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The cystine/glutamate antiporter system x. drives
breast tumor cell glutamate release and

cancer-induced bone pain
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Abstract \
Bone is one of the leading sites of metastasis for frequently diagnosed malignancies, including those arising in the breast, prostate
and lung. Although these cancers develop unnoticed and are painless in their primary sites, bone metastases result in debilitating
pain. Deeper investigation of this pain may reveal etiology and lead to early cancer detection. Cancer-induced bone pain (CIBP) is
inadequately managed with current standard-of-care analgesics and dramatically diminishes patient quality of life. While CIBP
etiology is multifaceted, elevated levels of glutamate, an excitatory neurotransmitter, in the bone-tumor microenvironment may drive
maladaptive nociceptive signaling. Here, we establish a relationship between the reactive nitrogen species peroxynitrite, tumor-
derived glutamate, and CIBP. In vitro and in a syngeneic in vivo model of breast CIBP, murine mammary adenocarcinoma cells
significantly elevated glutamate via the cystine/glutamate antiporter system x;~. The well-known system x. "~ inhibitor sulfasalazine
significantly reduced levels of glutamate and attenuated CIBP-associated flinching and guarding behaviors. Peroxynitrite, a highly
reactive species produced in tumors, significantly increased system x;~ functional expression and tumor cell glutamate release.
Scavenging peroxynitrite with the iron and mangano-based porphyrins, FeTMPyP and SRI10, significantly diminished tumor cell
system x;~ functional expression, reduced femur glutamate levels and mitigated CIBP. In sum, we demonstrate how breast cancer
bone metastases upregulate a cystine/glutamate co-transporter to elevate extracellular glutamate. Pharmacological manipulation of
peroxynitrite or system x.~ attenuates CIBP, supporting a role for tumor-derived glutamate in CIBP and validating the targeting of

system x.~ as a novel therapeutic strategy for the management of metastatic bone pain.
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1. Introduction

Cancer pain is reportedly experienced by 75% to 90% of patients
with late-stage cancer®” with metastatic cancer-induced bone
pain (CIBP) being the most common complaint.?" Although
reports of pain with primary breast, lung and prostate cancers are
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rare, bone metastases produce excruciating pain, the etiology of
which is not fully understood. Patients with metastatic breast
cancer survive on average 1.5 to 3 years, during which time they
have a number of comorbidities, including intractable pain.®
Current management of CIBP involves a treatment progression
from radiation to strong opioids with adjuvant supplementation to
treat worsening pain.** In many cases, however, pain relief may
be incomplete, unsatisfactory,’® or plagued with dose-limiting
side effects further compromising patient quality of life.3”
Additionally, narcotics for cancer pain are associated with the
substantial rise in rates of diversion and substance abuse,
contributing to the “opioid epidemic.”® Novel analgesics are
desperately needed for the >42% of patients with cancer pain
who do not achieve acceptable pain relief.*°

Cancer-induced bone pain elicits neurochemical changes
unique from other chronic pain states.'” Although the bone
itself is densely innervated by sympathetic and nociceptive
fibers,2° the majority of metastatic tumors arising in bone lack
detectable nerve fibers within the tumor mass acutely®* but
can begin to gain access to the tumor during late stages and
often after bone degradation.® Rather, it is suggested that the
acidic and enzymatic tumor environment and the substances
released from tumor and tumor-associated cells (ie, growth
factors, cytokines/chemokines) provoke nociceptive fibers in
the bone.'”?243% New analgesic drug targets for CIBP are
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being identified as more is learned about this distinctly complex
pain state.

Recently, Singh and colleagues have demonstrated that
several breast tumor cell lines release glutamate in vitro through
the cystine/glutamate antiporter system x., .5"%2 System x.~
plays a critical role in maintaining intracellular and extracellular
antioxidant (eg, glutathione, cysteine) levels by exchanging
extracellular cystine for intracellular glutamate. Glutamate re-
leased from cancer cells may stimulate nociceptors by activating
N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) and metabotropic-type gluta-
mate receptors on peripheral endings'” leading to the persistent
nociceptive state found in CIBP. The validity of system x.~ as an
analgesic target in CIBP is bolstered by evidence that repeated
administration of sulfasalazine (SSZ), a system x.~ inhibitor,
attenuates pain-related behaviors in a nonsyngeneic model of
CIBP.%®

Although SSZ can block tumor cell glutamate release in
vitro and assuage CIBP,%":%3:38 neither the contribution of
system X, to tumor cell glutamate release in vivo nor the
functional regulation of this transporter in the bone-tumor
microenvironment are known. We explored the effect of direct
and indirect pharmacological inhibition of system x; -
mediated glutamate transport in the bone-tumor microenvi-
ronment on pain behaviors in a syngeneic murine model of
breast CIBP. For the first time, we demonstrate that increased
levels of glutamate in the bone-tumor environment is, in part,
responsible for CIBP and identify the reactive species
peroxynitrite as a driver of tumor cell system x.~ expression
and glutamate release. Thus, the system x.~ antagonist SSZ,
a clinically available drug, and an inhibitor of peroxynitrite may
have utility as adjunct therapies for CIBP.

2. Materials and methods
2.1. In vitro
2.1.1. Cell culture

Murine mammary tumor line 66.1 was a kind gift from Dr. Amy M.
Fulton.*? 66.1 cells were cultured in Eagle minimum essential
medium (MEM) with 10% fetal bovine serum, 100 1U™" penicillin,
and 100 pg/mL streptomycin.’® For all assays, cells were
counted using a gridded hemacytometer (Hausser Scientific,
Horsham, PA).

