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Functional effects of TrkA inhibition on
system xC

�-mediated glutamate release
and cancer-induced bone pain
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Abstract

Breast cancer cells release the signalling molecule glutamate via the system xC
� antiporter, which is upregulated to exchange

extracellular cystine for intracellular glutamate to protect against oxidative stress. Here, we demonstrate that this antiporter

is functionally influenced by the actions of the neurotrophin nerve growth factor on its cognate receptor tyrosine kinase,

TrkA, and that inhibiting this complex may reduce cancer-induced bone pain via its downstream actions on xCT, the

functional subunit of system xC
�. We have characterized the effects of the selective TrkA inhibitor AG879 on system

xC
� activity in murine 4T1 and human MDA-MB-231 mammary carcinoma cells, as well as its effects on nociception in our

validated immunocompetent mouse model of cancer-induced bone pain, in which BALB/c mice are intrafemorally inoculated

with 4T1 murine carcinoma cells. AG879 decreased functional system xC
� activity, as measured by cystine uptake and

glutamate release, and inhibited nociceptive and physiologically relevant responses in tumour-bearing animals. Cumulatively,

these data suggest that the activation of TrkA by nerve growth factor may have functional implications on system

xC
�-mediated cancer pain. System xC

�-mediated TrkA activation therefore presents a promising target for therapeutic

intervention in cancer pain treatment.
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Introduction

Breast cancer has a propensity to metastasize to the

bone, causing severe cancer-induced bone pain (CIBP)

and reduced quality of life. Accordingly, the effective

management of CIBP is essential to improving quality

of life for cancer patients. Our group has demonstrated

that breast cancer cells secrete the signalling molecule

glutamate via system xC
� and overexpress the gene

encoding this antiporter.1,2 When glutamate efflux

becomes excessive, its character within the central

nervous system switches from an excitatory transmitter

to a well-characterized and pathologically relevant exci-

totoxin.3,4 Considerable evidence suggests that gluta-

mate released through system xC
� is involved in

multiple physiological and pathological processes

(Reviewed in Miladinovic et al.5). Its dysregulation has

been linked to chronic pain, an effect which is supported

by animal models of CIBP.6,7 Exogenous glutamate
released from peripheral metastases may then sensitize
surrounding nerves, directly acting on adjacent nocicep-
tors within the bone environment.

The neurotrophin nerve growth factor (NGF) acts via
its cognate receptor TrkA, through which it activates
several downstream signalling pathways that regulate

neuronal survival and differentiation. While normal
breast epithelial tissue does not rely on NGF-TrkA
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signalling, breast cancer cells express the TrkA recep-
tor,8,9 and NGF is a potent activator of the survival
and proliferation of breast cancer cells.8 Furthermore,
biologically active NGF is excessively synthesized and
released by breast cancer cells, an effect which is blocked
by the TrkA inhibitor K252, indicating the existence of
an NGF autocrine loop.10

In humans, endogenous NGF levels are elevated in
pain states associated with chronic conditions,11–14 and
NGF appears to be an important driver of the increased
pain sensitivity characteristic of late stage metastatic
cancer (reviewed in Wang et al.15). Correspondingly, in
animal models of nociception, NGF- and TrkA-knockout
mice are hypoalgesic,16,17 while transgenic animals that
overexpress NGF exhibit hyperalgesic behaviours.18,19

Preclinical research suggests that anti-NGF treatment
may be particularly effective in pain that originates in
bone,20–25 as more than half of the nerve fibres that inner-
vate bone are responsive to NGF.26

To date, research on the neurotrophic consequences
of metastatic cancer has largely focused on pathological
nerve sprouting of sensory and sympathetic nerve fibres
that innervate the tumour-bearing host tissue.20,24,27,28

Below, we propose an alternative consideration and

complementary explanation of the role of NGF-TrkA
in CIBP (See Figure 1 for schematic).

There is considerable evidence for bidirectional sig-
nalling between glutamate and neurotrophins.
Glutamate stimulates neurotrophic expression,29,30 and
the neurotrophin fibroblast growth factor-2 has been
implicated in the functional upregulation of system
xC

� in mixed neuronal and glial cultures.31 Glutamate
plays a key role in several neurodevelopmental and neu-
rodegenerative disorders, and overexpression of system
xC

� has been shown to have neuroprotective effects in
conditions of oxidative stress.32 Furthermore, NGF,10

TrkA33 and xCT1,2 are upregulated in breast cancer
cells, supporting the notion that a functional relation-
ship exists. The overlapping actions of xCT and NGF
suggest that system xC

� may be influenced by neurotro-
phic activity. To further elucidate the underlying patho-
physiology of glutamate-related cancer pain, we have
focused on the NGF-TrkA complex as a therapeutic
target to reduce aberrant system xC

�-meditated gluta-
mate release that accompanies CIBP. Here, we test the
hypothesis that systematically inhibiting the actions of
NGF on TrkA may reduce CIBP by decreasing func-
tional system xC

� activity.

Figure 1. Proposed mechanism by which system xC
�-mediated glutamate release is regulated by TrkA-activated signalling pathways. NGF

activates RAS-MAPK signalling through its tyrosine kinase receptor TrkA, which regulates xCT gene expression.
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Materials and methods

In vitro

Cell culture. 4T1 triple-negative murine mammary gland
carcinoma cells (American Type Culture Collection
(ATCC)) were maintained in high glucose Roswell
Park Memorial Institute (RPMI, Life Technologies);
MDA-MB-231 triple-negative human breast carcinoma
cells (ATCC) were maintained in high glucose
Dulbecco’s Modified Eagle’s Medium (DMEM, Life
Technologies). All cells were supplemented with 10%
fetal bovine serum and 1% antibiotic/antimycotic (Life
Technologies) incubated at 37�C and 5% CO2 and ver-
ified to be mycoplasma free before experimental use.

