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Angiogenesis is the formation of new vessels from pre-existing vasculature. The heparan
sulfate chains from endothelial cell proteoglycans interact with the major angiogenic
factors, regulating blood vessels” formation. Since the FDA's first approval, anti-angiogenic
therapy has shown tumor progression inhibition and increased patient survival. Previous
work in our group has selected an HS-binding peptide using a phage display system.
Therefore, we investigated the effect of the selected peptide in angiogenesis and tumor
progression. The HS-binding peptide showed a higher affinity for heparin N-sulfated. The
HS-binding peptide was able to inhibit the proliferation of human endothelial umbilical cord
cells (HUVEC) by modulation of FGF-2. It was verified a significant decrease in the tube
formation of human endothelial cells and capillary formation of mice aorta treated with HS-
binding peptide. HS-binding peptide also inhibited the formation of sub-intestinal blood
vessels in zebrafish embryos. Additionally, in zebrafish embryos, the tumor size decreased
after treatment with HS-binding peptide.

Keywords: anti-angiogenic, breast neoplasia, glycosaminoglycans, phage display, breast cancer (BC)

INTRODUCTION

Angiogenesis is forming new vessels from pre-existing vasculature during embryonic development
and adult life (1).

Among the angiogenic factors that participate in neovascularization, we highlight the vascular
endothelial growth factor (VEGF), hypoxia-induced factor (HIF), placental growth factor (PGF),
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fibroblast growth factor (FGF), angiopoietin-1 (Angp), platelet-
derived growth factor (PDGF), tumor necrosis factor (TNF),
interleukins (IL), epidermal growth factor (EGF), insulin-like
growth factor (IGF), angiogenin (Ang), stromal cell-derived
factor (SDF) and transforming growth factor (TGF) (2).

The heparan sulfate (HS) chains from endothelial cell
proteoglycans interact with the major angiogenic factors,
regulating blood vessels” formation (3). In general, HS stabilizes
the complex formation between angiogenic factors and the
respective receptors (4). Furthermore, HS can also modulate the
release of such angiogenic factors after the action of the enzyme
heparanase or proteoglycan cleavage by proteases, forming a
concentration gradient that may direct angiogenesis (5-7).

Heparin and HS exhibit structural similarities and share
the same biosynthetic pathway. Both HS and heparin are
formed by repeated disaccharide units of glucosamine
and uronic acid (D-glucuronic acid or L-iduronic acid)
residues linked by glycosidic o-intradisaccharide and
B-interdisaccharide bonds (5, 7, 8).

Angiogenesis plays an essential role in physiological events
such as placenta formation, cicatrization, and the menstrual cycle
but is also essential in pathological processes, such as neoplasia
(9). In addition, during tumorigenesis, the formation of
neovascularization supplies nutrients and oxygen to tumor cells,
allowing intense cell proliferation and enabling tumor
metastases (9).

In 1971, it was hypothesized that the molecules involved in
the angiogenic process could be a good target for antitumor
therapy (10). Since then, several treatments have been investigated
and developed (10).

In 2004, the US Food and Drug Administration approved
using the first anti-VEGF-A monoclonal antibody, called
bevacizumab, to treat colorectal cancer. Since then, anti-
angiogenic therapy has shown temporary inhibition of tumor
progression and increased patient survival. Moreover, the anti-
angiogenic treatment combined with chemotherapeutic
treatments proved to be more efficient, with a significant
increase in survival rate than isolated chemotherapy (4, 10).

Previous work in our group has selected an HS-binding peptide
using a phage display system. The biopanning assay was performed
using the random peptide library expressed in the bacteriophage
system to target the recombinant enzyme N-deacetylase
N-sulfotransferase-1 (NDST1) involved in HS/heparin synthesis.
The NDST1 enzyme removes the N-linked acetyl group at
carbon 2 from glucosamine residue and adds a sulfate group
at such a position (SO3-). In addition to selecting a peptide that
binds to NDST, an HS ligand peptide was also selected since that
HS is present at the catalytic domain of such recombinant
enzyme (11).

Peptides have been used as a potential treatment in cancer.
Arap and colleagues selected specific peptides that target to
tumor vasculature of breast cancer, melanoma, and Kaposi’s
sarcoma (12). The selection of specific peptides can be performed
by screening using a phage display peptide library. George Smith
first described filamentous phage as a random peptide library by
fusing the peptide into capsid proteins.

This phage peptide library could be used to select a peptide
that binds towards a specific target after rounds of binding
assays. These peptides have lower production costs, good
affinity, good tissue penetration, and little immune response (13).

Therefore, we were interested in evaluating the ligation
specificity and the possible effect of the selected peptide in
angiogenesis and tumor progression.

MATERIALS AND METHODS

Animals

According to the University of California San Diego animal
welfare guidelines, all animals were treated as described and
approved by the UCSD Institutional Animal Care and Use
Committee and comply with the ARRIVE guidelines (512005
and S06008). Transgenic Tg[(Flil: eGFP)] zebrafish were kindly
provided by Dr. David Traver (UCSD). Zebrafish were
maintained as previously described. C57BL/6] mice were
purchased from Jackson Laboratory, and mice were euthanized
with CO,. All mice were maintained in a specific pathogen-
free vivarium.

