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Abstract

Background Breast cancer, one of the most common forms of cancer, is associated with the highest cancer-
related mortality among women worldwide. In comparison to other types of breast cancer, patients diagnosed

with the triple-negative breast cancer (TNBC) subtype have the worst outcome because current therapies do not
produce long-lasting responses. Hence, innovative therapies that produce persisting responses are a critical need.
We previously discovered that hyperactivating purinergic receptors (P2RXs) by increasing extracellular adenosine
triphosphate (eATP) concentrations enhances TNBC cell lines' response to chemotherapy. Heparan sulfate inhibits
multiple extracellular ATPases, so it is a molecule of interest in this regard. In turn, heparanase degrades polysulfated
polysaccharide heparan sulfate. Importantly, previous work suggests that breast cancer and other cancers express
heparanase at high levels. Hence, as heparan sulfate can inhibit extracellular ATPases to facilitate eATP accumulation,
it may intensify responses to chemotherapy. We postulated that heparanase inhibitors would exacerbate
chemotherapy-induced decreases in TNBC cell viability by increasing heparan sulfate in the cellular microenvironment
and hence, augmenting eATP.

Methods We treated TNBC cell lines MDA-MB 231, Hs 578t, and MDA-MB 468 and non-tumorigenic immortal
mammary epithelial MCF-10A cells with paclitaxel (cytotoxic chemotherapeutic) with or without the heparanase
inhibitor OGT 2115 and/or supplemental heparan sulfate. We evaluated cell viability and the release of eATP. Also, we
compared the expression of heparanase protein in cell lines and tissues by immunoblot and immunohistochemistry,
respectively. In addition, we examined breast-cancer-initiating cell populations using tumorsphere formation
efficiency assays on treated cells.

An abstract of this work was previously presented at the American
Association for Cancer Research (AACR) Annual Meeting (2023).
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Results We found that combining heparanase inhibitor OGT 2115 with chemotherapy decreased TNBC cell viability
and tumorsphere formation through increases in eATP and activation of purinergic receptors as compared to TNBC

cells treated with single-agent paclitaxel.

Conclusion Our data shows that by preventing heparan sulfate breakdown, heparanase inhibitors make TNBC cells
more susceptible to chemotherapy by enhancing eATP concentrations.

Keywords ATP, Chemotherapy, Heparanase, Purinergic signaling, Breast cancer, Heparan sulfate

Background

Breast cancer has the highest global incidence rate of all
cancers with 47.8 new cases and 13.6 deaths per 100,000
per year [1]. Hence, millions of women are affected by
breast cancer each year. Moreover, it was the most com-
mon cause of cancer-related mortality among women in
2020. Currently, there are few specific targeted therapies,
leading to a worse outlook for those patients diagnosed
with triple-negative breast cancer (TNBC) as compared
to other breast cancer subtypes because of the need for
progressively more intrusive and toxic therapies to main-
tain disease control [2—4]. Thus, the development of
more efficacious therapies is needed.

Under physiological conditions, the concentration of
intracellular ATP can be between 3 and 10 millimolar
(mM), whereas the concentration of eATP is between 0
and 10 nanomolar (nM), a 10°-fold difference [5]. Nev-
ertheless, this minute concentration of eATP can act
as a signaling molecule through cell surface purinergic
receptors [6—8]. Notably, there is a significant difference
in extracellular adenosine triphosphate (eATP) concen-
trations between cancers and normal tissues [6—8]. Our
previously published study demonstrated that eATDP is
toxic (in the high micromolar range) to TNBC cells, but
not to nontumorigenic immortal mammary epithelial
MCEF-10A cells [9]. However, eATP can be broken down
by different ecto-nucleotidases, including ecto-nucleo-
side triphosphate diphosphohydrolases (ENTPDases),
5’nucleotidases (5-NTs), ecto-nucleotide pyrophospha-
tases/phosphodiesterases (E-NPPases), and tissue non-
specific alkaline phosphatases (TNAP). E-NTPDases
are considered the principal enzymes responsible for
ATP degradation with extracellular 5’NT responsible
for the catalytic conversion of adenosine monophos-
phate (AMP) to adenosine [10]. We previously showed
that inhibitors of each of these families of ecto-ATPases
possess the capacity to enhance concentrations of eATP
released by cancer cells through P2RX4 and P2RX7 ion
channel-coupled purinergic receptors [9]. Thus, attenua-
tion of the activity of all ectoATPases may be necessary
to maximize eATP release and TNBC cell death. The
presence of multiple families of ecto-ATPase inhibitors
complicates the design of synthetic inhibitors. As part of
our interest in broad-spectrum ecto-ATPase inhibitors,
our appraisal of the literature revealed that polysulfated

polymers such as heparan sulfate (HS) inhibit multiple
classes of ecto-ATPases [11, 12]. Hence, we hypothesized
that enhancement of extracellular heparan sulfate levels
would exacerbate chemotherapy-induced eATP release
and TNBC cell death.

