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Although the amino acid glutamate is used as an intercellular signaling molecule for normal bone homeo-
stasis, little is known regarding its possible role in the metabolic disruption characteristic of bone metas-
tasis. We have previously shown in vitro that cancer cell lines relevant to bone metastasis release
glutamate into the extracellular environment. This study demonstrates the expression of multiple gluta-
mate transporters in cancer cell lines of non-central nervous system origin. Furthermore, we identify the
molecular mechanism responsible for glutamate export and show that this system can be inhibited phar-
macologically. By highlighting that glutamate secretion is a common biological feature of cancer cells,
this study suggests that tumor-derived glutamate could interfere with glutamate-dependent intercellular
signaling in normal bone. Pharmacological interference with cancer cell glutamate release may be a via-
ble option for limiting host bone response to invading tumor cells in bone metastasis.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Breast and prostate cancer cells that metastasize to bone fre-
quently provoke significant alterations in bone metabolic pro-
cesses that result in pain, hypercalcaemia, and weakening of
bone structure [1]. The mechanisms that generate these effects
are unknown, although factors released by invading cancer cells
are likely involved in signaling these responses [2,3]. The amino
acid glutamate has been shown to be critical for normal bone met-
abolic processes [4-6], and we have shown that a variety of cancer
cells secrete glutamate into their extracellular environment [7].
Tumor cell derived glutamate may have important functional
implications for the bone microenvironment.

Although the expression of both vesicular and non-vesicular
glutamate transporters have been demonstrated in tumors derived
from central nervous system (CNS) and peripheral sites, it is not
clear whether a common secretion mechanism is used between
different tumor types. Although glial-derived cancers release glu-
tamate via the glutamate/cystine antiporter mechanism known
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transporter 1; EAAT2, excitatory amino acid transporter 2; GLAST-1, glutamate/
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glutamate transporter 1; xCT, light-chain subunit of system x.~ glutamate/cystine
antiporter.
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as system X.~ [8-12], it is not known whether non-CNS derived
cancers use the same mechanism. Other candidate glutamate
transporters include the glutamate-aspartate transporter (GLAST-
1 or the human homolog EAAT1) [13], glutamate transporter 1
(GLT-1 or the human homolog EAAT2) [14], and the vesicular glu-
tamate transporters (VGLUT) [15-17].

This study was designed to evaluate the mRNA expression of
GLAST, GLT-1, VGLUTI1, and system x.~ in a series of cancer cell
lines. Secondly, protein expression of the transporters primarily in-
volved in glutamate secretion was assessed in vitro and in a mouse
model of breast cancer bone metastasis. As a functional measure,
we quantified the amount of glutamate released from cancer cells
in vitro using glutamate-free culture media and with specific phar-
macological inhibition of vesicular and non-vesicular glutamate
transporters.

Materials and methods

All protocols for animal studies were reviewed and approved by
the Animal Research Ethics Board of McMaster University, Hamil-
ton, Ontario, Canada, and adhered to the guidelines of the Canadian
Council on Animal Care.

Cell lines. Mycoplasma-free cancer cells (obtained from the
American Type Culture Collection, Manassas, VA, unless otherwise
stated) were maintained in a humidified incubator with 5% CO, in
room air using DMEM, DMEM/F12 (Ham), MEM, or RPMI-1640
(Invitrogen Canada, Inc., Burlington, Ontario, Canada) supple-
mented with 10% fetal bovine serum and antibiotics (100 U/mL
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penicillin sodium and 100 pg/mL streptomycin sulfate, Invitrogen).
Experiments were performed after switching cells to glutamate-
free media after seeding, and using DMEM (Invitrogen) with no
added serum and antibiotics. The cell lines used were MDA-MB-
231 (human breast cancer), MCF-7 (human breast cancer), C3L5
(mouse breast cancer—a kind gift from Dr. P. Lala, University of
Western Ontario), B16F1 (mouse melanoma), B16F10 (mouse
melanoma), MAT-LyLu (rat prostate cancer), and CNS-1 (rat
astrocytoma).