Effect of TrkA inhibition on breast cancer cell number. The
selective TrkA inhibitor tyrphostin AG879 (Sigma-
Aldrich), a validated and specific inhibitor of TrkA,34

was dissolved in dimethyl sulfoxide (DMSO) for prepa-
ration of a 79 mM stock. 4T1 and MDA-MB-231 cells
were seeded at 5� 103 cells/well in 96-well plates and
treated with serial doses of AG879 from 50 mM through
3.125 mM dissolved in DMSO (maximum final concen-
tration: 0.1%) or 0.1% DMSO alone (negative control).

Effect of NGF-TrkA on breast cancer cell number. Cell lines
were seeded at 5� 103 cells/well in 96-well plates and
treated with various concentrations (0, 10 or 100 ng)
of the recombinant human b-NGF protein (R&D
Systems) in the presence of AG879 (6 mM) or control
(DMSO) for 24 h, fixed with 10% neutral buffered for-
malin (NBF) and quantified using 0.1% Crystal Violet
stain in 80% EtOH based on standard curves for each
cell line. Absorbance was read on a spectrophotometer
optical plate reader (BioTek) at k¼ 570 nm.

Effects of NGF-TrkA on breast cancer cell metabolism. Cell
lines were seeded and treated with serial doses of
b-NGF (or phosphate-buffered saline (PBS)) in the pres-
ence or absence of AG879, as mentioned earlier, and incu-
bated in 0.5 mg/mL 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) labelling reagent
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide (Sigma-Aldrich) for the final 2 h of the 24-h treat-
ment period. Absorbance was read on a spectrophotom-
eter optical plate reader at k¼ 650 nm.

Effects of NGF-TrkA on xCT protein level. Cells were treated
with 100 ng b-NGF (or PBS) and 6 mM AG879 (or
DMSO) for 24 h to determine the effects of NGF-
TrkA activity on xCT protein levels, as quantified by
Western blot analysis. Total protein concentrations
were first determined using the Bio-Rad protein assay
(Bio-Rad Laboratories) to ensure equal protein loading

of whole cell lysates on 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis gels and subsequent
electrophoretic transfer to polyvinylidene difluoride
membranes (Immobilon-P, Millipore Corporation).
Expression of xCT was evaluated using respective pri-
mary antibody (Novus Biologicals), at a concentration
of 1:1000, applied overnight at 4�C, with blocking in 5%
skim milk in Tris-buffered saline with 0.1% Tween 20
(TBS-T). After washing, membranes were incubated in
horseradish peroxidase-conjugated goat anti-rabbit sec-
ondary antibody (Santa Cruz) for 2 h at room tempera-
ture (RT) and visualized by enhanced
chemiluminescence using an ECL-plus kit (GE
Healthcare) on Amersham Hyperfilm (GE Healthcare).
Calnexin (90 kDa) was used as a loading control.
Processed blots were scanned and quantified using den-
sitometry with ImageJ software (U.S. National Institutes
of Health). Values were normalized to loading controls
and compared to DMSO-treated control plates of the
same cell line.

Effects of NGF-TrkA on xCT mRNA. mRNA was quantified
using qualitative real-time polymerase chain reaction
(qPCR) as previously described.35 Briefly, 106 4T1 cells
were seeded in 10 cm dishes and treated with 100 ng
b-NGF in the presence (6 mM) or absence (DMSO) of
the TrkA inhibitor AG879 for 24 h. Total RNA isola-
tion from cell pellets was conducted using the Qiagen
RNeasy kit (Qiagen Inc.). cDNA was then synthesized
via reverse transcription using Superscript III and oligo
DTs (Thermo Fisher Scientific), and qPCR assays were
performed in duplicate using xCT primers (detailed in
Table 1) and SsoAdvanced Universal SYBR Green
Supermix (BioRad). Readings were normalized to the
loading control Succinate Dehydrogenase Complex
Flavoprotein Subunit A. Relative quantification analysis
of gene expression data was conducted according to the
2�DDCT method.

Effects of NGF-TrkA on 14C-cystine uptake. The cellular
uptake of radiolabelled 14C-cystine was quantified, as
cystine uptake is mediated by an exchange with gluta-
mate via system xC

�. The cystine uptake protocol was
adapted from previous reports.32,36 Briefly, 2� 105 4T1
and MDA-MB-231 cells were seeded in 6-well plates and
treated with 100 ng b-NGF, with or without 6 mM
AG879 for 24 h. Media was then collected and stored
at 4�C to quantify glutamate release (see below).
Cultures were washed with Hank’s Buffered Salt
Solution (HBSS) and exposed to 14C-cystine
(0.015mCi/mL) for 20min at 37�C. Following 14C-cys-
tine exposure, cultures were washed with ice-cold HBSS
to wash away excess extracellular cystine and dissolved
in 220 lL of lysis buffer (0.1% Triton-X in 0.1 N NaOH)
for 30 min. A 100 lL aliquot of each cell lysate was
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added to 1 mL Ecoscint-H scintillation fluid for quanti-
fication. Values were normalized to milligram of total
protein using the Bradford protein assay (BioRad) and
compared to 14C-cystine uptake in DMSO-treated con-
trols on the same experimental plate.

