Drug Design, Development and Therapy

Dove

ORIGINAL RESEARCH

Novel Molecular Mechanism of Aspirin and Celecoxib
Targeting Mammalian Neuraminidase-| Impedes
Epidermal Growth Factor Receptor Signaling Axis and
Induces Apoptosis in Pancreatic Cancer Cells

Bessi Qorri
William Harless?

Myron R Szewczuk®'

'Department of Biomedical and
Molecular Sciences, Queen’s University,
Kingston, ON K7L 3N6, Canada;
2ENCYT Technologies Inc., Membertou,
Nova Scotia, Canada

Correspondence: Myron R Szewczuk
Department of Biomedical and Molecular
Sciences, Queen’s University, Kingston,
ON K7L 3N6, Canada

Tel +1 613 533 2457

Fax +1 613 533 6796;

Email szewczuk@queensu.ca

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

Background: Aspirin (acetylsalicylic acid) and celecoxib have been used as potential anti-
cancer therapies. Aspirin exerts its therapeutic effect in both cyclooxygenase (COX)-dependent
and -independent pathways to reduce tumor growth and disable tumorigenesis. Celecoxib,
a selective cyclooxygenase-2 (COX-2) inhibitor, reduces factors that cause inflammation and
pain. The question is whether aspirin and celecoxib have other molecular targets of equal or more

therapeutic efficacy with significant anti-cancer preventive benefits.
Aim: Here, we propose that aspirin and celecoxib exert their anti-cancer effects by targeting and

inhibiting mammalian neuraminidase-1 (Neu-1). Neu-1 has been reported to regulate the activa-
tion of several receptor tyrosine kinases (RTKs) and TOLL-like receptors and their downstream
signaling pathways. Neu-1 in complex with matrix metalloproteinase-9 (MMP-9) and G protein-

coupled receptors (GPCRs) has been reported to be tethered to RTKSs at the ectodomain.
Materials and Methods: The WST-1 cell viability assay, Caspase 3/7 assay, and Annexin

V assay were used to evaluate the cell viability and detect apoptotic and necrotic cells following
treatment in MiaPaCa-2, PANC-1 and the gemcitabine-resistant PANC-1 variant (PANC-1
GemR) cells. Microscopic imaging, lectin cytochemistry, and flow cytometry were used to detect
levels of a-2,3 sialic acid. Epidermal growth factor (EGF)-stimulated live cell sialidase assays
and neuraminidase assays were used to detect Neu-1 activity. Immunocytochemistry was used to

detect levels of EGFR and phosphorylated EGFR (pEGFR) following treatment.
Results: For the first time, aspirin and celecoxib were shown to significantly inhibit Neu-1

sialidase activity in a dose- and time-dependent manner following stimulation with EGF. Aspirin
blocked Neu-1 desialylation of a-2,3-sialic acid expression following 30 min stimulation with EGF.
Aspirin and celecoxib significantly and dose-dependently inhibited isolated neuraminidase
(Clostridium  perfringens) activity on fluorogenic substrate 2'-(4-methylumbelliferyl)-o-
D-N-acetylneuraminic acid (4-MUNANA). Aspirin inhibited phosphorylation of the EGFR in
EGF-stimulated cells. Aspirin dose- and time-dependently induced CellEvent caspase-3/7" cells

as well as apoptosis and necrosis on PANC-1 cells.

Conclusion: These findings signify a novel multimodality mechanism(s) of action for aspirin
and celecoxib, specifically targeting and inhibiting Neu-1 activity, regulating EGF-induced
growth receptor activation and inducing apoptosis and necrosis in a dose- and time-dependent
manner. Repurposing aspirin and celecoxib as anti-cancer agents may also upend other critical
targets involved in multistage tumorigenesis regulated by mammalian neuraminidase-1.
Significance: These findings may be the missing link connecting the anti-cancer efficacy of
NSAIDs to the role of glycosylation in inflammation and tumorigenesis.

Keywords: neuraminidase-1, inflammation, cancer, multistage tumorigenesis, tumor
microenvironment
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Introduction

Pancreatic cancer is a highly inflammatory, aggressive,
and lethal malignancy, with incidence expected to rise."
Cancer-associated inflammation contributes to the desmo-
plastic reaction that results in fibrous tissue infiltrating and
enveloping pancreatic neoplasms.” As a result, the dense
stroma prevents even the smallest therapeutic molecules
from reaching the tumor target site. Inflammation also
contributes to the hallmarks of cancer by supplying pro-
inflammatory molecules, including growth factors for
proliferative receptor signaling, extracellular matrix
(ECM)-modifying enzymes for angiogenesis, invasion,
metastasis, and signals that lead to the induction of epithe-
lial-to-mesenchymal transition (EMT).? Increasing efforts
have focused on inhibiting tumor-promoting inflammation
using non-steroidal anti-inflammatory drugs (NSAIDs) as
anti-cancer agents.

NSAIDs targeting cyclooxygenase (COX) enzymes
can exert a chemotherapy-sensitizing role.* The COX
enzymes catalyze the rate-limiting step of prostaglandin
(PG) synthesis, converting arachidonic acid to prostaglan-
din E, (PGE,).” Elevated PG levels have been reported in
breast, colon, lung, and pancreatic cancer, involved in cell
proliferation, adhesion, metastasis, apoptosis, and immune
surveillance.®” Of the two COX enzymes, COX-1 is con-
stitutively expressed in most tissues, while COX-2 is
induced by pro-inflammatory mediators and mitogenic
stimuli, increasing PG synthesis in inflamed and neoplastic
tissues.® Activation of nuclear factor kappa-light-chain-
(NF-xB) promotes

angiogenic factors and induces COX-2 expression, thus

enhancer of activated B-cells
playing a role in malignant cell proliferation, oncogenesis,
and apoptotic resistance.*’ COX-2 overexpression in
malignant cells has also been linked to reduced levels of
E-cadherin that is required for cellular adhesion, implicat-
ing inflammation in the process of EMT development.'”
Acetylsalicylic acid (aspirin; ASA) is a traditional
NSAID that inhibits both COX isoforms as well as acts
through a COX-independent pathway to inhibit extracel-
lular-signaling-regulated kinase (ERK) activity that is part
of the mitogen-activated protein kinase (MAPK) subfam-
ily implicated in cell proliferation, differentiation, and
survival.*® Conversely, celecoxib is a COX-2 specific
inhibitor that has demonstrated promising results in the
prevention of cancer in addition to its anti-inflammatory

12,13

effects.!’ Both aspirin and celecoxib'*'® have demon-

strated apoptotic effects as well as the potential to augment

chemotherapy. Notwithstanding other promising results,
the specific mechanism(s) of aspirin and celecoxib on
receptor signaling remains unknown.