Transporter expression. Reverse transcriptase-polymerase chain
reaction (RT-PCR) was used to evaluate the expression of trans-
porters involved in secreting glutamate, VGLUT1 (vesicular gluta-
mate transporter) and system x.  (the glutamate-cystine
antiporter), and those involved in glutamate uptake, GLAST (gluta-
mate-aspartate transporter) and GLT-1 (glutamate transporter).
Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Missis-
sauga, Ontario, Canada) according to manufacturer’s instructions
and quantified spectrophotometrically. cDNAs from 1 pg of RNA
were generated using a Superscript Il RT-PCR kit (Invitrogen).
Gene sequences for glutamate transporters were obtained from
the NCBI nucleotide database (GenBank"). Since the genes for glu-
tamate transporters GLAST, GLT-1, VGLUT1, and the XCT subunit of
system X~ are highly conserved, single primer sets were designed
for each transporter and used for all species: GLAST (Accession IDs:
NM_004172, NM_148938, and NM_019225, respectively): 5'-
gttgtcttctccatgtgettcg-3' (forward) and 5’-gcttgcagcaaccctcca-3’
(reverse) (326bp); GLT-1 (Accession IDs: NM_004171,
NM_001077514, and NM_017215, respectively): 5'-ggtgtcatcctgg-
gagcagt-3’ (forward) and 5’-caatgatggtcgtggacatgtaa-3' (reverse)
(235 bp); VGLUT1 (Accession IDs: NM_020309, NM_182993, and
NM_053859, respectively): 5'-cagagactgtcggcctcataca-3' (forward)
and 5’-aggatcctcacgaagatgacac-3' (reverse) (196 bp); xCT (Acces-
sion IDs: NM_003982, NM_011405, and NM_031341, respec-
tively): 5’-taaccttttgcaagctcacagca-3’ (forward) and 5’-aacacacc
accgttcatggag-3' (reverse) (427 bp). Amplification of cDNA was
conducted by denaturing cDNA at 94 °C for 5 min, followed by a
35-cycle PCR under the following conditions: denaturing at 94 °C
for 30 s, annealing at 60 °C (for GLAST, GLT-1, and VGLUT1; 62 °C
for XCT) for 30 s, followed by extension at 72 °C for 30 s.

Western blot analysis for protein expression was performed
with equal protein loading of whole cell lysates using 10% SDS-
PAGE gels and subsequent electrophoretic transfer to nitrocellu-
lose membranes (BioTrace NT, Pall Corporation, Pensacola, FL).
Protein concentrations were measured using the Bio-Rad assay
(Bio-Rad Laboratories, Hercules, CA). Expression of system X.~
was evaluated using a polyclonal antibody for the light-chain sub-
unit called xCT (Novus Biologicals, Littleton, CO) applied overnight
at 4 °C with blocking in 5% non-fat milk. After washing, horseradish
peroxidase-conjugated goat anti-rabbit secondary antibodies
(Santa Cruz, CA) were applied and visualized by enhanced chemi-
luminescence using an ECL-plus kit (GE Healthcare, Buckingham-
shire, UK) on Kodak Biomax XAR film (Kodak Canada). B-Actin
was used as a loading control.

Cell growth and glutamate measurements. Growth was measured
using a crystal violet assay in 96-well plates with all cell lines seeded
at 10,000 cells per well. Glutamate levels were evaluated in cell cul-
ture media with the AMPLEX red” glutamic acid kit (Invitrogen/
Molecular Probes, Eugene, OR) and analyzed on a fluorescence plate
reader (Cytofluor Series 4000). The AMPLEX red” glutamic acid kit
assay was optimized for measurement of glutamate concentrations
above 0.5 M by omitting L-alanine and L-glutamate pyruvate trans-
aminase from the reaction, thus eliminating signal amplification via
repeated cycling of glutamate through o-ketoglutarate. All treat-
ment drugs were prepared in aqueous solutions as recommended
by the manufacturer (Sigma-Aldrich, St. Louis, MO). Sulfasalazine
(Sigma, S0883) was dissolved in 1 M NH4OH. The dose of sulfasala-

zine was selected as the 50% inhibitory concentration (ICsg) in a pre-
vious dose-response study using MDA-MB-231 cells (data not
shown). Preliminary studies with higher doses of Evans Blue
(10 uM and 100 pM) showed significant cell death (data not shown).
The highest dose of Evans Blue that did not have a significant effect
on cell survival was 2.5 pM, and was thus used in transport inhibi-
tion studies. A concentration of 1 pM has been shown in other cell
lines to effectively inhibit VGLUT1 [17].

