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Abstract: Pancreatic cancer, particularly adenocarcinoma of the pancreas, is a common disease
with a poor prognosis. In this study, the importance of N-methyl-D-aspartate (NMDA) recep-
tors for the growth and survival of pancreatic cancer was investigated. Immunohistochemistry
performed with antibodies against GluN1 and GluN2B revealed that all invasive adenocarci-
noma and neuroendocrine pancreatic tumors likely express these two NMDA receptor proteins.
These proteins were found to be membrane components of pancreatic cancer cell lines, and
both channel-blocker antagonist and GIuN2B antagonist significantly reduced cell viability in
vitro. Both types of antagonists caused an internalization of the receptors. Dizocilpine maleate
(MK-801) and ifenprodil hemitartrate both significantly inhibited the growth of pancreatic tumor
xenografts in nu/nu mice. These findings predict that, as for other solid tumors investigated
by us, pancreatic cancer could be successfully treated, alone or in combination, with NMDA
receptor antagonists or other receptor-inhibiting blocking agents.
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Introduction

Pancreatic cancer is the fourth leading cause of death from cancer throughout the world,
and accounts for the loss of ~40,000 persons in the US each year.'” Although there
have been several recent advances for treating this disease with surgery and adjuvant
chemotherapy/radiation therapy, the estimated 5-year survival rate in the US is still only
7%, with a 2% expected survival for those with distant disease.! Therefore, a press-
ing need exists for new non-surgical methods of treatment that are effective in terms
of providing long-term survival for patients, and for the development of non-invasive
methods that can identify and monitor changes in tumor burden. The studies conducted
and outlined in this communication indicate this need might be addressed through the
use of agents that target the function of N-methyl-D-aspartate (NMDA) receptors as
surface components. These receptors are ion-channels that are concentrated within the
brain with limited peripheral expression and comprise protein heterotetromers. They are
responsive to glycine (GluN1 component) and glutamate (GluN2 component).'®!" We
earlier reported NMDA receptors are commonly expressed by human neuroblastoma,
breast cancer, small-cell lung cancer, and ovarian cancer, and blockade of these receptors
inhibit tumor growth.'>"' A potential complication in the use of such NMDA receptor
blockade could be expected from reports of autoimmune encephalitis that can occur
in some cancer patients through the generation of antibodies to NMDA receptors.'¢!#
However, this malady seems to be principally due to a rare central inflammatory reac-
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tion, and NMDA antagonists has been successfully introduced
for therapy in the treatment of Alzheimer’s disease and post
traumatic stress disorder, without serious side effects.!*2!
Additionally, During et al** performed oral vaccination against
GluN1 in mice and found there were no noticeable pathologi-
cal effects induced through this treatment. To the contrary,
the treated animals appeared to be afforded some protection
to the central nervous system against chemical injury. Such
findings, therefore, seem to address concerns for future pan-
creatic cancer treatments to involve NMDA receptor blockade.

Materials and methods

Cultured cell lines

The human pancreatic cell lines PanC-1, HPAC-1, and
BXCPC-3 cells were all obtained from American Tissue
Type Collection (Rockland, MD, USA). Cells were grown
and maintained in DMEM medium or RPMI 1640 (Mediat-
ech, Inc., Herndon, VA, USA) supplemented with 10% fetal
bovine serum (Sigma-Aldrich Co., St. Louis, MO, USA) at
cell densities of 10° to 5x10%/mL in a humidified atmosphere
of 5% CO, at 37°C.

Antibodies

The antibodies used were developed in rabbits to recognize
unique peptide regions within the extracellular N-terminal
domains of human GluN1 and GluN2B proteins (-MSIYSD-
KSIH-; -(Y)KDAHEKDDF-). These antibodies are referred
to as PANN1 and MANDA2B and have been described
previously!*'>, PANN1 does not cross-react with GluN2
proteins, and MANDA2B does not cross-react with other
GIluN2 protein sub-types, at the dilutions used. Commer-
cially available GluN1 antiserum from Cell Signaling, and
GluN2 antiserum purchased from Santa Cruz (NMDARe2;
Santa Cruz Biochemicals, Santa Cruz, CA, USA) were also
employed. The latter commercial antiserum recognizes all
NMDAR?2 subunits.