2.1.2. Immunofluorescence microscopy

66.1 cells were seeded on gelatin-coated glass coverslips, fixed
at 48 hours with ice-cold 70% ethanol and permeabilized with
0.25% Triton. Coverslips were incubated with anti-XCT poly-
clonal antibody (NB300-318; Novus Biologicals, Littleton, CO; 1:
50 dilutionin 5% BSA). AlexaFluor 488 goat anti-rabbit secondary
antibody (2.5 wg/mL; Life Technologies, Carlsbad, CA) was
prepared in 5% BSA with 1% normal donkey serum. Coverslips
were mounted on glass slides with ProLong Gold antifade
reagent with DAPI (Molecular Probes, Eugene, OR). Slides were
imaged on a Zeiss Axioskop 40 using a 63x/0.08 numerical
aperture Achroplan objective. Images were captured with a Zeiss
AxioCam-Cm 1.

2.1.3. Western blot analysis

Whole-cell lysates were analyzed for expression of the
functional subunit of system x.~ XCT. Cell protein samples
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(10 pg) were resolved on 10% SDS—-polyacrylamide gels (TGX
Criterion XT; Bio-Rad, Hercules, CA) and transferred to
a polyvinylidene difluoride membrane. Protein transfer was
verified by Ponceau S staining, and the polyvinylidene
difluoride membrane was incubated in 5% nonfat dry milk in
Tris-buffered saline containing 0.05% Tween-20 (vol/vol;
TBST). Membranes were incubated with rabbit polyclonal
anti-XCT (Novus Biologicals NB300-318) or mouse mono-
clonal anti-actin AC40 (Abcam ab8226), appropriate second-
ary antibodies, and developed using Clarity ECL Substrate
(Bio-Rad). Bands were quantitated and corrected for back-
ground using Imaged software (Wayne Rasband, Research
Services Branch, NIMH, Bethesda, MD). All data were
normalized to B-actin as loading control and reported as fold
change over untreated control.

2.1.4. Glutamate release

66.1 cells were seeded on 12-well plates and pretreated for 2
hours with Fe(lll) meso-tetrakis (N-methylpyridinium-4-yl)
porphyrin chloride (FeTMPyP; Cayman Chemical, Ann Arbor,
Ml), SSZ (Sigma-Aldrich, St. Louis, MO), Mn(lll)-5,15-di-
phenyl-tetracyclohexenylporphyin  chloride  (SRI10), or
vehicle-containing (0.01 or 0.02% DMSO) MEM and then 6
hours with 3-morpholinosydnonimine (SIN-1) with and without
FeTMPyP, SSZ, or SRI10. Cells were then incubated in a drug-
containing, L-glutamine-, phenol red-, and serum-free Opti-
MEM (Life Technologies, Carlsbad, CA) for 18 hours. Media
was then harvested for glutamate analysis while cells were
trypsinized and counted. Glutamate release was quantified
with the AMPLEX Red glutamic acid assay kit (Invitrogen/
Molecular Probes, Eugene, OR) that was optimized for
measurement of glutamate concentrations above 0.5 uM by
omitting L-alanine and L-glutamate pyruvate transaminase
from the reaction, thus eliminating signal amplification
through repeated cycling of glutamate through a-ketogluta-
rate®' and analyzed on a Synergy Bio-Tek Plate Reader.

2.2. In vivo
2.2.1. Animals

All procedures were approved by the University of Arizona Animal
Care and Use Committee and conform to the Guidelines by the
National Institutes of Health and the International Association for
the Study of Pain. Adult female BALBc/cAnNHsd mice (15-18 g;
Harlan, IN) were maintained in a climate-controlled room on a 12-
hour light-dark cycle and allowed food and water ad libitum.

2.2.2. Intramedullary implantation of 66.1 cells

66.1 cells were implanted into the femur intramedullary space as
described.'®'® The condyles of the right distal femoris were
exposed and a hole was drilled to create a space for injection of
4 x 10%66.1 cells in 5 pL. complete MEM or 5 ul. complete
MEM alone as a control into the intramedullary space.

2.2.3. Drug treatment

Animals received SSZ, FeTMPyP, or SRI10 dissolved in vehicle
solutions of dimethyl sulfoxide, Tween-80, and 0.9% saline (1:1:
8, SSZ and SRI10) or 0.9% saline (FeTMPyP) for injection (10 mL/
kg, i.p.). Repeated dosing studies consisted of once-daily SSZ
(80mg/kg, i.p., days 7-10), FeTMPyP (10 mg/kg, i.p., days 7-14),
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SRI10 (3mg/kg, i.p., day 7—day 14) or vehicle (10 mL/Kkg, i.p.) after
femoral inoculation.

2.2.4. Analysis of chronic pain

Animals were assessed for spontaneous pain presurgery and on
postsurgery days 7, 10 and/or 14 before and 60 minutes after
treatment. All testing was performed by a blinded observer during
the animals’ light cycle.

2.2.5. Spontaneous pain

Spontaneous pain-related behaviors were recorded as previously
described.’®'® Flinching and guarding were observed for
2 minutes during a resting state after a 30-minute acclimation
period. Flinching was defined as the lifting and rapid flexing of the
ipsilateral hind paw not associated with walking or movement.
The number of flinches was recorded within the 2-minute
observation period. Guarding was characterized by fully retract-
ing the ipsilateral hind limb under the torso. The time the hindpaw
was retracted during the 2-minute period was recorded. Studies
were performed in a blinded manner (the observer was blinded to
all treatments).