Tissues. A model of experimental bone metastasis in mice was
prepared as previously described [18,19]. Briefly, 10° MDA-MB-
231 cells were percutaneously injected into the left cardiac ventri-
cle of 5-week-old Balb/c nu/nu mice (Charles River, St. Constant,
Quebec, Canada) using a 26-gauge needle. Animals were sacrificed
after 28 days and the long bones were harvested and fixed in for-
malin. Following decalcification with formalin-EDTA, the tissues
were embedded in paraffin and sectioned at a thickness of 4 um
for immunohistochemistry analysis. Polyclonal antibodies against
xCT (Novus Biologicals, Littleton, CO) were applied and biotinyla-
ted goat anti-rabbit secondary antibodies were visualized using
the Vectastain ABC and NovaRED kits (Vector Laboratories, Burlin-
game, CA). Samples were mounted for routine light microscopy
using Permount (Vector).

Statistical analysis. Glutamate release data were tested for differ-
ences between means using one-way ANOVA and post hoc two-
tailed Student’s t-tests. Differences were considered significant at
p<0.05.

Results
Cancer cells express many glutamate transporters

Using semi-quantitative RT-PCR, mRNA expression for GLAST
was identified in five of the tested cancer cell lines, while GLT-1
was expressed in the remaining three (Fig. 1A). MDA-MB-231 cells,
however, expressed both the GLAST and GLT-1 transporters.

The mRNA for the vesicular glutamate transporter VGLUT1 was
expressed in most of the cancer cell lines tested. As a positive con-
trol expected to show VGLUT1, the rat astrocytoma cells (CNS-1)
demonstrated strong mRNA expression. The light-chain subunit
of system x.~ called xCT was consistently expressed in all the can-
cer cell lines (Fig. 1B). The relative expression levels of VGLUT1 and
XCT were evaluated by densitometry in three cancer cell lines from
different primary sites that are used in bone metastasis models:
MDA-MB-231 (breast), MAT-LyLu (prostate), and B16F1 (mela-
noma). Expression was normalized to GAPDH as a house-keeping
gene (Fig. 2).

MDA-MB-231 and B16F1 cells show similar levels of VGLUT1
and xCT transcripts, and MAT-LyLu cells show higher levels of
XCT than VGLUT1. Overall, the only cell line to express all of the
glutamate transporter mechanisms was the MDA-MB-231 human
breast cancer line, cells that we have applied previously in an
in vivo model of osteolytic bone metastasis [18].

Transporters involved in glutamate secretion are expressed at the
protein level

Using Western blot analysis, the presence of xCT subunit was
evaluated in all the tested cell lines and its expression was confirmed
in all lines (Fig. 3A). Immunohistochemistry analysis of tissues from
nude mice demonstrated clear xCT immunostaining in localized re-
gions of a brain cross section (positive control, Fig. 3B). Also, from
untreated mice, little or no xCT expression was observed in normal
bone (b) or marrow (m) cells (Fig. 3C). However, when the bone
was colonized with the strongly osteolytic MDA-MB-231 cells, there
was marked xCT expression in both the tumor cells (t) and in the host
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Fig. 1. Glutamate transporter mRNA expression in cancer cell lines. mRNA expression of glutamate transport mechanisms was analyzed by RT-PCR. (A) Gene expression of
the vesicular glutamate transporter (VGLUT1), and the non-vesicular plasma membrane transporters called glutamate-aspartate transporter (GLAST) and glial glutamate
transporter 1 (GLT-1). (B) Gene expression of xCT, the catalytic subunit of system X~ in all the tested cell lines. GAPDH was used as the house-keeping gene.
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Fig. 2. Relative expression of VGLUT1 and XCT subunit normalized to GAPDH
expression. The cancer cell lines analyzed were MDA-MB-231 (breast), MAT-LyLu
(prostate), and B16F1 (melanoma). Data are expressed as means + SEM and are
generated from three independent experiments.

bone (b) (Fig. 3D). In comparison to the XCT protein, VGLUT1 expres-
sion was not as robust (data not shown).

