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ARTICLE INFO ABSTRACT

Keywords: Recent progress in dissecting the molecular paracrine circuits of cancer and stromal cells in bone metastases
Bone metastases (BM) are offering new options to improve current merely palliative approach. The study of tumor-stroma me-
Osteoclast tabolic interplay may further ameliorate this scenario. In this context, we demonstrated that highly glycolytic
f;‘;’:‘::ecamer MDA-MB-231 cancer cells, that form osteolytic BM in vivo, release a large amount of lactate at a significantly

higher level than MCF7 cells. Thus, we speculated that lactate released from carcinoma cells is uptaken and
metabolically used by osteoclasts, the key players of osteolysis associated with BM. First, we demonstrated that
the release of lactate at the bone site is mediated by monocarboxylate transporter 4 (MCT4), as revealed by
immunostaining and MCT4 localization at the plasma membrane of tumor cells in mouse model of BM and in
human tissue sections of BM. Then, we showed that in vitro lactate is uptaken by osteoclasts to be used as a fuel
for the oxidative metabolism of osteoclasts, ultimately enhancing Type I collagen resorption. The passive
transport of lactate into osteoclasts was mediated by MCT1: MCT1 expression is significantly upregulated during
osteoclast differentiation and Type I collagen resorption is significantly impaired when osteoclasts are treated
with 7-(N-benzyl-N-methylamino)-2-oxo-2H-chromene-3-carboxylic acid, an MCT-1 inhibitor. Together, these
data demonstrate that lactate released by glycolytic breast carcinoma cells in the bone microenvironment
promotes the formation of osteolytic lesions, and provide the rationale for further studies on the use of MCT1
targeting as a novel therapeutic approach in advanced cancer patients with BM.

Tumor metabolism

1. Introduction

Bone is one of the most common sites of solid tumor metastasis,
especially for breast carcinomas that cause osteolytic lesions in 80% of
patients with stage IV metastatic disease [1]. Osteolytic metastases are
characterized by increased osteoclastic activity and bone destruction.
To efficiently resorb bone, cancer cells also activate bone cells that are
physiologically engaged in bone remodeling, the osteoclasts [2]. Os-
teoclasts derive from hematopoietic precursors that differentiate into

multinucleated cells upon stimulation by receptor activator of NF-kB
ligand (RANKL) and macrophage colony-stimulating factor (M-CSF)
[3]. Osteolytic bone metastases (BM) are associated with significant
morbidity, including hypercalcemia [4], intractable pain, pathological
fractures, and spinal cord and nerve root compression [5], ultimately
resulting in restricted mobility and a strongly reduced quality of life.
Current therapies are mainly palliative and are based on a multi-
disciplinary approach that includes analgesia, radio/chemotherapy,
surgery, hormonal therapy, opioids and bisphosphonates.

Abbreviations: 7ACC2, 7-(N-benzyl-N-methylamino)-2-oxo-2H-chromene-3-carboxylic acid; BM, bone metastases; CM, conditioned medium; CTSK, cathepsin K; ECAR, extracellular
acidification rate; FCCP, carbonyl cyanide 4-trifluoromethoxy phenylhydrazone; GLUT1, glucose transporter 1; IGF-2, insulin-like growth factor-2; IL-6, interleukin-6; mtOCR, mi-
tochondrial OCR; M-CFS, macrophage colony-stimulating factor; MCT, monocarboxylate transporter; MMP9, matrix metallo proteinase 9; MSC, mesenchymal stromal cells; OCR, oxygen
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BM develop during the late stages of tumor progression as a result of
a multistep process that relies on overcoming multiple barriers to
cancer cell dissemination. To successfully metastatize, cancer cells need
to enter blood or lymphatic vessels to reach suitable sites, characterized
by specific local interactions with the host cells [6]. When cancer cells
arrive in bones, cell-cell interactions increase in complexity [7], and the
hypoxic conditions of this environment, that are particularly favorable
for tumor growth and invasion [8], possibly also play a role. Cancer
cells and host cells of bone microenvironment establish an active
crosstalk that promotes a vicious circle of tumor growth and bone re-
sorption [9]. Cancer cells secrete factors that stimulate osteoclast-
mediated bone resorption, promoting the release of numerous factors
from the bone matrix that ultimately drive cancer cells aggressiveness
[10]. Among these factors, parathyroid hormone-related peptide
(PTHrP) [11] binds to receptors expressed on cells of the osteoblastic
lineage that in turn release RANKL and M-CSF and reduce the pro-
duction of the RANK decoy receptor osteoprotegerin (OPG). RANKL
binds its RANK receptor on both osteoclast precursors and mature os-
teoclasts, promoting osteoclast recruitment and formation as well as
bone resorption activity. In addition, other cytokines in the tumor mi-
croenvironment stimulate bone resorption, including tumor necrosis
factor-a (TNF-a) [12], interleukin-6 (IL-6) [13] and additional growth
factors including insulin-like growth factor-2 (IGF-2) [14] and trans-
forming growth factor-f (TGF-f) [15].

Anti-RANKL strategies can reduce tumor-induced osteoclast forma-
tion [16]. However, inhibitors of RANK signaling, such as the anti-
RANKL antibody denosumab, are only partially effective and display
several side effects [17]. In addition to peptide/proteic factors, specific
metabolites are also produced by the metabolically altered cancer cells,
and these metabolites may be relevant for the pathogenesis of BM.
Several oncogenes and tumor suppressor signaling pathways are key
regulators of cancer metabolism and modulate the cellular response to
alterations of the extracellular microenvironment during tumor pro-
gression [18,19]. For example, intratumoral hypoxia causes cancer cells
to rely on glycolysis for survival, anabolic growth and proliferation
[20]. Notably, proliferating cancer cells often rely on glycolysis also
irrespectively of the presence of oxygen (Warburg effect) [21]. Aerobic
glycolysis is a hallmark of advanced cancers [22], and is characterized
by an increase in glucose uptake, lactate production, and proton release
in the tumor microenvironment [23]. Lactate is not a mere waste pro-
duct of glycolysis, but rather a major player in tumor aggressiveness.
Notably, elevated serum lactate in cancer patients is associated with a
poor prognosis [24]. Lactate can indeed be captured by oxidative
cancer cells, as well as by cells of the tumor-associated stroma, in-
cluding endothelial cells [25,26] and tumor-associated mesenchymal
stromal cells [27] that oxidize it into pyruvate to feed the tricarboxylic
acid (TCA) cycle [28].

