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Editorial on the Research Topic
New perspectives on osteoclasts in health and disease

Introduction

Since their discovery 150 years ago, osteoclasts have been the subject of an increasing
number of studies. Osteoclasts are indeed very particular because they are among the very
few physiologically multinucleated cells, they are the only ones capable of resorbing bone
matrix and, although they play a key role in bone remodeling, they belong to the monocyte
lineage. Their functions extend far beyond bone resorption, and they are involved in many
biological and pathological processes, including osteoporosis, bone tumor and metastasis,
rare diseases, and chronic inflammatory diseases. As a result, they remain the subject of
intense research, and the number of publications on osteoclasts continues to grow
exponentially.

The 13 articles in this Research Topic, including 8 Original Research and 1 Method
papers plus 3 Reviews and 1 Minireview, to which 97 authors and 28 reviewers from all
over the world contributed, reflect the continuing high level of interest in osteoclasts. They
bring new data or review recent advances in the regulation of osteoclast differentiation
and function, their role in the pathological context and their interest as therapeutic targets,
as well as new tools for measuring osteoclast activity and number in in-vitro assays
(Figure 1).
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Overview

Cell signaling and molecular regulation of
osteoclast differentiation, fusion, and
function

At the molecular and cellular level, this topic has contributed
to refine membrane receptors and cell signaling in osteoclast
physiology and dysfunction, and addressed molecular aspects of
osteoclast differentiation, fusion, and function. Bae et al
provided new insights into mTORCI1-mediated regulation of
osteoclastogenesis and bone resorption, revealing the interplay
between MYC and mTORCI signaling pathways in the
regulation of osteoclast resorption. Furthermore, they
demonstrated for the first time that the MYC-GADD34 axis is
an upstream regulator of mTORCI activation in osteoclast
differentiation, suggesting that this axis is a potential
therapeutic target for mTORCI regulation and pathological
bone resorption.

Osteoclast fusion is a tightly regulated process involving cell
adhesion and actin reorganization (Dufrancais et al, 2021).

Frontiers in Cell and Developmental Biology

Ahmadzadeh et al. summarized recent insights into osteoclast
biogenesis, focusing on syncytial cell formation. Osteoclasts are
considered the physiological counterpart of the less well-
characterized Langhans and foreign body giant cells
(Anderson, 2000), formed upon macrophage fusion under
pathological conditions (e.g., granuloma or foreign material
exposure). Osteoclasts retain several immunomodulatory
functions of macrophages, such as phagocytic activity to
resorb bone. These observations, together with the osteoclast
contribution to bone promotion and angiogenesis, further
crushes the image of osteoclasts as specialized cells dedicated
exclusively to bone resorption. Two original research articles
further explored the mechanisms of cell fusion in
osteoclastogenesis. Mangini et al. demonstrated evidence for
multimodal regulation of osteoclast differentiation and activity
by group IIA secreted phospholipase A, (sPLA,-IIA). Using
different approaches (KO mice, siRNAs, recombinant
proteins, and inhibitors), they reported the involvement of
SPLA,-ITA in the control of osteoclast differentiation,
syncytium formation, and resorption activity in a both
catalytically dependent and independent manner. Maurin
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et al. shed new light on the control of microtubule dynamics in
osteoclasts using an osteoclast KO model for TUBB6, a B-tubulin
isotype responsible for cytoskeleton organization. The authors
showed that TUBB6 is essential in regulating microtubule and
actin cytoskeleton dynamics in osteoclasts. Furthermore, this
study developed a proteomic approach and identified proteins
whose association with microtubules was affected by TUBB6.

Osteoclast activity and differentiation are controlled by their
interaction with the osteoblastic lineage, a process termed
coupling. Borggaard et al. investigated the spatial organization
of several putative secreted and membrane-bound coupling
factors and their receptors in human cortical bone remodeling
processes. They identified coupling factors such as LIF, SEMA4D
and PDGFB in human bone-resorbing osteoclasts and their
respective receptors LIFR, PLXNB1, PDGFRA, and PDGFRB
in neighboring reversal cells and osteoblasts. These findings
support previous functional studies and highlight the critical
role of these coupling factors in the osteoclast-osteoblast
coupling in human bone remodeling. In their review, Russo
et al. introduces the osteoclastogenesis process illustrating the
reciprocal regulation of osteoclasts and other bone resident cells.
To date multiple osteoclast precursor subsets and initiation of
differentiation sites have been identified, contributing to
osteoclast diversity.

Perspectives in pharmacological targeting
of osteoclasts for diagnosis and treatment
of bone pathologies

The crosstalk of osteoclasts with other cell types not only
contributes to bone homeostasis maintenance but can also
exacerbate several pathological conditions leading to bone
destruction. This is particularly the case in many chronic
inflammatory diseases and in cancer.

As an example, Tao et al. emphasize the common pathways
shared in diabetes and periodontitis by exploring the effect of the
antidiabetic drug metformin on osteoblast and osteoclast
formation and function in vitro. While metformin does not
affect periodontal ligament-driven osteoblastogenesis, it
effectively inhibits osteoclast formation by acting on the
production of RANKL and M-CSF by fibroblasts and altering
the differentiation of potential osteoclast progenitors. The link
between chronic diseases and osteoclastogenesis was also
demonstrated by Pramusita et al. in a murine model of salt-
sensitive hypertension. This model is characterized by increased
osteoclast formation and bone loss associated to a high TNF-a
production and angiotensin II type 1 receptor upregulation in
osteoblasts, which may contribute to increased RANKL levels.
Another example of the importance of the interplay between
osteoclasts and neighboring cells is provided by Lin et al. who
explored the protective effect of the anti-inflammatory flavonoid
acacetin in the context of osteoporosis. They showed that
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acacetin decreases osteoclast formation by interfering with
RANK signaling pathway and stimulates the capacity of bone-
marrow derived macrophages to promote angiogenesis, both in
vivo and in vitro, limiting bone loss in osteoporotic mice. Ruocco
et al. provide detailed information on the role of the complement
C5a-C5aR1 axis in bone pathogenesis of the most common
inflammatory bone diseases such as rheumatoid arthritis, as
well as in osteoporosis and cancer. The authors discuss
available C5aR1-based therapeutic approaches along with the
importance of the C5a-C5aR1 axis in the interaction between the
skeletal and immune system and its potential use as a new
therapeutic target for the treatment of inflammatory bone
diseases.

In their review, Russo et al. focused on osteoclast
involvement in skeletal tumor progression. Osteoclasts can
increase the aggressiveness of primary bone tumors or
reinforce the bone metastatic process and reactivate dormant
cancer cells in bone marrow niches. The authors discussed
current  therapies  targeting bone  resorption  and
osteoclastogenesis. Excessive bone turnover is typical of
Paget’s disease and is associated with an increase in size and
number of resorbing osteoclasts (Paget, 1877). Gennari et al.
realized a comprehensive review on recent advances related to
the pathogenesis of this disease. Although the mechanisms
underlying the development of this disorder remain largely
unknown, concomitant factors other than  genetic
susceptibility, such as viral infections and/or environmental
factors, have been suggested as possible etiologies. The efforts
toward a deeper understanding of this disease are driven by the
lack of a resolutive cure, with current treatment being
bisphosphonates (Lipton, 2005) and symptomatic medications

for pain relief.

Development in technology

In recent decades, significant advances have been made in the

characterization ~of osteoclast —physiopathology  despite
technology limitations. Even today, evaluation of osteoclast
number, size and activity is greatly time consuming and
exhibits operator-related bias despite having trained personnel,
making continuous monitoring of osteoclast function difficult.
Harnessing the potential of electric cell-substrate impedance
sensing (ECIS), Jansen et al. developed an impedimetric
bioassay for real-time resorption quantification. This allowed
the monitoring of IL-1PB-induced resorptive activity during
osteoclast culturing, highlighting how this inflammatory factor
accelerates resorption in the initial phase of stimulation, although
final total resorption (generally quantified by classical methods)
was unaffected. In addition, Kohtala et al. developed an
automated method for the quantification of osteoclast number
and dimension using machine learning-based object detection.

All steps are executed by a specific software that performs single-
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cell analysis after pixel translation. The application of machine
learning can partially overcome the user’s subjectivity in
osteoclast evaluation. These highlighted contributions are only
examples of the collective efforts in the direction of the
standardization of reliable methods to quantify osteoclast
number, size, and biological activities over time, not only
in vitro, but also using non-invasive in-vivo approaches.

Concluding remarks

This Research Topic prospects the central role of the
osteoclasts in bone pathophysiology, collecting recent evidence
from in-depth analysis of the mechanisms regulating osteoclast
formation and activity, as well as their communication with the
surrounding system. It provides a better understanding of the
role of osteoclasts in chronic diseases and cancer associated with
bone loss. In addition, this Research Topic confirms that
osteoclast research continues to provide new data and
concepts, as well as new perspectives, both at the fundamental
level and in terms of new therapeutic opportunities.
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The Beta-Tubulin Isotype TUBB6
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Osteoclasts are bone resorbing cells that participate in the maintenance of bone health.
Pathological increase in osteoclast activity causes bone loss, eventually resulting in
osteoporosis. Actin cytoskeleton of osteoclasts organizes into a belt of podosomes,
which sustains the bone resorption apparatus and is maintained by microtubules.
Better understanding of the molecular mechanisms regulating osteoclast cytoskeleton
is key to understand the mechanisms of bone resorption, in particular to propose new
strategies against osteoporosis. We reported recently that g-tubulin isotype TUBBG is
key for cytoskeleton organization in osteoclasts and for bone resorption. Here, using
an osteoclast model CRISPR/Cas9 KO for Tubb6, we show that TUBB6 controls
both microtubule and actin dynamics in osteoclasts. Osteoclasts KO for Tubb6 have
reduced microtubule growth speed with longer growth life time, higher levels of
acetylation, and smaller EB1-caps. On the other hand, lack of TUBB6 increases
podosome life time while the belt of podosomes is destabilized. Finally, we performed
proteomic analyses of osteoclast microtubule-associated protein enriched fractions.
This highlighted ARHGAP10 as a new microtubule-associated protein, which binding to
microtubules appears to be negatively regulated by TUBB6. ARHGAP10 is a negative
regulator of CDC42 activity, which participates in actin organization in osteoclasts. Our
results suggest that TUBB6 plays a key role in the control of microtubule and actin
cytoskeleton dynamics in osteoclasts. Moreover, by controlling ARHGAP10 association
with microtubules, TUBB6 may participate in the local control of CDC42 activity to
ensure efficient bone resorption.
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INTRODUCTION

Osteoclasts are giant multinucleated cells involved in bone resorption. Their counterparts,
osteoblasts, participate in new bone formation. Both cell types are thus crucial for bone homeostasis
which is highly dynamic despite bone stiffness. Furthermore, whereas an equilibrium between the
activities of osteoclasts and osteoblasts is crucial for bone renewal, a pathological excess in osteoclast
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activity results in bone loss and may lead to osteoporosis; this
is the case in number of physio-pathological situations such as
from age-related sexual hormone decay, chronic inflammation,
and cancer (Khosla and Hofbauer, 2017). Bone resorption by
osteoclasts relies on their ability to organize a specific adhesive
structure called the sealing zone or podosome belt, composed
of actin rich avp3 integrin-containing adhesive structures called
podosomes (Blangy et al., 2020). The sealing zone surrounds
a highly convoluted plasma membrane domain: the ruffled
border, which is specifically involved in bone resorption being
the siege of acid and protease secretions respectively dissolving
mineral matrix and digesting bone proteins. The dynamic of this
podosomal structure allows osteoclast sliding and generates series
of resorption pits at the bone surface (See and Delaissé, 2017).

Various approaches to regulate osteoclast activity have
been developed, mostly focused on pathways regulating
differentiation, but targeting the sealing zone formation
also appears an interesting alternative for the treatment
of osteoporosis (Blangy et al, 2020; Mounier et al., 2020).
Combining transcriptomic and proteomic approaches, we
recently highlighted the p-tubulin isotype TUBB6 as important
for the establishment and/or the maintenance of the podosome
belt and for osteoclast activity (Guérit et al., 2020). Microtubules
are dynamic polymers of a- and B- tubulin heterodimers, which
oscillate between growing and shrinking phases, a process
known as dynamic instability. The specific regulation of MT
dynamics and organization allows their adaptation to diverse
cellular functions, such as cell division, motility, shape, and
intracellular transport. Tubulin isotypes and post-translational
modifications generate a so-called "tubulin code" translated
into a given function through the recruitment of specific
microtubule-associated proteins (Janke and Magiera, 2020).
Indeed, the nature of B-tubulin isotypes was shown to affect
microtubule dynamics in vitro (Vemu et al., 2017; Ti et al., 2018).
TUBB6 was found to exert a microtubule-destabilizing effect
in cycling cells (Bhattacharya and Cabral, 2009; Bhattacharya
et al,, 2011). Moreover, TUBB6 is expressed at low levels in
most tissues (Leandro-Garcia et al., 2010), and high expression
of TUBBG6 is characteristic of osteoclasts (Guérit et al., 2020).
Microtubules and the actin cytoskeleton are physically and
functionally intimately connected (Dogterom and Koenderink,
2019). In particular in osteoclasts, both actin cytoskeleton
and microtubules are key for the formation of the podosome
belt and for bone resorption (Okumura et al., 2006), but their
regulatory crosstalk remains poorly understood in osteoclast
(Blangy et al., 2020).

We reported recently that TUBB6 plays a key role in actin
organization in osteoclasts and their resorption activity (Guérit
et al., 2020). In the present study, we investigated further how
TUBB6 regulates actin cytoskeleton in osteoclast, through the
development of a cellular model knocked out for Tubb6 gene.
We found that actin organization and bone resorption defects
of Tubb6 KO osteoclasts are correlated not only with changes in
microtubule but also actin dynamics. Furthermore, we developed
a proteomic approach and identified proteins whose association
with microtubules is affected by TUBB6.

MATERIALS AND METHODS

Mice, Cell Lines, and Lentivirus

Production

Four-week-old C57Bl/6] mice were purchased from Harlan
France and maintained in the animal facilities of the CNRS in
Montpellier, France. Procedures involving mice were performed
in compliance with local animal welfare laws, guidelines,
and policies, according to the rules of the regional ethical
committee. RAW264.7 cells were a gift from Kevin P McHugh
(Gainesville, FL, United States). Lentiviral particles were
produced at the Plateforme de Vectorologie de Montpellier
(Montpellier, France).

Osteoclast Differentiation and Activity

For osteoclast differentiation, RAW264.7 cells between passages
5 and 12 were cultured in a humidified incubator at 37°C
and 5% CO,, in a-MEM supplemented with 10% heat
inactivated fetal calf serum (Biowest), Penicillin-Streptomycin
(Life Technologies), 2 mM glutamine (Lonza), and 50 ng/mL
RANKL (Peprotech). Medium was changed every other day until
osteoclast differentiation at day 4 or 5. When appropriated, at
day 2 of differentiation, siRNAs were transfected with silmporter
(Millipore) in OptiMEM medium (Life Technologies) containing
50 ng/mL RANKIL, as described previously (Touaitahuata et al.,
2016), using 100 nM of the siRNAs described previously:
luciferase control and Tubb6 siRNAs si1077 and sil1373 (Guérit
et al., 2020). Primary osteoclasts were obtained from mouse
bone marrow as described previously (Vives et al, 2011;
Touaitahuata et al., 2016). Briefly, non-adherent bone marrow
cells from long bones of 6- to 8-week-old C57BL/6] mice
were grown for 48 h in o-MEM containing 10% heat-
inactivated fetal calf serum, 2 mM glutamine, and 30 ng/mL
macrophage colony-stimulating factor (M-CSF; Miltenyi) to
obtain bone marrow macrophages (BMMs); BMMs were then
grown in the same medium complemented with 50 ng/mL
RANKL for 5 days to obtain osteoclasts. Differentiation
was performed on glass or on Apatite Collagen Complex
(ACC)-coated coverslips, prepared as reported previously
(Maurin et al., 2018).

To measure their activity, osteoclasts were detached from the
culture plate by scrapping at day 3 of differentiation and seeded
for 3 more days onto inorganic crystalline calcium phosphate
(CaP)-coated multiwells (Osteo Assay Surface, Corning), eight
wells per condition. For each condition, 4 wells were then stained
for tartrate resistant acid phosphatase (TRAP) activity to measure
osteoclast surface and 4 wells stained with von Kossa to measure
CaP dissolution as described previously (Brazier et al., 2009).
Wells were imaged with a Nikon SMZ1000 stereomicroscope
equipped with a Nikon DXM 1200F CCD camera and the
quantifications were carried out with Image] 1.53c software. In
each experiment, osteoclast specific activity was expressed as
the average area resorbed in the four wells stained with von
Kossa normalized by the osteoclast surface in the four wells
stained with TRAP.
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Generation of Tubb6 Knock-Out

RAW264.7 Cells

A guide RNA (gRNA) targeting the second exon of mouse Tubb6
gene (5-CGACCAGGCCGGAGGCTACG-3") was designed and
cloned in lentiCRISPRv2 vector, which also provides the
expression of the Streptococcus pyogenes Cas9 and puromycin
resistance, a gift from Feng Zhang (Addgene plasmid # 52961;
http://n2t.net/addgene:52961; RRID:Addgene_52961) (Sanjana
etal., 2014). Empty and Tubb6 gRNA-containing lentiCRISPRv2
were used to produce lentiviruses and generate respectively
control (WT) and Tubb6 KO RAW264.7 cells. For this, growing
RAW264.7 cells were infected with lentiviral particles and
selected with 3 pg/ml puromycin 48 h later. Puromycin-
resistant WT and Tubb6 KO RAW264.7 clones were individually
picked, expanded, and TUBB6 expression was monitored by
immunoblot analysis using home-made polyclonal antibodies
against the C-terminal end of mouse TUBB6, generated in rabbit
at Eurogentec by injection of peptide GGGEINE as described
(Spano and Frankfurter, 2010). Selected clones of RAW264.7 cells
were used to differentiate WT and Tubb6 KO osteoclasts.

Quantitative Polymerase Chain Reaction
DNasel-treated total RNA was prepared using the RNeasy
Minikit (Qiagen); RNA was primed with 10-mer random
primers and reverse transcription was catalyzed using
Superscript II reverse transcriptase (Invitrogen) to generate
cDNAs. Quantitative Polymerase Chain Reaction (Q-PCR)
was performed an Mx3000p PCR system (Stratagene) using
the Platinium Taq DNA polymerase (Invitrogen) and SYBR
Green I (Bio Wittaker) as described (Maurin et al., 2018).
Primers used were 5-ACAGTCCATGCCATCACTGCC-3'
and 5-GCCTGCTTCACCACCTTCTT-3" for Gapdh and
5'-GAACTATGTGCACCGGGACC-3" and 5-GAGCTCGCTC
AGCAGAATCC-3" for Src and 5-TGGAGGCCTCTCTTG
GTGTC-3’ and CCACAAGATTCTGGGGACTC-3 for
Cathepsin K. The threshold cycle (Ct) of each amplification
curve was calculated by Roche Diagnostics LightCycler 480
software using the second derivative maximum method. The
relative amount of a given mRNA was calculated using the ACt
method (Livak and Schmittgen, 2001).

Immunoblot

Osteoclast lysates were prepared in lysis buffer (50 mM Tris
pH7.4, 150 mM NaCl, 1% IGEPAL CA-630, 2 mM EDTA,
50 mM NaF, 10% glycerol, protease inhibitor cocktail). Culture
supernatants were collected to assess the secretion of Cathepsin
K. Protein concentrations were determined with Bradford.
After resolution by SDS-PAGE, proteins were transferred to
PVDEF-FL membranes (Immobilon-FL Transfer Membrane) and
analyzed by immunoblot. Primary antibodies were: TUBB6
(1:1000), ARHGAP10 (ProteinTech S5136AP, 1:1000), GAPDH
(CellSignaling #2118, 1:5000), Sigma antibodies EB1 (E3406,
1:2500), K40-acetylated tubulin (T6793, 1:1000) and actin
(A2103, 1:1000), Abcam antibodies Vinculin (ab108620, 1:5000),
CLASP1 (ab108620, 1:5000) and Histone H3 (ab1791, 1:1000),
total B tubulin (Developmental Studies Hybridoma Bank

E7, 1:1000), Santa Cruz Biotechnologies antibodies TUBB5
(SAO.4G5, sc-58884, 1:5000) and Cathepsin K (E-7, sc-48353,
1:500). Secondary antibodies were: Goat-anti-mouse Dylight680
(Invitrogen, 35518), Goat-anti-mouse Dylight800 (Invitrogen,
SA535521), Goat-anti-rabbit Dylight680 (Invitrogen, 35568),
Goat-anti-rabbit Dylight800 (Invitrogen, SA535571). Signals
were acquired using the Odyssey Infrared Imaging System (LI-
COR Biosciences, United States).

Immunofluorescence

All imaging was performed at Montpellier Ressources Imagerie
(MRI) in Montpellier. For immunofluorescence, osteoclasts were
differentiated on glass coverslips. Alternatively, osteoclasts at
day 3 of differentiation were detached by scrapping and seeded
for 2 more days on ACC as described previously (Maurin
et al., 2018). Cells were fixed for 5 min in methanol at —20°C
followed by 10 min permeabilization in 0.1% Triton X-100
in PBS in the case of endogenous EB1 labeling. Alternatively,
cells were fixed for 20 min at room temperature in 3.2%
paraformaldehyde and 10 wM Paclitaxel (Sigma) in PHEM
(60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgSOy,
pH 6.9) and cells were then permeabilized with 0.1% Triton X-
100 in PBS for 1 min. After blocking for 1 h with 2% BSA
in PBS, cells were processed for immunofluorescence. Primary
antibodies used were: TUBB6 (1:1000), a-tubulin (1:2000, Sigma
T5168) or a-tubulin (1:200, YOL3/4 Santa Cruz Biotechnologies
$¢53030), ARHGAP10 (1:200), EB1 (BD 610534, 1:500) in 2%
BSA in PBS. Secondary antibodies used were from Invitrogen:
donkey anti-mouse Alexa fluor 488 (Invitrogen A21202), donkey
anti-rabbit Alexa fluor 546 (Invitrogen, A10040), goat anti-rat
Alexa fluor 633 (Invitrogen, A21094), all used 1:1000. When
appropriate, F-actin was labeled with Phalloidin Alexa fluor 647
(1:1000, Invitrogen A22287) or Phalloidin rhodamine (Sigma
P1951, 1:10,000). Coverslips were mounted in Citifluor MWL4-
88-25 (CliniSciences), imaged with Leica SP5 SMD confocal
microscope equipped with oil objective 63X HCX Plan Apo CS
oil 1.4NA under Metamorph 7.7.6.

Image Quantification and Live Imaging

Actin organization was evaluated visually after F-actin staining
in fixed osteoclasts; a podosome belt was classified abnormal
when F-actin staining was fragmented, weak, or absent in more
than half of the osteoclast periphery, as described previously
(Maurin et al., 2018).

For live imaging, osteoclasts were differentiated from WT and
Tubb6 KO RAW264.7 cells expressing either LifeAct-mCherry
to follow actin dynamics or EB1-GFP to follow microtubule
dynamics. LifeAct-mCherry was subcloned into pMXs-Puro,
retroviral particles were produced as described (Guimbal et al.,
2019), and RAW264.7 cells were infected for 24 h in 8 pug/ml
polybrene (Sigma). Alternatively, RAW264.7 were infected with
lentiviral particles obtained from EBI1-GFP lentiviral vector,
a gift from Ken-Ichi Takemaru (Addgene plasmid # 118084;
RRID:Addgene_118084)" for 5 h in 8 jug/ml polybrene (Sigma).

'http://n2t.net/addgene:118084
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For microtubule regrowth assays, osteoclasts were treated with
10 M nocodazole on ice for 2.5 h to depolymerize microtubules.
Medium was then replaced by nocodazole-free medium at 37°C.
At desired time points, cells were rinsed in PHEM containing
0.1% saponin, 0.25 nM nocodazole, and 0.25 nM paclitaxel, and
fixed with methanol at -20°C for 5 min. After 1-h saturation in
2% BSA in PBS, cells were processed for immunofluorescence to
label microtubules with a tubulin antibody (1:2000) and donkey
anti-mouse Alexa488 secondary antibody (1:1000). Images were
acquired as described in the Immunofluorescence section above.
Aster areas were measured using Segmented Line function
in Image] 1.53c.

For microtubule dynamics, EB1-GFP-expressing osteoclasts
were imaged at 37°C with inverted spinning disk Nikon Ti
Andor CSU-X1 equipped with EMCCD iXon897 Andor camera,
one image per second for 2 min, with oil objective 100x
Plan Apo lambda 1.45 NA. EBI-GFP comet mean growth
speed, mean length, and mean lifetime were determined using
u-track (V2.0) software. Comet detection settings were 2 and 4
pixels respectively for low-pass and high-pass Gaussian standard
deviation. For tracking the maximum gap to close was set to 4
frames while the minimum length of track segment from first step
was set to 10 frames. The remaining settings used for tracking
were the u-track default ones. Images were also analyzed in
Image] 1.53¢ with MTrack] function microtubule growth speed,
as described (Guimbal et al., 2019).

Endogenous EB1 and EB1-GFP comet length were measured
with the Straight-Line function of Image] 1.53c.

For podosome belt dynamics, LifeAct-mCherry-expressing
osteoclasts were imaged at 37°C with Dragonfly spinning disk
microscope equipped with an EMCCD iXon888 Life Andor
camera (Andor Technology), two images per minute, with 40X
plan fluor 1,3 NA DT 0.2 wm objective. The overlap of actin ring
position between different time points was determined with the
function Measure in Image] 1.53c.

For individual podosome dynamics, LifeAct-mCherry-
expressing osteoclasts were imaged at 37°C with CSU-X1
spinning disk microscope as above, one image per second
was acquired for 10 min, with 100X plan Apo lambda 1.45
NA objective. Podosome life time was determined by tracking
manually on the videos the interval between the appearance and
disappearance of individual podosomes.

Preparation of Osteoclast
Microtubule-Associated Protein

Enriched Fractions

Osteoclasts were lysed in Tub/MT microtubule stabilizing buffer
(80 mM MES, 1 mM EGTA, 4M glycerol, 2 mM MgCl,, 1 mM
Na3VOy, pH 6.8) supplemented with 0.1% Triton X-100 and
protease inhibitory cocktail for 4 min at room temperature.
Lysates were centrifuged for 10 min at room temperature at
16,000 x g. Pellets were resuspended in Tub/MT supplemented
with 20 wM paclitaxel, 0.1 pM GTP, 350 mM NaCl and protease
inhibitory cocktail and centrifuged at 21,500 x g for 10 min.
The resulting supernatant S2, enriched in microtubule binding
proteins, was further analyzed by proteomics.

Microtubule Co-sedimentation Assay

Human embryonic kidney 293T (HEK293T) cells were
transfected with either pRK5 HA-GST (Bompard et al., 2018) or
pRK5 HA-GST ARHGAP10, PCR-cloned into pRK5 HA-GST
using pEGFP-N3 ARHGAPI10 as template, a generous gift from
Dr. Daisuke Mori (Sekiguchi et al., 2020), using jetPEI (Polyplus
transfection) following manufacturer instructions. Twenty-four
hours post transfection, cells were harvested, washed twice in
ice cold 1X PBS, and lysed in 1X BRB80 (80 mM PIPES, 1 mM
EGTA, 1 mM MgCl2, pH 6.8) supplemented with 1 mM DTT,
protease inhibitor cocktail, and 0.1% IGEPAL CA-630 for 20 min
on ice. Cell lysates were clarified at 100,000 x g. for 30 min at
4°C. 100 pg of clarified lysates were supplemented with 2 mM
GTP, incubated 5 min on ice followed by 10 min at 37°C. A total
of 20 uM paclitaxel was added and the reaction incubated at
37°C for 10 more min. Reaction was loaded on a 40% glycerol
cushion made in 1X BRB80 supplemented with 20 WM paclitaxel
and centrifuged at 100,000 x g for 15 min at 30°C. Pellet was
rinsed once with 1X BRB80 supplemented with 20 uM paclitaxel
and resuspended in the same volume as supernatant. For control
experiments, all steps were performed at 4°C in the absence of
GTP and Paclitaxel. Samples were then analyzed by immunoblot.