2.3. Ex vivo
2.3.1. Glutamate in femur aspirate

Animals were killed on day 10 or day 14, and both femurs were
removed. Proximal and distal ends of the femur were clipped and
the intramedullary contents rinsed into a vial with 0.1M PBS
containing protease inhibitor cocktail and EDTA (Pierce, Rock-
ford, IL). Femur contents from 2 to 4 animals per treatment were
pooled per sample. AMPLEX Red glutamic acid assay kit
(Invitrogen/Molecular Probes) was used to determine glutamate
concentration from pooled samples.

2.3.2. Bone marrow extrudate immunoblotting

Animals were killed on day 14, and ipsilateral and contralateral
femurs were removed. Proximal and distal ends of the femur were
clipped, and the intramedullary content was collected and pooled
as described above. Extrudates were sonicated and spun at
10,000g for 10 minutes to remove insoluble debris. Femur
marrow protein samples (10 pg) were analyzed for expression of
XCT by Western blot analysis, 2.1.3.

2.3.3. Bone histology

Animal femurs were inoculated with breast cancer cells (66.1),
and FeTMPyP (10 mg/kg, i.p., g.d.) or vehicle (saline, 10 mL/
kg, i.p., g.d.) was administered on postsurgery days 7 to 14.
After behavioral testing on postsurgery day 14, animals were
anesthetized (ketamine 80 mg/kg:xylazine 12 mg/kg, i.p.) and
perfused transcardially with 0.1 M PBS followed by 4%
neutral-buffered formalin and 12.5% picric acid (Sigma).
Femurs were collected, postfixed overnight at 4°C and
decalcified in 10% EDTA (RDO-Apex, Aurora, IL) for 14 days,
and then paraffin embedded. Femurs were cut in the frontal
plane into 5-pm sections and stained with hematoxylin and
eosin (H&E) to visualize normal marrow elements and cancer
cells under bright field microscopy on a Nikon E800 at x4
magnification. Tumor or marrow areas within the femur (6
bones per treatment) were measured between the epiphyseal

www.painjournalonline.com 2607

plates using Imaged software (National Institutes of Health) by
a blinded observer.

2.3.4. Radiography

Animal femurs were inoculated with breast cancer cells (66.1) or
cell-free media (Sham), and FeTMPyP (10 mg/kg, i.p., g.d.) or
vehicle (saline, 10 ml/kg, i.p., g.d.) was administered on
postsurgery days 7 to 14. A digital Faxitron machine was used
to acquire live radiographs of mice anesthetized with ketamine/
xylazine on day 14. Bone loss was rated by 3 blinded observers
trained in scoring animal radiographs according to the following
scale: 0 = normal bone, 1 = 1 to 3 radiographic lesions indicating
bone loss, 2 = 4 to 6 radiographic lesions indicating bone loss,
3 = full-thickness unicortical bone loss indicating unicortical bone
fracture, and 4 = full-thickness bicortical bone loss indicating
bicortical bone fracture. Observer scores (3) for each bone on day
14 were averaged.

2.3.5. Statistical analysis

All data are presented as mean + SEM. N values are as follows:
Western blot analysis, 3 to 4 independent experiments;
extracellular glutamate, 4 to 6 from =2 independent experiments;
femur glutamate, 3 to 4 pooled samples; behavior, 6 to 12
animals/treatment; histology, 6 animals/treatment; radiography,
6 to 12 animals/treatment. Statistical significance between
treatment groups was determined by Western blot, glutamate
release and radiography studies, 1-way analysis of variance
(ANOVA) followed by the Bonferroni post hoc multiple compar-
isons test; femur glutamate studies, 1-way ANOVA followed by
the Bonferroni post hoc multiple comparisons test or Kruskal-
Wallis test followed by the Dunn multiple comparison test;
behavioral studies, 2-way ANOVA with the Bonferroni post hoc
multiple comparisons test; histology, Student ¢t test. A value of
P < 0.05 was accepted as statistically significant. Statistical
analyses were run and plots were generated in GraphPad Prism
5.0 (Graph Pad Inc, San Diego, CA).

3. Results
3.1. 66.1. Cells release glutamate through system x.~

Several tumor cell lines, including those of mouse, rat, and human
origin, release glutamate in vitro through the cysteine/glutamate
antiporter system x.~.%2 We investigated the expression and
function of system x.~ in the murine mammary adenocarcinoma
cell line 66.1; this cell line is highly tumorigenic in vitro and in
vivo. 1161842 T4 visualize system x.~ in 66.1 cells, we used
immunocytochemistry. System x.~ comprises a heavy subunit
(4f2hc) and a light subunit (XCT). XCT is specific to system x;~
and is essential for amino acid exchange. Positive immunoreac-
tivity for XCT was evident in untreated 66.1 cells (Fig. 1A).

