
Biochemical Pharmacology 116 (2016) 11–21
Contents lists available at ScienceDirect

Biochemical Pharmacology

journal homepage: www.elsevier .com/locate /b iochempharm
Gallium, a promising candidate to disrupt the vicious cycle driving
osteolytic metastases
http://dx.doi.org/10.1016/j.bcp.2016.06.020
0006-2952/� 2016 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: INSERM U791, Faculté de Chirurgie Dentaire, 1, place
Alexis Ricordeau, 44042 Nantes France.

E-mail address: elise.verron@univ-nantes.fr (E. Verron).
1 JCS and EV contributed equally to the supervision of the study.
Ivana Strazic-Geljic a,b, Iva Guberovic c, Blanka Didak c, Heidy Schmid-Antomarchi a, Annie Schmid-Alliana a,
Florian Boukhechba a,b, Jean-Michel Bouler d, Jean-Claude Scimeca a,1, Elise Verron c,⇑,1
aUniversité Côte d’Azur, CNRS, INSERM, iBV, France
bGRAFTYS SA, 13854 Aix en Provence, cedex 3, France
c INSERM, U791, LIOAD, Nantes F-44042, France
dUniversité Nantes, CNRS, Nantes, France

a r t i c l e i n f o a b s t r a c t
Article history:
Received 6 March 2016
Accepted 30 June 2016
Available online 1 July 2016

Keywords:
Breast cancer
Bone metastases
Gallium
Osteoclastogenesis
MDA-MB-231 cells
MDA-231BO cells
Bone metastases of breast cancer typically lead to a severe osteolysis due to an excessive osteoclastic
activity. On the other hand, the semi-metallic element gallium (Ga) displays an inhibitory action on
osteoclasts, and therefore on bone resorption, as well as antitumour properties. Thus, we explored
in vitro Ga effects on osteoclastogenesis in an aggressive bone metastatic environment based on the
culture of pre-osteoclast RAW 264.7 cells with conditioned medium from metastatic breast tumour cells,
i.e. the breast tumour cell line model MDA-MB-231 and its bone-seeking clone MDA-231BO. We first
observed that Ga dose-dependently inhibited the tumour cells-induced osteoclastic differentiation of
RAW 264.7 cells. To mimic a more aggressive environment where pro-tumourigenic factors are released
from bone matrix due to osteoclastic resorption, metastatic breast tumour cells were stimulated with
TGF-b, a mayor cytokine in bone metastasis vicious cycle. In these conditions, we observed that Ga still
inhibited cancer cells-driven osteoclastogenesis. Lastly, we evidenced that Ga affected directly and
strongly the proliferation/viability of both cancer cell lines, as well as the expression of major osteolytic
factors in MDA-231BO cells.
With the exception of two small scale clinical studies from 1980s, this is the first time that antitumour

properties of Ga have been specifically studied in the context of bone metastases. Our data strongly sug-
gest that, through its action against the vicious cycle involving bone cells and tumour cells, Ga represents
a relevant and promising candidate for the local treatment of bone metastases in patients with breast
cancer.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Bone tissue is one of the most favoured sites for breast tumour
metastases, and bone lesions are preferentially localized in spine
and pelvic bone [1]. Patients diagnosed with advanced breast
cancer mostly develop bone metastases characterized by severe
osteolytic lesions [2–4]. Subsequently, bone metastases lead to
severe bone pain, bone instability, fractures, spinal cord compres-
sion, hypercalcaemia and bone marrow aplasia [5]. As described
in a retrospective study including 617 women with breast cancer,
52% experienced at least one of these skeletal-related events (SREs)
[6]. Focussing on spinal metastases, about 20% of cases exhibited
neurological deficit symptoms due to: (i) mechanical compression
of spinal cord directly by the tumour or caused by the displace-
ment of bone fragments, kyphotic deformity; (ii) vascular insuffi-
ciency as a consequence of segmental artery occlusion by tumour
emboli, venous thrombus, and spinal cord injury due to oedema
caused by internal haemorrhage of spinal cord. Consequently, it
appears crucial to propose therapeutic solutions for the treatment
of SREs since their development considerably affects patients’
quality of life and in some cases increases the risk of death [7].

Bone homoeostasis is regulated through a balanced communi-
cation between the major cells forming and remodelling bone tis-
sue, i.e. osteoclasts, osteoblasts and osteocytes. Breast tumour cells
invasion into bone shifts the balance of bone turnover to favour
resorption processes through an enhanced osteoclast activity [8].
Indeed, breast cancer cells promote the formation and the activity
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of osteoclasts by secreting osteolytic cytokines including parathy-
roid hormone-related peptide (PTHLH), tumour necrosis factor-a
(TNF-a), interleukins (such as IL-8 and IL-11), as well as matrix
metalloproteinases that are involved in bone protein matrix
destruction [9]. In addition, breast cancer cells negatively affect
osteoblasts in terms of proliferation and activity leading to a
decrease of bone formation [3]. Consecutively to the development
of breast cancer cells-induced osteolytic lesions, regulatory growth
factors stored in large quantities within bone tissue are massively
released, thus creating a vicious cycle. Among these factors locally
available, transforming growth factor-b (TGF-b) is the most
implied in tumour cells activation [3,10–12]. As postulated by
Stephen Paget, this microenvironment can be considered as a soil
that provides a favourable niche for the growth and the develop-
ment of tumour cells [13]. In turn, tumour cells produce angiogenic
factors such as vascular endothelial growth factor (VEGF) [8,14,15].
This phenomenon stimulates tumour neovascularization, which
favours oxygen and nutriments supply, as well as tumour cells
dissemination. By contrast, it has been demonstrated that VEGF
is crucial for bone repair and regeneration by promoting macro-
phage recruitment and angiogenic responses during the inflamma-
tion process [16,17]. Indeed, administering exogenous VEGF has
been shown to increase formation of mineralized bone within bone
defects [18,19].