Immunohistochemistry

Expression of GluN1 and GIuN2B was evaluated in formalin-
fixed human pancreatic cancer and normal tissues using
PANNI and MANDAZ2B IgG antibody preparations diluted to
1:10,000 in phospate buffered saline (PBS)/0.4M NaCl con-
taining 1% horse serum (PSHS), and a Biogenex Supersensi-
tive link-label immunohistochemistry-detection kit (Fremont,
CA, USA). Tissues were from a commercial array of 10 cases
of adenocarcinoma with normal adjacent tissues (Tissue Array
Network, PA242), while an additional 20 cases of adenocar-
cinoma, and 3 cases of insulinoma, were obtained from an

archival library of patient tissues at Dartmouth-Hitchcock
Memorial Center. Tissue sections (4 um) were heated to 80°C
for 20 minutes in citrate to recover antigen and then blocked
by incubating them with 10% horse serum. They were then
incubated for 1 hour at ambient temperature with PANNTI or
MANDAZ2B (see above) at 1:10,000 dilution, alone, or in the
presence of an excess of peptide antigen (~20 uM) as a negative
control. Tissues were washed (x3) and incubated for 1 hour at
ambient temperature with biotinylated horse anti-rabbit IgG,
washed (x3), then incubated for 1 hour at ambient temperature
with Streptavidin coupled to peroxidase. Tissues were again
washed (x3) and finally reacted with a diaminobenzidine/
peroxide mixture and contrasted with hematoxylin.

Confocal microscopy and flow cytometry
For confocal studies, coverslips were seeded with 10,000
PanC-1, HPAC-1, and BXCPC-3 cells and generally grown
to 100% confluence. The cells were fixed with formalin
(Thermo Fisher Scientific, Waltham, MA, USA), permea-
bilized with 0.5% NP40 (Sigma Aldrich Co.), blocked with
phosphate buffered gelatin and stained overnight Co., at 4°C
with a 1:500 serum equivalent dilution of an IgG preparation
of our rabbit PANNI1 antibodies (anti-GluN1) or MANDA2B
antibodies (anti-GluN2B). Studies were repeated three times
for each cell line. Alternatively, cells were reacted for one
hour with these antibodies, then washed (x3), fixed and per-
meabilized. Following these steps, five washings with 1%
bovine serum albumen in PBS were carried out and cells
incubated with a 1:2000 (1 pg/mL) dilution of the Alexa Fluor
488 goat anti-rabbit secondary antibody (Molecular Probes)
for 60 minutes at ambient temperature. After further wash-
ing, cells were post-fixed with 4% paraformaldehyde and
mounted in Vectashield (Vector Laboratories , Burlinghame,
CA, USA) on glass slides. The final products were visualized
with an Olympus BX61WI fluorescent confocal microscope
employing a Hamamatsu Orca-ER C4742-80 camera. For
flow cytometry, studies were performed on PanC-1 cells fixed
with 4% paraformaldehyde, incubated at ambient temperature
for 2 hours with primary antibody (1:500), then for 1 hour
with fluorescein isothiocyanate-labelled goat anti-mouse
antibody (Pierce, Thermo #31543) with intermittent wash-
ings throughout. Fluorescence on cells was then evaluated
using an 8-Color MACSQuant Flow Cytometer of Miltenji
Biotec (Cambridge, UK).