Analysis of Tryptophan Emission

Tryptophan can be excited at wavelengths between 280-290 nm
and emission at 350 nm. It is important to note that the emission
spectrum of tryptophan can be altered depending on its
conformation. Therefore, changes in the emission spectrum of
tryptophan during the titration of some glycosaminoglycans
(heparin, dermatan sulfate, and chondroitin sulfate) suggest an
interaction between the glycosaminoglycan and the peptide. The
synthetic peptide SADGARGWRGEKIGNGAAG (3 uM,
Peptide 2.0, Chantilly, Virginia, USA) or the scramble peptide
SADGAIENKWRGGRGGAAG (used as specificity control;
3 UM Peptide 2.0, Chantilly, Virginia, USA) was dissolved in
phosphate-buffered saline, PBS (137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4). The peptide solution
was filtered through a 0.22 uM sterilizing filter (Millipore,
Billerica, Mass., USA), followed by collecting of the emission
spectrum in a cuvette of quartz. Under constant stirring, each of
the glycosaminoglycans were titrated separately, and the emission
spectrum was collected by Fluorimeter (Shimadzu, Kyoto, Kyoto,
Japan). Chondroitin sulfate from cartilage, and dermatan sulfate
from bovine intestinal mucosa were obtained from Seikagaku
(Seikagaku Kogyo Co, Tokyo, Japan) and was obtained from
Sigma-Aldrich, St. Louis, Missouri, USA.

Circular Dichroism (CD)

Circular Dichroism spectra were recorded by Chirascan Plus
(AppliedPhotophysics) using a quartz cuvette with a 0.1-mm
optical path. The CD spectra (185-250nm) were collected with
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12uM of peptide and 6.7 pug/mL of porcine heparin in sodium
phosphate solution (10 mM). All spectra obtained represent the
average of eight independent repetitions. Chemically modified
heparins were used in the CD assays Heparin N-sulfated (HepNS);
Heparin 2-O-Sulfated (Hep2S); Heparin 6-O-sulfated (Hep6S);
Heparin 2-O-sulfated and 6-O-sulfated (Hep2S6S); Heparin 6-O-
Sulfated and N-sulfated (Hep6SNS); Heparin 2-O-Sulfated and
N-sulfated (Hep2SNS). The chemically modified heparins were
graciously provided by Dr. Marcelo Lima (Universidade Federal
de Sao Paulo). The modification was performed as described by
Yates and co-workers (14). BestSel Software predicted the
secondary structure and fold recognition.

Cell Proliferation

Five thousand (5,000) human umbilical vein endothelial cells
(HUVEC, ATCC) were plated in a 96-well plate with F-12
medium (ThermoFisher Scientific, Waltham, Mass., USA)
containing 10% FBS, penicillin (100 U/ml), and streptomycin
(100 pg/ml), 37°C, 5% CO,. HUVEC cells were treated with the
selected HS-binding peptide at different concentrations (1 uM,
5 uM, 10 uM and 50 uM) for 18 hours. Proliferation analysis was
performed using Cell Proliferation ELISA Kit, BrdU (Roche,
Basel, Switzerland), following the manufacturer’s instructions.
This assay was performed in triplicate.

Capillary Formation

Matrigel (Becton, Dickinson-BD, Franklin Lakes, New Jersey,
USA) was thawed at 4°C, and aliquots of 100 ul (10 mg/ml)
applied to 96 well-plate (Corning, New York, New York, USA),
which were maintained at 37°C in a humidified atmosphere with
2.5% CO, for 16 h for gelation. Seven thousand (7,000)
endothelial cells from human umbilical vein endothelial cells
(HUVEC, ATCC) were plated in the 96-well plate coated with
Matrigel (Becton, Dickinson-BD, Franklin Lakes, New Jersey,
USA) in the presence of F-12 medium (Thermo Fisher Scientific,
Waltham, Mass, USA), containing 10% fetal bovine serum,
penicillin (100 U/ml) and streptomycin (100 pg/ml), 37°C, 5%
CO,. The cells were treated in the presence or absence of HS-
binding peptide (10 uM) for 18 hours. This assay was performed
in quadruplicate. The tube formation was analyzed by
microscopy (Zeiss, Oberkochen, Germany) 20x magnification.
Three images were randomly taken in different areas and
quantified by two different observers. The total length tubular
structures on the Matrigel was measured and determined using
image analysis software (AxioVision software, Carl Zeiss). The
results are expressed as lumen length.

Angiogenesis Assay Using

Zebrafish Model

For analysis of angiogenesis zebrafish mutant Tg[(Flil: eGFP)],
embryos were cultured in E3 medium containing 1-phenyl 2-

thiourea (PTU 0.003%) (Sigma-Aldrich, St. Louis, MO, USA) at
28°C. Different doses of HS-binding peptide or scrambled
peptide were microinjected into the heart of 2-day post-
fertilization (2 dpf) embryos. On the third day post-
fertilization (3 dpf), the formation of subintestinal vessels was
analyzed by confocal microscopy. The analysis was performed by
confocal images (Nikon C1Si, Minato, Tokyo, Japan). For
quantification, it was measured to the size of the subintestinal
vessels using Image] software. Ten embryos were used in each
experimental group, 10x magnification.