In terms of therapeutic options, the disruption of the vicious
cycle described above represents a promising therapeutic strategy.
This could be achieved by interfering with the crosstalk between
cancer cells and osteoclasts, with a view to reduce osteolytic bone
lesions and to limit tumour cells growth at the bone metastatic
site. In this attempt, the semi-metallic element gallium (Ga) could
be a relevant candidate for the prevention or the treatment of bone
metastases due to (i) its chemical affinity for biological hydroxya-
patite, (ii) its antiresorptive activity [20] and (iii) its clinical appli-
cation in few patients with cancer [21]. Indeed, Ga significantly
decreases osteoclasts differentiation and activity, without nega-
tively interacting with osteoblasts [22], and through the decrease
of RANKL-induced initial expression and auto-amplification of
NFATc1, the master gene driving osteoclastogenesis [23].
Moreover, through transferrin-dependent and -independent mech-
anisms, Ga accumulates at sites of accelerated cellular proliferation
including malignant tissue [24]. Once internalized into tumour
cells, Ga blocks DNA synthesis and alters plasma membrane per-
meability and mitochondrial functions, these events leading to cell
apoptosis [24,25]. Ga antineoplastic activity has been demon-
strated in lymphoma and bladder cancer [21]. Among the few stud-
ies related to bone tumours, Warrel et al. evaluated the clinical
effects of gallium nitrate on biochemical parameters of accelerated
bone turnover in 22 patients with bone metastases [26,27]. They
showed that subcutaneous administration of Ga nitrate once daily
for 2 weeks reduced several bone parameters such as urinary cal-
cium excretion and hydroxyproline. Interestingly, similar findings
were also observed in patients with osteoblastic disease related
to prostate carcinoma [28]. These first clinical data strongly sug-
gested that Ga can be effective in reducing morbid skeletal events
associated with bone metastases, and that may considerably
improve the mobility and finally the quality of life of patients. To
the best of our knowledge, there are no recent studies evaluating
the potential of gallium compounds in bone metastatic context.

Considering Ga antineoplastic potential together with its inhibi-
tory action on osteoclastogenesis and bone resorption, we were
interested in evaluating its effects on (i) one of the most aggressive
human breast carcinoma cell line (MDA-MB-231 cells), character-
ized by the absence of expression of receptor of oestrogen and its
high ability to metastasize to bone tissue, and (ii) on its specific
bone-seeking clone MDA-231BO cells. Thus, taking advantage of
a model established by Guo et al. [29], we designed experiments
associating cancer cell lines and RAW 264.7 monocytes. Based on
this system, we studied Ga impact on the crosstalk occurring
between cancer cells prone to spread to bone (MDA-MB-231 and
MDA-231BO cells) and precursor cells able to resorb bone tissue
upon their differentiation into osteoclasts (RAW 264.7 cells).
2. Materials and methods

2.1. Materials

Alpha Minimum Essential Medium (a-MEM) and Dulbecco’s
Modified Eagle’s Medium (DMEM), glutamine, antibiotics
(penicillin: 100 units/mL and streptomycin: 100 lg/mL),
Phosphate Buffered Saline (PBS) and trypsin/EDTA were obtained
from Gibco (Paisley, UK) and Trypan blue from Invitrogen (Paisley,
UK). Hyclone serum for cells culture was obtained from Thermo
Scientific (Braunschweig, Germany). Ga nitrate, TGF-b1, dimethyl
sulphoxide (DMSO), sodium dodecyl sulphate (SDS), hydrochloric
acid (HCl), TRAP staining kit (cat. no. 386) and 3-(4.5-dimethylthia
zol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) assay were pro-
vided by Sigma (Saint Quentin Fallavier, France). Mouse effector
GST-RANKL was produced as previously described [30], and a
GST protein was produced and purified using the same protocol
and was used as a control. qRT-PCR experiments were performed
using: NucleoSpin RNA II kit provided by Macherey-Nagel (Duren,
Germany); RT Mix containing primers, oligo dTs, RT buffer and RT
enzyme were purchased from Invitrogen Corp. (Paisley, UK);
nuclease-free water (Amidon, USA); MasterMix from Applied
Biosystems (Foster City, USA). Enzyme-linked immunosorbent
assay (ELISA) kits for in vitro dosage of MMP-9 (SEA553Hu) and
TGFBR1 (SEA397Hu) were provided by Cloud-Clone Corporation
(Euromedex, Strasbourg, France).

2.2. Cell culture

The mouse monocyte cell line RAW 264.7 was obtained from
ATCC (Ref. # TIB-71; LGC Standards, Molsheim, France). Cells were
cultured in DMEM containing 5% Hyclone serum and 1% penicillin/
streptomycin. For osteoclast differentiation experiments, RAW
264.7 cells were seeded at 5000 cells/cm2 in a-MEM containing
5% Hyclone serum and effectors were added immediately. RANKL
(Receptor Activator of Nuclear Factor-B Ligand) was used at
20 nM. Cells were cultured for four days with a renewal of the
medium at day 2.

