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Heparanase from triple-negative breast cancer and
platelets acts as an enhancer of metastasis
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Abstract. Triple-negative breastcancer (TNBC), whichischarac-
terized by inherently aggressive behavior and lack of recognized
molecular targets for therapy, poses a serious threat to women's
health worldwide. However, targeted treatments have yet to be
made available. A crosstalk between tumor cells and platelets
(PLT) contributing to growth, angiogenesis and metastasis has
been reported in numerous cancers. Heparanase (Hpa), the only
mammalian endoglycosidase that cleaves heparan sulfate, has
been demonstrated to contribute to the growth, angiogenesis and
metastasis of numerous cancers. Hypoxia affects the growth,
angiogenesis and metastasis of nearly all solid tumors, and
the ability of Hpa to promote invasion is enhanced in hypoxia.
However, whether Hpa can strengthen the crosstalk between
tumor cells and PLT, and whether enhancing the biological
function of Hpa in TNBC promotes malignant progression, have
yet to be fully elucidated. The present study, based on bioinfor-
matics analysis and experimental studies in vivo and in vitro,
demonstrated that Hpa enhanced the crosstalk between TNBC
cells and PLT to increase the supply of oxygen and nutrients,
while also conferring tolerance of TNBC cells to oxygen and
nutrient shortage, both of which are important for overcoming
the stress of hypoxia and nutritional deprivation in the tumor
microenvironment, thereby promoting malignant progression,
including growth, angiogenesis and metastasis in TNBC. In
addition, the hypoxia-inducible factor-la (HIF-1a)/vascular
endothelial growth factor-a (VEGF- a)/phosphorylated protein
kinase B (p-)Akt axis may be the key pathway involved in the
effects of Hpa on the biological processes mentioned above.
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Therefore, improving local hypoxia, anti-Hpa treatment and
inhibiting PLT activation may improve the prognosis of TNBC.

Introduction

Triple-negative breast cancer (TNBC) is a type of breast
cancer that is estrogen receptor-negative (ER’), progesterone
receptor-negative (PR’) and human epidermal growth factor
receptor 2-negative (HER?2"), and is characterized by high
invasiveness and poor prognosis (1). A growing body of
evidence suggests that TNBC therapy failure is mainly due
to the inherently aggressive behavior of tumor cells and lack
of recognized molecular targets for therapy (2). Thus, specific
therapeutic targets for TNBC are urgent needed.

Platelets (PLT), which are mainly known for their role in
hemostasis, also play a crucial role in nearly all stages of tumor
progression (3). Various tumor cells have the ability to activate
PLT to secrete a broad array of growth factors, including
vascular endothelial growth factor (VEGF), PLT-derived
growth factor (PDGF) and fibroblast growth factor (4-6),
which are closely correlated with tumor growth, angiogenesis,
metastasis and poor prognosis (7-14). However, whether there
is crosstalk between PLT and TNBC cells that contributes to
the progression of TNBC remains elusive.

Heparanase (Hpa), the only mammalian endoglycosidase
that cleaves heparan sulfate, has been found to be upregulated
in essentially all human tumors (15-18), contributing to tumor
growth, angiogenesis, metastasis and poor prognosis (19-29).
Hpa is abundantly expressed in both tumor cells and PLT,
and it was previously confirmed that PLT and tumor Hpa are
similar enzymes (30). In addition, concomitant upregulated
expression of both Hpa and P-selectin (a recognized PLT acti-
vation marker) was found upon PLT activation (31). However,
whether the Hpa from TNBC could activate PLT or enhance
the crosstalk between TNBC and PLT remains unknown.

Almost all solid tumors, including TNBC, are constantly
exposed to chronic or acute hypoxia (32-34). Hypoxia affects a
variety of tumor-associated events, such as growth, angiogen-
esis and metastasis (35-38). In ovarian and pancreatic cancer,
Hpa activity and the invasive ability of tumor cells were
significantly enhanced by hypoxia, and this invasive ability
may be blocked by specific Hpa-neutralizing antibodies (39).



YANG et al: HEPARANASE FROM TNBC AND PLATELETS ACTS AS AN ENHANCER OF METASTASIS

However, whether hypoxia can promote the progression of
TNBC by enhancing the biological function of Hpa has not
been fully elucidated.

The aim of the present study was to investigate the crosstalk
between TNBC and PLT and its role in malignant progression.
In addition, the role of Hpa and the effects of local conditions,
such as hypoxia and nutritional deprivation, were explored.

Materials and methods

Exploring the correlation between Hpa and metastasis in
TNBC from The Cancer Genome Atlas (TCGA) database.
The RNA-Seq dataset of breast cancer and corresponding
clinical information were downloaded from TCGA database
and patients with TNBC (ER’, PR" and HER2") were selected
for further analysis.

In order to explore whether there is a statistically significant
difference in the expression of Hpa between the metastasis and
non-metastasis groups, the expression of Hpa was compared
between the two groups.

Gene set enrichment analysis (GSEA). According to the
median expression of Hpa, the samples of TNBC were divided
into high and low Hpa expression groups.

GSEA was performed to explore the association between
the expression of Hpa and ‘BREAST CANCER METASTASIS
UP’/*VEGF’/*VEGFR1/2’ pathways. The number of permuta-
tions was set up to 1,000 and a false discovery rate (FDR)
<0.25 was recognized as statistically significant.

Exploring the clinical value of Hpa. As the high expression
of Hpa was significantly enriched in ‘BREAST CANCER
METASTASIS UP’/*VEGF’/*VEGFR1/2’ pathways in TNBC,
and all those pathways are associated with poor prognosis,
we sought to compare the differences in disease-free survival
(DFS) and overall survival (OS) between the high and low Hpa
expression groups in TNBC.

Cell culture. The human TNBC cell lines MDA-MB-231-Hpa
and MDA-MB-231-mock were gifts from Israel Vlodavsky,
Cancer and Vascular Biology Research Center, Rappaport
Faculty of Medicine, Technion (Haifa, Israel). The GFP inserts
were manufactured in Glyconovo Technologies Co., Ltd.
Human umbilical vascular endothelial cells (HUVECs) were
purchased from the China Infrastructure of Cell Line Resource.
All cells were cultured in DMEM (Gibco; Thermo Fisher
Scientific, Inc.) supplemented with 10% FBS (Sigma-Aldrich;
Merck KGaA) and 1% penicillin-streptomycin (10,000 U/ml
penicillin, 10,000 pxg/ml streptomycin; Gibco; Thermo Fisher
Scientific, Inc.) in a humidified atmosphere (5% CO,, 37°C).
An oxygen-regulated incubator (Smartor118, Hua Yi Ning
Chuang) was used to perform the study under hypoxia (1% O,).

