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ABSTRACT

Osteoclastogenesis and osteolysis are energy-consuming processes supported by high metabolic
activities. In human osteoclasts derived from the fusion of monocytic precursors, we found a
substantial increase in the number of mitochondria with differentiation. In mature osteoclasts,
mitochondria were also increased in size, rich of cristae and arranged in a complex tubular network.
When compared with immature cells, fully differentiated osteoclasts showed higher levels of
enzymes of the electron transport chain, a higher mitochondrial oxygen consumption rate and a
lower glycolytic efficiency, as evaluated by extracellular flux analysis and by the quantification of
metabolites in the culture supernatant. Thus, oxidative phosphorylation appeared the main
bioenergetic source for osteoclast formation. Conversely, we found that bone resorption mainly
relied on glycolysis. In fact, osteoclast fuelling with galactose, forcing cells to depend on Oxidative
Phosphorylation by reducing the rate of glycolysis, significantly impaired Type | collagen
degradation, whereas non-cytotoxic doses of rotenone, an inhibitor of the mitochondrial complex I,
enhanced osteoclast activity. Furthermore, we found that the enzymes associated to the glycolytic
pathway are localised close to the actin ring of polarised osteoclasts, where energy-demanding
activities associated with bone degradation take place. In conclusion, we demonstrate that the
energy required for osteoclast differentiation mainly derives from mitochondrial oxidative
metabolism, whereas the peripheral cellular activities associated with bone matrix degradation are
supported by glycolysis. A better understanding of human osteoclast energy metabolism holds the
potential for future therapeutic interventions aimed to target osteoclast activity in different

pathological conditions of bone.
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Pyruvate Kinase Isozymes M2; OCR, Oxygen Consumption Rate; ECAR, Extracellular
Acidification Rate; FCCP, Carbonyl Cyanide 4-Trifluoromethoxy Phenylhydrazone; mtOCR,

Mitochondrial OCR; ROI, Region Of Interest; mtDNA, Mitochondrial DNA; PI, Propidium lodide.



1. Introduction

The skeleton is a metabolically dynamic tissue that undergoes continuous remodelling
during life. Bone homeostasis is maintained by a delicate balance between deposition and
resorption that is mediated by osteoblasts and osteoclasts that form and degrade bone,
respectively (Teitelbaum, 2000). Pathological increases in osteoclast activity induce
trabecular bone erosion which can result in various diseases, such as rheumatoid arthritis
(Sweeney and Firestein, 2004), Paget's disease of bone (Erzurumlu et al., 2013), primary
(Teitelbaum, 2000) or secondary laminopathies-associated osteoporosis (Zini et al., 2008),
and osteolysis associated with cancer bone metastasis (Avnet et al., 2008).

Osteoclasts are giant, multinucleated, not-proliferative bone resorbing polykaryons that
are formed by the differentiation and fusion of hematopoietic precursors of the monocytic
and macrophagic lineage (Massey and Flanagan, 1999). Induction towards the osteoclast
lineage is achieved through two essential cytokines, macrophage colony-stimulating factor
(M-CSF) (Boyle et al., 2003) and receptor activator of nuclear factor-kappa B (NFkB)
ligand (RANKL) (Blair et al., 2007, Novack, 2011). These and other pro-osteoclastogenic
factors are locally produced by osteoblasts and other cells of bone microenvironment
(Cenni et al., 2006, Granchi et al., 2004, Granchi et al., 2005). Interestingly, beside proteic
factors, a reduced oxygen tension is also able to strongly induce osteoclast formation and
function in different osteolytic conditions associated with hypoxia, such as osteoporosis,
giant cell tumor of bone, and rheumatoid arthritis (Knowles and Athanasou, 2009, Knowles
et al., 2010, Morten et al., 2013, Utting et al., 2010). Oxygen availability dictates the
metabolic profile of living cells that, in turn, possibly modulates osteoclast formation and
activation. In bone tissue, a correlation between metabolism regulation and cell
differentiation has already been described. As an example, in osteoblasts, changes in

metabolic pathways have been observed during their differentiation with glycolysis and
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respiration continuously shifting one to the other in a delicate balance to support the
different energetic demands during sequential differentiation stages (Komarova et al.,
2000). In osteoclasts, similarly, high metabolic activity might be required for the energy-
demanding steps of the differentiation process, including migration, fusion, actin
reorganization, acid degradation and enzymatic activities for bone resorption. A few
previous reports on osteoclasts derived from rats (Baron et al., 1986), from mice (Miyazaki
et al., 2012) or from a murine myeloid cell line (Czupalla et al., 2005) showed that
osteoclasts are mitochondria-rich cells with high expression of tricarboxylic acid cycle
(TCA) and oxidative phosphorylation (OxPhos) enzymes. Moreover, intact and active
mitochondria are required for osteoclast differentiation (Indo et al., 2013, Jin et al., 2014,
Morrison et al., 1998). However, the basal metabolism of mouse and tumor cells is quite
different from that of normal human cells. Indeed, metabolic enzymatic activities might
significantly differ between mice and humans since murine cells have a lower metabolic
stability (Demetrius, 2006). Regarding the osteoclast model that derives from murine
myeloid cells, tumor cells are also notoriously more glycolytic than normal cells as a
consequence of the Warburg effect (Pavlova and Thompson, 2016) and, therefore, are not
the optimum model to study the metabolism of normal cells.