The oestrogen-independent human breast adenocarcinoma cell
line MDA-MB-231 was obtained from ATCC. Cells were cultured in
DMEMmedium supplemented with 5% of Hyclone serum and 1% of
antibiotics [31].

The bone-seeking MDA-231BO clone established from
MDA-MB-231 cell line [32] was kindly provided by Dr. Toshiyuki
Yoneda (University of Texas Health Science Center at San Antonio).
Cells were cultured in glutamine-supplemented DMEM medium
plus 5% Hyclone serum and 1% of antibiotics.

2.3. Preparation of conditioned medium (CM)

MDA-MB-231 and MDA-231BO cells were plated in T-75 cul-
ture flasks and cultured as described previously. Conditioned
media (CMs) were collected from cells stimulated (+) or not (�)
with TGF-b1. Briefly, when cells reached confluence, they were
deprived of growth factors by an overnight incubation in the
presence of 0.1% serum before a 20 h treatment with 10 ng/ml of
TGF-b1 (+) or its vehicle (�, control condition). CMs were then
collected, filtrated using a 0.22 lm pore size filter and stored at
�20 �C.
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2.4. RAW 264.7 cells differentiation in the presence of conditioned
medium

For differentiation experiments, RAW 264.7 cells were washed
with pre-warmed PBS prior to a 4-day treatment with RANKL.
Depending on the conditions, cell cultures were supplemented at
the same time with 10% CM from MDA-MB-231 or MDA-231BO
cell culture, and gallium at various concentrations.

2.5. Tartrate resistant acid phosphatase (TRAP) staining

RAW 264.7 cells were rinsed gently with pre-warmed PBS
before fixation, and TRAP staining was performed using the Acid
Phosphatase Leucocyte kit according to the manufacturer’s instruc-
tions to detect the presence of TRAP-positive cells. Stained cells
were observed using a light microscope (Axioplan 2, Zeiss,
Germany) and TRAP-positive multinucleated cells containing at
least three nuclei were counted as osteoclasts. In addition, the area
of TRAP-positive multinucleated cells was determined by analysis
in ImageJ software. To further quantify the TRAP staining, DMSO
(200 ll per well) was added, and the plate was centrifuged for
15 min at 150 rpm at room temperature in dark. Finally, optical
density at 562 nm was read.

2.6. Proliferation assay

Bone metastatic MDA-MB-231 and MDA-231BO cells were
seeded at a density of 20,000 cells/cm2 and treated with 100, 200
and 300 lM Ga during three days. Cellular proliferation was quan-
tified by scoring cells manually after Trypan blue staining. Results
were expressed as a mean ± SD of three independent counts.

2.7. Viability assay

Bone metastatic MDA-MB-231 and MDA-231BO cells were
seeded at a density of 20,000 cells/cm2 and treated with 100, 200
and 300 lM Ga during three days. At days 1, 2 and 3 of culture,
cells were rinsed two times in phosphate-buffered saline (PBS),
and incubated in 0.5 mg/ml of 3-(4.5-dimethylthiazol-2-yl)-2.5-di
phenyltetrazolium bromide (MTT) for 1 h in cell incubator. MTT
was aspirated delicately and 0.3 ml of lysis buffer (sodium dodecyl
sulphate-SDS) 10%, HCl 0.01 N) was added/well and left overnight
in dark at room temperature. Supernatants were then centrifuged
2 min at 20,000g, and absorbance at 562 nm was measured in
100 ll.

2.8. Culture of bone metastatic MDA-MB-231 and MDA-231BO cells
for Ga/TGF-b experiments

For PCR experiments, 1.5 � 106 bone metastatic MDA-MB-231
and MDA-231BO cells were seeded in F-75 flasks. For ELISA
Table 1
Human primers for qPCR.

Gene Forward primer (50–>30)

CXCR4 GCAGCAGGTAGCAAAGTGAC
CTSK TGAGGCTTCTCTTGGTGTCCATAC
HPRT1 TGACCTTGATTTATTTTGCATACC
IL6 ATGTAGCCGCCCCACACA
IL11 AGTTTCCCCAGACCCTCGG
MMP9 CCTGGAGACCTGAGAACCAATC
MMP13 ACCAGACTTCACGATGGCATT
PTHLH TCGAGGTTCAAAGGTTTGCCT
RANKL CTCAGCCTTTTGCTCATCTCACT
TNF ATCTTCTCGAACCCCGAGTGA
TGFBR1 TCCAACTACTGTAAAGTCATCACC
VEGFA GCAGCTTGAGTTAAACGAACG
experiments, 30,000 cells/cm2 were seeded into mw24 plates.
Regardless the experiments, cells were cultured 4 days, with
medium renewal at day 2, in the presence of Ga or vehicle. After
an overnight starvation period, cells were treated 20 h with
TGF-b1 (10 ng/mL) or vehicle. For cells initially treated with Ga,
the treatment was maintained during the starvation period and
the TGF-b1 treatment.
2.9. Quantitative real-time PCR

For RNA isolation, cells were lysed and RNA was isolated using
NucleoSpin RNA II kit according manufacturer’s instructions. RNA
quantification and samples purity were determined on NanoDrop
1000 (Thermo Scientific, Courtaboeuf, France).