Animal care and establishment of nude mouse model in vivo.
A total of 40 female BALB/c nude mice, aged 6-8 weeks and
weighing 18-20 g, were obtained from the China Institute of
Food and Drug Verification and Research. The animal experi-
mental protocols were approved by the China Laboratory
Animal Welfare and Animal Experimental Ethics Committee
(2018030209). All the mice were maintained in specific
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pathogen-free barrier facilities at the Beijing Institute of
Traditional Chinese Medicine, carefully bred, and humanely
sacrificed by cervical dislocation at the study endpoint.

MDA-MB-231-Hpa-GFP and MDA-MB-231-mock-GFP
cells in the logarithmic growth phase were harvested and
counted, suspended in PBS, and the concentration was adjusted
to 2x107/ml or 1.5x107/ml. For the breast cancer model, 50 pl
cell suspension (1x10°) was steadily injected into the fourth
intramammary gland fat pad of each female BALB/c nude
mouse on either side at a uniform speed of 2 sec, named
B-Hpa and B-mock. For the lung metastasis model, 100 pI cell
suspension (1.5x10°) was steadily injected into the tail vein,
named L-Hpa and L-mock. A normal group (no intervention)
was set up at the same time. Each group included 8 mice.

In the breast cancer model, the tumor volume (V) was
recorded twice per week and was calculated by the formula:
V (mm*)=0.5 x a x b? (a=shortest diameter, b=longest diameter).

For hematoxylin and eosin (H&E) staining, the breast and
lung tissues were fixed by immersion in 10% neutral buffered
formalin at room temperature for 24 h and processed for
paraffin embedding. The paraffin blocks of the tumor tissues
were cut into 5-pm sections and stained at room temperature
with H&E (10 min hematoxylin and 1 min eosin).

Exploring the expression of CD62P and VEGF-a in mouse
serum. For ELISA, serum CD62P (cat. no. MPS00; R&D
Systems, Inc.) and VEGF-a (cat. no. MMV00; R&D Systems,
Inc.) were quantified using commercially available anti-mouse
ELISA kits, according to the manufacturer's instructions. All
assays were run in duplicate at a suitable dilution. The absor-
bance was read by a microplate reader (Multiskan GO, Thermo
Fisher Scientific, Inc.) set at 450 nm and corrected at 540 nm.

In vivo exploration of the oxygen and nutrient supply inside
the solid tumor

Animal ultrasound imaging system. The Prospect animal
ultrasound imaging system (S-Sharp Corporation) was used
to measure the directional blood flow rate (Doppler mode),
depicting the two-dimensional blood vessel distribution
(Doppler mode) and quantitatively analyzing the local blood
flow velocity (PW-mode), which may detect the blood supply
in tumor tissue from multiple dimensions.

Immunofluorescence. The Hypoxyprobe™ Red APC Kit
(cat. no. HP8-x) contains pimonidazole hydrochloride and
Hypoxyprobe-1 Mabl mouse monoclonal antibody, and
it was used in the present study to detect hypoxia in breast
tumors. One hour before the mice were sacrificed, each mouse
received an intraperitoneal injection of 60 mg/kg pimonida-
zole hydrochloride (Hypoxyprobe™ Chemicon International;
Thermo Fisher Scientific, Inc.). This compound was rapidly
distributed to all tissues; however, pimonidazole forms adducts
with thiol-containing proteins only at pO, <10 mm Hg.
After 60 min, according to the manufacturer's instructions
(Chemicon International; Thermo Fisher Scientific, Inc.), the
mice were sacrificed and the breast tumors were removed for
further analyses. The hypoxic regions in the breast tumors
were detected with the Hypoxyprobe-1 Mabl mouse mono-
clonal antibody (1:50; cat. no. HP8-X; Chemicon International;
Thermo Fisher Scientific, Inc.).
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Immunohistochemistry (IHC). Neovascularization and vascu-
logenic mimicry (VM) in the breast tumor and lung metastasis
were identified by CD31*/PAS* immunohistochemical staining.
Endogenous peroxidase was inactivated with 3% hydrogen
peroxide at room temperature for 20 min. Subsequently, the
slides were soaked in 0.1 mol/l citrate buffer (pH 6.0) and
placed in an autoclave at 121°C for 2 min for antigen retrieval.
After washing with PBS (pH 7.4), the sections were blocked
with 1% BSA (cat. no. A8010; Solarbio) diluted in PBS at 37°C
for 30 min, incubated with anti-CD31 protein IgG (1:50;
cat. no. ab28364; Abcam) at 4°C overnight, and again rinsed
with PBS. The sections were then incubated with 0.5% PAS at
room temperature for 10 min and washed with distilled water
for 3 min. Finally, all the sections were counterstained with
hematoxylin at room temperature for 5 min.

Preparation of the coculture supernatants

Preparation of human PLT. The blood samples were collected
from healthy volunteers who had not taken any drugs affecting
PLT function and had not received other anticoagulant therapy
within the 14 days preceding sample collection. PLT were
prepared from the blood as previously described (40,41) and
finally suspended in DMEM (1x10%/ml).

Preparation of coculture supernatants. In order to study
the role of the crosstalk between human PLT and TNBC
cells in cancer progression, human PLT and MDA-MB-
231-Hpa-GFP/MDA-MB-231-mock-GFP cells were incubated
together to obtain the coculture supernatants. Under physi-
ological conditions, the lifespan of PLT is 7-10 days, whereas
in vitro, this survival time was greatly shortened. Culture
times of 30 min and 24 h in vitro were selected to mimic
the early- and late-phase crosstalk in vivo, respectively.
MDA-MB-231-Hpa-GFP/MDA-MB-231-mock-GFP cells at
the logarithmic growth phase were harvested and counted,
and the concentration was adjusted to 1x10%ml DMEM. A
total of 1 ul warmed 25 mM CaCl, was added before the PLT
suspensions (I ml) and the MDA-MB-231-Hpa-GFP/MDA-
MB-231-mock-GFP cell suspensions (1 ml) were incubated
together for 30 min or 24 h (37°C, 5% CO,) independently.
After the indicated times, the coculture supernatants were
centrifuged twice (1,400 x g for 20 min, and then 13,000 x g
for 2 min) at 4°C to remove all the TNBC cells and
PLT. PLT/MDA-MB-231-Hpa-GFP/MDA-MB-231-mock-
GFP cells were cultivated separately for 30 min or 24 h as
controls independently, and the supernatants were stored at
-80°C until assayed.