Effects of NGF-TrkA on glutamate release. Immediately prior
to 14C-cystine uptake quantification, growth media sam-
ples from 6-well plates were collected and stored at 4�C.
Glutamate release was quantified using the AMPLEX
Red glutamic acid assay kit (Invitrogen/Molecular
Probes, Eugene, OR). This assay quantitates the fluores-
cent reaction product resorufin, which is produced in pro-
portion to glutamate, for analysis on a CytoFluor Series,
4000 Fluorescence Multi-Well Plate Reader (PerSeptive
Biosystems, Framingham, MA). To optimize this assay
for measurement of media glutamate concentrations
beyond 0.5 mM and eliminate the repeated cycling of glu-
tamate and a-ketoglutarate, L-alanine and L-glutamate
pyruvate transaminase were omitted from the reaction
mixture. 37 Background glutamate from a media-only
control well was subtracted from extracellular glutamate
levels in culture media, and values were normalized to
total protein using the Bradford protein assay, as men-
tioned earlier.

Immunocytochemistry. Immunocytochemistry was per-
formed to confirm the presence of xCT on cultured 4T1
cells. Cells were seeded at 104 cells/well in 8-well chamber
slides, fixed with 10% NBF, permeabilized with 0.1%
Triton X-100, blocked with 1% bovine serum albumin,
incubated in rabbit polyclonal anti-xCT primary antibody
(Novus, 1:1000) for 1 h at RT and visualized using
AlexaFluor-488 goat anti-rabbit secondary antibody
(Life Technologies, 1:500) with 4’,6-diamidino-2-phenyl-
indole (DAPI) counterstain using EVOS FL Cell
Imaging System.

In vivo

Mice. Experimentally naive immunocompetent female
BALB/c mice (Charles River Laboratories) aged 4 to
6 weeks old upon arrival were group housed in cages
maintained at 24�C with a 12-h light/dark cycle and pro-
vided ad libitum access to food and water. All animal
procedures were performed according to guidelines
established by the Canadian Council on Animal Care

under a protocol reviewed and approved by the Animal

Research Ethics Board of McMaster University.

Experimental groups. Mice (N¼ 26) were randomly

assigned to three treatment groups: sham surgery

þvehicle control (n¼ 9), tumourþ vehicle control

(n¼ 9) and tumourþAG879 (n¼ 8). Mice were inocu-

lated with either 2� 104 4T1 cells (n¼ 17) or an equal

number of frozen/heat killed 4T1 cell sham controls

(n¼ 9) injected percutaneously into the right distal

femur to establish tumours. Drug treatment was delayed

until 7 days post-4T1 cell inoculation to allow sufficient

time for the implanted cells to reliably establish a bone

tumour without drug interference, more accurately mim-

icking clinical conditions. Osmotic pump loading and

implantation were performed in accordance with the

manufacturer’s specifications. AG879 was dissolved in

DMSO and administered via intraperitoneally implanted

Alzet model, 1002 mini-osmotic pumps (Durect) in a

volume of 0.25 mL/h for a total of 5 mg/kg/day, based

on the mean weight of the mice on the day of surgical

implantation (20 g). Pumps were intraperitoneally

implanted under isofluorane anaesthesia, and animals

were systemically treated with AG879 from Day 7

post-cell inoculation through to end point.
All behavioural testing was performed with the

groups being blinded, during the animals’ light cycle.

Animals were randomly assigned to systemic therapy

or control groups and were acclimated to the behaviou-

ral testing environment and equipment one week prior to

commencing data recording and were tested twice

weekly for the duration of the experiment. The progres-

sion of spontaneous and evoked pain pre- and post-4T1

cell inoculation was monitored using a battery of tests

for nociceptive behaviours: The dynamic weight bearing

(DWB) system (BioSeb), the dynamic plantar aesthesi-

ometer (DPA; Ugo Basile) and open-field observations,

including spontaneous guarding time and limb use.

Three behavioural tests were performed prior to experi-

ment Day 0 which served to establish a stable baseline

for the animals’ normal behaviour; results are expressed

for each animal as a percentage of these baseline scores.

Behavioural testing occurred on days 6, 9, 13, 16 and 20

post-inoculation, and animals that had not yet reached

end point were sacrificed on Day 21.

Table 1. xCT primers used for relative qPCR.

Gene symbol Primer sequences (5’ to 3’) Reference gene Product size (bp) Melt peak (�C)

SLC7A11 (xCT) FOR: CCTCTATTCGGACCCATTTAG SDHA 99 80.0–80.5

REV: CTGGGTTTCTTGTCCCATATA

Note: Melt peaks were obtained on a BioRad CFX Connect Real-TimeSystem. qPCR: qualitative real-time polymerase chain reaction; SDHA: Succinate

Dehydrogenase Complex Flavoprotein Subunit A.

4 Molecular Pain



Spontaneous pain. Open-field tests, including spontaneous

guarding of the affected limb and limb use, were used to

visually assess ongoing and ambulatory nociception

using previously validated tests.38 The time (s) spent

spontaneously guarding the hindpaw represented ongo-

ing pain and was recorded during a 5-min open-field

observation period using a stopwatch. Guarding time

was defined as the time the hindpaw was held aloft

while ambulatory. During the 5-min spontaneous ambu-

lation period, normal hindlimb use was observed and

scored on a scale of 4 to 0: (4) normal use, (3) slight

limp, (2) limp and guarding behaviour, (1) partial non-
use of the limb in locomotor activity and (0) complete