For reverse transcription, 1 lg of isolated RNA, random primers,
StrataScript enzyme, oligo dT and nuclease free water were used.
Reaction setup was 25 �C for 10 min, 50 �C for 30 min and 85 �C
for 5 min (Thermocycler Eppendorf, Le Pecq, France). qRT-PCR
was conducted with 25 ng of cDNA, ROX and SYBER GREEN dyes,
gene specific primers, and nuclease free water. Controls consisted
in samples without cDNA (NTC) and samples without RT enzyme
(NRT). The following temperature profile was used: 40 cycles of
30 s at 95 �C, 1 min at 60 �C and 30 s at 72 �C. Amplification curves
were analysed using the MxProV3 software (Stratagene). PCR
products with Ct over 35 cycles were considered as undetectable.
The delta Ct (dCt) (cycle threshold) method was used to calculate
relative expression levels. Cycle thresholds were normalized using
Hypoxanthine Phosphoribosyltransferase 1 (HPRT1) gene expres-
sion. Results are expressed as fold change in gene expression rela-
tive to control conditions after normalization.

qPCR primers are listed in Table 1. Gene symbols
(abbreviations) are as follows: CXCR4, Chemokine (C-X-C Motif)
Receptor 4; HPRT1, Hypoxanthine Phosphoribosyltransferase 1;
MMP9, Matrix Metalloproteinase 9; MMP13, Matrix Metallopro-
teinase 13; PTHLH, Parathyroid Hormone-Like Hormone; TGFBR1,
Transforming Growth Factor Beta Receptor 1; VEGFA, Vascular
Endothelial Growth Factor A, RANKL, Receptor Activator of Nuclear
Factor-B Ligand; CTSK, Cathepsin K; IL-6, Interleukin-6; IL-11,
Interleukin-11; TNF-a, Tumour necrosis factor-alpha.
2.10. ELISA dosage

For MMP-9, cell culture supernatants were collected from step
2.8 and centrifuged for 20 min at 1000g. For TGFBR1, cells were
lysed by following the manufacturer’s instructions. All samples
were stored at �20 �C. Briefly, MMP-9 and TGFBR1 were measured
using a sandwich ELISA technique according to the manufacturer’s
instructions. Detection assay is based on the horseradish peroxi-
dase colorimetric reaction by adding TMB substrate. Absorbance
was read at 450 nm immediately.
Reverse primer (50–>30) GI

GAAGTGTATATACTGATCCCCTCCA 56790928
AAAGGGTGTCATTACTGCGGGG 315075295
CGAGCAAGACGTTCAGTCCT 164518913
CCAGTGCCTCTTTGCTGCTT 969812508
AATCCAGGTTGTGGTCCCC 391353405
CCACCCGAGTGTAACCATAGC 74272286
CCCAGGAGGAAAAGTATGAG 296010793
CAGGTTGGAGGCGAGTTGAA 299829203
CCAAGAGGACAGACTCACTTTATGG 197927084
GGAGCTGCCCCTCAGCTT 395132451
AAGCACACTGGTCCAGCAAT 170014713
GGTTCCCGAAACCCTGAG 71051577
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2.11. Statistical analysis

Results are expressed as mean ± standard deviation of three
determinations, and are representative of at least three indepen-
dent experiments. The statistical differences between two
independent groups were evaluated using the Mann & Whitney
test (bi-directional analysis). Comparative analysis of more than
two independent groups was performed using the Kruskal–Wallis
test (bi-directional analysis). The differences measured were con-
sidered to be statistically significant for p < 0.05.
3. Results

3.1. Effect of Ga on metastatic breast tumour cells-induced osteoclast
formation

3.1.1. RAW 264.7 cells differentiation in basal condition (Fig. 1)
Our preliminary studies indicated that 10% of conditioned

medium (CM) from breast cancer cells significantly increased
(by 62%) RANKL-induced osteoclast formation as compared to
RAW 264.7 cells treated with RANKL alone during 4 days (data
not shown). Based on this result, we used in the present study
10% of CM isolated from MDA-MB-231 and MDA-231BO cells cul-
ture (Figs. 1 and 2).

For both cell lines, the concomitant addition of 10% CM and
20 nM RANKL led to a significant increase in the number of
multinucleated TRAP+ cells as compared to cells treated with
20 nM RANKL alone (Fig. 1A, #). Moreover, for both cell lines again,
TRAP+ cells were bigger and contained more nuclei in the presence
of CM (Fig. 1B, #).

We next evaluated Ga impact on CM-induced osteoclast
differentiation. As shown in Fig. 1C, a 4-day treatment with Ga
reduced the number of mature osteoclasts in a dose-dependent
manner. For example, as compared to the untreated conditions,
10 lM Ga inhibited the number of multinucleated TRAP+ cells
by 18% and 37% in MDA-MB-231 and MDA-231BO cells
respectively. This alteration in the number of mature osteoclast
was confirmed by the TRAP dosage performed using cell lysates
(Fig. 1D).
3.1.2. RAW 264.7 cells differentiation in TGF-b1-stimulated condition
(Fig. 2)

With a view to mimic a more aggressive tumour environment,
CMs were prepared from TGF-b1-stimulated MDA-MB-231 and
MDA-231BO cells, as described in Section 2. For better clarity
and ease of explanation, these conditioned media are cited as
CMTGFb1. Similarly to the previous observation, treating cells con-
comitantly with CMTGFb1 and 20 nM RANKL significantly stimu-
lated the formation of TRAP+ multinucleated cells as compared
to cells treated with 20 nM RANKL alone (Fig. 2A, #). As depicted
in Fig. 2B (both panels), mature osteoclasts were bigger in the pres-
ence of CMTGFb1 from both cancer cell lines.