Therapeutic options for cancer are now incorporating
the tumor microenvironment (TME) and its complex inter-
actions with the tumor. The TME is highly dynamic, and it
can shape a tumor’s response to therapy with subsequent
development of tumor-targeted resistance.'” Although che-
motherapy, targeted therapy, or irradiation are mainstays in
cancer treatment, these treatment options can induce the
TME to facilitate and promote the growth of residual
surviving cancer cells.'® 2° Chemotherapy can also induce
apoptotic tumor cell-induced macrophage chemotaxis and
pro-inflammatory cytokines that have been reported to
promote tumorigenesis, angiogenesis, and metastasis.*'**
Also, chemotherapy can create a premetastatic environ-
ment by inducing secreted pro-tumorigenic factors, such
as inflammatory cytokines, chemokines, proangiogenic
growth factors, and danger signals such as alarmins.
Paclitaxel, for example, can increase the recruitment of
bone marrow-derived cells (BMDCs) to accelerate metas-
tasis by inducing matrix metalloproteinase-9 (MMP-9)
expression and EMT.>* Interestingly, paclitaxel can induce
breast cancer metastasis by activating TME cellular pro-
inflammatory cytokines in a TOLL-like receptor-4-depen-
dent manner.***> These dynamic interactions between
tumor cells and the TME can either dampen or enhance
immunotherapy responses that rely on their complex
interactions.*%’

Tumor progression and metastasis are also regulated by
the aberrant glycosylation status of the tumor cells, such
that under or overexpression of aberrant glycans on malig-
nant cells can influence tumorigenic potential.”® Munkley
and Elliot have reported on how aberrant glycosylation in
tumor progression and metastasis is a hallmark of cancer.*’
For example, glycans on tumor cells are critical regulators
of inflammation and the immune response in the TME.*’
The activation of NF-xB and pro-inflammatory COX-2 is
influenced by the glycosylated state of cancer cells, as well
as the efficacy of some COX-2 inhibitors.”” The most
prevalent modification of cancer glycosylation status
involves increased sialylation of the glycans, altered
branched glycan structures, and altered core fucosylation.
Overexpression of branched-N-glycan structures can inter-
fere with epithelial cadherin-mediated cell-cell adhesion
invasion.

and subsequently facilitate migration and

Altered glycosylation status of growth factor receptors
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that is

tumorigenesis.’’ We have shown that mammalian neur-

paradigm implicated in  multistage
aminidase-1 (Neu-1) exists in a trimeric complex with
MMP-9 and G protein-coupled receptors (GPCRs), play-
ing critical roles in ligand-induced activation of several
receptor tyrosine kinases (RTKSs), including the epider-
mal growth factor receptor (EGFR),*? insulin receptor
(IR),>* and the nerve growth factor (NGF) TrkA
receptor,”® and TOLL-like receptors (TLRs),*>*® all of
which are upregulated and implicated in cancer. Here,
ligand binding to its receptor induces a conformational
change of the receptor that results in MMP-9 activation
via Go; subunit signaling to remove elastin binding
protein (EBP), which exists in a complex with Neu-1
and protective protein cathepsin A (PPCA) to activate
Neu-1 (Figure 1). Once activated, Neu-1 hydrolyzes
terminal a-2,3-sialyl residues on the receptor, removing
steric hindrance and allowing for receptor dimerization
and signaling.*?

We propose that interfering with the tripartite complex
of Neu-1, MMP-9, and GPCRs that regulate RTK signal-
ing via NSAIDs may be the missing link that connects
the anti-cancer efficacy of NSAIDs to the role of glyco-
sylation in inflammation and tumorigenesis. For the first
time, this report shows the efficacy of NSAIDs aspirin
and celecoxib on Neu-1 activity as it relates to cancer
cell receptor signaling and survival, highlighting the
importance of NSAIDs in the treatment of otherwise
lethal malignancies.

Materials and Methods
Cell Lines

PANC-1 (human pancreatic carcinoma, epithelial-like,
ATCC CRL-1469) and MiaPaCa-2 (human pancreatic car-
cinoma, epithelial-like, ATCC CRL-1420) cell lines were
obtained from the American Type Culture Collection
(ATCC; Manassas, VA, USA). PANC-1
a human pancreatic ductal epithelial carcinoma cell line

cells are

overexpressing EGFR on the cell surface. MiaPaCa-2 cells
are a human pancreatic cancer cell line with attached
epithelial and floating rounded cells expressing the 17 B-
estradiol (E2)-binding estrogen receptor. The cells were
grown in a 5% CO, incubator at 37°C in culture media

containing Dulbecco’s Modified Eagle’s Medium

acid

Figure | Acetylsalicylic acid targets the Neu-1-MMP-9-GPCR signaling platform-
inhibiting ligand-induced receptor tyrosine kinase activation. When the ligand binds
to its receptor tyrosine kinase (RTK), there is a conformational change in the
associated G protein-coupled receptor (GPCR). (1) Ga; subunit signaling activates
matrix metalloprotease-9 (MMP-9). (2) Via its elastin-degrading properties, MMP-9
removes elastin binding protein (EBP) from a tripartite complex consisting of
neuraminidase-1 (Neu-1) and protective protein cathepsin A (PPCA) to activate
Neu-1. (3) Activated Neu-| cleaves terminal a-2,3 sialic acid residues on the
ectodomain of RTKs to relieve steric hindrance, and allow for receptor dimeriza-
tion, phosphorylation and downstream signal activation. Acetylsalicylic acid targets
Neu-1 in complex with the MMP-9-GPCR, inhibiting ligand-induced receptor tyr-
osine kinase activation.

Abbreviations: RTK, receptor tyrosine kinase; GPCR, G-protein coupled recep-
tor; MMP-9, matrix metalloprotease-9; Neu- |, neuraminidase-|; PPCA, protective
protein cathepsin A. Modified in part from Research and Reports in Biochemistry
2013:3 17-30 © 2013 Abdulkhalek et al, https://doi.org/10.2147/RRBC.S28430,
publisher and licensee Dove Medical Press Ltd. This is an Open Access article
which permits unrestricted non-commercial use, provided the original work is
properly cited.

(DMEM) (Gibco, Rockville, MD, USA) supplemented
with 10% fetal calf serum (FCS; HyClone, Logan, UT,
USA) and 5 pg/mL Plasmocin (InvivoGen, San Diego,
CA, USA). When the cells reached ~80% confluence,
they were passaged at least five times before use in the
experiments.

Established PANC-1 cell line resistant to gemcitabine
was generated by exposing PANC-1 cells to increasing
concentrations of the drug in 1x DMEM (10% FCS and
5 ng/mL Plasmocin) as previously reported by us.’” Dead
cells were removed, and the viable cells were maintained
in culture at the highest concentration of 0.01 pM gemci-
tabine. Once the surviving cells reached ~80% confluence,
they were passaged in the same concentration of the che-

motherapeutic agent for over a year. Stable PANC-1 cells

Drug Design, Development and Therapy 2020:14

submit your manuscript

4151

Dove


https://doi.org/10.2147/RRBC.S28430
http://www.dovepress.com
http://www.dovepress.com

Qorri et al

Dove

resistant to 0.01 uM gemcitabine (PANCI1-GemR) were
used for in vitro experiments.

Reagents

Acetylsalicylic acid (>99% Sigma-Aldrich,
Steinheim, Germany) was dissolved in dimethyl sulfoxide
(DMSO) to prepare a 5000 mM stock solution and stored
in aliquots at —20°C. The highest used concentration of
aspirin contains less than 0.5% v/v of DMSO in 1x PBS at
a pH of 7. Celecoxib (Marcan Pharmaceuticals Inc.,
Ottawa, ON, Canada) was dissolved in DMSO to prepare
a stock solution of 52.44 mM and stored in aliquots at
—20°C.

Gemcitabine hydrochloride (Sigma-Aldrich Canada

pure,

Ltd) was dissolved in PBS to create a 133.5 mM gemci-
tabine stock, as previously reported.>’ This stock was
serially diluted to produce 0.01 uM gemcitabine in 1x
DMEM containing 10% fetal calf serum and 5 pg/mL
Plasmocin solution that was added to tissue culture flasks
upon each change of the medium.