lack of limb use.
The DWB quantitates spontaneous pain-related dis-

comfort and postural disequilibrium39 by recording the

weight distribution of each point of contact of freely

moving animals via a sensor pad covering the entire

floor surface of the testing chamber. Weight-bearing

data were directly captured at a sampling rate of

10Hz, and the animals’ position on the sensor was man-

ually validated following data collection using respective

software (DWB v.1.3.4.36). To reduce experimenter bias

and ensure spatial and temporal objectivity, a video
camera recorded the animals’ position within the testing

chamber over the capture period. Postural disequilibrium

was defined as favouring the tumour-bearing limb and a

compensatory shift of weight bearing to other body parts

and was considered indirect evidence of nociception. Data

for each test day were calculated as a mean weight

recorded for all points of weight bearing and expressed

as a single measurement of the weight borne by the affect-

ed limb as a ratio of the total weight recorded at each

frame within the capture period. Data were normalized to

the baseline scores prior to cancer cell inoculation for

each mouse. A relative reduction in weight borne by the

ipsilateral paw was considered evidence of postural

disequilibrium.

Evoked pain. The DPA test, which is a semi-automated

version of the classic von Frey test,40 was used to quan-

tify mechanical allodynia and hyperalgesia in mice pre-

and post-tumour cell inoculation. A mechanical metal

filament was raised by an electrical actuator with vari-

able force and acceleration. The filament stimulated the

plantar surface of the affected hindpaw and contralater-
al hindlimb, and the threshold force and time at which

each animal withdrew its paw were recorded. The aver-

age force of four independent measurements collected

from each paw on each test day was calculated, and

mean values were normalized to individual animal’s

baseline DPA values. A reduction in force required to

elicit paw withdrawal in the tumour-bearing limb was

considered indicative of hypersensitivity manifested as

deliberate withdrawal of the affected paw from the fila-
ment pressure.

Tumour xenografts. The 4T1 mammary carcinoma cell line
is highly tumourigenic and invasive; the growth and met-
astatic spread of these cells in BALB/c mice very closely
mimic human breast cancer in its proliferative and met-
astatic characteristics.41 Thus, this tumour was used as
an animal model for stage IV human breast cancer.
On experimental Day 0, mice were anaesthetized by iso-
flurane inhalation and injected with buprenorphine
(0.05mg/kg, subcutaneous; Schering-Plough) to mitigate
surgically induced discomfort. Animals were inoculated
with 2� 104 4T1 cells suspended in 25 mL sterile PBS
percutaneously into the right distal femur. Mice
were laid supine with the ipsilateral stifle joint bent to
90� to clear the patella and minimize tissue damage.
A 26-gauge needle was then manually inserted between
the medial and lateral condyles of the distal epiphysis by
delicate rotation parallel to the longitudinal axis of the
femur to breach the cortical bone. Once within the bone
epiphysis, the injectate was slowly infused over the
course of approximately 1 min. The contralateral hin-
dlimb served as a negative control specific to each
animal. This method of intrafemoral injection was
selected to minimize damage to the surrounding tissues
and has been successfully applied in mouse6 and rat42

models of bone cancer-induced nociceptive behaviour.

Transcardial perfusion and tissue collection. Throughout
tumour development, each animal was monitored daily
for limb use, overall health status and body weight.
Animals were euthanized by transcardial perfusion
when they no longer bore weight on the affected hin-
dlimb. This experimental end point occurred on or
before Day 21 post-tumour cell inoculation for all ani-
mals. Under sodium pentobarbital anesthetic (90 mg/kg,
ip.), animals were perfused with 100 mL cold PBS,
immediately followed by 100 mL cold 4% paraformal-
dehyde (PFA). Tumour-bearing femurs and surrounding
tissues were dissected, X-rayed, post-fixed in 4% PFA
for 48 h, decalcified in 10% Ethylenediaminetetraacetic
acid (EDTA) for 14 days and paraffin-embedded for his-
tological analyses.

Ex vivo

Radiographic analysis. High-resolution radiographic analy-
sis was used to establish the extent of bone degradation
in ipsilateral hindlimbs immediately following perfusion,
with substantial bone degradation considered to be evi-
dence of tumour invasion. X-ray scans of all mice were
collected using a Faxitron MX-20 X-ray system
(Faxitron X-ray Co., Wheeling, IL) on Kodak MIN-R,
2000 Mammography film (Eastman Kodak, Rochester,
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NY). Affected hindlimbs were scored on a scale of 0 to 3:

(0) normal bone, no visible lesion; (1) minor loss of bone

density, minimal lesion; (2) Moderate to substantial loss

of bone density, lesion limited to bone trabecula and

cortex and (3) substantial loss of bone density, lesion

includes clear periosteal involvement or fracture.

Hematoxylin and eosin. Ipsilateral hindlimbs were stained

with hematoxylin and eosin to confirm the degree of

intrafemoral tumour in animals that demonstrated lytic

lesions on X-rays. Following decalcification, femurs and

surrounding tissues were paraffin-embedded, sagittally

sectioned at 5 mm, slide mounted, stained and xylene-

cleared for microscopy.

Immunofluorescence. Immediately adjacent serial hindlimb

sections from the same paraffin block were processed for

immunofluorescence; following antigen retrieval in

EDTA (pH 8, 95�C) for 30 min, sections were incubated

in respective primary antibodies (xCT: Novus, 1:1000;

cytokeratin 7: Santa Cruz, 1:500) overnight at 4�C,
washed in PBS, incubated in 1:500 fluorescent secondary

antibodies (Life Technologies AlexaFluor-488 goat anti-

rabbit and AlexaFluor-647 goat anti-mouse, respectively)

for 2 h at RT, counterstained with DAPI and

coverslipped.