Identification of the supernatants

Physical characteristics (concentration and size). The super-
natants were analyzed by a nanoflow cytometer (N30 Nanoflow
Analyzer, NanoFCM Inc.), which can sensitively and rapidly
perform quantitative multiparameter analysis, surface protein
profiling and sizing of individual extracellular vesicles (EVs)
down to 40 nm.

Angiogenesis-related factors. Following the manufacturer's
instructions, the Bio-Plex Pro Human Cytokine 42-Plex
Panel kit (Bio-Rad Laboratories, Inc.; cat. no. 12007238) and
the Bio-Plex cytokines assay system (Bio-Plex 200, Bio-Rad
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Laboratories, Inc.) were used to explore the genes of interest,
and the results were analyzed by the Bio-Plex manager software,
version 4.0 (Bio-Rad Laboratories, Inc.). The concentration of
the respective cytokines was measured in pg/ml.

Validating the biological functions of the supernatants

Proliferation analysis. Human PLT (1x10%/ml) and
MDA-MB-231-Hpa-GFP/MDA-MB-231-mock-GFP cells
(1x10%/ml) were cocultured. After the indicated times
(30 min/24 h), the coculture supernatants were centrifuged
twice (1,400 x g for 20 min, and then 13,000 x g for 2 min) at4°C
to remove all the TNBCs and PLT. These supernatants with
final concentrations of 20, 40, 60, 80 and 100% were used to
interfere with the proliferation of the MDA-MB-231-Hpa-GFP
and MDA-MB-231-mock-GFP cells. In addition, the GFP was
recorded by BioTek Synergy H1 microplate reader (BioTek
Instruments, Inc.) to reflect the proliferation indirectly.

Migration analysis. MDA-MB-231-Hpa-GFP and
MDA-MB-231-mock-GFP cells were seeded into 6-well
plates (5x10° cells/well) for 24 h. After reaching a confluence
of 100%, the cell monolayers were scratched using a 200-u1
pipette tip and then the floating cells were removed by washing
with PBS. Subsequently, the cells were incubated in DMEM
with or without 20% supernatants (30 min/24 h) and photo-
graphed every 8 h. The wound healing rate was analyzed using
Image J software 1.48 (National Institutes of Health).

Exploring the anti-stress potential of TNBC cells under condi-
tions of stress (hypoxia and nutritional deprivation)
Proliferation assay. HUVECs, MDA-MB-231-Hpa-GFP and
MDA-MB-231-mock-GFP cells were all seeded in 96-well
plates at a density of 10* cells/well with 10 replicates and
cultured in a hypoxic environment (1% O,, 5% CO,, 37°C) or
normal environment (20% O,, 5% CO,, 37°C). CCK-8 reagent
(10 pl) was added into each well at 24, 48 and 72 h, and the
OD values at 450 nm were measured (Multiskan GO; Thermo
Fisher Scientific, Inc.) 3 h later.

Colony formation assay. MDA-MB-231-Hpa-GFP and
MDA-MB-231-mock-GFP cells were seeded into 6-well
plates (500 cells/well) and cultured in a hypoxic environment
(1% 0O,, 5% CO,, 37°C) or normal environment (20% O,,
5% CO,, 37°C) for 7 days. The cells were fixed with 4% meth-
anol and stained with 0.2% crystal violet solution for 30 min
at room temperature, then washed with PBS 3 times. Finally,
the number of colonies (minimum of 50 cells) was counted
under an inverted microscope (TS100, Nikon Corporation) at
a magnification of x20.

Capillary tube formation assay. Plates (96-well) were
coated with Matrigel (50 ul/well BD Biosciences), which
was allowed to polymerize for 1 h at 37°C. HUVECs,
MDA-MB-231-Hpa-GFP and MDA-MB-231-mock-GFP cells
at a density of 3x10*/100 ul were seeded into the wells coated
with solid Matrigel, with or without the supernatants. The cells
were then cultured under normal (20% O,, 5% CO,, 37°C,
10% FBS) or stress (hypoxia and nutritional deprivation; 1% O,,
5% CO,, 37°C, 0% FBS) conditions. The observation time for
the HUVECs was 12 h, and for MDA-MB-231-Hpa-GFP and
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MDA-MB-231-mock-GFP cells 24 h. Images were captured
using a Nikon camera (Nikon Corporation) at a magnifica-
tion of x4 and then analyzed with AngioTool, version 0.5
(https://ccrod.cancer.gov/confluence/display/ROB2/Home).

Exploring the key proteins and signaling pathways

Protein extraction. MDA-MB-231-Hpa-GFP and
MDA-MB-231-mock-GFP cells were cultured in normal
(20% 0O,, 5% CO,, 10% FBS, 37°C), hypoxic (1% O,, 5% CO,,
10% FBS, 37°C) and stress (1% O,, 5% CO,, 0% FBS, 37°C)
environments, harvested at 24 h, lysed in ice-cold RIPA buffer
containing phosphatase and protease inhibitor (cat. no. R0020;
Solarbio) for 30 min, centrifuged for 10 min (12,000 x g, 4°C),
and quantified by a BCA protein assay kit.

Western blot analysis. Equal amounts of proteins (30 ug/lane)
were subjected to 10% SDS-PAGE and then electronically
transferred onto a PVDF membrane (EMD Millipore). The
membrane was blocked with TBS and 0.1% Tween-20 (TBST)
containing 10% non-fat milk at room temperature for 1 h and
incubated overnight with the following antibodies at 4°C:
Hpal (Abcam, cat. no. ab85543, 1:2,000), VEGF-a (Abcam,
cat. no. ab46154, 1:1,000), hypoxia-inducible factor HIF-1a
(Immunoway, cat. no. YT2133, 1:2,000), Akt (CST, 9272,
1:5,000), phosphorylated p-Akt (Cell Signaling Technology,
Inc., cat. no. 9271, 1:1,000), and B-tubulin (Immunoway,
YM3030, 1:10,000). After washing with TBST 3 times, the
membrane was incubated in IgG secondary antibody conju-
gated to horseradish peroxidase (Abcam, cat. no. ab97040,
1:4,000) for 1 h at room temperature, washed with TBST again
for 10 min at room temperature and exposed in a dark room.