WST-1 Cell Proliferation Assay
The water-soluble tetrazolium salt-1 (WST-1) assay
(2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophe-
nyl)-2H-tetrazolium) reduces tetrazolium compound to
formazan (orange), where absorbance recorded at 450 nm
is directly correlated to the number of metabolically active
cells.*® PANC-1, PANC-1-GemR and MiaPaCa-2 cells at
a density of 10,000 cells/well in 96-well plates were incu-
bated at 37°C and allowed to adhere overnight according
to previous reports.’’ Adhered cells were treated with
increasing concentrations of aspirin (0.1 to 12.8 mM) or
celecoxib (0.1 to 0.8 mM) or left untreated as controls.
After 24, 48, and 72 hours, media was removed, and 10%
WST-1 reagent (Roche Diagnostics Division de Hoffman
La Roche Limited, Laval-des-Rapides, QC, Canada)
diluted in cell culture media was added to each well. The
plate containing cells is incubated at 37°C for 2 hours
before taking the absorbance reading at 450 nm using the
SpectraMax250 and analyzed with SoftMax software. Cell
viability is presented as a percentage of untreated control
using GraphPad Prism software (GraphPad Software, La
Jolla, CA, USA). The data are the mean + standard error of
the mean (SEM) from three or more separate experiments
in triplicates.

Cell viability is calculated as a percentage of control
for each time point and treatment, where day 0 is when the
cells are plated as previously reported:*’

Absorbance of cells at a
given concentration of drug

Absorbance of cells
alone on day 0

) — (Media absorbance)
x 100

) — (Media absorbance)

Live Cell Sialidase Assay

PANC-1 and MiaPaCa-2 cells at a density of 100,000
cells/well on 12 mm circular glass slides in sterile 24-
well plates were incubated at 37°C and allowed to adhere
overnight as previously reported.***® Cells were starved
for 2 hours in 1xXDMEM to reach baseline sialidase activ-
ity. 2 puL of 0.318 mM 2'-(4-methylumbelliferyl)-a-
D-N-acetylneuraminic  acid sodium salt hydrate
(4-MUNANA; >95% pure, M8639, Sigma-Aldrich) sub-
strate in Tris-buffered saline (TBS, pH 7.4) was added to
a coverslip alone as a control, with 2 pL. of 30 ng/mL
epidermal growth factor (EGF; CL-105-04, Cedarlane), or
with 2 pL of EGF and 2 pL of aspirin or celecoxib at the
indicated concentrations. 4-MUNANA is hydrolyzed by
sialidase activity on the cell surface, releasing 4-methy-
lumbelliferone (4-MU), which has a fluorescence emission
at 450 nm (blue color) following excitation at 365 nm.
Fluorescent images were taken at 200x after 1-2 minutes
of treatment using the Zeiss M2 Imager epi-fluorescent
microscope. The mean fluorescence of 50 multi-point
replicates surrounding the cells was quantified using the
Imagel software.

Cell Suspension Sialidase Assay Using

Spectrophotometer

PANC-1 and MiaPaCa-2 cells at a density of 30,000 cells/well
were suspended in sterile 1% phosphate-buffered saline (PBS)
in black 96-well plates. 0.318 mM 4-MUNANA was added
alone as a control, or with 30 ng/mL EGF, or with 30 ng/mL
EGF and aspirin or celecoxib at the indicated concentrations.
Fluorescence intensity readings were taken immediately using
the Varioskan Fluorescence Spectrophotometer (Type 3001,
Microplate Instrumentation, Thermo Electron Corporation,
Vantaa, Finland) at an emission of 450 nm following excita-

tion at 365 nm.>¢

Pure Neuraminidase Activity Assay Using
Spectrophotometer

Pure neuraminidase (from Clostridium perfringens; specific
activity of 1 Unit/1.0 mmol of N-acetylneuraminic acid/min;
>95%; N2876, Sigma-Aldrich) specifically targets and
hydrolyzes a-2,3-, a-2,6-, and a-2,8-sialic acids. The purified
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enzyme was used at an enzyme concentration of 0.05 U/mL
in 1xPBS. 0.318 mM 4-MUNANA (295% pure, M8639,
Sigma-Aldrich) substrate was added alone as a control or
with aspirin or celecoxib at the indicated concentrations.
Fluorescence intensity readings were taken immediately
using the Varioskan Fluorescence Spectrophotometer (Type
3001,
Corporation, Vantaa, Finland) at an emission of 450 nm

Microplate Instrumentation, Thermo Electron

following excitation at 365 nm as previously reported.®

Lectin Cytochemistry

PANC-1 cells at a density of 100,000 cells/well on 12 mm
glass coverslips in 24-well plates were incubated at 37°C
and allowed to adhere overnight according to previous
reports.”” Adhered cells were starved in 4% FBS in
IxDMEM for 18 hours. Cells were inhibited with anti-
Neul antibody (sc-32,936, Santa Cruz), or 3.2 mM, 4.8
mM, or 6.4 mM aspirin for 1 hour, or left not inhibited as
a control. Cells were stimulated with 1pg/mL EGF (CL-
105-04, Cedarlane) for 5, 10, 15, or 30 minutes, or left
unstimulated as a control. At each time point, cells were
washed and fixed with 4% paraformaldehyde (PFA) for 30
minutes, followed by blocking for 1 hour in 10% FBS +
1xPBS. Following blocking, cells were washed with 1%
PBS 3x for 10 minutes, followed by the addition of 10 pg/
mL biotinylated Maackia amurensis lectin 11, (MAL 1I;
VECTBI1265, MIJS BioLynx Inc., P.O. Box 1150,
Brockville, ON K6V 5W1, Canada), overnight at 4°C.
Cells were washed 5x for 10 minutes with 1x PBS and
incubated for 1 hour with Dylight 594 Streptavidin
(VECTSAS594, MJS BioLynx Inc., P.O. Box 1150, 300
Laurier Blvd., Brockville, ON K6V 5W1, Canada). Cells
were then washed 5x for 10 minutes, followed by one
wash with 0.1% Triton X-100 to permeabilize cells for
4',6-diamidino-2-phenylindole (DAPI) staining to visua-
lize the nuclei. Coverslips with attached cells were
inverted on a droplet of mounting media containing
DAPI (VECTH1200, MJS BioLynx Inc., P.O. Box 1150,
300 Laurier Blvd., Brockville, ON K6V 5W1, Canada)
and sealed. The stained cells were visualized by epifluor-
escence microscopy at 200x.

Flow Cytometry

PANC-1 cells at a density of 1.0x10° cells/mL in 6-well
plates were incubated at 37°C overnight, as previously
reported by us.>® Adhered cells were starved in 1% FBS
in IXDMEM for 18 hours, according to our previous
report.®” Cells were inhibited with anti-Neul antibody

(sc-32,936, Santa Cruz), or 3.2 mM, 4.8 mM, or 6.4 mM
aspirin for 1 hour, or left not inhibited as a control. Cells
lpg/mL  EGF (CL-105-04,
Cedarlane) for 30 minutes, or left unstimulated as

were stimulated with
a control. Cells were lifted, and all subsequent steps
were done on ice. Cells were washed 2x in 2% FBS +
1x PBS. The cells were treated with 100uL of biotinylated
MAL II (VECTB1265, MIJS BioLynx Inc., P.O. Box 1150,
Brockville, ON K6V 5W1, Canada) at a final concentra-
tion of 5 pg/mL and incubated for 60 minutes. The cells
were then washed 2x with 2% FBS + 1x PBS followed by
incubation for 60 minutes with 100uL of Dylight 488
Streptavidin  (VECTSAS5488, MJS BioLynx Inc., P.O.
Box 1150, Brockville, ON K6V 5W1, Canada) at a final
concentration of 5 pg/mL. The cells were then washed 2x
with 2% FBS + 1x PBS and fixed in 1 mL of 4% PFA
before flow cytometry analysis.