To assess whether 66.1 system x.~ is functional, 66.1
glutamate released into L-glutamine-free media was measured
over time (Fig. 1B). Media glutamate concentration increased
significantly from 10 nM/10,000 (t = 0 hours) to 400 nM/10,000
cells over 24 hours (1-way ANOVA F(3) = 130.2, P < 0.0001).
System x. "~ is the only glutamate transporter implicated in breast
tumor cell glutamate release to date®?; we verified its role in 66.1
glutamate release using 2 established system x.~ inhibitors: (S)-
4-carboxyphenylglycine (CPG-4, Fig. 1C) and SSZ°° (Fig. 1D).
Both CPG-4 (1, 3, and 10 pM) and SSZ (3, 10, and 30 wM)
concentration-dependently reduced 66.1-derived glutamate
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Figure 1. The murine mammary adenocarcinoma cell line 66.1 expresses the cystine/glutamate antiporter system x. . (A) Representative images of 66.1 XCT and
DAPI staining, as indicated. 66.1 cell glutamate release was quantified over a 24-hour period in untreated cells (B), and at 18 hours in those exposed to vehicle,
sulfasalazine (SS2) (C) or (S)-4-carboxyphenylglycine (CPG-4) (D). Asterisks denote values statistically different from time O or vehicle control group, *P < 0.05,

P < 0.01, P < 0.001.

release after an 18-hour incubation period (1-way ANOVA F(3) =
10.11, P = 0.0001). Media glutamate concentration, normalized
to the cell number, was reduced 0.5 fold and 0.6 fold with 10 uM
CPG-4 and 30 pM SSZ, respectively. Together, these data
suggest that 66.1 cells extrude glutamate through system x. .

3.2. Blockade of system x.~ with SSZ attenuates CIBP-
related behaviors and reduces femur glutamate

We next determined whether systemic SSZ treatment reduced
pain in a murine model of CIBP by modulating tumor-derived
glutamate release. Acute antihyperalgesic studies with SSZ in
CIBP (Fig. S1, available online as Supplemental Digital Content at
http://links.lww.com/PAIN/A322) informed our dose selection of
SSZ for the repeated exposure study. On day 7 after 66.1
intrafemoral inoculation, mice displayed significant bone cancer—
induced flinching (Fig. 2A) and guarding (Fig. 2B). Repeated SSZ
administration (30 mg/kg, i.p., g.d., from day 7 to day 10) in
cancer-inoculated mice significantly decreased flinching (2-way
ANOVAF(3,2) = 3.015, P = 0.0309) and guarding (2-way ANOVA
F(3,2) = 10.51, P < 0.0001) onday 10, as compared with vehicle-
treated animals (Fig. 2A, B). Media-inoculated sham mice had
minor, surgery-associated spontaneous pain on postsurgery day
7 that was significantly blunted relative to cancer animals, not
affected by SSZ treatment, and did not increase over the
experimental time course.

Assessment of glutamate concentration in femur extru-
dates from these mice revealed a significant increase in
glutamate in the ipsilateral femur of 66.1 animals treated with
vehicle, as compared with glutamate concentration in both
the contralateral femur of tumor-bearing animals and the
ipsilateral and contralateral femurs of non-tumor-bearing
sham animals (Fig. 2C, D; 1-way ANOVA F(3) = 17.93, P =
0.0002). This finding is consistent with the idea that tumor
cells release glutamate in vivo. In contrast to tumor-bearing,
vehicle-treated animals, glutamate concentration was not

elevated, relative to contralateral bone or sham animals, in
femur extrudates from cancer-inoculated, SSZ-treated ani-
mals (1-way ANOVA F(3) = 0.06, 104, P = 0.9792). These
data demonstrate, for the first time, that the antihyperalgesic
effect of SSZ in CIBP corresponds with a decrease in
glutamate in the bone—-tumor microenvironment.

3.3. Peroxynitrite regulates tumor cell system x.~
functional expression

As an alternative to direct inhibition of system x;~ with SSZ, we
next asked whether we could reduce tumor cell glutamate release
by modulating system X~ functional expression. System x;~ is
involved in mobilizing a cell’s antioxidant defenses; upregulation
occurs in response to oxidative challenge.® 66.1 system x -
mediated glutamate transport may be driven by peroxynitrite,
a potent oxidant formed by the spontaneous, diffusion-limited
reaction of superoxide and nitric oxide that is significantly
elevated in invasive breast carcinomas® and our murine CIBP
model (Fig. S2, available online as Supplemental Digital Content
at http://links.lww.com/PAIN/A322). To test this hypothesis, we
applied the superoxide- and nitric oxide-donating compound
SIN-1, to 66.1 cells in vitro.

66.1 cells were treated with concentrations of SIN-1 ranging
from 50 nM to 5 wM for 18 hours; concentrations and a time point
were selected from those known to increase system X, -
mediated transport in other cell types.* SIN-1 significantly
increased XCT levels in whole-cell lysates at both 5 and 50 M,
as compared with vehicle (0.01% DMSO)-treated lysates (Fig.
3A, B; 1-way ANOVA F(4) = 4.119, P = 0.0316).

The functional relevance of peroxynitrite-driven increases in
XCT protein expression in 66.1 cells was investigated as
a function of glutamate export in the presence of SIN-1. SIN-1
concentration-dependently increased tumor cell glutamate re-
lease as compared with vehicle-treated cells (Fig. 3C). At
concentrations of 500 nM and 5 M, SIN-1 significantly increased
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with sulfasalazine (SS2) attenuates cancer-induced bone pain behaviors and reduces femur glutamate. Animal femurs were

injected with breast cancer cells (66.1) or cell-free media (sham) after baseline (presurgery) behavioral measurements. SSZ (30 mg/kg, i.p.) or vehicle (10 mL/kg,
i.p.) was administered after behavioral measurements on postsurgery day 7 and continued for 3 days (qg.d.). Cancer-induced spontaneous flinching (A) and
guarding (B) were significantly reduced 60 minutes after SSZ treatment on day 10, as compared with vehicle-treated animals. Femur contents from inoculated
femur (ipsilateral) (C) and contralateral femur (D) were collected on day 10 for glutamate analysis; *P < 0.05, **P < 0.01, **P < 0.001.