The polysulfated polysaccharide heparan sulfate is
synthesized in the Golgi system and is composed of
disaccharide units that are negatively charged and
unbranched, with sulfation on 3-O, 6-O, or N sites of
glucosamine as well as the 6-O site on glucuronic/idu-
ronic acid [13-16]. Heparan sulfate impacts growth fac-
tor signaling, regulates cell adhesion, and sequesters
growth factors in the extracellular matrix (ECM) [14, 15,
17]. Heparan sulfate proteoglycans also modulate signal-
ing by the hedgehog, the epidermal growth factor/EGE,
fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF) pathways [18—20]. Heparan sulfate
also modulates inflammatory processes by limiting the
diffusion of cytokines/chemokines from the immediate
pericellular microenvironment and promoting the initia-
tion of innate immune responses [15, 17]. Hence, hepa-
ran sulfate may also exert its effects through mechanisms
independent of eATP.

Heparanase, the enzyme that degrades heparan sulfate,
localizes in the nucleus, lysosomes, and late endosomes;
elevated levels of this enzyme have been observed in a
variety of cancers, including breast cancer [13-16, 21,
22]. Heparanase can confer chemotherapeutic resistance
in cancer cells through numerous mechanisms including
autophagy and nuclear factor-kappa B (NF-kB) signaling
[23, 24]. Importantly, the growth of tumor xenografts is
inhibited by siRNA-mediated heparanase depletion, sup-
porting a protumorigenic role for this enzyme [15].

Various heparanase inhibitors have been developed
previously, including neutralizing antibodies, peptides,
and small molecules, such as OGT 2115, suramin, PI-88,
SST0001, M402, and PG545. These have revealed some
effectiveness in vitro and in vivo. OGT 2115 has been
tested in prostate cancers and shown to have proapop-
totic effects, but was not tested in triple-negative breast
cancer; PI-88 has been utilized in phase II clinical trials
related to prostate cancer while SST0001 has been used
in phase I/II clinical trials for multiple myeloma [13-16,
25-28]. We postulated that heparanase inhibitors would
sensitize TNBC cells to chemotherapy by increasing
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heparan sulfate in the cellular microenvironment, thus
enhancing the concentration of eATP. Therefore, hepa-
ranase inhibition is a potential therapeutic strategy for
TNBC.

Methods

Cell culture and drugs and chemicals

Breast cancer cell lines MDA-MB 231 (ATCC HTB-26,
RRID: CVCL_0062), MDA-MB 468 (ATCC HTB-132,
RRID: CVCL_0419), and Hs 578t cells (ATCC HTB-
126, RRID: CVCL_0332), and HEK-293T cells (ATCC
Cat# CRL-3216, RRID: CVCL_0063) were maintained in
DMEM (Corning; Cat#MT10013CV) and supplemented
with 10% FBS (Gibco; Cat# A5256801), 1% MEM non-
essential amino acids (Gibco; Cat# 11140050), 1 mM
sodium pyruvate (Gibco; 11360070), 4 mM Glutamax
(Gibco; Cat#35050061) and antimicrobial agents (100
units/ml Penicillin, 100 pug/ml streptomycin, and 0.25 pg/
ml amphotericin B) (Gibco; Cat# 15140122). Non-tumor-
igenic immortalized mammary epithelial MCF-10A cells
(ATCC Cat# CRL-10317, RRID: CVCL_0598) were main-
tained in DMEM/F12 (Gibco; Cat# 11320082) supple-
mented with 5% horse serum (Gibco; Cat# 26050088),
hydrocortisone (Sigma; Cat# HO0888-1G), epidermal
growth factor (Sigma; Cat# SRP3027), cholera toxin
(Sigma; Cat# C8052), insulin (Sigma; Cat# 91077 C) and
antimicrobial agents. The cell lines were authenticated
and maintained at 37 C, 5% CO, and 95% relative humid-
ity as described previously [9].

The following drugs and chemicals were used: ATP
(Sigma), recombinant heparanase (Sigma), paclitaxel
(Calbiochem), OGT 2115 (Tocris), A438079 (Tocris),
5-BDBD (Tocris), and heparan sodium sulfate (Sigma).
Heparan sulfate and ATP were dissolved in nuclease-free
water (Invitrogen); paclitaxel, OGT 2115, A438079, and
5-BDBD were dissolved in dimethyl sulfoxide (DMSO)
(Sigma). Table 1 shows the drugs’ concentrations and
functions; we optimized the drug concentrations that
were used for the different assays, starting with the pre-
viously used drug concentrations as starting points
[28-32]. Drugs were added to media at designated con-
centrations and applied to cells in culture.

Table 1 Drug concentrations and functions

Drug Concentration(s) Function(s) Concen-
tration
reference

Paclitaxel 50 and 100 uM Chemotherapeutic [29]

agent

OGT 2115 20 UM Heparanase inhibitor [28]

A437809 20 uM P2RX7 inhibitor [30]

5-BDBD 20 uM P2RX4 inhibitor [31]

Heparan so- 50 uM developmental pro- [32]

dium sulfate cesses, angiogenesis,

and tumor metastasis
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ELISAs

TNBC and MCF-10A cells were grown for 48 h and
supernatants were collected. The basal expression lev-
els of heparanase (Abcam, Cat# ab256401) and heparan
sulfate (Lifespan Biosciences, Cat# LS-F22183) were
assessed in the examined cell lines via enzyme-linked
immunoassay (ELISA) analysis according to the corre-
sponding manufacturer’s directions.