Proteomics

After reduction (DTT 1M, 30 min at 60°C) an alkylation
(IAA 0.5M, 30 min RT) microtubule-associated protein
enriched fractions were digested using trypsin (Gold, Promega,
1 pg/sample, overnight at 30°C). Peptide clean-up was done
using OMIX C18 (Agilent) according to manufacturer protocol.
For LC MSMS analysis, samples were loaded onto a 25 cm
reversed-phase column (75 mm inner diameter; Acclaim
PepMap 100 C18; Thermo Fisher Scientific) and separated
with an UltiMate 3000 RSLC system (Thermo Fisher Scientific)
coupled to a QExactive HFX system (Thermo Fisher Scientific).
Tandem mass spectrometry analyses were performed in a data-
dependent mode. Full scans (350-1,500 m/z) were acquired in the
Orbitrap mass analyzer with a resolution of 120,000 at 200 m/z.
For MS scans, 3e6 ions were accumulated within a maximum
injection time of 60 ms. The 20 most intense ions with charge
states > 2 were sequentially isolated (le5) with a maximum
injection time of 50 ms and fragmented by higher-energy
collisional dissociation (normalized collision energy of 28) and
detected in the Orbitrap analyzer at a resolution of 30,000. Raw
spectra were processed with MaxQuant v 1.6.10.43 (Cox and
Mann, 2008) using standard parameters with LFQ and match
between runs option. Spectra were matched against the UniProt
reference proteome of Mus musculus (UP000000589, release
2020_04%) and 250 frequently observed contaminants, as well as
reversed sequences of all entries. The maximum false discovery
rate for peptides and proteins was set to 0.01. Representative
protein ID in each protein group was automatically selected using
the in-house developed Leading tool v 3.4 (Raynaud et al., 2018).
Statistical analysis (t-test) were done using Perseus v 1.6.10.43
(Tyanova et al., 2016). Briefly, after reverse and contaminants
entries removal, LFQ data were log2 transformed. Imputation

Zhttp://www.uniprot.org
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was performed using "Replace missing values from normal
distribution" with standard parameters. Difference between the
two groups was then assessed using a standard ¢-test.

GO term enrichment analyses were performed using
Panther 16.0 software® (GO Ontology database DOLI:
10.5281/zen0do.5080993 Released 2021-07-02). UniProtIDs
were employed as input type IDs and the total list of Mus
musculus genes was used as reference. GO cellular component,
molecular function, and cellular component terms with P < 0.05
with Fisher’s Exact were considered significantly enriched.

Statistical Analyses

Statistical significance was assessed either with parametric
statistical test after normality assessment or with non-
parametric tests. All analyses were done with GraphPad
Prism 9.2.0 (GraphPad Software, Inc.), with p < 0.05 considered
statistically significant.

RESULTS

TUBBG6 Impacts Microtubule Dynamics in

Osteoclasts

To understand how TUBB6 controls actin organization and bone
resorption, we generated RAW264.7 cells KO for Tubb6 by
CRISPR/Cas9 from which we derived osteoclasts (Figures 1A,B
and Supplementary Figure 1A). Similar to what we described
in primary osteoclasts treated with Tubb6 siRNAs (Guérit
et al., 2020), we found that osteoclasts derived from RAW264.7
Tubb6 KO cells presented several defects when plated on
glass: increase of abnormal podosome belts and podosome
rings, which are immature podosome belts (Figures 1C,D and
Supplementary Figure 1B). Consistently, Tubb6 KO led to
osteoclasts with less sealing zones on mineralized substrates and
more rings, which are immature sealing zones (Figures 1E,F
and Supplementary Figure 1C), as well as reduced resorption
activity (Figure 1G). The induction of the expression of
osteoclastic markers Src and CtsK was not affected during
Tubb6 KO osteoclast differentiation, as assessed by Q-PCR
(Supplementary Figures 1D,E). Tartrate-resistant acid protease
(TRAP) staining of WT and Tubb6 KO osteoclasts was
comparable (Supplementary Figure 1F), as well as Cathepsin K
intracellular content and secretion (Supplementary Figure 1G).
Finally, the global expression of p tubulin (Figure 1A) and the
expression of f tubulin isotype TUBB5 were also unchanged
(Supplementary Figure 1H). Altogether, this shows that
RAW264.7 osteoclasts KO for Tubbé recapitulate the features of
primary osteoclasts treated with Tubb6 siRNAs.

To assess the impact of TUBB6 on osteoclast microtubule
dynamics, we first performed microtubule regrowth assay
consisting in studying microtubule polymerization after cold
and nocodazole treatment followed by nocodazole washout.
We found that microtubule regrowth was slower in Tubb6
KO osteoclasts (Figures 2A,B). To confirm this, we used
Tubb6 siRNAs to lower TUBB6 expression (Guérit et al,
2020). Again, we found that Tubb6 siRNAs reduced the speed

3pantherdb.org/

of microtubule regrowth (Supplementary Figure 2). To get
additional information regarding this defect, we performed live
imaging of osteoclasts expressing the microtubule plus tip-
binding protein EB1 fused to GFP (Figure 3A). Using time lapse
microscopy and u-track software, we tracked EB1-GFP comets on
individual microtubule (Figure 3B and Supplementary Videos
1, 2) and measured microtubule dynamic parameters. Thereby,
we found a significant decrease of microtubule growth speed
in Tubb6 KO osteoclasts from a mean value of 16 wm/min
in the wild type (WT) down to 12.9 pm/min in the KO
(Figure 3C and Supplementary Figure 3A). Similar results
were found by manual tracking using the MTrack plugin in
Image] (Supplementary Figures 3B-D). Conversely, we found
an increase in microtubule growth time from 18.1 s in the WT
to 20.3 s in the KO, but no significant change in microtubule
growth length (Figure 3C and Supplementary Figure 3A). We
also observed that the level of tubulin acetylation, a marker
of microtubule stability, was higher in Tubb6 KO osteoclasts
(Figures 3D,E), potentially consistent with longer microtubule
growth time. Finally, we measured the size of endogenous EB1
staining at microtubule ends, as indicative of the length of the
microtubule GTP cap that is known to be proportional to growth
speed. We found that the length of EB1 staining was reduced form
1.393 pm in WT down to 1.089 pwm in Tubb6 KO osteoclasts
(Figure 3F), consistent with their lower microtubule growth
speed (Vemu et al., 2017). The length of the EB1-GFP staining
at the end of microtubules was similarly reduced in Tubb6 KO
osteoclasts (Supplementary Figures 3E-G).

These results show that TUBB6 has an impact on the
parameters of microtubule dynamics, increasing microtubule
growth speed while decreasing microtubule lifetime.

TUBBG6 Impacts on Actin Dynamics in
Osteoclasts

Actin cytoskeleton and microtubules are intimately linked
and Tubb6 KO osteoclasts show abnormal actin cytoskeleton
organization. Thus, we further examined the impact of TUBB6
on actin dynamics, by performing live imaging of osteoclasts
expressing LifeAct-mCherry to visualize actin cytoskeleton
(Figure 4A, Supplementary Figure 4, and Supplementary
Videos 3, 4). Major differences in podosome belt dynamics were
observed and we thus assessed the stability of the podosome belt
by comparing the position of LifeAct-mCherry labeling between
time points. In control osteoclasts, the median overlap of LifeAct-
mCherry staining between time 0 and time 1 = 3 min was
69.56%, whereas this overlap was significantly reduced to 55.79%
in Tubb6 KO osteoclasts (Figures 4A,B). Similar observations
were made at time 2 = 6.5 min (Supplementary Figure 4). Finally,
we measured the life span of isolated podosomes and found that
Tubb6 KO increased to 3.31 min, instead of 2.5 min in the WT
(Figure 4C and Supplementary Videos 5, 6).

This suggests that, on top of microtubules, TUBB6 also
impacts on actin dynamics in osteoclasts: TUBB6 tends to reduce
podosome life span whereas it increases the stability of the
podosome belt. Altogether, the data show that TUBB6, which is
required for correct podosome patterning and bone resorption,
influences both actin and microtubule dynamics in osteoclasts.
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FIGURE 1 | Tubb6 gene knockout alters osteoclast actin cytoskeleton and activity. (A) Representative immunoblot analyses of lysates from wild type (WT) and
Tubb6 KO (KO) osteoclasts. GAPDH control shows that total B-tubulin levels are not affected in osteoclasts that do not express TUBB6. (B) Representative
maximum intensity projection (MIP) confocal images of WT and KO osteoclasts seeded on glass and stained for endogenous F-actin and TUBBB. (C) Bar graph
showing the frequency of WT and KO osteoclasts seeded on glass and presenting podosome rings, a normal or an abnormal podosome belt, counting more than
200 WT and KO osteoclasts in four independent experiments, x2 contingency test, ****p < 0.0001. (D) Representative MIP images illustrating the different
categories of actin organization considered in (C). (E) Bar graph showing the frequency of WT and KO osteoclasts seeded on mineral matrix and presenting either
sealing zones (SZ), or rings or both, counting more than 150 WT and KO osteoclasts in three independent experiments, x2 contingency test, *p < 0.05.

(F) Representative MIP images illustrating the different categories of actin organization considered in (E), with SZ and rings respectively indicated with arrows and
stars respectively. (G) Graph showing the average and SEM specific resorption activity of KO osteoclasts normalized to the activity of WT osteoclasts in three
independent experiments, 4 wells per experiments. Representative image of von Kossa staining of the resorption wells are presented on the right.
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TUBBG6 Moderately Affects Protein

Binding to Osteoclast Microtubules

To understand the impact of TUBB6 on osteoclast cytoskeleton,
we examined whether Tubb6 KO could affect protein binding
to osteoclast microtubules. For this, we thought to prepare
osteoclast fractions enriched in microtubule-associated proteins
(Figure 5A). Osteoclasts lysates were prepared at room
temperature, in a paclitaxel-free microtubule-preserving
hypotonic buffer. Lysates were centrifuged to separate the
supernatant (S1) from the pellet. The pellet was then washed
with the same buffer supplemented with 350 mM NaCl, GTP
and paclitaxel, to detach microtubule-bound proteins (S2)
from microtubules while preserving the latter, which were
finally pelleted (P) (Figure 5A). Immunoblot analysis of the
different fractions showed the expected marker distribution:
total tubulin equally distributed in S1 and P whereas acetylated
tubulin fell predominantly in P, which contains microtubules;
the microtubule-associated protein CLASP1 was found in S2
whereas vinculin was predominantly in S1 (Figure 5B). Of note,
all fractions contained similar amounts of actin, indicative of
partial F-actin depolymerization in 350 mM NaCl (Figure 5B).
Finally, histone H3 was found in the pellet, in agreement with
the presence of nuclei in this fraction; small amounts of histone
H3 were also found in S2, likely due to nuclear protein leaking
out of the nucleus upon high salt incubation after hypotonic lysis
of osteoclasts (Figure 5B).

We performed label-free proteomics to compare protein
content in the S2 fractions of WT and Tubb6 KO osteoclasts, in
four independent experiments. We identified 2799 protein
groups, considering two peptides for adequate protein

identification, among which 2778 corresponded unambiguously
to a single Uniprot identifier and to a unique protein
(Supplementary Table 1). To examine whether S2 fraction was
enriched in cytoskeleton regulatory proteins, we used Panther
16.0 to perform gene ontology analyses of the 2773 proteins
(5 Uniprot identifiers could not be mapped in Panther), as
compared to the total mouse genome (Supplementary Table 2).
Using actin, tubulin, microtubule, and cytoskeleton as keywords,
we found that all Gene Ontology (GO) terms associated with
the cytoskeleton in molecular functions, cellular components,
and biological process showed a significant enrichment in the S2
fraction (Supplementary Table 2). Cytoskeleton-related proteins
associated with these GO terms encompassed 601 of the 2773
proteins we analyzed in Panther (Supplementary Table 3). Thus,
S2 contains a great proportion of proteins related to microtubules
and actin cytoskeleton.

Applying a twofold change cutoff with a p-value below 1072,
we found only seven proteins showing significant changes in the
S2 of Tubb6 KO osteoclasts as compared to WT (Figure 5C and
Table 1). Among these, only two were part of the 601 proteins
associated with cytoskeleton-related GO terms: the podosome-
associated protein LSP1 (lymphocyte specific 1) and the Rho-
family GTPase regulating protein ARHGAPI10 (also known as
GRAF2 or PS-GAP) (Figure 5C and Table 1).

These results show that TUBBG6 has little effect on the content
of the osteoclast S2 fraction, which is enriched in microtubule-
associated protein. In particular, among the 601 proteins present
in S2 and associated with a cytoskeleton-related GO term, only
LSP1 and ARHGAP10 showed significant changes. This suggests
that TUBBG6 can affect the interaction of LSP1 and ARHGAP10
with F-actin and/or microtubules.
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FIGURE 3 | TUBB6 regulates MT dynamics. (A) Representative immunoblot analysis of protein lysates from WT and KO osteoclasts expressing EB1-GFP (GFP);
note that the expression levels of EB1-GFP and endogenous EB1 are similar in WT and KO osteoclasts. (B) Blue lines show representative EB1-GFP comet tracking
using u-track software in WT and KO osteoclasts from confocal images over a period of 2 min with 1 s increment between frames (see section “Materials and
Methods” for detailed settings). (C) Minimum to maximum boxplots with median and interquartile range (25-75%) showing the distribution of growth speed (left),
lifetime (middle) and length (right) of EB1-GFP tracked comets per single WT and KO osteoclast, 18 WT and 14 KO osteoclasts from 3 independent experiments;
Mann Whitney test: ****p < 0.0001 and *p < 0.05. For details see table in Supplementary Figure 3A. (D) Representative immunoblot analysis of protein lysates
from WT or KO RAW264.7 cells (Pre-OC) and derived osteoclasts (OC), showing TUBBB, acetylated K40 a-tubulin (acetyl-K40), and GAPDH expression. (E) Bar
graph shows mean and SEM levels of acetylated K40 a-tubulin in WT and KO pre-OC and OC, normalized to 1 in WT pre-osteoclasts, from four independent
experiments. (F) Minimum to maximum boxplot showing endogenous EB1 cap length in WT and KO osteoclasts, measuring 25 comets in each osteoclast to
determine the average cap length per osteoclast, in 27 WT and 27 KO osteoclasts from three different experiments; Mann-Whitney test: ****p < 0.0001.

WT KO

ARHGAP10 Associates With Both Actin

and Microtubules in Osteoclasts

ARHGAP10 was shown to be a negative regulator of the
activity of the GTPases CDC42, in a PYK2-kinase dependent
fashion (Ren et al., 2001; Koeppel et al., 2004); ARHGAP10
can also regulate negatively the activity of GTPase RHOA (Ren
et al., 2001). It was reported in RAW264.7-derived osteoclasts

that Arhgapl0 siRNAs led to smaller sealing zones, without
affecting the proportion of osteoclasts with a sealing zone
(Steenblock et al., 2014). Interestingly, we also observed smaller
sealing zones upon Tubb6 KO (Figure 1 and Supplementary
Figure 1), as well as with Tubb6 siRNAs in primary mouse
and human osteoclasts (Guérit et al,, 2020). We found that
ARHGAPI10 expression was strongly induced during both WT
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and Tubb6 KO osteoclasts (Figure 5D). Endogenous ARHGAP10
colocalized with the podosome belt in RAW264.7-derived
and primary osteoclasts, as well as with the sealing zone of
osteoclasts plated on ACC (Figures 6A,B). Interestingly, we also
observed endogenous ARHGAP10 colocalization with osteoclast
microtubules (Figures 6C,D). To confirm that ARHGAP10 can
interact with microtubules, we overexpressed ARHGAP10 fused
to a HA-GST tag in HEK293T cells, which do not express
endogenous ARHGAP10 (Koeppel et al., 2004), or HA-GST as
a control. After lysis in a buffer compatible with microtubule
polymerization and clarification by high-speed centrifugation,
lysates were either incubated at 4°C or 37°C in the presence
of GTP and paclitaxel to induce microtubule polymerization.

Finally, the fraction of HA-GST fused proteins co-sedimenting
with microtubules were analyzed by immunoblot after a final
high-speed centrifugation. Tubulin was found only in the 37°C-
pellet, indicating that no microtubule polymerized at 4°C. As
expected, HA-GST was only retrieved in supernatants regardless
the temperatures (Figure 6E). Interestingly, at 37°C, HA-GST
ARHGAP10 almost exclusively co-sedimented with microtubules
whereas it was retained in the supernatant when the experiment
was performed at 4°C to prevent microtubule polymerization
(Figure 6F). Of note, very little actin was retrieved in the
osteoclast lysate and no actin could be detected in the pellets
that contained ARHGAP10 (Figure 6F). These data show that
ARHGAPI10 is indeed a microtubule-associated protein.
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Altogether, our data suggest that TUBB6 can control
the amount of ARHGAP10 associated with microtubules in
osteoclasts. This may contribute to control the size of sealing
zones, which was shown to involve both TUBB6 (Guérit et al.,
2020) and ARHGAPI10 (Steenblock et al., 2014).

DISCUSSION

The cytoskeleton plays a key role in bone resorption by
osteoclasts. F-actin organizes as a belt of podosomes required

for adhesion and as backbone of the ruffled border, which is
the actual bone resorption apparatus. Microtubules are also
instrumental for podosome organization in osteoclasts and bone
resorption, but the coordination mechanisms between the actin
and tubulin cytoskeletons remain poorly characterized.

We identified previously TUBB6 as a B-tubulin isotype
essential in osteoclasts for podosome belt integrity and for
resorption (Guérit et al, 2020). To study the implications
of TUBB6 in cytoskeleton dynamic parameters, we developed
a model of osteoclasts KO for Tubb6 using the RAW264.7
pre-osteoclast cell line, which recapitulates the phenotype we
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reported recently for primary osteoclasts treated with Tubb6
siRNAs (Guérit et al., 2020). On top of the expected abnormal
actin organization and reduced resorption activity, we found
that the lack of TUBB6 also effected microtubule dynamics
in osteoclasts: the speed of microtubule repolymerization
after nocodazole treatment was reduced as well as individual
microtubule growth speed, whereas their lifetime was increased,
accompanied by an increase in tubulin acetylation. This
suggests that TUBB6 has a microtubule-destabilizing effect in
osteoclasts. Interestingly, overexpression of TUBB6 was reported

previously to disrupt microtubule organization in various cycling
cell types (Bhattacharya and Cabral, 2004) and to induce
paclitaxel resistance, with serine 239 being essential for TUBB6
microtubule-destabilizing activity (Bhattacharya and Cabral,
2009). Serine 239 is located within the core of B-tubulin and it
is conserved in TUBBI1 and TUBB3. Interestingly, similarly to
TUBB6, high expression of TUBB3 is suspected to participate
in paclitaxel resistance (Kato et al., 2018). Furthermore, TUBB3
has been shown to significantly decrease microtubule growth
rates (Pamula et al., 2016; Vemu et al.,, 2016), similar to what we
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TABLE 1 | Protein changes in fractions S2.

Uniprot ID Protein name Gene name Peptide counts Coverage% LFQ fold change KO/WT P-value
More abundant in Tubb6 KO osteoclast S2

088477 Insulin-like growth factor 2 mRNA-binding protein 1 lgf2bp1 9 20.1 10.44 1.39E-05
P19973 Lymphocyte-specific protein 1 Lsp1 5 27.9 4.06 7.16E-03
Q8R1F1 Protein Niban 2 Niban2 23 42.3 2.30 4.27E-04
Q6Y5D8 Rho GTPase-activating protein 10 Arhgap10 24 36.1 2.27 7.00E-05
P17095 High mobility group protein HMG-I/HMG-Y Hmga1 7 48.6 2.14 7.90E-03
More abundant in WT osteoclast S2

Q9Z0W3 Nuclear pore complex protein Nup160 Nup160 6 6.9 0.26 1.30E-03
Q61686 Chromobox protein homolog 5 Cbx5 6 40.3 0.26 7.61E-04

found here for TUBB6. Furthermore, this intrinsic property on
microtubule dynamics does not require residues located within
the carboxy-terminal tail of TUBB3 leaving the possibility of
serine 239 involvement (Pamula et al., 2016). Based on these data,
it is very likely that TUBB6 intrinsically alters the dynamics of
microtubules, similar to TUBB3.

We noticed an increase of K40-acetylation of a-tubulin upon
KO of Tubb6 in osteoclasts, as also observed in CHO cells
expressing Tubb6 shRNAs (Bhattacharya et al, 2011). K40-
acetylation of a-tubulin is a well described marker of stable MT
(Janke and Magiera, 2020). The increase of K40-acetylation we
observed in Tubb6 KO osteoclasts may thus be a consequence of
the increase of MT lifetime that we measured. K40-acetylation
has been shown to play a crucial role in podosome belt
establishment and/or stability in osteoclasts (Destaing et al.,
2005). Lower K40-acetylation levels were also associated with
various genetic defects leading to the alteration of podosome
patterning in osteoclasts, such as the KO of Pyk2, myosin IXB, or
cofilin 1 (Gil-Henn et al., 2007; McMichael et al., 2014; Zalli et al.,
2016). In the case of Tubb6 gene disruption, we found conversely
an increase of K40-acetylation associated with an abnormal
organization of podosomes. Microtubule acetylation was shown
to enhance their flexibility (Portran et al., 2017) and actually
microtubules are heavily buckled in the podosome belt area of
primary osteoclasts treated with Tubb6 siRNAs as compared
to control (Guérit et al, 2020). Thus, an optimal level of
microtubule acetylation appears essential for osteoclast function,
potentially to provide microtubules with appropriate flexibility
and mechanical resistance (Portran et al., 2017; Xu et al., 2017).
Such optimal balance is known for other PTMs in general and
for microtubule PTMs in particular. For instance, increasing and
decreasing the level of microtubule glutamylation equally impair
ciliary function in the nematode (O’Hagan et al., 2017). K40-
acetylation could also participate in the changes in podosome
dynamics we observed in Tubb6 KO osteoclasts. Indeed,
dynamic microtubules were shown to regulate podosome fate in
macrophages: podosome contact by plus-end MT mostly induces
their dissolution or fission (Kopp et al., 2006) and increasing K40-
acetylation of microtubules diminishes microtubule plus ends
targeting of podosomes (Bhuwania et al., 2014). In Tubb6 KO
osteoclasts, we observe increased podosome life span correlated
with increased microtubule acetylation, which may result from a
reduction in contacts between microtubules and podosomes.

Apart from directly impacting on the dynamics of
microtubules, tubulin isotypes influence the recruitment of
proteins on microtubules, which can also modulate their
dynamics as well as cargo transport (Janke and Magiera,
2020). Our proteomic analyses of osteoclast S2 fractions,
enriched in microtubule-associated proteins, did not reveal
major changes whether osteoclasts expressed TUBB6 or not.
Still, we found two cytoskeleton-related proteins: ARHAP10
and LSP1, which were increased in S2 in the absence of
TUBB6. Similar to what was reported with Arhgapl0 siRNAs
(Steenblock et al., 2014), we found that the osteoclast KO of
Tubb6 have small sealing zones that often remain immature.
ARHGAPI10 is a GAP that negatively regulates the activity
of CDC42 (Ren et al., 2001). It was shown in osteoclasts to
participate in a complex with the CDC42 exchange factor FGD6,
all three proteins localizing at the sealing zone (Steenblock
et al., 2014). Our data show that ARHGAP10 also colocalizes
with osteoclast microtubules and that ARHGAPI0 associates
very efficiently with microtubules in an actin-independent
fashion, suggesting that ARHGAP10 can associate with both
microtubules and actin cytoskeleton in osteoclasts. CDC42 is
essential for the correct dynamics of actin rings in osteoclasts
and for bone resorption in vitro and in vivo in the mouse;
conversely, excessive activity of CDC42 causes osteoclast
hyperactivity and osteoporosis (Ito et al., 2010). The global
level of CDC42 activity was not affected in osteoclasts KO for
Tubb6 as compared to WT (data not shown), suggesting that
by controlling ARHGAPI10 association with the cytoskeleton,
TUBB6 could contribute to the fine tuning of local CDC42
activity to ensure an optimal level of resorption. LSP1 is an
actin-regulating protein, which was recently shown to associate
with the cap of podosomes in macrophages (Cervero et al,
2018). LSP1 regulates macrophage podosome properties: the
levels of LSP1 control the frequency and amplitude of podosome
oscillations, and interfering with LSP1 expression reduces
podosome life span and the protruding forces they exert on the
extracellular matrix (Cervero et al., 2018). Moreover, lack of
LSP1 was recently shown to affect the microtubule network in
macrophages (Schéringer et al.,, 2021). Here we found that in
the absence of TUBB6, podosome have longer life-span and we
found increased amounts of LSP1 in the S2 fraction of Tubb6
KO osteoclasts, suggesting that LSP1 may participate in the
control of actin-dynamics in osteoclasts in a TUBB6-dependent
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fashion. The function of LSP1 in osteoclasts would deserve
further investigations.

To conclude, our data highlight the crucial role of microtubule
dynamics in podosome belt integrity in general and the
involvement of TUBBG6 in particular. We provide new insights
into the control of microtubule dynamics in osteoclasts and
position P-tubulin isotype TUBB6 as a key regulator of the
crosstalk between actin and microtubules in osteoclast. Our
results uncover novel regulatory mechanisms of osteoclast
cytoskeleton and contribute to the better knowledge of the
molecular processes controlling bone resorption. Our data could
be valuable also in the context of osteolytic bone diseases and
pave the way for novel solutions against osteoporosis by targeting
osteoclast cytoskeleton.
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Supplementary Figure 1 | (A) Representative immunoblot showing TUBB6 and
GAPDH expression in WT and Tubb6 KO RAW264.7 clones. Note in overexposed
panel in the middle that clones 2 and 4 retain traces of TUBB6. (B) Bar graph
showing the frequency of WT and KO osteoclasts seeded on glass and presenting
podosome rings, normal or abnormal podosome belt, counting a total of 200 WT
and KO osteoclasts in two independent experiments. (C) Bar graph showing the
frequency of WT and KO osteoclasts seeded on ACC and presenting sealing zone
and/or rings counting over 50 osteoclasts per clone. (D,E) Bar graphs showing
the level of osteoclast characteristic Cathepsin K (D) and Src (E) mRNAs relative
to Gapdh as determined by Q-PCR in WT or Tubb6 KO RAW264.7 cells (Pre-OC)
or osteoclasts (OC). (F) Representative images showing TRAP staining in WT and
Tubb6 KO osteoclasts. (G) Representative immunoblot blot showing intracellular
content of alpha-tubulin, Cathepsin K proenzyme, and its mature form in total cell
lysates of WT and Tubb6 KO osteoclasts, and the secretion of mature Cathepsin
K'in the culture medium of the same cells. (H) Representative immunaoblot blot
showing TUBB5, TUBB6 and GAPDH expression in primary bone marrow
macrophages (Pre-OC) and osteoclasts (OC) and in WT or Tubb6 KO RAW264.7
cells (pre-OC) or osteoclasts (OC).