66.1-mediated cell glutamate release up to 1.5 fold over an 18-
hour period (1-way ANOVA F(3) = 15.60, P < 0.0001). Inclusion
of the established system x;~ inhibitor SSZ (3, 10, and 30 pM)
significantly reduced SIN-1-induced glutamate release (Fig. 3D;
1-way ANOVA F(4) = 26.52, P < 0.0001). Together, these data
suggest that peroxynitrite increases system Xx. -mediated
glutamate expulsion from 66.1 cells.

Peroxynitrite can be targeted pharmacologically with oxidor-
eductant compounds that detoxify peroxynitrite by catalyzing its
isomerization and/or reduction to innocuous nitrate or nitrite. The
iron-containing cationic alkylpyridyl porphyrin FeTMPyP cata-
lyzes the isomerization of peroxynitrite to more innocuous NOg™
(log kreq (ONOO™) = 6.34) and the dismutation of superoxide
(log keat(02"") = 7.2).2° In 66.1 cells, FeTMPyP treatment
concentration-dependently blocked SIN-1-induced increases in
XCT protein expression (Fig. 3E, F). SIN-1 upregulation of XCT
protein was blocked by 10 pM FeTMPyP (1-way ANOVA F(4) =
49.54, P < 0.0001).

We then determined whether FETMPyYP treatment reduced
SIN-1-induced increase in 66.1 glutamate release. FeTMPyP (1
and 10 wM), significantly blocked SIN-1-induced increase in 66.1
glutamate release (Fig. 3G; 1-way ANOVA F(4) = 14.50, P <
0.0001). To verify the role of peroxynitrite in system x.~ regulation,
we used the more selective peroxynitrite decomposition catalyst
SRI10. SRI10 removes peroxynitrite (10g K,eq (ONOO™) = 5 to 6),
but lacks superoxide dismutase activity.?® SRI10 treatment at
100 nM, 1 uwM, and 10 M significantly blocked SIN-1-induced
increase in 66.1 glutamate release (Fig. 3H; 1-way ANOVA F(5) =
18.64, P < 0.0001). Together, these data show that elimination of

peroxynitrite blocks the induction of system x.  functional

expression in tumor cells.

3.4. The redox-active porphyrin FETMPyP attenuates CIBP-
related behaviors and reduces femur glutamate

To determine whether FeTMPyP was antihyperalgesic in CIBP,
cancer-associated flinching and guarding behaviors were
assessed in tumor-bearing mice before and after surgery and
before and after FEeTMPyP treatment. Acute, systemic (i.p.)
FeTMPyP treatment resulted in a profound and long-lasting dose-
dependent reduction in pain behaviors (Fig. S3A, available online
as Supplemental Digital Content at http://links.lww.com/PAIN/
A322), B; 2-way ANOVA Fjinching(4, 9) = 60.95, Fguarding(4, 9) =
68.59, P < 0.0001. The peak FeTMPyP antinociceptive effect
occurred 60 minutes after administration. At higher doses,
cancer-induced hypersensitivity did not return to baseline levels
until 6 to 8 hours after drug treatment. Vehicle treatment did not
alter CIBP behaviors (1-way ANOVA F(8) = 0.1833, P = 0.9924).

Dose-response curves for flinching and guarding behavior
were constructed by fitting 4-parameter logistic curves to percent
maximum possible effect (% MPE) data; the FeTMPyYP Agy was
calculated to be 10.72 and 2.79 mg/kg for flinching and guarding,
respectively. Based on acute studies, a dose between the
flinching and guarding Agg (10 mg/kg) was selected for repeated
administration studies. This dose did not impair motor co-
ordination or alter weight gain over the experimental timeline (Fig.
S4A, B, available online as Supplemental Digital Content at http://
links.lww.com/PAIN/A322).
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Figure 3. Peroxynitrite regulates system x,~ functional expression. 66.1 cells were treated SIN-1 (50 nm-5 wM) or vehicle. Eighteen hours after treatment, cells
were harvested and analyzed by Western blot analysis for XCT (A and B). SIN-1 stimulated 66.1 glutamate release in the absence (C) or presence (D) of
sulfasalazine was quantified. 66.1 cells were exposed to SIN-1 in the presence of FeTMPyP or vehicle. Eighteen hours after treatment, cells were harvested and
analyzed through Western blot analysis for expression of XCT (E and F). 66.1 glutamate release in the presence of SIN-1 and FeTMPyP, SRI10, or vehicle was
quantified (G and H). Asterisks represent data points that are significantly different from those of vehicle control, unless otherwise indicated; *P < 0.05, **P < 0.01,

P < 0.001.