Immunohistochemistry of heparanase

AMSBIO BR1202B breast cancer tissue array (120-core
array with 82 TNBC cores) on Fisher Superfrost Plus
slides was sectioned at 5 pm and air-dried overnight.
Staining was performed at Histowiz, Inc. (Brooklyn,
NY) using the Leica Bond RX automated stainer (Leica
Microsystems). Control samples of normal breast tissue
and ductal carcinoma in situ were processed, embed-
ded in paraffin, and sectioned at 4 pm. These slides were
dewaxed using xylene and serial dilutions of ethanol. Epi-
tope retrieval was performed by heat-induced epitope
retrieval (HIER) of the formalin-fixed, paraffin-embedded
tissue using citrate-based pH 6 solution (Leica Microsys-
tems, Cat#AR9961) for 10 min at 95 °C. The tissues were
first incubated with peroxide block buffer (Leica Micro-
systems, Cat# RE7101-CE), followed by incubation with
the rabbit heparanase antibody (Novus Biologicals, Cat#
NBP303846, RRID: AB_2927437) at 1:500 dilution (this
dilution was determined by Histowiz through optimiza-
tion using HEK 293T cells transfected with a heparanase
expression plasmid derived from pcDNA3.1 (RRID: Add-
gene_79663) using Lipofectamine 3000 (Thermo Fisher
Scientific, Cat# 1L3000015) as positive control for 30 min,
followed by DAB rabbit secondary reagents-polymer,
DAB refine, and hematoxylin (Bond Polymer Refine
Detection Kit, Leica Microsystems, Cat# DS9800)—
according to the manufacturer’s protocol. The slides were
dried, coverslipped (TissueTek-Prisma Coverslipper), and
visualized using a Leica Aperio AT?2 slide scanner (Leica
Microsystems) at 40x. All immunohistochemical stain-
ing was carried out at the same time by Histowiz. For the
analysis of the tissue microarray (TMA), the Halo TMA
module was used to identify the individual TMA cores
by constructing a grid over the TMA. All subsequent
analysis steps were the same for the slides of ductal carci-
noma in situ (DCIS) tissue, normal breast tissue, and the
TMA of breast cancers. In the first part of the analysis,
the tumor area was identified by training a random forest
classifier algorithm to separate viable tumor tissue from
any surrounding stroma and necrosis areas. Once the
tumor area was identified, the analysis then proceeded to
identify positive and negative cells based on heparanase
staining within the defined tumor area on each slide and
each core from the TMA slide. Positive and negative cells
were identified using the Halo Multiplex IHC algorithm
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v3.4.1 by first defining the settings for the hematoxylin
counterstain, followed by setting thresholds to detect the
heparanase stain positivity of weak, moderate, and strong
intensities (Halo threshold settings 0.11, 0.35, 0.45). An
H-score was then generated following the formula: (1 x %
of cell staining 14) + (2 X % cells staining 2+) + (3 x % cells
staining 3+)=H-score (range 0-300) where weak positive
(14), moderate positive (2+), and strong positive (3+) are
defined. For the histology statistical analysis, group dif-
ferences were determined using Kruskal-Wallis one-way
analysis of variance (ANOVA). The comparisons were:
different breast cancer sub-types compared to normal
and to DCIS, different stages of breast cancer, different
grades of breast cancer and % Ki67 expression.

Western blot analysis

Equal numbers of cell types (TNBC MDA-MB 231,
Hs 578t, and MDA-MB 468 cells, and nontumorigenic
immortal mammary epithelial MCF-10A cells) were
seeded and cultured for 48 h to 70-80% confluency.
Cell supernatants were collected. Total cell lysates were
prepared; protein quantification was performed; and
proteins were denatured, separated, and transferred as
previously described [9]. For quantitation of heparan-
ase in cell supernatants, 100-ug heparanase, 10-ul cell
supernatants, or adjusted volume of cell supernatants
(volume inversely proportionate to the total protein mass
in the corresponding cell lysate to normalize to cellular
mass, with the supernatant sample with the highest cor-
responding protein mass in lysate set as 10 pL of loaded
volume) were loaded onto the 4-20% tris-glycine gels.
Unadjusted (with 10 pl supernatant) blots were stained
with Ponceau S (Thermo Fisher Scientific) to reveal
the loading amount of proteins. The membranes were
blocked with 5% nonfat milk at room temperature for
an hour and incubated overnight at 4 °C with a primary
antibody: heparanase (1:200 dilution; Novus Biologicals,
Cat# NBP303846, RRID: AB_2927437) diluted in 5%
nonfat milk. The membranes were washed and developed
as described previously [9]. Glyceraldehye-3-phosphate
dehydrogenase (GAPDH) (Cell Signaling Technology,
Cat #3683, RRID: AB_1642205) or B-actin (Cell Signal-
ing Technology, Cat #3700, RRID: AB_2242334) was used
as a loading control. Densitometry was performed on
Licor Image Studio (RRID: SCR_015795). The student’s
t-test was applied to the applicable assays to ascertain
significance.

ROC plotter

The ROC Plotter is from microarray data derived from
about 36 public datasets of breast cancer patients, and
it was used to determine the correlation between hepa-
ranase gene expression and chemotherapy response in
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TNBC patients via pathological complete response (for
non-responders, n=124 and for responders, n=30) [33].

