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Abstract: We have earlier demonstrated that breast cancer and small-cell lung cancer
express functional NMDA receptors that can be targeted to promote cancer cell death. Human
ovarian cancer tissues and human ovarian cancer cell lines (SKOV3, A2008, and A2780)
have now been shown to also express NMDA-receptor subunit 1 (GluN1) and subunit 2B
(GIluN2B). Seventeen ovarian cancers in two arrays were screened by immunohistochemistry
using polyclonal antibodies that recognize an extracellular moiety on GluN1 and on GluN2B.
These specimens comprised malignant tissue with pathology diagnoses of serous papillary
cystadenocarcinoma, endometrioid adenocarcinoma, and clear-cell carcinoma. Additionally,
archival tissues defined as ovarian adenocarcinoma from ten patients treated at this institute
were also evaluated. All of the cancerous tissues demonstrated positive staining patterns with
the NMDA -receptor antibodies, while no staining was found for tumor-adjacent normal tissues
or sections of normal ovarian tissue. Human ovarian adenocarcinoma cell lines (A2008, A2780,
SKOV3) were demonstrated to express GluN1 by Western blotting, but displayed different levels
of expression. Through immunocytochemistry utilizing GluN1 antibodies and imaging using a
confocal microscope, we were able to demonstrate that GIuN1 protein is expressed on the surface
of these cells. In addition to these findings, GluN2B protein was demonstrated to be expressed
using polyclonal antibodies against this protein. Treatment of all ovarian cell lines with antibodies
against GluN1 was found to result in decreased cell viability (P<<0.001), with decreases to
10%-25% that of untreated cells. Treatment of control HEK293 cells with various dilutions of
GluN1 antibodies had no effect on cell viability. The GluN1 antagonist MK-801 (dizocilpine
maleate) and the GIuN2B antagonist ifenprodil, like antibodies, dramatically decreased the
viability of A2780 ovarian tumor cells (P<<0.01). Treatment of A2780 tumor xenografts with
ifenprodil (2.5 mg/kg body weight/day) significantly reduced tumor growth in nu/nu mice. Our
findings suggest that both GluN1 and GIuN2B proteins as membrane components could be
readily available targets for the treatment of most ovarian cancers.
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Introduction

NMDA receptors (NMDARSs) constitute important calcium channels that are chiefly
found within the central nervous system. Within the central nervous system, these
receptors are involved in synaptic plasticity and memory function. Overstimulation
of the calcium channel results in cell death.! Small-drug antagonists of the GluN1
protein, such as memantine and dizocilpine maleate (MK-801), have been developed
and used as a form of therapy for Alzheimer’s disease by irreversibly blocking the
excessive calcium influx through these channels.>* NMDARs comprise four heterodi-
merized subunits forming an ion channel that is regulated by glycine and glutamate.>
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Each NMDAR subunit contains four transmembrane domains,
resulting in respective extracellular ligand-binding and intrac-
ellular activating elements. The extracellular element of each
protein forming the heterodimer can be potentially useful
for developing new targeted treatments with antibodies. Our
laboratory has shown by immunohistochemistry and Western
analysis that expression of NMDARSs by normal tissues is only
apparent for the central nervous system, testes, and uterus. We
have also demonstrated that a functional receptor is expressed
by breast cancer, small-cell lung cancer, and neuroblastoma.’
Targeting this receptor with the small-molecule antagonists
MK-801 and memantine significantly decreases in vitro cell
viability and in vivo xenograft tumor growth. This paper
describes an investigation into the expression of NMDARs
by human ovarian tumors and cell lines, along with the
consequences of targeting these receptors with antagonists,
and antibodies against an external region of the GIuN1 and
GluN2B subunits of this receptor. Findings indicate NMDARs
are critical for ovarian cancer cell growth and can be used as
a potential target for successful cancer therapy.