Mice with CIBP were repeatedly treated with either vehicle (10
mlL/kg 0.9% saline, i.p., g.d.) or FeTMPyP (10 mg/kg, i.p., g.d.)
from day 7 to day 14. Vehicle-treated cancer-inoculated mice
showed increasing flinching and guarding behavior day 7 through
day 14, mirroring disease progression (Fig. 4A, B). Daily
administration of FeTMPYP to cancer-inoculated mice decreased
ipsilateral flinching and guarding 60 minutes after treatment on
postsurgery day 10 (Fig. 4A, B; 2-way ANOVA followed by the
Bonferroni post hoc test tiincning = 4.057, tguarding = 3.331, P <
0.01). Mice were again evaluated for CIBP behaviors on day 14;
unexpectedly, before treatment, FeTMPyP-treated animals dis-
played significantly more spontaneous flinching and guarding
behaviors than did their vehicle-treated counterparts (2-way
ANOVA followed by Bonferroni posttests tiinching = 4.621, tguarding =
3.718, P < 0.01). Despite this enhanced manifestation of CIBP,
FeTMPyP treatment on day 14 to cancer-inoculated mice
significantly decreased guarding and flinching 60 minutes after
injection (Fig. 4A, B) (2-way ANOVA followed by Bonferroni
posttests, tflinching = 8.903, tguarding = 8.027, P < 0.001). Sham
mice showed minor, surgery-associated spontaneous flinching and
guarding on postsurgery day 7 to day 14 that were significantly
blunted relative to cancer animals (2-way ANOVA followed by
Bonferroni posttests thinching = 3.233, tguarding = 2.727, P < 0.05, on
day 7) and was unaffected by FeTMPyP treatment (2-way ANOVA
followed by Bonferroni posttests tjnening = 0.0, tguarding = 0.08, 214,
P > 0.05, on day 7). Repeated FeETMPyP treatment did not alter
tumor burden as determined by hematoxylin and eosin staining of
tumor-bearing femur (Fig. 5; Student t test t = 0.5439, P = 0.6034)
or bone integrity (Fig. 6; Student t test t = 0.9830, P = 0.3310) on
day 14.

Femur extrudates were collected from 2 distinct experimental
groups to determine glutamate levels relative to CIBP behaviors:
(1) “pretreatment” mice that were killed before treatment on day

14 and (2) “posttreatment” mice that received drug or vehicle
treatment on day 14. 66.1-inoculated, FeTMPyP-treated mice in
the pretreatment group displayed increased CIBP-related behav-
iors, whereas those in the FeTMPyP posttreatment group
displayed reduced CIBP-related behaviors, relative to their
respective vehicle controls (Fig. 4A, B). Likewise, glutamate
concentration in ipsilateral femur extrudates was significantly
increased in 66.1-inoculated, FeTMPyP-treated mice in the
pretreatment group, as compared with the vehicle control (Fig.
4C; 1-way ANOVA followed by Bonferroni posttests t = 4.468,
P < 0.01), and significantly reduced in the 66.1-inoculated,
FeTMPyP-treated posttreatment group, as compared with pre-
treatment levels (1-way ANOVA followed by Bonferroni posttests
t =6.075, P < 0.001), illustrating reduced glutamate in the bone-
tumor microenvironment with FeTMPyYP intervention. Glutamate
in the contralateral bone was not significantly affected by 66.1
inoculation or drug treatment (Fig. 4D; 1-way ANOVA followed by
Bonferroni posttests t = 0.0-3.265, all P > 0.05). Femur
extrudate XCT protein expression was significantly elevated in
the FeTMPyP-treated pretreatment group (Fig. 4E, G; Student t
testt = 3.509, P = 0.0247) and reduced in the FeTMPyP-treated
posttreatment group (Fig. 4F, H; Student t test t = 5.153, P =
0.0067), corresponding to both glutamate levels and pain
behaviors. Thus, system x.  expression and tumor-derived
glutamate levels may drive pain behaviors in vivo.

3.5. The peroxynitrite decomposition catalyst SRI10
attenuates CIBP-related behaviors and reduces
femur glutamate

To determine whether peroxynitrite elimination, superoxide
dismutation, or both actions contribute to FeTMPyP’s efficacy
in CIBP, we used the superoxide-sparing peroxynitrite
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Figure 4. Repeated FeTMPyP treatment modulates spontaneous cancer-induced bone pain behaviors and system x,~ functional expression in vivo. Animal
femurs were injected with breast cancer cells (66.1) or cell-free media (sham) after baseline (presurgery) behavioral measurements. On day 7 after femoral
inoculation, 66.1 animals demonstrated bone cancer—induced flinching (A) and guarding (B). FeTMPyP (10 mg/kg, i.p.) or vehicle (saline, 10 mlL/kg, i.p.) was
administered after behavioral measurements day 7 and continued to day 14 (g.d.). Spontaneous flinching and guarding were assessed before and after treatment
ondays 10 and 14 (A and B). Femur marrow from inoculated femur (ipsilateral) (C) and contralateral femur (D) was collected from tumor-bearing animals before or
after the final treatment on day 14 for glutamate analysis. Day 14 ipsilateral marrow samples from tumor-bearing animals were analyzed for XCT expression using
Western blot analysis (E-H); *P < 0.05, **P < 0.01, **P < 0.001.
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Figure 5. Repeated FeTMPYP does not alter tumor burden. Animal femurs were inoculated with cell-free media (sham) or breast cancer cells (66.1). FeETMPyP (10
mg/kg, i.p., g.d.) or vehicle (saline, 10 mL/kg, i.p., g.d.) was administered on postsurgery days 7 to 14. On day 14, femurs were collected, paraffin-embedded, and
stained with hematoxylin and eosin (H&E) to visualize normal marrow elements and cancer cells under bright field microscopy. Representative images (A) and

quantification of cancer cell marrow occupancy (B) are shown.

decomposition catalyst SRI10. Mice with CIBP were treated
with either vehicle (10 mL/kg 0.9% saline, i.p., g.d.) or SRI10
(8 mg/kg, i.p., g.d.) from day 7 to day 14. Vehicle-treated,
cancer-inoculated mice displayed increasing spontaneous
flinching and guarding behavior over the experimental time
course (Fig. 7A, B). Daily administration of SRI10 to cancer-
inoculated mice decreased ipsilateral guarding and flinching
60 minutes after treatment on postsurgery day 7 (Fig. S5,
available online as Supplemental Digital Content at http://
links.lww.com/PAIN/A322) and day 10 (2-way ANOVA fol-
lowed by Bonferroni posttests, tinching = 4.329, tguarding =
3.187 P < 0.05) and day 14 (Fig. 7A, B; 2-way ANOVA
followed by Bonferroni posttests, tiinching = 3.849, tguarding =
3.763 P < 0.01). The decrease in pain behaviors pre- to post-
SRI10 treatment day 14 was paralleled by a reduction in
ipsilateral femur marrow glutamate (Fig. 7C, D; Kruskal-Wallis
test followed by the Dunn multiple comparison test, difference
in rank sum = 6.667, P < 0.05). These data implicate
peroxynitrite in the antihyperalgesic effects and glutamate
reduction seen with FeTMPyP and suggest that elimination of
peroxynitrite is sufficient to reduce tumor-derived glutamate
and CIBP.