Supplementary Figure 2 | Bar graph showing mean and SEM a-tubulin aster
area after nocodazole washout in osteoclasts transfected with luciferase control
siRNA or Tubb6 siRNAs si1077 and si1373, measuring at least 20 asters per
group were measured in four independent experiments.

Supplementary Figure 3 | (A) Table showing the details of microtubule dynamics
parameters from u-track analysis (B) Minimum to maximum boxplot showing
microtubule growth speed determined in Imaged 1.53¢ with MTrackd in 15 WT
and Tubb6 KO osteoclasts expressing EB1-GFP from three independent
experiments and measuring 10-11 comets per osteoclasts; Mann-Whitney test:
***p < 0.0002. (C,D) Representative EB1-GFP comets tracks in WT (C) and
Tubb6 KO (D) analyzed in (B). (E) Minimum to maximum boxplot showing the
length of the EB1-GFP signal in 18 WT and Tubb6 KO osteoclasts per condition
from three independent experiments and measuring 25 comets in each osteoclast
to determine the average comet length per osteoclast; Mann—-Whitney test:

***%p < 0.0001. (F,G) Representative images of the EB1-GFP signal at the tip of
microtubules in WT (F) and KO (G) osteoclasts analyzed in (E).

Supplementary Figure 4 | (A) Representative live confocal images of osteoclasts
derived from WT or Tubb6 KO osteoclasts expressing LifeAct-mCherry and sitting
on glass, showing the localization of LifeAct-mCherry signal at t0 = 0 min (red) and
t2 = 6.5 min (green), with the overlapping areas in yellow. (B) Minimum to
maximum boxplot showing the percentage of LifeAct-mCherry signal at tO that
persists at the same position at t2 in WT or Tubb6 KO osteoclasts; in a total of 22
WT and 21 KO osteoclasts from four different experiments. Mann-Whitney test:
**p < 0.01.

Supplementary Table 1 | Proteomic data from Max Quant treated with Perseus.

Supplementary Table 2 | Gene Onthology analysis of the proteins in the S2
fraction.

Supplementary Table 3 | List of the 601 proteins of the S2 fraction associated
with a cytoskeleton-related Gene Ontology term.

Supplementary Videos 1, 2 | Detection and tracking of EB1-GFP expressing
osteoclasts WT (video 1) or KO (video 2) using u-track software and settings
described in Materials and Methods. Time is indicated as min:sec and

frame is 68 pm.

Supplementary Videos 3, 4 | Live imaging of LifeAct-mCherry expressing WT
(video 3) or KO (video 4) osteoclasts. Time is indicated as min:sec and frame
is 90.5 pm.

Supplementary Videos 5, 6 | Live imaging of LifeAct-mCherry expressing WT
(video 5) or KO (video 6) osteoclasts. Time is indicated as min:sec and
frame is 16 wm.
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Diabetes and periodontitis are comorbidities and may share common pathways. Several
reports indicate that diabetes medication metformin may be beneficial for the periodontal
status of periodontitis patients. Further research using appropriate cell systems of the
periodontium, the tissue that surrounds teeth may reveal the possible mechanism.
Periodontal ligament fibroblasts anchor teeth in bone and play a role in the onset of
both alveolar bone formation and degradation, the latter by inducing osteoclast formation
from adherent precursor cells. Therefore, a cell model including this type of cells is ideal to
study the influence of metformin on both processes. We hypothesize that metformin will
enhance bone formation, as described for osteoblasts, whereas the effects of metformin
on osteoclast formation is yet undetermined. Periodontal ligament fibroblasts were
cultured in the presence of osteogenic medium and 0.2 or 1 mM metformin. The
influence of metformin on osteoclast formation was first studied in PDLF cultures
supplemented with peripheral blood leukocytes, containing osteoclast precursors.
Finally, the effect of metformin on osteoclast precursors was studied in cultures of
CD14* monocytes that were stimulated with M-CSF and receptor activator of Nf-xB
ligand (RANKL). No effects of metformin were observed on osteogenesis: not on alkaline
phosphatase activity, Alizarin red deposition, nor on the expression of osteogenic markers
RUNX-2, Collagen | and Osteonectin. Metformin inhibited osteoclast formation and
accordingly downregulated the genes involved in osteoclastogenesis: RANKL,
macrophage colony stimulating factor (M-CSF) and osteoclast fusion gene DC-
STAMP. Osteoclast formation on both plastic and bone as well as bone resorption
was inhibited by metformin in M-CSF and RANKL stimulated monocyte cultures,
probably by reduction of RANK expression. The present study unraveling the positive
effect of metformin in periodontitis patients at the cellular level, indicates that metformin
inhibits osteoclast formation and activity, both when orchestrated by periodontal ligament
fibroblasts and in cytokine driven osteoclast formation assays. The results indicate that
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metformin could have a systemic beneficiary effect on bone by inhibiting osteoclast

formation and activity.

Keywords: periodontitis, osteoclasts, diabetes, metformin, peridontal ligament

INTRODUCTION

There are indications that diabetes patients have an increased risk
of developing periodontitis ((Nascimento et al., 2018; Verhulst
et al., 2019). Therefore, common pathogenesis pathways may
exist. Periodontitis is the inflammation-related disease. It is
characterized by degradation of alveolar bone that surrounds
teeth, a process activated by recruited multinucleated osteoclasts.
From a pharmacological point of view one could argue that
medication that is used for diabetes may also benefit
periodontitis patients. Metformin could be such a pleiotropic
drug, showing positive effects not only in diabetes, but also in
osteoporosis and periodontitis (Ursini et al., 2018). Its principal
mode of action is as insulin sensitizer. It lowers the blood sugar
level, which makes it a suitable drug for treating diabetes type II
patients. It is a biguanid that has been used as an insulin sensitizer
for more than 50 years (Halimi, 2006). The last 10 years have
shown that metformin could be beneficial in various bone
diseases as well, including periodontitis (Chandran, 2017).

Diabetes adversely affects a variety of organ systems in the
body, including bones. It diminishes bone-mineral density and
therefore weakens bone strength (Bak et al., 2010). When blood
glucose levels increase, cartilage quality and quantity decrease
(Mannucci and Dicembrini 2015). Diabetes patients have lower
bone quality, and metformin may reverse these effects on bone, as
shown in preclinical animal studies and clinical applications
(Bahrambeigi 2019). It is therefore hypothesized that insulin
stimulates osteoblast differentiation and bone matrix synthesis.

A beneficiary effect of metformin on bone has also been studied
in periodontitis models (Bak et al., 2010; Aratjo et al., 2017; Sun
et al, 2017). Bak et al. investigated the effects of metformin on the
progression of periodontitis in rats with ligature-induced
periodontitis. Metformin reduced inflammatory cell infiltration
and alveolar bone loss in periodontal tissues (Bak et al, 2010).
This and other findings (Aradjo et al., 2017) suggest that low doses of
metformin reduce bone loss. Sun et al. found a higher number of
osteoclasts in diabetic rats compared to non-diabetic rats (Sun et al.,
2017). In the same study, it was shown that metformin decreased the
number of osteoclasts compared to untreated diabetic rats (Sun et al.,
2017). Gingival fibroblasts, when exposed to lipopolysaccharide
(LPS) from periodontopathic bacterium Porphyromonas gingivalis,
respond to metformin by severely lowering the expression of
inflammatory cytokines IL-6, IL-1p and TNF-a, demonstrating
an anti-inflammatory function of metformin (Kang et al., 2017).
Calcium phosphate scaffolds with incorporated metformin showed
increased osteogenic activity by periodontal ligament fibroblasts,
which holds promise for use of metformin in bone regeneration
(Zhao et al.,, 2019). These mouse studies urge extrapolating research
using human cell systems on both the bone formation and bone
degradation site, hereby elucidating the beneficiary effect of
metformin in the human context.

Clinically, metformin has been applied in experimental
treatments of periodontitis patients. Metformin was applied in
gels at the site of alveolar bone loss. Patients were treated with a
gel consisting of 0.5, 1 or 1.5% metformin locally at the site of
bone loss. 10 pL of gel was injected into the periodontal pockets,
and during the trial time of 6 months, gingival crevicular fluid was
collected for analysis (Pradeep et al., 2013). Comparing all
metformin test groups to the control, periodontal parameters
significantly improved (Pradeep et al., 2013). Rao et al. treated
smokers with chronic periodontitis using 1% metformin gel in a
clinical trial (Rao et al., 2013) and showed similar improvements.
Subsequent follow-up studies with slight modifications resulted
in similar results (Pradeep et al., 2015; Pradeep et al., 2016).

These promising results with metformin in animal studies as
well as in clinical studies urge mechanistic insight using a relevant
cell system. Periodontal ligament fibroblasts anchor teeth in bone
and also play a crucial role in both osteogenesis and
osteoclastogenesis, processes that can be elegantly mimicked
in vitro (De Vries et al., 2017; Ruppeka-Rupeika et al., 2018;
De Vries et al., 2019; Karlis et al., 2020; Loo-Kirana R.; Gilijjamse
M.; Hogervorst J., 2021). Support for the relevance of periodontal
ligament fibroblasts comes from an animal study where
periodontal ligament fibroblasts were shown to play a key role
in alveolar bone regeneration (Ren et al., 2015).

In the present study, we assessed whether metformin has an
alleged positive effect on osteogenesis by culturing periodontal
ligament fibroblasts in the presence of osteogenic medium and
metformin. The effect of metformin on mineralization was
assessed by quantifying alkaline phosphatase activity, by
staining deposited mineral with Alizarin red staining and by
gene expression of osteogenic transcription factor RUNX-2,
matrix protein collagen type I and bone matrix protein
Osteonectin. The effect of metformin on osteoclastogenesis
was assessed in co-cultures of periodontal ligament fibroblasts
and peripheral blood mononuclear cells (PBMCs) containing
osteoclast precursors. Here, the formation of multinucleated
cells was assessed after staining osteoclast characteristic
tartrate resistant acid phosphatase (TRAcP) and by counting
the nuclei. Since osteoclast-like cells that are formed in these
cocultures do not resorb bone (De Vries et al., 2006; Sokos et al.,
2015), we further assessed the effect of metformin on osteoclast
activity by culturing CD14" monocytes in the presence of M-CSF
and RANKL, a cocktail yielding osteoclasts.

MATERIALS AND METHODS
Cell Cultures

The periodontal ligament fibroblasts were isolated from nine
different donors who had their wisdom teeth extracted for
medical reasons. Sampling from the donors was conducted at
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Amsterdam University Hospital, location VU University
Hospital under supervision of TF. The studies involving
human participants were reviewed and approved by the
Medische Etische Toetsingscommissie VU Medisch Centrum,
Amsterdam, the Netherlands. The teeth containing periodontal
ligament fibroblasts were surgical waste control material for
osteogenic differentiation of adipose tissue derived stem cells.

All the individuals were informed that the cells retrieved from
the surgical waste material was used for research on bone
formation and bone degradation. A signed informed consent
and samples were coded to guarantee the anonymity of the
donors as required by Dutch law. The use of buffy coats from
the blood bank (Sanquin, Amsterdam) was under ethical
committee number NVT230.01. Researchers handling the
fibroblasts (LT, KL-C, TJdV) could not in any way trace back
the identity of the donors. Cells were scraped off the middle one
third of the root and were propagated until passage three and
subsequently frozen in liquid nitrogen. Cells from passage five
were used in all experiments.

Osteogenesis and Osteoclastogenesis
Assays Using Periodontal Ligament
Fibroblasts

Confluent flasks at passage four were trypsinized and cells were
seeded at day -1 in 48 wells plates at 1.5-10* cells per well for
osteoclastogenesis assays or 3-10* cells per well for osteogenesis
assays. At day 0, the start of the experiment, the culture medium
was removed from the 48-well plates. For the osteogenesis-assay
plates, 0.4 ml mineralisation medium - composed of DMEM, 10%
FCI, 1% PSF, 50ug/ml ascorbic acid (Sigma), 10nM
B-Glycerophosphate  (Sigma), and different metformin
concentrations (or the solvent volume of sterile water, in the
case of 0 mM metformin) were added to the wells. For
osteoclastogenesis assays, peripheral blood mononuclear cells
(PBMCs) derived from a buffy coat (Sanquin, Amsterdam)
were added as source containing osteoclast precursors. ACTA
has an agreement with bloodbank Sanquin to use buffy coats for
research purposes. Metformin (Sigma Aldrich, D150959) was
dissolved in demineralized water and added to cultures in a range
between 0 and 1.0 mM, according to concentrations used in the
literature.

For the osteoclastogenesis-assay plates, 0.2ml containing
5.10° PBMCs in culture medium were added to the wells as
well as 0.2ml of metformin-consisting medium. During the
21 days duration of the experiment, culture- and
mineralization-medium with the appropriate concentration of
metformin was replenished twice a week.

DNA Concentration and Alkaline
Phosphatase Activity

Cells were harvested at day 0 and day 14 of culturing. In order not
to sample dead cells, the adherent cells were washed twice with
PBS. Next, they were lysed in 150 pl MilliQ per well and stored in
—20°C. Prior to analysis, the plates underwent three cycles of
freeze-thawing. Alkaline phosphatase (ALP) activity was

Metformin Inhibits Osteoclast Formation

measured using 4-nitrophenyl phosphate disodium salt
(Merck, Darmstadt, Germany) at pH 10.3 as a substrate for
ALP according to the method described by Bastidas-Coral
(Bastidas-Coral et al, 2016). After incubation of 60 min at
37°C, the reaction was stopped with sodium hydroxide.
Absorbance was measured with 405 nm with a Synergy HT
spectrophotometer (BioTek Instruments Inc., Winooski, VT).
DNA concentration (ng/ml) was measured using CyQuant
Cell Proliferation Assay Kit (Molecular Probes, Leiden,
Netherlands) mixed with lysis buffer. Fluorescence was
measured at 485nm excitation and 528 nm emission with a
Synergy HT spectrophotometer (BioTek Instruments Inc,
Winooski, VT, United States). ALP activity was expressed as
ALP per DNA (nMol/ng).

Alizarin Red Staining

Alizarin red staining was performed after 14 or 21 days to analyze
the mineral deposition. 2% Alizarin red S at pH 4.3 (Sigma-
Aldrich) was used for staining. Cells were fixed for 10 min in 4%
formaldehyde and rinsed with deionized water before adding
300 ul of 2% Alizarin solution per well. After incubation of 15 min
at room temperature, the cells were washed with deionized water
and air-dried. Mineral deposition was visualized as red nodules.

Quantitative Polymerase Chain Reaction
Quantitative polymerase chain reaction (qPCR) analysis was
performed for osteogenesis and osteoclastogenesis at day 0 and 14
or 21. At these time points the culture medium was removed and
200 ul RNA lysis buffer (Qiagen, Hilden, Germany) was added per
well. Subsequently, the 48-well plates were stored at —80°C until further
use. RNA isolation was performed with Qiagen RNeasy Mini kit
according to the manufacturer’s instructions. The RNA concentration
and quality was determined using absorption read at 260 and 280 nm
with Synergy HT spectrophotometer (BioTek Instruments Inc.,
Winooski, VT). RNA was reverse transcribed to cDNA with the
MBI Fermentas cDNA synthesis Kit (Vilnius, Lithuania). Oligo(dT)
18 and D(N)6 were used as primers. Real time primers were designed
for several genes. PCR was performed on the LC480 light cycler (Roche,
Basel, Switzerland). Beta-2-microglobulin (B2M) was used as a
housekeeping gene for the osteogenesis markers, while
hypoxanthine phosphoribosyltransferase 1 (HPRT1) was used as
housekeeping gene for the osteoclastogenesis and osteoclast makers.
Gene expression was normalized for f2M or HPRT1 expression
following the comparative threshold (Ct) method. AC (Ct gene of
interest = Cl housekeeping gene) Was calculated and relative expression of
the genes was determined as 2", The primer sequences are listed in
Table 1.

TRACcP Staining and Osteoclast Counts

Plates for detecting tartrate resistant acid phosphatase (TRAcP)
activity staining were harvested in duplicate on t = 21. Cells were
washed with PBS and fixed with 4% PBS buffered formaldehyde
for 10 min before being stored with PBS at 4°C. After washing the
cells with water at 37°C, TRACP staining solution was made
consisting of Fast Garnet GBC base, sodium nitrate, acetate,
naphthol AS-BI and tartrate in AD on 37°C, using the
leukocyte acid phosphate kit (Sigma) following the
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TABLE 1 | primers used.
Genes Primer sequence 5’-3’

Housekeeping gene

HPRT Fw TgACCTTgATTTATTTgCATACC
Rv CGAgCAAgACGTTCAQGTCCT
B2M Fw CgACggCCgCTgTCA
Rv TgTTgTTTTCAgCCAQCTTgTg
Osteogenesis
RUNX2 Fw CCAgAAggCACAgACAgAAGCT
Rv AggAATgCgCCCTAAATCACT
Collagen | Fw TCCAACgAgATCgAgATCC
Rv AAgCCgAATTCCTggTCT
Osteonectin Fw TACATCgggCCTTgCAAATAC
Rv AgggTgACCAggACgTTCTTg
Osteoclastogenesis
RANK Fw CCTggACCAACTgTACCTTCCT
Rv ACCgCATCggATTTCTCTgT
RANKL Fw CATCCCATCTggTTCCCATAA
Rv gCCCAACCCCgATCATY
OPG Fw CTgCgCgCTCgTgTTTC
Rv ACAgCTgATgAgAggTTTCTTCgT
M-CSF Fw CCgAggAggTgTCggAgTAC
Rv AATTTggCACgAggTCTCCAT
DC-STAMP Fw ATTTTCTCAgTgAgCAAgCAGTTTC
Rv gAATCATggATAATATCTTgAgTTCCTT
TRACP Fw CACAATCTgCAgTACCTgCAAggAT
Rv CCCATAGTggAAgCgCAgATA
CD14 Fw ggTTCggAAgACTTATCgACCAT
Rv TCATCgTCCAgCTCACAAggT
Cathepsin K Fw CCATATgTgggACAggAAgAgAgTT
Rv TQCATCAATggCCACAgAgA
Nfatc1 Fw AgCAgAgCACggACAgCTATC
Rv ggTCAgTTTTCgCTTCCATCTC
Cox1 5' AgTACAgQCTACgAgCAQTT 3’
5" gAGACTCCCTgATgACATCC 3’
Cox2 5' gCATTCTTTgCCCAgCACTT 3’

5' AQACCAggCACCAgACCAAAGA 3'

manufacturer’s instructions. The cells were counterstained with
DAPI (diamidino-2phenylindole dihydrochloride). A distinction
was made between cells with 3-5 nuclei, and cells with <6 nuclei.
For analyses, the average of the number counted in the duplicate
wells per patient was used.

Blood Cell Isolation

Buffy coats (Sanquin, Amsterdam, Netherlands) of healthy
donors were diluted 1:1 in 1% PBS-citrate (pH 7.4).
Thereafter, 25 ml of diluted blood was carefully layered on
15ml Lymphoprep (Axisshield Po CAS, Oslo, Norway) and
centrifuged for 30min at 800 x G without brake. The
interphase containing the PBMCs was collected and washed
three times in 1% PBS-citrate by spinning down the cells at
400 g with full brakes and by decanting the supernatant. Finally,
the cells were recovered in culture medium.

Monocyte Isolation

CD14" monocytes retrieved from peripheral blood were used
in experiments where osteoclasts were grown using M-CSF
and RANKL instead of fibroblasts and PBMCs. Here, CD14"
cells were isolated using CD14" microbeads (Miltenyi,
Bergisch Gladbach, Germany) according to a previously

Metformin Inhibits Osteoclast Formation

Amplicon length (bp) ENSEMBL gene ID

101 ENSGO00000165704
100 ENSGO00000160255
156 ENSGO00000124813
190 ENSG00000108821
100 ENSG00000231061
67 ENSGO00000141655
60 ENSG00000120659
100 ENSGO00000164761
100 ENSG00000184371
101 ENSGO00000164935
128 ENSGO00000102575
109 ENSGO00000170458
149 ENSGO00000143387
143 ENSGO00000131196
100 ENSG00000229899
100 ENSG00000267084
described method (Ten Harkel et al, 2015). CD14"

monocytes were cultured for 3 days in M-CSF (25 ng/ml),
followed by 10 ng/mL M-CSF and 10 ng/ml RANKL until
21 days.

Bone Resorption

Bone resorption was analyzed in cultures on bone after a culture
period of 21 days. After this period, the cells present on the
bovine cortical bone slices were removed with 0.25 M NH,OH
followed by sonication in ice water for 30 min. The slices were
washed in distilled water, incubated in a saturated alum
solution, washed in distilled water, and stained with
Coomassie Brilliant blue. The surface areas of individual
resorption pits were measured using Image-Pro Plus software
(Media Cybernetics, Silver Spring, MD).

Statistical Analysis

The effects on the cells between different metformin
concentrations over time were compared using one way
ANOVA followed by the non-parametric Friedman test, using
GraphPad Prism software. Dunn’s multiple comparison test was
done as a post-test. A p value of *p < 0.05 was chosen to determine
the level of significance.
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RESULTS

Metformin Titration in Periodontal Ligament

Mediated Osteogenesis

In order to establish whether metformin plays a role in periodontal
ligament driven osteogenesis, added 5-fold dilutions
(0.008-1 mM) of metformin in mineralization assays (n = 3
donors). As first measurement, we assessed whether metformin
could influence proliferation, measure of how metformin could
influence metabolic activity such as proliferation. Metformin had
no effect on proliferation (Supplementary Figure S1A), nor on the
alkaline phosphatase activity per cell (Supplementary Figure S1B).
Alizarin red staining showed donor variability at 14 days, which
vanished at 21 days (Supplementary Figure S1C). At higher
magnification, the alizarin red staining appeared in nodule-like
structures (Supplementary Figure S1D). No clear effect of
metformin on mineralization was observed.

we

Metformin Does Not Affect Periodontal
Ligament Mediated Osteogenesis

The above titration experiment showed that metformin was
tolerated at high concentrations and seemed not to affect
osteogenesis. All subsequent osteogenesis and osteoclastogenesis

experiments were performed using a higher number periodontal
ligament donors (n = 6) with 0.2 and 1.0 mM metformin.
Compared to day 0, ALP enzyme was significantly higher at
day 14, with no differences between normal medium,
mineralization ~medium  without or with metformin
(Figure 2A). Alizarin red staining demonstrated greater
variability compared to the donors of Figure 1, but again with
no clear metformin effect (Figure 2B). qPCRs for early osteogenic
marker RUNX 2 (Figure 2C), Collagen type I (Figure 2D) and late
osteogenic marker Osteonectin (Figure 2E) showed an increase in
expression over time (t = 0 vs. t = 14) for all genes. Only osteonectin
expression differed between normal medium and mineralization
medium at t = 14 days. Metformin had no effect on osteogenic gene
expression. These experiments together showed that metformin
did not affect osteogenic differentiation of periodontal ligament
fibroblasts.

Effect of Metformin in Periodontal

Ligament- PBMC Co Cultures

As previously shown (De Vries et al., 2017; Ruppeka-Rupeika
et al., 2018; Loo-Kirana R.; Gilijamse M.; Hogervorst J., 2021),
the periodontal ligament plays a role in both osteogenesis and
osteoclastogenesis. We next assessed whether metformin could
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FIGURE 2 | Metformin does not increase mineralization by periodontal ligament fibroblast cultures. Metformin was used in two concentrations (0.2 and 1.0 mM) in
mineralization assays. (A) Alkaline phosphatase enzyme activity per cell at 0 (C) and 14 days (0 — normal medium without metformin; MO, M0.2 and M1.0 0, 0.2 and 1.0 mM
Metformin in Mineralization medium). (B) Alizarin red staining at 21 days, (C-E): genes expression of RUNX2 (C), Collagen | (D) and Osteocalcin (E) at O days (C) and at
14 days (0 — normal medium without Metformin; MO, M0.2 and M1.0 0, 0.2 and 1.0 mM Metformin in Mineralization medium). *: p < 0.05; **: p < 0.01; **: p < 0.001. All data
are from n = 6 donors.

inhibit osteoclast formation by making use of periodontal
ligament fibroblasts-PBMC co-cultures. To determine the
number of osteoclasts, cells were stained with TRAcPand
counterstained with DAPI to nuclei. Cells
containing >3 nuclei are considered as osteoclasts. Metformin
was used in concentrations that did not affect osteogenesis: 0.2
and 1.0 mM. A decrease in osteoclast formation was observed
with both concentrations (Figures 3A-C), affecting total
number of cells containing more than two nuclei
(Figure 3D), the smaller ones containing 3-5 nuclei
(Figure 3E) as well as the larger ones with six and more
nuclei (Figure 3F). Expression of genes associated with
osteoclast formation such as RANKL (Figure 3G), OPG
(Figure 3H), M-CSF (Figure 3J), and osteoclast genes
TRACP (Figure 3K) and DC-STAMP (Figure 3L) displayed a
similar pattern of decreased expression in the presence of 0.2 or
1.0 mM metformin. RANKL was not detetable by qPCR in
monocyte cultures stimulated with M-CSF and RANKL. OPG
was detected with high Ct values, with an unreliable relative
expression between 0.0002 and 0.001. These results confirm
what we have previously seen (De Vries et al., 2006; Bloemen
et al, 2010), showing that OPG and RANKL were solely
expressed by periodontal ligament fibroblasts in co culture.
Monocyte marker CDI14 was elevated at 02mM of
metformin (Figure 3M), suggesting that the inhibitory effect
of metformin was due to a decrease in osteoclast differentiation
rather than loss of precursor cells.

visualize

Metformin Inhibits M-CSF and RANKL
Mediated Osteoclast Formation and Bone

Resorption

Although periodontal ligament fibroblasts contribute to
osteoclast formation, M-CSF and RANKL are required for the
generation of bone resorbing osteoclasts (De Vries et al., 2006). In
order to study the effect of metformin on M-CSF and RANKL
mediated osteoclast formation and bone resorption, CD14" cells
were seeded on plastic or bone for assessing the impact of
metformin on osteoclastogenesis. In a separate seeding on
bone, the effect on bone resorption was assessed.

As in the co-cultures, metformin inhibited osteoclast formation
in a dose dependent manner on plastic (Figures 4A-C) as well as
on bone (Figures 4D-F). Note that monocytes remained
mononuclear at 1.0 mM metformin (Figures 4B,E). In parallel
to decreased osteoclast formation on bone slices, bone resorption
was abolished at 1.0 mM metformin (Figure 4H).

Gene expression of osteoclast genes RANK and CathK was
inhibited at high dose of metformin (Figure 5). Peculiarly, the
reverse was true for TRAcP expression (Figure 5), where higher
expression was observed when cultured with 1.0 mM metformin.
Expression of DC-STAMP, Nfatcl and CD14 was not altered by
metformin.

Gene expression of mitochondrial markers COX1 and COX2
tended to be lower at 1.0 mM metformin (Supplementary Figure
$2 (non-significant).
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FIGURE 3 | Metformin inhibits periodontal ligament fibroblasts mediated osteoclast formation. PBMC were cultured on periodontal ligament fibroblasts and
osteoclast formation was assessed at 21 days after TRACP staining (A=C). (A) Control, without metformin, (B) 0.2 mM metformin and (C) 1.0 mM metformin. (D=F):
Inhibition of numbers of multinucleated cells (MNC) formed, both when assessing all multinucleated cells (D, >2 nuclei), small multinucleated cells with 3-5 nuclei (E), or
larger multinucleated cells (F, 6+ nuclei). (G-M): Gene expression at 0 days (C, periodontal ligament fibroblasts without PBMCs) or 21 days (co-cultures
periodontal ligament fibroblasts 0, 0.2 and 1.0 mM metformin) of RANKL (G), OPG (H), the ratio RANKL/OPG (I), M-CSF (J), TRACP (K), DC-STAMP (L), and CD14 (M)
is inhibited by metformin. All results are from n = 6 periodontal ligament fibroblast donors. White arrow in A and B: multinucleated cells, Yellow arrow in C: fibroblast
nucleus, Red arrow in C: PBMCs that are not fused and TRACP negative. # in G-I: Control significantly lower (o < 0.05) expression than 0 and 0.2 mM metformin in co-
cultures. *: p < 0.05; **: p < 0.01; **: p < 0.001. All data are from n = 6 donors. Osteoclast assay (A-F) was performed twice, obtaining similar results, with two groups of
six different donors (by LT and KL), results from one experiment are shown.