Materials and methods
NMDAR antibodies

We have previously described production and characteristics
of rabbit polyclonal antibodies against an external region of
the GluN1 protein, referred to by the acronym “PANN1”.18
The decapeptide representing this region used to create the
antibody was MSIYSDKSIH amide. Antibodies were used
as IgG preparations after precipitation from serum with 50%
ammonium sulfate solution, centrifugation at 14,000 g, and
reconstitution in phosphate-buffered saline (PBS). They were
also used as affinity-purified preparations prepared through
binding to a peptide antigen Sepharose column with acid
elution followed by dialysis. Likewise, rabbit polyclonal
antibodies were generated to an external and unique segment
of GluN2B protein using the decapeptide YKDAHEKDDF
amide, and are herein referred to as “MANDA2B”.

Immunohistochemistry

Tissue expression was determined using immunohistochemistry
employing the BioGenex (Fremont, CA, USA) supersensitive
link-label immunohistochemistry-detection kit and
PANN 1 and MANDAZ2B IgG antibody preparations diluted
in PBS/0.4 M NaCl containing 1% horse serum (PSHS).
Ovarian cancer tissue arrays were obtained from Tissue
Array Networks, specifically catalog numbers OV241
and OV242. Tissue array OV241 contained samples from
seven patients with pathology diagnoses of serous papillary

cystadenocarcinoma and endometrioid adenocarcinoma,
along with normal tissue samples adjacent to the cancer.
Tissue array OV242 contained samples from ten patients with
pathology diagnoses of serous papillary cystadenocarcinoma,
endometrioid adenocarcinoma, and clear-cell carcinoma,
along with normal tissue samples adjacent to the cancer.
As well as these arrays, ovarian cancer tissues identified as
adenocarcinoma from ten patients treated at this institute
were retrieved from an archival library. The immunohis-
tochemistry protocol used was as follows: antigen recovery
was performed by heating in 0.01 M sodium citrate buffer
at 80°C for 30 minutes. Endogenous peroxidase activity and
nonspecific staining were blocked with the kit reagents. The
tissues were incubated overnight with the primary MANDA
antibodies. Tissues were then washed in PSHS, followed by
incubation with the kit reagents Link (peroxidase-bound
goat antirabbit IgG1), and diaminobenzidine, then washing
in PSHS. Poststaining was carried out with hematoxylin.
Mounted tissues were imaged on an Olympus (Tokyo, Japan)
BX51 microscope employing a QImaging (Surrey, BC,
Canada) MicroPublisher 3.3 camera.

Ovarian cancer cell lines and cell culture
Ovarian cancer cell lines SKOV3, A2780, and A2008 were
grown in Dulbecco’s modified Eagle’s medium/F12 media
(HyClone; GE Healthcare, Little Chalfont, UK) supple-
mented with 10% fetal bovine serum (HyClone) and an
antibiotic solution (Sigma-Aldrich Co, St Louis, MO, USA).
SKOV3 (HTB-77; American Type Culture Collection, Manas-
sas, VA, USA), A2780 (Health Protection Agency 93112519),
and A2008 (Dartmouth Medical School) are epithelial cell
lines that all originated from a human ovarian adenocarci-
noma. Dartmouth Medical School Institutional Review Board
approved of the use of the above human cell lines.