4. Discussion

Many solid tumors, including breast, do not result in pain in their
native tissue but cause excruciating pain once they metastasize
to bone; our laboratory focuses on the contribution of the bone
microenvironment to this pain. Nearly 200,000 women are
diagnosed with breast cancer each year in the United States
alone.” Notably, breast cancer is the most frequent malignant

tumor in women worldwide and accounts for the greatest number
of bone metastases of all cancer types.®” Bone metastases are
detected in up to 70% of patients with advanced breast cancer,
making bone the most common site for breast cancer metastasis
and distal breast cancer relapse.

Determining the mechanisms underlying breast CIBP is critical
for the identification of new analgesic targets and improving
quality of life for patients with cancer. Recently, oxidative stress,
an established hallmark of tumor burden and known contributor
to chronic pain,?® was implicated in CIBP.%*3" The pronocicep-
tive action of oxidative stress in CIBP has been hypothesized to
be a function of tumor-derived nitrating species that alters the
response of primary afferent neurons to glutamate and the
release of glutamate by cancer cells, but the mechanism is
unknown.'”313788 Our current findings build on the previous
findings of the Singh laboratory in which they demonstrated in
vitro that system x;~ in cancer cell lines result in increased levels
of glutamate and result in pain behaviors that are attenuated by
SSZ7.%8 In this study, we provide evidence that (1) tumor cell
glutamate release through system x;~ in vivo is a critical
contributor to CIBP, (2) reactive oxygen/nitrogen species regulate
the cystine/glutamate antiporter system x,~ in tumor cells, and (3)
upregulation of system x.~ increases glutamate in the bone—
tumor microenvironment, resulting in behavioral signs of CIBP.

We found that the murine mammary adenocarcinoma cell line
66.1 releases glutamate through system x. . Although our
studies were limited to only a single cell line, this finding places
66.1 on a growing list of tumor cell lines that release glutamate
through system x., including C3L5 (mouse breast cancer),
B16F1 (mouse melanoma), MAT-LyLu (rat prostate cancer),
CNS-1 (rat astrocytoma), MDA-MB-231, and MCF-7 (human
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Figure 6. Repeated FeTMPyP does not alter bone integrity. Animal femurs were inoculated with cell-free media (sham) or breast cancer cells (66.1). FeTMPyP (10
mg/kg, i.p., g.d.) or vehicle (saline, 10 mL/kg, i.p., g.d.) was administered on postsurgery days 7 to 14. On day 14, live radiographs were taken. Bone loss was rated
by 3 blinded observers according to an established scale (A). Elevated bone loss scores were found in the tumor-bearing animals as compared with sham controls,

but no treatment differences were evident (B); ***P < 0.001.

breast cancers).®? Thus, glutamate release from cancer cells is
a general phenomenon. We elected to use the 66.1 cell line
because it is highly tumorigenic, yet less aggressive than the 4T1
line, allowing for colonization of bone with reduced risk of
extraskeletal metastasis with disease progression.

The hypothesis that the system x.~ inhibitor SSZ attenuates
ClIBP-related behaviors by reducing system x. -mediated
glutamate release in vivo has been previously proposed®® but
with the need for further experimental verification. Here, blockade
of tumor cell glutamate transport with SSZ both attenuated
cancer-associated flinching and guarding behaviors and de-
creased marrow glutamate in a murine model of CIBP. That is,
direct system x;~ inhibition with SSZ reduced CIBP-related
behaviors and glutamate in the bone—tumor microenvironment.
The lack of SSZ effect on glutamate levels in sham animals or the
contralateral femur of cancer-bearing animals affirms that SSZ
reduces glutamate release from tumor cells but not native bone
cells. The measurements of cancer-induced flinching and
guarding are believed to be more clinically relevant than evoked
behaviors because patients are not routinely evoked/poked with
von Frey filaments with translational relevance.®® These data
provide a crucial link between tumor-derived glutamate through
system x.~ and CIBP.

The major physiological role of system x;~ is to support
pathways that mediate cellular protection from damaging ROS/
RNS: (1) the synthesis of the antioxidant glutathione and (2) the
cystine/cysteine redox cycle.®” The XCT gene and, thus system
Xc -mediated transport, is upregulated in response to oxidative/
nitrosative challenge.®® Rapid proliferation and tumor burden
make cancer just such an oxidative/nitrosative challenge.®® In
the tumor-bone microenvironment, sources of oxidative and
nitrosative stress include both tumor and associated immune
cells (eg, macrophages, neutrophils, T-lymphocytes).'” Rele-
vant to both cancer and pain is the reactive species
peroxynitrite.