Verification of heparanase inhibition by OGT 2115 using
mobility shift of Syndecan-2

Hs 578t cells were seeded and cultured, and cell lysates
were prepared as described in a non-denaturing and
non-ionic detergent (1% IGEPAL® CA-630, Sigma, Cat#
13021). OGT 2115 at 20 pM was applied to 100-pg cell
lysates in the absence and presence of 50 units of recom-
binant heparanase enzyme. These treated and untreated
lysates were incubated for 6 h at 37 °C. We also grew Hs
578t cells with the vehicle or OGT 2115 for 24 h and then
those cells were lysed. Protein samples (100 pg) were
loaded onto the 8% tris-glycine gels, transferred, and
blocked in 5% nonfat milk for an hour. The membranes
were incubated overnight at 4 °C with a syndecan-2 pri-
mary antibody (Thermo Fisher Scientific, Cat#36-6200,
RRID: AB_2533270) diluted in 5% nonfat milk. Den-
sitometry using P-actin (Genetex, Cat# GTX109639;
RRID: AB_1949572) as a loading control was carried out
as described above.

Cell viability and eATP assays

TNBC MDA-MB 231, Hs 578t, and MDA-MB 468, and
nontumorigenic immortal mammary epithelial MCEF-
10A cells were plated as previously described and treated
with paclitaxel (vehicle), heparan sodium sulfate (50 pM),
OGT 2115 (20 uM), A438709 (20 uM), 5-BDBD (20 uM)
alone, or different combinations of these drugs. Cells
were treated with OGT 2115 and heparan sodium sulfate
for 48 h and with paclitaxel, A438709, or 5-BDBD for the
final 6 h of the 48-hour time course (we treated cells with
paclitaxel for 6 h to replicate exposure times in patients);
cell viability was assessed using the PrestoBlue™ HS cell
viability reagent (Invitrogen) following the manufactur-
er’s instructions [9]. ATP was assessed in supernatants as
described above. Fluorescence readings (excitation and
emission ranges: 540-570 nm and 580-610 nm) were
evaluated using a Bioteck Synergy HT plate reader.

Tumorsphere formation efficiency assay

TNBC MDA-MB 231, Hs 578t, and MDA-MB 468 cell
lines were grown and treated with paclitaxel, OGT 2115,
and/or heparan sodium sulfate as described above in
the “Cell viability and eATP assays” section. Cells were
trypsinized, washed, resuspended in 3D Tumorsphere
Medium XF (Sigma), and plated at 10 viable cells per well
after (45 pM) filtration. Cells were grown for 7 days, and
tumorspheres were counted for each different condition
using the Etaluma™ Lumascope 620.
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Statistical and bioinformatics analyses

When shown to be statistically significant, a post hoc
Dunn’s test was done to determine p values. P values
were adjusted to account for multiple comparisons and
an alpha level of 0.05 was used for all tests for IHC analy-
sis. The software GraphPad Prism version 10.0.2 (RRID:
SCR_002798) was used for all tests The student’s t-test
was applied to the applicable assays to ascertain signifi-
cance, including for western blot densitometry. One-way
ANOVA with Tukey’s honestly significant difference
(HSD) was calculated to ascertain significance for cell
viability, eATP assays and tumorsphere formation effi-
ciency assays.

Bliss independence models were computed from
estimated mean viabilities under paclitaxel and OGT
2115 alone via the formula Log Viability (Bliss)=Log_
Viability(paclitaxel) + Log_Viability (OGT 2115). Inter-
action at each dose was quantified as the ratio of the
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predicted viability under the Bliss independence model
over the estimated viability under the tested pacli-
taxel+ OGT 2115 combination, with ratios>1 indicating

synergy.

Results

Heparanase and heparan sulfate expression in breast
cancer

Heparanase expression in breast cancer cell lines and
mammary epithelial cells by western blot and ELISAs

To assess the basal expression of heparanase among the
cell lines, we performed analysis on TNBC MDA-MB
231, Hs 578t, and MDA-MB 468 cell lines and nontu-
morigenic immortal epithelial mammary MCEF-10A cells,
probing for heparanase (Fig. 1; Supplemental Fig. 1). The
majority of extracellular heparanase was processed (pro-
teolytically activated; 50 kDa) in all the cell types exam-
ined. Unexpectedly, the majority of TNBC cell lines
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Fig. 1 Heparanase expression in immortal mammary epithelial cells and TNBC cell lines. For the western blot analysis of heparanase, (A) Adjusted volume
of cell supernatants, inversely proportionate to the total protein masses in the corresponding cell lysates were probed with heparanase antibody and
densitometries analyzed using the student’s t-test to determine significance. * represents p < 0.05 and ** represents p < 0.01 when comparing expression
in MCF-10A cells to the expression in TNBC cell lines. (B) Equal amounts of cell lysate from each cell line were probed. Western blots were performed on
two biological replicates. The densitometric analyses of the bands were calculated. The student’s t-test was performed to determine significance. * rep-
resents p<0.05 and ** represents p <0.01 when comparing expression in MCF-10A cells to the expression in TNBC cell lines. (C) Extracellular heparanase
expression was determined in nontumorigenic immortal mammary epithelial MCF-10A cells and TNBC MDA-MB 231, Hs 578t, and MDA-MB 468 cells by
ELISAs. The standard deviation was calculated from three independent experiments performed in triplicate. The student’s t-test was performed with *
representing p < 0.05 and ** representing p <0.01, comparing expression levels in MCF-10A to those in the TNBC cell lines. (D) Heparan sulfate expression
was examined in the supernatants of TNBC cells and control immortal MCF-10A cells via ELISA analysis with MDA-MB 468 expressing the most. The stan-
dard deviation was calculated from three independent experiments performed in triplicate. The student’s t-test was performed to determine the signifi-
cance with * representing p <0.05 and ** representing p <0.01 comparing the protein expression in MCF-10A to the protein expressions in the TNBC cell
lines. (E) and (F) ROC Plotter was applied to identify whether expression was different between chemotherapy responders (n=30) and non-responders
(n=124). Low heparanase expression was not significantly predictive of TNBC patient chemotherapy response (ROC p=0.06, Mann-Whitney p=0.087)
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expressed less processed heparanase extracellularly when
compared to MCF-10 A cells as assessed by semi-quan-
titative densitometry. However, a majority of intracellu-
lar heparanase expression was unprocessed (molecular
weight of 65 kDa). Regarding intracellular processed hep-
aranase, expression was less in the TNBC cell lines com-
pared to MCEF-10A cells, with Hs 578t cells expressing
the most among the TNBC cell lines. Regarding intra-
cellular unprocessed heparanase, MDA-MB 231 cells
expressed the least, while Hs 578t and MDA-MB 468
cells expressed slightly less than MCF-10 A cells. Also,
we carried out ELISAs for heparanase expression in the
supernatants as an orthogonal method and saw no sig-
nificant difference between the examined cell types using
the appropriate media as a negative control (DMEM for
the TNBC cells and DMEM/F12 for MCF-10A) (Fig. 1C).