In this study, by using an in vitro models from peripheral blood precursors, for the first time
we performed a comprehensive analysis of bioenergetics in human osteoclasts during

their differentiation and function.

2. Methods
2.1. Human osteoclast cultures
Primary cultures of osteoclasts were obtained from monocytic precursors isolated from

fresh buffy coats obtained from 15 different healthy volunteers (AVIS, Bologna, Italy; Saint-
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Luc University Hospital, Brussels, Belgium), as previously described (Avnet et al, 2011).
Buffy coats obtained from AVIS in Italy were collected after their expiration date (1

days after harvesting), whereas for buffy coats obtained from Saint-Luc University
Hospital, Belgium, cells were isolated immediately after harvesting and after the ethical
committee approval was obtained. Briefly, peripheral blood mononuclear cells (PBMC)
were layered over Hystopaque (GE Healthcare) and seeded on tissue-culture glass or
plasticware (3,000,000 cells/cm?) in DMEM (Sigma) supplemented with 25 mM glucose
(Merck), 10% heat-inactivated characterized FBS (Celbio), plus 20 U/mL penicillin, 100
mg/mL streptomycin (Euroclone), and incubated at 37 °C in a humidified 5%
CO, atmosphere. All experiments were performed in pyruvate- and glutamine-free media
buffered at pH 7.4 (3.7 g/liter NaHCO3) (complete DMEM), unless stated otherwise. After
2 hours, medium was discarded and replaced with complete DMEM added with RANKL
[50 ng/mL] and M-CSF [10 ng/mL] (Peprotech) (pro-osteoclastogenic medium), or with
complete DMEM without pro-osteoclastogenic factors (control medium), depending on the
experimental conditions. In order to verify osteoclast differentiation, after 5 to 7 days of cell
culture, cells were analyzed for tartrate-resistant acid phosphatase (TRAP) activity by
cytochemistry (Acid Phosphatase Leukocyte assay, Sigma) and stained with Hoechst
33258. Only TRAP+ cells with 3 or more nuclei were considered as osteoclasts. The
guantification of osteoclast formation was obtained by counting the total number of
osteoclasts in 6 random optical fields (20 x lens). The experiment was repeated with cells

obtained form three different donors.

2.2. Immunoflorescence assays
Immunofluorescence assays were performed on PBMC cultured on glass coverslips

with pro-osteoclastogenic medium or control medium. Cells were fixed in 2%
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paraformaldehyde. Permeabilization was performed with 0.5% Triton X-100 in HEPES and
blocked with 1% BSA. We used anti-mitochondria MAb against the surface of intact
mitochondria (clone 113-1, MAB1273, Merck Millipore, 1:50), anti- Pyruvate kinase
isozymes M2 (PKM2) polyclonal antibody (Cell Signaling, 1:200); and anti-glyceraldehyde
3-phosphate dehydrogenase (GAPDH) MAb (Santa Cruz, 1:50). As secondary antibodies
we used anti-mouse or anti-rabbit antibodies Alexa Fluor 488 nm (Life Technologies). For
the staining of polymeric actin (F-actin) we used phalloidin-TRITC (Sigma, 0.5 ug/mL).
Nuclei were stained with Hoechst 33258. Mitochondrial mass index was quantified as the
ratio of the area with a fluorescent signal to the total area of the single cell by using NIS
Element image software BR4.00.00 (Nikon). Cells were counted in 28 different random

fields. Mitochondria networks were observed by confocal microscope (Nikon TI-E).

2.3. Electron microscopy

CD14+ cells were isolated from the mononuclear cell population obtained from buffy
coats with the method described above and according to the previously described protocol
(Avnet et al., 2013). We used an immunomagnetic cell separation techniqgue (MACS,
Miltenyi Biotech). Cells were washed with MACS buffer (PBS pH 7.2 supplemented with
0.5 % BSA and 2 mM ethylene diamine tetracetic acid), and clumps were removed by
passing cells through a 30 um pre-filter. Cells were then centrifuged at 400 x g. The cell
pellet was resuspended in MACS buffer and counted. 10’ cells were mixed with anti-CD14
MACS antibody-coated microbeads, and incubated at room temperature. The cell
suspension was applied to an LS-positive selection column previously washed with MACS
buffer, and placed in a magnetic separation unit. The column was rinsed and removed
from the magnetic separation unit, and positive bound cells were flushed. The collected

cell population was then used for ultrastructural analysis. Pellets of CD14+ cells from
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PBMC and glass-adherent osteoclasts were fixed in 2.5% glutaraldehyde in 0.1 M
cacodylate buffer, pH 7.4, for 1 hour, postfixed with 1% osmium tetroxide (Electron
Microscopy Science), dehydrated in a graded series of ethanol, and embedded in Epon
(Electron Microscopy Science). The embedded samples were sectioned by an
ultramicrotome (Ultracut E, Richert-Jung, Leica Microsystem). Thin sections (90 nm thick)
were collected on 300 mesh nickel grids and stained with uranyl acetate (Electron
Microscopy Science) and lead citrate. Samples were observed by using a Zeiss EM 109
apparatus (Zeiss). Images were captured with Nikon digital camera Dmx 170 1200F and

ACT-1 software.