Western blot analysis
Cell lysates, and extracts from mouse organs, were prepared
by sonication using a RIPA buffer solution (1% NP-40, 1%
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sodium deoxycholate, 0.1% SDS, 150 mM NacCl, 25 mM
Trizma HCI, PH 7.4) with protease inhibitor (Hoffman-La
Roche Ltd., Basel, Switzerland), the extracts centrifuged at
12,000 X g for 4 min, and the supernatant retained. The protein
content of these extracts was assessed by differential absor-
bance measurements at 215 nm and 225 nm. Aliquots each
of each cell lysate (~25 ug protein), or tissue extract (~50 pug
protein), were reduced using 50 mM dithiothreitol heated in
a boiling water bath for 5 min, and separated on 12% gels by
SDS-PAGE using Tris/Glycine/SDS buffer (25 mM Trizma,
192 mM glycine, 0.1% SDS, pH 8.3) at a voltage of 50 V for
10 min, then at 75 V for ~2 hours at ambient temperature or
at 100V for 1 hour at 4°C. The proteins were transferred onto
Immobilon-P polyvinylidene difluoride membrane (EMD
Millipore, Billerica, MA, USA) in Tris/glycine/SDS buffer
with 6% methanol, using the MiniProtean 3 system from Bio-
Rad Laboratories Inc. (Hercules, CA, USA). The membrane
was incubated with Superblock PBS buffer (Thermo Fisher
Scientific), followed by incubation with 1:300 dilutions of
PANNI1 or MANDR2B antibodies following their isolated
using antigen-affinity chromatography. The commercial anti-
sera described above were also employed to identify proteins.
Western blots were visualized using horseradish peroxidase-
labeled goat anti-rabbit antibody (7074, Cell Signaling Tech-
nology), SuperSignal WestDura Extended Duration Substrate
(Thermo Fisher Scientific), and a FluoroChem 8900 imager.
The blots were stripped and incubated with anti-GAPDH
(Chemicon), or scanned with anti-B-actin (Sigma Aldrich
Co.,), to ensure equal protein loading.

Cell viability assay

Cells cultures (PanC-1, HPAC-1, and BXCPC-3) were treated
with 0.05% trypsin, washed in DMEM medium and plated
onto 96 well plates at 10*cells/well in medium for 24 hours
as previously described.” Incubation was then performed
in DMEM containing 10% FBS in the presence or absence
of either the channel-blocker antagonist dizocilpine male-
ate (MK-801), anti-GluN2B (PanC-1 only), or the GIuN2B
antagonists ifenprodil hemitartrate and Ro-25-6981 maleate,
at differing concentrations (100-800 uM), and then MTT
(Sigma Aldrich Co.,; 5 mg/mL diluted 10-fold and incubated
for 4 hours at 37°C, then solubilized with SDS overnight
following manufacturer’s recommendations). Absorbance at
570 nm was recorded after 24 or 48 hours of incubation with
antagonist using a Synergy HT Multi-Detection Microplate
Reader. Cell viability was evaluated as percentage of vehicle
control at the corresponding incubation time. In a similar
manner, the effects on cell viability of affinity-chromatography
purified PANNI1 antibodies over 24 hours of incubation were

examined. Amounts were based on dilutions from the original
anti-serum but were evaluated as <375 fmole antibody at a
dilution of 1:10

Treatment of pancreatic tumor

xenografts in mice

Human subcutaneous tumor xenografts of pancreatic cancer
cell line NCI PanC-1 were raised in nu/nu mice by inject-
ing 1-2x107 cells into the right flank Tumors were allowed
to grow for 4 weeks when they attained sizes >300 mm?
and the influence on tumor growth of the channel-blocker
receptor antagonist dizocilpine maleate (MK-801), and the
GluN2B antagonist, ifenprodil, given intraperitoneally (i.p.),
then examined. Tumor size was assessed by multiplying
depth, width, and length, and these measurements were each
made in triplicate for each tumor on a daily basis. The sizes
obtained for each tumor during the study were expressed as
a percentage of the size measured on day zero of treatments.
Percentage tumor growth in a control group of animals receiv-
ing i.p. PBS vehicle (n=8) was compared to percentage tumor
growth in animals (n=8) receiving Dizocilpine maleate (0.3
mg/kg body weight) twice daily, or ifenprodil (2.5 mg/kg
body weight), once daily, over 10 days.