Statistical analysis. Statistical data were evaluated using
SPSS 19.0 (IBM Corp.) and GraphPad Prism 7 (GraphPad
Software, Inc.). Data were analyzed using Student's t-test
for two-group comparisons and one-way ANOVA followed
by Bonferroni post hoc test for multiple comparisons if the
collected data assumed normal distribution and equal vari-
ances. If the data did not assume normal distribution or equality
of variances, Wilcoxon's rank sum test and Kruskal-Wallis
ANOVA with ranks was used. The Kaplan-Meier method was
used for survival analysis. P<0.05 was considered to indicate a
statistically significant difference.

Results

Hpa may act through VEGF-related pathways to promote
angiogenesis and metastasis, and it may worsen the prognosis
of TNBC. A total of 100 patients with TNBC were retrieved from
TCGA database. After 140 months of follow-up, 59 patients
developed metastasis and 41 patients were non-metastatic.
The expression of Hpa was significantly higher in the metas-
tasis group compared with that in the non-metastasis group
(P=0.0326). In addition, the survival analysis indicated that
the high expression of Hpa was significantly associated with
poor DFS (P<0.05) and OS (P<0.05; Fig. 1A).

Based on the median expression of Hpa, the 100 TNBC
patients were divided into the high (n=50) and the low (n=50)
Hpa expression groups. GSEA analysis indicated that the high
expression of Hpa was significantly enriched in ‘BREAST

893

CANCER METASTASIS UP’, ‘VEGF’ and ‘VEGFR1/2’
pathways (Fig. 1B).

Hpa promotes PLT activation in a TNBC mouse model.
ELISA of the plasma CD62P revealed that, in the breast cancer
model, the CD62P level was significantly higher in the B-Hpa
compared with that in the B-mock (P=0.0002) and normal
groups (P=0.0281), and significantly higher in the B-mock
compared with that in the normal group (P=0.0002; Fig. 2A).
In the lung metastasis model, the CD62P level was signifi-
cantly higher in the L-Hpa (P=0.0002) and L-mock groups
(P=0.0011) compared with that in the normal group (Fig. 2B).
These results indicated the PLT activation was higher in
TNBC-bearing mice compared with that in normal mice and,
to some extent, was further enhanced by Hpa.

Hpa promotes blood supply, growth and metastasis in a TNBC
mouse model. Hpa was shown to promote blood supply in the
TNBC mouse model.

General observation. In the breast tumor group, there was a
small amount of dried blood (scab) on the surface of the breast
tumors in the B-Hpa group even on the 28th day after tumor
cell transplantation. However, these scabs were more promi-
nent in the B-mock group (Fig. 3A). In the lung metastasis
model, the dark red area of lung tissue, which reflects inad-
equate blood supply, was only observed in the L-mock group,
and the size of each metastatic lesion was larger compared
with the B-mock group (Fig. 3A).

Ultrasonic examination. The internal blood supply of breast
tumors was significantly enriched in the B-Hpa group
compared with that in the B-mock group (Fig. 3B). In addition,
based on a large number of anatomical observations, the blood
supply of the breast tumors relies on two major vessels, and the
flow through these major vessels was significantly enriched in
the B-Hpa compared with that in the B-mock group (Fig. 3B).

HPS8 IHC. All the hypoxic regions were observed at the tumor
margin, and these hypoxic regions were significantly larger in
the B-mock compared with those in the B-Hpa group (Fig. 3C).

PAS/CD31 IHC. In the breast tumor and lung metastases
(confirmed by H&E; Fig. 3D), the extent of angiogenesis
(CD31*) and VM (PAS*CD31"), which contribute to the blood
supply of the tumor, was markedly greater in the B/L-Hpa
(small and dense VM) compared with that in the B/L-mock
group (large and sparse VM) (Fig. 3E).

Angiogenesis-related factors. The expression trend of VEGF-a
in the experimental nude mouse plasma was consistent with
the expression of CD62P (Fig. 3F).

Hpa promotes tumor growth in a TNBC mouse model. The
volume of the breast tumors was significantly larger in the
B-Hpa compared with that in the B-mock group, and the
statistical significance of the difference was further evident
with tumor growth. The breast tumor net weights (removed
skin and blood scab) were significantly higher in the B-Hpa
compared with those in the B-mock group (Fig. 3G).
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Figure 1. Association of the expression of Hpa with metastasis, survival and relevant pathways in TNBC, based on TCGA database. (A) Comparison of Hpa
expression between the metastasis and non-metastasis groups in TNBC. Survival analysis (DFS and OS) between the high and low Hpa expression groups.
“P<0.05 indicated statistical significance. (B) Exploring the pathways which related to high Hpa expression by GSEA in TNBC. Hpa, heparanase; TNBC,
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GSEA, Gene Set Enrichment Analysis.
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Hpa promotes metastasis in a TNBC mouse model. The
weights of the lung metastases were significantly higher in the
L-Hpa compared with those in the L-mock group (Fig. 3G).

The intimate crosstalk between TNBC and PLT promotes
bioactive substance release and is enhanced by Hpa.
The physical characteristics of the supernatants (Fig. 4A;
Table I) were as follows: i) Within a certain period of time
(30 min-24 h), prolonging the culture time promoted release