We next embarked on experiments to document Ga impact on
osteoclastic differentiation in the presence of CMTGFb1. The
CMTGFb1-induced formation of mature osteoclast cells was signifi-
cantly reduced in a dose-dependent manner and the number of
multinucleated TRAP+ cells was reduced by 34% (MDA-MB-231)
and 56% (MDA-231BO) when cells were treated with 10 lM Ga
(Fig. 2C). Regardless of the doses tested, Ga deleterious effects were
in accordance with TRAP staining quantification in cellular extracts
(Fig 2D). Interestingly, cells in this TGF-b1-containing environment
seemed more sensitive to Ga effects as compared to cells cultured
in the absence of TGF-b1 (Fig. 1C).
3.2. Direct effect of Ga on metastatic breast tumour cells

3.2.1. Effect of Ga on metastatic breast tumour cells proliferation and
viability

To determine whether Ga may also directly affect metastatic
breast tumour cells, we first explored Ga impact on the viability
and the proliferation of both cellular clones. As compared to cells
treated with vehicle, Ga treatment induced a dose-dependent
decrease of viability of both MDA-MB 231 and MDA-231BO cells
(Fig. 3A). These effects were accompanied by a dose-dependent
inhibition of cellular proliferation (Fig. 3B), and as expected, they
were more pronounced after 72 h of Ga treatment. Regarding the
type of cells, we did not observe any difference of sensibility in
response to Ga treatment.

3.2.2. Effect of Ga on critical tumoural marker genes expression
Since both cell lines display similar responses to Ga treatment,

and with respect to our clinical objective (i.e. bone metastases), we
decided to focus our next experiments exclusively on the bone-
seeking clone MDA-231BO.

3.2.2.1. Basal condition (absence of TGF-b). To determine Ga impact
on MDA-231BO cells osteolytic potential, we quantified the
expression level of major tumour cells-produced pro-
osteoclastogenic factors, including PTHLH and RANKL. As shown
in Fig. 4, PTHLH gene expression was reduced by 71% in the pres-
ence of 100 lM Ga. By contrast, 100 lM Ga did not affect the
expression of RANKL gene. We then focussed on a group of genes
encoding proteases involved in the degradation of bone tissue
organic matrix (MMP9, MMP13 and CTSK). We found that 100 lM
Ga significantly diminished the expression of MMP9 by 69% and
CTSK by 45%. Although we observed a slight decrease in MMP13
expression as well, the result was not found to be significant. As
VEGFA is one of the most representative marker of angiogenesis,
we next wanted to decipher whether Ga may alter its expression,
and we observed that 100 lMGa significantly enhanced its expres-
sion level by approximately 2.2-fold time. Similarly, CXCR4 recep-
tor gene expression was increased (3-fold) in the presence of Ga,
whereas TGFBR1 receptor expression was inhibited by 79% as com-
pared to untreated cells. Regarding the expression of several
cytokines involved in osteoclastogenesis such as IL-6, IL-11 and
TNFL, their expression was considerably reduced in the presence
of 100 lM Ga.

Finally, by performing an ELISA assay, we verified whether
these modifications of gene expression could be observed at the
protein level as well, focusing on TGFR1 since its expression was
strongly altered upon Ga treatment. In accordance with our
RT-PCR results, we measured a 32% reduction of TGFR1 protein
expression.

3.2.2.2. TGF-b stimulated condition (CMTGFb1). As explained previ-
ously, TGF-b released from bone matrix plays a pivotal role in bone
metastases environment. To our knowledge, this is the first time
that the impact of TGF-b on MDA-231BO gene profile is docu-
mented using RT-qPCR experiments (Fig. 4). Depending on the
gene, different situations were observed. In response to TGF-b
stimulation, we observed a significant increase of the expression
of genes such as MMP9, MMP13, VEGFA and CXCR4. By contrast,
gene expression of PTHLH, CTSK, TGFBR1 and cytokines including
IL-6, IL-11 and TNFL tended to decrease. Lastly, RANKL gene expres-
sion was not impacted by TGF-b treatment.

Under these conditions of TGF-b1 stimulation, Ga treatment
still inhibited PTHLH gene expression by 33%, MMP9 by 80%,
MMP13 by 35% and TGFBR1 by 27%, while RANKL expression
increased and CXCR4 and VEGFA expression remained significantly