We have recently demonstrated that osteoclast differentiation is
mainly supported by mitochondrial oxidative metabolism which oper-
ates in combination with glycolysis to support peripheral cellular ac-
tivities, including bone matrix degradation, and ensures cell survival
during the energy-consuming process of bone destruction [29].

Here, we report that lactate produced by BM-prone glycolytic breast
carcinoma cells fuels the oxidative metabolism of osteoclasts, thereby
promoting osteolysis.

2. Materials and methods
2.1. Cell culture

Human MDA-MB-231 and MCF7 breast carcinoma cell lines
(American Type Culture Collection) were maintained in Iscove's mod-
ified Dulbecco's medium (IMDM, Gibco), plus 20 U/mL penicillin,
100 mg/mL streptomycin, and 10% heat-inactivated FBS (complete
IMDM), and cultured at 37 °C in a humidified 5% CO, atmosphere.
Conditioned medium (CM) was collected from MDA-MB-231 cells
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cultured in DMEM (Sigma) with 25 mM glucose (Merck), 10% heat-
inactivated characterized FBS (Celbio), plus 20 U/mL penicillin,
100 mg/mL streptomycin (Euroclone) for 72 h, centrifuged and stored
at — 20 °C until use.

2.2. Human osteoclast cultures

Primary cultures of osteoclasts were obtained from monocytic pre-
cursors isolated from fresh buffy coats of 35 healthy volunteers (AVIS,
Bologna, Italy; Saint-Luc University Clinics, Brussels, Belgium), as
previously described [29]. Buffy coats obtained from AVIS were col-
lected after their expiration date (1 day after harvesting), and those
from Saint-Luc University Clinics immediately after harvesting. Proto-
cols were approved by Institutional Review Boards. Briefly, peripheral
blood mononuclear cells (PBMC) were layered over Hystopaque (GE
Healthcare) and seeded (3,000,000 cells/cm?) in DMEM (Sigma) sup-
plemented with 25 mM glucose (Merck), 10% heat-inactivated char-
acterized FBS (Celbio), plus 20 U/mL penicillin and 100 mg/mL strep-
tomycin (Euroclone), and incubated at 37 °C in a humidified 5% CO,
atmosphere. All experiments were performed in pyruvate-, lactate-, and
glutamine-free medium (complete DMEM), unless stated otherwise.

After 2 h, medium was discarded and replaced with new pro-os-
teoclastogenic media with a composition depending on the experi-
mental conditions. To evaluate MCT expression and osteoclast meta-
bolism, complete DMEM with glucose (25 mM), RANKL (50 ng/mL)
and M-CSF (10 ng/mL) (Peprotech) (pro-osteoclastogenic medium) was
used. To evaluate osteoclastogenesis and osteoclast activity in the
presence of exogenous or tumor-derived lactate, medium contained
2 mM glucose and either 10 mM of sodium lactate (Sigma) or 25% of
CM from MDA-MB-231 cells. Where indicated, MCT1 inhibitor 7-(N-
benzyl-N-methylamino)-2-oxo-2H-chromene-3-carboxylic acid (7ACC2)
was used at 1 uM concentration [30]. 7ACC2 were kindly provided by
Olivier Feron (Université Catholique de Louvain). To verify osteoclast
differentiation occurring after 5-7 days of culture, cells were analyzed
for tartrate-resistant acid phosphatase (TRACP) activity by cytochem-
istry (Acid phosphatase leukocyte assay, Sigma) and stained with
Hoechst 33258 (Sigma). Only TRACP-positive cells with more than
three nuclei were considered as osteoclasts.

2.3. qRT-PCR

Total RNA was extracted using the NucleoSpin RNA II (Macherey-
Nagel). On-column DNase digestion was performed according to man-
ufacturer's instructions. When RNA was isolated from cells under hy-
poxic conditions (1% O,), cells were first plated and incubated for 24 h
in a standard incubator, then transferred to a hypoxic incubator
(Invivo2-400; Ruskin Technologies) and maintained at 1% O, for an
additional 24 h. Total RNA (1 pg) was reverse-transcribed into cDNA
using MuLV reverse transcriptase and RNase inhibitor (Applied
Biosystems) and random hexamers (Applied Biosystems). qRT-PCR was
performed by using a Light Cycler instrument and the universal probe
library system (Roche Applied Science). Probes and primers are listed in
Table 1. PCR protocol was: 95 °C for 10 min; 95 °C for 10, 60 °C for
30, and 72 °C for 1 s for 45 cycles; 40 °C for 30 s. Expression of genes
of interest was normalized using (-actin as a reference gene for MDA-
MB-231 and MCF7 cell lines, and TATA-binding protein (TBP) for os-
teoclasts and precursor cells [31]. Relative expression of candidate
genes was calculated using the AACt model [32].