Mouse Aortic Ring Assay

Two female C57BL mice (age 6 to 8 weeks) were euthanized with
CO; at the University of California San Diego; the experiments
were approved and performed by relevant named guidelines and
regulations. The aortas were removed with tweezers’ aid, adipose
tissue, and other tissues detached to the aorta. Next, aortas were
cut into 0.5 mm rings. The ex vivo aorta rings were incubated for
18 hours in an Opti-MEM culture medium (ThermoFisher
Scientific, Waltham, Mass., USA) at 37°C, 5% CO,. Next, 60 ul
of Matrigel (10 mg/mL) (Corning, New York, New York, USA)
was added to the center of the 24-well plate, and the plate was
incubated for 10 minutes at 37°C, 5% CO,. The aortic ring was
placed on top of the Matrigel and incubated for 15 minutes at 37°C.
Additionally, 50 ul of Matrigel (10 mg/mL) and incubated for an
additional 30 minutes at 37°C. The culture of the aortas
was maintained into Opti-MEM medium supplemented with
2.5% FBS, penicillin (100 U/mL), streptomycin (100 pg/mL),
50 ng/mL VEGF-A and 20 ng/mL FGF-2. The aortas were
incubated for 7 days, 37°C, 5% CO,, with the treatment of the
HS-binding peptide (10 uM and 100 uM) or scramble peptide
(10 uM). Approximately 50% of the culture medium was
changed every 4 days. The peptides and growth factors
(VEGF-A, FGF-2) were replenished every 2 days. The aortic
rings were analyzed by microscopy (Zeiss). This assay was
performed in quadruplicate using 10x magnification.

Cell Index of HUVEC Cells in the Presence

of VEGF-A and FGF-2

HUVEC (ATCC) cells (1,500 cells) were cultured in a 96-well
plate containing type 1 collagen from rat tail (Sigma-Aldrich, St.
Louis, Missouri, USA). First, the culture plates were pretreated
with type 1 collagen (10 pg/ml, 1-hour incubation, 37°C). Then,
cells were plated in Opti-MEM culture medium (ThermoFisher
Scientific, Waltham, Massachusetts, USA), containing 2% FBS,
penicillin (100 U/ml), streptomycin (100 pg/ml), 50 ng/ml
VEGF-A or 20 ng/ml FGF-2, in the presence of 10 UM of the
HS-binding peptide. During 50 hours, the cell index number was
determined using xCELLigence (ACEA Bioscience, San Diego,
California, USA). The cell index is directly related to the rate of
cell proliferation and cell viability. The experiment was
performed in triplicate.

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 697626


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Melo et al.

The Heparan Sulfate Binding Peptide

3D Culture

PDX (patient-derived tumor xenograft) cells from a patient with a
triple-negative breast tumor were used. PDX cells were kindly
provided by CROWN Bioscience (San Diego, California, USA).
Briefly, the tumor was collected from the patient and injected into a
NOD/SCID mouse. After 21 days, the tumor was resected and
digested with collagenase for tissue dissociation. Approximately
2,500 PDX cells in 50 ul DMEM/F-12 medium (ThermoFisher
Scientific, Waltham, Mass., USA) were supplemented with 10%
fetal bovine serum, 100 U/ml penicillin, 100 pg/mL streptomycin,
and glutamine/gentamicin solution (Sigma-Aldrich, St. Louis,
Missouri, USA). The cells were plated on a 96-well plate
(Corning, New York, New York, USA) coated with 50 ul of
Matrigel (10 mg/mL) (Corning, New York, New York, USA).
Next, culture medium DMEM/F12 containing 5% of Matrigel was
added on top of cell culture. The cells were treated with 10 uM or
100 uM of the HS-binding peptide and cultured for 14 days, 37°C,
5% CO, to obtain the spheres (3D cultures). Exchange of the
culture medium and replacement of HS-binding peptide was
performed every three days. Cell proliferation and viability
analysis were determined by the size of the colonies (area).
Measurements were obtained using a Nikon microscope using
10X magnification (Nikon, Minato, Tokyo, Japan). The assay was
performed in triplicate.

Effect of HS-Binding Peptide

on Tumor Progression

The chorion of the zebrafish embryos Tg[(Flil: eGFP)], with 1-day
post-fertilization (1 dpf), were manually removed with tweezers,
the was anesthetized with tricaine, and immobilized. The
experiments were performed following relevant named guidelines
and regulations in the University of California San Diego. After
immobilization, the embryos were microinjected with 150 cells.
The same PDX cells (triple-negative breast cancer) obtained in the
3D culture described previously were used for the xenograft assay
in zebrafish. Embryos were incubated at 35.5°C for 18 hours and
then treated with the injection of 10 UM of the HS-binding peptide.
Treatment analysis was completed at 3 dpf. Microinjection was
performed in the yolk sac of the animal. PDX cells were first
transduced with lentivirus to express a red fluorescent protein
(RFP) for fluorescent labeling of tumor cells. The translucent
lentivirus cells were selected using 2 pg/ml puromycin for 5
days. The cells exhibiting the greatest expression of the red
fluorescent protein were selected by cell sorting BD Influx
(Becton, Dickinson-BD). Analysis of the HS-binding peptide
effect on tumor progression was performed by 10X magnification
confocal microscopy (Nikon C1Si, Minato, Tokyo, Japan), and the
amount of red tumor fluorescence was measured by Image]
software. Also, the survival of the animals was analyzed. The
tests were performed with ten zebrafish embryos per group.

RESULTS

The HS binding peptide RGWRGEKIGN was selected by the
phage display system published by our group. The synthetic HS-

binding peptide used for the experimental assays presents
flanked amino acid residues displayed at the pIII capsid
protein, where the peptide was expressed in the bacteriophage
library. The HS-binding peptide’s affinity was previously
analyzed by HS/heparin interaction assays, as described in the
article already published by Gesteira et al. (11).