Immunocytochemistry

PANC-1 and MiaPaCa-2 cells at a density of 200,000
cells/well on 12 mm glass coverslips in 24-well plates
were incubated at 37°C and allowed to adhere overnight
according to previous reports.®” Adhered cells were
starved in 1% FBS in 1xDMEM for 18 hours. Cells
were inhibited with 3.2 mM, 4.8 mM, or 6.4 mM aspirin
for 1 hour, or left not inhibited as a control. Cells were
stimulated with 100 ng/mL EGF (CL-100-26, Cedarlane)
for 30 minutes, or left unstimulated as a control. Cells
were washed and fixed with 4% paraformaldehyde (PFA)
for 30 minutes, followed by permeabilization with 0.1%
TritonX in PBS (PBST) for 10 minutes. Cells were
blocked with 4% BSA in PBST for 1 hour at room
temperature. Following blocking, cells were washed
with 1x PBS 3x for 10 minutes, followed by the addition
of mouse monoclonal anti-EGFR (A-10) (sc-373,746) and
rabbit polyclonal anti-pEGFR (Tyr 1173) (sc-12,351-R)
diluted in 4% BSA in PBST in a 1:100 ratio overnight at
4°C. Mouse serum and rabbit serum were used and
diluted in the same ratio as primary antibodies for isotype
controls. Cells were washed 3x for 5 minutes with 1x
PBS and incubated for 1 hour with Goat anti-rabbit
AlexaFluor Plus 594 (A32740, Invitrogen) and Goat anti-
mouse AlexaFluor 488 (A10667, Life Technologies).
Cells were then washed 3% for 10 minutes. Coverslips
with attached cells were inverted on a droplet of mount-
ing media containing 4',6-diamidino-2-phenylindole
(DAPI; VECTH1200, MJS BioLynx Inc., P.O. Box
1150, 300 Laurier Blvd., Brockville, ON K6V 5WI,
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Canada) to visualize the nuclei and sealed. The stained
cells were visualized by epifluorescence microscopy
at 200x.

Apoptosis Using the CellEvent Caspase 3/
7 Green Detection Reagent Assay

PANC-1 cells at a density of 10,000 cells/well were
allowed to adhere to 96-well plates. Caspase 3/7
CellEvent
Caspase 3/7 Green Detection Reagent ThermoFisher

enzyme analysis was done using the
Scientific, according to our previous report.>’ The
reagent was diluted to the manufacturer-recommended
concentration of 5 uM in cell culture media from the
stock solution of 2 mM. Phase contrast and green
fluorescent images were acquired using the Incucyte
Zoom Imager every 2 hours at 100x for 72 hours.
Images were analyzed using Incucyte analysis software
to count the number of cells expressing green, repre-
senting Caspase 3/7 expression.

Annexin V-FITC Apoptosis and
Propidium lodide Assay Using Flow

Cytometry

PANC-1 cells at a density of 100,000 cells/mL in 6-well
plates were allowed to adhere overnight. Cells were
treated with 3.2 mM, 4.8 mM, or 6.4 mM aspirin or
left untreated for 24 hours. The cells were then trypsi-
nized with TrypLE express solution and analyzed for
apoptotic, necrotic, and viable cell populations using the
Annexin V-FITC Apoptosis Kit (BioVision K101-25)
according to our previous report.>’ Cells were resus-
pended in 500 pL of Ix Annexin-binding buffer (50
mM HEPES, 700 mM NaCl, 12.5 mM CaCl2, pH 7.4)
(Catalog no. V13246, Thermo Fisher Scientific,
Mississauga, ON L5N 5V4, Canada) for flow cytometry
followed by 5 pL of each of Annexin V-FITC and
propidium iodide. The cells were kept at room tempera-
ture for 5 minutes in the dark before being quantified by
flow cytometry analysis.

Statistical Analysis

Data are presented as the mean + the standard error of
the mean (SEM) from at least three repeats of each
experiment performed in triplicate as previously
reported by us.>’ Comparisons between two groups
from three independent experiments were made by one-

way analysis of variance (ANOVA) at 95% confidence

using the uncorrected Fisher’s LSD multiple compari-
sons test with 95% confidence with asterisks denoting
statistical significance.

Results

Aspirin and Celecoxib Inhibit Cell Viability
of Pancreatic Cancer MiaPaCa-2, PANC-I
Cells and Its Gemcitabine-Resistant
PANC-1-GemR Variant

The WST-1 proliferation assay was used to test the in vitro
effects of aspirin and celecoxib on PANC-1 and MiaPaCa-
2 pancreatic cancer cell viability. PANC-1 and MiaPaCa-2
cells treated with increasing concentrations of aspirin (0.1
mM to 12.8 mM) demonstrated a concentration- and time-
dependent decrease in cell viability (Figure 2A and E).
Aspirin treatment was most effective between 3.2 mM and
12.8 mM (p < 0.0001), consistent with previous studies.*’
Importantly, these concentrations of aspirin have been
shown not to have a significant effect on the viability of
non-malignant human primary mesenchymal stem cells, or
immortalized human pancreatic ductal CRL-4023 cells.*
Aspirin’s therapeutic effect depends on cyclooxygenase
(COX)-dependent and -independent pathways to reduce
tumor growth and disable tumor development. Since
many pancreatic cancer cells lack COX-1 expression,*’
the data depicted in Figure 2A and E suggest that aspirin’s
therapeutic effects are independent of COX-1 pathways.
Conversely, celecoxib pretreatment did not follow
a concentration-dependent pattern (Figure 2B). PANC-1
cells pretreatment with 0.2 to 0.8 mM celecoxib at the
three timepoints demonstrated an almost complete loss of
cell viability (p < 0.0001). However, increasing concentra-
tions of celecoxib in the media greater than 0.8 mM
revealed it to precipitate out of solution as depicted in
the phase-contrast images (Supplementary Figure S1)). In

contrast, aspirin did not have a similar effect at a high dose
of 12.8 mM (Supplementary Figure S2).

It is noteworthy that resistance to gemcitabine can
involve multiple mechanisms, such as altered apoptotic
regulating genes and altered expressions or sensitivities of
enzyme targets. COX-2 may be necessary for pancreatic
carcinogenesis, where 47-66% of human pancreatic tumors
overexpress COX-2 relative to normal pancreatic tissue.***
Many pancreatic cancer cells have no COX-1 expression
with some also lacking COX-2.*' Rathos et al reported that
COX-2 levels in cancer cells are elevated after treatment

with 70 nM gemcitabine for 24 hours using RT-PCR and
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Figure 2 Cell viability of (A) PANC-1 cells and acetylsalicylic acid (ASA), (B) PANC-1 cells and celecoxib, (C) gemcitabine-resistant variant PANC-1-GemR and ASA, (D)
PANC-I and ASA in combination with paclitaxel (Pax), and (E) MiaPaca-2 and ASA following treatments dose-dependently using the WST-1 cell proliferation assay. Cells
were plated at a density of 10,000 cells/mL per well in triplicates. The indicated drug concentrations were diluted in 1x DMEM supplemented with 10% FBS, and the cells
were exposed to the respective treatments for 24, 48, and 72 hours, respectively. At the end of each timepoint, the WST-1 reagent was added to each well, and the cells
were incubated for 2 hours, after which the plates were read on a colorimetric plate reader. The data presented are cell viability as a percent of the untreated control + SEM
of three or more independent experiments performed in triplicates. Cell viability is compared to the untreated control at day 0 to account for cell proliferation. Significance
is reported for each concentration in comparison to the untreated control at the respective timepoint by one-way ANOVA using the uncorrected Fisher’s LSD multiple
comparisons test with 95% confidence with indicated asterisks for statistical significance, *p < 0.01, ***p < 0.0001, ***p < 0.0001, n = 3.

Abbreviations: ASA, acetylsalicylic acid; Pax, paclitaxel; FBS, fetal bovine serum; vehicle, 0.5% v/v of DMSO in | x DMEM supplemented with 10% FBS; SEM, standard error
of the mean.