Heparan sulfate expression by ELISAs in breast cancer cell
lines and immortal mammary epithelial cells

TNBC MDA-MB 231, Hs 578t, and MDA-MB 468 cell
lines and nontumorigenic immortal epithelial mammary
MCEF-10A cells were examined for extracellular expres-
sion of heparan sulfate via ELISAs (Fig. 1D). Our ELISA
results for extracellular heparan sulfate showed that the
TNBC MDA-MB 468 cell line expressed significantly
more extracellular heparan sulfate than the MCF-10A
cell line. In contrast, MCF-10A cells expressed signifi-
cantly more heparan sulfate than MDA-MB 231 and Hs
578t cells.

Some studies suggest that because heparanase binds to
extracellular heparan sulfate, one must account for hepa-
ran sulfate levels when interpreting heparanase expres-
sion; however, other studies contradict this notion [34].
As some studies suggest that heparanase levels positively
correlate with heparan sulfate levels, a more accurate way
to analyze heparanase expression may be the ratio of hep-
aranase to heparan sulfate. Hence, a more accurate way
to analyze heparanase expression may be by comparing
the ratio of heparanase to heparan sulfate. Thus, when
heparan sulfate levels are considered, the paradoxically
lower expression of heparanase in TNBC cell lines com-
pared to MCF-10A cells may be explained. Our results
were based on two biological replicates.

To determine whether heparanase gene expression cor-
relates with chemotherapy response in TNBC patients,
we used ROC Plotter to identify whether expression
was different between chemotherapy responders and
non-responders (Fig. 1E and F). Low heparanase expres-
sion was not significantly predictive of TNBC patient
chemotherapy response (ROC p=0.06, Mann-Whitney
p=0.087), however the relationship does trend in the
direction we would expect per our in vitro results.

We also probed TNBC MDA-MB 231, Hs 578t, and
MDA-MB 468 cell lines and nontumorigenic immortal
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epithelial mammary MCF-10A cells treated with pacli-
taxel (100 uM) or ATP (500 uM) for heparanase and saw
no significant change in expression for heparanase with
chemotherapy or ATP treatment (Supplemental Fig. 2).

Measurement of heparanase expression in human breast
cancer samples by immunohistochemistry

A breast cancer tissue array (120 cores specifically with
82 TNBC cores), normal breast tissue slides, and DCIS
tissue slides were stained for heparanase expression
(Fig. 2A and Supplemental Fig. 3), and statistical analy-
sis was performed (Fig. 2; Supplemental Figs. 4-6).
Before tissue array staining, the staining conditions were
optimized as described in the methods (Supplemental
Fig. 3A). The expression of heparanase was compared
among TNBCs (n=75), estrogen receptor-positive/pro-
gesterone receptor-positive (ER+/PR+) breast cancer
(n=18), human epidermal growth factor receptor 2-posi-
tive (HER2+) breast cancer (n=14), normal breast tis-
sue (n=4), and DCIS (n=5). It is important to note that
immunohistochemistry does not differentiate between
processed (active) and unprocessed (inactive) hepa-
ranase. We found through a one-way ANOVA test that
there was no significant difference between breast cancer
sub-types in the H-score of heparanase-stained cells. A
Kruskal-Wallis test showed that there was no significant
difference in the percentages of cells that stained at any
level, weakly, moderately or strongly positively for hepa-
ranase in tissue sections of normal breast tissue, DCIS,
and invasive breast cancers. We also determined through
a one-way ANOVA test that there was no significant
difference in the H-scores of heparanase-stained cells
among TNBC breast cancer stages (IA: n=9, IIA: n=70,
IIB: n=23, IIIA: n=5, IIIB: n=8) (Supplemental Fig. 4).
Additionally, a one-way ANOVA test indicated that there
was no significant difference in the H-scores of heparan-
ase-stained cells among grades of TNBCs (Grade 1: n=8,
Grade 2: n=39, Grade 3: n=43), and a Kruskal-Wallis test
comparing cancers with differing % Ki67 expression lev-
els did not find any difference between fraction of hepa-
ranase-stained cells or in the H-scores (0%: n=8; 1-9%:
n=19; 10-19%: n=17; 20-29%: n=11; 30-39%: n=13;
40-49%: n=6; 50-59%: n=14; 60-69%: n=6; 70-79%:
n=5; 80-89%: n=4; 90-100%: n=10) (Supplemental
Figs. 5 and 6).