2.4. SDS-PAGE and immunoblotting

PBMC were seeded on cell culture dishes and maintained in pro-
osteoclastogenic media up to 14 days. MDA-MB-231 and MCF7 cells
were seeded in 100-mm culture dishes in complete IMDM for 24 h in
normoxic (21% O,) or hypoxic (1% O,) conditions. Cells were har-
vested in RIPA buffer [50 mM Tris pH 7.6, 150 mM NacCl, 5% Triton X-
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Table 1
Probes and primers.
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Gene Full name Accession number Primers Probe

B-Actin Actin, beta NM_001101.2 F = ccaccgcgagaagatga 64
R = ccagaggcgtacagggatag

TBP TATA-binding protein NM_001172085.1 F = ttgggttttccagctaagttct 24
R = ccaggaaataactctggctca

MCT1/SLC16A1 Monocarboxylate transporter 1 NM_003051.3 F = ggattggtgaccattgtgg 56
R = catgtcattgagccgaccta

MCT4/SLC16A3 Monocarboxylate transporter 4 NM_001206952 F = gagtttgggatcggctacag 58
R = cggttcacgcacacactg

GLUT1 Glucose transporter 1 NM_006516.2 F = ggttgtgccatactcatgacc 67
R = cagataggacatccagggtagc

MMP9 Matrix metallopeptidase 9 NM_004994.2 F = gaaccaatctcaccgacagg 6
R = gccacccgagtgtaaccata

CTSK Cathepsin K NM_000396.3 F = ggatatgttactcctgtcaaaaatca 37

R = tgccagttttcttettgagttg

100, 0.25% sodium deoxycholate, 1 mM EGTA pH8, 1 mM NaF]
(Sigma) containing protease and phosphatase inhibitor cocktails
(Roche). Protein lysates were quantified by using the BCA protein assay
(Pierce), subjected to reducing SDS-PAGE on polyacrylamide gels and
transferred onto nitrocellulose membranes (Thermo Fisher Scientific).
Membranes were stained with Ponceau red (Sigma) to confirm equal
protein loading. Blots were probed with anti-MCT1 (Chemicon,
AB3538P), MCT4 (Santa Cruz, sc-50329), and [-actin (Cell Signaling,
4970s) primary antibodies, followed by horseradish peroxidase-con-
jugated secondary anti-mouse and anti-rabbit antibodies (GE
Healthcare), as appropriate. To detect different proteins on the same
blot, nitrocellulose membranes were stripped with Restore Western blot
stripping buffer (Thermo Fisher Scientific) and reprobed. Proteins were
visualized with a chemiluminescence substrate (ECL Western blotting
detection reagent, GE Healthcare). The signal of each band was quan-
tified by the VisionWorksLS analysis software (Biospectrum, UVP) for
densitometric evaluation. Results are representative of four biological
replicates.

2.5. Immunostaining analysis

Procedures involving animals and their care were conducted with
national committee approval (licence number ESAVI-2077-04) and
conformed to national and international laws and policies (EEC Council
Directive 86/609, OJ L 358, 1, Dec. 12, 1987; NIH guide for the Care
and Use of Laboratory Animals, NIH Publication No. 85-23, 1985).
Five-six-week-old female athymic nude mice (Foxnl™, Envico,
Netherlands) were anaesthetized with analgesic (Temgesic; buprenor-
phine 0,1 mg/kg, s.c.), and injected with MDA-MB-231 cells into the
bone marrow of right proximal tibia (1 x 10° cells/20 uL PBS). Mice
were sacrified 29 days after inoculation of cancer cells. Paraffin-em-
bedded tumor-bearing tibias were de-calcified in EDTA and dehydrated.
4 um sections were obtained and deparaffined and rehydrated for im-
munostaining. TRACP-staining sections were obtained by using
Pararosaniline (Sigma-Aldrich). TRACP was used as a specific marker of
osteoclasts. The sections were incubated in 3% perhydrol solution to
block the endogenous peroxidase reaction. Nonspecific binding was
blocked by incubation in 5% bovine serum albumin. The following
primary antibodies were used: rabbit Ab anti-MCT1 (HPA003324,
Sigma) and rabbit anti-MCT4 (sc-50,329, Santa Cruz). Sections were
washed, incubated with a biotinylated secondary antibody, covered
with DAB and counterstained with Mayer's hematoxylin. Negative
controls were also performed by omitting the primary antibody.

Experiments using human tumor biopsies were approved by the
local Ethical Committee (approval No 0037602 of 14 November 2013)
and performed with the informed consent of the patient. Human BM
samples were obtained during the surgical excision of the tumor mass of
4 patients with breast carcinoma, and immediately frozen. Biopsies
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were embedded in Optimal Cutting Temperature compound (Miles
Laboratories), and frozen on dry ice Dbefore sectioning.
Immunofluorescence assays were performed on the tumor sections and
on PBMC cultured on glass coverslips with pro-osteoclastogenic
medium until osteoclasts formed. Sections with a thickness of 7 pm
were mounted on glass slides covered with 2% saline solution in
acetone, and stored at — 20 °C. Osteoclasts were fixed in 4% paraf-
ormaldehyde. Defrosted sections and osteoclasts were permeabilized
with 0.2% Triton X-100, blocked with 1% BSA, and then incubated with
primary rabbit anti-MCT4 (sc-50329, Santa Cruz), and mouse anti-cy-
tokeratin (M0821, Dako) antibodies. As secondary antibodies, we used
anti-rabbit Alexa Fluor 488 nm (A1108, Life Technologies), anti-rabbit
Alexa Fluor 568 nm (A11011, Life Technologies) and anti-mouse Alexa
Fluor 488 (A10680, Life Technologies). Nuclei were stained with
Hoechst 33258 (Sigma). Images were acquired by using confocal mi-
croscopy Nikon TI-E.