Western blotting

Protein lysates from ovarian cancer cell lines A2780, SKOV3,
and A2008 were generated in a sodium dodecyl sulfate (SDS)
lysis buffer (2% SDS, 1% 2’-[N-cyclohexylamino]ethane
sulfonic acid, 1% glycerol) from Sigma-Aldrich. An aliquot
of each lysate (2—15 ug protein) was incubated with 4x gel-
loading buffer (0.1 M Trizma HCIL, 10% glycerol, 2% SDS,
0.001% bromophenol blue) from Sigma-Aldrich, and 50
mM dithiothreitol at 100°C for 10 minutes. The proteins in
samples were separated by 10% and 12% SDS PAGE at 75V
for 30 minutes, followed by 150 V for 80 minutes. Following
electrophoresis, proteins were transferred to polyvinylidene
difluoride Immobilon-P membranes (EMD Millipore,
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Billerica, MA, USA) at 35V and 4°C overnight with transfer
buffer comprising 250 mM Trizma HCI, 200 mM glycine,
and 6% methanol, pH 8.3 (Sigma-Aldrich). The transfer
polyvinylidene difluoride membrane was then immersed in
Ponceau S total protein stain (Sigma-Aldrich) for 10 minutes,
and imaged using a FluorChem 8900 imager (ProteinSimple,
San Jose, CA, USA). The Ponceau S staining was used as a
control for assessing the total protein content of each sample.
Each membrane was then incubated in SuperBlock PBS buf-
fer (Thermo Fisher Scientific, Waltham, MA, USA) for 1 hour
at room temperature with gentle agitation, and then incubated
in the same manner overnight at 4°C or for 60 minutes at
ambient temperature with a commercial anti-NMDARI anti-
body preparation (4204; Cell Signaling Technology, Danvers,
MA, USA) diluted 1:5,000 in PBS containing 5% nonfat dry
milk following the manufacturer’s recommendations, or with
IgG from MANDAZ2B antiserum. The membrane was washed
with 0.01% Tween in PBS and incubated with gentle agitation
with a 1:5,000 dilution of a second goat antirabbit antibody
conjugated with horse radish peroxidase (7074; Cell Signal-
ing Technology) for 60 minutes. Finally, the membrane was
washed with PBS and incubated with SuperSignal WestDura
Extended Duration Substrate (Thermo Fisher Scientific) and
imaged using the FluorChem 8900 imager.

Immunocytochemistry and confocal

microscopy

The coverslips were seeded with 10,000 SK-OV3, A2780,
or A2008 cells and grown to 100% confluence. The cells
were fixed with formalin (Thermo Fisher Scientific), per-
meabilized with 0.5% NP40 (Sigma-Aldrich), blocked with
phosphate-buffered gelatin, and stained overnight at 4°C with
a 1:500 serum-equivalent dilution of an IgG preparation of
our rabbit PANNI1 antibodies. The coverslips were washed
five times with 1% bovine serum albumin in PBS and incu-
bated witha 1:2,000 (1 pg/mL) dilution of Alexa Fluor 488 goat
antirabbit secondary antibody (Thermo Fisher Scientific) for
60 minutes. The coverslips were then washed five times with
PBS containing 1% bovine serum albumin, postfixed with
4% paraformaldehyde, and mounted in VectaShield (Vector
Laboratories, Burlingame, CA, USA) on glass slides. The
slides were visualized with an Olympus BX61WTI fluorescent
confocal microscope employing a Hamamatsu Photonics KK
(Hamamatsu, Japan) Orca-ER C4742-80 camera.

Alamar Blue cell viability assay
Trypsinized ovarian cancer cells (A2780, SKOV3, and
A2008) were seeded at approximately 20,000 per well

into a 96-well plate. The cells were allowed to recover
from trypsinization for 24 hours. They were then treated
with various dilutions of the GluN1 antagonist MK-801
(100-800 uM, n=8) and an IgG preparation of PANNI
antibodies precipitated from serum with 50% saturated
(NH,),SO, (1:5,000, 1:2,500, 1:1,000, 1:500, 1:100, 1:50,
1:25, and 1:10 relative to the original serum concentration,
n=8) for 72 hours. A2780 cells were treated with concentra-
tions from 100 to 800 uM of the GluN2B antagonist ifen-
prodil over 48 hours (n=16). The Alamar Blue cell viability
reagent was added to each well at a concentration of 10%
and incubated at 37°C for 1-4 hours or until the substrate had
changed to a pink color. The plate was read on a Synergy HT
fluorescent plate reader (BioTek Instruments Inc., Winooski,
VT, USA) at a fluorescence excitation wavelength of 570 nm
and emission wavelength of 590 nm. The cell treatments were
performed in quadruplicate, and each experiment was per-
formed five times. Cell viability was normalized to untreated
cell values and expressed as a percentage of those values.