Characterization of the

HS-Binding Peptide

The HS-binding peptide interaction with heparin was performed
by the emission spectrum of tryptophan (W), showing that
HS-binding peptide interacted exclusively with heparin, while
the scrambled peptide (SADGAIENKWRGGRGGAAG)
interacted with heparin, dermatan sulfate (DS), and chondroitin
sulfate (CS). The results showed that the scrambled peptide has
lower specificity since it binds with other glycosaminoglycans and
presents a higher affinity to heparin than the HS-binding peptide.
Such results show that the amino acid sequence is important for
the HS/heparin-binding specificity (Figure 1).

Considering heparin as an analog of heparan sulfate, we used
chemically modified heparins to evaluate the HS-binding
peptide’s affinity by dichroism analysis. In addition, nuclear
magnetic resonance (NMR) was used to characterize each
modified heparin (data are not shown). It is noteworthy that
the sulfation profile at the C3 position of glucosamine residues
was not analyzed; therefore, we cannot determine whether or not
there is sulfation at such position in the different modified
heparin molecules used in the present study.

The synthetic peptide SADGARGWRGEKIGNGAAG was
analyzed by circular dichroism. The peptide presents 41.7% of
B-sheet antiparallel conformation, 14.3% turn, 44.1% other
conformation. Additionally, 25.9% of B-sheet antiparallel
conformation is right-twisted.

The dichroism analysis shows that the HS-binding peptide has
a higher affinity for heparin N-sulfated (HepNS) Heparin 2-O-
sulfated and N-sulfated (Hep2SNS); heparin 6-O-sulfated and N-
sulfated (Hep6SNS) and heparin N-sulfated (HepNS) and lower
affinity for N-acetylated heparins, suggesting specific interaction
with the N-sulfation pattern (Figure 2A).

The HS-binding peptide interaction with modified heparins
decreased the right-twisted conformation percentage since the
interaction with heparin replaced the right-twisted conformation
with left-twisted or relaxed B-sheet antiparallel. (Figure 2B).

Furthermore, the secondary structure analysis predicted by
Best Software detected a similarity between HS binding peptide
with Taiwan snake cardiotoxin A3 named PDB 2BHI, which is a
polypeptide containing a heparin-binding domain corroborating
our results (15).

Effect of HS-Binding Peptide

in Angiogenesis

The in vitro proliferating assay using BrdU shows HS-binding
peptide could inhibit the proliferation of human endothelial
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umbilical cord cells (HUVEC) at doses from 1 to 100 uM of the,
reaching the maximum inhibition the concentration of
5 uM (Figure 3).

Also, there was a significant alteration in the tube formation
when HUVEC cells were treated with 10 uM of HS-binding
peptide for 18 hours. The capillaries had a higher diameter, or
the lumen formation was abrogated formed compared to non-
treated cells, as shown in Figure 3.

The assay using such peptide was performed with transgenic
zebrafish embryos Tg (Flil:eGFP), that express a green
fluorescent protein (GFP) in blood vessels, which allowed us to
investigate some effect of the HS-binding peptide in vivo.
Figure 4 demonstrates that HS-binding peptide (10 uM)
inhibits the formation of sub-intestinal blood vessels in
zebrafish embryos Tg(Flil:eGFP), confirming the anti-
angiogenic activity of such peptide obtained by in vitro assays
using HUVEC cell line. However, there was no benefit for using a
higher dose of the HS-binding peptide (50-100 uM), confirming
in vitro experiments described previously.

Aortas were collected from two C57BL/6 mice, sectioned
in rings, and cultured in Matrigel for seven days to evaluate
new blood vessel formation. HS-binding peptide decreased the
number and the size of blood vessels in sectioned aorta
rings (Figure 5). Thus, this ex vivo experimental model
reinforces the inhibitory effect of the HS-binding peptide.
Furthermore, the ex vivo assay also confirmed that increasing
the HS-binding peptide doses did not intensify the anti-
angiogenic effect.

Possible Mechanisms Involved With
Angiogenesis Inhibition

Cell index analysis of HUVEC cells in the presence of VEGF-A
or FGF-2 was performed using xCELLigence equipment (ACEA

0 0,25 0,5 0,75 1
Concentration (ug/mL)

FIGURE 1 | Analysis of tryptophan emission. Heparin, dermatan sulfate (DS) and chondroitin sulfate (CS), were titrated in the presence of 3 uM of HS-binding
peptide (A) or in the presence of 3 pM of scrambled peptide (B). Excitation 280 nm, emission 350 nm. The HS- binding peptide interacts only with heparin.

Bioscience, San Diego, California, USA). The results showed that
the HS-binding peptide inhibited the rate of endothelial cells’
proliferation and viability in the presence of FGF-2 (Figure 6A).
However, the proliferation and viability of HUVEC cells were
not significant altered by the HS-binding peptide in the presence
of VEGF-A (Figure 6B).

A control assay was performed exclusively in the presence
of fetal bovine serum (FBS) to confirm that the enhancement in
the proliferation and viability of HUVEC cells was related to
FGF-2 and had not been affected by growth factors that were
present in the culture medium, which was supplemented by
FBS (Figure 6C).

The data suggest that decreased HUVEC cell proliferation
after treatment of the HS-binding peptide may be mediated by
inhibiting the interaction between HS and FGF-2.

Effect of HS-Binding Peptide

on Tumor Progression

Finally, we sought to determine whether the HS-binding
peptide could block tumor growth. A tissue biopsy collected
from resection of a triple-negative breast cancer patient was
cultured in Matrigel to obtain a 3D culture. Patient-derived
xenotransplant cells (PDX cells) were maintained for 14 days
in a culture medium in the presence or absence of the HS-
binding peptide. There was no change in the growth of the 3D
culture of PDX colonies after HS binding-peptide treatment, as
shown in Figure 7.