of bioactive substances: Hpa + PLT (24 h) >Hpa + PLT
(30 min); mock + PLT (24 h) >mock + PLT (30 min); Hpa
(24 h) >Hpa (30 min); mock (24 h) >mock (30 min); PLT
(24 h) >PLT (30 min). ii) Coculture promoted release of bioac-
tive substances: Hpa + PLT (30 min) >Hpa (30 min); Hpa +
PLT (30 min) >PLT (30 min); mock + PLT (30 min) >mock
(30 min); mock + PLT (30 min) >PLT (30 min); Hpa + PLT
(24 h) >Hpa (24 h); Hpa + PLT (24 h) >PLT (24 h); mock + PLT
(24 h) >mock (24 h); mock + PLT (24 h) >PLT (24 h). iii) The
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(B) The breast tumor relies on two major vessels for blood supply. The animal ultrasound imaging system was used to compare the internal blood supply and
the blood flow in the major vessels between the B-Hpa and B-mock groups. (C) Hypoxic region in B-Hpa and B-mock breast tumors were detected with a
Hypoxyprobe™ Red APC Kit. (D) Hematoxylin and eosin staining of the B-Hpa, B-mock, L-Hpa and L-mock tumors. (E) PAS/CD31 staining of the B-Hpa,
B-mock, L-Hpa and L-mock tumors. (F) ELISA of the plasma CD62P expression in the breast tumor model and the lung metastasis model. P<0.05 indicated
statistical significance. (G) Breast tumor volume and net weight of the breast tumor models in the B-Hpa and B-mock groups. P<0.05 indicated statistical
significance. Lung metastasis weight of the lung metastasis models in the L-Hpa and L-mock groups. P<0.05 indicated statistical significance. B-Hpa group,
MDA-MB-231-Hpa-GFP breast tumor group; B-mock group, MDA-MB-231-mock-GFP breast tumor group; L-Hpa group, MDA-MB-231-Hpa-GFP lung
metastasis group; L-mock group, MDA-MB-231-mock-GFP lung metastasis group. VEGF, vascular epithelial growth factor; Hpa, heparanase. "P<0.05,
“P<0.005, and ""P<0.0005.

ability of promoting bioactive substance release was enhanced ~ PLT (24 h) > mock + PLT (24 h). iv) There was no statistically
by Hpa: Hpa + PLT (30 min) >mock + PLT (30 min); Hpa + significant difference in the size of the EVs in the supernatants.
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Figure 4. Identification of the coculture supernatants. (A) Physical characteristics (concentration and size) of the supernatants. (B) Expression of VEGF-a in the
supernatants. Hpa + PLT (30 min), coculture of MDA-MB-231-Hpa-GFP cells and platelets for 30 min; Hpa + PLT (24 h), coculture of MDA-MB-231-Hpa-GFP
cells and platelets for 24 h; mock + PLT (30 min), coculture of MDA-MB-231-mock-GFP cells and platelets for 30 min; mock + PLT (24 h), coculture
of MDA-MB-231-Hpa-GFP cells and platelets for 24 h; PLT (30 min), platelet culture for 30 min; PLT (24 h), platelet culture for 24 h; Hpa (30 min),
MDA-MB-231-Hpa-GFP cell culture for 30 min; Hpa (24 h), MDA-MB-231-Hpa-GFP cell culture for 24 h; mock (30 min), MDA-MB-231-mock-GFP cell
culture for 30 min; mock (24 h), MDA-MB-231-mock-GFP cell culture for 24 h. Hpa, heparanase; VEGF, vascular epithelial growth factor; PLT, platelets.

As regards the angiogenesis-related factors of the superna-  The bioactive substances released by the intimate crosstalk
tants, the expression trend of VEGF-a in the supernatants was  between TNBC and PLT promote the proliferation and
consistent with the physical characteristics (Fig. 4B). migration of TNBC cells, and these effects are enhanced by Hpa

EE3 mock + PLT (30 min)
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Table I. Physical characteristics of the supernatants.

Sample (time) Size (nm) Concentration
Hpa + PLT (30 min) 49.28+11.05 5.01x10"
mock + PLT (30 min) 52.84+12.66 1.15x10"
Hpa (30 min) 57.59+12.32 3.71x10°
mock (30 min) 57.59+9.24 2.87x10°
PLT (30 min) 54.03x11.6 9.2x10°
Hpa + PLT (24 h) 49.09+10.36 1.7x10"2
mock + PLT (24 h) 52.84+14.9 1.11x10"
Hpa (24 h) 65.91+£23 .46 5.13x10°
mock (24 h) 64.72+22.77 4.04x10°
PLT (24 h) 49.28+12.11 2.81x10%°

Hpa + PLT (30 min), coculture of MDA-MB-231-Hpa-GFP
cells and platelets for 30 min; mock + PLT (30 min), coculture of
MDA-MB-231-mock-GFP cells and platelets for 30 min; Hpa
(30 min), MDA-MB-231-Hpa-GFP cell culture for 30 min; mock
(30 min), MDA-MB-231-mock-GFP cell culture for 30 min; PLT
(30 min), platelet culture for 30 min; Hpa + PLT (24 h), coculture of
MDA-MB-231-Hpa-GFP cells and platelets for 24 h; mock + PLT
(24 h), coculture of MDA-MB-231-Hpa-GFP cells and platelets for
24 h; Hpa (24 h), MDA-MB-231-Hpa-GFP cell culture for 24 h;
mock (24 h), MDA-MB-231-mock-GFP cell culture for 24 h; PLT
(24 h), platelet culture for 24 h.

Proliferation analysis. The GFP fluorescence of the
MDA-MB-231-Hpa-GFP and MDA-MB-231-mock-GFP cells
were tracked every 24 h for 120 h. It was observed that the
supernatants (coculture of MDA-MB-231-Hpa-GFP cells and
PLT for 30 min/coculture of MDA-MB-231-mock-GFP cells
and PLT for 30 min) promoted cell proliferation individually
in a concentration- and time-dependent manner: 100% Hpa
+ PLT (30 min) >80% Hpa + PLT (30 min) >60% Hpa +
PLT (30 min) >40% Hpa + PLT (30 min) >20% Hpa + PLT
(30 min) >control; 100% mock + PLT (30 min) >80% mock
+ PLT (30 min) >60% mock + PLT (30 min) >40% mock +
PLT (30 min) >20% mock + PLT (30 min) >control. As the
proliferation ability of the cells treated with supernatants at a
concentration of 20% exhibited a statistically significant differ-
ence compared with the control group, the final concentration
of 20% was used in the subsequent experiments. In addition,
the proliferation ability of the cells cultured with supernatant
for 24 h was significantly higher compared with that of cells
cultured with supernatant for 30 min: Hpa + PLT (24 h) >Hpa
+ PLT (30 min); mock + PLT (24 h) >mock + PLT (30 min)
(Fig. 5A).