Treatment of human ovarian cancer

xenografts with receptor antagonist
Trypsinized A2780 ovarian cancer cells (2x107) were placed
subcutaneously into the flank of 7-week-old male nu/nu
mice and allowed to develop as tumor xenografts >5 mm in
diameter. The growth of these tumors was measured over a
3-day period, and then they were treated daily with vehicle or
2.5 mg/kg body weight of the GluN2B antagonist ifenprodil
for 8 days. Tumor size was measured each day with a
micrometer over this period of treatment. Daily measurement
of animal body weight was also performed.

Statistical evaluation

Results were analyzed by analysis of variance and the
Student—Newman—Keuls test. Longitudinal growth data
were evaluated using repeated-measures analysis of variance.
Significance was determined to be present for P<<0.05.

Results

Immunohistochemistry

All of the ovarian cancer tissue samples subjected to
immunohistochemistry using the PANN1 and MANDA2B
antibodies resulted in a positive staining pattern. The tissues
demonstrated a membrane and cytosolic staining pattern
and had various degrees (43 and +4) of staining intensities.
Normal ovarian tissues had no positive staining. Figure 1A
depicts three ovarian cancer tissues with a positive stain-
ing pattern for GluN1 and no staining of the corresponding
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Figure | Antibody Staining for presence of NMDA Receptors.

Notes: (A) Immunohistochemical staining of ovarian cancers from three patients.
|, Positive staining of tumors with NMDARI antibodies; Il, negative staining of normal
adjacent tissue; lll, negative staining with antibodies blocked by 20 ug/mL peptide
antigen. (B) Sodium dodecyl sulfate polyacrylamide-gel electrophoresis using 12.5%
gels and Western blot analysis with anti-NMDARI antibodies from Cell Signaling
Technology. Shown is the presence of NMDARI protein at ~120 kDa in equally
loaded lysates from A2780, SKOV3, and A2008 ovarian cancer cell lines. (C) Confocal
imaging of A2780 and SKOV3 ovarian cancer cells with PANNI antibodies.
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normal tissue adjacent to the cancerous tissue. For a negative
control, tumor tissues were incubated with PANN1 antibody
preparations in the presence of an excess (20 pug/mL) of
antigen peptide. These negative controls gave no positive
staining pattern demonstrating the specificity of the
antibodies for the peptide segment of the receptor protein.
In the same manner, specificity of staining was demonstrated
for GIuN2B antibodies.

Protein expression in ovarian cancer

cell lines

GluN1 expression can be detected using Western blotting
in all three of the ovarian cancer cell lines (SKOV3, A2780,
and A2008). The cell lysates were normalized to total protein
content. The three cell lines demonstrated various degrees of
expression, with A2780 exhibiting the highest expression and
A2008 and SKOV3 expressing similar amounts (Figure 1B).
The GIuNT1 protein was detected as a single band located
at ~120 kDa. GluN2B expression was only examined for
A2780 cells, and this protein was also demonstrated to be
clearly present.

Immunocytochemistry

We were able to demonstrate that all three of the ovarian
cancer cell lines express GluN1 on the surface of the cells.
The cell lines exhibited a membrane-staining pattern with

slight detection of the GluN1 protein in the cytosol of the
cell. Figure 1C are representative images of two of the cell
lines, which were created by taking 10x1 um confocal image
slices and stacking them on top of each other.

Cell viability

Utilizing the Alamar Blue assay, we were able to demonstrate
that treatment of the ovarian cancer cell lines with various
dilutions of the PANNI1 antibody significantly (P<<0.001)
decreased the viability of the cells (Figure 2). We used the
breast cancer cell line MCF7 as a positive control, since our
laboratory has demonstrated in the past that PANN1 antibody
killed MCF7 cells in vitro and in vivo. The SKOV3 and A2008
cell lines had very similar killing curves compared to MCF7.
We were able to demonstrate a decrease in cell viability to the
extent of 75%—-90% when compared to untreated cells. The
viability of HEK293 cells treated with various concentrations
of PANN1 showed no change in cell viability. The effects of
MK-801 were only examined on A2780 cells, and decreased
viability with a 50% decrease at approximately 400 uM (n=8
for each concentration, P<<0.01). The GluN2B antagonist
ifenprodil likewise produced a decrease in cell viability of
A2780 ovarian cancer cells (Figure 3A) in concentrations
ranging from 100 to 800 uM, with a 50% decrease also
at ~400 uM of antagonist (n=16 for each concentration,
P<0.003).