Western blot analyses.** Importantly, aspirin was reported  questioned whether gemcitabine-resistant PANC-1 (PANC-
to sensitize cancer cells resistant to gemcitabine, thereby = 1-GemR) cells would be susceptible to aspirin treatment.
enhancing the therapeutic drug efﬁcacy.40 Here, we The data in Figure 2C demonstrate that PANC-1-GemR
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cells treated with increasing concentrations of aspirin (0.1 to
10 mM) revealed a significant concentration- and time-
dependent decrease in cell viability.

Selective COX inhibitors such as NS-398 (a selective
COX-2 inhibitor) and SC-560 (a selective COX-1 inhibi-
tor) were shown to significantly enhance the cytotoxic
effects of paclitaxel in taxane-resistant ovarian cancer
cells via a prostaglandin-independent mechanism.** Other
reports have demonstrated that paclitaxel can reduce the
ability of aspirin to inhibit platelet aggregation.*® To this
end, we investigated if aspirin dose-dependently in combi-
nation with 30 nM paclitaxel affected the cell viability of
PANC-1 cells. The data depicted in Figure 2D demonstrate
that paclitaxel in combination with a high dose of aspirin
(10 mM) significantly reduced the cell viability compared
with the paclitaxel treated group.

It is noteworthy that the lowest dose of ASA for
a significant inhibitory effect on cell viability is 0.1 mM
ASA for PANC-1 and PANC-1-GemR cells compared to
0.8 mM ASA for MiaPaCa-2 cells.

Aspirin and Celecoxib Inhibit Epidermal
Growth Factor (EGF)-Induced Sialidase
Activity in Live PANC-1 and MiaPaCa-2

Cells
Epidermal growth factor (EGF)-induced EGFR tyrosine
kinase receptor activation in cancer cell survival responses
has become a strategic molecular-targeting with clinical
therapeutic intent, but the failures of these targeted
approaches in the clinical setting demand alternate strate-
gies. We have reported a novel neuraminidase-1 (Neu-1)
and matrix metalloproteinase-9 (MMP-9) cross-talk in
alliance with GPCR neuromedin B, which is essential for
EGF-induced receptor activation and cellular signaling.*
Neu-1 and MMP-9 form a complex with EGFR on the cell
surface of NIH3T3-hEGFR cell line, which is a mouse
fibroblast cell line that overly expresses human EGFRs.
To evaluate the effects of aspirin and celecoxib on
mammalian Neu-1 activity, sialidase assays were per-
formed on EGF-stimulated live PANC-1 and MiaPaCa-2
cells, as previously reported by us.>? These assays rely on
the fluorogenic neuraminidase substrate 2'-(4-methylum-
belliferyl)-a-D-N-acetylneuraminic acid (4-MUNANA),
which is cleaved by activated Neu-1 to release 4-methy-
lumbelliferyl (4-MU) surrounding the live cells, which has
a fluorescence at 450 nm (blue color) following excitation
at 365 nm.*” PANC-1 and MiaPaCa-2 cells were pre-

treated with aspirin or celecoxib and then stimulated with
EGF in the presence of 4-MUNANA substrate to induce
Neu-1 activity. Fluorescent images taken with an epi-
fluorescent microscope demonstrate a significant reduction
of sialidase activity (blue fluorescence) following pretreat-
ment with aspirin (Figure 3A, B and D), and celecoxib
(Figure 4A) dose-dependently. Densitometry analysis was
used to quantify the mean fluorescence of over 50 points
surrounding the cells from each image using Imagel
(Figure 3B and Figure 4B).

To confirm the results from the epi-fluorescent micro-
scopy, we used a quantitative spectrophotometry analysis
of the effects of aspirin and celecoxib pretreatment on
sialidase activity in EGF stimulated live PANC-1 and
MiaPaCa-2 cells.
dependent reduction of Neu-1 cleavage of its substrate
following aspirin pretreatment (p < 0.0001) for PANC-1
(Figure 3C) and MiaPaCa-2 (Figure 3E). In contrast, spec-
trophotometry analysis surprisingly revealed no significant

The data revealed a concentration-

differences in sialidase activity following celecoxib pre-
treatment at the indicated dosages (Figure 4C); it is per-
haps due to the chemical structure of celecoxib interfering
with absorbance readings or is ineffective with live cells in
solution.

To test the specificity of aspirin and celecoxib targeting
the sialidase activity, we investigated their inhibitory effects
using pure neuraminidase from Clostridium perfringens
with a specific activity of 1 unit per 1.0 mmole of
N-acetylneuraminic acid per minute. Neuraminidase pre-
treatment with aspirin or celecoxib at the indicated concen-
trations was followed by the addition of the 4-MUNANA
substrate and immediately analyzed for fluorescence inten-
sity. Consistent with the live cell sialidase assays, aspirin
(Figure 5A) pretreatment resulted in a significant concen-
tration-dependent reduction of neuraminidase activity. It is
noteworthy that celecoxib pretreatment of neuraminidase
significantly reduced the neuraminidase activity but did not
demonstrate a concentration-dependency (Figure 5B).

Aspirin Inhibits Neu-| Cleavage of 0-2,3
Sialic Acid in PANC-I Cells

We have previously reported that Neu-1 hydrolyzes terminal
0-2,3 sialic acid residues.*>*® To confirm if aspirin specifi-
cally targets Neu-1 activity, we investigated if aspirin pre-
treatment of PANC-1 cells dose-dependently blocks Neu-1
cleavage of the terminal a-2,3 sialic acid residues expressed
on the EGFR following EGF stimulation.
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Figure 3 Acetylsalicylic acid (ASA) inhibits sialidase activity in live epidermal growth factor (EGF)-stimulated pancreatic cancer PANC-| and MiaPaCa-2 cells using
fluorescent microscopy and quantitative spectrophotometry analyses. Live cell sialidase assays were performed to detect the effect of aspirin pre-treatment on sialidase
activity. Live cells were pre-treated with increasing concentrations of ASA (1.6 mM- 6.4 mM), followed with 30 ng/mL of EGF to initiate sialidase activity. 0.318 mM of 2'-
(4-methylumbbelliferyl) o-d-N-acetylneuraminic acid (4-MUNANA) substrate was added to quantify neuraminidase-| activity. (A) PANC-| live cell sialidase activity. Blue
fluorescence is a direct measure of Neu-| activity. (B) Densitometry analysis of fluorescent images in A using ImageJ software and presented as a bar graph. 50 points were
taken surrounding cells for each image. Graphs represent 50-point analysis of two or more images. (C) Quantitative spectrophotometry analysis of the effect of ASA pre-
treatment on sialidase activity in EGF-stimulated live PANC-1 pancreatic cancer cells. (D) MiaPaCa-2 fluorescent and phase images were taken within 2 minutes using an epi-
fluorescent microscope (200%). Scale bar represents 50 um. (E) Quantitative spectrophotometry analysis of the effect of aspirin pre-treatment on sialidase activity in EGF-
stimulated live MiaPaCa-2 pancreatic cancer cells. Significance is represented in comparison to the EGF-stimulated cells as a control. Error bars represent + SEM from three
separate experiments performed in triplicates (n=3). Significance is represented in comparison to the EGF-stimulated cells as a control by one-way ANOVA using the
uncorrected Fisher’s LSD multiple comparisons test with 95% confidence with indicated asterisks for statistical significance, ***p = 0.0007, ***¥p < 0.0001, n = 3.
Abbreviations: ASA, acetylsalicylic acid; EGF, epidermal growth factor; 4-MUNANA, 2’-(4-methylumbbelliferyl) a-d-N-acetylneuraminic acid; SEM, standard error of the
mean.
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Figure 4 Celecoxib inhibits sialidase activity in live epidermal growth factor (EGF)-stimulated pancreatic PANC-| cancer cells using fluorescent microscopy but not with
quantitative spectrophotometry analyses. Live cell sialidase assays were performed to detect the effect of celecoxib pre-treatment on sialidase activity. Live PANC-1 cells
were pre-treated with increasing concentrations of celecoxib (0.1-0.8 mM) followed by stimulation with 30 ng/mL of EGF to initiate sialidase activity. 0.318 mM of 2'-
(4-methylumbbelliferyl) a-d-N-acetylneuraminic acid (4-MUNANA) substrate was added to quantify Neu- 1 activity. (A) Fluorescent and phase images were taken within 2
minutes of celecoxib exposure using an epi-fluorescent microscope (200%). Scale bar represents 50 pum. Blue fluorescence is a direct measure of Neu-| activity. (B)
Densitometry analysis of fluorescent images using Image] software and presented as a bar graph. 50 points were taken surrounding cells for each image. Graphs represent
a 50-point analysis of two or more images. Significance is represented in comparison to the EGF-stimulated cells as a control (C) Quantitative spectrophotometry analysis of
the effect of celecoxib pre-treatment on sialidase activity in EGF-stimulated live PANC-1 pancreatic cancer cells. Error bars represent * SEM from three separate
experiments performed in triplicates (n=3). Significance is represented in comparison to the EGF-stimulated cells as a control by one-way ANOVA using the uncorrected