However, when triple-negative PDX cells were injected
in zebrafish embryos Tg (Flil: eGFP) and subsequently treated
with HS-binding peptide, the tumor size decreased, and there
was also an increase in the survival rate of the zebrafish
embryos (Figure 8), suggesting an antitumor efficacy of HS-
binding peptide.
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FIGURE 2 | A spectrum obtained by circular dichroism. Circular dichroism was performed to determine the peptide interaction with chemically modified heparins,
demonstrating an alteration in the secondary structure of this peptide. Porcine heparin (Hep), Heparin 2-O-sulfated and N-sulfated heparin (Hep2SNS), Heparin 6-O-
sulfated and N-sulfated (Hep6SNS), Heparin 2-O-sulfated and 6-O-sulfated (Hep2S6S), Heparin 6-sulfated (Hep6S), Heparin 2-sulfated (Hep2S), and Heparin N-
sulfated (HepNS). The heparins that showed the greatest interaction with the peptide were the molecules containing N-sulfation. The assay was performed in the
presence of 12 pM of the HS binding peptide and 6.7 ug/ml of each heparin in a 10 mM sodium phosphate solution. Control, 12uM of peptide in 10mM sodium
phosphate solution. (A) The lines represent the repeat averages of eight different experimental readings. (B) The percentage of right-twisted antiparallel beta-sheet
was analyzed. A reduction from the right-twisted shape to the left-twisted or relaxed shape was observed specifically with N-sulfated heparins.
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FIGURE 3 | Angiogenesis in vitro analysis. (A) Cell proliferation assay in the presence of HS-binding peptide. Proliferation assays were performed using BrdU as
described in Methods. HUVEC cells were treated with the HS-binding peptide at different doses for 18 hours. After treatment, BrdU was added into the cell culture
and luminescence was analyzed. Assay performed in triplicate, the bar represents average and lines represent standard deviation. The proliferation is inhibited from 1
uM of HS-binding peptide and reaches maximum inhibition at 5 uM. *p < 0.05 (Kruskall-Wallis). (B) Tubular formation with endothelial cells. Control, Cells remain in
the absence of treatment. Peptide, Cells were treated with the HS-binding peptide (10 pM) for 18 hours. The tubular formation was analyzed by microscopy 20x
magnification. (C) Lumen size was measured, the bar represents average and lines represent standard deviation, *p < 0.05 (Kruskall-Wallis). Control, cells remain in
the absence of treatment. Peptide, cells were treated with HS-binding peptide (10pM) for 18hours. It was verified that peptide was capable to inhibit the tubular
formation of endothelial cells.
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embryos. Control, untreated embryos. Peptide, embryos treated with the HS-binding peptide. Scramble, embryos treated with scrambled peptide. Assays
were performed with zebrafish embryos 2 days after fertilization (2 dpf). After 24 hours of treatment, the animals were analyzed by confocal microscopy and
the images obtained in 10X magnification. Subintestinal vessels were analyzed. (B) the quantification of the subintestinal vessels was evaluated using ImageJ
software. The values express the mean and standard deviation in each group. “p < 0.05 (ANOVA). The HS-binding peptide was capable of inhibiting
angiogenesis of sub intestinal vessels.
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FIGURE 5 | Ex vivo angiogenesis assay. Sixteen rings of mouse aortas were collected and cultured in culture plates containing Matrigel for seven days, (A)
aorta ring cultured in the absence of peptide (control); aorta ring cultured in the presence of HS-binding peptide (10 uM or 100 uM) and aorta ring cultured
in the presence of scrambled peptide (10 pM). (B) The area of the formed blood vessels was analyzed using Imaged software. The values represent means
and standard deviations the area reached by the blood vessels formed from the aorta. *p < 0.05 (ANOVA). The HS-binding peptide decreased blood

formation from the aorta.

We hypothesize that the decrease in tumor growth promoted
by the HS-binding peptide in the in vivo assay is possibly due
to inhibition of angiogenesis since the peptide does not appear to
alter the viability or the proliferation of triple-negative breast
tumor cells.

DISCUSSION

Breast tumors are classified according to the presence of some
plasma membrane receptors, such as estrogen receptors (ER),
progesterone receptors (PR), and human epidermal growth
factor type 2 receptor (HER-2). Triple-negative breast cancer
has low or absent ER, PR, and HER-2 expression. Consequently,
hormone treatment or treatment with the anti-HER-2
monoclonal antibody does not have efficacy in these patients
(16). Also, triple-negative breast tumor has a higher growth rate
compared to the other types of breast tumors. Therefore, new
treatment alternatives are important for tumors such as triple-
negative breast cancer.

Tumor progression steps include tumor cells” proliferation,
the formation of new blood vessels, and metastasis. The
proliferation of the tumor cells and metastatic events is
dependent on the neovascularization that nourishes and carries
oxygen to the tumor, besides allowing the extravasation of tumor
cells. Thus, angiogenesis favors tumor progression and the
invasion of tumor cells (16).

The angiogenic process involves cross-talk between tumor
cells, stromal cells, and endothelial cells. Tumor and stromal cells
appear to activate proliferation, migration and modify
endothelial cell phenotype due to the release of soluble factors,
mainly VEGF and FGF-2 (4, 9).