As previously mentioned, some studies suggest that
heparanase binds to cell surface and extracellular matrix
heparan sulfate chains, and hence its expression level
may positively correlate with heparan sulfate levels;
however, this has not been a consistent finding in the
literature [34]. Also, given that the expression levels are
semi-quantitatively assessed by immunohistochemistry,
it is difficult to normalize heparanase to heparan sulfate
levels.
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Fig. 2 Statistical analysis for heparanase immunohistochemistry comparing different breast cancer subtypes and normal breast tissue. For the breast
cancer tissue array and slides stained for heparanase: TNBC (n=75), ER+/PR+ (n=18), HER2+ (n=14), normal (n=4), and DCIS (n=5), (A) images were
taken of heparanase-stained AMSBIO BR1202B breast cancer tissue array and normal and DCIS slides on an Evos FL Auto 2 microscope (40x). (B) A one-
way ANOVA test indicated no significant difference in the H-scores of heparanase-stained cells among subtypes. A Kruskal-Wallis test indicated that there
was no significant difference: (C) in the percentage of heparanase positively stained cells in the tissue sections of normal breast tissue, DCIS, and invasive
breast cancer subtypes; (D) in the percentage of heparanase weakly stained cells in the tissue sections of normal breast tissue, DCIS, and invasive breast
cancer subtypes; (E) in the percentage of heparanase moderately stained cells in the tissue sections of normal breast tissue, DCIS, and invasive breast
cancer subtypes; (F) in the percentage of heparanase strongly stained cells in the tissue sections of normal breast tissue, DCIS, and invasive breast cancer

subtypes

Effect of heparanase inhibitor on cell viability and eATP

We next combined a heparanase inhibitor (OGT 2115)
with chemotherapy (paclitaxel) to assess its impact on
the effectiveness of chemotherapy in the TNBC cell lines
in comparison to nontumorigenic immortal epithelial
mammary MCEF-10A cells. For these experiments, all the
cell lines were treated with paclitaxel for the final 6 h of
a 48-hour time course to simulate the duration of sys-
temic exposure to paclitaxel in patients and with OGT
2115 and heparan sodium sulfate for 48 h (Fig. 3). For this
reason, we did not see differences in the loss of viability
of cells treated with paclitaxel alone (vehicle addition).
Yet, the heparanase inhibitor OGT 2115 (20 uM) sensi-
tized all three TNBC cell lines—MDA-MB 231, Hs 578t,
and MDA-MB 468—to paclitaxel (100 uM). Additionally,
there was further sensitization when heparan sodium sul-
fate was added to the combination of paclitaxel and OGT
2115. However, there was no sensitization of MCF-10A
cells to paclitaxel when concurrently treated with OGT
2115 and heparan sodium sulfate.

Under the same conditions,
the amount of eATP in the

we also assessed
supernatants  of

chemotherapy-treated (paclitaxel-treated) cells (Fig. 4).
In the presence of OGT 2115 and paclitaxel, we saw
significant increases in eATP levels when compared to
vehicle addition (paclitaxel alone) in immortal MCE-
10A cells and TNBC cell lines. Moreover, there were sig-
nificant increases in eATP with the addition of heparan
sodium sulfate to the combination of paclitaxel and OGT
2115 when compared to the vehicle addition.

We also plotted graphs for the treatments of increas-
ing concentrations of paclitaxel and OGT 2115 (Supple-
mental Fig. 7). There was some synergy (<0.1-1.0) for one
dose combination of paclitaxel and OGT 2115 for MDA-
MB 231 cells while there were some drug dose combina-
tions that were additive (1-1.2) for Hs 578t and MDA-MB
468 cells, using the Bliss independence model for deter-
mining synergy.

Thus, the heparanase inhibitor OGT 2115 significantly
increased eATP release upon chemotherapy treatment
and sensitized TNBCs to chemotherapy.
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Fig. 3 Effects of heparanase inhibitor OGT 2115 and chemotherapeutic agent paclitaxel on cell viability. Percentage loss of cell viability was measured in
treated (A) nontumorigenic immortal mammary epithelial MCF-10A cells and TNBC (B) MDA-MB 231, (C) Hs 578t, and (D) MDA-MB 468 cells. The treat-
ments applied were vehicle addition (paclitaxel, purple), heparan sodium sulfate (50 uM, teal), and OGT 2115 (20 uM, purple-red) or the combination
(light blue). Heparan sodium sulfate and OGT 2115 were administered for 48 h, and paclitaxel was added for the final 6 h to replicate exposure times in
patients. The standard deviation was calculated from three independent experiments performed in triplicate. One-way ANOVA with Tukey's HSD was
applied to ascertain significance. * represents p <0.05 and ** represents p <0.01 when comparing vehicle addition to heparan sodium sulfate, OGT 2115,