DISCUSSION

improving bone health and periodontal status. The present study
contributes to an understanding at the cellular level using the

Various animal (Bak et al., 2010; Aratjo et al., 2017) and clinical
studies (Pradeep et al., 2013; Pradeep et al., 2015; Pradeep et al.,
2016; Pradeep et al., 2017; Kurian et al., 2018) have pointed out a
beneficiary effect of metformin in down modulating the severity
of periodontitis, when induced or when used as a clinical adjuvant

appropriate model of periodontal ligament fibroblasts. Using two
confirmatory assays, results unequivocally point out a role for
metformin by inhibiting osteoclast formation and activity.

Our original hypothesis that metformin would have a positive
effect on osteogenesis, has to be partially rejected and modified.
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FIGURE 5 | Metformin affects gene expression in M-CSF and RANKL
driven osteoclast cultures. Gene expression of RANK, TRAcP, Cathepsin K,
NFATc1, DC-STAMP and CD14 at 21 days. Expression of the control,
metformin O, was set at 1.0. Decreased expression of RANK and
Cathepsin K was observed and increased expression of TRACP. *:p < 0.05,
**p < 0.01.

Based on our results, metformin treatment did not induce
alkaline phosphatase activity nor did it increase Alizarin Red
staining. This is in line with a recent publication on the effect of
metformin on periodontal ligament fibroblasts (Jia et al., 2020). In

contrast to Jia et al., we did not observe a positive effect on
osteogenic markers such as RUNX-2. Differences in periodontal
ligament fibroblast heterogeneity, such as seen for Alizarin Red
staining in Figure 2B could account for this difference, but also
methodological differences, such as use of dexamethasone and a
different concentration of ascorbic acid and glycerophosphate
could give rise to such discrepancies. Concentrations that were
used in our study did not affect proliferation, since no differences
in DNA content were observed in the titration experiment (Suppl.
Figure 1A). As in previous studies from our group (Karlis et al.,
2020; Loo-Kirana et al., 2021), the observed Alizarin Red staining
was due to so-called nodules or hot-spots of mineralization that
formed on top of the fibroblasts (Figure 1D). Interestingly,
mineralization medium only induced osteopontin expression
when compared to normal medium, whereas RUNX-2,
Collagen-I expression and the activity of Alkaline phosphatase
was not influenced, not by mineralization medium nor by
metformin. Clearly, most of the expression data revealed a
time effect (t = 0 vs. 14 days), which possibly can be explained
by a more confluent layer of cells, whichmay ignite these
expressions. By nature, periodontal ligament fibroblasts
express alkaline phosphatase abundantly (Groeneveld et al,
1995), which may explain why mineralization medium did not
alter the expression.
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Metformin inhibited osteoclast formation or osteoclastogenesis
in the periodontal ligament-PBMC co cultures. Downregulation
of typical osteoclastogenesis genes, such as RANKL and M-CSF,
that are expressed by periodontal ligament fibroblasts as well as
the downregulation of osteoclast gene DC-STAMP shows that
metformin affects both the fibroblast side that orchestrate
osteoclast formation (RANKL and M-CSF), as well as
precursor cells (DC-STAMP). Downregulation of DC-
STAMP most likely resulted in a lack of fusion (Figure 3C),
where only mononuclear cells were seen in conjunction with
fibroblasts. Concerning mechanistic insight, pleotropic effects
of metformin beyond facilitating insulin’s glucose lowering
effects should be considered (Ursini et al., 2018). It has been
described in a cell culture using gingiva fibroblasts that
metformin reduces the expression of inflammatory factors
IL-13, TNF-a and IL-6 (Wu et al, 2015; Kang et al., 2017).
Recently, we showed that co-cultures of gingiva fibroblasts with
leukocytes induces IL-1B and TNF-a (Moonen et al., 2018), but
also periodontal ligament fibroblasts induce M-CSF, IL-1p and
TNF-a early during osteoclast formation (Bloemen et al., 2010).
These factors are adjuvant cytokines for osteoclast formation,
since osteoclast formation can be inhibited by anti-TNF (De
Vries et al., 2016; Zamri and De Vries, 2020) and stimulated by
TNF-a (Cao et al,, 2017) and IL-1p (Cao et al., 2016). In vivo
evidence for metformin anti-inflammatory mode of action was
obtained in a mouse model of rheumatoid arthritis (Fan et al.,
2020) where it primarily affected IL-1B. Together with the
downregulated crucial osteoclastogenesis factor RANKL
(Kong et al, 1999) (Figure 3G), it seems likely that also
other inflammatory osteoclastogenesis genes could be
affected. Downregulation of RANKL was also seen in

ovariectomized rats that were treated with metformin (Mai
et al, 2011), who also showed that this brought down the
number of osteoclasts in vivo. Co. cultures in the present
study were performed with unsorted PBMCs, which makes it
likely that also Th17 T-cells were present in the culture. These
cells may contribute to osteoclast formation by interacting with
osteoclast precursors (Moonen et al., 2018), producing the
osteoclastogenesis activating cytokine IL-17 (Sprangers et al.,
2016). Interestingly, it was shown that metformin lowers the
Th17/Treg ratio (Son et al., 2014). Whether metformin affects
this T-cell subset and thus contribute to the inhibitory effect
remains to be investigated.

Metformin likewise inhibited monocytes in the absence of
periodontal ligament fibroblasts to differentiate into osteoclasts,
both on plastic and on bovine bone slices. Here, no resorptive
activity was observed when the highest concentration of
metformin was used. qPCR revealed cathepsin K and RANK
to be downregulated by metformin, mRNAs that could not be
identified as osteoclast precursor specific in the cocultures with
periodontal ligament fibroblasts, since these molecules are also
detectable in monocultures of periodontal ligament fibroblasts.
These results indicate that metformin inhibits genes important
for early differentiation events (RANK) as well as genes involved
in differentiated osteoclasts, such as cathepsin K. One of the
mechanistically interesting aspects that could explain the
observed reduced osteoclast formation and function, is
metformin’s mildly inhibitory effect on mitochondrial
function (Apostolova et al., 2020). Recent studies interfering
with osteoclast presence (Weivoda et al., 2020) could correlate
osteoclast activity to a general energetic state. Abundance of
mitochondria is a hallmark of osteoclasts, and interference with
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mitochondrial function interferes with osteoclast formation
(Park-Min, 2019; Weivoda et al.,, 2020). Preliminary results
indicate that 1.0 mM could have a downregulatory effect on
the expression of mitochondrial markers COX1 and COX2
(Figure 5B). Contra intuitively, TRAcP was upregulated by
metformin, which was also seen with 0.2mM in the
cocultures. This could indicate that metformin diversely
affects the transcription of osteoclast genes: DC-STAMP and
Cathepsin K were downregulated whereas TRAcCP was
upregulated, which is different from our previous work on
mouse osteoclasts, where upregulation of all osteoclast genes
was similar (De Vries et al., 2009). TRACcP is also expressed by
the osteoclast’s mononuclear family members, macrophages
and dendritic cells. Here, TRAcP may be of importance in
bacterial clearance and general functionality of macrophages
and dendritic cells (Haymon 2008). It is therefore feasible that
metformin shifts the differentiation of monocytes towards
macrophages and dendritic cells.

Concerning the balance of strong and weaker points of this
study, we show with two assays that osteoclast formation and
osteoclast activity are inhibited by metformin. 1) Metformin
inhibited cell-cell mediated osteoclastogenesis, with the
identification of various PDL related genes that are
downregulated (M-CSF, RANKL). 2) In assays using only
osteoclast CD14 precursors, it was shown that also in this
“pure” system, osteoclast formation and activity is inhibited,
concomitant with down regulation of RANK and Cathepsin K.
A weak point in our study is that, although metformin did not
interfere with cell numbers of periodontal ligament
fibroblasts, it is not clear whether metformin may also
induce secreted osteoclastogenesis inhibitory molecules.
Also, the possible effects of metformin on the energy
metabolism, such as in osteoclasts, needs further
investigation.

Anti-aging has recently been added to the long list of
metformin’s pleotropic effects (Hu et al., 2021; Mohammed
et al., 2021). Increase in osteoclasts and osteoclastic activity
can be seen as a result of aging, especially as a result of
menopause. The present study therefore could add anti-
osteoclast formation as one of the aspects of anti-aging.
Metformin  influence ~ both  the  orchestrator  of
osteoclastogenesis, the periodontal ligament fibroblast, as well
as the monocyte osteoclast precursor. Our results, summarized in
Figure 6, illustrate that the alleged bone sparing mechanism of
metformin could be due to inhibiting osteoclasts, rather than, or
in parallel with increased osteogenesis.
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Salt-Sensitive Hypertension Induces
Osteoclastogenesis and Bone
Resorption via Upregulation of
Angiotensin Il Type 1 Receptor
Expression in Osteoblasts

Adya Pramusita’, Hideki Kitaura'*, Fumitoshi Ohori’, Takahiro Noguchi', Aseel Marahleh’,
Yasuhiko Nara’, Ria Kinjo', Jinghan Ma’, Kayoko Kanou', Yukinori Tanaka? and
Itaru Mizoguchi'’

"Division of Orthodontics and Dentofacial Orthopedics, Tohoku University Graduate School of Dentistry, Sendai, Japan, “Division
of Dento-Oral Anesthesiology, Tohoku University Graduate School of Dentistry, Sendai, Japan

Hypertension is a chronic-low grade inflammatory disease, which is known to be associated
with increased bone loss. Excessive activity of the local renin—angiotensin system (RAS) in
bone leads to increased bone resorption. As inflammatory cytokines may activate RAS
components, we hypothesized that the elevated proinflammatory cytokine levels in
hypertension activate bone RAS and thus lead to increased bone resorption. To
investigate whether salt-sensitive hypertension (SSHTN) induces osteoclastogenesis and
bone resorption, we generated a model of SSHTN in C57BL/6J mice by post-N“-nitro-
L-arginine methyl ester hydrochloride (L-NAME) high-salt challenge. SSHTN led to the
reduction of distal femur trabecular number and bone volume fraction, while trabecular
separation of femoral bone showed a significant increase, with no change in cortical
thickness. Histomorphometric examination showed a significant reduction in trabecular
bone volume fraction with an increased number of multinucleated tartrate-resistant acid
phosphatase (TRAP)-positive cells and increased osteoclast surface fraction in the trabecular
distal femur of hypertensive mice. Furthermore, analysis of gene expression in bone tissue
revealed that TRAP and RANKL/OPG mRNA were highly expressed in hypertensive mice.
TNF-a and angiotensin Il type 1 receptor (AGTR1) mRNA and protein expression were also
upregulated in SSHTN mice. These observations suggested that TNF-a may have an effect on
AGTR1 expression leading to osteoclast activation. However, TNF-a stimulation did not
promote AGTR1 mRNA expression in osteoclast precursors in culture, while TNF-a increased
AGTR1 mRNA expression in osteoblast culture by activation of downstream p38. Angiotensin
Il was also shown to increase TNF-a-induced RANKL/OPG mRNA expression in primary
osteoblast culture and osteoclastogenesis in a TNF-a-primed osteoblast and osteoclast
precursor co-culture system. In addition, local injection of lipopolysaccharide into the
supracalvariae of SSHTN mice markedly promoted osteoclast and bone resorption. In
conclusion, mice with SSHTN show increased osteoclastogenesis and bone resorption
due mainly to increased TNF-a and partly to the upregulation of AGTR1 in osteoblasts.

Keywords: angiotensin Il type 1 receptor, mouse, osteoblast, osteoclast, salt-sensitive hypertension, TNF-a
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1 INTRODUCTION

Hypertension is a major global health problem due to its high
prevalence and because it is one of the most important risk factors
for cardiovascular, cerebrovascular, and chronic kidney diseases,
which are the leading causes of death worldwide (Ettehad et al.,
2016; Li et al., 2016; Xie et al., 2016; Arvanitakis et al., 2018). The
number of adults with hypertension is increasing, with worldwide
estimated prevalence rates of 26.4% (corresponding to 972
million adults) in 2000 and 31.1% (corresponding to 1.39
billion adults) in 2010 (Kearney et al., 2005; Mills et al., 2016).
Moreover, the global burden of hypertension is expected to
increase by 60% reaching approximately 1.56 billion adults by
2025 (Kearney et al., 2005).

The systemic renin-angiotensin system (RAS) has been widely
investigated because of its roles in the regulation of blood
pressure, electrolyte homeostasis, and the development of
hypertension (Ahn et al, 2017; Han et al, 2017). Several
human studies suggested that hypertension is associated with
low bone mineral density and increased risk of fracture (Li et al.,
2017; Lian et al.,, 2017; Ye et al., 2017). In addition to systemic
RAS, many tissues, including bone, have a local RAS the excessive
activity of which leads to increased bone resorption and decreased
bone formation (Shimizu et al., 2008; Asaba et al., 2009; Zhou
etal.,2017). In a previous study, RAS components were expressed
in the femora of both sham and ovariectomized (OVX) rats, and
the levels of angiotensin II, angiotensin II type 1 receptor
(AGTRI1), and angiotensin converting enzyme (ACE) protein
expression were shown to be upregulated in the OVX group,
while OVX-induced bone loss was ameliorated by 6 weeks of oral
losartan treatment, an inhibitor of AGTR1 (Abuohashish et al.,
2017¢).

Inflammation is known to be closely related to hypertension.
Recent animal studies have shown that hypertension is associated
with elevated plasma levels of proinflammatory cytokines, such as
C-reactive protein (CRP), interleukin (IL)-6, IL-1p, and tumor
necrosis factor (TNF)-a (Lu et al., 2016; Liu et al., 2019; Dai et al.,
2020). Consistent with the results of animal studies, a number of
clinical studies have also shown that patients with hypertension
commonly have elevated plasma concentrations of
proinflammatory cytokines compared to normotensive patients
(Jiménez et al., 2016; Pouvreau et al., 2018; Chen et al., 2019;
Jayedi et al.,, 2019). In addition, there is emerging evidence that
proinflammatory cytokines activate RAS components. Both IL-1B
and TNF-a were shown to induce AGTRI expression in cultured
cardiac fibroblasts and chondrocytes (Peng et al., 2002; Gurantz
et al, 2005 Tsukamoto et al, 2014). Moreover, the
osteoclastogenic cytokine, TNF-a, is a potent stimulator of
osteoclast activity, and plays pivotal roles in bone metabolism
and under pathological conditions in bone diseases. TNF-a was
shown to directly promote the differentiation of osteoclast
precursors  into  multinucleated  tartrate-resistant  acid
phosphatase (TRAP)-positive osteoclasts in the presence of
monocyte colony-stimulating factor (M-CSF) and in the
absence of receptor activator of nuclear factor-kB ligand
(RANKL) (Kishikawa et al., 2019; Noguchi et al., 2020; Ohori
et al., 2020). On the other hand, TNF-a has also been shown to
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stimulate the production of M-CSF and RANKL in osteoblast-like
cells (Xiong et al., 2014).

Lipopolysaccharide (LPS), a major cell-surface antigen of
gram-negative bacteria, acts as a potent stimulator of
inflammation and osteolytic bone loss (Abu-Amer et al., 1997;
Sakuma et al., 2000). LPS has been shown to induce the release of
several proinflammatory cytokines and factors, including TNF-a,
IL-1, prostaglandin E2 (PGE2), and RANKL, from fibroblasts,
macrophages, osteoblasts, and other cell types at inflammatory
sites. Daily subcutaneous supracalvarial injection of LPS was also
reported to induce osteoclastogenesis and bone resorption due to
increases in levels of RANKL and TNF-a (Shen et al., 2018; Shima
et al., 2018; Kishikawa et al., 2019). However, there have been no
previous studies regarding the effects of salt-sensitive
hypertension (SSHTN) on inflammation-induced
osteoclastogenesis and bone resorption.

Based on the observations outlined above, we hypothesized
that elevated level of the proinflammatory cytokine, TNF-a,
under conditions of hypertension may promote bone RAS
activation, resulting in the induction of osteoclastogenesis
and bone resorption. To test this hypothesis, we generated a
mouse model of SSHTN by post-N“-nitro-L-arginine methyl
ester hydrochloride (L-NAME) high-salt challenge. Here, we
found that SSHTN mice exhibited marked increases in
osteoclast number and bone resorption area due mainly to
increased TNF-a and partly to the upregulation of AGTR1 in
osteoblasts.
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FIGURE 1 | Systolic blood pressure. (A) The experimental protocol to
generate SSHTN mouse model consisted of three consecutive periods: a 2-
weeks nitric oxide synthesis inhibition period with L-NAME, followed by a 2-
weeks washout period, and subsequent high-salt diet for 3 weeks. (B)
SBP was measured in normal control mice and SSHTN mice (n = 4).
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2 MATERIALS AND METHODS

2.1 SSHTN Mouse Model and Reagents
Male C57BL/6] mice, 7-10 weeks old, were purchased from
CLEA Japan (Tokyo, Japan). To generate the SSHTN model,
mice were administered L-NAME (0.5 mg/mL; Sigma-Aldrich, St.
Louis, MO, United States) in their drinking water for 2 weeks to
inhibit nitric oxide synthesis, followed by a 2-weeks washout
period, and a 3-weeks exposure to a high-salt diet (CE-2
containing 4% NaCl; CLEA Japan) (Lopez Gelston et al., 2018)
(Figure 1A). Normal control mice received tap water and
standard diet for 7 weeks. All diets and water were provided
ad libitum. Systolic blood pressure (SBP) was monitored weekly
by tail-cuff plethysmography using a blood pressure monitor
(MK-1030; Muromachi Kikai Co., Tokyo, Japan) in previously
trained mice. All animal care and experiments were approved by
Tohoku University of Science Animal Care and Use Committee.
LPS from Escherichia coli, angiotensin II, and olmesartan
(angiotensin II type 1 receptor blocker) were purchased from
Sigma-Aldrich. Recombinant murine TNF-a was prepared in our
laboratory as described previously (Kitaura et al., 2004).

2.2 Histological Analysis

The femora of normal control and SSHTN mice were resected
immediately after sacrifice, fixed in 4% formaldehyde in
phosphate-buffered saline (PBS), and then demineralized in
14% ethylenediaminetetraacetic acid (EDTA) for 5 weeks.
After dehydration through a graded ethanol series, they were
embedded in paraffin and cut into sections 5pm thick.
Hematoxylin and eosin (H&E) and tartrate-resistant acid
phosphatase (TRAP) staining were performed as described
previously (Nara et al, 2020) to evaluate trabecular bone
volume fraction (BV/TV, %), osteoclast surface fraction (Oc.S/
BS, %), and the number of TRAP-positive cells (i.e., osteoclasts)
per bone perimeter (N.Oc/B.Pm, 1/mm) using ImageJ software
(NIH, Bethesda, MD, United States). TRAP-positive cells
containing three or more nuclei were considered to be
osteoclasts. The regions of interest (ROIs; 250 um x 250 pm)
were limited to trabecular bone and extended 250 pm proximal to
the distal growth plate to exclude primary spongiosa, new bone
growth, and cortical bone.

In addition, osteoclastogenesis was induced by subcutaneous
supracalvarial injection of LPS at a dose of 100 pg/day for 5 days
as described previously (Ishida et al., 2019). All animals were
randomly divided into five groups as follows: normal controls
with daily subcutaneous injection of PBS, 10 pg/day LPS, or
100 pg/day LPS; SSHTN mice with daily subcutaneous injection
of PBS or 10 ug/day LPS. Calvariae were resected on day 6,
decalcified in 14% EDTA for 3 days, embedded in paraffin, and
cut into sections 5 um thick perpendicular to the sagittal suture.
TRAP and hematoxylin counterstaining were performed as
described previously (Ishida et al, 2019). The number of
osteoclasts located in the mesenchyme of the sagittal suture
was counted in all slides as described previously (Ishida et al.,
2019). All sections were observed and photographed using a
light microscope (Olympus DP72; Olympus Co., Ltd., Tokyo,
Japan).
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2.3 Cell Culture

Osteoclast precursors were obtained as described previously
(Marahleh et al, 2019). Briefly, bone marrow cells were
flushed from the femora and tibiae of male C57BL/6] mice
into sterile 6-cm culture dishes with o-modified minimal
essential medium (a-MEM; Wako, Osaka, Japan) using a 30-
gauge needle. The bone marrow was then filtered through a 40-
um nylon cell strainer (Falcon, Corning, NY, United States) and
centrifuged. The harvested cells were incubated in a-MEM
containing 10% fetal bovine serum (FBS) (Biowest, Nuaillé,
France), 100IU/ml penicillin G, 100 pg/ml streptomycin
(Wako), and M-CSF for 3days. Non-adherent cells were
removed by washing with PBS and adherent cells were
harvested using trypsin-EDTA solution (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). These cells were used as
osteoclast precursors in this study.

Primary osteoblasts were isolated from the calvariae of
neonatal C57BL/6] mice as described previously (Shima et al.,
2018). Briefly, calvariae were incubated with 0.2% (w/v)
collagenase in isolation buffer (70 mM NaCl, 10 mM NaHCO;,
60 mM sorbitol, 3 mM K,HPO,, 1 mM CaCl,, 0.1% (w/v) BSA,
0.5% (w/v) glucose, and 25 mM HEPES) for 20 min at 37°C with
agitation at 300 rpm (fraction 1), followed by digestion with
5mM EDTA (Wako) in PBS containing 0.1% BSA (Sigma-
Aldrich) for 15 min at 37°C with agitation at 300 rpm (fraction
2), then incubated in collagenase for 20 min twice to obtain
fraction 3 and fraction 4. Cells from fraction 2-4 were
collected as the osteoblast-rich fraction (Ohori et al., 2019;
Asano et al., 2021).

To investigate the effects of angiotensin II on priming of
osteoblasts by TNF-a, osteoblasts (1 x 10* cells) were cultured in
the presence or absence of TNF-a for 24 h, and then washed three
times with PBS to remove TNF-a. Osteoclast precursors (5 x 10* cells)
were then added on top of the osteoblasts in 96-well plates and
cultured in a-MEM with 107® M 1.25(0H),D; + 10" M PGE, (both
from Sigma-Aldrich), 10® M 1.25(0OH),Ds + 10° M PGE, + 10° M
angiotensin I, 10°®M 125(0OH),D; + 10°M PGE, + 10°M
angiotensin IT + 107> M angiotensin II type 1 receptor blocker or
without additional agents as controls for 3 days. Cells were fixed with
4% formaldehyde and incubated with TRAP solution consisting of
acetate buffer (pH 5.0), naphthol AS-MX phosphate, fast red violet LB
salt, and 50 mM sodium tartrate at 37°C for 30 min. TRAP-positive
multinucleated osteoclasts >150 um in diameter with three or more
nuclei were visualized and counted manually under a light microscope
as described previously (Nara et al., 2020).

2.4 Real-Time RT-PCR Analysis

For real-time RT-PCR analysis, tibiae were crushed using a cell
disrupter (Micro Smash MS-100R; Tomy Seiko, Tokyo, Japan) in
800 uL of TRIzol reagent (Invitrogen, Carlsbad, CA, United
States). For in vitro experiments, osteoclast precursors and
osteoblasts were cultured in serum-free medium overnight,
followed by incubation in culture medium supplemented with
TNF-a (100 ng/mL) or PBS as controls for 24 h. Moreover, to
examine whether an increase in AGTR1 mRNA expression level
in TNF-a-primed osteoblast affected the levels of RANKL and
OPG mRNA expression, primary osteoblasts were cultured in
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culture medium supplemented with PBS or TNF-a (100 ng/mL)
for 24 h followed by changing the medium to remove TNF-a.
Osteoblasts were then exposed to 10™° M angiotensin II for 24 h.
Total RNA was extracted from cells and tissue samples using a
RNeasy Mini Kit (Qiagen, Hilden, Germany). ¢cDNA was
synthesized using Superscript IV reverse transcriptase
(Invitrogen) with the same amount of total RNA. The levels of
TNF-a, IL-1B, AGTRI, ACE, TRAP, RANKL, OPG, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
expression were measured using TB Green Premix Ex Taq II
(Takara, Shiga, Japan) and a thermal cycler (Dice Real Time
System; Takara) under the following conditions: initial
denaturation at 95°C for 30s followed by 50 cycles of
denaturation at 95°C for 5s and annealing at 60°C for 30s,
and final dissociation stage. Relative expression levels of target
mRNAs were calculated by normalization relative to GAPDH
mRNA. The primer sequences were as follows: 5'-GGTGGAGCC
AAAAGGGTCA-3' and 5'-GGGGGCTAAGCAGTTGGT-3' for
GAPDH; 5'-CTGTAGCCCACGTCGTAGC-3" and 5'-TTGAGA
TCCATGCCGTTG-3' for TNF-a; 5'-CTCAACTGTGAAATG
CCACC-3' and 5'-TGTCCTCATCCTGGAAGGT-3' for IL-1p;
5'-AGTCGCACTCAAGCCTGTCT-3' and 5'-ACTGGTCCT
TTGGTCGTGAG-3' for AGTR1; 5'-CCACTATGGGTCCGA
GTACATCAA-3' and 5'-AGGGCGCCACCAAATCATAG-3'
for ACE; 5'-AACTTGCGACCATTGTTA-3' and 5'-GGGGAC
CTTTCGTTGATGT-3' for TRAP; 5'-CCTGAGGCCCAGCCA
TTT-3' and 5'-CTTGGCCCAGCCTCGAT-3' for RANKL; and
5" -ATCAGAGCCTCATCACCTT-3' and 5 -CTTAGGTCC
AACTACAGAGGAAC- 3’ for OPG.

2.5 Western Blotting Analysis

To investigate the effects of TNF-a on ERK1/2, p38, JNK
mitogen-activated protein kinases (MAPKs), and IxBa
phosphorylation in osteoblasts, primary osteoblasts were
cultured in 60-mm cell culture dishes (Corning) in serum-free
medium for 3 h. TNF-a (100 ng/mL) was then added to the dishes
for specific periods (0, 5, 15, 30, 60 min). To examine the effects of
MAPKs and nuclear factor (NF)-kB in the regulation of AGTR1
protein  expression, TNF-a-pretreated osteoblasts were
preincubated with 10 pM p38 MAPK inhibitor (InSolution™
SB 203580; EMD Millipore, Billerica, MA, United States),
10uM  ERK1/2 inhibitor (InSolution™ U0126; EMD
Millipore), 10 uM JNK inhibitor (InSolution™ JNK Inhibitor
II; EMD Millipore), and 10 uM NF-kB inhibitor (BAY11-7082;
Sigma-Aldrich), and then exposed to TNF-a (100 ng/mL) for
24h. The distal femur and cells were extracted using
radioimmunoprecipitation assay (RIPA) lysis buffer (Millipore,
Burlington, MA, United States) containing 1% protease and
phosphatase inhibitor (Thermo Fisher Scientific). Total protein
concentrations were quantified using a Pierce BCA protein assay
kit (Thermo Fisher Scientific). Protein was treated with B-
mercaptoethanol (Bio-Rad, Hercules, CA, United States) and
Laemmli sample buffer (Bio-Rad) and denatured at 95°C for
5 min prior to SDS-PAGE. Equal amounts of protein were loaded
onto 4-15% Mini-PROTEAN TGX Precast Gels (Bio-Rad) and
transferred to a PVDF Trans-Blot Turbo Transfer System (Bio-
Rad). The membranes were blocked in Block-Ace (DS Pharma
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Biomedical, Osaka, Japan) for 1h at room temperature and
incubated with antibodies against phospho-p38 MAPK
(Thr180/Tyr182) (D3F9) XP, phospho-SAPK/JNK (Thr183/
Tyr185) (98F2), phospho-p44/42MAPK (ERK1/2) (Thr202/
Tyr204), phospho-IkBa (Ser32) (14D4) (monoclonal rabbit
IgG, 1:1,000; Cell Signaling Technology, Danvers, MA,
United States), AGTR1 (polyclonal rabbit IgG, 1:1,000;
Proteintech Group, Inc., Chicago, IL, United States), TNF-a
(polyclonal rabbit IgG, 1:500; GTX110520, Funakoshi, Japan),
and B-actin (monoclonal mouse IgG, 1:1,000; Sigma-Aldrich)
overnight at 4°C. The membranes were washed in Tris-buffered
saline with Triton X-100 (TBS-T) and Tris-buffered saline (TBS),
and then incubated with HRP-conjugated anti-rabbit IgG
antibody (1:1,000-1:5,000; Cell Signaling Technology) or anti-
mouse antibody (1:3,000-1:10,000; GE Healthcare, Chicago, IL,
United States) for 1 h at room temperature. Bound antibodies
were detected with SuperSignalWest Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific) and a FUSION-FX7. EDGE
Chemiluminescence Imaging System (Vilber Lourmat, Collégien,
France).