Statistical analyses

In vitro. For each cell line, a one-way analysis of variance

(ANOVA) with Bonferroni post hoc comparisons was

used to assess the dose response of AG879 on cell

number. A two-way ANOVA with Bonferroni post

hoc comparisons was then used to assess the effect of

serial dilutions of b-NGF for each cell line, in the pres-

ence and absence of 6 mM AG879, on cell number and

metabolism. Separate two-way ANOVAs with

Bonferroni post hoc comparisons were used to assess

the effect of b-NGF and AG879 on xCT protein levels

and mRNA levels for each cell line. One-way ANOVAs

with Bonferroni post hoc comparisons were used to

assess the dose effect of b-NGF on functional system

xC
� activity, as measured by cystine uptake and gluta-

mate release. Independent t tests were then used to assess

the effect of AG879 on cystine uptake relative to cells

treated with each b-NGF dose.

In vivo. DWB and DPA data sets were analyzed to

derive survival curves comparing the time until respec-

tive behavioural scores fell irreversibly below 50% of the

animals’ baseline nociceptive responses. For Kaplan–

Meier curve analyses of 50% threshold pain data (time

to behavioural decline) in DWB and DPA behavioural

tests, chi-square analyses were used.

Ex vivo. Chi-square analysis of the proportion of scores

within each treatment group was used to assess radio-

graphic analysis of osteolysis. Immunocytochemical

staining of xCT in 4T1 cells and immunofluorescent

staining of xCT within ipsilateral hindlimbs were quali-

tatively considered.
All analyses were performed using GraphPad Prism

5.0a software (GraphPad Software, Inc., La Jolla, CA)

and GraphPad QuickCals; a was set at 0.05. Data are

expressed as means� standard error of the mean from

three independent experiments, unless otherwise stated.

Results

In vitro

AG879 influences breast cancer cell number. Selective TrkA

inhibition appeared to concentration-dependently

decrease cell number in 4T1 and MDA-MB-231 triple-

negative cells, such that higher doses of AG879 (i.e.,

12.5, 25 and 50 mM AG879) decreased cell number rel-

ative to DMSO-treated controls after 24 h treatment (see

Table 2). Treatment with 6 mM AG879 did not signifi-

cantly alter 4T1 or MDA-MB-231 cell growth or metab-

olism as measured by Crystal Violet and MTT assays.

Thus, this dose was selected for all further in

vitro studies.

Selected AG879 and NGF doses do not affect 4T1 cell

metabolism. Treatment with b-NGF (0.01–100 ng) or

AG879 (6 mM) for 24 h did not significantly affect

breast cancer cell number (data not shown) or metabo-

lism (Figure 2).

Table 2. Values compared to DMSO control

3 mM 6 mM 12 mM 25 mM 50 mM

4T1 1.08� 0.04 0.87� 0.07 0.8� 0.04* 0.66� 0.07** 0.35� 0.02**

MDA-MB-231 0.75� 0.06* 0.85� 0.06 0.65� 0.11* 0.55� 0.05* 0.39� 0.05*

Note: Murine 4T1 and human MDA-MB-231 carcinoma cells were seeded and treated with serial doses of AG879 for 24 h, and cell

number was quantified using crystal violet staining. Values indicate mean� SEM fold change in cell number compared to DMSO

negative control (0 mM AG879), data are from three independent experiments.

Values compared to DMSO control, *p < 0.05, **p < 0.005.
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AG879 attenuates b-NGF-induced increases in xCT protein

in 4T1 cells. Western blotting analysis confirmed the
presence of TrkA on 4T1 and MDA-MB-231 cells
(data not shown). Blots also demonstrated a marked

increase in xCT bands at 37 kDa in cells treated with

100 ng b-NGF in both 4T1 and MDA-MB-231 cell lines,

an effect which was attenuated by AG879 in 4T1 murine

carcinoma cells, with a similar, albeit modest, trend

observed in MDA-MB-231 cells (Figure 3).

AG879 attenuates b-NGF-induced increases in xCT mRNA in

4T1 cells. qPCR analysis demonstrated a marked

increase in xCT mRNA in 4T1 cells treated with 100

ng b-NGF, an effect which was attenuated by treatment

with 6 mM AG879 (Figure 4).

AG879 decreases functional system xC
� activity. In 4T1 cells,

14C-cystine uptake was markedly reduced in cells treated

with 6 mM AG879 for 24 h relative to DMSO- and 10 ng

b-NGF-treated cells. Treatment with b-NGF appeared

to marginally increase 14C-cystine uptake relative to

DMSO control; however, this effect was not statistically

significant (Figure 5(a) and (b)). Accordingly, glutamate

release was increased in cells treated with 10 ng and

100 ng b-NGF (Figure 5(c)). Furthermore, treatment

with 6 mM AG879 appeared to decrease this effect,

although this trend was not statistically significant

(Figure 5(c)). A similar trend was observed in triple-

negative human MDA-MB-231 cells (data not shown).

Figure 2. Treatment with b-NGF or AG879 does not significantly
affect 4T1 carcinoma cell metabolism. 4T1 murine carcinoma cells
were seeded and treated with 0.01 to 100 ng b-NGF in the
presence or absence of 6 mM AG879 and the MTT assay was
utilized during the last 2 h of the 24-h drug treatment period to
quantitate cellular metabolic activity. Bars indicate mean� SEM
fold change compared to DMSO negative control. Data are from
three independent experiments, a¼ 0.05. DMSO: dimethyl sulf-
oxide; NGF: nerve growth factor.