Statistical evaluations

Results were evaluated by analysis of variance (ANOVA) and
the Student—Neuman—Kuels test. Longitudinal growth data
was evaluated using repeated measures ANOVA. Significance
was determined to be present for p<0.05.

Assurance for human and animal studies
Approval for the use of human tissues for these studies was
provided by the Institutional Review Board of Dartmouth
College under human subject assurance number 00003095,
and with written informed consents signed by all patients.
Animal studies were approved by the Institutional Animal
Care and Use Committee (IACUC) of Dartmouth College, an
Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) approved facility, under animal
welfare assurance number A3259-01.

Results

NMDA receptor expression in common
to pancreatic cancer

The Avidin-Biotin complex technique of immunohisto-
chemistry revealed the presence of GluN1 and GIuN2B in
seemingly all neoplastic cells of all tumor tissue microdots
and of all sections, including three defined by others as
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neuroendocrine tumors. Most cancer types were defined
as adenocarcinoma of the pancreas. Staining was intense
at x3 to x4 intensity and was completely blocked when
antibodies were used in the presence of excess peptide anti-
gen (Figure 1). Using the same conditions, no staining was
found with normal human pancreas, ovary, kidney, breast,
and lung tissues. No detectable GluN1 or GIuN2B proteins
were present in Western blot profiles of extracts from normal
mouse pancreas, ovary, kidney, lung, liver, heart, intestine,
and skeletal muscle, but both were clearly present in extracts
from brain (data not shown).

NMDA receptors are present on

pancreatic cancer cell lines

GluN1 and GluN2B were both clearly present on the surface
of PanC-1, HPAC-1, and BXCPC-3 cells demonstrated by
confocal microscopy and by Flow Cytometry (Figure 2A-D).
When viable cells were reacted with antibodies at 37°C, all
fluorescent staining was found as concentrated pockets within
the cell cytoplasmic interior showing that the antibody-receptor
complexes became internalized. Western analysis performed
on cell extracts also revealed the presence of both of GluN1
and GluN2B receptor proteins (data not shown).

Blockade of NMDA receptors decreases
cancer cell viability

When pancreatic PanC-1, HPAC-1 and BXCPC-3 cancer cells
were treated for 48 hours with increasing concentrations of
the channel-blocker antagonist MK-801 (dizocilpine maleate)
there were dramatic reductions in cell viability indexed by
the MTT method with significant changes (p<0.01) produced
with doses of 200 uM antagonist, and a reduction to less than
50% controls (IC,)) produced most generally by doses of

Patient 1

Patient 3

400-500 uM (Table 1). A preparation of our polyclonal anti-
bodies against GIuN2B as a protein A isolated IgG fraction,
also demonstrated a capacity to almost completely impair
the viability of PanC-1 pancreatic cancer cells, with a greater
than 50% reduction being produced at a dilution of 1:300
related to the concentration of antibodies in the original anti-
serum. Similarly, as found for MK-801, the GluN2B specific
antagonists ifenprodil hemitartrate and Ro-25-6981 maleate
produced reduced viability of PanC-1 cells by ~90% with a
dose range of 200—-800 puM. Ifenpodil was found to be every
bit as effective as the irreversible channel-blocking inhibitor
MK3801, producing IC, s from 250-600 uM), and after 24
hours of incubation generating an average linear regression
of y=-0.127+102.04 with an R*0f 0.989 and an IC, of 442
puM over four studies (Figure 3).