2.4. Western blotting

PBMC were seeded on cell culture dishes, and maintained in pro-osteoclastogenic
medium or control medium until osteoclast differentiation was obtained. When
multinucleated TRAP+ cells were formed (around 7 days), cells were lysed with RIPA
buffer [Tris pH 7.6 50 mM, NaCl 150 mM, Triton-X 100 5%, sodium deoxycholate 0.25%,
EGTA pH 8 1 mM, NaF 1 mM] (Sigma) containing protease and phosphatase inhibitor
cocktails (Roche). Protein lysates were subjected to reducing SDS-PAGE on
polyacrylamide gel and transferred to nitrocellulose membrane (Thermo Fisher Scientific).
Membranes were stained with Ponceau red (Sigma) to confirm equal amount protein
loading. Blots were probed with MitoProfile Total OxPhos human antibody Cocktail (1:300,
ab110411, Abcam), and with anti-Heat Shock Protein 60 kDa (HSP60, 1:2000,
HPA001523, Sigma), followed by horseradish peroxidase-conjugated anti-mouse and anti-
rabbit (GE Healthcare). To detect heat shock protein 60 (HSP60) within the same blot,
nitrocellulose membranes were stripped with Restore Western Blot Stripping buffer

(Thermo Fisher Scientific), and reprobed. The reaction was revealed by a
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chemiluminescence substrate (ECL Western Blotting Detection Reagents, GE Healthcare).
The signal from each band was quantified by dedicated software for densitometric
evaluation (VisionWorksLS Analysis Software, Biospectrum, UVP). The experiment was

repeated with cells obtained form four different donors.

2.5. ATP assay

PBMC were seeded on 12-well plate or on dentin slices on 96-well plate, and
maintained in pro-osteoclastogenic medium or control medium until multinucleated TRAP+
cells were obtained (around 7 days on plastic, or 14 days on dentin). Two hours before the
assay, media were changed with fresh pro-osteoclastogenic medium or control medium.
Cells were washed and lysed by using boiling ATP lysis buffer [0.1 M Tris(hydroxymethyl)
aminomethane (Tris base) (Sigma) and 2 mM EDTA adjusted to pH 7.75 with acetic acid
(Sigma)]. Cell lysates were added to a reaction mixture containing luciferase and luciferine
(ATP Determination Kit, Molecular Probes) for bioluminescence quantification by using
Infinite® 200 PRO plate reader (Tecan). ATP level was normalized to total protein content
(Bradford protein assay). The experiment was repeated with cells obtained form three

different donors, with 4 technical replicates each.

2.6. Oxygen consumption and extracellular acidification measurement

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
determined using a Seahorse XF96 extracellular Flux analyzer with a mitostress kit
(Seahorse Biosciences). PBMC were seeded on XF96 cell culture plate in control media or
pro-osteoclastogenic medium, and incubated from 2 to 14 days. Culture media were
replaced by base medium (unbuffered DMEM supplemented with 25 mM glucose) 1 hour

before measurments. Selective inhibitors were injected during the measurements to
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achieve the final concentrations of oligomycin [2 uM], Carbonyl cyanide 4-trifluoromethoxy
phenylhydrazone FCCP [0.9 uM], rotenone [1uM] antimycin A [1uM], and 2-deoxy-glucose
[100 mM]. Mitochondrial OCR (mtOCR) was assayed by injecting rotenone and antimycin
A to acutely inhibit mitochondrial-driven oxygen consumption. mtOCR was calculated by
subtracting non-mitochondrial OCR from total OCR levels. ATP coupling (mitochondrial
respiration associated with cellular ATP production) was calculated by subtracting total
OCR from OCR measured after the addition of Oligomycin. Indeed, Olygomycin blocks
OxPhos-dependent ATP synthesis from oxygen consumption. Data were normalized for
total protein content using the Bradford protein assay. The experiment was repeated with

cells obtained form three different donors, with 7 technical replicates each.