2.6 Micro-Computed Tomography
Micro-computed tomography (CT) was performed using
ScanXmate-E090 (Comscan, Kanagawa, Japan). Formalin-fixed
femora were scanned with isotropic voxel size of 20 um, x-ray
tube voltage of 90kV, x-ray tube current of 91 pA, with
acquisition of 600 projections over 360° rotation, and
reconstructed with 1,024 x 1008-pixels matrices. The calvariae
were scanned under the same conditions as femora except using a
voxel size of 60 um, x-ray tube voltage of 60 kV, and x-ray tube
current of 85 A, and were reconstructed with 512 x 504-pixels
matrices. After image acquisition, three-dimensional images were
reconstructed to measure the morphometric parameters using
TRI/3D-BONE64 software (RATOC System Engineering, Tokyo,
Japan). To analyze the trabecular bone microarchitecture, the
ROI for the distal femur began 1 mm proximal to the growth plate
and extended 0.5 mm proximally. For cortical bone analysis, 0.5 x
4 mm region was selected in the midshaft centered at 50% of the
total femoral length. The standard trabecular morphometric
parameters determined were trabecular BV/TV (%), trabecular
thickness (Tb.Th, pm), trabecular number (Tb.N, 1/mm),
trabecular separation (Tb.Sp, um), and bone surface area to
volume ratio (BS/BV, 1/mm). The cortical morphometric
parameter calculated was cortical thickness (Ct.Th, um).
Moreover, a rectangular region of 50 x 70 pixels cantered at
the frontal suture was selected to quantify area of destruction in
the calvariae using Image] (NIH) (Ishida et al., 2019).

2.7 ELISA Assay for TNF-a

Serum samples were obtained from normal control and SSHTN
mice. TNF-a concentration was measured using ELISA MAX
Standard Set Mouse TNF-a (Biolegend, United States) according
to the manufacturer’s protocols. 96-well ELISA plates (Biolegend)
were precoated with monoclonal hamster antibody in carbonate
buffer and incubated overnight at 4°C. To block non-specific
binding and reduce background, the plates were incubated for 1 h
at room temperature with the addition of 1% bovine serum
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FIGURE 2 | SSHTN was associated with increased bone loss and elevated osteoclastogenesis as determined by histological analysis. Histological sections of
decalcified femora from normal control mice or SSHTN mice (n = 4) stained with H&E (A) and TRAP (B). Scale bar = 200 um (20 um in the enlarged picture). (C)
Quantitative measurement of bone volume fraction (BV/TV). Quantitative measurement of the ratio of (D) osteoclast number/bone perimeter (N.Oc/B.Pm) and (E)
osteoclast surface fraction (Oc.S/BS). (F) TRAP mRNA expression level and (G) RANKL/OPG mRNA expression level in the tibiae of normal control and SSHTN
mice. TRAP, RANKL, and OPG mRNA expression levels were determined by real-time RT-PCR and were normalized relative to GAPDH (n = 4).

albumin (BSA; Sigma-Aldrich) in PBS. Diluted mouse TNF-a 30 min, and the absorbance was measured at 450 nm using a
standard and serum samples were added to the wells and  microplate reader (Remote Sunrise, Tecan, Japan). Absorbance
incubated for 2h at room temperature. Biotinylated goat  value at 595 nm was used as a reference.

polyclonal anti-mouse TNF-a detection antibody was added to

the wells with 1 h incubation at room temperature. The bound 2.8 Statistical Analysis

IgG was detected by incubation with HRP-conjugated avidin,  All results are shown in box plots with the median, interquartile
followed by colorimetric detection with TMB substrate solution ~ range (IQR), and individual data points. Data were analyzed
(Biolegend). The reaction was stopped with 2N H,SO, after using GraphPad Prism 9.0 (GraphPad Software, Inc. La Jolla, CA,
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United States). The distribution of variables was evaluated using
the Shapiro-Wilk test. Student’s ¢ test or the Mann-Whitney test
was used to compare means between two groups, while
differences between all groups were examined by one-way
analysis of variance (ANOVA) and Tukey’s multiple
comparison test or Kruskal-Wallis and Dunn’s multiple
comparison test. In all analyses, p < 0.05 was taken to indicate
statistical significance.

3 RESULTS

3.1 Post L-NAME High-Salt Challenge
Resulted in Increased Systolic Blood

Pressure

To induce salt sensitivity, mice were administered L-NAME in
their drinking water for 2 weeks, followed by a 2-weeks washout
period, and then 3 weeks of exposure to high-salt diet
(Figure 1A). Consistent with a previous study (Lopez Gelston
et al,, 2018), after 2 weeks of L-NAME administration, SBP in
L-NAME-treated mice increased to 125 + 5 mmHg compared to
non-treated mice (95 + 6 mmHg, p < 0.01). The SBP of L-NAME-
treated mice returned to normal after the 2-weeks washout period
(92 + 5 mmHg). After 3 weeks of salt loading, L.-NAME-treated
mice showed salt-induced hypertension (125 + 5 mmHg vs. 93 +
5 mmHg, p < 0.01; Figure 1B).

3.2 SSHTN Increased Bone Loss and

Osteoclastogenesis

The effects of SSHTN on osteoclastogenesis and bone loss were
analyzed by histomorphometric analyses (Figures 2A,B). H&E
staining showed that trabecular bone volume was significantly
reduced in SSHTN mice (Figure 2C). In addition, TRAP staining
was performed to evaluate several bone parameters to elucidate
the effects of SSHTN on osteoclastogenesis in vivo. The trabecular
distal femur of SSHTN mice showed an increased number of
multinucleated TRAP-positive cells (Figure 2D). Consistent with
these observations, quantitative histomorphometric analysis
showed that Oc.S/BS was elevated in SSHTN mice compared
to normal controls (543 vs. 0.7%, respectively, p < 0.05;
Figure 2E). As expected, the mRNA expression level of TRAP,
a primary osteoclast marker, was elevated in the tibiae of SSHTN
mice compared with normal controls (Figure 2F). RANKL/OPG
mRNA expression, important factor for determining osteoclast
activation, was also upregulated by hypertension condition
(Figure 2G). These results showed that SSHTN resulted in
high levels of osteoclastogenesis and increased bone loss.

3.3 SSHTN Significantly Increased Bone

Resorption Detected on Micro-CT

To examine the effects of SSHTN on bone resorption, we
examined the morphometric parameters of femoral bone from
normal control and SSHTN mice by micro-CT analysis
(Figure 3A). Compared to that of the normal control mice,

Hypertension Increases Bone Resorption

SSHTN mice showed reductions of 29 and 35% in trabecular
number and BV/TV, respectively, while Tb.Sp showed a
significant increase by 56% (Figures 3B-D). On the other
hand, SSHTN did not have any impact on trabecular
thickness, BS/BV, or cortical thickness (Figures 3E-G). These
observations confirmed that SSHTN significantly elevated bone
resorption, although trabecular and cortical thickness were not
altered in these animals.

3.4 SSHTN Increased TNF-a and Activated
Bone RAS In Vivo

As hypertension is considered to be a low-grade inflammatory
condition related to the elevation of proinflammatory cytokines,
we further examined the effects of SSHTN on proinflammatory
cytokine mRNA expression in the tibia in comparison to normal
controls. SSHTN stimulated the expression of TNF-a but had no
impact on IL-1p mRNA expression (Figures 4A,B).
Furthermore, to determine whether the increases in
osteoclastogenesis and bone resorption in SSHTN mice could
be explained by excessive activation of RAS within the bone, we
also investigated AGTR1 and ACE mRNA expression. The
results showed that AGTR1 mRNA expression was increased
in the tibiae of SSHTN mice, while ACE mRNA expression was
similar between normal control and SSHTN mice (Figures
4C,D). Since TNF-a and AGTR1 mRNA expression was
increased in SSHTN mice, we also determined the protein
expression of TNF-a and AGTRI. As expected, SSHTN
upregulated TNF-a and AGTRI protein expression (Figures
4E,F). In addition, TNF-a serum level was increased in SSHTN
mice compare to normal control mice (Figure 4G).

3.5 TNF-a Priming Did Not Affect AGTR1
mRNA Expression in Osteoclast
Precursors, but Increased AGTR1 mRNA
Expression in Osteoblasts Through p38

Activation

The increased levels of both TNF-a and AGTR1 in SSHTN mice
suggested that TNF-a may have an effect on AGTRI expression
in bone cells leading to the activation of osteoclasts. Therefore, we
examined the effects of TNF-a on osteoclast precursors.
Unexpectedly, treatment with TNF-a did not upregulate
AGTR1 mRNA expression in osteoclast precursors
(Figure 5A). However, stimulation of osteoblasts with TNF-a
led to an increase in AGTR1 mRNA expression as determined by
real-time RT-PCR (Figure 5B). We further clarified the cellular
signaling of TNF-a responsible for upregulation of AGTR1 in
osteoblasts. Treatment with TNF-a rapidly increased
phosphorylation of ERK1/2, p38, JNK MAPKs, and IkBa in
osteoblasts (Figure 5C). Pretreatment with the p38 MAPK
inhibitor, SB 203580, attenuated TNF-a-induced upregulation
of AGTRI protein expression in osteoblasts, whereas the MEK1/2
inhibitor, U0126, JNK Inhibitor II, and NF-kB inhibitor, BAY11-
0782, showed no such effect (Figures 5D,E). These results
suggested a role of the p38 pathway in TNF-a-induced
upregulation of AGTRI protein expression in osteoblasts.
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FIGURE 3| SSHTN mice showed significant elevation of bone resorption determined by micro-CT. (A) Micro-CT reconstruction of the trabecular region below the
distal femur growth plate and the cortical region of femoral midshaft of normal control or SSHTN mice (n = 4). Scale bar =2 mm. (B-G) Quantitative measurement of bone
morphometric-related parameters; (B) trabecular bone volume fraction (BV/TV), (C) trabecular number (Tb.N), (D) trabecular separation (Tb.Sp), (E) trabecular thickness
(Tb.Th), (F) trabecular bone surface (BS/BV), and (G) cortical thickness (Ct.Th) of normal control and SSHTN mice (n = 4).
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3.6 Angiotensin Il Increased RANKL/OPG
Ratio in TNF-a-Primed Osteoblasts and
Enhanced Osteoclastogenesis in
TNF-a-Primed Osteoblast/Osteoclast

Precursor Co-Culture

As TNF-a did not induce upregulation of AGTR1 mRNA
expression in osteoclast precursors, we further examined
whether the increase in AGTR1 mRNA expression level in
TNF-a-primed osteoblasts affected the mRNA expression of
the osteoclast-related cytokines, RANKL and OPG, resulting in
an increase in osteoclast number. Stimulation of TNF-a-primed
osteoblasts with 107° M angiotensin II led to an increase in
RANKL mRNA expression (Figure 6A) without significant
effect in OPG mRNA expression, as determined by real-time
RT-PCR (Figure 6B), resulting in an increase in the RANKL/
OPG ratio (Figure 6C). Further analyses using an osteoblast/
osteoclast precursor co-culture system showed that angiotensin II
enhanced osteoclastogenesis in TNF-a-primed osteoblasts
compared to unprimed osteoblasts, whereas cotreatment with

an angiotensin II type 1 receptor blocker, olmesartan, completely
abolished these effect (Figures 6D,E). Taken together, these
results showed that angiotensin II stimulation and increased
AGTR1 expression by TNF-a priming increased the RANKL/
OPG ratio in osteoblasts leading to osteoclast activation.

3.7 SSHTN Exacerbated LPS-Induced

Osteoclastogenesis In Vivo

To further examine whether SSHTN enhances LPS-induced
osteoclastogenesis, mouse calvariae were subcutaneously
injected with PBS or LPS daily for 5 days. Histological sections
of calvariae from both normal control and SSHTN mice were
stained for TRAP to identify osteoclasts (Figure 7A). The results
showed that injection of 100 pg/day LPS in normal control mice
resulted in numerous multinucleated TRAP-positive osteoclasts.
There were no significant changes in osteoclast number when
10 pg/day LPS was injected into the calvariae of normal control
mice and PBS was injected into the calvariae of SSHTN mice. In
contrast, 10 pug/day LPS injection in SSHTN mice led to a marked
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FIGURE 4 | SSHTN mice showed increased TNF-a and activation of bone RAS in vivo. (A) IL-1p mRNA expression levels in normal control and SSHTN mice. (B)
TNF-a mRNA expression levels in normal control and SSHTN mice. (C) AGTR1 mRNA expression levels in normal control and SSHTN mice. (D) ACE mRNA expression
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and then treated with TNF-a for 24 h. Cells were lysed and analyzed by
Western blotting using an antibody to AGTR1. (E) Relative protein
expression of AGTR1 were measured using Imaged software (n = 3). p-
Actin was used as a loading control.
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increase in number of multinucleated TRAP-positive osteoclasts
(Figure 7B). These observations indicated that the combination
of LPS injection and SSHTN led to a further increase in
osteoclastogenesis.

3.8 SSHTN Exacerbated LPS-Induced Bone

Resorption In Vivo

To determine bone resorption area, the mouse calvariae were
examined by micro-CT. Figure 8A shows micro-CT images of
the calvariae from normal control and SSHTN mice. As shown in
Figure 8B, 100 ug/day LPS injection in normal control mice
resulted in a significant increase in bone resorption area by 7.1%,
while 10 pug/day LPS injection in normal control mice and PBS
injection in SSHTN mice did not have any impact on bone
resorption area. However, SSHTN mice injected with 10 pg/
day LPS showed a marked increase in bone resorption area by
6.9%, suggesting that LPS and SSHTN had a synergistic effect on
bone resorption.

4 DISCUSSION

It has been difficult to assess the impact of high blood pressure
on bone health and bone quality, leading to conflicting reports
on hypertension-related bone loss (Tsuda et al., 2001; Javed
et al., 2012). In this study, we used post-L-NAME high-salt
challenge to generate a mouse model of hypertension to
investigate its effects on bone. Our results showed that high
blood pressure upregulates osteoclastogenesis, bone resorption,
and exacerbates LPS-induced osteoclastogenesis and bone
resorption. The distal femora of SSHTN mice showed
increased osteoclast number and osteoclast surface fraction,
but decreased trabecular bone fraction, which is primarily
associated with reduced trabecular number and increased
trabecular separation. Consistent with our results, a previous
study showed that high blood pressure in spontaneously
hypertensive rats (SHR) was associated with significantly
reduced bone mineral density and increased risk of fracture
with  upregulation of markers of bone resorption
(Tiyasatkulkovit et al., 2019). Moreover, Dahl salt-sensitive
rats also showed osteopenia after chronic salt loading with
sodium retention and calcium loss (Titze et al, 2004).
Furthermore, recent epidemiological studies demonstrated an
association between osteoporosis and high blood pressure.
Individuals with higher blood pressure were shown to have
increased osteoporotic fracture risk (Li et al., 2017). In addition,
a meta-analysis showed that hypertensive women and men have
increased bone mineral loss in the lumbar spine, femoral neck,
Ward’s triangle, femoral intertrochanteric region, calcaneus,
and distal forearm (Ye et al., 2017). Moreover, elevated blood
pressure was shown to be associated with decreased bone
mineral density (Tiyasatkulkovit et al., 2019; Uchikawa et al.,
2019).

To elucidate the mechanisms by which hypertension induces
bone resorption, we examined the mRNA expression levels of
proinflammatory cytokines and factors and found that SSHTN
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mice had elevated TNF-a mRNA, protein expression, and serum
level in comparison to normal controls. Hypertension is known
to be associated with inflammation. Increased serum levels of
proinflammatory plasma cytokines, such as CRP, IL-6, IL-1,
and TNF-a, were observed in hypertensive rodent models (Lu
etal., 2016; Liu et al., 2019; Dai et al., 2020). In addition, human
subjects with high blood pressure were reported to show
elevation of circulating proinflammatory cytokine and CRP
levels (Jiménez et al., 2016; Pouvreau et al., 2018; Chen et al.,
2019; Jayedi et al., 2019). High-salt diet was reported to induce
elevation of TNF-a mRNA expression in the paraventricular
nucleus and aorta in Dahl salt-sensitive rats, but not in normal
controls (Yu et al., 2012; Jiang et al., 2018). Moreover, elevation
of proinflammatory cytokines during chronic inflammation has
been reported to have a significant effect on bone metabolism,
leading to increased risk of bone loss (Baum and Gravallese,

2014; Amarasekara et al., 2015). TNF-a is an effective inducer of
osteoclast activity, and has been shown to play important roles
in bone metabolism and pathological bone diseases (Kishikawa
et al., 2019; Ohori et al., 2020). Therefore, the findings outlined
above suggest that TNF-a may have important roles in the
processes of bone loss and bone resorption in this SSHTN
mouse model.

The systemic RAS is an endocrine system with important roles
in regulating blood pressure and electrolyte homeostasis (Ahn
et al, 2017; Han et al, 2017). Various organs and tissues,
including bone, have also been shown to have local tissue-
specific RAS. Moreover, bone RAS overactivation can induce
metabolic bone disorders and cause deterioration of bone
microcirculation (Shimizu et al., 2008; Asaba et al, 2009;
Zhou et al,, 2017). ACE and AGTRI were shown to be highly
expressed in the femoral head in an ovariectomized rat model of
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FIGURE 7 | SSHTN mice showed elevated osteoclastogenesis induced by LPS in vivo. (A) Histological sections of calvariae were obtained from normal control or
SSHTN mice after 5 days of daily supracalvarial injection with PBS or LPS. TRAP staining was performed to identify osteoclasts. (B) Numbers of multinucleated TRAP-
positive cells in the sagittal suture mesenchyme of calvariae were quantified. Scale bar = 50 um (n = 4).
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postmenopausal osteoporosis (Abuohashish et al, 2017b). In
addition, the use of AGTR1 antagonists was shown to have
therapeutic and protective effects on bone (Abuohashish et al.,
2017¢; Donmez et al., 2017; Birocale et al., 2019; Dionisio et al.,
2020), and ACE inhibitors were shown to have beneficial effects
on bone in both experimental and clinical studies
(Abuohashish et al., 2017a; Rianon et al., 2017; Chen et al.,
2018). Therefore, we also examined whether SSHTN
promoted the activation of bone RAS. SSHTN mice showed
elevated mRNA and protein expression of the bone RAS
component, AGTRI. Indeed, increased AGTR1 mRNA and

protein expression were detected in the joint tissues in a
transgenic mouse model overexpressing human TNF-a
(Akagi et al, 2020). These observations suggest that
excessive TNF-a in SSHTN could promote local bone RAS
activation, which may have important synergistic effects in
SSHTN-induced bone loss.

To further elucidate whether upregulation of TNF-a mRNA
expression in SSHTN activates local bone RAS activation
resulting in bone loss, we examined the effect of TNF-a on
AGTR1 mRNA expression in bone cells. Stimulation with
TNF-a did not promote AGTR1 mRNA expression in murine

Frontiers in Cell and Developmental Biology | www.frontiersin.org

46

April 2022 | Volume 10 | Article 816764


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Pramusita et al. Hypertension Increases Bone Resorption

NORMAL + PBS

SSHTN + PBS
<0.05
<0.01 I
<0.05
—
<001 <0.01 <0.01
_15
s
H
< 10
2
S
E=3
8 5
[a]
o
5
)

S £ L &L
RIS
I S

Sy gy
NORMAL + 100 pg LPS Ll &
&

FIGURE 8 | SSHTN mice showed increased bone resorption area induced by LPS in vivo. (A) Micro-CT reconstructed images of calvariae from normal control or
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primary osteoclast precursors in culture, while TNF-a enhanced ~ shown to be required for TNF-a-induced AGTRI upregulation
AGTRI mRNA expression in murine primary osteoblast cultures.  in cardiac fibroblasts (Cowling et al., 2002). Therefore, we also
TNEF-a has been reported to induce AGTR1 expression in cardiac ~ examined the downstream inhibitory effects of TNF-a on ERK1/
fibroblasts (Peng et al, 2002; Gurantz et al, 2005) and 2, p38, JNK MAPKs, and NF-xB activation using selective
chondrocytes (Tsukamoto et al, 2014). In addition, the inhibitors (U0126, SB 203580, JNK inhibitor II, and BAY11-
transcription factor, NF-kB, and possibly p38 MAPK, were 7082, respectively). However, only the p38 MAPK inhibitor, SB
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203580, attenuated AGTRI protein expression in TNF-a-treated
osteoblasts. Angiotensin II has been reported to induce
osteoclastogenesis indirectly via stromal cells by increasing
RANKL expression via AGTRI receptors (Shimizu et al,
2008). Therefore, we assumed that angiotensin II enhanced
TNF-a-induced osteoblast AGTR1 expression and promoted

osteoclastogenesis  indirectly =~ through ~ TNF-a-mediated
osteoblast osteoclastogenic capability. Therefore, we primed
osteoblasts with TNF-a followed by treatment with

angiotensin II. Stimulation of TNF-a-primed osteoblasts with
angiotensin II led to an increase in RANKL/OPG ratio.
Furthermore, we also evaluated the effects of TNF-a priming
on osteoclastogenesis in osteoblast/osteoclast precursor co-
culture and showed that TNF-a priming upregulated
osteoclastogenesis compared to untreated controls. The
increase in osteoclastogenesis in the TNF-a-primed group was
likely due to the increased RANKL/OPG ratio, stimulation by
angiotensin II in TNF-a priming osteoblast was shown to
markedly increase the RANKL/OPG ratio. These results
suggested that angiotensin II stimulation and increased
expression of AGTRI by TNF-a may induce RANKL
expression, thus leading to osteoclastogenesis.

It has been reported that subcutaneous administration of LPS
at a dose of 100 pg/day for 5 days can promote osteoclastogenesis
and bone resorption in calvariae, while daily injection of LPS at
10 pg/day failed to increase osteoclast number and stimulate bone
resorption in vivo (Ishida et al., 2015; Shima et al, 2018).
Consistent with these findings, administration of LPS at a dose
of 10 pg/day did not increase osteoclast number in vivo. However,
SSHTN mice injected with LPS at a dose of 10 pug/day showed an
increase in osteoclast number. These observations suggested that
SSHTN exacerbates inflammation-induced osteoclastogenesis in
vivo. In addition, we also examined whether SSHTN exacerbates
LPS-induced bone resorption by micro-CT. Increased bone
resorption area was only found in normal control mice
injected with 100 pg/day LPS and SSHTN mice injected with
10 pg/day LPS, but not in SSHTN mice injected with PBS. These
observations suggested that SSHTN exacerbates inflammation-
induced osteoclastogenesis and bone resorption, and therefore
SSHTN could be a risk factor for progressive bone resorption in
inflammatory bone disease.
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Monocytes and macrophages are innate immune cells with diverse functions ranging from
phagocytosis of microorganisms to forming a bridge with the adaptive immune system. A
lesser-known attribute of macrophages is their ability to fuse with each other to form
multinucleated giant cells. Based on their morphology and functional characteristics, there
are in general three types of multinucleated giant cells including osteoclasts, foreign body
giant cells and Langhans giant cells. Osteoclasts are bone resorbing cells and under
physiological conditions they participate in bone remodeling. However, under pathological
conditions such as rheumatoid arthritis and osteoporosis, osteoclasts are responsible for
bone destruction and bone loss. Foreign body giant cells and Langhans giant cells appear
only under pathological conditions. While foreign body giant cells are found in immune
reactions against foreign material, including implants, Langhans giant cells are associated
with granulomas in infectious and non-infectious diseases. The functionality and fusion
mechanism of osteoclasts are being elucidated, however, our knowledge on the functions
of foreign body giant cells and Langhans giant cells is limited. In this review, we describe
and compare the phenotypic aspects, biological and functional activities of the three types
of multinucleated giant cells. Furthermore, we provide an overview of the multinucleation
process and highlight key molecules in the different phases of macrophage fusion.

Keywords: multinucleated giant cell (MGC), osteoclast, foreign body giant cell (FBGC), Langhans giant cell (LGC),
macrophage, cell fusion, migration, multinucleation

INTRODUCTION

Cell-cell fusion is the process in which the outer plasma membranes of two cells merge together
forming a new syncytial cell (Pereira et al., 2018). In mammalians, both homotypic and heterotypic
cell-cell fusion are crucial to multiple physiological processes (Skokos et al., 2011). It is essential for
reproduction through fusion of a sperm cell with an oocyte, resulting in a diploid zygote (Georgadaki
etal,, 2016), development of the embryo (fusion of cytotrophoblast cells into the syncytiotrophoblast,
required for proper functioning of the placenta) (Ma et al., 2020), development of muscle fibers
(fusion of myoblasts into myofibrils) (Deng et al., 2017), and tissue repair (e.g. neuronal cell-cell
fusion during axonal regeneration) (Giordano-Santini et al., 2016). However, cell-cell fusion may
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also contribute to pathological conditions including homotypic
cancer cell fusion in which cancer cells fuse with each other or
heterotypic cancer cell fusion where cancer cells fuse with other
cell types like macrophages, endothelial cells or stem cells (Strick
et al.,, 2007; Xue et al., 2015; Fernandes et al., 2019).

Among all immune cell types, macrophages possess great
ability to undergo fusion with themselves and with other cell
types (Pereira et al., 2018). Macrophages are innate immune cells
that belong to the myeloid cell lineage (Gentek et al., 2014; Varol
et al., 2015). For many years, it was thought that all macrophages
originate from adult hematopoiesis in bone marrow, giving rise to
mature monocytes that circulate in the bloodstream. During
inflammation, monocytes extravasate the blood vessels and
enter the affected tissue where they differentiate into
macrophages (Varol et al, 2015; Wynn and Vannella, 2016).
This theory was revised when recent findings showed that many
tissue-resident macrophages have an embryonic origin (Epelman
et al., 2014; Gentek et al., 2014), developed through embryonic
hematopoiesis in the yolk sac (Epelman et al., 2014; Gentek et al.,
2014; Wynn and Vannella, 2016). Due to their longevity and
capacity for self-renewal, these macrophages can populate various
tissues with minimal contribution of monocyte-derived
macrophages (Gentek et al., 2014; Varol et al., 2015).