Ovarian cancer xenografts
The ovarian cancer cell line A2780 produced substantial
tumors in all injected nu/nu mice, and those treated with
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Figure 2 PANNI IgG on ovarian and breast cancer cells viability.

Notes: Reductions in cell viability (+ standard error of mean) of A2008, A2780,
and SKOV3 human ovarian cancer cells and MCF-7 breast cancer cells compared to
vehicle controls produced by incubation for 24 hours with increasing concentrations
of PANNI antibodies as an IgG preparation (n=6 at each concentration). These
antibodies had no effect on HEK293 cells (not shown). Concentrations are given as
fractional dilutions from original antiserum.
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Figure 3 Effect ifenprodil on A2780 cells and tumors.
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Notes: (A) Effects (+ standard error of mean) on cell viability of A2780 ovarian cancer cells due to incubation with increasing concentrations of GIuN2B antagonist ifenprodil
compared with vehicle controls over 48 hours. The half-maximal inhibitory concentration was ~400 UM (n=16 at each concentration). (B) GIuN2B antagonist influence on
the growth of human ovarian tumor xenografts in nu/nu mice. Administration of ifenprodil at a daily dose of 2.5 mg/kg body weight for 10 days (days 0-9) significantly reduced
growth of A2780 xenografts (P<<0.01, n=6), while having no apparent impact on animal health.

vehicle grew at rapid rates to greater than sevenfold after
8 days of measurement. The GluN2B-specific antagonist
ifenprodil, at daily doses of only 2.5 mg/kg body weight,
restricted the growth rate of tumors to threefold over the same
period (Figure 3B, P<<0.01). The figure represents the means
and standard errors of tumors grown in all six control and all
six test animals. However, the tumor in one control animal
stopped growing over the course of the treatment period, and
the tumor of one test animal seemed to grow at the same
rate as tumors from the other control animals and therefore
seemed to be unresponsive to ifenprodil. If these two animals
were not included in the final data, the influence of the drug
on inhibiting growth would have been substantially greater.
The body weight and behavior of animals treated with vehicle
and ifenprodil showed no differences over and beyond this
same period.

Discussion

The data shown in this paper demonstrate that epithelial
ovarian cancer tissue samples and ovarian cancer cell lines
express NMDARs, and that these receptors are comprised,
at least in part, of GluN1 and GIuN2B proteins. Not only is
this receptor expressed in these cells but it is also present in
the membrane, thereby creating one or more potential targets
for cancer treatment. The immunohistochemistry results were
from serous papillary cystadenocarcinoma, endometrioid
adenocarcinoma, and clear-cell carcinoma, which account
for approximately 26%, 10%, and 4% occurrence of ovarian
tumors, respectively. All of these tissues showed a positive
staining pattern for NMDAR proteins with varying intensities.