2.7. Glucose consumption and lactate production

Glucose consumption and lactate production were measured by analysing the
metabolite content of deproteinized cell culture supernatants. PBMC were seeded as
described above on 96-well plates in control medium or pro-osteoclastogenic medium and
cultured until multinucleated TRAP+ cells were formed (around 7 days). Media were then
replaced by fresh medium at the respective condition, and after additional 5 days, the
supernatants were collected. Metabolite concentrations were quantified using specific
enzymatic assays on a CMA600 analyzer (CMA Microdialysis AB). Glucose consumption
and lactate production were normalized by total protein content using the Bradford protein
assay (Bio-Rad). The experiment was repeated with cells obtained form three different

donors, with 5 technical replicates for each condition.

2.8. Resorption assay
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Resorption activity was measured by using the OsteoLyse bone resorption assay kit
(Lonza). Cells were cultured in pro-osteoclastogenic medium until osteoclast differentiation
(5 to 7 days), and then medium was replaced with specific media for 72 hours. In
particular, we used DMEM supplemented with penicillin [20 U/mL] and streptomycin [100
mg/mL], 10% FBS, buffered at pH 7.4 with 3.7 g/liter NaHCO3, plus 20 mM glucose
(complete glucose medium), 20 mM galactose (Sigma) (complete galactose medium), or
with complete galactose medium supplemented with rotenone (10 nM, Sigma).
Supernatants were collected after 10 days and the fraction of Type | collagen degradation
guantified by the emission of Europium-labelled collagen fragments via time-resolved
fluorescence (Infinite® 200 PRO, Tecan, exc. 340 nm, ems. 615 nm). The experiment was
repeated with cells obtained form two different donors, with 4 technical replicates for each

condition.

2.9. Cell viability assay

Cell viability was assessed by the Alamar Blue test (Invitrogen), according to
manufacturer's instructions. Cells were cultured in pro-osteoclastogenic media until
osteoclast differentiation was obtained (7 days), and then media were replaced with
complete galactose media added with rotenone (1 to 250 nM), or control media without
rotenone, for 72 hours. The Alamar Blue solution was added (10% v/v) to cell culture. After
incubation for 4 hours at 37 °C, the medium was transferred into another plate and the
fluorescence was measured using a microplate fluorescence reader (Infinite® 200 PRO,
Tecan), with an excitation wavelength of 490 nm and an emission wavelength of 530 nm.
Results were normalized to total protein content (Bredford assay, Bio-Rad). The
experiment was repeated with cells obtained form three different donors, with 2 technical

replicates for each condition.
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2.10. Necrotic osteoclast assay

Cells were cultured and maintained in pro-osteoclastogenic media or control media
until osteoclast differentiation was obtained (around 7 days), and then media was replaced
with complete galactose media added with rotenone (10 to 250 mM), or control medium
without rotenone, for 72 hours. At the end of the incubation period, cells were stained with
propidium iodide (PI, Invitrogen) for 15 minutes at room temperature. Then, the obtained
samples were observed by fluorescence microscopy, and necrotic cells that were positive
to PI (red) in 8 different random fields were counted. The experiment was repeated with

cells obtained form two different donors, with 4 technical replicates for each condition.

2.11. Statistical analysis

Statistical analysis was 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 as not normally distributed. We used the
nonparametric Mann-Whitney U test to evaluate the differences, and Spearman Rank
correlation for the correlation analyses. Data were expressed as mean * standard error of

the mean (SEM). P values less than 0.05 were considered as statistically significant.

3. Results
3.1. Mitochondrial mass increases along osteoclast differentiation

We obtained human osteoclasts from PBMC treated with the pro-osteoclastogenic
factors RANKL and M-CSF. At 2 days, we observed undifferentiated mononuclear
osteoclast precursors that, after 7 days of culture, fused together to form TRAP+

multinucleated osteoclasts (Fig. 1A). The number of fully differentiated osteoclasts was
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maintained from 7 to 14 days (Fig. 1A). In mature osteoclasts, we found that the
mitochondrial mass was markedly and significantly increased with respect to cells at 2
days of culture (Fig 1B and C **p<0.0001). We also found a positive correlation between
mitochondria mass and the number of nuclei (Fig. 1D, R?=0.9122, *p = 0.0178). These
data suggest that multinucleated cells retain the mitochondrial mass of the cells of origin,
as they need to keep the same level of energy production from mitochondrial activity.

To analyse mitochondria at different osteoclast differentiation phases by ultrastructural
analysis, we used CD14+ cells isolated from the mononuclear cell fraction of PBMC before
the seeding (Massey and Flanagan, 1999). This method allows obtaining a pure
population of osteoclast precursors, thereby avoiding the contamination with macrophages
and lymphocytes. Osteoclasts showed larger mitochondria that were also richer in cristae
than their precursors (Fig. 1E). By confocal analysis, we observed that in fully
differentiated osteoclasts mitochondria form a reticulum clustered at the perinuclear region
that extends outward with a tubular appearance towards the peripheral basal domain of

the cell (Fig 2 and 3).