Migration analysis. The supernatants of the cocul-
ture of MDA-MB-231-Hpa-GFP cells and PLT or
MDA-MB-231-mock-GFP cells and PLT promoted the
migration of the cells individually: Hpa + PLT (30 min)
>Hpa-control, Hpa + PLT (24 h) >Hpa-control, mock + PLT
(30 min) >mock-control, mock + PLT (24 h) >mock-control;
P=0.0007, 0.0007, 0.001 and 0.0056, respectively. The migra-
tion ability of the cells cultured with supernatant for 24 h was
significantly higher compared with that of cells cultured for
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30 min, and this effect was enhanced by Hpa: Hpa + PLT
(24 h) >Hpa + PLT (30 min), mock + PLT (24 h) >mock +
PLT (30 min); P=0.002 and 0.0185, respectively; Hpa + PLT
(24 h) >mock + PLT (24 h), Hpa + PLT (30 min) >mock + PLT
(30 min); P=0.0166 and 0.008, respectively (Fig. 5B).

Hpa contributes to TNBC cells tolerating and overcoming
hypoxia and stress environment

Proliferation analysis. The proliferation ability of TNBC cells
and HUVECs were enhanced under hypoxic conditions, and
the proliferation ability of TNBC cells was further enhanced
by Hpa. However, the difference in the proliferation ability did
not reach statistical significance (Fig. 6A).

Colony formation assay. Hypoxia significantly promoted
the colony-forming ability of TNBC cells: Hpa-hypoxia
>Hpa-normal, mock-hypoxia >mock-normal; Hpa significantly
promotedthecolony-formingability of TNBCcells: Hpa-hypoxia
>mock-hypoxia, Hpa-normal >mock-normal; hypoxia further
enhanced the ability of Hpa to promote the colony-forming
ability of TNBC cells: (Hpa-hypoxia-Hpa-normal)/Hpa-normal
>(mock-hypoxia-mock-normal)/mock-normal (Fig. 6B).

Capillary tube formation assay. HUVECs: In a stress envi-
ronment, there was a significantly decreased integrity of the
vascular structure (evaluated by total number of junctions)
compared with a normal environment. However, the super-
natants (Hpa + PLT/mock + PLT) significantly increased the
vascular structure formation by HUVECsS, and these effects
were further enhanced by Hpa (Fig. 6C). TNBC cells: In a
stress environment, MDA-MB-231-Hpa-GFP cells exhibited
a significantly increased VM compared with a normal envi-
ronment. However, the VM of MDA-MB-231-mock-GFP
cells was significantly decreased compared with a normal
environment. Under normal conditions, there was no
difference in VM between MDA-MB-231-Hpa-GFP and
MDA-MB-231-Hpa-GFP cells. However, under stress condi-
tions, MDA-MB-231-Hpa-GFP cells exhibited a significantly
increased VM compared with MDA-MB-231-mock-GFP cells
(Fig. 6D).

Hpa protein expression and its ability to promote growth,
angiogenesis and metastasis may be enhanced through
the HIF-1a/VEGF-al/p-AKT pathway, which is induced
by hypoxia, and finally overcome hypoxia and stress
conditions to promote tumor progression in TNBC.
HIF-1a, the expression of which is induced by hypoxia,
is a critical responsive element to hypoxia. Hpa and
VEGF-a are target genes of HIF-1a, and they are both
gradually upregulated under hypoxic and stress conditions.
Furthermore, p-AKT activation was observed at the same
time (Fig. 7).

Discussion

A growing body of evidence suggests that failure in TNBC
treatment is mainly due to the inherently aggressive behavior
of tumor cells and the lack of recognized molecular targets
for therapy (2). An increasing number of studies have indi-
cated that Hpa plays an important role in tumor growth,
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Figure 5. Biological functions of the supernatants. (A) Validating the proliferation-promoting function of the supernatants (MDA-MB-231-Hpa-GFP cell and
platelet coculture for 30 min/MDA-MB-231-mock-GFP cell and platelet coculture for 30 min) by proliferation analysis. (B) Validating the migration-promoting
function of the supernatants (MDA-MB-231-Hpa-GFP cell and platelet coculture for 30 min/MDA-MB-231-mock-GFP cell and platelet coculture for 30 min)
by migration analysis. Hpa + PLT, coculture of MDA-MB-231-Hpa-GFP cells and platelets for 30 min; mock + PLT, coculture of MDA-MB-231-mock-GFP
cells and platelets for 30 min; Hpa + PLT (30 min), coculture of MDA-MB-231-Hpa-GFP cells and platelets for 30 min; Hpa + PLT (24 h), coculture of
MDA-MB-231-Hpa-GFP cells and platelets for 24 h; mock + PLT (30 min), coculture of MDA-MB-231-mock-GFP cells and platelets for 30 min; mock + PLT
(24 h), coculture of MDA-MB-231-Hpa-GFP cells and platelets for 24 h. Hpa, heparanase; PLT, platelets. "P<0.05, “P<0.005, and ““P<0.0005.
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Figure 7. Gene expression and related pathways were investigated under
normal, hypoxic (1% O,, 5% CO,, 10% FBS, 37°C) and stress (1% O,,
5% CO,, 0% FBS, 37°C) conditions by western blot analysis. Hpa,
MDA-MB-231-Hpa-GFP cells; mock, MDA-MB-231-mock-GFP cells. Hpa,
heparanase; HIF, hypoxia-inducible factor.

angiogenesis and metastasis (19-29). However, the role of
Hpa in TNBC progression has yet to be fully revealed. In the
present study, the bioinformatics analysis of TNBC cases from
TCGA database indicated that: i) The expression of Hpa was
significantly higher in the metastatic group compared with that
in the non-metastatic group (P=0.0326) and high expression
of Hpa was significantly associated with poor DFS (P<0.05)
and OS (P<0.05); and ii) high expression of Hpa was signifi-
cantly enriched in ‘BREAST CANCER METASTASIS UP’,
‘VEGF’ and “VEGFR1/2’ pathways. Taking into consideration
the previous research results from other institutes which were
mentioned in the introduction, it was inferred that the intimate
crosstalk between TNBC cells and PLT may be enhanced by
Hpa through ‘“VEGF’-related pathways to promote growth,
angiogenesis and metastasis in TNBC (Fig. 8) and that, to
some extent, this effect of Hpa may be further enhanced by
hypoxia. Further in vivo and in vitro studies were carried out
to validate the hypothesis.