Macrophages are highly versatile and modulate the
immunological response from initiation to termination of
inflammation and subsequent repair  (Shapouri-
Moghaddam et al.,, 2018). To this end, macrophages adapt to
the micro-environment and acquire diverse phenotypes with
modified functions. Two main subtypes of macrophages are
distinguished: classically activated macrophages M1 and
alternatively activated macrophages M2 (Martinez et al., 2008;
Atri et al, 2018). During T helper type 1 (Thl) immune
responses, macrophages polarize towards M1 macrophages,
which are pro-inflammatory in nature, characterized by their
release of pro-inflammatory mediators (Martinez et al., 2008;
Timmermans et al., 2016; Atri et al,, 2018; Le and Crouser, 2018;
Yunna et al., 2020). Moreover, M1 macrophages are capable of
antigen presentation and pathogen clearance (Shapouri-
Moghaddam et al., 2018). During Th2 immune responses,
macrophages shift towards the M2 phenotype, which are
involved in termination of inflammation, tissue homeostasis,
and repair (Martinez et al.,, 2008; Shapouri-Moghaddam et al.,
2018; Yunna et al.,, 2020). The immunomodulatory capacities are
accomplished through production of anti-inflammatory
mediators and removal of inflammatory triggers, such as
pathogens and apoptotic cells, by phagocytosis (Shapouri-
Moghaddam et al., 2018; Yunna et al., 2020).

Under certain circumstances, macrophages can fuse resulting
in formation of multinucleated giant cells (MGCs) (Pereira et al.,
2018). In general, these polykaryons are subdivided into three
main subtypes: osteoclasts, foreign body giant cells (FBGCs), and
Langhans giant cells (LGCs) (Anderson, 2000). Osteoclasts are
found under physiological conditions in bone, where they
function as bone resorbing cells (Novack and Teitelbaum,
2008; Drissi and Sanjay, 2016). However, osteoclasts are also
involved in the pathogenesis of rheumatoid arthritis (RA) and
osteoporosis, indicating that proper osteoclast regulation is
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FIGURE 1 | Osteoclasts mediate bone resorption and proper bone
replacement by osteoblasts. Bone is a dynamic tissue that is remodeled by
interplay of bone-resorbing osteoclasts and bone-generating osteoblasts.
During bone resorption, osteoclasts firmly adhere to bone mediated by
podosomes. Each podosome is composed of a central core of a dense
F-actin network and actin polymerization activators. The core is surrounded
by a loose F-actin network interspersed with regulatory proteins and adaptor
proteins linking the podosome structure with integrins, referred as the
podosome cloud. Podosomes are organized in an extensive circular pattern,
the sealing zone, isolating an extracellular compartment in which bone
resorbing substances are released. Bone-resorbing osteoclasts are
characterized by a ruffled border, essential for bone resorption. The ruffled
border is enriched with V-ATPase proton pumps, pumping hydrogen protons
into the resorption lacunae, required for dissolution of bone minerals. During
proton secretion, electroneutrality is maintained by release of chloride ions
through CLC-7. Lysosomal enzymes, including cathepsin K, are released at
the ruffled border and mediate the degradation of bone proteins, such as
collagen I. Bone remnants are taken up in transcytotic vesicles and
transported across the osteoclast cytoplasm towards the functional secretory
zone where they are released. In order to ensure proper bone replacement,
osteoclasts stimulate bone formation by osteoblasts. During bone resorption,
osteoblastic growth factors are released from the bone matrix. Additionally,
osteoclasts secrete clastokines, soluble factors that support osteoblast
proliferation, differentiation, migration, activity, and survival. EpnB2 is
expressed on osteoclast and is a transmembrane protein that stimulates
osteoblast differentiation through interaction with EphB4 on osteoblasts.
Vasculogenesis is stimulated through the release of VEGF.

crucial to prevent pathological conditions (Drissi and Sanjay,
2016). By contrast to osteoclasts, FBGCs and LGCs are exclusively
found under pathological conditions. FBGCs are formed during
inflammatory reactions against foreign material, including
implants and protheses (McNally and Anderson, 2002; Jay
et al,, 2007). LGCs are part of granulomas, which are focal
clusters of immune cells (Zumla and James, 1996), in both
infectious and non-infectious diseases (Wang et al., 2020).
Although MGCs have been described over 150 years ago
(Mizuno et al, 2001; Pagan and Ramakrishnan, 2018), our
understanding of these cells, except from osteoclasts, has not
been further improved. Whereas osteoclasts are well-
characterized, little knowledge is available on the phenotype
and functionality of FBGCs and LGCs. In this respect, it is
worth mentioning that in literature, FBGCs and LGCs are
often seen or regarded as one cell type, making it difficult to
obtain good understanding of their characteristics and biological
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activities. Furthermore, the macrophage fusion process remains
poorly understood, especially for LGCs. In the first part of this
review, we focus on the phenotypic characteristics of distinct
MGC subtypes and on the current knowledge of MGC function
and biological activity. In the second part, we provide an overview
of the mechanisms of MGC formation with a focus on the key
players in the different fusion steps. Finally, a general conclusion
is drawn and remaining questions are discussed.

OSTEOCLAST PHENOTYPE, FUNCTIONS,
AND BIOLOGICAL ACTIVITIES

Osteoclasts are well-known as bone resorbing cells contributing
to skeletal remodeling and homeostasis throughout life (Novack
and Teitelbaum, 2008; Drissi and Sanjay, 2016). During active
bone resorption, osteoclasts are characterized by a ruffled
border facing the bone surface and the nuclei are located
close to the apical membrane, opposite to the ruffled border
(Novack and Teitelbaum, 2008; Brooks et al.,, 2019). Today,
increasing evidence is found that osteoclasts act in multiple
processes beyond bone resorption. In the next sections, we will
focus on the contribution of osteoclasts in bone resorption,
promotion of bone formation, vasculogenesis, and immune
regulation.

Bone Resorption

Bone is a dynamic tissue consisting of an organic phase, which is
predominantly type I collagen, and an inorganic phase, mainly
composed of minerals in the form of hydroxyapatite (Buck and
Dumanian, 2012). Throughout life, bone is remodeled by
interplay of bone resorbing osteoclasts and osteoblasts
generating new bone tissue (Chiu et al, 2012; Chen et al,
2018). Osteoclasts are equipped with a specialized bone-
resorbing mechanism, resulting in external degradation of
bone tissue and subsequent uptake of bone remnants for
further processing (Mulari et al, 2003; Cappariello et al,
2014). An overview of the osteoclastic bone resorption process
is depicted in Figure 1.

Extracellular Bone Degradation

During bone resorption, osteoclasts firmly adhere to bone tissue
which is mediated by specialized actin-based membrane
extensions, called podosomes (Touaitahuata et al., 2013). Each
podosome is composed of a central core of a dense F-actin
network and actin polymerization activators (Jurdic et al,
2006). The core is surrounded by a loose F-actin network
interspersed with regulatory proteins and adaptor proteins
linking the podosome structure with integrins, referred as the
podosome cloud (Jurdic et al., 2006; Georgess et al., 2014). At the
onset of bone resorption, podosomes are organized into an
extensive circular pattern: the sealing zone (Georgess et al,
2014), which is of great importance and essential for bone
resorption (Jurdic et al., 2006). It defines an isolated
extracellular compartment, the resorption lacunae, where bone
tissue is degraded (Helming and Gordon, 2009). Therefore, the
resorption lacunae could be seen as an extracellular lysosome,

Biology of Multinucleated Giant Cells

able to destroy bone matrix (Vignery, 2005a; Helming and
Gordon, 2009). Since bone is too large to internalize, the
formation of this extracellular lysosome is a crucial step in
bone resorption (Cappariello et al., 2014).

Active bone-resorbing osteoclasts are characterized by a
ruffled border facing the bone surface (Novack and
Teitelbaum, 2008; Brooks et al., 2019). By contrast, LGCs
and FBGCs do not have a ruffled border and are not
considered to resorb bone, illustrating the importance of the
ruffled border in bone resorption. This border originates from
fusion of lysosomes or storage of granule-like structures with the
plasma membrane, enabling the insertion of lysosomal
membrane proteins into the plasma membrane and the
release of lysosomal enzymes into the resorption lacunae
(Stenbeck, 2002; Na et al., 2020).

Resorption of the Inorganic Bone Fraction

Resorption of the mineral bone phase is mediated by vacuolar
(V)-ATPase proton pump, a lysosomal protein inserted into
the ruffled border during bone resorption (Stenbeck, 2002).
V-ATPase mediates the release of hydrogen protons in the
resorption lacunae, leading to the dissolution of bone minerals
(Vdédndnen et al., 1990; Supanchart and Kornak, 2008). During
proton secretion, electroneutrality is maintained by chloride
channel 7 (CIC-7) as it allows the release of chloride ions into
the extracellular environment (Sorensen et al., 2007).
Pharmacological inhibition of V-ATPase diminishes the
acidification of the resorption lacunae and bone resorption
(Woo et al., 1996; Karsdal et al., 2005; Serensen et al., 2007),
illustrating the importance of V-ATPase in bone degradation.
Additionally, patients with mutations in osteoclastic
V-ATPase a3 subunit or in CIC-7, suffer from osteopetrosis,
a condition characterized by increased bone density, due to
impaired acidification and bone resorption (Karsdal et al,
2005, 2007).

Resorption of the Organic Bone Fraction

Once the mineral fraction is resolved, osteoclasts switch their
degrading capacities towards the organic bone phase (Blair et al.,
1986). In order to break down bone proteins, osteoclasts release
several lysosomal enzymes, such as proteases, acid phosphatases
and hydrolases (Na et al., 2020).

Cathepsin K. Cathepsin K is a cysteine protease able to cleave
collagen type 1, the most abundant protein in bone (Zaidi et al,,
2001; Kiesel et al., 2009; Gradin et al., 2012; Drake et al., 2017). A
major role for cathepsin K in breakdown of bone matrix proteins
has been illustrated by multiple findings. In activated osteoclasts,
cathepsin K is highly enriched at the ruffled border (Zaidi et al.,
2001). In addition, absence of cathepsin K in humans leads to
pycnodysostosis, a heritable disease characterized by
osteopetrosis and a short stature (Gelb et al., 1996; Zaidi et al.,
2001; Drake et al., 2017). Likewise, cathepsin K knock-out (KO)
mice develop osteopetrosis (Saftig et al., 1998; Zaidi et al., 2001).
Finally, pharmacological inhibition of cathepsin K reduces
extensive bone resorption and can be used as a treatment of
osteoporosis (Novinec and Lenarci¢, 2013).

Frontiers in Cell and Developmental Biology | www.frontiersin.org

53

April 2022 | Volume 10 | Article 873226


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Ahmadzadeh et al.

Matrix Metalloproteases. Matrix metalloproteases (MMPs) have
been implicated in the resorption process as well (Stenbeck,
2002). This notion is supported by the localization of MMP1,
MMP9 and MT1-MMP in the ruffled border. However, bone
resorption by osteoclasts derived from MMP9 or MT1-MMP
KO mice is not abrogated, suggesting that these MMPs are not
crucial for osteoclast activity. It is worth noting that the
involvement of MMPs in bone resorption depends on the
anatomical location of osteoclasts (Everts et al., 1999, 2006).
Everts et al. reported that MMP inhibitors affect bone-resorbing
activity of cranial osteoclasts, whereas the bone-degrading
capacities of long bone osteoclasts remain unaltered (Everts
et al., 1999). By contrast, in conditions of suppressed cathepsin
K expression, MMP inhibitors further deteriorate the bone
resorption activity of long bone osteoclast, indicating that
MMPs may partly compensate for cathepsin K deficiency
(Everts et al., 2006).

Tartrate Resistant Acid Phosphatase. Tartrate Resistant Acid
Phosphatase (TRAP) is a non-specific phosphatase
(Fleckenstein and Drexler, 1997) that is extensively expressed
in osteoclasts (Kirstein et al., 2006). TRAP secretion is positively
correlated with bone resorption (Kirstein et al., 2006; Hayman,
2008) and serum level of TRAP is often used as a biomarker for
bone resorption (Kirstein et al., 2006; Mira-Pascual et al., 2020).
Mice lacking TRAP display mild osteopetrosis and in vitro bone
resorption is impaired in osteoclasts derived from these mice
(Hayman et al., 1996; Hayman, 2008). Additionally, transgenic
mice overexpressing TRAP show mild osteoporosis, further
pointing towards a role for TRAP in bone resorption (Angel
et al,, 2000). TRAP has been detected in transcytotic vesicles
(Mira-Pascual et al., 2020), referring to vesicles that originate
from endocytosis of bone degradation products by osteoclasts
(Madel et al., 2019). Within these vesicles, TRAP contributes to
the degradation bone remnants by catalyzing the production of
reactive oxygen species (ROS) that in turn damages the
internalized bone proteins (Halleen et al, 1999; Halleen
et al., 2003).

Intracellular Degradation

As mentioned before, osteoclasts are able to internalize bone
remnants for intracellular degradation (Stenbeck, 2002; Mulari
etal,, 2003; Madel et al., 2019). Lysosomal enzymes are secreted at
the periphery of the ruffled border, whereas uptake of
degradation products takes place at the center (Mulari et al,
2003). The internalization is coordinated by the regular clathrin-
mediated endocytosis machinery (Mulari et al., 2003) and results
in the formation of intracellular vesicles filled with bone
remnants: transcytotic vesicles (Madel et al, 2019). By
transcytotic  trafficking, are transported to the
functional secretory zone (ie., the membrane in opposite of
the ruffled border) where the content is released into the
extracellular environment.

vesicles

Promotion of Bone Formation
A tight regulation between osteoclast and osteoblast activity is
crucial to maintain healthy bone tissue over time (Chen et al.,

Biology of Multinucleated Giant Cells

2018). Hyperactivation of osteoclasts leads to a condition
characterized by low bone density and an increased risk of
fractures, called osteoporosis (Armas and Recker, 2012),
whereas osteoclast insufficiency may induce osteopetrosis
(Stark and Savarirayan, 2009). In order to keep the right
balance between bone resorption and formation, osteoclasts
and osteoblasts mediate each other’s activity (Chen et al,
2018). Whereas osteoblasts modulate osteoclast differentiation
and function, several osteoclastic mechanisms regulate osteoblast
differentiation (Matsuo and Irie, 2008; Teti, 2013; Chen et al.,
2018).

The bone matrix forms a reservoir for several growth factors,
including transforming growth factor (TGF)-p, insulin like
growth factor (IGF)-I, and bone morphogenic proteins
(BMPs) (Matsuo and Irie, 2008; Teti, 2013). During bone
resorption, these factors are released from the bone matrix
and become activated through the acidic pH and/or enzymatic
cleavage within the resorption lacunae (Teti, 2013). The activated
growth factors in turn enhance osteoblastic bone formation,
guaranteeing proper replacement of old bone tissue (Matsuo
and Irie, 2008).

Clastokines
Osteoclasts also stimulate bone formation directly through the
release of various soluble osteogenic factors, called clastokines
(Lotinun et al., 2013). Amongst others, sphingosine-1 phosphate
(SP-1 P), BMP6, TRAP, platelet-derived growth factor (PDGF),
and hepatocyte growth factor (HGF) are well-described
clastokines (DiGiovanni et al., 2012; Teti, 2013; Cappariello
et al,, 2014). SP-1 P is a signaling sphingolipid that enhances
bone regeneration through multiple mechanisms (Higashi et al.,
2016; Meshcheryakova et al., 2017). SP-1 P recruits osteoblast
precursors (Meshcheryakova et al., 2017), promotes osteoblast
proliferation, differentiation, activity, and survival (Higashi et al.,
2016; Meshcheryakova et al., 2017). BMP6 induces osteoblast
differentiation (Demirtas et al., 2016) and bone mineralization
(Luo et al., 2011; Zhu et al., 2012). In addition to its role in bone
resorption, TRAP acts as a clastokine by facilitating osteoblast
proliferation and differentiation (Gradin et al., 2012). PDGF acts
as a chemotactic and mitogenic factor for osteoblasts
(DiGiovanni et al., 2012), whereas HGF facilitates osteoblast
proliferation and differentiation (Hossain et al., 2005; Frisch
et al,, 2016). Together, these factors facilitate the migration of
osteoblast precursors, osteoblast proliferation, differentiation,
and/or activity (Gradin et al., 2012; Cappariello et al., 2014).
Osteoclasts also promote bone formation through direct cell
contact with osteoblasts, mediated by members of the Eph
receptor family and their ephrin ligands (Zhao et al, 2006;
Edwards and Mundy, 2008; Matsuo and Otaki, 2012; Tamma
and Zallone, 2012). Eph receptors are tyrosine kinase receptors
that are involved in multiple biological processes, including
neuronal development (Kania and Klein, 2016). Interaction
between Eph receptors and ephrin ligands results into bi-
directional signaling, meaning that signaling pathways are
activated in both receptor-expressing and ligand-expressing
cells (Edwards and Mundy, 2008; Kania and Klein, 2016).
Signal transduction from ephrin ligands to Eph receptors is
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referred as forward signaling, whereas reverse signaling points to
signal transduction from Eph receptors to ephrin ligands (Kania
and Klein, 2016). Several reports indicate that ephrinB2 ligand
and EphB4 receptor are involved in osteoclast-osteoblast
intercommunication (Zhao et al, 2006; Edwards and Mundy,
2008; Matsuo and Otaki, 2012; Tamma and Zallone, 2012).
Differentiating and mature osteoclasts express ephrinB2,
whereas osteoblasts express EphB4 (Zhao et al., 2006; Edwards
and Mundy, 2008; Matsuo and Otaki, 2012). Forward signaling
stimulates osteoblast differentiation (Zhao et al., 2006; Edwards
and Mundy, 2008; Matsuo and Otaki, 2012), facilitating the
formation of new bone tissue, whereas reverse signaling
inhibits osteoclast maturation (Zhao et al, 2006). The
combined action of both signaling cascades ensures efficient
bone replacement by mediating simultaneously cessation of
bone resorption and generation of new bone tissue (Edwards
and Mundy, 2008).

Vasculogenesis

Mounting evidence is emerging that osteoclasts and their
precursors stimulate angiogenesis (Kiesel et al., 2007; Drissi
and Sanjay, 2016; Han et al., 2018). It has been observed that
bone vascularization and ossification is disturbed in the absence
of osteoclasts (Matsuo and Otaki, 2012). Vascularization is
important during bone development for the migration of bone
cells involved in degradation of cartilage and subsequent bone
deposition (Tombran-Tink and Barnstable, 2004). Furthermore,
bone remodeling and repair depend on well-developed vascular
networks (Grosso et al., 2017) to provide bone tissue with oxygen
and nutrients (Kiesel et al., 2007; Grosso et al., 2017), to remove
bone remnants (e.g. calcium and phosphate ions) (Kiesel et al.,
2007; Grosso et al., 2017), and to recruit hematopoietic stem cells,
bone cells and immune cells (Grosso et al., 2017). Various pro-
angiogenic factors such as endothelial growth factor and PDGF
isoform BB are upregulated during osteoclastogenesis (Kiesel
et al, 2007), with some remaining expressed in mature
osteoclasts (Tombran-Tink and Barnstable, 2004). Vascular
endothelial growth factor (VEGF) (Tombran-Tink and
Barnstable, 2004; Kiesel et al., 2007; Grosso et al., 2017), a key
regulator of angiogenesis (Grosso et al., 2017), induces migration,
proliferation, and survival of endothelial cells (Grosso et al., 2017;
Han et al., 2018), whereas PDGF isoform BB (PDGF-BB) (Xie
et al, 2014; Gao et al, 2017) promotes the recruitment of
endothelial progenitor cells (Xie et al., 2014; Gao et al., 2017;
Han et al., 2018) and their differentiation into mature endothelial
cells (Gao et al,, 2017). The pro-angiogenic action of PDGF-BB
probably involves the induction of VEGF in endothelial
progenitor cells (Gao et al., 2017), which in turn stimulates
vessel formation. Furthermore, ephrinB2 regulates VEGEF-
induced endothelial cell migration and angiogenesis
(Sawamiphak et al., 2010; Wang et al., 2010). Since osteoclasts
express ephrinB2, it is tempting to hypothesize that osteoclasts
also mediate angiogenesis through ephrin2B (Matsuo and Otaki,
2012). Next to direct stimulation of vessel formation, osteoclasts
establish the required space for blood vessels to grow (through
bone-resorption) (Griineboom et al., 2019). To provide bone
marrow of sufficient oxygen, nutrients and to establish efficient
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FIGURE 2 | Immunoregulation by osteoclasts. Under physiological
conditions, osteoclasts are considered to be derived from monocyte
progenitor cells and exhibit immunomodulatory activities in order to maintain
immune tolerance to bone remnants. To do so, osteoclasts induce Treg

cells through antigen presentation in MHC-I complexes towards CD8" T cells.
Osteoclasts inhibit T cell proliferation, production of inflammatory cytokines,
and activation-induced apoptosis through release of soluble mediators. Under
inflammatory conditions, osteoclasts are hypothesized to derive from DC and
to contribute to immune diseases, including RA. In response to LPS or IFN-y,
osteoclasts produce pro-inflammatory mediators and differentiate naive

T cells into Th1 cells through antigen presentation in MHC-II molecules.

emigration of newly generated blood cells from the bone marrow
to the external circulation, a well-established vascular network is
indispensable. Therefore, a multitude of trans-cortical vessels
cross the bone shaft in order to connect the bone marrow
with the external circulation. The transcortical vessels require
small channels through or small channels in the bone tissue,
which are maintained by osteoclasts.

Immunomodulation

It has been established that bone and the immune system are
interconnected (Okamoto and Takayanagi, 2019). Hematopoietic
stem cells and immune cell precursors originate from bone
marrow (Okamoto and Takayanagi, 2019; Guder et al., 2020).
Several signaling molecules, including cytokines, receptors, and
transcription factors, are shared between the skeletal and immune
system (Okamoto and Takayanagi, 2019). Also, many auto-
immune and inflammatory disorders are characterized by
bone destruction, including RA and Crohn’s disease
(Veauthier and Hornecker, 2018; Madel et al., 2019; Ashai and
Harvey, 2020). At last, a spectrum of bone alterations has been
described in several genetically defined autoimmune conditions,
caused by mutations in innate immune components (Bader-
Meunier et al., 2018).

It has been demonstrated that immune cells mediate osteoclast
differentiation and activity. For example, T cells are able to
promote osteoclastogenesis through the expression of RANKL
(Kiesel et al., 2009; Grassi et al., 2011; Shashkova et al., 2016).
Osteoclasts can be differentiated from monocytes, macrophages,
or dendritic cells (DCs) (Speziani et al., 2007; Nishida et al., 2018;
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Louetal., 2019; Wu et al., 2019; Narisawa et al., 2021). Since these
osteoclast precursors are well-known for their immunological
activities, it would not be surprising that osteoclasts may
participate in immunological processes as well. Recently,
accumulating evidence has shown that osteoclasts indeed
perform immunological tasks, including phagocytosis, antigen
presentation, and T cell activation (Li et al., 2010; Meng et al,,
2010). The role of osteoclasts within the immune system is
depicted in Figure 2.

Phagocytosis

Phagocytosis is the internalization of particles larger than 0.5 pum
(Hirayama et al, 2001) in size by plasma membrane-derived
vesicles (Rosales and Uribe-Querol, 2017). Professional
phagocytes, including macrophages and DCs, internalize
foreign particles for degradation purposes or in advance of
antigen preparation and presentation (Madel et al, 2019).
Osteoclasts engulf bone remnants for the purpose of bone
degradation through clathrin-mediated endocytosis (Mulari
et al., 2003). Other than bone remnants, osteoclasts have been
reported to internalize many other particles through
phagocytosis, including latex, polymethylmethacrylate, and
titanium (Wang et al., 1997; Meng et al., 2010; Madel et al,
2019). Whether phagocytosis of particles other than bone
remnants influences bone resorption remains unclear as
conflicting results have been reported (Wang et al, 1997
Meng et al, 2010). Wang et al. showed that osteoclasts still
exert bone resorption after they have internalized latex or
polymethylmethacrylate particles, whereas Meng et al
suggested that bone resorption decreases upon phagocytosis of
titanium particles (Meng et al., 2010). Moreover, several reports
indicate that osteoclasts are able to phagocytose apoptotic cells
(Taniwaki and Katchburian, 1998; Bronckers et al., 2000; Boabaid
et al., 2001; Cerri et al., 2003; Harre et al., 2012). Apoptosis is a
sterile form of programmed cell death, such that it does not elicit
an inflammatory response (Xu et al., 2019). During apoptosis,
various molecules are exposed to the cell surface that label the cell
as being apoptotic (Savill, 1997). These molecules are recognized
by phagocytic receptors on phagocytes followed by the
internalization of the apoptotic cell (Savill, 1997).
Macrophages and DCs are well-equipped to clear apoptotic
cells through phagocytosis (Harre et al, 2012). Moreover,
Harre et al. reported that osteoclasts express multiple proteins
that are involved in the engulfment of apoptotic cells, to a similar
or even higher extend than macrophages and DCs (Harre et al.,
2012). This is reflected by the high phagocytic capacity of
osteoclasts for murine apoptotic thymocytes in vitro. In
contrast to macrophages, osteoclasts internalized the cells
independently from serum, indicating that they do not use
opsonization or that they make the opsins themselves. In vivo
evidence has also been provided that osteoclasts perform
phagocytosis under physiological conditions (Taniwaki and
Katchburian, 1998; Bronckers et al., 2000; Boabaid et al., 2001;
Cerri et al., 2003). Osteoclasts are able to engulf apoptotic bone
cells, including chondrocytes, osteocytes, and osteoblasts
(Taniwaki and Katchburian, 1998; Bronckers et al., 2000;
Boabaid et al., 2001; Cerri et al, 2003). Osteocytes and
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chondrocytes are tightly surrounded by bone and cartilage
matrices respectively, making them difficult to reach by
classical phagocytes, such as macrophages (Harre et al., 2012).
Therefore, osteoclasts are crucial to remove dying bone cells to
prevent chronic inflammation or autoimmunity. Not only the
accessibility renders osteoclasts more suitable for clearance of
dying bone cells, also the fact that they do not rely on serum-
derived opsins is important since bone tissue is poorly
vascularized.