Production of peroxynitrite is significantly increased under
pathological conditions (eg, cancer).'*?5*" Although the short
half-life of peroxynitrite makes direct detection of this RNS
difficult, ' nitration of tyrosine residues is used as an in vivo
marker of peroxynitrite generation. Invasive breast carcinomas
with associated CIBP have high levels of nitrotyrosine.® Clinically,
high nitrotyrosine levels are associated with reduced disease-free
and overall survival for patients with breast cancer and are
a significant, independent predictor for overall survival.'®2%

Given elevated peroxynitrite generation in breast cancer and the
ability of this oxidant species to increase system x.~ transport, we
hypothesized that peroxynitrite may drive tumor cell system x;~
expression, glutamate release, and CIBP. In line with literature
reports, we demonstrate elevated system x.~ protein expression
and glutamate transport in 66.1 tumor cells after application of SIN-
1, a peroxynitrite generator. The role of peroxynitrite was confirmed
by sensitivity to the redox-active porphyrin FeTMPyP and
superoxide-sparing peroxynitrite decomposition catalyst SRI10.
The role of system x.~ in SIN-1-induced glutamate transport was
confirmed with the established system x;~ inhibitor SSZ. Thus,
system x;~ could be targeted directly using an inhibitor or indirectly
by pharmacologically modulating its functional expression through
the elimination of peroxynitrite.

Invivo, chronic FeTMPyP or SRI10 treatment reduced behavioral
evidence of CIBP. Our data support the idea that the antihyper-
algesic effect of FeTMPyP and SRI10in CIBP is attributable, in part,
to a reduction of tumor-derived glutamate. After a 7-day treatment
course, cancer-bearing, FeTMPyP- or SRI10-treated mice showed
less pain compared with vehicle-treated controls. Both femur
marrow glutamate and system X, protein expression were
reduced in these animals, as compared with pretreatment levels.
These data suggest an association between reductions in pain
behaviors with decreased glutamate in the bone—tumor microen-
vironment. Not all pain was abolished, which suggests that CIBP is
complex and multifaceted, and although glutamate is an important
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Figure 7. Repeated SRI10 treatment attenuates spontaneous cancer-induced bone pain behaviors and reduces femur glutamate. Animal femurs were injected
with breast cancer cells (66.1) or cell-free media (sham) after baseline (presurgery) behavioral measurements. SRI10 (3 mg/kg, i.p.) or vehicle (10 mL/kg, i.p.) was
administered after behavioral measurements day 7 and continued to day 14 (g.d.). Spontaneous flinching (A) and guarding (B) were assessed before and after
treatment on days 10 and 14. Femur marrow from inoculated femur (ipsilateral) (C) and contralateral femur (D) was collected from tumor-bearing animals before or
after the final treatment on day 14 for glutamate analysis; *P < 0.05, **P < 0.01, **P < 0.001.

part of the algogenic factors that may play a role as an activator of
nociception due to its interaction with NMDA and AMPA channels,
it is only one component of the several algogenic substances that
are present in the bone—tumor microenvironment. The importance
of glutamate may be linked to initiating changes in the electrical
potential of nociceptive fibers that may be further sensitized by the
many cytokines and chemokines in CIBP.'®° Critically, FeTMPyP
did not alter tumor burden or bone integrity, which suggests that
the reduction in pain behaviors and femur marrow glutamate was
not secondary to a reduction in tumor size or osteolytic lesions.
Interestingly, cancer-bearing, FeTMPyP-treated mice exhibited
more pain behaviors with elevated femur marrow glutamate and
system X.~ protein expression 24 hours after injection. This pain
and femur marrow glutamate “overshoot” on experimental day 14
may be the result of modulating a dynamic already challenged

system and model what is referred to in patients with metastatic
cancer as “breakthrough” pain. Maintaining redox balance and
the redoxome is particularly challenging for rapidly dividing,
malignant cells. Perturbing this balance with a redox modulator,
particularly one in the iron—-porphyrin class known to undergo
Fenton chemistry,3® may have led to further dysregulation. In the
future, this glutamate and pain rebound may be prevented by
addressing the pharmacokinetic characteristics of FeTMPyP
and maintaining constant drug serum levels. Compounds that
remove peroxynitrite or prevent its formation show great
therapeutic promise in animal models of disease and several
are currently in development for use as anticancer single agents,
chemosensitizers, and radioprotectants.®®

Despite marked advances in chemotherapeutics, very little
progress has been made in understanding the pain associated
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Figure 8. System x.~ can be targeted directly or indirectly to reduce glutamate
in the bone-tumor microenvironment and assuage cancer-induced bone pain
(CIBP). System x,  can be targeted pharmacologically through direct
blockage with sulfasalazine or through elimination of peroxynitrite with the
decomposition catalysts FeTMPyP and SRI10. Both therapeutic strategies
reduced glutamate in the bone-tumor microenvironment and CIBP-related
behaviors.

with metastatic bone disease. Recent reports have emphasized
the need for treatments that not only promote survival in patients
with terminally illness but also manage pain and preserve
functional status.'®'® Such interventions will improve patient,
family, and caregiver quality of life.'?

In sum, we demonstrate that both direct and indirect
pharmacological inhibition of system x;~ significantly reduces
advanced-stage bone cancer pain by reducing extracellular
glutamate (Fig. 8). We also show for the first time that
peroxynitrite, generated in the cancer microenvironment,
significantly upregulates system x.~ and is itself a novel
analgesic target in CIBP. These studies provide a critical,
previously missing, mechanistic link to explain the efficacy of
SSZ in CIBP. Further research is warranted to explore the full
therapeutic potential of redox modulators in metastatic bone
disease and evaluate the repurposing of SSZ as an adjunct
therapy for patients with CIBP.
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