In the present study, the breast/lung tumor weights were
significantly greater in the B/L-Hpa compared with those in
the B/L-mock groups, consistently with the results of previous
studies on the contribution of Hpa to tumor growth and metas-
tasis in several types of cancer (19-29). Various tumor cells
(e.g., colorectal cancer, ovarian cancer, lung cancer and mela-
noma, among others) have been reported to have the ability to
activate PLT and promote tumor growth and metastasis (8,13).
In the present study, the level of PLT activation (plasma
CDO62P level) in tumor-bearing mice (breast tumor/lung
metastasis model) was significantly elevated compared with
that in the normal group, and this elevation was further
enhanced by Hpa (breast tumor model), thereby indicating
that TNBC cells have the ability to activate PLT, and Hpa
may act as an enhancer of that ability. However, as there was
no significant difference in the plasma CD62P level between
L-Hpa and L-mock, it was hypothesized that this may be due
to the fact that the lung metastasis model was established by
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tail vein injection, a method that does not absolutely mimic the
physiological process of breast cancer metastasis to the lung;
on the other hand, tumor cells injected by the tail vein may
have a mechanical impact of the mouse circulatory system,
which may be a potential interfering factor for the CD62P
test results. A model efficiently mimicking the physiological
process of breast cancer metastasis to the lung should be
adopted to validate the CD62P results in a future study. In
order to further explore the crosstalk between TNBC cells and
PLT and confirm the enhancing effect of Hpa, TNBC cells
(MDA-MB-231-Hpa-GFP and MDA-MB-231-mock-GFP) and
human PLT were co-incubated (30 min/24 h) and the cocul-
ture supernatants were collected. The results regarding the
physical characteristics of the coculture supernatants (TNBC
cells and PLT) indicated the following: There was crosstalk
between TNBC cells and PLT, and this crosstalk significantly
promoted the release of bioactive substances. As the coculture
time increased, the crosstalk was further enhanced, resulting
in further increase in the release of substances. These effects
were enhanced by Hpa. In addition, functional tests further
validated that the bioactive substances contained in the
coculture supernatants significantly promoted the prolifera-
tion and migration of TNBC cells, and these effects were also
enhanced by Hpa. Furthermore, the results of ELISA (in vivo)
and Bio-plex analysis (in vitro) confirmed that the key growth
factor was VEGF-a, further validating the results of bioinfor-
matics analysis and our hypothesis, that the crosstalk between
TNBC cells and PLT was mediated through VEGF-a to
promote growth and metastasis in TNBC, which was further
enhanced by Hpa.

The observation of the breast tumors indicated the
following: The scabs in the B-mock group were more promi-
nent compared with those in the B-Hpa group, which prompted
us to hypothesize that the difference in the scab size may be
due to the difference in the blood supply within the tumors.
The observation of the lung metastases further indicated the
following: The lung metastases in the L-Hpa group exhibited
high number, large volume and fusion growth, which may be
attributed to adequate blood supply. The lung metastases in the
L-mock group were of low number and small volume, without
fusion growth. However, dark red areas were identified in the
L-mock group when the volume of the metastasis was large,
which may be attributed to inadequate blood supply. In order
to further explore whether there was a difference in the blood
supply between the B/L-Hpa and B/L-mock groups, 3 related
experiments were carried out. First, based on a large number of
anatomical observations, the blood supply of the breast tumors
relies on two major vessels (Fig. 3B); therefore, combined
analysis of the abundance of the blood flow signals inside the
breast tumor and the strength of the blood flow signals of the
major vessels were investigated to assess the blood supply of
the breast tumors. The ultrasonic examination indicated abun-
dance of the blood flow signals inside the breast tumor, whereas
the strength of the blood flow signals in the major vessels of
the breast tumors were significantly higher in the B-Hpa group
compared with those in the B-mock group. These findings
confirmed that the blood supply was significantly higher in
the B-Hpa compared with the B-mock group. Second, as the
main function of blood supply is to transport oxygen to tumor
tissue and, based on the confirmation that the blood supply
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Figure 8. Hpa is the enhancer of the metastasis from TNBC cells and platelets. Hpa, on the one hand, enhancing the crosstalk between TNBC cells and platelets
to increase the supply. On the other hand, conferring good tolerance to TNBC. That two aspects were both important to overcome the hypoxia even stress
environment to promote the malignant progression including growth, angiogenesis, and metastasis in TNBC. Hpa, heparanase; TNBC, triple-negative breast
cancer; VEGF, vascular epithelial growth factor; HS, heparan sulfate; HSPG, heparan sulfate proteoglycan; NK, natural killer; EVs, extracellular vesicles.

was significantly higher in the B-Hpa compared with that the
B-mock group by ultrasonic examination, IHC (HP8) was
used to explore the oxygen supply within the tumors, which
revealed a significant difference in oxygen supply (hypoxia)
between the B-Hpa and B-mock groups. Third, based on the
confirmation of the differences in the blood and oxygen supply
between the B-Hpa and B-mock groups, IHC (PAS and CD31)
was performed to investigate whether angiogenesis and VM
were possible explanations for these differences, and indicated
that, in both breast tumors and lung metastases, angiogenesis
(CD31%) and VM (PAS*, CD31") were more prominent in the
B/L-Hpa compared with the B/L-mock group. Collectively,
the results of these 3 related experiments indicated that Hpa
increased the blood and oxygen supply of both the breast
tumors and lung metastases through angiogenesis and VM,
thereby contributing to tumor growth and metastasis.
Hypoxia is prevalent in solid tumors, and may be caused by
insufficient vascularization, characteristic structural defects
(lack of smooth muscle, incomplete endothelial lining and
basement membrane), highly irregular architecture (blind ends,
arteriovenous shunts and high-angle branching patterns) and
functional abnormalities (42). On the other hand, it may also
be caused by the high level of oxygen consumption induced
by intense cell proliferation (43,44) that creates an imbalance
between oxygen supply and demand in solid tumors. Different
tumors respond differently to hypoxia, with some tumors
exhibiting inhibition of cell division and even death (45-48),
while others may adapt by developing a broad range of
mechanisms to accelerate malignant progression (28,49-56).
In order to further explore the biological role of hypoxia
in the progression of TNBC and the effect of hypoxia on Hpa,
a hypoxic environment (1% O,) was established in vitro. The
proliferation ability of TNBC cells (Hpa/mock) and HUVECs
was somewhat enhanced in hypoxia, but without a statistically