Antigen Presentation and T Cell Activation
Growing evidence indicates that osteoclasts interact with T cells.
In bone marrow, T cells are in close proximity to osteoclasts
(Grassi et al., 2011), suggesting that osteoclasts attract T cells.
This hypothesis is supported by the finding that osteoclasts
secrete T cell-attracting chemokines, including CC chemokine
ligand (CCL)2, CCL3, and CXCL10 (Kiesel et al., 2009; Grassi
et al,, 2011). Adhesion assays showed that osteoclasts are able to
recruit and retain T cells (Grassi et al., 2011). Next to mediating
chemotaxis, osteoclasts can also regulate T cell activity and
differentiation. In order to become activated, naive T cells
need to be primed with antigens presented on the surface of
antigen presenting cells (APCs) (Sprent, 2005). Several reports
demonstrated that osteoclasts can act as APCs. Indeed,
osteoclasts cross present exogenous antigens in MHC-I
molecules to CD8" T cells (Buchwald et al, 2013; Le Goff
et al., 2013). Characterization of these CD8" T cells revealed
that osteoclasts induce a regulatory T cell (Treg) phenotype,
thereby inducing an immune modulatory effect (Buchwald
et al,, 2013; Le Goff et al., 2013; Shashkova et al., 2016). In
addition, osteoclasts have been reported to present antigens in
MHC-II molecules to CD4" T cells, which in turn differentiate
into Th1 cells (Le Goff et al., 2013; Ibafiez et al., 2016) (Figure 2).
It should be noted that not all studies that have examined the
APC function of osteoclasts reached the same conclusion. Kiesel
et al. reported that osteoclasts cannot present antigens to CD4"
T cells since they do not express MHC-II molecules (Kiesel et al.,
2009). By contrast, other reports demonstrated that osteoclasts do
express MHC-II molecules (Li et al., 2010, 2014; Le Goff et al,,
2013; Ibanez et al., 2016) and that they are able to present antigens
to CD4" T cells (Li et al., 2010, 2014; Le Goff et al., 2013).
Furthermore, conflicting results about the expression of co-
stimulatory molecules have been reported (Kiesel et al., 2009;
Lietal, 2010, 2014; Ibafiez et al., 2016). Kiesel et al. reported that
osteoclasts only express CD80 but not CD86 (Kiesel et al., 2009),
whereas other groups found that osteoclasts express both
molecules (Li et al., 2010, 2014; Ibanez et al., 2016). These
discrepancies could be explained by the immune environment
in which osteoclast-T cell interactions take place (Le Goff et al.,
2013; Ibanez et al, 2016). Under physiological conditions,
osteoclasts exhibit an immune-modulatory phenotype,
characterized by the secretion of anti-inflammatory cytokines,
such as IL-10 (Ibdnez et al., 2016). These osteoclasts induce Tregs
by antigen cross presentation to CD8" T cells (Buchwald et al.,
2013; Le Goff et al., 2013; Shashkova et al., 2016). Additionally,
they secrete soluble factors that inhibit T cell proliferation,
inflammatory cytokine production, and activation-induced
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apoptosis of T cells (Grassi et al., 2011). It is assumed that these
immunomodulatory functions of osteoclasts are crucial to
maintain immune tolerance to bone remnants in order to
prevent autoinflammation (Ibanez et al, 2016). Conversely,
under inflammatory conditions, osteoclasts may exacerbate the
ongoing inflammation. Upon stimulation with LPS or IFN-y,
MHC-II expression is upregulated in osteoclasts (Grassi et al.,
2011; Le Goff et al,, 2013), which leads to increased Thl cell
induction. Furthermore, osteoclasts merely produce pro-
inflammatory cytokines (INF-a, IL-1B, IL-6 and IL-23) and
chemokines (CCL2, CCL5 and CCL7) in an inflammatory
environment (Ibdfiez et al., 2016).

The differences in osteoclast activity might be also explained
by the different origin of osteoclasts in various milieus (Ibdfez
et al, 2016). Under physiological conditions, osteoclasts are
considered to be derived from monocytes, whereas under
inflammatory conditions they may originate from immature
DCs. Therefore, the inflammatory osteoclast can be seen as an
intermediate between the monocyte-derived osteoclast and the
DC and probably plays a role in many immune diseases,
including RA (Narisawa et al., 2021).

Osteoclasts may also indirectly regulate the activity of immune
cells (van Niekerk et al., 2018). Bone tissue forms a reservoir for
calcium, phosphate and magnesium ions, which are released
during bone resorption. These ions are crucial for many
immune related processes, such as immune cell proliferation,
chemotaxis, and signaling.

Taken together, osteoclasts exert multiple functions within the
human body of which bone resorption is the best recognized
(Drissi and Sanjay, 2016). Throughout the last decades, increasing
evidence was found that osteoclasts cannot longer be regarded as
solely bone-resorbing cells and that they contribute to multiple
processes, including osteoblast stimulation, vasculogenesis and
immune regulation (Le Goff et al., 2013; Cappariello et al., 2014;
Drissi and Sanjay, 2016). Compared to osteoclasts, the
functionality of FBGCs and LGCs is less well established, and
will be discussed in the next two sections.

FOREIGN BODY GIANT CELL PHENOTYPE,
FUNCTIONS, AND BIOLOGICAL
ACTIVITIES

Among all MGC subtypes, FBGCs are the largest reaching up to
1 mm in size (Wang et al., 2020). They have an irregular shape
and contain hundreds of nuclei, scattered throughout the
cytoplasm (Anderson, 2000; Quinn and Schepetkin, 2009;
Lemaire et al, 2012; Sakai et al, 2012; Wang et al, 2020).
FBGCs are formed in foreign body reactions (FBRs), which
are chronic inflammatory reactions against non-infectious
foreign body material, including implants, protheses, and
medical devices (McNally and Anderson, 2002; Anderson
et al., 2008). FBRs involve a series of events that eventually
leads to the formation of FBGCs and fibrotic encapsulation of
the foreign body (Anderson et al., 2008; Sheikh et al., 2015). Upon
implantation of biomaterial, host tissue is injured resulting into
blood-material interactions. These interactions involve the
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FIGURE 3 | Biological activities of foreign body giant cells. FBGCs are
formed on the surface of foreign bodies, including implants and protheses,
and are thought to contribute to the degradation of foreign particles through
phagocytosis or secretion of ROS, MMPs, and hydrogen protons. In

case of bone implants, FBGCs are hypothesized to contribute to aseptic
loosening, bone destruction around the implant. Hydrogen protons released
from FBGCs dissolve bone minerals in proximity to the implant. Additionally,
FBGCs recruit and activate osteoclasts through secretion of chemokines and
pro-inflammatory cytokines. Finally, FBGCs are thought to recruit and activate
T cells, which in turn produce osteoclast-stimulating mediators.

adsorption of host proteins onto the surface of the biomaterial
and thrombus formation at the tissue-material interface
(Anderson et al, 2008). The deposited cloth of proteins is
referred as the provisional matrix, which plays an important
role in shaping the subsequent immunological reactions (Sheikh
et al,, 2015). The provisional matrix forms a docking site for
immune cells and contains several bioactive agents, such as
mitogens, cytokines, and chemokines, supporting chemotaxis,
proliferation, and activation of immune cells. Among the
recruited cell types, macrophages are prominent in shaping
the FBR through production of immunological mediators
(Anderson et al., 2008) and through their fusogenic capacity
to form FBGCs over time in the presence of a conditioned
cytokine milieu (Figure 3).

Particle Degradation

It is assumed that FBGCs arise when individual macrophages are
unable to remove foreign particles (Jay et al., 2010). In such
conditions, macrophages fuse together in expectation that the
bigger cell size and excess plasma membrane (Whitlock and
Chernomordik, 2021) enable them to remove the threat (Han
et al.,, 2000; Vignery, 2000; Milde et al.,, 2015).

Intracellular Degradation

One possible mechanism by which FBGCs may destroy their
substrate is phagocytosis and intracellular degradation (Lee et al.,
1981; Milde et al., 2015). Several researchers demonstrated that
FBGCs are able to engulf particles that single macrophages
cannot (Moreno et al,, 2007; Milde et al,, 2015). Milde et al.
showed that FBGCs are more efficient in phagocytosing beads of
20 um compared to macrophages and that beads of 45 um are
exclusively taken up by FBGCs (Milde et al., 2015). In addition,
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Moreno et al. showed that fusion of macrophages into FBGCs is
crucial to be able to phagocytose 25pum beads while IL-4
stimulated macrophages failed to phagocytose these beads.
(Moreno et al., 2007). Inhalation experiments in rats, hamsters
and guinea pigs provided in vivo evidence that alveolar
macrophages  preferably internalize small dust fibers
(i.e. particles smaller than 5pum in size), whereas particles
larger than 10 um are phagocytosed by FBGCs (Lee et al., 1981).

Protein adsorption on biomaterial surfaces plays probably an
important role in the phagocytic properties of FBGCs. Milde et al.
found that FBGCs are highly phagocytic for complement-
opsonized particles (Milde et al,, 2015). Indeed, the excessive
phagocytic capacity was diminished when medium was depleted
of complement component 3 (C3) or when FBGCs did not
express the complement receptor 3 subunit CDI11b.
Complement-mediated phagocytosis is very efficient in FBGCs
since the complement receptor 3 (CR3) localizes into membrane
rumples, which provide excess cellular membrane to engulf large
particles. Complement opsonization may be of great importance
in phagocytosis of foreign bodies, such as polymer or metal
particles, that do not have any ligands for phagocytic
receptors. Since the nature of the biomaterial highly influences
protein adsorption (Anderson et al., 2008), it can be speculated
that it also interferes with the phagocytic capacity of FBGCs.
Further research is required to investigate whether other
phagocytic receptors are involved in the internalization of
foreign bodies and whether the contribution of the receptors is
altered by the nature of the biomaterial.

Extracellular Degradation
Next to phagocytosis, FBGCs destroy foreign bodies through the
secretion of ROS and matrix metalloproteases (MMPs) (Jones
et al., 2007). Release of these deleterious substances was found to
lead to the failure of medical implants (Anderson et al., 2008),
stressing the need for the development of resistant biomaterials
(Ebert et al., 2005). Microscopic analyses revealed that FBGCs
firmly adhere to their substrate thereby creating an isolated
extracellular environment between the FBGC plasma
membrane and the particle surface, called the sealing zone
(ten Harkel et al., 2015; ten Harkel et al., 2016). The sealing
zone can be regarded as an extracellular lysosome in which
harmful substances are released in order to degrade the
biomaterial (Vignery, 2005a). Evidence has been provided that
FBGCs degrade collagen, which is often used as biomaterial for
medical devices (van Wachem et al., 1991; Ye et al., 2011; ten
Harkel et al., 2016). At sites where FBGCs are in close proximity
to collagen bundles, the collagen structure loosens and fibrils look
thinner, pointing to extracellular degradation (ten Harkel et al.,
2016). FBGCs are also able to break down gelatin (i.e. denatured
collagen) (Ye etal., 2011). The degradation of collagen and gelatin
both rely on MMP13, an active collagenase and gelatinase.
Furthermore, collagen and gelatin can be phagocytosed,
suggesting that they undergo additional intracellular degradation.
Whether FBGCs preferably degrade their substrate internally
(i.e. through phagocytosis) or externally (i.e. through secretion of
ROS and MMPs) depends on the size of the particle (Sheikh et al.,
2015). Existing data suggest that FBGCs efficiently phagocytose
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particles up to 100 pm in diameter. Though the phagocytic
efficiency decreases with increased particle size and if needed,
FBGCs could switch to external degradation.

Aseptic Loosening

Peri-implant bone loss, referred as aseptic loosening, is often
observed after implantation of biomaterials (Wang et al., 1997;
Meng et al., 2010) and is considered as a main cause of implant
failure (Wooley and Schwarz, 2004). After implantation,
microparticles are often released from the bone implant and
elicit a chronic inflammatory response (Gu et al., 2012; Goodman
and Gallo, 2019). In case of a bone-anchored prothesis, the
inflammatory reaction stimulates osteoclastogenesis and
activity, thereby facilitating bone destruction around the
implant (Wooley and Schwarz, 2004; Gu et al, 2012
Goodman and Gallo, 2019). In addition to osteoclasts, FBGCs
are hypothesized to contribute to aseptic loosening by massive
excess of hydrogen protons (ten Harkel et al., 2015). FBGCs, like
osteoclasts, highly express the vacuolar V-ATPase proton pump
which enables them to secrete massive amounts of hydrogen
protons. Whether the release of protons by FBGCs contributes to
bone destruction around implants in vivo needs to be elucidated.
Apart from the possibility to dissolve bone minerals, FBGCs are
suspected to promote aseptic loosening by stimulation of bone
degradation by osteoclasts. FBGCs produce various osteoclastic
chemokines, including CCL2, CCL3, and CCL9, which together
promote osteoclast formation and survival (Khan et al., 2014).

Shaping of the Foreign Body Reaction

FBGCs may contribute to the establishment and maintenance of
foreign body reactions through the production of many
inflammatory mediators. It has been reported that FBGCs
express CCL2, CCL3, and CCL5, which are very potent
macrophage chemoattractants (Khan et al, 2014). Next to
macrophage attraction, FBGCs regulate the FBR through
interaction with T cells (Chang et al, 2009). During FBRs,
newly recruited T cells attach to macrophages and FBGCs
than to the surface of the foreign particle. After docking, the
recruited T cells become activated which may be mediated by
FBGCs as they express several cytokines and inflammatory
surface molecules, including MHC molecules. Depending on
the nature of the biomaterial, FBGCs express a different
repertoire or concentrations of inflammatory factors (Jones
et al, 2007). Therefore, the FBR slightly differs between
distinct biomaterials. For example, cells present on
hydrophobic biomaterial produce small amounts of IL-1p and
IL-6, whereas the production of these cytokines is enhanced on
hydrophilic surfaces. The secretion of cytokines and chemokines
is also time-dependent since FBGCs undergo a phenotypic switch
(Hernandez-Pando et al., 2000; Jones et al, 2007). Initially,
FBGCs merely produce pro-inflammatory cytokines, thereby
stimulating  inflammation. Later on, pro-inflammatory
mediators are downregulated and the expression of anti-
inflammatory cytokines increases (Jones et al., 2007). These
phenotypic changes have been described in mice that were
subcutaneously  injected  with  nitrocellulose  particles
(Hernandez-Pando et al, 2000). Within the first 4 weeks,

Frontiers in Cell and Developmental Biology | www.frontiersin.org

58

April 2022 | Volume 10 | Article 873226


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Ahmadzadeh et al.

FBGCs produced high amounts of IL-1 and tumor necrosis factor
(TNF)-a, two major cytokines involved in the recruitment and
activation of immune cells. After 2 months, the inflammatory
profile of FBGCs switched towards an anti-inflammatory
phenotype, characterized by massive expression of TGF-f, a
key factor in tissue repair and fibrosis (Hernandez-Pando
et al, 2000; Pagan and Ramakrishnan, 2018; Weiskirchen
et al, 2019). Apart from its capacity to promote fibroblast
proliferation, TGF-p also stimulates fibroblasts, epithelial, and
mesenchymal cells to produce extracellular matrix components,
like collagen and fibronectin (Mornex et al., 1994; Wynn and
Ramalingam, 2012; Pagan and Ramakrishnan, 2018; Weiskirchen
et al., 2019). As aforementioned, FBGCs could be involved in the
encapsulation of foreign bodies, which is characteristic for FBRs
(Sheikh et al., 2015). However, Kyriakides et al. reported that the
production of TGF- is unaltered and that extensive fibrosis also
takes place when FBGC formation is impaired, suggesting that
other immune cells, such as macrophages, suffice to establish the
fibrous capsule (Kyriakides et al., 2004).

LANGHANS GIANT CELLS PHENOTYPE,
FUNCTIONS, AND BIOLOGICAL
ACTIVITIES

LGCs are circular or ovoid shaped and contain generally less than
20 nuclei, arranged in a circular or horseshoe pattern along the
cell border (Anderson, 2000; Quinn and Schepetkin, 2009; Sakai
et al,, 2012; Pagdn and Ramakrishnan, 2018; Wang et al., 2020).
They were first described in 1868 by Theodor Langhans in his
studies of granulomas in tuberculosis (Mizuno et al, 2001;
Helming et al, 2009; Pagin and Ramakrishnan, 2018).
Subsequently, LGCs have been described in various infectious
and non-infectious granulomatous conditions (Sakai et al., 2012;
Wang et al.,, 2020).

Langhans Giant Cells in Infectious Diseases
In infectious diseases, LGCs are formed when individual
macrophages fail to eradicate persistent pathogens (Pagdn and
Ramakrishnan, 2018). Because of their increased cell size
compared to macrophages, it could be assumed that LGCs
dispose better phagocytic properties (Rose et al, 2014).
However, the phagocytic capacity of IL-15 induced LGCs for
bacille Calmette-Guérin and M. leprae bacteria is similar to that
of macrophages (Wang et al., 2020). Lay et al. even reported that
human LGCs, derived from M. tuberculosis-induced granulomas,
are unable to phagocytose beads coated with M. tuberculosis
antigens (Lay et al., 2007). The impaired phagocytic capacity of
LGCs was associated with downregulation of the mannose
receptor and CD11b (a subunit of the C3 receptor), two
phagocytic receptors. Taken together, these findings suggest
that LGCs cannot to be considered as superior phagocytes.
The killing capacities of LGCs to pathogens remain a matter of
debate as different research groups reported conflicting results.
Yasui et al. demonstrated that LGCs produce decreased levels of
superoxide anions, which may enable M. tuberculosis to survive
within granulomas (Yasui et al., 2011). On the other hand, LGCs
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M. tuberculosis-induced granulomas. In tuberculosis, LGCs exhibit both
protective and disease promoting factors. Clearance of M. tuberculosis is
inefficient since LGCs cannot mediate bacterial uptake or sufficient ROS
production for pathogen killing. Additionally, LGCs secrete MMPs leading to
tissue destruction. On the other hand, LGCs are involved in isolation of
bacteria and inflammation from the surrounding tissue. LGCs highly express
MHC-II molecules, suggesting that they promote the adaptive immune
response through antigen presentation.

may have better fungicidal capacities than macrophages (do
Nascimento et al,, 2011; Enelow et al.,, 1992). Enelow et al.
demonstrated that LGCs stimulated with phorbol myristate
acetate, display enhanced fungicidal capacities against C.
albicans due to elevated oxidative activity (Enelow et al,
1992). It is worth noting that Enelow et al. differentiated
human monocytes into LGCs by stimulation with IFN-y and
IL-3, but that Yasui et al. did not use IFN-y or IL-3 for the
production of LGCs (Enelow et al., 1992; Yasui et al.,, 2011). As
IFN-y and IL-3 are able to promote superoxide anion production
by monocytes (Jendrossek et al., 1993), the different microbicidal
activity of LGCs in both reports might be due to differences in the
differentiation protocol.

Role of LGCs in Mycobacterium tuberculosis Infection
LGCs are most studied within the context of tuberculosis
(Figure 4). Although LGCs are inefficient in destroying M.
tuberculosis, either through phagocytosis or through
production of microbicidal oxidants (Lay et al, 2007; Yasui
et al, 2011), they still may exert protective functions. Within
the granulomatous structure, LGCs form a barrier that shields M.
tuberculosis from the rest of the body, and prevent cell-to-cell
spread and growth of bacteria (Byrd, 1998; Brooks et al., 2019).
Furthermore, LGCs express high amounts of MHC-II molecules,
enabling them to function as antigen presenting cells, capable to
prime the adaptive immune response (Lay et al., 2007).
Conversely, tuberculosis-associated LGCs produce MMPs
thereby inducing tissue destruction (Helming et al, 2009).
LGCs may be involved in the inflammatory reaction of the
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granuloma through the production of cytokines and chemokines.
In a murine model for pulmonary tuberculosis, immunostaining
for TNF-a and IL-1a, two cytokines that have been reported to be
crucial for granuloma formation (Huaux et al., 2015; Pereira et al.,
2018), was strongly positive in LGCs (Hernandez-Pando et al,,
1997). In addition to initiation and maintenance of granulomas,
LGCs may also be involved in resolution of inflammation and
development of fibrosis. As for FBGCs, LGCs undergo a
phenotypic switch with time, characterized by reduced
expression of TNF-a and IL-1B, and simultaneous
upregulation of TGF-B, a major regulator of tissue repair and
fibrosis (Hernandez-Pando et al., 1997; Wynn and Ramalingam,
2012).

Although LGCs are a major morphological characteristic of
infectious granulomas, their specific biological activity and
function still needs further elucidation.

Langhans Giant Cells in Non-Infectious

Diseases

The role of LGCs in non-infectious diseases is less understood.
LGCs are a pathological hallmark in granulomatous
inflammatory diseases, such as sarcoidosis and Blau syndrome
(Okamoto et al., 2003; Janssen et al., 2012; Sakai et al., 2012;
Wouters et al., 2014). Although these disorders have no infectious
cause and are considered auto-inflammatory granulomatous
conditions, DNA fragments of Mycobacteria are occasionally
found within the granulomatous lesions through PCR-based
detection methods (Dow and Ellingson, 2010; Lee et al., 2019;
Poline et al., 2020). Whether the LGC-granulomas are formed in
response to the bacteria or whether the lesions form the ideal
environment for the pathogen to survive remains unclear.

In some cases, LGCs can be found in close proximity to cancer
cells (Bigotti et al., 2002) and may be involved in the clearance of
tumor cells. Wang et al. reported that LGCs are able to
phagocytose malignant cells in esophageal cancer (Wang et al.,
2021). The precise role of LGCs or granulomas within malignant
diseases is not elucidated. In Hodgkin disease, the presence of
granulomas is associated with more beneficial outcomes (Pagan
and Ramakrishnan, 2018), whereas intravascular granulomas
may worsen the clinical outcome in testicular seminomas
(Downes et al., 2016).

FORMATION OF MULTINUCLEATED GIANT
CELLS THROUGH MACROPHAGE FUSION

Throughout the decades, scientists have been searching for the
mechanism of MGC formation and several hypotheses have been
proposed, the most plausible being endoreplication, “frustrated”
phagocytosis, and cell fusion (McNally et al., 1996; DeFife et al.,
1997; McNally and Anderson, 2005; Herrtwich et al., 2016).
Endoreplication refers to the failure of the actual cell division
after the nucleus has been replicated (Herrtwich et al., 2016).
“Frustrated” phagocytosis was suggested to be a mechanism of
multinucleation after the observation that proteins involved in
phagocytosis seemed to be important for MGC formation as well
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(McNally et al., 1996; DeFife et al., 1997; McNally and Anderson,
2005). In this model of macrophage fusion, MGCs originate from
macrophages that phagocytose particles in close proximity to
other macrophages (DeFife et al, 1999). When individual
macrophages are unable to engulf a foreign particle, this may
eventually lead to “frustrated” phagocytosis and internalization of
surrounding macrophages (DeFife et al., 1999). Although it is
difficult to exclude the above mechanisms, it is nowadays
accepted that MGCs originate from fusion of cells of the
monocyte-macrophage lineage.

Macrophage fusion is a complex, not well understood
multistep process. Before the real fusion process can be
initiated, macrophages have to undergo a series of events:
acquirement of a fusion competent state, chemotaxis and
adhesion, and finally fusion (Brooks et al., 2019; Faust et al,
2019). Although all derived from macrophage fusion, distinct
MGC subtypes are induced by different stimuli (Anderson,
2000). Combined action of M-CSF and RANKL has been
well established for fusion of macrophages into osteoclasts
(Asagiri and Takayanagi, 2007). IL-4 and IL-13 are efficient
inducers of FBGCs in vitro (Anderson, 2000; Yang et al., 2014),
whereas biomaterial implantation leads to generation of FBGCs
in vivo (Yang et al., 2014). Fusion of macrophages into LGCs is
triggered by cytokines, such as combinations of IFN-y plus IL-3
or GM-CSF (Anderson, 2000), pathogens and derivates,
including M. tuberculosis and muramyl dipeptide (Mizuno
et al, 2001), and concanavalin A (Sakai et al, 2012).
Whereas the stimuli vary between the different MGC
subtypes, it is supposed that the actual fusion process relies
on a common fusion machinery (Pereira et al., 2018). It should
be noted that our insights in macrophage fusion are incomplete
and highly dependent on MGC subtype, stressing the need for
additional and in-depth analysis of this phenomenon in all
MGCs. Especially our knowledge on LGC formation remains
unsatisfactory, reflected by sparse literature on this topic. In the
next section, we provide an overview of the current knowledge
on the molecular pathways and key molecules involved in
macrophage fusion (Figure 5).

Fusion Competency by Upregulation of
Fusogens

Initially, macrophages have to become fusion competent, through
upregulation of essential fusogens (Pereira et al., 2018), which are
proteins required for cell fusion (Brukman et al., 2019). Fusogens
are induced by signaling through so-called prefusion mediators
expressed on macrophages, including DNAX-activating protein
of 12kDa, triggering receptor expressed on myeloid cells 2
(TREM2), and P2X7 receptor (P2RX7) (Pereira et al., 2018).

DAP12 - TREM2 Interaction

DNAX-activating protein of 12kDa (DAPI2) is a
transmembrane adaptor protein (Paloneva et al, 2003)
predominantly expressed on NK cells (Takaki et al, 2006;
Tessarz and Cerwenka, 2008) and on cells of the myeloid
lineage (Takaki et al., 2006), including monocytes (Tessarz and
Cerwenka, 2008), macrophages, neutrophils (Tessarz and
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FIGURE 5 | Different steps in the multinucleation process mainly based
on findings in osteoclasts. MGCs originate from macrophage fusion, a multi-
step process comprising acquirement of fusion competency, chemotaxis and
adhesion, and finally cell fusion resulting into multinucleation. Fusion
competency is accomplished through upregulation of fusogens downstream
of signaling through so-called prefusion mediators. DAP12 and its associated
receptor TREM2 are well-established prefusion mediators. After binding of its
unknown ligand, TREM2 associates with DAP12 leading to phosphorylation of
DAP12 and downstream signaling via SYK. In IL-4 induced fusion, DAP12-
mediated signaling results in activation of STAT6 and subsequent induction of
several fusogens, including MMP9, E-cadherin, and DC-STAMP. During
osteoclastogenesis, combined action of RANK- and DAP12-mediated
signaling leads to Ca®* signaling downstream of PLCy, resulting in an increase
(Continued)

FIGURE 5 | of intracellular Ca®* concentration enabling translocation of
NFATc1 to the nucleus. Fusogens are induced by combined action of P2RX7
and A2A receptor. ATP release through P2RX7 provides extracellular ATP for
biosynthesis of adenosine, which in turn induces fusion competency by
binding to A2A receptor. Fusing macrophages are characterized by exposure
of PS, a lipid that is normally localized in the inner membrane leaflet. The
mechanism of PS externalization may involve P2RX7 and DC-STAMP.
Macrophage chemotaxis is driven by CCL2 and is essential to bring the
membranes of two individual cells in close proximity for fusion. Next to
chemotaxis, CCL2 is hypothesized to mediate the induction of fusogens,
including MMP9 and DC-STAMP. In order to allow cell migration and
subsequent cell adhesion, macrophages undergo cytoskeletal arrangements,
which are mediated by RAC1, a major regulator of the cytoskeleton. It has
been established that MT-MMP1 activates RAC1. Furthermore, CCL2
signaling has also been associated with RAC1 activation. Homotypic cell-cell
adhesion is mediated by integrins and E-cadherin. The latter might also be
involved in induction of fusogens, such as DC-STAMP. Cell-cell attachment is
dependent on interaction between CD47 and MFR. Once macrophages are
firmly attached to each other, the real fusion process can proceed. DC-
STAMP is considered a main fusion regulator; however, its ligand and
mechanism of action remain to be defined. Several putative ligands for DC-
STAMP has been proposed, including CCL2, MFR, and CD47.