The heparan sulfate proteoglycans present in the plasma
membrane modulate various cellular responses, including
cell proliferation, migration and adhesion, apoptosis,
inflammatory response, and angiogenesis (7). It is known
that the structural modifications of HS and heparin
molecules promote significant changes in the interactions of
a variety of compounds. The degree of sulfation and the
distribution and conformation of D-glucuronic acid and L-
iduronic acid residues interfere with HS/heparin molecule
conformation, affecting the interaction of HS with other
molecules (5).

It is important to emphasize that the HS-binding peptide
was selected by Phage Display using as target endogenous
heparan sulfate present at the active site of the recombinant
purified enzyme N-deacetylase-N-sulfotransferase-1 (NDST-
1) (11).

Moreover, HS-binding peptide has structural similarity
with the polypeptide Taiwan snake cardiotoxin A3
(PDB 2BHI), which presents a heparin-binding domain
results (15).

The HS-binding peptide has a majority antiparallel beta-sheet
conformation that is characteristic of peptides with a heparin-
binding site (15, 17).
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FIGURE 6 | Cell proliferation/viability assay in the presence of growth factors. HUVEC cells were cultured for 50 hours on collagen type 1 in medium containing
2% fetal bovine serum (FBS) and 20 ng/mL FGF-2 or 50 ng/mL VEGF-A, in the presence or absence of the HS-binding peptide. (A) VEGF-A + 2% SFB.

(B) FGF-2 + 2% SFB. (C) 2% SFB. Control, HUVEC cells in the absence of treatment. Peptide, HUVEC cells with HS-binding peptide treatment (10 uM). Assay
performed in triplicate. The values indicate the mean and standard deviation of the cell index (index proportional to the number of cells adhered to the plate).
Peptide inhibited FGF-2 proliferation. Each point of FGF-2 assay was statically significant p<0.05 (Kruskall-Wallis) while the decrease of proliferation/viability with VEGF-A

was not significant.
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The present results demonstrate that HS-binding peptide
interacts preferentially with N-sulfated heparin. It is well
known that N-sulfation and 2-O-sulfation are required for HS
binding with FGF-2, while sulfation at the carbon 6 of
glucosamine residues is specifically important for FGFR-1
binding (18-24). Our results corroborate these previous studies
confirming that HS-binding peptide interacts with N-sulfated
and 2-O-sulfated heparin, representing FGF-specific binding
domains in the HS molecule, indicating that such an anti-
angiogenic effect peptide might be controlled by the specific
interaction between FGF-2 and such HS domains.

The involvement of HS proteoglycans (HSPG) in the
formation of new blood vessels is well-known. Studies with
zebrafish have shown that the decrease of HSPG, syndecan-2,
reduces the migration of endothelial cells during the formation of
new capillaries during embryonic development and indicates
that such inhibition is modulated by VEGF (25). Moreover, some
data in the literature demonstrate that a VEGF analogous peptide
interacts with HS chains, promotes inhibition of endothelial cell
migration, and decreases tumor size in the mouse model (26).
Consequently, HS involvement in forming new blood vessels is
obvious, which is essential for carcinogenesis.

In this context, the HS-binding peptide indicates a
therapeutic potential to inhibit angiogenesis. Moreover, the
data showed that HS-binding peptide was able to decrease
tumor growth and increase survival of zebrafish embryos,
likely by promoting the formation of fewer new blood vessels
and not by the direct effect on the tumor cell, since in vitro
assays showed that HS-binding peptide did not alter the viability
and the proliferation of triple-negative breast tumor cells.
Therefore, HS-binding peptide may represent a potential
adjuvant treatment for triple-negative breast tumors, known
to be poorly responsive to conventional therapy such
as chemotherapy.

The selected HS-binding peptide interacts with a specific
structure of heparan sulfate and inhibits tumor growth of
triple-negative breast cancer cells, possibly interfering with the
proliferation signaling modulated by FGF-2 and consequently
decreasing angiogenesis.

Despite molecular mechanisms that need to be further
investigated, the set of results obtained in the present study
highlights the potential use of the HS-binding peptide as an
angiogenesis inhibitor and might be useful in combination with
other antitumor drugs in cancer therapy.
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FIGURE 8 | Effect of HS-binding peptide on tumor progression. Approximately 150 PDX cells obtained by surgical resection of a patient with triple-negative breast
cancer were labeled with red fluorescent protein (RFP) and injected into the zebrafish embryo yolk sac after 1 day of fertilization (1 dpf). Embryos were incubated for
18 hours, 35.5°C. Peptide, animals were treated with 10 uM HS-binding peptide. Control, animals were not treated. Green; green fluorescent protein (GFP) labeled
blood vessels. Red; red fluorescent protein (RFP) labeled tumor cells. (A) Representative images of the control group and the treated group. (B) Quantification of
tumor fluorescence (tumor size). The bar represent the average of red fluorescence in zebrafish embryos. (C) Values express percent survival of animals; red line (10
uM of peptide treatment); blue line (animals in the absence of treatment). Each group contains 10 zebrafish embryos. Peptide decreased the number of tumoral cells

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 697626


https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Melo et al.

The Heparan Sulfate Binding Peptide

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

According to the University of California San Diego animal welfare
guidelines, all animals were treated as described and approved by
the UCSD Institutional Animal Care and Use Committee and in
compliance with the ARRIVE guidelines (S12005 and S06008).
Transgenic Tg[(Flil: eGFP)] zebrafish were kindly provided by Dr.
David Traver (UCSD). Zebrafish were maintained as previously
described. C57BL/6] mice were purchased from Jackson
Laboratory, and mice were euthanized with CO2. All mice were
maintained in a specific pathogen-free vivarium.

