respectively less than -10) were trimmed to 10
(respectively -10). The Venn diagram was used to show the number
of unique and differentially regulated genes between the tested cell
treatment conditions.

Chicken embryo chorioallantoic membrane (CAM) assay. The CAM
assay was performed as described in our previous study (57).
Briefly, fertilized chicken eggs (Parovske Haje, Slovak Republic)
were cleaned with 70% ethanol and incubated with a storage blunt
end up in a forced-draft incubator at 37.5°C, with approximately 60-
65% humidity. On embryonic day (ED) 3 of incubation period, 2 ml
of albumin was aspirated using a syringe needle (20 G) so as to
detach the developing CAM from the top part of the shell. On ED
7, a window of around 1.5-2.0 cm?2 was gently opened on the blunt
end of the egg without damaging the embryo. A sterilized silicone
ring (inner diameter - 6 mm, Fisher Slovakia, Bratislava, Slovak
Republic) was positioned on the CAM surface avoiding major blood
vessels and 30 pl of the sample, Gal-8 (0.004-1.0 pg/ml) with or
without VEGF (25 ng/ml), was placed within the ring. VEGF alone
(25 ng/ml) was used as positive control.

After 72 h, the vascularization of CAM was evaluated. The
angiogenesis index was measured as the difference between the
number of vessels (in percentage) after 72 h and the number of
vessels (in percentage) before each treatment. The photographs of
CAM blood vessels forming inside the rings were obtained using a
stereomicroscope Olympus SZ61 and a digital camera ARTCAM-
300MI (both Tokyo, Japan). The experiments were repeated three
times using 5 eggs per group.

Statistical analysis. Results are expressed as mean+SD (standard
deviation). Statistical comparison of obtained data was performed
using the one-way ANOVA followed by Dunnett’s test. Difference
was considered to be statistically significant when p<0.05.

Results

Effect of Gal-8 on BrdU incorporation. In order to evaluate
the proliferating potential of HUVECs exposed to different
concentrations of Gal-8 (0.004-1.0 pg/ml), the BrdU
proliferation assay was employed. As shown in Figure 1,
Gal-8 treatment had no effect on BrdU incorporation in the
absence of VEGF.

In striking contrast, Gal-8 significantly facilitated the
positive effect of VEGF on cell proliferation when compared
to the control. Moreover, the absorption of BrdU
incorporation in cells treated with Gal-8 at 0.004-0.5 pg/ml
and VEGF was significantly increased (p<0.001) compared
to the positive control (VEGF only).

Gal-8 promotes VEGF-stimulated migratory ability of
HUVECs. It is a well-known fact that endothelial cell
migration is essential to angiogenesis, thus we examined
how different concentrations of Gal-8 (0.004-1.0 pg/ml)
affects 2-D wound healing in vitro. As illustrated in Figure
2, the HUVECSs migrated into the wounded area actively in
the positive control (VEGF only) after 16 h of incubation. In
contrast to cell proliferation, Gal-8 alone stimulated the
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Figure 1. Proliferation 5-bromo-2’-deoxyuridine (BrdU) incorporation assay: positive effect of Gal-8 + VEGF (25 ng/ml) treatment on the
proliferation of human umbilical vein endothelial cells (HUVECs). Data represent meanzstandard deviation of three independent experiments. The
left graph demonstrates the comparison of positive control HUVECs (+VEGF, 25 ng/ml) and HUVECs with tested concentrations of Gal-8 (0.004-
1.0 ug/ml) to the untreated control, respectively, whereas the right graph shows the comparison of untreated control HUVECs and HUVECs with
tested concentrations of Gal-8 (0.004-1.0 ug/ml) + VEGF (25 ng/ml) to the positive control (+VEGF 25 ng/ml), respectively. ***p<0.001 C:

Untreated control; OD: optical density.

migration ability of HUVECsSs, however, the difference was
not significant when compared to the control.

Gal-8 co-incubation with VEGF facilitated HUVECS’
migration to the wounded area at a concentration between
0.004-0.02 pg/ml. However, the difference was only
significant at the concentration of 0.004 pug/ml (p<0.05). Gal-
8 at the highest tested concentration (1.0 pg/ml) in either the
absence or presence of VEGF reduced cell migration as
compared to the control and positive control (VEGF),
respectively.