3.2. Mitochondrial energy metabolism increases during osteoclast differentiation

We then verified if the increased mitochondrial content of differentiated osteoclasts was
associated with increased OxPhos and mitochondrial metabolism. We therefore analyzed
the expression of OxPhos complex subunits, the total intracellular content of ATP, and the
respiration rate in osteoclasts with respect to immature cells (mononuclear precursors
cultured for the same number of days and not treated with the osteoclast differentiating-
factors RANKL and M-CSF). Western blotting revealed that osteoclasts expressed
significantly higher levels of complexes I, Il, lll and V (Fig 4A-B; I-NDUFB8 *p=0.0495, II-

SDHB *p=0.095, [lI-UQCRC2 *p=0.0339, V-ATP5A *p=0.0495) with respect to immature
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cells. Furthermore, we found that mature osteoclasts produced higher levels of intracellular
ATP when compared to undifferentiated cells (Fig 4C, **p=0.0089; Fig 4D, ***p= 0,0001).
As a means of verification of the increased OxPhoS metabolism in human osteoclasts, we
measured the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR)
of live fully differentiated cells with respect to immature cells under the same timing and
conditions of those used for western blotting analysis. We found that ECAR values were
always lower in cells treated with RANKL and M-CSF, and already at 2 days of culture,
with respect to untreated cells (Fig. 5A). Conversely, OCR was higher in osteoclasts (cells
treated with RANKL and M-CSF at 7 and 14 days of cultures) than in immature cells (cells
not treated with RANKL and M-CSF the same time points) (Fig. 5B). By using ECAR and
OCR measurements of different osteoclast cultures after 7 days of incubation, we
calculated the rotenone and antimycin A-sensitive OCR (mtOCR) and the ATP coupling
efficiency. We found a significantly higher mtOCR, with a trend towards increased ATP
coupling and decreased ECAR in mature cells with respect to immature cells (Fig. 5C).
ECAR is an indirect method to evaluate glycolytic activity. Therefore, we also measured
the glycolytic efficiency as the ratio of lactase production/glucose consumption (Zancan et
al., 2010). Consistently with the data obtained by extracellular flux analysis, we found a
significantly lower glycolytic efficiency in cells treated with RANKL and M-CSF compared
with untreated cells (Fig. 5D ***p<0.0001).

In conclusion, the high expression of subunits of the electron transport chain, the high
intracellular ATP content, the increased OCR and the reduced glycolysis suggest an
increased OxPhoS metabolism and a concomitant decrease of glycolysis during the

differentiation of human osteoclasts.

3.5. Osteoclasts switch to a more glycolytic metabolism for Type | collagen resorption
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After confirming that the energetic demand for osteoclast formation is largely fulfilled by
an oxidative metabolism, we wondered whether the same energetic source and
metabolism was also used during the bone resorption process. To this purpose,
differentiated osteoclasts were exposed to complete cell culture medium containing only
glucose or only galactose as energetic fuels (Kase et al. , 2013) and seeded on a layer of
collagenous matrix. Compared to glucose, galactose forces cells to depend on OxPhos to
generate sufficient ATP by reducing the rate of glycolysis (Weinberg et al. , 2010). We
found that, when mature osteoclasts were exposed to glucose, Type | collagen
degradation activity was significantly increased, whereas the addition of galactose to the
cell medium significantly affected the resorption of collagenous matrix (Fig 6A; *p=0.0132).
Furthermore, the combination of galactose with rotenone, a specific inhibitor of complex |
of the electron transport chain significantly increased Type | collagen degradation activity
with respect to cell cultures containing only galactose in the medium (Fig 6A, **p=0.0013).
Of note, the 10 nM concentration of rotenone used for the Type | collagen resorption assay
was not cytotoxic (Fig 6B and C). Altogether, our results demonstrated that glycolysis is
the preferential energetic pathway driving the resorption activity of mature osteoclasts,
whereas oxidative metabolism is also maintained to some extent, presumably to support
other simultaneous cellular functions. This view is in line with the compartmentalization
theory that postulates that different types of metabolic activities are localized and
sequestered into different cellular compartments, according to the intracellular local needs.
Therefore, we investigated the cellular localization of glycolytic enzymes in osteoclasts that
are forming actin-ring structures that are needed for bone resorption. Although in fully
differentiated osteoclasts we observed a signal for PKM2 and GAPDH glycolytic enzymes
that spread from the cellular central main body throughout the cytoplasm, we also

visualized a clear localisation in close proximity to the actin-ring structures (Fig. 7, white
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arrows). Indeed, PKM2 and GAPDH also formed a ring-like structure. These results
suggest that the glycolytic pathway localised at the site of actin ring formation energetically

fuels the process of actin polymeralisation.