AUTHOR CONTRIBUTIONS

CM, contributions to the conception; the acquisition and
analysis; interpretation of data; have drafted the work or

REFERENCES

1. Herbert SP, Stainier DY. Molecular Control of Endothelial Cell Behaviour
During Blood Vessel Morphogenesis. Nat Rev Mol Cell Biol (2011) 12:551-64.
doi: 10.1038/nrm3176

2. Gacche RN, Meshram RJ. Targeting Tumor Micro-Environment for Design and
Development of Novel Anti-Angiogenic Agents Arresting Tumor Growth. Prog
Biophys Mol Biol (2013) 2:333-54. doi: 10.1016/j.pbiomolbio.2013.10.001

3. Weiss RJ, Esko JD, Tor Y. Targeting Heparin and Heparan Sulfate Protein
Interactions. Org Biomol Chem (2017) 15:5656-68. doi: 10.1039/c70b01058¢

4. van Wijk XM, van Kuppevelt TH. Heparan Sulfate in Angiogenesis: A Target
for Therapy. Angiogenesis (2014) 17:443-62. doi: 10.1007/s10456-013-9401-6

5. Dreyfuss JL, Regatieri CV, Jarrouge TR, Cavalheiro RP, Sampaio LO, Nader HB.
Heparan Sulfate Proteoglycans: Structure, Protein Interactions and Cell Signaling.
Acad Bras Cienc (2009) 81:409-29. doi: 10.1590/S0001-37652009000300007

6. Sarrazin S, Lamanna WC, Esko JD. Heparan Sulfate Proteoglycans. Cold
Spring Harb Perspect Biol (2011) 3:a004952. doi: 10.1101/cshperspect.a004952

7. Bishop JR, Schuksz M, Esko JD. Heparan Sulphate Proteoglycans Fine-Tune
Mammalian Physiology. Nature (2007) 446:1030-7. doi: 10.1038/nature05817

8. Dietrich CP, Nader HB, Straus AH. Structural Differences of Heparan Sulfates
According to the Tissue and Species of Origin. Biochem Biophys Res Commun
(1983) 111:865-71. doi: 10.1016/0006-291X(83)91379-7

9. Gacche RN, Meshram RJ. Targeting Tumor Micro-Environment for Design and
Development of Novel Anti-Angiogenic Agents Arresting Tumor Growth. Prog
Biophys Mol Biol (2013) 113:333-54. doi: 10.1016/j.pbiomolbio.2013.10.001

10. Ferrara N, Kerbel RS. Angiogenesis as a Therapeutic Target. Nature (2005)
438:967-74. doi: 10.1038/nature04483

11. Gesteira TF, Coulson-Thomas V], Taunay-Rodrigues A, Oliveira V, Thacker
VE, Juliano MA, et al. Inhibitory Peptides of the Sulfotransferase Domain of
the Heparan Sulfate Enzyme, N-Deacetylase-N-Sulfotransferase-1. J Biol
Chem (2011) 286:5338-46. doi: 10.1074/jbc.M110.100719

12. Arap W, Pasqualini R, Ruoslahti E. Cancer Treatment by Targeted Drug
Delivery to Tumor Vasculature in a Mouse Model. Science (1998) 279:377-80.
doi: 10.1126/science.279.5349.377

13. Saw PE, Song EW. Phage Display Screening of Therapeutic Peptide for Cancer
Targeting and Therapy. Protein Cell (2019) 10:787-807. doi: 10.1007/513238-019-
0639-7

14. Yates EA, Santini F, Guerrini M, Naggi A, Torri G, Casu B. 1H and 13C NMR
Spectral Assignments of the Major Sequences of Twelve Systematically

substantively revised it. HW, contributions to the conception;
acquisition and analysis; FK, the acquisition and analysis; SJ, the
acquisition and analysis; MMCZ, the acquisition and analysis;
NHB, have drafted the work or substantively revised; KRL, have
drafted the work or substantively revised; PMAS, contribution to
the conception, interpretation of data, have drafted the work or
substantively revised. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by FAPESP (process number 2016/
01357-8 and 2019/03024-4), CNPQ and CAPES.

ACKNOWLEDGMENTS

We thank Dr. Marcelo Lima for providing modified heparins,
Crowbio for providing PDX cells and Dr. David Traver for
providing zebrafish line. This work was supported by FAPESP,
CNPQ and CAPES.

Modified Heparin Derivatives. Carbohydr Res (1996) 294:15-27.
doi: 10.1016/S0008-6215(96)90611-4

15. Wang CH, Liu JH, Lee SC, Hsiao CD, Wu WG. Glycosphingolipid-Facilitated
Membrane Insertion and Internalization of Cobra Cardiotoxin. The
Sulfatide.Cardiotoxin Complex Structure in a Membrane-Like Environment
Suggests a Lipid-Dependent Cell-Penetrating Mechanism for Membrane Binding
Polypeptides. J Biol Chem (2006) 281:656-67. doi: 10.1074/jbc.M507880200

16. Giussani M, Merlino G, Cappelletti V, Tagliabue E, Daidone MG. Tumor-
Extracellular Matrix Interactions: Identification of Tools Associated With
Breast Cancer Progression. Semin Cancer Biol (2015) 35:3-10. doi: 10.1016/
j.semcancer.2015.09.012