Pro-angiogenic effects of Gal-8 on HUVECs in the CAM
model in vivo. We also evaluated the in vivo angiogenic
activity of Gal-8 (0.004-1 pg/ml) by using the CAM assay.
As shown in Figure 3, Gal-8 treatment in the absence of
VEGF induced neovascularization in the concentration range
of 0.004-0.5 pg/ml (145%-120%, respectively). However, the
difference was only significant when Gal-8 was applied at
0.1 pg/ml (p<0.01). Of note, Gal-8 in the absence of VEGF
at the concentration of 1 pg/ml rather inhibited (72%) vessel
formation.

In addition, treatment with Gal-8 in the presence of VEGF
caused an increase in the branching of new capillaries from
the exiting basal vessels compared to treatment with VEGF
alone. Quantitative analysis revealed that Gal-8 at
concentrations of 0.004, 0.02, and 0.1 pg/ml significantly
increased the angiogenesis index in chicken embryos by
116% (p<0.01), 122% (p<0.001), and 115% (p<0.01),
respectively. The difference was significant at 0.5 pg/ml of
Gal-8, however the angiogenesis index decreased to 86%
(p<0.05) compared to the VEGF control.
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Gene profiling of HUVECs after Gal-8 treatment. The
Human Angiogenesis RT? Profiler PCR Array evaluates the
expression of 84 key angiogenesis-related genes. Quality
control parameters included in the array showed good
reproducibility and efficiency based on the web based
software provided by the manufacturer.

Comparison of the various gene expressions of HUVECs
after exposure to Gal-8 (0.004 ug/ml) vs. untreated control
showed that 33 genes were up-regulated and 20 genes were
down-regulated (Table I). After treatment with Gal-8 co-
incubated with VEGF vs. VEGF only 17 genes were down-
regulated while 53 genes were up-regulated (Table II).

Furthermore, the number of up- and down-regulated genes
in the two main groups was counted and plotted as a Venn
diagram (Figure 4). The comparative analysis revealed 20
commonly up-regulated genes (ANGPT2, ANPEP, CDHS,
CTGF, CXCLI10, CXCL6, CXCLS5, EFNAI, EFNB2, FGF2,
HGF, IL6, JAGI KDR, NRP2, PDGFA, PECAM1, PTGS1,
TGFBRI, TIMPI) when Gal-8 vs. C and Gal-8+VEGF vs.
VEGF were compared. On the other hand, 6 genes (COLISAI,
HPSE, ID1, PF4, PGF, VEGFC) were commonly down-
regulated in the comparison of Gal-8 vs. C and Gal-8+VEGF
vs. VEGF. The fold-change of all down-regulated genes was
increased when cells were treated with the combination of
Gal-8 and VEGF as compared to single Gal-8 treatment. The
group of up-regulated genes revealed slightly different
patterns. Whereas in the most of genes (ANPEP, ANGPT2,
CDHS5, CTGF, CXCL6, CXCLI0, EFNB2, FGF2, KDR, NRP2,
PECAM1, PDGFA, PTGS1, TGFBRI) the up-regulation was
increased, in four genes (CXCL5, EFNAI, HGF, JAGI,
TIMPI) the fold-change was decreased and one gene remained
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Figure 2. Migration/wound healing (WH) assay. (A) Representative photographs of the positive effect of Gal-8 (0.004 ug/ml) and Gal-8 (0.004 ug/ml) +
VEGF (25 ng/ml) treatments on the migration of human umbilical vein endothelial cells (HUVECs) (scale=100 um). (B) Both graphs present summarized
data from the WH assays presented as meanzstandard deviation of three independent experiments. The left graph demonstrates the comparison of positive
control HUVECs (+VEGF, 25 ng/ml) and HUVECs with tested concentrations of Gal-8 (0.004-1.0 ug/ml) to the untreated control, respectively, whereas
the right graph shows the comparison of untreated control HUVECs and HUVECs with tested concentrations of Gal-8 (0.004-1.0 ug/ml) + VEGF (25
ng/ml) to the positive control (+VEGF 25 ng/ml), respectively. *p<0.05, **p<0.01 C: Untreated control; VEGF: Positive control.

rather unchanged (/L6) when the profile was compared
between Gal-8 vs. C and Gal-8+VEGF vs. VEGF.