System x.~ is responsible for glutamate release

Glutamate release was measured from three cancer cell lines in
the presence of the VGLUT1 inhibitor Evans Blue and the system
X inhibitor sulfasalazine in DMEM. Glutamate release rate from
each cell line (normalized to cell number) was significantly inhib-
ited by sulfasalazine (p =0.028, p=0.005, and p=0.004 for the
MAT-LyLu, B16F1, and MDA-MB-231 cells, respectively) (Fig. 4).
Evans Blue did not significantly change the glutamate release in
any cell line. When both inhibitors were added together, the com-
bination was not statistically different from the sulfasalazine-alone
group (data not shown). No significant changes in cell growth were
observed in any treatment group.

Discussion

The mechanisms through which metastasizing cancer cells
cause functional disruption of bone are not fully characterized. Like

the brain, bone uses the amino acid glutamate as a specific inter-
cellular signaling molecule [5,20], and the tightly regulated gluta-
matergic processes in bone could become disordered if excess
glutamate is present in the environment. Although the detrimental
effects of tumor-derived glutamate on host organ functions are
well established in malignant glioma [9,21], it is unclear whether
an analogous process may occur in bone metastasis. We have pre-
viously shown that a variety of cancer cells relevant to bone metas-
tasis secrete glutamate in vitro [7], but the transport mechanism
responsible for this release was not known. This study establishes
that several cancer cell lines relevant to bone metastasis actively
secrete glutamate using a transport mechanism that is expressed
at the mRNA and protein level, and that this glutamate release
can be pharmacologically inhibited.

Several glutamate transport systems are known to be ex-
pressed outside of the CNS and may be capable of driving gluta-
mate secretion. These included the plasma membrane
transporters GLAST and GLT-1, the vesicular glutamate trans-
porter VGLUT1, and the system x.~ glutamate/cystine antiporter.
GLAST and GLT-1, also called the excitatory amino acid trans-
porters, are frequently expressed in a complementary fashion
in the CNS [22]. This mutually exclusive expression pattern is
evident in seven of the cell lines tested in this study, although
MDA-MB-231 cells appear to express mRNA for both transport
mechanisms (Fig. 1A). Aside from one report of GLAST expression
in MG-63 osteosarcoma cells [23], this study clearly demon-
strates that these transporters are expressed in non-CNS tumor
cell types. Although primarily involved in transporting glutamate
into cells [14], there is evidence that GLAST and GLT-1 may func-
tion in the CNS to release glutamate under certain ion gradient
perturbations [24]. Since it is uncertain whether a peripheral tu-
mor environment would support such conditions, the role of
these transporters in tumor cell glutamate release in vivo is
undetermined. The in vitro culture conditions required for this
study, however, preclude a proper evaluation of this concept.

Vesicular glutamate transporters, involved in glutamate release
from presynaptic neurons, have also been identified in a variety of
peripheral sites, including pancreas, upper GI, adipose tissue, and
testis [15,25,26]. This study is the first to clearly demonstrate
VGLUT1 expression in a range of cancer cell types of peripheral ori-
gin (Fig. 1A). However, VGLUT1 does not appear to play a role in
glutamate release from the tested cancer cell lines, as an inhibition



94 M.K. Sharma et al. / Biochemical and Biophysical Research Communications 391 (2010) 91-95

MDA-MB-231  C3L5 CNS-1

MCF-7

MAT-LyLu B16F1

B16F10

Fig. 3. Protein expression of the light-chain subunit of system x.~ in cancer cell lines and in nude mice with MDA-MB-231 human breast cancer bone tumors. (A) Protein
expression of XCT by Western blot analysis of the light-chain subunit of system x.~ in a panel of human and murine cancer cell lines. p-Actin was used as a loading control. (B—
D) Immunohistochemistry for XCT in tissues from nude mice, with brain used as a positive control (B). Normal bone (b) and marrow (m) from untreated mice is shown in (C),