or the combination

Verification that OGT 2115 inhibits heparanase at the
concentration utilized

We treated intact Hs 578t cells with OGT 2115 for
24 h before lysing the cells and performing immunob-
lots on the lysates to analyze expression levels. Hs 578t
cells lysed with a non-ionic and non-denaturing deter-
gent were treated with heparanase, heparanase inhibitor
OGT 2115, or a combination of both for 6 h; a control
(no added heparanase or inhibitor) was also prepared.
We focused on the gel mobility of syndecan-2 (a pro-
tein known to be physiologically post-translationally
modified by heparan sulfate) with a predicted molecu-
lar weight of 37 (heparan sulfate modified) and 22 kDa
(unmodified protein). Upon immunoblotting, lysates of
vehicle or OGT 2115-treated intact cells, we observed
an increase in the intensity of both the 37 and 22 kDa
molecular weight bands in the OGT 2115-treated cells
(Supplemental Fig. 8). This is consistent with degradation
of syndecans upon loss of heparan sulfate chains due to
exposure of protease cleavable sites of the core protein
by endogenously expressed heparanase, as has previously
been described [35-38]. Furthermore, when cells were
lysed with non-denaturing and non-ionic detergents and
were treated with heparanase, we then again observed

loss of both 37 and 22 kDa bands. This effect was partially
reversed by concurrently treating the lysates with OGT
2115. This data shows that OGT 2115 inhibits heparan-
ase at the concentrations used for the experiments.

Role of purinergic signaling in enhancing chemotherapy-
induced TNBC cell death with the application of
heparanase inhibitors

We had previously demonstrated that eATP exerts cyto-
toxic effects on TNBC cells through P2RX4 and P2RX7
receptors [9]. We sought to verify whether the sensitiza-
tion of TNBC cells to paclitaxel by OGT 2115 is depen-
dent on eATP-induced activation of P2RX4 or P2RX7
(Fig. 5). We chose Hs 578t cells for this experiment
because we detected the largest increase in eATP and
percentage loss of cell viability when this cell line was
exposed to the combination of paclitaxel, OGT 2115,
and heparan sodium sulfate. We did observe a signifi-
cant reversal of the sensitizing effects of OGT 2115 on
cell viability and eATDP release when experimenting in the
presence of the P2RX7 inhibitor A438079 (Fig. 5A and C)
or the P2RX4 inhibitor 5-BDBD (Fig. 5B and D). This was
revealed by a significant decrease in eATP (p<0.0001)
and increased cell viability (p<0.0001) when comparing
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Fig. 4 Heparanase inhibitor OGT 2115 and chemotherapeutic agent paclitaxel influence extracellular ATP concentrations. Extracellular ATP concentra-
tions were measured in the supernatants of treated (A) nontumorigenic immortal mammary epithelial MCF-10 A cells and TNBC (B) MDA-MB 231, (C)
Hs 578t, and (D) MDA-MB 468 cells. The treatments: vehicle addition (paclitaxel, purple), heparan sodium sulfate (50 uM, teal), and OGT 2115 (20 uM,
purple-red), or the combination regimen (light blue). Heparan sodium sulfate and OGT 2115 were administered for 48 h and paclitaxel was added for the
final 6 h to replicate exposure times in patients. The standard deviation was calculated from three independent experiments performed in triplicate. One-
way ANOVA with Tukey's HSD was applied to ascertain significance. * represents p < 0.05 and ** represents p <0.01 when comparing vehicle addition to

heparan sodium sulfate, OGT 2115, or the combination regimen

the combination of paclitaxel with OGT 2115 to that of
paclitaxel with OGT 2115 and A438709. We observed a
significant decrease in eATP (p<0.0001) and increased
cell viability (»p<0.0001) when comparing the combina-
tion of paclitaxel, heparan sodium sulfate, and OGT 2115
to paclitaxel, heparan sodium sulfate, OGT 2115, and
5-BDBD. Hence, the P2RX7 blocker A438709 and the
P2RX4 blocker 5-BDBD reversed the capacity of OGT
2115, and that of heparan sulfate combined with OGT
2115, to sensitize cells to and augment eATP release
induced by paclitaxel treatment of TNBC cell lines.

This data demonstrates that the exaggerated loss of cell
viability observed when OGT 2115 and heparan sulfate
are combined with paclitaxel is dependent on the activa-
tion of both P2RX4 and P2RX7 by eATP.

Impact of purinergic signaling on cancer-initiating cells

We then analyzed the effects of purinergic signaling on
cancer-initiating cells by carrying out tumorsphere for-
mation efficiency assays. TNBC cell lines were treated
with paclitaxel, OGT 2115, and/or heparan sodium sul-
fate and then passed through cell strainers and plated

and maintained as spheroids as described in the meth-
ods. After 7 days, we measured the fraction of wells that
had been plated with at least one viable cell that showed
tumorsphere formation. We noted that tumorsphere
formation efficiency was decreased for all TNBC cells -
MDA-MB 231, MDA-MB 468, and Hs 578t - in the pres-
ence of paclitaxel, heparan sodium sulfate, and OGT
2115 (Fig. 6) compared to vehicle treatment and pacli-
taxel alone. Hence, this data suggests that the heparanase
inhibitor OGT 2115 suppresses the cancer-initiating cell
fraction.