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
graph-visualized changes (Supplementary Figures 1 and 2)
in the context of potentially modulated signaling pathways
revealed that Gal-8 in the presence of VEGF influenced
cytokine-cytokine receptor interaction, HIF-1 and
PI3K/AKT signaling pathways (Supplementary Figure 1).
Gal-8 alone also targeted the cytokine-cytokine receptor
interaction, but with a different expression profile as well
as modulated focal adhesion and TNF signaling pathway
(Supplementary Figure 2).

Discussion

It was previously shown that very low doses (5-20 nM) of
Gal-8 can activate ECs to form an extensive capillary network
(48). On the other hand, an over 10-fold higher concentration
(250 nM) of immobilized Gal-8 inhibited tube formation of
lymphatic endothelial cells (LECs) in a 3D tube formation
assay (49). However, under these experimental conditions,
Gal-8 stimulated LECs adhesion and migration, but prevented
LEC tubulogenesis. Of note, in the study performed by Cunei
and Detmar (49) the formation of tube-like structures by
HUVECs was not affected. Similarly, our current experiment
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Figure 3. Chick chorioallantoic membrane (CAM) assay. (A) Representative photographs of the positive effect of Gal-8 (0.004 ug/ml) and Gal-8
(0.004 ug/ml) + VEGF (25 ng/ml) treatments on vessel sprouting and branching (scale=1 mm). (B) The graphs show summarized data from the
chick CAM assay presented as meanzstandard deviation (SD) of three independent experiments. The results are summarized in the graph as the
angiogenesis index (the mean=SD of new vessels per field) for each experimental variable. The left graph demonstrates the comparison of positive
control (+VEGF, 25 ng/ml) and tested concentrations of Gal-8 (0.004-1.0 ug/ml) to the untreated control, respectively, whereas the right graph
shows the comparison of untreated control and tested concentrations of Gal-8 (0.004-1.0 ug/ml) + VEGF (25 ng/ml) to the positive control (+ VEGF
25 ng/ml), respectively. *p<0.05, **p<0.01, ***p<0.001 C: Untreated control; VEGF: Positive control.

revealed that Gal-8 as a single soluble molecule did not
significantly trigger migration of HUVECs and had no effect
on cell proliferation. In contrast to single molecule treatment,
both the proliferation and migration tests revealed that this
member of the galectin family rather acted in a synergistic
manner with VEGF. Furthermore, application of Gal-8
increased the number of vessel endpoints in both experimental
conditions, i) Gal-8 alone and ii) Gal-8 co-incubated with
VEGF, but the combination treatment elicited a higher
efficiency. Of note, the use of a single efficient concentration
of VEGF presents the first limitation of the current study and
suggests a direction to forthcoming experiments. Although all
performed in vitro experiments reflected a dose-dependent
response with an inhibitory effect of Gal-8 at the highest tested
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concentration, the CAM assay did not confirm this trend.
Galectins are well known for their biphasic modulation of cell
growth. For example, while high doses (~1 puM) of the
recombinant prototype Gal-1 inhibit cell proliferation
independently of Gal-1 sugar-binding activity, low doses (~1
nM) of Gal-1 are mitogenic (58, 59). Although the
concentrations differ for the tandem repeat Gal-8, we may
suggest that a similar biphasic effect may also contribute
towards the observed differences between the in vitro and in
VivVo Tesponses.

In detail, the molecular analysis showed that Gal-8 alone
and Gal-8 with VEGF regulate the expression profile of
HUVEG:s differently. Although the cytokine-cytokine receptor
interactions were affected in both treatments, the gene
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Table 1. Log2-fold change of gene expression in HUVECs exposed to
Gal-8 (0.004 ug/ml) compared to Opti-MEMTM I reduced serum
medium-treated control*.

Table II. Log2-fold change of gene expression in HUVECs exposed to
Gal-8 (0.004 pg/ml) in the presence of VEGF compared to VEGF-
treated positive control*.