2.6. Oxygen consumption and extracellular acidification

Oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) were determined using a Seahorse XF96 extracellular flux
analyzer and a Mito Stress kit (Seahorse Biosciences). PBMC were
seeded on XF96 microplates in pro-osteoclastogenic medium until os-
teoclasts formed. Then, the medium was replaced by fresh complete
medium with/without 10 mM of sodium lactate. Cells were analyzed
7 days later. MDA-MB-231 and MCF7 cells were seeded on XF96 mi-
croplates in complete IMDM for 24 h. Culture media were replaced by
base medium (non-buffered DMEM supplemented with 25 mM glucose)
1 h before analysis. Selective inhibitors were injected during measure-
ments: oligomycin (2 uM), carbonyl cyanide 4-trifluoromethoxy phe-
nylhydrazone (FCCP; 0.9 uM), rotenone (1 pM), antimycin A (1 uM)
and 2-deoxy-glucose (100 mM). Mitochondrial OCR (mtOCR) was cal-
culated by subtracting non-mitochondrial OCR (the level obtained after
injection of rotenone and antimycin A) from total OCR levels. ATP
coupling was calculated by subtracting total OCR from oligomycin
readings. Data were normalized for total protein content using the
Bradford protein assay (Bio-Rad).

2.7. NADH/NAD™ analysis

NAD* and NADH levels were measured using a NAD/NADH
quantitation kit (Sigma). Briefly, 2 x 10° MDA-MB-231 or MCF7 cells
were lysed according to manufacturer's instructions. NAD* levels were
measured by subtracting NADH concentration from total NAD con-
centration. Data were normalized to total protein content determined
using the BCA protein assay.
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2.8. Lactate and glucose measurements

For enzymatic lactate determination, 2.6 x 10* MCF7/cm? and
4.0 x 10* MDA-MB-231/cm? were plated into 12-well plates in com-
plete IMDM. After 24 h, medium was replaced by DMEM (Sigma)
supplemented with 20 mM glucose (Merck), 10% FBS (Euroclone) plus
4 mM r-glutamine, 20 U/mL penicillin, and 100 mg/mL streptomycin
(complete DMEM for carcinoma), then maintained in normoxia (21%
0O,) or transferred to a hypoxic incubator (Invivo2-400; Ruskin
Technologies) and maintained at 1% O,. Medium was harvested 72 h
later to measure the 1-lactate concentration using a EnzyChrom r-lactate
assay kit (BioAssay Systems). Normalization was performed to total
protein content measured by BCA protein assay.

Lactate and glucose concentration were also measured over the
time. MDA-MB-231 and MCF7 were seeded on 12-well plates in com-
plete IMDM. After 24 h, medium was replaced by complete DMEM for
carcinoma. Supernatant fractions were collected 24-48-72h later.
Metabolite concentrations were quantified using the Lactate-Glo™
Assay and Glucose-Glo™ Assay (Promega), according to manufacturer's
instructions. Glucose consumption and lactate production were nor-
malized to the total protein content that was measured by BCA protein
assay.

Lactate and glucose consumption were also measured enzymatically
in osteoclast culture by analyzing deproteinized cell culture super-
natants. PBMCs were seeded on 96-well plates in pro-osteoclastogenic
medium and cultured until multinucleated TRACP ™" cells were formed.
Media were replaced by fresh complete medium with or without so-
dium lactate (10 mM). Supernatant fractions were collected 7 days
later. Metabolite concentrations were quantified using specific enzy-
matic assays on CMA600 analyzer (CMA Microdialysis AB). Glucose
consumption and lactate production were normalized to total protein
content measured by a Bradford protein assay.

For '*C-lactate uptake assays, PBMC were seeded on 24-well plates
and maintained in pro-osteoclastogenic medium until osteoclast dif-
ferentiation was confirmed. When multinucleated TRACP* cells were
formed, culture medium was replaced by pro-osteoclastogenic medium
containing sodium lactate (10 mM) and cells were incubated overnight
for metabolic adaptation. Cells were then rinsed with a modified Krebs
solution containing sodium lactate (10 mM) without glucose, and ex-
posed to increasing concentrations of '“GC-i-Lactate (1, 2, 4, 8, and
16 uM) or control Krebs solution at 37 °C for 12 min. Cells were rinsed
with ice-cold p-lactate-containing Krebs solution and lysed with 0.1 M
NaOH. Sample aliquots were then incubated in liquid scintillation so-
lution (Microscint 40) into 96-well plates (Optiplate). After 1 h of
stirring, radioactivity was measured on a PerkinElmer Topcount. Cpm
values are normalized for protein content measured with a Bradford
protein assay.

2.9. Mitochondrial potential measurement

The mitochondrial potential of mature osteoclasts was measured
using the cationic dye 5,5,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimi-
dazolylcarbocyanine iodide (JC-1), which exhibits potential-dependent
accumulation in mitochondria as revealed by a fluorescence emission
shift from green (540 nm) to red (590 nm). PBMCs were cultured in
pro-osteoclastogenic medium until osteoclasts formed. Then, medium
was replaced by fresh, complete medium with or without sodium lac-
tate (10 mM). Cells were analyzed 7 days later. Cells were incubated
with JC-1 (10 pg/mL) for 10 min at 37 °C, then washed with PBS, and
analyzed in complete cell culture medium. Analysis was performed
using a TiE spectral confocal laser microscope (A1R, Nikon).

2.10. Bone resorption assay

The bone resorption activity of osteoclasts was measured by using
the OsteoLyse kit (Lonza). PBMC were cultured in pro-osteoclastogenic
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medium with or without sodium lactate (10 mM) and with or without
MCT1 inhibitor 7ACC2 (1 uM). How these compounds affect the os-
teoclast behaviour once incubated with MDA-MB-231 cell supernatants
was evaluated by culturing PBMC in complete DMEM containing glu-
cose (2 mM) and 25% of CM from MDA-MB-231 cells, with or without
7ACC2 (1 uM) [30]. Cells were cultured until osteoclasts formed. Then,
media were renewed for 72 h. Supernatant fractions were collected
after 10 days, and the amount of Type I collagen was quantified by the
emission of Europium-labelled collagen fragments via time-resolved
fluorescence (Infinite 200 PRO, Tecan).