Fig. 1. Ga effect on RAW 264.7 cells differentiation in the presence of conditioned medium from breast tumour cells: basal condition. (A) RAW 264.7 cells were treated during
4 days with 20 nM RANKL (+) or its vehicle (�), concomitantly treated with (+) or without (�) 10% conditioned medium (CM) previously isolated from MDA-MB-231 cells or
MDA231-BO cells. Multinucleated TRAP+ cells that contained at least 3 nuclei were considered as mature osteoclast. (B) Left panel: TRAP staining of RAW 264.7 cells treated
during 4 days w/o 20 nM RANKL and 10% CM (scale bar = 200 lm). Right panel: ImageJ quantitative analysis of the area of multinucleated TRAP+ cells (lm2). (C) Ga effect on
RAW 264.7 cells differentiation. Cells were cultured for 4 days with increased doses of Ga and in presence of 20 nM RANKL and 10% CM previously isolated from untreated
MDA-MB-231 cells and MDA231-BO cells. (D) TRAP dosage of cellular extracts. Results are normalized according to TRAP+ cell number in 0 lM Ga condition. *p < 0.05,
statistically significant compared to Ga-untreated cells; #p < 0.05, statistically significant compared to cells treated with 20 nM RANKL alone.
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Fig. 2. Ga effect on RAW 264.7 cells differentiation in the presence of conditioned medium from breast tumour cells: TGF-b1-stimulated condition (CMTGFb1). (A) RAW 264.7
cells were treated during 4 days with 20 nM RANKL (+) or its vehicle (�), concomitantly treated with (+) or without (�) 10% conditioned medium previously isolated from
10 ng/mL TGF-b1-stimulated MDA-MB-231 cells or MDA231-BO cells (CMTGFb1). Multinucleated TRAP+ cells that contained at least 3 nuclei were considered as mature
osteoclast. (B) Left panel: TRAP staining of RAW 264.7 cells treated during 4 days w/o 20 nM RANKL and 10% CM (scale bar = 200 lm). Right panel: ImageJ quantitative
analysis of the area of the multinucleated TRAP+ cells (lm2). (C) Ga effect on RAW 264.7 cells differentiation. Cells were cultured for 4 days with increased doses of Ga in the
presence of 20 nM RANKL and 10% CMTGFb1. (D) TRAP dosage of cellular extracts. Results are normalized according to TRAP+ cell number in 0 lM Ga condition. *p < 0.05,
statistically significant compared to untreated cells; #p < 0.05, statistically significant compared to cells treated with 20 nM RANKL alone.
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Fig. 3. Ga effect on breast tumour cells viability and proliferation. Effects of increasing doses of Ga on viability (A) and proliferation (B) of MDA-MB-231 and MDA231-BO
cells. Cells were treated with 100, 200 and 300 lM Ga or vehicle for 24, 48 and 72 h. Results are normalized according to the untreated condition. *p < 0.05, statistically
significant compared to untreated cells.
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stimulated. By contract, Ga effects on CTSK and cytokines
(IL-6, IL-11 and TNFL) genes were reversed, and we observed an
upregulation of their expression.

Finally, since it appeared to be strongly down-regulated, an
ELISA assay was conducted to quantify MMP-9 protein content in
TGF-b1 stimulated condition. As shown in Fig. 4, MMP-9 protein
expression was reduced by 44% in presence of 100 lM Ga.

4. Discussion

Bone metastases of breast cancer typically lead to a severe oste-
olysis due to an excessive osteoclast activity. Considering its bone
affinity, as well as its inhibitory action on bone resorption, we
decided to explore the in vitro Ga effects on osteoclastogenesis in
a bone metastatic environment. Experiments were conducted
using the breast tumour cell line model MDA-MB-231, and its
bone-seeking clone MDA-231BO. We stimulated RAW 264.7 cells
with breast cancer-derived factors by using conditioned medium
(CM) isolated from breast tumour cell culture and, similarly to
Guo et al. [29], we observed that factors derived from breast cancer
cells supported mature osteoclasts formation from RANKL-primed
precursors in the absence of supporting cell types. According to
Gallet et al., MDA-MB-231 cells release several soluble factors such
as macrophage colony-stimulating factor (M-CSF) and parathyroid
hormone-related protein (PTHLH), which both act on osteoclasto-
genesis andmature osteoclast survival [33]. We demonstrated here
that, under these conditions, Ga inhibited in a dose-dependent
manner the tumour cell-induced formation of mature osteoclasts.
With a view to mimic a more aggressive environment where
pro-tumourigenic factors are released from bone matrix due to
osteoclastic resorption, metastatic breast tumour cells were stimu-
lated with TGF-b. In these conditions, we observed that Ga still
inhibited cancer cells-driven osteoclast differentiation. To summa-
rize, our results clearly evidence that Ga may disturb the vicious
circle between bone cells and breast cancer cells by preventing
the release of pro-tumourigenic factors from bone matrix (Fig. 5).

We were next interested in deciphering whether Ga could
impact directly metastatic breast cancer cells; and we focussed
our experiments on the bone-seeking clone MDA-231BO. We first
confirmed previous results published by Yoneda et al. [32]
concerning the greater production of PTHLH by MDA-231BO as
compared to the parental MDA-MB-231 clone (data not shown).
Further supporting the interest of using this cell clone in experi-
ments related to a bone metastases context, this phenotypic
change allows breast cancer cells to survive, proliferate into bone
and promote osteoclastic resorption, which in turn leads to the
establishment of severe osteolytic bone metastases. Importantly,
we observed that Ga inhibited in a dose-dependent manner the
proliferation and the viability of these bone metastatic breast
tumour cells.

To ascertain whether Ga may also affect the activity of these
aggressive cells in terms of angiogenesis, invasion, and osteolysis,
we next embarked on quantifying the expression of critical marker
genes. We evaluated Ga impact on the major osteolytic marker
PTHLH, which is mainly produced by bone metastatic cells. In fact,
while 60% of primary breast tumours express PTHLH, 90% of their



Fig. 4. Ga effect on gene expression in bone-seeking MDA-231BO tumour cells MDA-231BO cells were cultured 4 days in the presence of 100 lM Ga or its vehicle, with
medium renewal at day 2, then serum-starved overnight and treated 20 h with TGF-b1 (10 ng/mL) or its vehicle. For cells initially treated with Ga, the treatment was
maintained during starvation and TGF-b1 treatment. Results are reported as fold change in gene expression relative to untreated cells (0 lM Ga/-TGF-b1) after normalization
against HPRT-1. *p < 0.05, statistically significant compared to untreated cells; #p < 0.05, statistically significant compared to untreated and TGF-b1-unstimulated cells.