Tumor xenograft growth is prevented

and size reduced by NMDA receptor
antagonists

Both the channel-blocker antagonist dizocilpine maleate
(MK-801) and the GluN2B antagonist ifenprodil prevented
growth of tumor xenografts of PanC-1 cells in nu/nu mice.
While MK-801 prevented tumor growth, ifenprodil not only
did this but also additionally reduce tumor size by almost half,
and this reduction in size persisted 4 days after treatment was
discontinued. Results for ifenprodil treatment are depicted in
Figure 4. No adverse physiological or behavioral effects by
treatments with either drug were apparent, and body weight
gains of treated mice paralleled those of untreated animals.

Discussion
The findings of the studies conducted here demonstrated
that NMDA receptors, particularly of the GluN1 receptor

Patient 2

Normal tissue

Figure | Imunohistochemical staining of pancreatic cancers (x20) from three patients with positive staining of tumors with GluN2B antibodies (left panels) and negative

controls of GIuN2B antibodies in the presence of excess peptide antigen (right panels).

Note: Two included normal pancreatic tissues, that give no staining with GIuN2B antibodies (last two panels).
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A
C
PanC-1 Anti-GIluN1
2.5k PanC-1 Anti-Rabbit 2/9Ab.
PanC-1 Control
2.0k
1.5k
1.0k
500
0
100 10! 102 108 10* 108

B1-A:: FITC-A

Figure 2 Demonstration of surface location of GIuN| on pancreatic cancer cells.

B
D
PanC-1 Anti-GluN2B
2.5k PanC-1 Anti-Rabbit 29Ab.
PanC-1 Control
2.0k
1.5k
1.0k
500

0
10° 10° 102 10° 104 108
B1-A:: FITC-A

Notes: Confocal images with PANNI antibodies on pancreatic cancer (A) PanC-1 and (B) BXCPC-3 (magnification x40); Flow cytometry using second Ab fluorescence with
(C) GluNI antibodies, and (D) GIuN2B antibodies. Red and blue peaks are negative controls; indications are that ~80% of cells have a positive reaction.

Abbreviation: FITC, fluorescein isothiocyanate.

Table | Dose (nearest 50 pM) of NMDA-antagonist (MK-
801, ifenprodil, Ro25-6981) found to reduce pancreatic cell line
(PanC-1, BXCPC3, HPAC) viability to 50% controls (IC, ) after
48 hours of incubation

Antagonist IC,, (M)

PanC-I BXCPC3 HPAC
MK-801, channel blocker 600 400 600
Ifenprodil, GIuN2B inhibitor 400 250 500
Ro-25-6981, GIuN2B inhibitor 500 400 800

Abbreviation: NMDA, N-methyl-D-aspartate.

protein sub-type coupled to the GIuN2B receptor protein
sub-type are present on most or all pancreatic cancers and
are likely important factors for their growth and viability.
Immunohistochemistry clearly showed this presence in
tumor sections from patients and Western analysis showed

them expressed in pancreatic cancer cell lines. Both confo-
cal microscopy and flow cytometry confirm their location
as components of plasma membranes of cells in long-term
cultures. However, flow cytometry also indicates that up to
20% of cultured PanC-1 cells may have low to undetectable
levels of the NMDA proteins.

Our antibodies used in studies were generated to be
specific for GluN1 or GIuN2B but not distinguish between
human and mouse forms, and clearly showed expression of
both proteins in all three human cell lines examined. This is
contrary to the finding reported by Malsy et al* who failed to
demonstrate the presence of GluN1 and GIuN2B in PanC-1
cells, and report only the presence of GIuUN2A. We expect this
failure to find GluN1 and GluN2B might reflect deficiencies
of'the commercial antibodies using the conditions employed
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Viability compared to untreated (%)

0 200 400 600 800
Concentration ifenprodil (uM)

Figure 3 Influence of ifenprodil hemitartrate treatment for 24 hours on PanC-1
pancreatic cancer cell viability (n=8).

Notes: Values (SEM) are expressed as the percentage proliferation exhibited by
cells in the absence of inhibitor.