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism version
5.00 for Windows (GraphPad Software, San Diego California USA,
www.graphpad.com). Due to the low number of observations, data
were considered not to be normally distributed, and nonparametric
statistical tests were used. Specifically, the Mann-Whitney U test was
used for differences between two groups, the Spearman Rank test was
used for the analysis of correlation between two different parameters,
and the Pearson's test was used for co-localization analysis. Results
were reported as mean * standard error of mean (SE). N indicates the
number of independent experiments and n the total number replicates
per treatment condition. For all the analyses, only p < 0.05 were con-
sidered significant.

3. Results

3.1. Glycolysis and lactate release are increased in the metastatic breast
carcinoma cell line MDA-MB-231

As models of breast carcinoma cells with different metastatic po-
tentials, we used human metastatic MDA-MB-231 cells that express
high levels of monocarboxylate transporter 4 (MCT4) [33], and MCF7
cells that are not able to form bone metastases in preclinical in vivo
model when intracardially injected [34]. To study metabolic regulation
of BM, we first determined the extracellular acidification rate (ECAR) as
a measure of glycolysis and the oxygen consumption rate (OCR) as a
measure of oxidative phosphorylation of breast carcinoma cells. We
found that metastasis-prone MDA-MB-231 cells have higher ECAR and
lower OCR than MCF7 cells (Fig. 1A) and, in more detail, a higher
glucose-dependent glycolysis (Fig. 1B, p < 0.0001). Consistent with
these data, MDA-MB-231 also had a higher NADH/NAD™" ratio than
MCF7 cells (Fig. 1C, p = 0.0476). Moreover, MDA-MB-231 displayed
higher mRNA expression of the glucose transporter GLUT1 than MCF7
cells (Fig. 1D, p = 0.0143). GLUT1 expression increased under hypoxic
conditions for both cell lines (Fig. 1D, p = 0.0143). MDA-MB-231 cells
released in the supernatant significantly higher levels of lactate than
MCF7 cells in all the evaluated time points (24-48-72 h). These levels
reached the concentrations of about 10 mM (Fig. 1E). At the same time
points, MDA-MB-231 cells consumed significantly more glucose than
MCF?7 cells (Fig. 1E). Notably, hypoxic conditions increased the release
of lactate in both MDA-MB-231 and MCF7 cells (Fig. 1F, p = 0.0495).
These results indicate that metastatic MDA-MB-231 cells have high
glycolytic metabolism and abundantly release lactate to the extra-
cellular microenvironment, especially in hypoxic conditions, whereas
MCF?7 cells are more oxidative.

To complete the characterization of the metabolic phenotype of
MDA-MB-231 cells, we measured the expression of MCT4, a lactate
transporter adapted for lactate release to the extracellular space [35].
We found high levels of MCT4 mRNA and protein expression in MDA-
MB-231 cells, whereas MCT1, which usually conveys lactate uptake
[36], was almost undetectable (Fig. 1G and H). Comparatively, MCF7
cells expressed significantly lower levels of MTC4 mRNA than MDA-
MB-231 cells (Fig. 1G, p = 0.0035) and significantly higher levels of
MCT1 mRNA, both under normoxia (p = 0.0022) and hypoxia
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Fig. 1. Energetic metabolism in breast carcinoma cells with different aggressiveness. BM-prone MDA-MB-231 cells were metabolically compared with MCF7 cells that are not able to form
BM. (a) Representative graphs showing extracellular acidification rate (for ECAR: 1, 2, 3 are the time-points for the injection of glucose, oligomycin and 2-deoxy-p-glucose, respectively)
and oxygen consumption rate (for OCR: 1, 2, 3 are the time-points for the injection of oligomycin, FCCP, antimycin A and rotenone, respectively). (b) Glycolysis and mitochondrial OCR
(mtOCR). Mean * SE, N = 3, n = 7. ***p < 0.0001 vs MCF7. (c) NADH/NAD" ratio. Mean + SE, n = 5, *p < 0.05 vs MCF7. (d) GLUT1 mRNA expression under normoxia and
hypoxia (1% O,). Mean * SE,N = 2,n = 2 #p < 0.05vs MCF7; *p < 0.05 vs hypoxia. (e) Glucose consumed and lactate released in cell supernatants over time. Mean * SE,N = 3,
n=2 *p < 0.05vs24h, #p < 0.05 vs 48 h, §p < 0.05 vs MCF7. The experiment was repeated 3 times with similar results. (f) Lactate released in MDA-MB-231 and MCF7 cell
supernatant under normoxia and hypoxia (1%). Mean = SE, N = 3,n = 2. *p < 0.05 vs. hypoxia, #p < 0.05 vs MCF7. (g) MCT4 and MCT1 mRNA expression under normoxic and
hypoxic (1%) conditions. Mean *= SE, N = 3,n = 2. *p < 0.05 vs hypoxia, ##p < 0.01 vs MDA-MB-213. (h) Western blot analysis of MCT4 expression under normoxia and hypoxia

(1%). Lower panel, densitometric quantification. Upper panel, representative image. Mean *= SE, N = 4, *p < 0.05 vs MDA-MB-231, p = ns vs hypoxia.

Fig. 2. MCT4 is expressed at the plasma membrane

of carcinoma cells in mouse model of BM and in BM

clinical samples. (a) Immunostaining of MCT4 in

osteolytic bone metastases obtained by the injection

in the tibia of human breast carcinoma cells (MDA-

MB-231). Scale bar 50 um. (b) TRACP staining of the

same tissue obtained from BM mouse model. The red

mark shows a positive multinucleated osteoclast.