Fig. 5. Ga effect on protein expression in bone-seeking MDA-231BO tumour cells. MDA-231BO cells were cultured 4 days in the presence of 100 lM Ga or its vehicle, with
medium renewal at day 2, then serum-starved overnight and treated 20 h with TGF-b1 (10 ng/mL) or its vehicle. For cells initially treated with Ga, the treatment was
maintained during starvation and TGF-b1 treatment. Results are normalized according to the untreated condition. *p < 0.05, statistically significant compared to untreated
cells.
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bone metastases display PTHLH expression, compared to 17% when
they are located at non-bony sites [34]. As evidenced by our results,
Ga may directly impact MDA-231BO cells osteolytic properties
through the reduction of PTHLH (71%) gene expression in basal
conditions. Indeed, PTHLH upregulates the expression of RANKL
in bone marrow stromal cells, which in turn stimulates the
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differentiation and activation of osteoclasts, hence favouring
tumour progression and bone destruction [35]. Consequently,
TGF-b that is among the most abundant growth factors stored in
bone [36], is released continually into the bone marrow cavity in
the active form. In response to TGF-b, increased PTHLH production
may be one of the most critical properties for breast cancer cells to
accelerate osteolytic bonemetastasis [15,37]. Mimicking these con-
ditions, we stimulated MDA-231BO cells with TGF-b, and we found
that the expression of PTHLH gene was still inhibited by 100 lMGa.
Thus, Ga antiosteolytic activity could be mediated in part through
the downregulation of PTHLH gene expression by tumoural cells,
and in other part by disturbing the RANKL signalling pathways in
osteoclasts as described in our previous study [23].

In addition, interleukin-6 (IL-6), interleukin-11 (IL-11) and
tumour necrosis factor-alpha (TNF-alpha), which are frequently
produced by breast cancer cells, promote osteoclast development
and resorption activity at the site of breast cancer bone metastases
[38]. We evidenced that Ga blocked the expression of these cytoki-
nes in basal condition, while their expression was upregulated in
TGF-b-stimulated condition. Importantly, as evidenced by results
depicted in Fig. 2, these cytokines up-regulation in TGF-b stimu-
lated conditions was not sufficient on its own to counteract Ga
action and to enhance osteoclastogenesis. As a whole, these data
strongly support the notion that PTHLH can be considered as a
major osteolytic factor, which inhibition takes priority over the
upregulation of IL-6, IL-11 and TNF-alpha cytokines.

By hydrolysing components of the extracellular matrix (ECM),
Matrix MetalloProteinases (MMPs) are zinc-dependent endopepti-
dases, which play a pivotal role in the migration, the invasion and
the development within bone tissue of breast carcinoma cells [15].
In accordance with this, it has been shown that MMP9 expression
was much higher in the MDA-231BO bone-seeking clone as
compared to its parental clone MDA-MB-231 cells [32,39,40]. In
preliminary experiments, we confirmed that MDA-231BO cells
expressed higher level of MMP9 and MMP13 as compared to par-
ental cells (data not shown). We evidence here for MMP9 and
MMP13 that Ga is able to decrease their expression by 80% and
35% respectively under TGF-b1 treatment. Among MMPs, we
focused our attention on the expression profile of MMP9 since
MMP9 has been described to play a crucial role in bone resorption
[41]. Moreover increased MMP-9 expression has been correlated
with the metastatic potential of many tumours [42], and MMP-9
positivity has been correlated with early recurrence in patients
with oestrogen receptor-negative breast cancer [43].
Consequently, by reducing MMP9 expression in both basal and
more aggressive conditions (TGF-b treatment), Ga might con-
tribute to prevent the development of massive osteolytic lesions
and to improve the prognostic for patients with bone metastases.
We were also interested in studying the expression of CTSK by
tumour cells as this protease is known to degrade extracellular
matrix including bone matrix proteins [44]. CTSK expression was
down-regulated in presence of Ga in basal condition whereas its
expression was strongly enhanced by Ga treatment under TGF-b
conditions. Before concluding that might be prejudicial for patients
with aggressive bone metastases, it is relevant to considering that
CTSK is mainly produced by osteoclasts as compared to tumour
cells. Indeed, immunolocalization of cathepsin K in breast tumour
bone metastases revealed that the invading breast cancer cells
expressed this protease at a lower intensity than osteoclasts [44].
Subsequently, bone degradation due to the contribution of CTSK
secretion by tumour cells might be not so important compared
to Ga action on osteoclastic differentiation and activity.

Anti-angiogenic therapies have raised major interest and
promises in cancer therapy in general, and more specifically for
the treatment of hyper-vascularized skeletal metastases that are
observed in patients with renal carcinoma. Indeed, cutting the
blood supply to a tumour is a pertinent approach. Ga induces
VEGFA expression regardless of the condition (basal or TGF-b-
stimulated), and this could be considered as prejudicial for the
patient. Nevertheless, taking into account that surgical manage-
ment of bone metastases requires bone reconstruction after
tumour resection, a sufficient vascularization is essential to favour
resorption/substitution of the implanted bone substitutes leading
to the formation of new bone tissue. As demonstrated by Hu
et al., VEGF plays critical role in bone repair since angiogenesis
and osteogenesis are highly coupled [17]. In fact, VEGF is required
for the early angiogenesis response and macrophage infiltration
during the initial inflammation phase. Maintaining a high local
concentration of VEGF might promote angiogenesis, osteoblast dif-
ferentiation and consequently bone formation at the repair site.
Interestingly, mesenchymal stem cells from aged mice and from
osteoporotic mice produced lesser VEGF as compared to the
healthy mice [45,46]. Similarly, associations between VEGF pro-
duction and spinal bone mineral density in postmenopausal
women have been evidenced [47]. Based on these clinical observa-
tions, local VEGF supplementation may be useful in treating the
impaired bone healing as a consequence of bone metastases. Thus,
by increasing VEGF content in bone tissue, Ga might positively
contribute to bone repair following metastases resection.