No. Gene Log fold Gene Log fold No. Gene Log fold Gene Log fold
symbol change symbol change symbol change symbol change
1 TNF! 11.03 PF4p —4.01 1 KDRP 21 ENG° -21.13
2 LEPt 6.50 TGFA! -3.95 2 FGF1° 8.36 PGFp -20.63
3 TIMP1P 5.72 FNIt -3.37 3 TYMP© 6.78 ID1P -19.56
4 MMPIt 5.28 EDNI1t -2.39 4 ANGPT1° 5.90 TGFB1° -17.78
5 PROK2! 4.72 ADGRBI1! -2.16 5 S1PR1° 5.72 VEGFB° -17.72
6 JAG1P 3.95 ID1P -2.13 6 ANGPTL4° 5.56 COL18A1P -17.49
7 CXCL5pP 391 TYMP! -2.09 7 ANG®° 5.03 EPHB4° -16.84
8 EFNA1P 3.01 TIE1t -1.26 8 TIE1® 4.36 TGFB2° -15.66
9 ANPEPP 2.43 ANGPTLA4! -1.14 9 ERBB2° 432 VEGFCP -15.21
10 IL6P 2.23 ANG! -1.13 10 ADGRBI1° 4.01 HPSEP -12.55
11 FGF2pr 1.97 ERBB2! -1.02 11 IL1B° 3.77 PF4p -6.08
12 NRP2P 1.91 COL18AIP -0.89 12 FGFR3° 3.76 EGF° -5.34
13 EFNB2P 1.83 CCLI11t -0.87 13 SERPINF1° 3.65 LECTI1° -5.14
14 LECT1! 1.83 ILIBt -0.68 14 FGF2pP 3.61 MMP9° -3.16
15 KDRP 1.82 TIMP2t -0.68 15 ANPEPP 3.57 PROK?20° -1.89
16 IFNG! 1.54 VEGFCP -0.65 16 CDH5P 3.24 LEP© -1.77
17 SERPINEI! 1.49 PGFP -0.64 17 FIGF° 3.05 ITGAV©e -0.63
18 PECAM1P 1.46 ACTBt -0.63 18 F30 2.83
19 TGFB2t 1.48 HPSEP -0.61 19 THBS1° 2.80
20 NOTCH4t 1.43 HPRT1! -0.61 20 NOS3° 2.74
21 PTGS1P 1.25 21 CXCL5P 2.74
22 IFNATt 1.23 22 ITGB3° 2.70
23 PDGFAP 1.22 23 NRP2P 2.56
24 EGF! 1.19 24 EFNAT1P 2.54
25 ANGPT2P 1.12 25 ANGPT?2P 2.49
26 TGFBR1P 1.15 26 PECAMI1P 2.47
27 CXCL10p 1.07 27 CXCL10pP 2.28
28 HGFp 1.08 28 CCL2° 2.28
29 CTGFr 0.95 29 PDGFAP 2.27
30 EPHBA4t 0.89 30 1L6P 2.26
31 ITGAV! 0.77 31 TIMP3° 222
32 CDH5P 0.75 32 CXCL8g° 2.19
33 CXCLo6P 0.64 33 NRP1© 2.17
34 EFNB2P 2.14
*Genes distribution based on the Venn diagram (Figure 4) is marked 35 CXCL1° 2.07
with upper index for turquoise (*) and purple (P). 36 TIMP1P 2.03
37 FN1° 2.03
38 PTGS1P 1.92
39 MMP14° 1.89
expression profile differed. Our results not only confirm the j? f/];g; } ;g
pro-inflammatory role of Gal-8, but, together with published  ,, CTGFP 150
data (60), also suggest that this galectin is orchestrating the 43 MDKeO 1.50
interaction between endothelial cells and other cell types, such 44 TEK° 1.46
as leukocytes and platelets. Furthermore, Gal-8 secreted by 43 TGFBRIP 1.43
.. . . 46 HIF1A° 1.25
osteoarthritic chondrocytes induces a pro-degradative/ 47 MMP20 1o
inflammatory gene signature, largely under the control of NF- ¢ CXCL6P 1 19
kB signaling (61). In particular, the observed TNF over- 49 EDNI© 1.14
expression following Gal-8 treatment supports its pro- 50 CCL11° 1.04
inflammatory role, an effect that was rather attenuated in the ; ;f;ﬁ?loo 0 ;0
presence of VEGF. The comparative analysis using the Venn 53 HGEP 0.68

diagram revealed 20 genes (ANGPT2, ANPEP, CDHS5, CTGF,
CXCLI10, CXCL6, CXCLS5, EFNAI, EFNB2, FGF2, HGF, IL6,
JAGI KDR, NRP2, PDGFA, PECAMI, PTGSI, TGFBRI,