MCT1 Scale bar 50 ym. (c¢) Immunostaining of MCT1 in

”'\ AR F,‘ \ consecutive tissue section showed in panel b. Red
4 3

e ek
el % N A,

,

Q"‘\_‘ '\ el mark shows the same area marked in panel b. Scale
- bar 50 um. (d) Representative fields of immuno-
fluorescence staining of MCT4 and confocal analysis
of BM sections from different patients with a pre-
vious diagnosis of breast cancer. Specific antibodies
against cytokeratin (green) and MCT4 (red) were
used. Nuclei were counterstained with Hoechst
33258 (blue). Scale bar 50 pm. (e) Image of the
analysis of co-localization of MCT4 and Cytokeratin
immunostaining by Pearson's correlation test per-
formed in a representative cell of the tissue section
showed in panel d.
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(p = 0.0040). Hypoxia significantly increased the mRNA expression of
MCT4 in MDA-MB-231 (Fig. 1G, p = 0.0138) and in MCF7 cells
(p = 0.0145), and significantly reduced MCT1 mRNA expression in
MCF7 cells (Fig. 1G, p = 0.0079). At a protein level, Western blot
analysis revealed that MDA-MB-231 expressed higher levels of MCT4
both under normoxia (Fig. 1H, p = 0.0147) and hypoxia (Fig. 1H,
p = 0.0143) with respect to MCF7. Finally, we analyzed the localiza-
tion of MCT4 and MCT1 in a mouse model of osteolytic metastasis
obtained by intratibially injection of human breast carcinoma cells and
in BM tissue sample from patients with breast carcinoma. We found a
strong staining for MCT4 in tumor cells (Fig. 2A) and a signal for MCT1
in the osteolytic area where osteoclasts are located (red marks in
Fig. 2C, osteoclasts are made clear by TRACP staining in a consecutive
tissue section in Fig. 2B). For samples from human patients, we used
cytokeratin to distinguish cancer cells from the surrounding stroma.
MCT4 staining strongly overlapped with cytokeratin staining (Fig. 2D,
yellow color in the merged images), as revealed by a significant co-
localization (Fig. 2E, the Pearson's test for four different cells in dif-
ferent field corresponded to 0.939, 0.896, 0.850, 0.908), suggesting
that aggressive breast cancer cells also abundantly express MCT4 at the
bone metastatic site.

3.2. Exogenous lactate fuels the oxidative metabolism of mature osteoclasts

To investigate the ability of human osteoclasts to convey tumor-
derived lactate into energetic fuelling, we used sodium tr-lactate at
10 mM concentration, within the range of concentration frequently
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measured in breast carcinoma tumors in vivo [37]. This concentration is
also the amount released by MDA-MB-231 cells in vitro after 72 h of
incubation (Fig. 1E). Osteoclasts took up exogenous *C- lactate
(Fig. 3A, p < 0.0001), and, when treated with lactate, showed sig-
nificantly higher ECAR, and even higher mtOCR and ATP coupling ef-
ficiency. The increase for mtOCR and ATP coupling efficiency was al-
most double in respect to not treated cells (Fig. 3B, p = 0.0465 for
ECAR; p = 0.001 for mtOCR and ATP coupling).

The mitochondrial transmembrane potential (Ay) assessed by the
fluorescent probe JC-1, and the glycolytic efficiency (lactate produc-
tion/glucose consumption) [29] confirmed the data obtained with the
Seahorse analysis. In fact, lactate uptake significantly increased the Ay
of mature osteoclasts (Fig. 3C, p = 0.0003), and promoted a sig-
nificantly lower glycolytic efficiency (Fig. 3D, p < 0.0001). We ex-
cluded from the calculation the amount of lactate normally produced by
osteoclast in lactate free condition (1 mM/h). These data suggest that
exogenous lactate transported into mature human osteoclasts is an
oxidative fuel for these cells.

3.3. MCT1 expression increases during osteoclastogenesis

MCT1 is ubiquitously expressed in cells that consume lactate. Thus,
we evaluated if this assumption stands in osteoclasts. We analyzed the
expression of MCT1 and MCT4 in precursor cells (day O at seeding) and
mature osteoclasts (at day 7 and after, from seeding). MCT1 mRNA
expression increased during osteoclast differentiation, whereas MCT4
mRNA expression was not affected (Fig. 4A). Similarly, MCT1 protein

Fig. 3. Lactate fuels the oxidative metabolism of mature osteoclasts.
(a) Radiolabeled lactate influx determined by measuring the amount
of 'C-lactate that was captured by mature osteoclasts. Mean * SE,
n = 6. The experiment was repeated 3 times with similar results. (b)
Extracellular acidification rate (ECAR), mitochondrial oxygen con-
sumption rate (mtOCR) and ATP coupling of mature osteoclasts cul-
tured under normoxia with 10 mM lactate or untreated. Mean =+ SE,
N=3,n=7.*p < 0.05and **p < 0.01 vs untreated. (c) Emission
spectra of JC-1 to measure the mitochondrial potential of osteoclasts
cultured with lactate or untreated. JC-1 monomers emit green fluor-
escence (540 nm); aggregates emit orange-red fluorescence (590 nm).
Upper panel, graph showing the ratio of 590/540 emission. Lower
panel, representative images and the spectra from the mitochondria of
a single cell in the respective conditions. Scale bar, 30 um. (d)
Quantification of the JC1 signal by spectral confocal microscopy of the
JC-1 fluorescence intensity of osteoclasts cultured with lactate or
untreated. Mean * SE,n = 42 cells from 3 independent experiments.
***p < 0.001 vs untreated. (e) Glycolytic efficiency (glucose con-
sumption/lactate production ratio) of osteoclasts cultured with
10mM lactate or untreated. Mean = SE, N=3, n=05.
#**¥%p < 0.0001 vs untreated.
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expression was significantly higher in osteoclasts than in precursor cells
(Fig. 4B, p < 0.05). MCT4 localized at the plasma membrane of ma-
ture multinucleated osteoclasts (Fig. 4C). These results collectively es-
tablish that the expression of MCT1 increases during osteoclastogenesis,
and that MCT4 localized at the plasma membrane of fully differentiated
osteoclasts.