Fisher’s LSD multiple comparisons test with 95% confidence with indicated asterisks for statistical significance, ****p < 0.0001, n = 3.
Abbreviations: EGF, epidermal growth factor; 4-MUNANA, 2'-(4-methylumbbelliferyl) o-d-N-acetylneuraminic acid; SEM, standard error of the mean.

PANC-1 cells pretreated with aspirin followed by EGF
stimulation after 5, 10, 15, and 30 minutes were evaluated
for a-2,3 sialic acid expression levels using lectin cyto-
chemistry analysis (Figure 6A). Maackia amurensis lectin
I1, biotinylated (MAL 1I) is specific for a-2,3 sialic acid,
whereas Sambucus nigra lectin (SNA) preferentially binds
a-2,6 sialic acid. As expected, unstimulated PANC-1 cells
displayed high levels of a-2,3 sialic acid expression. 30
minutes of EGF stimulation resulted in a significant reduc-
tion of 0-2,3 sialic acid expression in untreated cells
(Figure 6B). Pretreatment of the cells with anti-Neu-1
specific antibody as a positive control blocked Neu-1
desialylation of a-2,3 sialic acid expression. Aspirin pre-
treatment of PANC-1 cells at concentrations of 3.2, 4.8,

and 6.4 mM blocked Neu-1 desialylation of a-2,3 sialic
acid expression similar to those findings with the anti-Neu
-1 specific antibody.

These data support the hypothesis that aspirin pretreat-
ment of PANC-1 cells blocks EGF activation of Neu-1
cleavage of 0-2,3 sialic acid expression on the EGFR.
Using Sambucus nigra lectin SNA specific for a-2,6 sialic
acid, there were no expression levels of this sialic acid in
any of the experimental conditions (data not shown). The
data from the lectin cytochemistry staining of a-2,3 sialic
acid following aspirin pretreatment and 30 minutes of EGF
activation of EGF receptors were also confirmed by flow
cytometry (Figure 6C). The percentage of gated cells
expressing a-2,3 sialic acid expression following different
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Figure 5 Acetylsalicylic acid (ASA) and celecoxib inhibit Clostridium perfringens neuraminidase activity. Sialidase assays were performed using isolated neuraminidase
(Clostridium perfringens; with a specific activity of | unit (U) per 1.0 mmole of N-acetylneuraminic acid per minute). Reconstituted neuraminidase in reaction buffer was
exposed to 0.318 mM of its fluorogenic substrate 2'-(4-Methylumbelliferyl)-o-D-N-acetylneuraminic acid (4-MUNANA) alone or in combination with increasing concentra-
tions of (A) ASA or (B) celecoxib. Enzyme activity was analyzed with a spectrophotometer to quantify relative fluorescence at 450 nm. Relative fluorescence is presented as
a bar graph. Error bars represent + SEM from three separate experiments performed in triplicates (n=3). Significance is represented in comparison to the EGF-stimulated
cells as a control by one-way ANOVA using the uncorrected Fisher’s LSD multiple comparisons test with 95% confidence with indicated asterisks for statistical significance,

*p < 0.01, #Fp < 0.0001, n = 3.

Abbreviations: ASA, acetylsalicylic acid; 4-MUNANA, 2'-(4-Methylumbelliferyl)-a-D-N-acetylneuraminic acid; SEM, standard error of the mean.

treatments of aspirin or anti-Neu-1 compared to the
untreated control are depicted in Figure 6D. The flow
cytometry analyses confirm the results from the lectin
cytochemistry analyses.

Aspirin Inhibits Phosphorylation of the
Epidermal Growth Factor Receptor in
PANC-1 and MiaPaCa-2 Cancer Cells

To determine the effect of aspirin pretreatment on the
expression and phosphorylation of EGFR, we performed
immunocytochemistry analysis on PANC-1 (Figure 7A)
and MiaPaCa-2 (Figure 7D) cells pretreated with aspirin
and stimulated with EGF.

In the presence of 100 ng/mL EGF for 30 minutes, there
was an increase in EGFR phosphorylation (pEGFR) expres-
sion across both cell lines. This increased pEGFR level was
lost with increasing aspirin concentration (Figure 7B and
Figure 7E). To determine the relative pEGFR expression,
we determined the ratio of pPEGFR/EGFR in both cell lines.
Across both PANC-1 and MiaPaCa-2 cells, EGF-stimulated
cells represented the highest pPEGFR/EGFR ratio, with cells
pretreated with 6.4 mM aspirin showing the lowest pEGFR/
EGFR ratio (Figure 7C and Figure 7F). These data confirm
previous results suggesting that aspirin treatment results in
shutting down EGFR signaling following EGF stimulation.

Aspirin Induces Early Apoptosis and
Necrosis of PANC-1 Cancer Cells

Neu-1 activity has been reported to be associated with cell
survival and proliferation.*” We have reported on the role
of mammalian Neu-1 in complex with MMP-9 and GPCRs
tethered to RTKs and TLRs as a major target in multistage
tumorigenesis.”’ Furthermore, we have reported on the
efficacy of the combination of aspirin, metformin, and
oseltamivir phosphate in sensitizing triple-negative breast
cancer (TNBC) and its tamoxifen-resistant variant to
tamoxifen in an additive therapeutic effect, reducing cell
viability and cell proliferation and inducing early apopto-
sis and necrosis.>°

We questioned whether aspirin also induces early
apoptosis and necrosis of PANC-1 cancer cells in a dose-
dependent manner. Here, we used the CellEvent Caspase-
3/7 Green reagent, which is a four amino acid peptide
(DEVD) conjugated to a nucleic acid-binding dye.
DEVD is not fluorescent when not bound to DNA and
the CellEvent Caspase-3/7 Green reagent is also not fluor-
escent. DEVD inhibits the binding of the dye reagent to
the DNA. When caspase-3/7 is activated in apoptotic cells,
DEVD is cleaved, and the free dye binds DNA, resulting
in green fluorescence. The fluorescence emission of the
dye is 530 nm when bound to DNA and can be analyzed
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Figure 6 Acetylsalicylic acid (ASA) inhibits Neu-| cleavage of a-2,3 sialic acid in PANC-1 cells. PANC-| cells were pre-treated with anti-Neu-| antibody, 3.2 mM, 4.8 mM, or
6.4 mM of ASA for | hour, or left untreated as a control. Cells were then stimulated with | ug/mL EGF for 5, 10, 15, or 30 minutes, or left untreated as a control. Cells were
fixed, permeabilized and immunostained for a-2,3 sialic acid using biotinylated MAL Il. Cells were stained with DAPI-containing mounting media to visualize the nuclei. (A)
Stained cells were visualized by epi-fluorescent microscopy using a 200x objective. Scale bar represents 50 um. (B) Quantitative analysis of MAL Il expression levels by
relative density corrected for average background staining of the Streptavidin 594 secondary antibody. Data shown for conditions stimulated with EGF for 30 minutes. Each
bar in the figure represents the mean corrected for density staining + SEM due to multiple images being quantified (3—4). The data are a combination of two independent
experiments with similar results. (C) Flow cytometry was used to confirm the expression levels of 0-2,3 sialic acid. Graphs represent an overlay of treated cells, untreated
cells, stimulated cells, secondary control, and autofluorescence control. (D) Graph comparing expression levels of 0-2,3 sialic acid under indicated conditions from flow
cytometry analysis.