There was no distinct correlation between staining intensity
and ovarian cancer diagnoses. These immunohistochemistry
data suggest that most if not all ovarian cancers will express
GluN1 and GIuN2B protein, which in turn means these
prospective targets could be used as universal treatments.
We were unable to detect GluNland GluN2B expression
within normal ovarian tissue, and this suggests the proteins
are specific for ovarian cancer and could be potentially
used not only for treatment but also diagnosis of ovarian
cancer. We were able to verify that the ovarian cancer cell
lines also expressed GluN1 protein within the membrane of
the cells. These cells were then utilized to demonstrate the
functionality of the NMDARs expressed. Targeting these
receptors with the PANN1 antibody resulted in significant
loss of cell viability. If this finding is reflective of what will
happen in vivo, then native anti-GIluN1 antibodies, without
modification with cytotoxic agents, might destroy ovar-
ian tumors in patients. Preliminary data indicate that the
antibody mechanism of action on the ovarian cancer cells
possibly involves internalization of the receptors. These
data call for future studies to determine if such a change
in receptor localization affects key molecules involved in
apoptosis, cytotoxicity, and/or cell-cycle control. As could
be predicted, we were also able to demonstrate that blocking
tumor NMDARs with the small-molecule GluN1 antagonist
MK-801 also produced a decrease in cell viability. While
all of these findings support the potential use of anti-GluN1
therapeutics, concerns could arise from reports of anti-GIluN1
encephalitis occurring in patients through centrally present
anti-GluN1 antibodies and immune inflammation, as found
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in responses to ovarian teratomas, small-cell lung cancer,
breast cancer, or to autoimmunity of unknown etiology.”!"
While several of these cases are documented, only one of
these was in a patient with small-cell lung cancer, one in a
patient with breast cancer, and most in patients with ovarian
teratoma of germinal cell origin. However, we have previously
shown that all small-cell lung cancers and all breast cancers
express functional NMDARs,”® as do apparently all ovarian
cancers (from our IHC studies), and only approximately 0.5%
of ovarian cancers are represented by teratomas of germ-cell
origin. Therefore, the formation of inflammatory deposits
and central anti-GIuN1 antibodies seems to involve factors in
addition to the expression of NMDARSs as surface markers on
most tumor types. Tachibana et al proposed that the presence
of NMDARs in the cytoplasm of normal ovaries (particu-
larly GIuN2B) could explain why anti-GluN1 encephalitis
can arise in females of reproductive age who do not have
teratomas.'>!> However, an absence from most patients with
receptor-bearing tumors makes this unlikely. Additionally,
support for the likelihood that anti-GIuN1 antibody treatments
will not adversely affect patients is suggested by the work of
During et al, who were able to perform safe oral vaccination
in animals against GIuN1 receptors.'* This appeared to have
a protective rather than deleterious effect on brain function.
Nevertheless, caution would dictate preferred initial use of
Fab fragments of GIuN1 antibodies as therapy to prevent pos-
sible consequences of central inflammation/invasion.
GluN2B could provide an even safer and more effective
therapeutic target in treatment of ovarian cancer. These
proteins were shown here as likely consistent components
of NMDARSs present on the surface of ovarian cancer cells.
Moreover, both in vitro and in vivo studies with the GIuN2B-
specific inhibitor ifenprodil indicate that anti-GluN2B or
Fab fragments of such antibodies would effectively retard
or block ovarian cancer growth. This is because ifenprodil
produced large reductions in the viability of A2780 cells
that were highly significant (P<<0.01), with a 50% reduction
at ~400 uM. Proof of principle was then demonstrated by
ifenprodil causing a two- to threefold reduction in ovarian
tumor growth in nu/nu mice (P<<0.01) at a daily dose
of this drug that is approximately 40 times less than the
median lethal dose in rats and mice given in Oko Yakuri
Pharmacometrics.” No side effects of treatment were
apparent, and the weights of treated animals matched those
of controls over the course of the study. Since NMDARs
in the adult brain comprise chiefly GIluN2A, ifenprodil
does not cause seizures as small GluN1 antagonists such
as MK-801 do, but rather has a neuroprotective effect on

brain function.'®? Ifenprodil, which acts at the polyamine-
binding site of the GluN2B protein, conceivably itself could
prove to be an effective therapeutic agent in the treatment
of ovarian cancer.?’?* This compound has already been
approved for other uses in Japan and Europe. It has also been
suggested by others that this antagonist might be an effective
drug to improve Parkinson’s ataxia and as an analgesic for
chronic pain.!'®'%242 While in this study we did not examine
for the presence of GIuN2A or other subtypes, it has been
previously shown these are expressed by small-cell lung
cancer and breast cancer.”® Therefore, there is good reason to
believe these subtypes are also expressed by ovarian cancer,
but no evidence they impact the capacity of inhibitors, such
as ifenprodil, to impair tumor growth.
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