Figure 3. AG879 attenuates b-NGF-induced increase in xCT protein in carcinoma cells. xCT is expressed by murine 4T1 and human
MDA-MB-231 breast cancer cells. Treatment with AG879 (6 mM, 24 h) reduces xCT protein levels in 4T1 and MDA-MB-231 cells relative
to vehicle-treated cells and significantly attenuates b-NGF-induced increase in xCT protein levels in murine 4T1 cells. (a) Representative
xCT protein levels in cells treated with 6 mM AG879 (or DMSO) and 100 ng b-NGF (or PBS) for 24 h. (b) Relative expression of xCT (37
kDa) compared to DMSO-treated control plates of the same cell line, as determined by densitometry analysis. Data are from three
independent experiments, normalized to Calnexin (90 kDa) and are expressed as means� SEM, a¼ 0.05. NGF: nerve growth factor.
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In vivo

AG879 attenuates tumour-induced nociceptive behaviours. The

TrkA inhibitor AG879 appeared to delay the onset of

nociception, as measured by progressively impaired limb

use and increased spontaneous guarding scores (Figure 6

(a) and (b), respectively). In both the DWB (Figure 7(a))

and the DPA (Figure 7(b)), tumour-bearing mice exhib-

ited significantly greater pain behaviours compared

to their sham controls from Day 9 post-tumour cell inoc-

ulation until end point. AG879 significantly delayed

behavioural decline, as measured by postural

disequilibrium in the DWB, indicating that significantly

fewer tumour-bearing animals fell below 50% of their

individual baseline nociceptive score when treated with

AG879 (Figure 7(a)). In the DPA, a similar trend was

observed, with fewer AG879-treated animals falling

below 50% of their individual baseline scores, but this

effect was not statistically significant (Figure 7(b)).

Ex vivo

AG879 impedes tumour invasion in vivo. Radiographic analy-

sis confirmed the presence of bone degradation in cancer

cell-inoculated mice at end point and AG879 appeared to

partially attenuate tumour-induced osteolysis (Figure 8(a)).

Hematoxylin and eosin staining of ipsilateral hindlimbs con-

firmed the presence of tumour cells in femurs of animals

that demonstrated lytic lesions in radiographic X-rays;

tumour invasion was most frequently observed in the

distal epiphysis and diaphysis of ipsilateral femurs.

AG879-treated mice demonstrated marginally less osteolytic

activity, with generally smaller tumours observed in drug-

treated animals (see Figure 8(b) and (c) for representative

images), in accordance with radiographic lesion scores.

AG879 inhibits xCT expression in vivo.

Immunocytochemistry confirmed the presence of xCT

on 4T1 murine carcinoma cells in vitro (Figure 9(a)),

and immunofluorescent staining of ipsilateral femurs

demonstrated the presence of the epithelial marker cyto-

keratin 7 (Figure 9(b)), confirming the presence of breast

cancer cells within the bone environment at end point.

Double-label immunofluorescence demonstrated the

Figure 4. AG879 attenuates b-NGF-induced increase in xCT
mRNA in carcinoma cells. xCT mRNA in murine 4T1 carcinoma
cells treated with DMSO and b-NGF, relative to negative control.
Data are from three independent experiments, normalized to
SDHA and are expressed as means� SEM, a¼ 0.05. NGF: nerve
growth factor; SDHA: Succinate Dehydrogenase Complex
Flavoprotein Subunit A.

Figure 5. Functional system xC
� activity is increased by b-NGF and attenuated by TrkA inhibition in murine 4T1 carcinoma cells.

Treatment with b-NGF for 24 h demonstrated a dose-dependent trend of increased 14C-cystine uptake in 4T1 cells relative to DMSO
control, although this effect was not statistically significant (a). 4T1 cells treated with 6 mM AG879 for 24 h demonstrated a relative
decrease in 14C-cystine uptake relative to corresponding doses of b-NGF (b). Accordingly, a similar trend was observed in media levels of
glutamate: treatment with b-NGF dose-dependently increased glutamate release, such that treatment with 10 ng and 100 ng b-NGF
significantly increased media glutamate by 1.8- and 2-fold, respectively, relative to DMSO control (c). 4T1 cells treated with 6 mM AG879
demonstrated decreased glutamate release when matched to NGF doses, although the trend was not statistically significant (d). Data are
from three independent experiments, normalized to protein level and are expressed as means� SEM relative to DMSO, *significantly
different from DMSO control, a¼ 0.05. DMSO: dimethyl sulfoxide; NGF: nerve growth factor.
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overlapping distribution of xCT with breast cancer cells

in ipsilateral femurs (Figure 9(c)), confirming the expres-

sion of xCT on 4T1 cells in vivo. AG879 appeared to

markedly inhibit xCT expression by tumour cells (Figure

9(d)).

Discussion

Cancer pain is highly heterogeneous and is thought to be

the result of varied pathological mechanisms. Current

treatment options often induce severe dose-dependent
side effects and fail to adequately manage advanced
breast CIBP. Clinically, achieving analgesia often
comes at the expense of patients’ quality of life.
The complexity of CIBP is partly due to the unique
properties of the affected tissue; osteoclastogenesis,43

inflammation,44,45 increased neurotrophic activity,20,23

demyelination,46 and extracellular acidification45 created
by the presence of bone tumours have been implicated in
the sensitization of surrounding nociceptors and may

Figure 6. AG879 significantly delays the onset and severity of spontaneous nociceptive behaviours. Open-field tests, including time spent
spontaneously guarding the affected limb and scaled limb use, were used to visually assess ongoing and ambulatory nociception. (a)
Quantification of limb use in the ipsilateral femurs throughout tumour progression. Normal hindlimb use during spontaneous ambulation
was observed and scored on a scale of 4 to 0: Points indicate mean� SEM of each stage of bone destruction as quantified by this scale.
Limb use numbers represent: (4) normal use, (3) pronounced limp, (2) limp and guarding behaviour, (1) partial non-use of the limb in
locomotor activity and (0) complete lack of limb use. (b) Time spent spontaneously guarding the hindpaw represented ongoing pain and
was recorded during an open-field observation period. Guarding time was defined as the time (s) the hindpaw was held aloft while
ambulatory. Points indicate means� SEM; *significantly different from SHAM, significantly different from TUMOUR, a¼ 0.05; Vertical
dashed lines indicate intrafemoral injections (Day 0) and start of treatment (Day 7).