3.4. Targeting MCT1 impairs lactate-promoted osteoclast activity

We next aimed to study the functional consequences of lactate up-
take by osteoclasts, and focused on the bone resorption activity that is
commonly associated with BM. Osteoclast precursors were seeded on a
layer of collagenous matrix and exposed to 10 mM of sodium lactate.
Lactate-based treatment significantly increased Type I collagen de-
gradation (Fig. 5A, p = 0.0003) confirming our hypothesis: glycolytic
breast cancer cells in the bone microenvironment release lactate that is
then uptaken and oxidized by bone resorbing osteoclasts. Notably, we
have recently demonstrated that bone resorption activity of osteoclasts
is indirectly dependent by oxidative metabolism since this metabolic
pathway is fundamental to maintain osteoclast survival [29]. Further-
more, it may be hypothesized that an increase of oxidative metabolism
at the presence of simultaneously active glycolysis directly fuels the
highly energy consuming biological process of bone resorption. Ac-
cording to this hypothesis, we tested whether 7ACC2, an inhibitor of
lactate uptake that does not inhibit lactate export [30], may decrease
osteoclast differentiation and activity. For this aim, we used condi-
tioned medium (CM) obtained from MDA-MB-231 cells, containing
about 10 mM lactate (Fig. 1E), or pro-osteoclastogenic medium sup-
plemented with sodium lactate at the same concentration, and found
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Fig. 4. MCT1 expression increases along the osteoclast dif-
ferentiation process. (a) MCT1 and MCT4 mRNA expression
of osteoclast precursors (0 day of differentiation) and ma-
ture osteoclasts (7 days of differentiation). Mean + SE,
N = 3. (b) Western blot analysis of MCT1 expression in
osteoclast precursors (0 day), mature osteoclasts (7 days)
and fully differentiated osteoclasts (14 days). Right panel,
representative image. Mean = SE, N = 3. *p < 0.05 vs
Oday, #p < 0.05 vs. 7days of differentiation. (c)
Representative image of confocal analysis of immuno-
fluorescence staining of MCT4 (green) in cell cultures of
mature osteoclasts. The osteoclast phenotype was confirmed
by multinuclearity (blue). MCT4 localized at the plasma
membrane (white arrow). Scale bar, 20 pm.

7 14  days

that MDA-MB-231 supernatant induced osteoclastogenesis (Fig. 5B).
Inhibition of lactate uptake with 7ACC2 did not affect osteoclast for-
mation in CM-treated or lactate-treated conditions (Fig. 5B—C), which
was confirmed by showing a small and not significant trend of de-
creased expression of the osteoclast-related marker cathepsin K (CTSK)
and no change in the mRNA expression of matrix metalloproteinase 9
(MMP9) (Fig. 5D). Thus, CM promoted osteoclastogenesis in a lactate-
independent manner. Conversely, Type I collagen degradation was in-
hibited by 7ACC2, that significantly decreased both tumor-promoted
and lactate-promoted Type I collagen resorption (Fig. 5E, p = 0.0175
and p = 0.0006, respectively). Taken together, our results highlight
that lactate released by MDA-MB-231 cells and uptaken by osteoclasts
facilitates the bone resorption activity without stimulating osteoclas-
togenesis, and that MCT1 targeting impairs bone resorption in osteo-
lytic BM (Fig. 5F).

4. Discussion

Several lines of evidence suggest that the acquisition of the meta-
static phenotype is associated with a series of metabolic adaptations of
cancer cells. For example, an altered metabolic flux increases the re-
lease of lactate into the tumor microenvironment, which is associated
with a higher metastatic potential in cancer [24]. However, despite the
efforts spent exploring the effect of lactate on tumor progression, its
exact role in cancer, and especially in BM, remains elusive. Using two
human breast carcinoma models with different levels of aggressiveness,
we confirm that the most aggressive cell line, that is capable to develop
BM in vivo, as previously demonstrated by others [38,39], display a
Warburg phenotype characterized by an increased NADH/NAD ™ ratio,
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Fig. 5. Lactate uptake inhibitor 7ACC2 impairs lactate-in-
duced bone resorption by osteoclasts without affecting os-
teoclastogenesis. Different conditions were used to study
differentiated osteoclasts, including incubation with MDA-
MB-231 supernatant (conditioned media, CM) or with pro-
osteoclastogenic medium supplemented with lactate with or
without 7ACC2. (a) Type I collagen degradation by osteo-
clasts cultured with 10 mM of sodium lactate or untreated.
Mean = SE,N = 2,n = 4, ***p < 0.001 vs untreated. (b)
Representative images of TRACP and nuclear staining of
osteoclast cultures. White arrows show multinucleated
TRACP' cells. (c) Number of obtained osteoclasts,
mean *= SE, N = 3. (d) Cathepsin K (CTSK) and metallo-
proteinase 9 (MMP9) mRNA expression in mature osteo-
clasts. Mean = SE, N = 2, n = 2. (e) Type I collagen de-
gradation activity. Mean * SE, N =2, n=4. *p < 0.05
and ***p < 0.001 vs untreated. (f) Schematic representa-
tion of the coupling between breast carcinoma cells and
mature osteoclasts in the microenvironment of a bone me-
tastasis. Lactate released by glycolytic cancer cells via MCT4
is taken up by oxidative osteoclasts via MCT1, where it fuels
the TCA cycle. Lactate influx inhibitor 7ACC2 inhibits this
process.

MCT1
inhibitor
no effect
on
differentiation

GLUT1 expression, glycolytic rate, and, as a result, increased release of
lactate in the extracellular microenvironment. On the contrary, the
metabolism of the less-aggressive breast carcinoma cells is mainly based
on oxidative phosphorylation.