Discussion

Chemotherapy is still the standard treatment for TNBC.
A major drawback of chemotherapy is its inability to
eliminate macroscopic metastatic disease, despite tran-
sient responses. Therapeutic approaches that increase
the magnitude of responses and expand those responses
to otherwise chemotherapy-insensitive tumors are
urgently needed. Extracellular ATDP, in the high micro-
molar to millimolar range, has been demonstrated to be
cytotoxic to cancer cell lines. We have demonstrated that
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chemotherapy treatment increases eATP release from
TNBC cells [9]. We also showed that ecto-ATPase inhibi-
tors enhance chemotherapy-induced eATP release from
TNBC cells and augment chemotherapy-induced cell
death [9]. However, this strategy is limited by the pres-
ence of multiple families of ecto-ATPases in humans,
each with multiple members, thus complicating the
design of synthetic inhibitors. Hence, a broad-spectrum
ectoATPase inhibitor is required.

Heparan sulfate has previously been shown to modu-
late the proliferation and survival of cancer cells by
many mechanisms. The “S” domains of heparan sulfate
are regions in which 2 N sulfated glucosamine residues
occur in contiguous sequences, in contrast to other
regions such as the “NA/NS” or transition domains
where N-acetylated glucosamine alternates with N-sul-
fated glucosamine [39]. It is the disaccharide sequence
2-0 sulfated Iduronic acid-2 N, 6-O sulfated glucosamine
in the “S” domains of heparan sulfate that acts as selec-
tive docking sites for proteins [39]. Heparan sulfate has
been shown to bind to multiple proteins that are relevant

to proliferation, growth, migration, and immunity. These
include morphogens such as hedgehog, decapentaplegic,
and wingless [40, 41]. Another key activity of heparan
sulfate may be related to the modulation of angiogenesis
through VEGF signaling [35]. In addition, PDGFRa sig-
naling is upregulated by sulfatase 2, which removes 6-O
sulfates from heparan sulfate [42]. Hence, heparan sulfate
may affect cancer cells by modulating signaling by mul-
tiple different ligands.

In addition, polysulfated polysaccharides have been
revealed to inhibit multiple classes of ecto-ATPases, thus
attenuating the degradation of ATP [11, 12]. Therefore,
we hypothesized that increasing heparan sulfate in the
microenvironment of triple-negative cancer cells using
heparanase inhibitors would enhance eATP concentra-
tions in the pericellular environment of chemotherapy-
treated TNBC cells and augment chemotherapy-induced
cell death.

Unexpectedly, our immunoblot results revealed
that heparanase is highly expressed intracellularly and
extracellularly in immortal mammary epithelial cells
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when compared to TNBC cells. Also paradoxically, the
ELISA and immunohistochemistry results did not show
increased heparanase expression levels in TNBC cell
lines or invasive breast cancers as compared to immor-
tal mammary epithelial cells or normal breast tissue and
DCIS, respectively. As noted in the results, this could be
due to the dependence of expression levels of heparan-
ase on binding to heparan sulfate and its transcriptional
induction by heparan sulfate [34, 43]. Hence, the ratio of
heparanase to heparan sulfate expression may be a better
measure of heparanase activity.

As heparan sulfate inhibits multiple classes of ecto-
ATPases, we sought to determine if heparanase inhibi-
tors, which inhibit heparan sulfate degradation, can
augment chemotherapy-induced cytotoxicity and exac-
erbate chemotherapy-induced eATP release [11, 12]. We
showed that the combination of the heparanase inhibi-
tor OGT 2115 with chemotherapy (paclitaxel) increased
eATP concentrations and sensitized TNBCs to chemo-
therapy. Additionally, specific inhibitors of P2RX4 and
P2RX7 eATP receptors caused eATP levels and TNBC
cell death to return to basal levels after exposure to the

heparanase inhibitor, confirming that these effects are
dependent on these purinergic receptors; we have dem-
onstrated before that these receptors are necessary for
chemotherapy-induced eATP release from TNBC cells
and for the sensitization of TNBC cells to paclitaxel by
ectoATPase inhibitors [9].

Additionally, we evaluated the effects of combinations
of heparanase inhibitors and chemotherapy on cancer-
initiating cells, as failure to eradicate these cells results
in the capacity of cytotoxic chemotherapy alone to elimi-
nate metastatic TNBC [44-47]. We showed that in the
presence of chemotherapy combined with the heparan-
ase inhibitor, there were fewer surviving cancer-initiating
cells, as assessed by tumorosphere efficiency assay, across
all TNBC cell lines.

eATP is a known immune danger signal, and its
metabolite adenosine is considered a potent immuno-
suppressant; hence, additional research is needed to
assess the immune effects of ecto-ATPase inhibition by
heparan sulfate using immunocompetent in vivo mod-
els of TNBC. Additionally, more work is needed to
assess whether the chemosensitizing effect on TNBC
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cells occurs through nonspecific permeabilization of cell
membranes by P2RX7 macropore formation or whether
additional downstream pathways such as pyroptosis are
involved. We will focus our future research on clarifying
these questions.

Conclusion

Heparanase inhibition sensitizes TNBC cell lines to che-
motherapy by increasing eATP concentrations in the
microenvironment of chemotherapy-treated cells. Hence,
heparanase inhibitors may generate deeper and more
durable responses in combination with chemotherapy. A
major focus of our future goals would be to confirm these
hypotheses in vivo. As eATP is a noted immune danger
signal, it will also be critical to establish the immune
effects of this therapeutic strategy and implications for
combination with current immunotherapeutic strategies.
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