Figure 7. AG879 delays time until behavioural decline. (a) The DWB quantitates the weight borne by the affected limb as a percentage of
total recorded weight, standardized to baseline scores. Thus, 100% on the y-axis represents behaviour prior to tumour inoculation; less
than 100% indicates a decrease in weight borne by the tumour-afflicted limb and is indicative of nociceptive behaviour. Kaplan–Meier curve
analysis of the time until behavioural decline, expressed as a percentage of animals above the 50% of baseline cutoff, shows AG879
significantly delays time until the onset of postural disequilibrium in the DWB (chi square¼ 0.018, p¼ 0.724). (b) The DPA test quantitates
the threshold force at which the animal withdraws from a progressive stimulus applied to the plantar surface of the affected hindpaw. Thus,
100% on the y-axis is equivalent to baseline behaviour prior to tumour inoculation; less than 100% indicates a decrease in the force
withstood by the tumour-bearing limb. Kaplan–Meier curve analysis of the time until behavioural decline shows AG879 marginally, but not
significantly, reduced time until decline in the DPA (chi square¼ 4.465, p¼ 0.1). Vertical dashed lines indicate start of treatment (Day 7).
DWB: dynamic weight bearing; DPA: dynamic plantar aesthesiometer.

Miladinovic et al. 9



cumulatively contribute to cancer-induced hyperalgesia.
Among other influences, it is clear that glutamate dysre-
gulation47 and aberrant neurotrophic activity27,48

may contribute to CIBP through pathological osteoclas-
togenesis and sensitization. The production and vesicular
secretion of NGF drives the autocrine stimulation and
proliferation of breast cancer cells through its cognate
receptor, TrkA.10 In the present study, we have demon-
strated that inhibiting the NGF-TrkA complex may limit
CIBP, conceivably through downstream effects on system
xC

�. Extensive research supports the hypothesis that
NGF drives cancer pain through pathological nerve
sprouting20,24,27,28; this study provides evidence that the
effects of NGF on breast cancer cells and surrounding
cells in the tumour microenvironment may not be limited
to its conventionally accepted neurotrophic actions. The
discovery that NGF and system xC

� may be functionally
interconnected provides a novel approach to indirectly
targeting system xC

� for CIBP relief.
In vitro, AG879 dose-dependently reduced breast

cancer cell growth, in accord with previous findings.49

More importantly, however, a dose which did not effec-
tively alter cell number or metabolism significantly
inhibited the functional activity of system xC

�. That is,
AG879 markedly reduced cystine uptake in 4T1 carcino-
ma cells in the presence and absence of b-NGF. One
possible explanation for the relationship between NGF
and system xC

� is through changes that occur at the level
of xCT by activation of the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase
(ERK) signalling pathway. Through TrkA, NGF is
known to activate Ras-MAPK signalling (reviewed in
Huang and Reichardt50). Interestingly, serine kinases,
including MAPK, phosphorylate signal transducer and
activator of transcription 3 (STAT3), which then homo-
or heterodimerizes and translocates into the nucle-
us.35,51,52 where it then binds specific DNA recognition

elements to regulate expression of genes, including
xCT.51 In MDA-MB-231 breast cancer cells, for exam-
ple, the MAPK inhibitor PD098059 abolishes basal xCT
transcriptional activity.51 Furthermore, STAT3 activa-
tion is coupled with increased system xC

� activity.
Accordingly, sustained treatment with the STAT3 inhib-
itor SH-4-54 decreases xCT expression and system xC

�

activity in MDA-MB-231 cells.51 It is therefore plausible
that phosphorylated TrkA contributes to xCT expres-
sion through MAPK and/or STAT3 signalling, although
further research is required to explore the specific path-
ways involved in this relationship.

A consistent trend was observed across both cell lines
assayed in vitro; AG879 influenced functional system
xC

� activity in murine 4T1 and human MDA-MB-231
carcinoma cells. Thus, to mitigate the number of animals
employed and avoid the complexity of using human
cancer cells in an immunocompromised animal model,
a syngeneic mouse model was utilized to characterize the
effects of TrkA on cancer progression and CIBP in vivo.
The battery of tests for nociceptive behaviours was
cumulatively selected to reflect what is observed in
patients who protect or suspend their afflicted limb.