significant difference. The ability of colony formation is
recognized as a characteristic of tumor aggressiveness and it
indicates strong adaptability and independent viability, which
are crucial for tumor progression, particularly in terms of growth
in a hypoxic environment or formation of metastases in a new
environment. In the present study, the colony formation assay
demonstrated that both hypoxia (Hpa-hypoxia >Hpa-normal,
mock-hypoxia >mock-normal) and Hpa (Hpa-hypoxia
>mock-hypoxia, Hpa-normal >mock-normal) significantly
promoted the colony-forming ability of TNBC cells, indicating
that both hypoxia and the Hpa conferred good tolerance (higher
tolerance to stress and increased aggressiveness) to TNBC
cells. In addition, in a hypoxic environment, the ability of
heparanase to promote colony formation was further enhanced
in TNBC cells (Hpa-hypoxia-Hpa-normal)/Hpa-normal
>(mock-hypoxia-mock-normal)/mock-normal), which means
that Hpa conferred good tolerance to TNBC cells, and this
effect was further enhanced by hypoxia.

Oxygen, nutrient and blood supply are interlinked, so
that hypoxia often coexists with nutritional deficiencies.
Angiogenesis and VM are recognized as the important
compensatory mechanisms to hypoxia and represent hall-
marks of cancer (57). These compensatory mechanisms
have been widely reported in the progression of numerous
solid tumors, including TNBC (58-65). In our in vitro study,
an intense stress environment was created (1% O,, 5% CO,,
0% FBS, 37°C) to mimic the hypoxia and nutritional depri-
vation in vivo. We observed that the coculture supernatants
(TNBC cells and PLT) significantly improved the reduction of
vascular integrity (HUVECS), which was caused by hypoxia
and nutritional deprivation, and was further enhanced by Hpa.
This indicated that the crosstalk between TNBC cells and
PLT contributed to angiogenesis, and this effect was enhanced
by Hpa. The results of Bio-plex analysis (VEGF-a) further
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indicated that the crosstalk between TNBC cells and PLT
acted through VEGF-a to promote angiogenesis and increase
the blood supply in TNBC, which was further enhanced by
Hpa. In this stress environment (1% O,, 5% CO,, 0% FBS,
37°C), MDA-MB-231-Hpa-GFP cells exhibited a significantly
increased microvascular density compared with the normal
environment, but MDA-MB-231-mock-GFP cells exhibited
a significantly decreased microvascular density compared
with the normal environment. It was further conformed that
Hpa increased the blood supply through promoting VM and
conferred good tolerance to TNBC cells under conditions of
extreme stress (1% O,, 5% CO,, 0% FBS, 37°C).

Numerous studies have reported that hypoxia triggers a coor-
dinated transcriptional response, mediated primarily through the
activation of the heterodimeric transcription factor HIF-1a (66-71),
which induces the transcription of VEGF-a, a recognized target of
HIF-1a (68,72), and significantly contributes to malignant progres-
sion in terms of growth, angiogenesis and metastasis (73-75). In
ovarian and pancreatic cancer, hypoxia significantly promoted
metastasis by enhancing Hpa activity (39,76). However, in an
extremely harsh environment (hypoxia and nutritional depriva-
tion), the role of Hpa in TNBC has remained unknown. In the
present study, it was observed that, under extreme stress condi-
tions (hypoxia and nutritional deprivation), the expression of
HIF-1a, Hpa and VEGF-a were significantly increased, which
was accompanied by activation of p-AKT. Therefore, it was
inferred that the HIF-1a/VEGF-a/p-AKT pathway may play a key
role in this process.

In conclusion, increasing the blood supply to overcome the
stress environment is important for tumor progression. However,
the ability of cells to tolerate and overcome the stress environ-
ment is also important. In the present study, Hpa enhanced the
crosstalk between TNBC cells and PLT to increase the supply,
while also conferring good tolerance to TNBC cells, which are
both important for overcoming hypoxia and a stress environment
to promote the malignant progression (growth, angiogenesis and
metastasis) of TNBC. The findings of the present study may help
elucidate the mechanisms underlying TNBC growth, angiogen-
esis and metastasis from the perspective of the crosstalk between
TNBC cells and PLT, and may improve our understanding of the
important promoting effects and potential molecular mechanism
of action of Hpa and hypoxia in the abovementioned malignant
biological processes, thereby providing a theoretical basis for the
effective targeted therapy of TNBC.

However, the present study had the following limitations:
i) The lung metastasis model was established by tail vein injec-
tion, which does not absolutely mimic the physiological process
of breast cancer metastasis to the lung, and it may be a potential
factor interfering with the in vivo results. A model more closely
mimicking the physiological process of breast cancer metastasis
should be constructed in future studies. ii) A series of experiments
were carefully conducted and documented, and we attempted to
elucidate the possible underlying mechanisms. However, addi-
tional underlying mechanisms require further investigation in
future studies. iii) One cell type (MDA-MB-231) was used to
study the crosstalk between TNBC cells and PLT, and to study
the association of Hpa with the malignant propensity of TNBC
cells. Additional TNBC cell lines and other types of breast
cancer or cells from other tumors are required to clearly establish
the function of crosstalk between tumor cells and PLT, and the
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role of Hpa. Since the bioinformatics analysis based on TCGA
database indicated that the statistical significance of the differ-
ence in Hpa between the metastasis and non-metastasis groups,
and the correlation of Hpa with DFS and OS, were significantly
higher compared with those in HER2*, ER* and other types of
breast cancer, without further experimental evidence we cannot
conclude that this phenomenon is specific to TNBC.

In conclusion, bioinformatics analysis and experimental
in vivo and in vitro studies validated that Hpa enhanced the
crosstalk between TNBC cells and PLT to increase the blood
supply, while also increasing the tolerance of TNBC cells
to stress, which are both important for overcoming hypoxia
and other stressors in the tumor microenvironment in order
to promote the malignant progression, including growth,
angiogenesis and metastasis of TNBC. In addition, the
HIF-1a/VEGF-a/p-AKT axis may be the key pathway involved
in mediating the effects of Hpa. Therefore, improving local
hypoxia, anti-Hpa treatment and inhibition of PLT activation
may improve the prognosis of TNBC.
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