17. Kilpelainen I, Kaksonen M, Kinnunen T, Avikainen H, Fath M, Linhardt R],
et al. Heparin-Binding Growth-Associated Molecule Contains Two Heparin-
Binding Beta -Sheet Domains That Are Homologous to the Thrombospondin
Type I Repeat. J Biol Chem (2000) 275:13564-70. doi: 10.1074/jbc.275.18.13564

18. Schlessinger J, Plotnikov AN, Ibrahimi OA, Eliseenkova AV, Yeh BK, Yayon
A, et al. Crystal Structure of a Ternary FGF-FGFR-Heparin Complex Reveals a
Dual Role for Heparin in FGFR Binding and Dimerization. Mol Cell (2000)
6:743-50. doi: 10.1016/S1097-2765(00)00073-3

19. Roy S, Lai H, Zouaoui R, Duffner J, Zhou H, Jayaraman LP, et al. Bioactivity
Screening of Partially Desulfated Low-Molecular-Weight Heparins: A
Structure/Activity Relationship Study. Glycobiology (2011) 21:1194-205.
doi: 10.1093/glycob/cwr053

20. Robinson CJ, Mulloy B, Gallagher JT, Stringer SE. VEGF165-Binding Sites
Within Heparan Sulfate Encompass Two Highly Sulfated Domains and Can
Be Liberated by K5 Lyase. ] Biol Chem (2006) 281:1731-40. doi: 10.1074/
jbe.M510760200

21. Ferrara N, Gerber HP, LeCouter J. The Biology of VEGF and Its Receptors.
Nat Med (2003) 9:669-76. doi: 10.1038/nm0603-669

22. Olsson AK, Dimberg A, Kreuger ], Claesson-Welsh L. VEGF Receptor
Signalling - in Control of Vascular Function. Nat Rev Mol Cell Biol (2006)
7:359-71. doi: 10.1038/nrm1911

23. Ornitz DM, Itoh N. The Fibroblast Growth Factor Signaling Pathway. Wiley
Interdiscip Rev Dev Biol (2015) 4:215-66. doi: 10.1002/wdev.176

24. Turner N, Grose R. Fibroblast Growth Factor Signalling: From Development
to Cancer. Nat Rev Cancer (2010) 10:116-29. doi: 10.1038/nrc2780

25. Arrington CB, Yost HJ. Extra-Embryonic Syndecan 2 Regulates Organ
Primordia Migration and Fibrillogenesis Throughout the Zebrafish Embryo.
Development (2009) 136:3143-52. doi: 10.1242/dev.031492

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 697626


https://doi.org/10.1038/nrm3176
https://doi.org/10.1016/j.pbiomolbio.2013.10.001
https://doi.org/10.1039/c7ob01058c
https://doi.org/10.1007/s10456-013-9401-6
https://doi.org/10.1590/S0001-37652009000300007
https://doi.org/10.1101/cshperspect.a004952
https://doi.org/10.1038/nature05817
https://doi.org/10.1016/0006-291X(83)91379-7
https://doi.org/10.1016/j.pbiomolbio.2013.10.001
https://doi.org/10.1038/nature04483
https://doi.org/10.1074/jbc.M110.100719
https://doi.org/10.1126/science.279.5349.377
https://doi.org/10.1007/s13238-019-0639-7
https://doi.org/10.1007/s13238-019-0639-7
https://doi.org/10.1016/S0008-6215(96)90611-4
https://doi.org/10.1074/jbc.M507880200
https://doi.org/10.1016/j.semcancer.2015.09.012
https://doi.org/10.1016/j.semcancer.2015.09.012
https://doi.org/10.1074/jbc.275.18.13564
https://doi.org/10.1016/S1097-2765(00)00073-3
https://doi.org/10.1093/glycob/cwr053
https://doi.org/10.1074/jbc.M510760200
https://doi.org/10.1074/jbc.M510760200
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1038/nrm1911
https://doi.org/10.1002/wdev.176
https://doi.org/10.1038/nrc2780
https://doi.org/10.1242/dev.031492
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

Melo et al.

The Heparan Sulfate Binding Peptide

26. Lee TY, Folkman J, Javaherian K. HSPG-Binding Peptide Corresponding to
the Exon 6a-Encoded Domain of VEGF Inhibits Tumor Growth by Blocking
Angiogenesis in Murine Model. PLoS One (2010) 5:¢9945. doi: 10.1371/
journal.pone.0009945

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Melo, Wang, Fujimura, Strnadel, Meneghetti, Nader, Klemke and
Pinhal. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org

August 2021 | Volume 11 | Article 697626


https://doi.org/10.1371/journal.pone.0009945
https://doi.org/10.1371/journal.pone.0009945
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	The Heparan Sulfate Binding Peptide in Tumor Progression of Triple-Negative Breast Cancer
	Introduction
	Materials and Methods
	Animals
	Analysis of Tryptophan Emission
	Circular Dichroism (CD)
	Cell Proliferation
	Capillary Formation
	Angiogenesis Assay Using Zebrafish Model
	Mouse Aortic Ring Assay
	Cell Index of HUVEC Cells in the Presence of VEGF-A and FGF-2
	3D Culture
	Effect of HS-Binding Peptide on Tumor Progression

	Results
	Characterization of the HS-Binding Peptide
	Effect of HS-Binding Peptide in Angiogenesis
	Possible Mechanisms Involved With Angiogenesis Inhibition
	Effect of HS-Binding Peptide on Tumor Progression

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