Abbreviations: ASA, acetylsalicylic acid; EGF, Epidermal growth factor; MAL Il, Maackia amurensis lectin Il; SEM, standard error of the mean.
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with fluorescent microscopy. The data depicted in Figure
8A show the results of CellEvent Caspase-3/7 Green
reagent added to PANC-1 cells following treatment with
different concentrations of aspirin for 72 hours. The
Incucyte Zoom Imager software analyzer performed the
analyses of the number of apoptotic cells expressing the
CellEvent Caspase-3/7 Green reagent over 72 hours of
treatment. Aspirin treatment resulted in a higher number
of early apoptotic cells compared to the untreated control
cells (Figure 8B).

Consistent with the results from the CellEvent
Caspase-3/7 and Incucyte Zoom Imager Software
Analyzer, PANC-1 cells treated with 4.8 mM aspirin
resulted in the highest percentage of necrotic cells
(19.6%) following 24 hours of treatment using the
Annexin V-FITC/Propidium lodide staining and flow cyto-
metry (Figure 8C). When the population of viable, necro-
tic, and early apoptotic cells was compared across the
different treatment groups, results depicted in Figure 8D
are consistent with the caspase 3/7 assay.

Discussion

For the first time, the findings in the present study signify a
novel mechanism of action for aspirin and celecoxib in
cancer treatment. The drugs specifically target and inhibit
Neu-1 sialidase activity regulating EGF-induced receptor
activation in live PANC-1 pancreatic cancer cells and its
gemcitabine-resistant variant, PANC-1-GemR cells, and
MiaPaCa-2 pancreatic cancer cells. Using pure neuramini-
dase (Clostridium perfringens) and assessing its activity
using fluorogenic substrate 2'-(4-methylumbelliferyl)-a-
(4-MUNANA)
a spectrophotometer, aspirin and celecoxib significantly

D-N-acetylneuraminic acid and
inhibited neuraminidase activity. Aspirin, in comparison
with specific anti-Neul antibody, blocked Neu-1 desialyla-
tion of a-2,3-sialic acid expression on the EGFR following
30 min stimulation with EGF. Aspirin also inhibited phos-
phorylation of the EGFR in EGF-stimulated PANC-1 and
MiaPaCa-2 cells. Aspirin also induced apoptosis in a dose-
and time-dependent manner using CellEvent caspase-3/7
detection reagent and Incucyte Zoom Imager analysis as
well as early apoptotic and necrotic cells using Annexin
V-FITC/propidium iodide and flow cytometry on PANC-1
cells.

At the genetic level, we have previously reported that
the sialidase activity associated with EGF stimulation of
human 1140F01 and WG0544 type 1 sialidosis fibroblast

cell lines was completely abrogated compared to the

wildtype fibroblast cell line.>? These sialidosis fibroblast
cells were obtained from patients with type 1 sialidosis or
mucolipidosis-1 who have a true Neu-1 deficiency.’' In
addition, we reported on the proof of concept of Neu-1
sialidase activity regulating TLR activation and
inflammation.*® Here, primary bone marrow (BM) macro-
phages derived from the hypomorphic cathepsin A mice
with the secondary ~90% reduction of the Neu-1 activity
(Neul-CathA KD) after 7 days in culture with conditioned
medium containing monocyte colony-stimulating factor
(M-CSF) were investigated. The primary macrophage
cells were stimulated with TLR ligands to induce sialidase
activity. The reported findings indicated that all TLR
ligands except TLR3 ligand polyl:C induce sialidase activ-
ity within 1 min in wildtype (WT), CathA KI (normal
Neu-1 sialidase bound to inactive cathepsin A Ser-190-
Ala mutant) and Neu-4 knockout in primary BM macro-
phage cells derived from these mice. Furthermore, the
primary BM macrophage cells derived from Neu-1-defi-
cient mice (Neul-CathA KD) exhibited no TLR ligand-
induced sialidase activity. These latter data provided
strong evidence that Neu-1 is involved in TLR ligand-
induced sialidase activity. Also, TLR4 ligand lipopolysac-
charide (LPS) and TLR2 ligand zymosan A induced NFxB
activation localized to the nucleus in primary macrophage
cells from WT and CathA KI mice, but not from the Neul-
deficient mice (Neul-CathA KD).

Given that glycosylation is interrelated with the hall-
marks of cancer such as invasion and metastasis, prolifera-
tion, angiogenesis, evasion of growth suppressors, and
apoptosis and replicative immortality, glycosylation is
now considered a hallmark of cancer.”® Due to the crucial
role of neuraminidases in hydrolyzing glycosylated links
on growth factor receptors, we reported on oseltamivir
phosphate (OP) targeting Neu-1.>” Neu-1 has been
shown to desialylate other crucial membrane growth
including the insulin receptor,”® TrkA

receptor,34 and EGFR,***">3 as well as TOLL-like
35,54,55

receptors,
receptors making Neu-1 a vital regulator of the
signaling platforms of these glycosylated receptors.*’
Considering that altered glycosylation of growth factor
receptors affects cancer cell signal transduction pathways,
including modulation of tumor cell growth and prolifera-
tion, investigating and targeting the glycosylation status of
these receptors may resolve the challenges faced by cur-
rent-targeted therapy options, particularly for the EGFR.*
The EGFR and other growth-promoting receptors have
been shown to exhibit a higher number of N-linked
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Figure 7 Acetylsalicylic acid (ASA) inhibits phosphorylation of the EGFR in PANC-I and MiaPaCa-2 cells. PANC-1 and MiaPaCa-2 cells were pretreated with 3.2 mM, 4.8
mM, or 6.4 mM of aspirin for | hour, or left untreated as a control. Cells were then stimulated with 100 ng/mL EGF for 30 minutes or left untreated as a control. Cells were
fixed, permeabilized, and immunostained for EGFR and phosphorylated EGFR (pEGFR). DAPI-containing mounting media was used to visualize the nuclei. (A) Stained PANC-
| cells, (B) quantitative analysis of pEGFR (Tyr|173) and EGFR expression in PANCI cells by relative density corrected for average background staining antibody and (C) the
ratio of pEGFR to EGFR expression for PANC-I. (D) Stained MiaPaCa-2 cells were visualized by epi-fluorescent microscopy using a 100x objective or 200x objective. (E)
Quantitative analysis of pEGFR (Tyr1173) and EGFR by relative density corrected for average background staining antibody in MiaPaCa-2 cells. (F) The ratio of pEGFR to
EGFR expression for MiaPaCa-2 cells is shown. Each bar in the figure represents the mean corrected for density staining + SEM due to multiple images being quantified

(3-4).