According to previous reports, extracellular lactate can be used as
an energy source when it is imported by oxidative cells in a process
facilitated by passive lactate-proton symporters of the MCT family [40].
Among different isoforms, MCT1 is the most widely expressed and has
been detected at the plasma membrane of skeletal muscle fibers, he-
patocytes, and cardiac cells, where it mediates lactate uptake [41].
Conversely, MCT4 facilitates the release of lactate into the extracellular
environment, is detected at the plasma membrane of glycolytic cells,
including white muscle fibers, and its expression is induced by hypoxia
[42]. Our data confirm that in MDA-MB-231 cells MCT1 is poorly ex-
pressed, possibly because the CpG island in the 5’ upstream region of
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the MCT1 gene is methylated [43], whereas MCT4 expression is quite
high, both under hypoxic and normoxic conditions. These results con-
firm that MDA-MB-231 cells own a Warburg phenotype. Notably, we
also showed MCT4 expression in cancer cells metastatic to the bone.
Recent reports have indicated that lactate acts as an energy-transfer
molecule in the tumor microenvironment by fueling several energy-
consuming processes in cancer-associated stromal cells [27] and by
promoting a metabolic symbiosis between glycolytic and oxidative cells
[28]. In particular, fibroblasts and mesenchymal stromal cells can use
lactate released by cancer cells as an energy source [44], whereas en-
dothelial cells use lactate both as a signaling molecule and as a meta-
bolic intermediate that stimulates neo-angiogenesis [26]. Likewise, our
study demonstrates that lactate produced by glycolytic cancer cells is a
metabolic fuel also for osteoclasts. We have previously reported that
differentiated osteoclasts are in a high energy state and that the energy
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required for osteoclastogenesis is mainly derived from mitochondrial
metabolism. In addition, in active osteoclasts during bone resorption,
mitochondrial metabolism is also associated with glycolysis, as high
glucose concentration (20 mM) fuels the resorption activity of osteo-
clasts [29]. However, when metastatic carcinoma cells colonize bone,
they are exposed to a hypoxic environment [45] that further prompts
them to consume large amounts of glucose that fuel glycolytic meta-
bolism and enhance lactate production. Thus, it can be speculated that,
due to the mentioned tumor consumption of glucose and high lactate
production, the other cells in the BM environment, including osteo-
clasts, can only rely on low levels of glucose and high levels of extra-
cellular lactate. Accordingly, to recapitulate the BM microenvironment
in vitro, we developed a medium with reduced glucose (2 mM) [46],
balanced with 10 mM of lactate, a concentration that is frequently de-
tected in breast carcinoma [37], and that also corresponds to the con-
centration observed in the supernatant of aggressive breast carcinoma
cells MDA-MB-231.

As a confirmation of the exchange of lactate between cancer cells
and osteoclasts, we found that osteoclasts uptake exogenous lactate that
promoted a higher bioenergetic state by fueling mitochondrial meta-
bolism, as demonstrated by enhanced OCR, enhanced ATP coupling,
enhanced mitochondrial membrane potential, and reduced glycolytic
efficiency. As a consequence of lactate uptake, the differentiation pro-
cess was not affected, whereas Type I collagen degradation activity was
significantly enhanced. If these results are translated to the in vivo
setting, it is interesting to note that the effect of enhanced bone re-
sorption induced by lactate uptake mediated by MCT1 in osteoclasts
might also derive from an enhanced intracellular acidification as a re-
sult of hydrogen ion symport with lactate by MCT1. Indeed, the acid-
ification of lysosomes is a crucial step for bone resorption activity [47].
We also provide evidence that osteoclasts may uptake the extracellular
lactate via MCT1 since, as previously shown [48], the expression levels
of MCT1 are increased whereas MCT4 expression is not changed.

Thus, as a subsequent step, we tested and validated the role of MCT1
as a major player in lactate metabolic coupling between cancer cells
and osteoclasts and as a possible therapeutic target for the treatment of
patients with BM. We used the MCT1 inhibitor 7ACC2 (ICso = 11 nM
on '“C-lactate flux inhibition) that was previously demonstrated to
delay the growth of human cervix SiHa, colorectal HCT116 and or-
thotopic MCF7 breast cancer in vivo [30]. MCT targeting has been al-
ready considered for clinical trial in cancer. AZD39965, a dual MCT1
and MCT?2 inhibitor, is being evaluated as anticancer agent in a Phase I
clinical trial for patients with advanced prostate cancer, gastric cancer,
or diffuse large B cell lymphoma (ClinicalTrials.gov NCT01791595). In
vivo, AZD39965 enhanced the sensitivity of solid tumors to radio-
therapy, suggesting that combining anti-MCT therapies with other
treatments is a promising therapeutic approach [49]. In our study,
treatment with 7ACC2 did not affect osteoclast formation in the pre-
sence of lactate-containing conditioned medium of breast carcinoma
cells or lactate-enriched medium. Similarly, the mRNA expression of
osteoclast-markers cathepsin K [50] and MMP9 [51] was unchanged
after treatment with a MCT1 inhibitor. In contrast, the pharmacological
inhibition of lactate uptake by 7ACC2 impaired the bone resorption
activity of osteoclasts, either stimulated by tumor-derived lactate or by
lactate present in the CM of human breast cancer cells.

The new concept of osteolytic BM here envisioned goes beyond the
classical “vicious cycle model,” according to which osteoclast stimula-
tion is triggered only by a paracrine secretion of cytokines and protein
factors from cancer cells. Our concept identifies key players of tumor-
stroma metabolic interplay, such as MCT1 that deserves further in-
vestigation to be considered as a possible novel therapeutic target for
this condition. Indeed, in our model, oxidative osteoclasts recycle lac-
tate that is produced by glycolytic cancer cells via MCT1, ultimately
supporting cancer-associated osteolytic lesions and fostering a more
aggressive tumor phenotype.
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