Inhibition of TrkA delayed the onset of nociceptive
behaviours in tumour-bearing mice, as demonstrated by
spontaneous guarding and limb use scores, as well as
time until behavioural decline in the DWB. No signifi-
cant reduction in evoked pain was observed in the DPA,
suggesting that either NGF-TrkA signalling or function-
al system xC

� activity may be more implicated in spon-
taneous than evoked pain. Previous work has shown
that early but not late administration of an NGF seques-
tering antibody can prevent the onset of tumour-induced
nerve sprouting in a mouse model of CIBP.20 Here,
pharmacological TrkA inhibition began on Day 7 after
intrafemoral cancer cell inoculation, corresponding with
initial behavioural indications of CIBP. This time point

Figure 8. AG879 attenuates tumour-induced femoral osteolysis. (a) Quantification of bone osteolysis in the ipsilateral femurs at end
point of all treatment groups on 0 to 3 radiographic analysis scale. Numbers represent: (0) normal bone, no visible lesion; (1) minor loss of
bone density, marginal lesion; (2) considerable loss of bone density, lesion limited to bone trabeculae and cortex; (3) substantial loss of
bone density, lesion suggests periosteal involvement and/or fracture. Osteolytic scores are expressed as total percentage per treatment
group in each score category at end point, *significantly different from sham, a¼ 0.05. Representative hematoxylin and eosin staining of
ipsilateral femurs in vehicle (d) and PLX3397-treated (f) tumour-inoculated mice at end point, 10� magnification. Boxed areas indicate
areas of tumour invasion, inserts depict enlarged tumour cell boxes at 60� magnification, arrow heads indicate osteoclasts.
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Figure 9. AG879 inhibits xCTexpression in 4T1 murine carcinoma cells. Immunocytochemical staining of xCT in murine 4T1 mammary
carcinoma cells in vitro at 60� magnification (a). Immediately adjacent serial sections to hematoxylin and eosin-stained femurs were
stained for nuclei (blue), cytokeratin 7 (CK7) and xCT (green) and imaged using EVOS FL Cell Imaging System at 10� dry (b) and 60� oil
(c–e) immersion lenses: double-label immunofluorescent staining of epithelial marker CK7 and xCT in representative tumour-inoculated
animals (b), vehicle- (c) and AG879-treated (d) tumour-bearing femurs and sham control (e).
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represents a relative late administration regimen to
mimic what is seen clinically, as patients are often not
diagnosed until metastases have progressed to an
advanced, often painful, state. The ability of AG879 to
partially mitigate, but not abolish, nociceptive behav-
iours when administered relatively late, with the onset
of pain, suggests that irreversible damage to the bone
microenvironment may have already occurred, but that
this inhibitor nevertheless had subsequent effects on
additional targets implicated in nociception.

The cystine-coupled export of glutamate through
system xC

� bears additional significance within the ner-
vous system, as it represents a non-vesicular route
by which this excitatory neurotransmitter can activate
glutamate receptors on sympathetic nerve fibres, partic-
ularly those present in extrasynaptic locales. While glu-
tamate is recognized as a ubiquitous cell signalling
molecule and critical intercellular neurotransmitter,
excessive glutamate efflux produces an excitotoxic envi-
ronment. One means by which glutamate may directly
contribute to nociception is by acting on adjacent affer-
ent nociceptive neurons within the bone. Another means
by which glutamate evokes nociception is by influencing
many aspects of metabolic homeostasis during normal
bone remodelling,47,53,54 affecting the communication
between osteoblasts and osteoclasts, which maintain a
delicate balance of bone formation and resorption,
respectively.37,54 The disruption of glutamatergic signal-
ling within the bone microenvironment influences cell
differentiation55,56 and function.47,57,58 In the presence
of bone metastases, the balance between bone formation
and degradation is disturbed.59 Disruption of this
homeostasis by the aberrant increase in glutamate
released from breast cancer cells into the bone microen-
vironment leads to excessive osteoclastogenesis60–62 and
reduced bone mineralization.63 Given that glutamate
released by system xC

� can directly stimulate adjacent
afferent nociceptors, disrupt normal bone remodelling
and inhibit bone mineralization, the observed delay
until the time of onset of nociception is a logical conse-
quence of inhibiting system xC

�. Accordingly, the
reduced osteolysis seen in AG879-treated animals, rela-
tive to untreated tumour-bearing animals, is reflective of
the observed delay in nociceptive behaviours and reduc-
tion in functional system xC

� activity seen in the in vivo
and in vitro data, respectively and cumulatively suggests
that TrkA may be implicated in the osteolytic contribu-
tion to cancer pain.

Our group has reported on the antinociceptive effects
of the steric system xC

� inhibitor, sulfasalazine (SSZ) in
a validated model of CIBP in which SSZ delayed
the onset of tumour-induced nociception,6 an outcome
which has since been validated in a syngeneic mouse
model.7 However, despite its efficacy in animal models
of CIBP, SSZ has limited translational capacity given the

poor bioavailability of the parent drug relative to its
metabolites. Furthermore, side effects of SSZ mirror
many of the symptoms already observed in cancer
patients, including nausea, vomiting and anorexia,
symptoms which ought to be controlled, not exacerbat-
ed. Therefore, although system xC

� is a promising phar-
macological target for the treatment of CIBP, novel
inhibitors are needed to better manage this pain without
the negative side effects that accompany SSZ.

The present study corroborates the role of aberrant
glutamate secretion through system xC

� in breast CIBP
and suggests the possibility of a feedback loop between
NGF and system xC

�. The role of glutamate in cancer
cell metabolism and the effects of NGF on system
xC

�-mediated glutamate output suggest that this connec-
tion may be vital to the progression of cancer pain.
The relationship between TrkA and system xC

� is an
important link in elucidating breast cancer-induced
pain signalling. The present study supports the pharma-
cological inhibition of glutamate release to limit nocicep-
tion and connects increases in glutamate release to
previously unrelated increases in NGF. This study sug-
gests that the actions of NGF extend beyond its conven-
tionally recognized roles of neuronal survival and
differentiation. Indirectly inhibiting system xC

� through
the pharmacological modulation of TrkA therefore
presents a valuable target for therapeutic intervention
in the treatment of cancer pain.
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