*Genes distribution based on the Venn diagram (Figure 4) is marked
with upper index for orange (°) and purple (P).
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Up-regulated genes

Down-regulated genes

Figure 4. The Venn diagram of up- and down-regulated genes of two comparisons, i.e. Gal-8 (0.004 ug/ml) vs. untreated control (C) and Gal-8
(0.004 ug/ml) + VEGF (25 ng/ml) vs. VEGF (25 ng/ml) positive control. The fold-changes of genes are listed in Table 1 (Gal-8 vs. C) and 2 (Gal-

8+VEGF vs. VEGF).

TIMP]) that were up-regulated in both comparisons, i.e. Gal-
8 vs. C and Gal-8+VEGF vs. VEGF. In contrast, only 6 genes
(COLISAI, HPSE, ID1, PF4, PGF, VEGFC) were down-
regulated in these comparisons. For example, the basic
fibroblast growth factor, product of the FGF2 gene and a
potent inducer/regulator of angiogenesis (62), was up-
regulated with almost double-fold increase when cells were
co-treated with Gal-8 and VEGF compared to VEGF positive
control. Furthermore, the KDR gene coding the VEGFR2, was
up-regulated over ten times when Gal-8 was combined with
VEGF and data were compared to VEGF positive control.
Following VEGF blockade Gal-1 may preserve angiogenesis
via the VEGFR?2 signaling (63). From this point of view, Gal-
8-induced VEGFR2 up-regulation might be considered
clinically relevant. The down-regulation of the COLI8AI gene
may also indirectly contribute to the pro-angiogenic effect of
Gal-8, since the anti-angiogenic molecule endostatin is a
fragment of the collagen XVIII that it encodes (64). In human
platelets, Gal-1, -3, and -8 trigger VEGF release from o-
granules (cellular component of platelets containing several
growth factors, clotting proteins and active molecules), but
only Gal-8 also induces the secretion of endostatin (65). On
the one hand it supports the paradigm that we have different
types of oa-granules (storing different cargo proteins with
opposite effects) that may selectively be activated, leading to
the release of either pro or anti-angiogenic factors. More
importantly, it also points to a competitive role of Gal-8 in
biological processes associated with angiogenesis. However,
missing data regarding the protein expression levels of the
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identified angiogenesis-related key genes present the second
limitation of our study and warrant further research.

While several Gal-8-binding proteins have been identified
that might underlie its angiogenic activity, e.g., CD166,
integrins, adhesion molecules (e.g. activated leukocyte cell
adhesion molecule) and others (36, 48, 66), a direct
interaction with VEGFR has not yet been reported, as has
been seen, for example, in the case of Gal-1 and -3 (28).
Nevertheless, the molecular data obtained in the present
study, in particular regarding the KDR gene, suggest that
VEGF signaling might be affected by Gal-8. The Venn
diagram revealed that approximately in a half of deregulated
genes the fold-change differs when Gal-8 vs. C and Gal-
8+VEGF vs. VEGF were compared. However, among the
commonly regulated genes Gal-8 and VEGF acted rather in
a synergistic manner. Therefore, the question whether Gal-8
is able to directly interact with VEGF or its receptors
remains to be answered in future experimental studies.

In conclusion, we present for the first time the gene
expression profiling of HUVECs following Gal-8 treatment
alone and when co-incubated with VEGF. Our findings
demonstrate that Gal-8 with VEGF enhanced cell
proliferation, migration and vessel sprouting compared to
VEGF alone. However, Gal-8 alone does not exhibit any
significant effects on cell proliferation and migration. These
data indicate that Gal-8§ promotes the pro-angiogenic
phenotype rather in a synergistic manner with VEGF.
Although, several clinical trials are being conducted focusing
on the use of galectins for the treatment of neoplasms, they
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only investigate inhibitors of Gal-1 and -3 (67). Therefore,
further research is warranted to assess the role of Gal-8 in
cancer growth, angiogenesis and occurrence of metastasis.
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