and bone with MDA-MB-231 human breast tumors (t) is shown in (D).
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Fig. 4. Effect of glutamate transport inhibition on 48-h relative glutamate release
and cell growth from three cancer cell lines grown in DMEM. Cancer cells were
grown in 96-well plates for 48 h with glutamate transport inhibitors. Glutamate
release was measured in the conditioned media and the relative glutamate release
was calculated as the absolute glutamate concentration normalized by the number
of cells remaining in each well at 48 h (uM glutamate per 10,000 cells). Data are
expressed as mean + SEM from three independent experiments. p <0.05, p<0.01
but not p < 0.001. Cell growth was measured but there were no significant changes
when compared to untreated cells. With Evans Blue treatment, cell growth was
106.8%, 114.6%, and 154.0% compared to control MAT-LyLu, B16F1, and MDA-MB-
231 cells, respectively. For sulfasalazine, cell growth was 88.7%, 127.3%, and 99.4%
compared to untreated MAT-LyLu, B16F1, and MDA-MB-231 cells, respectively.

of this transport mechanism with 2.5 pM Evans Blue had no signif-
icant effect on relative glutamate export (Fig. 4).

The system x.~ glutamate/cystine antiporter, a mechanism that
exchanges one molecule of intracellular glutamate for one mole-
cule of extracellular cystine [27], functions primarily as a means
of accumulating intracellular cystine for the subsequent synthesis
of glutathione, the primary antioxidant in many cells [28]. Cancer
cells require high levels of glutathione to counteract the oxidative
stress arising from their increased metabolic rate, and the gene for
the catalytic subunit of system x.~ (xCT or SLC7A11) is expressed
[29,30], and potentially upregulated [31] in many cancer cells.
Although several reports show that XCT is expressed in breast can-
cer cell lines [29,30], we have confirmed that XCT is expressed in all

cancer cell lines tested, regardless of their tissue of origin (Fig. 1B).
Furthermore, our protein analysis verifies XCT expression in vitro,
although the XCT antibody may not effectively cross-react with
rat XCT (CNS-1 and MAT-LyLu cells are rat cell lines) (Fig. 3A).

Immunohistochemistry of mouse bone with human breast can-
cer tumors demonstrates in vivo that xCT is strongly expressed in
the tumor cells as well as in host bone (Fig. 3D). An apparent
increase in xCT expression in bone stroma suggests that system
X.~ may be upregulated in response to the presence of tumors in
the bone environment. The predominant role of the glutamate/cys-
tine antiporter in glutamate release is supported by our observa-
tion of a direct correlation between cystine availability in the
culture media and the relative glutamate release rate in all three
cell lines tested—when untreated cells were grown using MEM in-
stead of DMEM (MEM contains 99 uM cystine; DMEM contains
201 pM cystine) the relative glutamate release over 48 h was virtu-
ally half the amount of glutamate released by cancer cells grown in
DMEM (6.47 uM per 10,000 cells (+0.76) for MAT-LyLu, 20.13
(£0.41) for B16F1, and 31.11 (+4.05) for MDA-MB-231 cells). Fur-
thermore, we have shown functionally that inhibition of system
X.~ by sulfasalazine significantly decreases glutamate release in
all the tested cell lines (Fig. 4), although this low-dose effect was
without the cell growth inhibition observed in breast cancer cells
with higher drug doses [29]. High-dose sulfasalazine significantly
reduces cell proliferation [32], decreases glutathione production,
and may make cancer cells more sensitive to chemotherapy [33].
Although system X.~ has been suggested as a viable therapeutic
target for impeding the growth of primary cancers [34,35], pre-
venting tumor cell glutamate release is an attractive concept for
limiting glutamatergic disruption in bone metastasis.

Glutamate export from cancer cells is emerging as a general
phenomenon rather than being specific to CNS tumor cell types.
In many cancer cells, it appears that glutamate is secreted predom-
inantly through the system x.~ glutamate/cystine antiporter, and
this transport mechanism is amenable to pharmacological inhibi-
tion. In the context of bone metastasis, large amounts of extracel-
lular glutamate released from tumor cells could significantly
disrupt glutamate-based homeostatic mechanisms operating in
the normal bone environment. To further expand on this concept,
we feel that an assessment of glutamate effects on bone cell func-
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tions in vitro is essential before this compelling therapeutic ap-
proach can be tested using in vivo models of bone metastasis.
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