300

Control
Ifenprodil

200

100

Tumor growth (%)

0 2 4 6 8 10 12 14
Days post first treatment

Figure 4 NMDAR receptor influence on the growth of human pancreatic tumor
xenografts in nu/nu mice.

Notes: Administration of ifenprodil in daily dose of 2.5 mg/kg body weight for 10
days (days 0 through 9) significantly reduced size of PanC-| xenografts (p<0.01, n=8)
while having no apparent impact on animal health.

Abbreviation: NMDA, N-methyl-D-aspartate.

by them. That fully functional NMDA receptors are present
on pancreatic cancer cells and tumors is evidenced by the
finding that dizocilpine maleate (MK-801) inhibits vascular
endothelial growth factor (VEGF) expression and growth
cascade phosphorylation of PanC-1 cells in vitro and VEGF
and growth of mouse pancreatic tumors (Panc02) in vivo.?*%
In contrast, while reported to be present and functional in
some peripheral tissues,'' we were unable to demonstrate
their presence in extracts of mouse tissues, except for brain,
testes and uterus, by Western analysis. Thus, if present in
these other tissues they would appear to be there in very low
amounts or not involve GluN1 and GluN2B.

The viability of pancreatic cancer PanC-1, BXCPC3, and
HPAC-1 cells was clearly reduced by the GluN1 antagonist
and channel-blocker, dizocilpine maleate (MK-801), in a
concentration dependent fashion, and by an antibody prepara-
tion of anti-GluN2B antibodies. BXCPC-3 and PanC-1 cells
were most affected with reductions to ~10% of controls, while
HPAC-1 viability was only reduced to ~40% of controls
indicating lower dependence by this cell line. This difference
suggests some variability could exist across tumors either
regarding the importance of NMDA receptors to growth and
survival, or the degrees of involvement of other GIuN2 sub-
types that were not researched for in this article. However,
responses in many regards are very similar as shown by IC_
results of Table 1. Very similar effects on these cells were
produced by the specific GluN2B antagonist, ifenprodil,
demonstrating that blockade of NMDA receptor activity
through this receptor protein sub-type has the same influ-
ence as channel-blockers on pancreatic cancer cell viability
and growth. As demonstrated by others, blockade of NMDA
receptor activity in pancreatic cancer cells and tumors, and of
other cancer types, not only impairs phosphorylated activa-
tion of proteins in growth cascades, but also inhibits VEGF
generation and hence potential for metastasis.>* 28

NMDA receptor blockade was found in our studies to
have a profound effect on the growth of human pancreatic
tumor xenografts derived from PanC-1 in nu/nu mice.
The channel blocker dizocilpine maleate (MK-801) at a
twice daily intraperitoneal dose of 0.3 mg/kg body weight
completely inhibited the growth of these tumors that in
vehicle controls grew to almost 3-times their original
size. This finding for the action of MK-801 is similar to
that recently reported by Chen et al** for mouse PanCO
pancreatic tumors. Blockade through use of the GluN2B
inhibitor, ifenprodil, was even more effective. As shown
in Figure 4, a once daily intraperitoneal dose of 2.5 mg/kg
body weight of this inhibitor produced a rapid shrinkage of
tumors to 50% of their original size, and this size reduction
was maintained after 4 additional days beyond treatment
when final measurements were performed. The dosage of
MK-801 employed here, while safe for mice and rats, is
noted to produce both significant behavioral and locomo-
tor effects, although it did not seem to significantly affect
weight gain. However, the dosage of ifenprodil hemitartrate
was well below doses known to have significant behavioral
effects in rodents.?

The data from this and other studies allows us to conclude
there is good reason for the potential use of NMDA recep-
tor blockade, especially through the GIuN2B sub-unit, for
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inclusion in the treatment of pancreatic cancer. To this end,
infenprodil hemitartrate has long been approved for clinical
use in France and Japan, while a similar compound, traxo-
prodil has been approved for clinical use in the US.
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