Discussion

The results obtained in this study confirmed the presence of abundant mitochondria in
human osteoclasts and a significant increase of the mitochondria content during the
differentiation process, as already shown in other species (Ishii et al. , 2009, Wei et al. ,
2010, Zeng et al. , 2015, Zhou et al. , 2013). Mitochondria in mature osteoclasts were
increased in size and rich in cristae, especially when compared with their monocytic
precursors. Likewise, very recent reports have shown a considerable structural
remodelling of mitochondria during osteoclastogenesis of murine precursors (Zeng et al. ,
2015). Furthermore, we observed the formation of a complex reticulum with mitochondrial
networks spreading throughout the cells, from the perinuclear region to the peripheral
basal domain, with organized, ramified and interconnected tubular structures. The
formation of mitochondrial clusters around the nuclei is possibly crucial to efficiently fuel
biosynthetic functions, whereas the complex reticulum at the basal domain might be
needed for generating ATP at the peripheral regions of the cell. Interestingly, a steady
increase in MtDNA content has been observed during the fusion of other cell types, like
myoblasts (Frangini et al. , 2013). The expansion of mtDNA copy number is contextual to
the increase of mitochondrial mass.

Mitochondrogenesis is usually associated with the expression OxPhos enzymes (Ishii
et al. , 2009), and membranes decorated with cristae are the principal sites of OxPhos
(Gilkerson et al. , 2003), whereas mitochondrial networks are important for generating ATP

in the different districts of the cell (Archer, 2013). Therefore, it is likely that, based on our
16



morphological observation, OxPhos is the main metabolic pathway driving energy
production during the osteoclast differentiation process and in fully differentiated
osteoclasts. In agreement with this hypothesis, in murine monocytes undergoing
osteoclast formation, the TCA cycle and oxidative phosphorylation are upregulated
(Czupalla et al. , 2005). Consistently, by directly measuring the metabolic activity of live
human cells, we found that osteoclasts present high levels of mitochondrial OCR and a
low glycolytic efficiency. Conversely, in immature cells, we found a higher glycolytic
efficiency, which usually occurs when all the glucose is converted into lactate, bypassing
other metabolic pathways that utilize glucose or its metabolites (Zancan et al. 2010). In line
with these results, in fully differentiated osteoclasts we demonstrated an increased
expression of the prevalent complexes of the respiratory chain and a high intracellular ATP
content. These data provide consistent evidence that mature osteoclasts rely on OxPhos
for energy production to support the biosynthesis of the components demanded for
differentiation. An increase in the expression of the enzymes of the respiratory chain
parallels an increased expression of TCA cycle enzymes (Czupalla et al., 2005). Notably,
despite the fact that results obtained with primary cell cultures of human osteoclasts are
usually characterized by a huge variability, we found considerable reproducibility, thereby
strongly supporting our conclusions. The fundamental role of mitochondriogenesis in
osteoclast formation has been also recently indirectly demonstrated in a knockout animal
model for transcription factor RelB of the NFKB pathway that is needed to propagate the
signal for differentiation and function of osteoclasts (Zeng et al., 2015). Osteoclasts
isolated from this model showed a reduced number of mitochondria with abnormal OxPhos
enzymatic activities. In line with our results, RelB- murine osteoclasts also appeared to
have a reduced number of cristae (Zeng et al., 2015). Similarly, other studies showed that

normal mitochondrial function suppresses macrophage activation and inflammation while
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promoting osteoclast differentiation (Jin et al., 2014). Indeed, M1 macrophages and
dendritic cells that derive from the same osteoclast precursors are purely glycolytic cells
(Loftus and Finlay, 2016). Furthermore, in the tumor murine model of osteoclasts
RAW?264.7 high levels of extracellular glucose strongly inhibit osteoclast differentiation. In
an opposite fashion, pyruvate preferentially used by OxPhos, leads to a metabolic shift
from glycolysis toward OxPhos, thereby promoting osteoclast differentiation (Kim et al.,
2007).

Based on these and our observations, we conclude that mature osteoclasts are in a
high energetic-state sustained by mitochondrial metabolism that might support most high
energy-consuming functions, including bone resorption. To gain insights into the metabolic
pathway that fuels osteoclast activity, we adjusted media composition with different
metabolites, i.e. glucose or galactose as energy sources. Glucose is the natural substrate
of glycolysis, whereas the oxidation of galactose to pyruvate through glycolysis yields no
net production of ATP, inducing cells to rely on OxPhos to produce energy (Rossignol et
al. , 2004). In both cases, with the addition of glucose or galactose, we found that
osteoclasts preferentially resorb Type | collagen when they can use a functional glycolytic
pathway. Consistently, under the same conditions, the addition of Complex | inhibitor
rotenone did not impair osteoclast activity: rather, collagen degradation was induced. This
effect was not due to cellular cytotoxicity, since we used a low dose of rotenone that does
not alter cell viability. Our data on the regulatory effects of glucose on osteoclast activity
are consistent with a previous report showing that at physiological concentrations glucose
regulates bone resorption of chicken osteoclasts (Williams et al., 1997). However, it is not
clear to date if glycolysis activation represents a whole cellular metabolic switch or if
OxPhos is still active to support other cellular functions during bone resorption. What is

clear from previous studies is that overexpression of PPary cofactor 1 (PGC-1p), a
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positive regulator of mitochondrial biogenesis, does not further increase bone resorption
even when OxPhos expression and mitochondrial mass increase (Zeng et al. , 2015).
Notably, hypoxia reduces the viability of mature osteoclasts, thereby suggesting that
OxPhos supports osteoclast survival (Arnett, 2010, Knowles and Athanasou, 2009).