Similarly to anti-angiogenic therapies, targeting TGF-b has also
been used for cancer treatment [12,48]. Given that TGF-b has been
described to stimulate angiogenesis and to suppress immune
surveillance of tumour cells [11,49], ‘‘anti-TGF-b” strategies may
be efficient to reduce bone invasion by tumour cells. Accordingly,
different classes of TGF-b inhibitors, including monoclonal neutral-
izing TGF-b antibodies, have been tested in clinical trials for the
treatment of bone metastases [10,50]. Considering this, we wanted
to decipher whether Ga could disturb TGF-b signalling, and we
observed that Ga action could be beneficial since it down regulated
TGFBR1 gene expression. Interestingly, this result is in accordance
with the decrease of PTHLH expression we observed. Indeed, it
has been evidenced by Kakonen et al. that blocking TGF-b sig-
nalling pathway through the inhibition of Smad and mitogen-
activated protein kinase reduced TGF-b-stimulated PTHLH secre-
tion [51].

Lastly, cellular interactions between breast tumour cells and the
bone microenvironment are important to support the establish-
ment of bone metastases. Among chemokine receptors expressed
by osteotropic cancer cells to mediate their adhesion to endothe-
lium, chemokine (C-X-C motif) receptor 4 (CXCR4), the receptor
for SDF-1 (stromal cell derived factor-1, also named CXCL12) has
been shown to play a pivotal role in tumour cell homing to bone
[52,53]. Ga significantly increased CXCR4 expression in both
conditions thus possibly promoting the anchorage of metastatic
cells in the bone niche. By modulating the expression of CXCR4,
Ga would favour tumour cells retention within CXCL12-rich bone
microenvironment, this preventing their dissemination towards
other organs. And as an additional benefit, keeping metastatic cells
in close contact with Ga, which displays a strong affinity for bone
mineral, should favour Ga antitumour actions on cancer cells
that we described in this report, and which are summarized in
Fig. 6.

Based on the observation that for some markers Ga treatment
provoked a different response depending on the culture conditions,
stimulated or not with TGF-b, it is difficult to conclude about their
possible in vivo implications in the bone metastatic environment.
Nevertheless, the exhibited inhibition of tumour cell proliferation
and viability, coupled to a decrease in osteoclastogenesis, promote
the hypothesis that Ga may disrupt the vicious cycle by interfering
with the cross talk between breast cancer cells and osteoclasts,
which consequently may reduce osteolytic bone lesions and affect
tumour cells growth in bone metastases. Thus, Ga represents a



Fig. 6. Ga action in the context of bone metastases. Ga disrupts the vicious cycle driving osteolytic metastases by directly inhibiting tumour cells-stimulated
osteoclastogenesis, which in turn reduces considerably the release of TGF-b from the bone matrix. In addition, Ga impacts the expression of secreted factors (proteases,
osteolytic cytokines) of tumour cells, involved in the degradation of bone tissue. By altering the secretion of PTHLH from tumour cells, Ga may alter the RANKL
communication between osteoblasts and osteoclasts. Lastly, Ga may affect neovascularization induced by tumour cells.
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promising candidate for the local treatment of bone metastases in
patients with breast cancer.

Considering the biological doses of Ga required and its pharma-
cokinetic constraints, a smart gallium-delivery system should be
designed to optimize the bioavailability into bone tissue. In this
attempt, we developed an injectable calcium phosphate (CaP) bio-
material loaded with Ga [54]. In the field of bone metastases, CaP
based materials such as cement are well adapted since they are
bioactive and have an added value as drug carriers for bone tissue
due to their unique ability to adsorb chemical species such as Ga
[55,56]. Once injected into the bone tissue, the CaP cement will
harden in situ without providing exothermic reaction and will fill
perfectly into the bone defect. This innovative local approach could
be interesting for the following reasons. First, an appropriate CaP
biomaterial implanted after bone tumour resection (i) can immedi-
ately reinforce the mechanical properties of the weakened bone,
(ii) relieve severe bone pain and (iii) will act as a bone substitute,
which will serve as a support for new bone formation. In addition,
a Ga-desired concentration can be maintained even in inaccessible
bone sites or after bone structure modification due to surgery.
Consequently, a Ga released in situ will provide both effective
antitumour activity and tolerance as compared to systemic
administration.

To the best of our knowledge, with the exception of two small
scale clinical studies from 1980s, this is the first time that antitu-
mour properties of Ga have been specifically studied in the context
of bone metastases. Taken together, our data strongly suggest that
Ga may disrupt the vicious cycle by interfering with the cross talk
between breast cancer cells and osteoclasts, which consequently
may reduce osteolytic bone lesions and affect tumour cells growth
in bone metastases. Thus, Ga represents a promising candidate for
the local treatment of bone metastases in patients with breast
cancer.
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