Abbreviations: ASA, acetylsalicylic acid; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; pEGFR, phosphorylated epidermal growth factor

receptor; DAPI, 4',6-diamidino-2-phenylindole; SEM, standard error of the mean.

submit your manuscript

4162

Dove

Drug Design, Development and Therapy 2020:14


http://www.dovepress.com
http://www.dovepress.com

Dove Qorri et al

A 24 hours 48 hours 72 hours B

.
- Untreated T
= 32 mM Aspirin /] ]
+ 4.8 mM Aspirin Vi ‘
6.4 mM Aspirin A 1

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72

Time (Hours)
3.2 mM Aspirin
= 1 1.8%
7% <"
&wd &%
& &

8 Ty T L) A B AL L ELLLL & Ly P S A "I

208 -10° 0 10° mFlTO—A 10 10° 208 FITC-A
4.8 mM Aspirin 6.4 mM Aspirin

< oo

P

dal

(o> |

5 3

& 3

g TP ==t g )l PP R T S AL L LA S
208 1O 0 10° 10° FTCA 10f 10 FITC-A

Em Untreated

3.2 mM Aspirin
60+ B 4.8 mM Aspirin
6.4 mM Aspirin

% of PANC-1 cells
8

Figure 8 Viability, early apoptosis, and necrosis of PANC-| cells after treatment with aspirin using the CellEvent Caspase 3/7 Green Detection Reagent and propidium
iodide Annexin assay. (A) PANC-1 cells were plated at a density of 10,000 cells/well and allowed to adhere. Cells were treated with 3.2 mM, 4.8 mM, or 6.4 mM
acetylsalicylic acid (ASA) or remained untreated as a control. CellEvent Caspase 3/7 Green Detection Reagent was added at a concentration of 5 UM in cell culture media
from the stock solution of 2 mM. Green fluorescent images were acquired by the Incucyte Zoom Imager every 2 hours at 100x. Scale bar represents 300 um. The images are
representative of |2 images per condition. (B) Graph of the number of green cells (those expressing Caspase 3/7) analyzed by the Incucyte Zoom Imager Software Analyzer.
The graph represents the number of green cells + SEM of 4 images per well performed in triplicates (n=4). (C) Annexin-V-FITC/Propidium lodide assay of PANC-I| cells
following 24 hours of treatment with 3.2 mM, 4.8 mM, or 6.4 mM aspirin or untreated. 100,000 PANC-| cells were collected and analyzed to assess viability, early apoptosis,
and necrosis. (D) Comparisons were made between untreated cohorts and treatment groups for percent viable, early apoptotic, and necrotic cells.

Abbreviations: ASA, acetylsalicylic acid; FITC, fluorescein isothiocyanate.
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glycosylated chains compared to inhibitor receptors, which
determine the interactions and structural arrangement of
the ligand-binding ectodomain.’® Sialylation of N-linked
chains on the EGFR reduces its ligand-induced dimeriza-
tion and intracellular signaling, resulting in a decreased
invasion of lung cancer cells.”” It is well accepted that
sialylation suppresses ligand-induced EGFR dimerization
and downstream signaling,>® consistent with our proposed
signaling pathway, as depicted in Figure 1.

The results of this report suggest a novel mechanism of
action for aspirin preventing EGF-induced receptor activa-
tion, comparable to those previously reported with OP.*’
Recently, we have reported that aspirin in combination
with metformin and OP work synergistically to sensitize
MDA-MB-231 tamoxifen resistant variant cells and spher-
oids to tamoxifen treatment.’® In preliminary studies
(unpublished data, manuscript in preparation), aspirin in
combination with 500 pg/mL OP dose-dependently, and
synergistically inhibited cell viability of PANC-1 cells.
When considering the previously reported therapeutic
effects of aspirin, including modulating inflammation and
critical signaling pathways and proteins such as Wnt/j-
catenin signaling, AMP-activated protein kinase (AMPK),
mammalian target of rapamycin (mTOR), p53, NF-kB
signaling, and Bcl-2,°>° together with our newly identi-
fied effect on Neu-1
a promising anti-cancer drug. The data of this report

activity, aspirin presents as
suggest further investigation into the efficacy of aspirin
as a regulator of Neu-1 mediated receptor activation. The
biochemical binding properties of how aspirin interacts
with Neu-1 remains to be determined and warrants addi-
tional analysis.

With respect to celecoxib, there have been conflicting
results in the clinic, despite promising pre-clinical
studies.®'** Sacchetti has previously reported on the toxi-
city associated with celecoxib treatment, specifically dis-
cussing whether celecoxib kills cancer cells or is an
in vitro precipitation-related artifact.®® It has been pre-
viously reported that celecoxib-induced cell death occurs
only at insoluble concentrations of the drug. This is
consistent with our findings in celecoxib-treated condi-
tions in the WST-1 and sialidase assays (Figures 2B and
4, respectively), as is supported by the precipitation of
solution in these

celecoxib out of experiments

(Supplementary Figure 2). Our findings in line with the

report by Sacchetti highlight the importance of discerning
drug efficacy from precipitate-dependent efficacy, and

warrants further investigation, mainly due to the

prevalent use of celecoxib in the clinic. Considering
these results, we chose to eliminate celecoxib from the
remainder of the experiments, and continued our investi-
gations with aspirin, and there was no notable precipita-
tion observed (Supplementary Figure 1).

Overall, the proof-of-concept and mechanism of
aspirin and celecoxib role as anti-cancer drugs are that
they are an inhibitor of Neu-1 sialidase activity. They
target and inhibit ligand-induced activation of Neu-1 in
modulating a number of glycosylated receptors such as the
EGFR in this report, and others, all of which play impor-
tant roles in tumorigenesis.

Conclusion

This report presents a novel effect of aspirin as an anti-cancer
agent. The data suggest that aspirin treatment impedes neur-
aminidase-1 activity following EGF stimulation. Given the
characteristic overexpression of EGFR on the surface of
cancer cells, regulating its downstream signaling is crucial
for modulating cancer cell growth and invasion. Results
show that aspirin specifically targets neuraminidase-1 to
prevent cleavage of a-2,3 sialic acid. The data shown under-
score the need for additional investigation in the mechanism
of aspirin-targeting of Neu-1. These promising results can
translate to clinical settings to enhance patient care for other-
wise lethal diseases.

Highlights

e Aspirin and celecoxib inhibit epidermal growth factor
(EGF)-induced sialidase activity in pancreatic cancer cells.

e Agpirin inhibits Neu-1 cleavage of a-2,3 sialic acid of
EGFR in PANC-1 cells.

e Aspirin induces early apoptosis and necrosis of PANC-
1 cancer cells.

Abbreviations

4-MU, 4-methylumbelliferyl; 4-MUNANA, 2'-(4-methy-
lumbelliferyl)-a-D-N-acetylneuraminic acid sodium salt
hydrate; AMPK, AMP-activated protein kinase; ANOVA,
analysis of variance; COX, cyclooxygenase; EBP, elastin
binding protein; ECM, extracellular matrix; EGFR, epider-
mal growth factor receptor; EMT, epithelial-to-mesenchymal
transition; ERK, extracellular-signaling-regulated kinase;
GPCR, G-protein coupled receptor; IR, insulin receptor;
MAL 11, Maackia amurensis lectin II; MAPK, mitogen-
activated protein kinase; MMP-9, matrix metalloproteinase-
9; mTOR, mammalian target of rapamycin; Neu-1, neurami-
nidase-1; NF-kB, nuclear factor kappa-light-chain-enhancer
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of activated B-cells; NGF, nerve growth factor; NSAID, non-
steroidal anti-inflammatory drug; pEGFR, phosphorylated
epidermal growth factor receptor; PG, prostaglandin;
PGE2, prostaglandin E2; PPCA, protective protein cathepsin
A; RTK, receptor tyrosine kinase; SEM, standard error of the
mean; SNA, Sambucus nigra lectin; TLR, TOLL-like recep-
tor; TME, tumor microenvironment; WST-1, water-soluble
tetrazolium salt-1.
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