The theory of metabolic pathway compartmentalization is still in its infancy, partly due
to the limited availability of methods to study the directionality of metabolic pathways and
to visualize metabolic processes in distinct cellular compartments. However, in the case of
complex cells bearing different cellular activities simultaneously operating at different
subcellular regions as for osteoclasts (i.e. bone resorption, cytoskeleton reorganisation,
vesicle trafficking, protein synthesis), the idea that metabolic enzymes are sequestered in
different areas of the cells is particularly appealing. One of the major examples of
metabolic compartmentalisation is the association of glycolytic enzymes with the actin
cytoskeleton. For angiogenic endothelial cells, glycolytic enzymes compartmentalize in
lamellipodia and filopodia to allow a rapid generation of ATP during the high-energy
consuming processes of cell motility (De Bock et al., 2013). With a similar mechanism,
during the energy-consuming process of bone resorption, osteoclasts undergo profound
changes in the organization of microfilaments (Lakkakorpi and Vaananen, 1996). This
occurs through the formation of podosomes, dynamic and self-organizing actin-based
structures that are densely packed into a thick ring called the sealing zone (Touaitahuata
et al. , 2013). We therefore speculated that local glycolysis allows a rapid generation of
ATP for dynamic motility, and prevents taxing ATP demands through the cells. As a
confirmation of our hypothesis, we found that PKM2 and GAPDH, two key enzymes of
glycolysis, are localised very close to the F-actin structures that form the so-called actin-

ring in multinucleated osteoclasts.
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The compartmentalisation of glycolytic enzymes at the sealing zone might have other
important implications. To reach a local pH around 4.7 in the resorption lacunae (Silver et
al., 1988), an enormous proton release is exerted by the activity of the proton pump
vacuolar ATP-ase (V-ATPase) at the ruffled border. The strong acidification at the
resorption lacunae allows the dissolution of hydroxyapatite crystals and the digestion of
organic bone matrix by acid proteases. Also in this case, the activity of V-ATPase is strictly
dependent on the locally availability of large amounts of ATP (Cipriano et al., 2008,
Francis et al., 2002, Qin et al., 2012). A direct coupling between the ATP-generating
glycolytic enzymes and the ATP-hydrolyzing proton pump has already been demonstrated
by the evidence that V-ATPase directly interacts with the A-subunit of
phosphofructokinase-1 (Sun, 2012) and with the E-subunit of aldolase (Lu et al., 2001).
Finally, the transport of vesicles to and from the ruffled border (Mulari et al. , 2003) is an
additionally high energy consuming process that requires prompt and local energy. An
example is offered by neurons in which the energy demand for fast axon transport of
vesicles to nerve terminals and ion pumps is fulfilled by local glycolysis (Wu et al. , 1997,
Zala et al., 2013).

In conclusion, in this study, we deeply investigated on osteoclast metabolism during
their differentiation and activity. As already observed in rodent models, we confirmed in
human osteoclasts that an increased mitochondrial mass and a high OxPhos are coupled
to osteoclastogenesis. In addition, for the first time, we demonstrated that glycolysis drives
osteoclast activity and is localized at subcellular level, close to the sealing zone. The
coordination and spatial organisation between these metabolic pathways allows a perfect
balance from mature osteoclast formation to the acquisition of bone resorption capacity.
Understanding the coordination of bioenergetics in human osteoclast differentiation and

function and a deeper characterization of compartmentalized metabolism in osteoclasts
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may provide the basis for therapies to target osteolytic pathological process, like

osteoporosis or bone metastases.
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Figure Legend

Fig. 1. Mitochondrial mass increases during osteoclast differentiation. (A)
Representative images of TRAP and nuclear staining of osteoclast cultures at 2, 7 and 14
days (white arrows show multinucleated TRAP+ cells) and representative graph of the
number of osteoclasts obtained at different end-points (n = 3). The trend was confirmed for
2 different donors; (B) Representative images of immunofluorescence with anti-
mitochondria antibody (right panel) of osteoclast precursors at 2 days of culture (upper
panel) and mature osteoclasts at 7 days of culture (bottom panel). The osteoclast
phenotype of the observed cells was confirmed by TRAP staining and multinuclearity (left
panel). Original magnification, 40x. Scale bar 20 um; (C) Mitochondrial mass index during
osteoclastogenesis (***p<0.0001, n=28); (D) Mitochondrial mass is directly correlated with
the number of nuclei for cell (R>=0.9122, n=9). Only cells with equal or more than 3 nuclei
were considered; (E) Representative images of ultrastructural analysis of mitochondria
from monocytic precursors (CD14+ cells) isolated from PBMC before seeding (upper
panels) and mature osteoclasts (7 days, lower panels). Scale bars: 1.5-2 um on the left,

0.2 um on the right, 100 nm for magnification.

Fig. 2. Mitochondria of mature osteoclasts form tubular structures. Osteoclasts were
stained with an anti-mitochondria antibody, and analyzed by confocal microscopy. (A)
Mature osteoclasts were identified by TRAP staining (grey in the white field) and the
presence of 3 or more nuclei (by Hoechst staining). Mitochondria clustered in the
perinuclear region (from the top and left panels to the botton and right panels: merge
image, blu channel, green channel, white field with grey colours, bar scale 20 uM); (B) Z-
sections of one chosen scanned XY-section are also below (XZ-section), or on the right

(YZ-section). White arrow shows tubular appearance of mitochondria towards the
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peripheral basal domain. Representative image; (C) Volume render image of 20 optical

sections, 0.18 um thickness.

Fig. 3. Confocal analysis of immunofluorescence staining of mitochondria to reveal
the mitochondria network in mature osteoclasts. Each XY-field of the 24 optical
sections (0.18 um thickness) are shown. White arrows show tubular appearance of

mitochondria towards the peripheral basal domain.

Fig. 4. Expression of enzymes of the respiratory chain and total ATP intracellular
content. (A) Immunoblot analysis of complex | (I-NDUFB8), complex Il (II-SDHB), complex
I (-UQCRC2), complex IV (IV-COXII) and complex V (V-ATP5A) of the electron
transport chain of osteoclasts (+RANKL/M-CSF) and immature cells (-RANKL/M-CSF).
HSP60 immunoblot was used for normalization. Representative image; (B) Densitometric
guantification of the signal detected in Western blot assays (ratio of each protein:HSP60),
mean + SE, *p<0.05, n=4; (C) Total intracellular ATP content of osteoclasts on plastic
substrate. Results were normalized to total protein content, mean = SE, **p<0.01, n=10.
(D) Total intracellular ATP content of osteoclasts on dentin substrate. Results were

normalized to total protein content, mean + SE, ***p<0.001, n=10.

Fig. 5. Energetic metabolism during osteoclast differentiation. Osteoclasts and
immature cells were cultured for 14 days, and baseline ECAR and OCR were measured
using the Seahorse Flux Analyzer. Typically, after the incubation with osteoclast
differentiation factors (RANKL and M-CSF), osteoclasts are formed starting from day 7.
ECAR, extracellular acidification rate; OCR, oxygen consumption rate; mtOCR,

mitochondrial OCR. Graphs showed the ECAR (A) and OCR measurements (B) at
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different time points of a representative osteoclast culture obtained from a single donor (A,
B, C, D vertical lines correspond to the time of injection of oligomycin, FCCP, rotenone and
antimycin A, 2-deoxy-glucose 100 mM respectively); (C) ECAR, mtOCR, and ATP
coupling values of cells treated with osteoclast differentiating factors, or not treated, at 7
days of cultures. Average of different cultures obtained from three different donors. Mean +
SE (*p<0.05, n=3); (D) Glycolytic efficiency (glucose consumption/lactate production ratio).
Average of the different cultures obtained from 5 different donors. Data were expressed as
percentages in respect to —-RANKL/M-CSF condition. **p<0.0001, n=5. All the results

were normalized to total protein.

Fig. 6. The degradation of Type I collagen relies on glycolysis. (A) Type | Collagen
degradation activity of osteoclasts cultured with medium enriched with either glucose or
galactose, or with galactose supplemented with rotenone 10 nM. The values are
expressed as percentage in respect to the condition of cells treated with galactose.
Glucose versus galacose, *p<0.05, n=5, mean + SE; galactose versus glactose and
rotenone, **p<0.01, n=8, mean + SE. (B) The effect of different concentrations of rotenone
in galacose media on cell viability was tested with Alamar Blue fluorescence. Results are
normalized to total protein content, *p<0.05, **p<0.01, n=6. (C) The necrotic effect of
different concentrations of rotenone in galactose media was tested by staining with

propidium iodide nucleic acid binding dye. ***p<0.001, n=8.

Fig. 7. The glycolytic enzymes PKM2 and GAPDH localise at the sealing zone, close
to the actin ring. Osteoclasts were stained with an anti-PKM2 or anti-GAPDH Alexafluor
488-antibodies (green) together with Falloidin-TRITC (red) to stain F-actin, and analyzed

by confocal microscopy. The white arrows show the rings formed by PKM2 and GAPDH in
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close proximity to the actin ring at the sealing zone. (A) xy section of osteoclasts forming
the actin ring (left panel: merge image, right panel: green channel; bar scale 20 uM); (B)
details of the sealing zone in XY-section (XZ-section), (left panel: merge image; middle
panel: green channel; right panel: red channel, bar scale 10 uM); (C) Z-scans of an
osteoclast stained for GAPDH (green) and F-actin (red). All XY-fields of the 16 optical

sections (0.6 um thickness) are shown.
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Figure 6 revised
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Figure 7
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