Cerwenka, 2008), and DCs (Humphrey et al., 2004). DAP12 is
expressed as a homodimer at the cell surface, where it associates
with DAPI12-associated receptors to exert its function
(Humphrey et al,, 2004). In DAP12-deficient mice, bone mass
is increased (Humphrey et al., 2004), suggesting a role for DAP12
in osteoclast formation and/or function. Osteoclast fusion is
inefficient in monocytes derived from patients with loss-of-
function mutations in DAP12 (Paloneva et al., 2003) and in
bone marrow macrophages derived from DAP12-deficient mice
(Humphrey et al., 2004). By contrast, stimulation of DAP12 in
RAW?264.7 cells (a monocyte/macrophage cell line derived from
mice) enhances fusion, resulting in more multinucleated
osteoclasts with increased cell size and number of nuclei
(Humphrey et al., 2004). A role for DAP12 in fusion is not
exclusive to osteoclasts as Helming et al. demonstrated that IL-4
induced fusion is also impaired in human macrophages silenced
for DAP12 (Helming et al., 2008). Triggering receptor expressed
on myeloid cells 2 (TREM2) functions as a DAP12-associated
receptor in osteoclasts (Takaki et al., 2006; Peng et al., 2010; Zou
and Teitelbaum, 2015) and has also been reported to mediate
osteoclast multinucleation (Paloneva et al, 2003). It is
hypothesized that macrophages themselves express a TREM2
ligand and thus that TREM2/DAP12-mediated signaling relies on
the interaction between macrophages (Peng et al., 2010). During
osteoclastogenesis, TREM2 is upregulated and its expression
positively correlates with the number of nuclei in mature
osteoclasts (Humphrey et al, 2006). Stimulation of TREM2
enhances multinucleation (Humphrey et al, 2004), whereas
silencing or blockade of TREM2 inhibits osteoclast
multinucleation (Humphrey et al., 2006; Peng et al, 2010).
Finally, human PBMCs derived from TREM?2-deficient
patients, show impaired fusion when differentiated into
osteoclasts (Paloneva et al., 2003). Together, these results
demonstrate that combined action of DAP12 and TREM2 is
important to macrophage fusion. After recognition of its
unknown ligand, TREM2 associates with DAP12 leading to
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the phosphorylation of the immunoreceptor tyrosine-based
activation motif (ITAM) in the cytoplasmic domain of DAP12
(Paloneva et al., 2003; Pereira et al., 2018). Once phosphorylated,
DAPI12 interacts with the cytoplasmic protein tyrosine kinases
SYK and ZAP70, thereby triggering several downstream
pathways (Paloneva et al., 2003). Although both FBGCs and
osteoclasts rely on DAPI12/TREM2-signaling, distinct
downstream pathways are involved to acquire a fusion
competent state (Pereira et al, 2018). In FBGC precursors,
cooperation of IL-4 and ITAM signaling results in the
activation of transcription factor STAT6 which in turn induces
the expression of essential fusogens, including E-cadherin, DC-
STAMP, and MMP9 (Moreno et al., 2007; Helming and Gordon,
2009; Van den Bossche et al.,, 2012; Pereira et al.,, 2018). In
osteoclast precursors, recruitment of SYK to DAP12 leads to Ca®*
signaling downstream of PLCy (Koga et al., 2004). Ca®" signaling
enhances the induction of nuclear factor of activated T cells cl
(NFATc1), the master transcription factor of osteoclastogenesis,
through an autoamplification mechanism (Koga et al, 2004;
Kameda et al., 2013).

It is worth mentioning that DAP12-depleted mice still form
multinucleated osteoclasts in vivo, whereas multinucleation is
severely inhibited in vitro (Humphrey et al., 2004). Therefore,
other mechanisms compensate for fusion in case of DAPI2
deficiency in vivo. Zou et al. demonstrated that FcRy, another
ITAM-containing signaling adaptor that activates SYK signaling,
can rescue osteoclast multinucleation in absence of DAP12 (Zou
and Teitelbaum, 2015).

P2X7 Receptor

P2RX7 is an ATP-gated ion channel that belongs to the family of
P2X purinergic receptors (Di Virgilio et al., 1999; Gartland et al.,
2003; Lemaire et al, 2006). Although P2RX7 functions as a
cation-selective channel under transient stimulation with ATP,
the receptor transforms into a nonselective pore for hydrophilic
molecules of a molecular mass up to 900 Da upon repetitive ATP
stimulation (Di Virgilio et al., 1999; Falzoni et al., 2000). During
macrophage fusion, P2RX7 localizes at sites of cell-cell contact in
podosomes (Falzoni et al., 2000; Lemaire et al., 2012), indicating
that the receptor plays a role in macrophage fusion. The
involvement of P2RX7 in fusion is further supported by the
finding that mouse J774 macrophages expressing high levels of
P2RX7 spontaneously form MGCs (Chiozzi et al, 1997; Di
Virgilio et al, 1999; Falzoni et al, 2000). Previously, it was
assumed that P2RX7 drives fusion through the formation of a
“fusion pore”, thereby connecting the cytoplasm of two
neighboring cells (Falzoni et al., 2000; Lemaire et al., 2012).
This hypothesis was supported by the finding that
P2RX7 pore-forming activity is required for macrophage
fusion (Lemaire et al, 2012). Blockade of the pore activity
with P2RX7 neutralizing antibodies or with the receptor
antagonist oxidized ATP, impairs fusion of human and
murine macrophages (Chiozzi et al., 1997; Di Virgilio et al,
1999; Falzoni et al., 2000; Gartland et al., 2003; Steinberg and
Hiken, 2007). Additionally, polymyxin B, a natural cationic
peptide that potentiates pore activity in response to ATP,
facilitates fusion of HEK293 cells transfected with P2RX7
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(Lemaire et al.,, 2006). By contrast, HEK293 cells transfected
with a truncated form of P2RX7 that lacks ATP-induced pore-
forming activity, show impaired fusion even in presence of
polymyxin B. Interestingly, hydrolyzation of extracellular ATP,
by hexokinase or apyrase, accelerates MGC formation, which
conflicts with the idea of ATP-induced pore formation during
fusion (Di Virgilio et al., 1999; Pellegatti et al., 2011). These
observations may be explained by receptor desensitization when
stimulated with high ATP concentrations as degradation of ATP
by hexokinase or apyrase might restore the responsiveness of
P2RX7 (Falzoni et al, 2000). More recently, Pellegatti et al.
proposed a new concept in which P2RX7 solely functions as a
receptor for local ATP release to provide extracellular ATP for
biosynthesis of adenosine, the actual fusogen (Pellegatti et al.,
2011). Indeed, small amounts of extracellular ATP restore fusion
in presence of anti-P2RX7 antibodies. Moreover, extracellular
degradation of adenosine abolishes fusion, whereas addition of
adenosine has the opposite effect. During macrophage fusion,
adenosine likely acts at the adenosine receptor A2A as
pharmacological inhibition of the A2A receptor reduces
fusion, whereas A2A receptor agonists increase fusion. The
finding that combined action of a P2RX7 inhibitor and A2A
receptor agonists allows fusion, indicates that proper adenosine
supply is required for MGC formation.

Chemotaxis

Chemotaxis and migration of macrophages towards each other is
a crucial step before cell-cell fusion. CCL2 and its receptor CCR2
mediate chemotaxis of monocytes/macrophages (Li et al., 2007;
Khan et al, 2016; Guicciardi et al., 2018) and their role in
macrophage fusion has been established. CCL2 potentiates
RANKL-induced osteoclast formation in human and mice
(Kim et al, 2005; Li et al., 2007) and even induces the
formation of osteoblast-like cells in absence of RANKL or
when NFATc1 is inhibited (Kim et al.,, 2005). Osteoclast-like
cells are multinucleated, but lack bone resorbing activity,
suggesting that CCL2 stimulates the fusion process rather than
osteoclast differentiation (Kim et al., 2005). Furthermore, CCL2
or CCR2-deficient mice display impaired osteoclast fusion in vivo
and in vitro (Miyamoto et al, 2009; Khan et al., 2016) and
exogenous CCL2 restores fusion in cultures derived from
CCL2-deficient mice (Khan et al, 2016). Several findings
illustrate the involvement of CCL2 and CCR2 in FBGC
formation as well. Blocking of CCL2, either by an inhibitory
peptide or neutralizing antibodies, diminishes IL-4 induced
fusion of human monocytes (Kyriakides et al., 2004). In
addition, bone marrow cultures derived from CCL2 or CCR2-
deficient mice, display impaired FBGC multinucleation, whereas
exogenous CCL2 rescues fusion in CCL2-deficient cultures (Khan
et al, 2016). In vivo macrophage fusion on implanted
biomaterials is also abrogated in CCL2-deficient mice
(Kyriakides et al., 2004; Skokos et al.,, 2011), probably due to
reduced macrophage accumulation and migration (Skokos et al.,
2011). Next to chemotaxis, CCL2 is thought to contribute to the
fusion competency through induction of essential fusogens,
including DC-STAMP and MMP9 (Helming and Gordon,
2009; Miyamoto et al., 2009; Skokos et al., 2011), and through
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activation of Racl (Skokos et al, 2011), a major cytoskeleton
regulator (Touaitahuata et al., 2014).

Adhesion

After chemotaxis, macrophages attach to each other to bring their
membranes in close proximity prior to cell fusion. The homotypic
cell-cell contacts are partly mediated by E-cadherins and some
studies elucidate that integrins might be involved as well
(Helming and Gordon, 2009).

E-Cadherin

E-cadherin belongs to the family of the cadherins, which are
transmembrane or membrane-associated glycoproteins that
mediate calcium-dependent cell-cell adhesions (Mbalaviele
et al, 1995 van Roy and Berx, 2008). During FBGC
formation, E-cadherin is upregulated at the macrophage cell
surface downstream of IL-4 or IL-13 signaling (Moreno et al.,
2007; Van den Bossche et al., 2009, 2012; Wanat et al., 2014;
Fiorino and Harrison, 2016), suggesting for a role in macrophage
fusion. Moreover, E-cadherin neutralizing antibodies impair IL-4
induced macrophage fusion, especially in early stages of
differentiation (Moreno et al., 2007), and fusion is diminished
in macrophages derived from E-cadherin deficient mice (Van de
Bossche et al., 2009; Van de Bossche et al., 2012). Fusion-efficient
macrophages are characterized by membrane extension, called
podosomes, which form zipper-like structures at cell fusion sites
(Balabiyev et al., 2020). E-cadherin is probably implicated in the
generation of these zipper-like structures as neutralizing
antibodies disrupt formation of these structures and
subsequent fusion (Balabiyev et al., 2020). E-cadherin is also
upregulated during osteoclastogenesis, especially at early
differentiation stages, suggesting that E-cadherin is involved in
early osteoclastogenesis (Fiorino and Harrison, 2016). Blocking of
E-cadherin, either by neutralizing antibodies (Mbalaviele et al.,
1995; Fiorino and Harrison, 2016; Sun et al., 2020) or synthetic
peptides containing the cell adhesion recognition sequence of
cadherins (Mbalaviele et al., 1995), diminishes osteoclast fusion
(Mbalaviele et al., 1995; Fiorino and Harrison, 2016), whereas
E-cadherin overexpression transiently accelerates fusion (Fiorino
and Harrison, 2016). Although E-cadherin is upregulated at
membrane extensions and cell-cell contact sites, the protein is
not detected at fusion sites, indicating that it does not make part
of the fusion machinery (Fiorino and Harrison, 2016). Instead,
E-cadherin neutralizing antibodies impact migration and
expression of fusogens, including DC-STAMP, suggesting that
cell-cell contact mediated through E-cadherin alters macrophage
proliferation and induce the transition to cell migration and
fusion.

Integrins

Integrins are a superfamily of heterodimeric transmembrane
proteins comprised of a and P subunits, which mediate both
cell-extracellular matrix and cell-cell adhesions (Campbell and
Humphries, 2011; Aghbali et al., 2017). The integrin subunits 1,
B2, and B5 have been reported to contribute to FBGC formation.
Anti-B1 and anti-p2 antibodies impair the adhesion of human
monocyte/macrophage to biomaterials, an essential prerequisite
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for FBGC formation (McNally and Anderson, 2002). Although
blockage of 1 dramatically reduces the number of adherent
monocyte/macrophages, some FBGCs are still formed, indicating
that fusion competency is remained. By contrast, 2 neutralizing
antibodies also abolishes fusion, suggesting that 2 mediates both
intercellular and cell-biomaterial interactions during FBGC
formation. aM2 is involved in IL-4 induced fusion of murine
peritoneal macrophages both in vivo and in vitro. Indeed,
blocking of aMp2 results in less FBGCs formation and the
remaining FBGCs are smaller in size and contain less nuclei
(Podolnikova et al., 2016). aDP2 might also contribute to IL-4
induced fusion of murine macrophages, however to a lower
extend as aM2. Finally, IL-4 has been reported to increase
the expression of B5 on human monocytes, suggesting a role
for this integrin in FBGC fusion (Aghbali et al., 2017). Integrins
are also involved in the formation of multinucleated osteoclasts
(Rao et al,, 2006). It has been found that a9p1 contributes to
osteoclast multinucleation, reflected by reduced osteoclast
formation in human bone marrow cultures treated with anti-
a9 antibodies and smaller osteoclast size in a9-deficient mice.

Macrophage Fusion Receptor and CD47

Macrophage fusion receptor (MFR), also called signal regulatory
protein a (SIRPa), and CD47 are transmembrane proteins that
belong to the superfamily of immunoglobulins (Igs) (Han et al.,
2000; Gautam and Acharya, 2014; Zhang et al,, 2020). It was
demonstrated that MFR and CD47 are induced at the onset of
fusion both in vivo and in vitro, suggesting that these proteins
contribute to macrophage fusion (Saginario et al., 1995; Saginario
et al., 1998; Han et al., 2000; Podolnikova et al., 2019). Moreover,
blocking of MFR or CD47, either by monoclonal antibodies or
engineered proteins containing the extracellular domain of MFR
or CD47, impairs fusion. Finally, IL-4 induced fusion is abrogated
in RAW264.7 cells depleted for MRF by short hairpin (sh)RNA
(Podolnikova et al., 2019). Han et al. proposed a model for MFR
and CD47 mediated fusion. In order to guarantee cell-cell
attachment, CD47 may initially interact with a “long” form of
MFR on the neighboring macrophage, consisting of an
extracellular immunoglobulin V domain and two adjacent
immunoglobulin constant domains (Han et al., 2000; Vignery,
2005a). Afterwards, CD47 switches to a poorly expressed “short”
form of MFR, only containing the immunoglobulin V domain.
This homotypic interaction brings the plasma membranes of the
two cells to a distance of 5-10 nm, allowing cell fusion (Han et al.,
2000; Vignery, 2000, 2005a). MFR can also interact with the
integrin CD11b contributing to fusion (Podolnikova et al., 2019).
In macrophages, MFR and CD11b are detected at sites of cell-cell
contact. Furthermore, IL-4 induced fusion has been observed in
co-cultures of MFR and CD11b expressing HEK293 cells. Despite
the findings favoring a role for MFR and CD47 in macrophage
fusion, van Beek et al. reported that the number of nuclei remains
unaltered in mice lacking the cytoplasmic signaling region of
MFR, indicating that MFR or at least MFR signaling is
dispensable for osteoclast fusion (van Beek et al., 2009).
Additionally, osteoclasts derived from bone marrow cells of
CD47 KO mice or differentiated in presence of MFR
neutralizing antibodies do not differ in size or number of
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nuclei (Lundberg et al., 2007). Together, these findings suggest
that MFR and CD47 may be involved in macrophage fusion other
that osteoclast formation.

Cytoskeletal Alterations

Cytoskeletal alterations are implicated in many aspects of
macrophage fusion, including chemotaxis/migration, adhesion,
the actual fusion process, and cellular reorganization (Wang et al.,
2008, 2015; Pereira et al, 2018). Fusing macrophages are
characterized by actin-based membrane protrusions and these
structures have been shown to induce fusion (Wang et al., 2015;
Faust et al., 2019). Indeed, almost all fusion events take place at
membrane protrusions and impaired formation of these
structures prevents macrophage fusion (Faust et al., 2019). The
actin cytoskeleton is a dynamic structure that is constitutively
remodeled by actin organizing proteins (Fritzsche et al., 2017).
An important group of actin organizers are the Rho-related small
GTPases with Racl, Cdc42, and RhoA as the best characterized
members to mediate macrophage fusion (Wang et al, 2008;
Touaitahuata et al, 2014). Pharmacological inhibition or
genetic depletion of Racl impairs the fusion of mouse
macrophages into FBGCs and osteoclasts (Jay et al, 2007,
2010; Wang et al, 2008; Takito et al, 2015). Furthermore,
release of Racl inhibitor from implanted biomaterials reduces
FBGC formation in vivo (Jay et al., 2007). Next to Racl, Cdc42
positively regulates fusion of mouse macrophages into FBGCs
and osteoclasts (Leung et al., 2010; Faust et al., 2019; Park et al,,
2019). The effect of RhoA on macrophage fusion is less
straightforward. RhoA activation leads to more but smaller
osteoclasts, whereas inhibition of its downstream effector Rho
kinase elevates the formation of large osteoclasts (Takito et al.,
2015). By contrast, inhibition of Rho kinase induces more but
smaller FBGCs (Jay et al., 2007). Contradictory results have also
been published on the involvement of actin in macrophage
adhesion and migration prior to fusion. DeFife et al. reported
that cytochalasin B and D, two substances that disrupt actin
dynamics, prevent the formation of multinucleated FBGCs
without affecting macrophage adhesion, spreading, and
motility (DeFife et al, 1999). Inhibition of Racl reduces
macrophage fusion on implanted biomaterials in vivo without
affecting macrophage recruitment (Jay et al, 2007). The
formation of FBGCs in response to implanted biomaterials is
also affected in Cdc42-deficient mice, but depletion of Cdc42 has
no effect on macrophage recruitment or adhesion (Faust et al,
2019). By contrast, osteoclast precursors from Racl-depleted
mice display, next to impaired fusion, reduced cell spreading
and motility (Wang et al., 2008). Furthermore, cytochalasin D
abolishes macrophage migration during osteoclastogenesis
(Wang et al, 2015). Together, these illustrations suggest that
macrophage adhesion, spreading and motility can be maintained
during FBGC formation even though the actin network is
dysregulated, whereas this is not the case during
osteoclastogenesis.

Lipid Alterations
During macrophage fusion, the lipid composition of the
cytoplasmic and extracellular plasma membrane leaflet is
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altered to allow fusion. Phosphatidylserine (PS) is normally
located in the cytoplasmic membrane leaflet (Shin and
Takatsu, 2020), but is externalized during fusion (Verma et al.,
2018; Kang et al., 2020). The importance of PS exposure during
osteoclast multinucleation is illustrated by PS neutralization at
the cell surface, either by antibodies or PS-binding protein,
leading to diminished fusion (Verma et al, 2018; Kang et al.,
2020; Whitlock and Chernomordik, 2021). Moreover, silencing
or pharmacological inhibition of lipid transporters involved in
outer translocation of PS, prevents PS externalization and
subsequent fusion of osteoclast precursors. DC-STAMP and
P2RX7, two well-described fusion proteins, might be
implicated in PS exposure during macrophage fusion as PS
externalization is abrogated by anti-DC-STAMP antibodies
and brief activation of P2RX7 channels causes reversible PS
exposure on the cell surface (Helming and Gordon, 2009;
Lemaire et al, 2012; Verma et al, 2018). During FBGC
formation, fusion probably depends on recognition of PS by
the lipid receptor CD36 (Helming et al., 2009). CD36 localizes at
sites of cell contact and IL-4 induced fusion of macrophages
derived from CD36-deficient mice is impaired. Although CD36 is
required for FBGC formation, the receptor is dispensable for
osteoclast fusion as anti-CD36 antibodies nor CD36 KO
macrophages display reduced osteoclast multinucleation.

Next to PS, phosphatidylethanolamine (PE) is also involved in
osteoclast formation (Irie al., 2017; Whitlock
Chernomordik, 2021). Under normal conditions, PE is located
in the inner plasma membrane leaflet (Shin and Takatsu, 2020),
but clusters in the extracellular leaflet at fusion sites during
osteoclastogenesis (Irie et al., 2017). Moreover, inhibition of
PE synthesis or translocation to the outer plasma membrane
impairs PE exposure and osteoclast fusion (Irie et al., 2017).

et and

Fusion

After successful acquirement of fusion competency, chemotaxis
and adhesion, and essential cytoskeletal and lipid alterations, the
fusion process goes into its final execution. In this final stage, it is
worth to mention a few key players, including dendritic cell-
specific transmembrane protein (DC-STAMP), tetraspanins, and
matrix metalloproteases (MMPs).

Dendritic Cell-Specific Transmembrane Protein

Dendritic cell-specific transmembrane protein (DC-STAMP) is a
seven-transmembrane protein (Chiu et al., 2012) that is essential
for macrophage fusion in human and mice (Yagi et al., 2005,
2006; Kim et al., 2008; Miyamoto, 2011; Zeng et al., 2013; Moller
et al,, 2020). The expression of DC-STAMP in human osteoclast
precursors is positively correlated with the number of nuclei in
mature osteoclasts (Moller et al., 2020). Moreover, suppression of
DC-STAMP in human monocytes through lentivirus-mediated
RNA interference impairs the formation of multinucleated
osteoclasts (Zeng et al., 2013). Depletion of DC-STAMP in
mice abrogates fusion of preosteoclasts into multinucleated
osteoclasts both in vivo and in vitro (Yagi et al, 2005, 2006;
Kim et al., 2008; Miyamoto, 2011) and reintroduction of DC-
STAMP in osteoclast precursors derived from DC-STAMP-
deficient mice rescues multinucleation (Yagi et al., 2005, 2006).
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Although osteoclast precursors isolated from DC-STAMP-
deficient mice are unable to fuse, the expression of osteoclast
markers, including TRAP (Yagi et al., 2005, 2006) and NFATc1, is
not impaired (Yagi et al., 2006). Furthermore, ruffled borders and
actin rings, typical morphological features of osteoclasts, are
observed and cells exhibit minor bone-resorbing capacities
(Yagi et al, 2005, 2006). These findings suggest that DC-
STAMP is required for macrophage fusion without mediating
osteoclast differentiation. Next to osteoclast multinucleation, DC-
STAMP is indispensable for the formation of multinucleated
FBGCs and LGCs (Yagi et al,, 2005, 2006; Kim et al., 2008;
Miyamoto, 2011; Sakai et al., 2012). Generation of multinucleated
FBGC:s is abolished in mice deficient for DC-STAMP in vivo and
in vitro (Yagi et al., 2005, 2006; Kim et al., 2008; Miyamoto, 2011).
Additionally, DC-STAMP is upregulated during LGC formation
and siRNA-mediated knock-down of DC-STAMP inhibits fusion
of human monocytes into LGCs (Sakai et al, 2012). Taken
together, DC-STAMP is considered a common fusion
mediator, yet different signaling mechanisms are responsible
for induction of DC-STAMP in osteoclasts, FBGCs, and LGCs.
During osteoclastogenesis, DC-STAMP is induced downstream
of ¢c-FOS and NFATc1 signaling (Yagi et al., 2007; Kim et al,
2008; Miyamoto, 2011; Sakai et al., 2012; Zhang et al., 2014),
whereas PU.1 and NF-«xB mediate the expression of DC-STAMP
during FBGC formation (Yagi et al., 2007; Sakai et al., 2012), and
probably NF-«kB and MAP kinases during LGC formation (Sakai
et al, 2012). It is speculated that DC-STAMP promotes
macrophage fusion in a receptor-ligand fashion (Yagi et al,
2005), but the ligand for DC-STAMP required for macrophage
fusion remains currently unknown (Quinn and Schepetkin,
2009). Since DC-STAMP shows structural similarities with
chemokine receptors, it is speculated that a certain chemokine,
such as CCL2, serves as ligand for DC-STAMP (Yagi et al., 2007;
Quinn and Schepetkin, 2009). Other possible candidates include
MFR and CD47. The exact mechanism by which DC-STAMP
mediates macrophage fusion remains speculative as well. It is
hypothesized that DC-STAMP induces the expression of
fusogens (Zhang et al.), including MFR, and therefore
indirectly mediates macrophage fusion (Vignery, 2005b).

Tetraspanins

Tetraspanins are four-span transmembrane proteins (Sangsri
et al., 2020) that bind to one another and to a variety of other
transmembrane proteins (Parthasarathy et al., 2009). Because of
their ability to interact with several molecules, tetraspanins act as
membrane organizers, mediating the generation of functional
protein  clusters in tetraspanin-enriched microdomains
(Parthasarathy et al, 2009) of which some may modulate
macrophage fusion. CD9 and CD81 are the best studied
tetraspanins in the context of macrophage fusion, but whether
they regulate fusion in a positive or negative manner remains
controversial. For example, CD81 neutralizing antibodies support
fusion of mouse macrophages infected with B. thailandensis,
whereas inhibition of CD81 diminishes fusion upon infection
with B. pseudomallei (Elgawidi et al., 2020; Sangsri et al., 2020).
Additionally, CD9 neutralizing antibodies promote the formation
of multinucleated osteoclast from murine bone marrow cells
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(Takeda et al., 2003), whereas blocking of CD9, either by
neutralizing antibodies or small interfering RNA (siRNA),
impairs the formation of multinucleated osteoclasts in
RAW?264.7 cells (Ishii et al., 2006). Although the effect of CD9
and CD81 on macrophage fusion remains unclear, CD63 seems
to be a positive regulator (Takeda et al., 2003; Parthasarathy et al.,
2009). CD63 is upregulated in human monocytes stimulated with
Concanavalin A, and monoclonal antibodies directed against
CD63 abrogate MGC formation. Tspan-5 and NET-6 have
also been suggested to influence macrophage fusion as Tspan-
5 is upregulated during osteoclastogenesis and NET-6 is
downregulated (Iwai et al, 2007). Furthermore, silencing of
Tspan-5 impairs fusion of RAW264.7 into multinucleated
osteoclasts, whereas the opposite is true for NET-6.

Matrix Metalloproteases

Matrix metalloproteases (MMPs) compromise a family of
endopeptidases known to degrade various extracellular matrix
components (EMCs) (Gonzalo et al., 2010; Kim and Lee, 2020).
MMPs may modulate macrophage fusion by degrading EMCs
and/or cell-surface bound molecules involved in cell fusion
(Jones et al, 2008). In witro and in vivo fusion of
macrophages into osteoclasts and FBGCs is abolished in mice
deficient for MT1-MMP, a membrane-anchored MMP (Gonzalo
and Arroyo, 2010; Gonzalo et al., 2010). Depletion of MT1-MMP
affects macrophage spreading, formation of lamellipodia, and
Racl activity, indicating that impaired migration lies at the basis
of reduced fusion events in these cells (Gonzalo and Arroyo,
2010). MT1-MMP probably promotes fusion through its
interaction with adaptor protein p130Crk-associated substrate
(CAS), which in turn triggers Racl activation (Gonzalo and
Arroyo, 2010; Gonzalo et al, 2010). Although MT1-MPP
positively regulates macrophage fusion (Gonzalo and Arroyo,
2010; Gonzalo et al., 2010), MMP8 and MMP13 have been
described to negatively impact fusion (Kim and Lee, 2020).
RANKL decreases the expression of MMP8 and MMP13 in
murine bone marrow macrophages, indicating that their
down-regulation is required for proper osteoclastogenesis.
Targeting these MMPs, either through siRNA or
pharmacological inhibition, facilitates osteoclast fusion
without altering differentiation (Kim and Lee, 2020). These
findings are in contrast to data from Fu et al. who
demonstrated that MMPI13 promotes osteoclast formation
starting from mouse bone marrow macrophages and that
fusion is abrogated in macrophages derived from MMP13-
deficient mice (Fu et al, 2016). Several reports indicate that
MMPs also regulate FBGC formation. Pharmacological
inhibition experiments suggested that MMP1, -8, -13, and -18
act as positive regulators of IL-4 induced fusion in human
monocytes, whereas MMP2, -3, -9, and -12 do not influence
fusion (Jones et al., 2008). Notwithstanding the observation that
MMP?9 is not implicated in human macrophage fusion, MMP9
neutralizing antibodies reduce IL-4 induced fusion of mouse
macrophages and MMP9-deficient mice display reduced FBGC
formation after implantation of biomaterials (Maclauchlan et al.,
2009). The impaired fusion observed in MMP9-deficient mouse
macrophages may result from defective cytoskeletal dynamics
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prior to cell fusion. The discrepancy on the effect of MMP-9 on
macrophage fusion between human and mice may be explained
by suboptimal specificity of pharmacological MMP inhibitors
used in human experiments.

CONCLUSION AND REMAINING KEY
QUESTIONS

MGCs are polykaryons that originate from fusion of cells of the
monocyte-macrophage lineage and are subdivided into three main
subtypes: osteoclasts, FBGCs, and LGCs (Anderson, 2000).
Osteoclasts are well-known for their bone-resorbing capacities
and increasing evidence is found that they contribute to
multiple processes beyond bone resorption, including osteoblast
stimulation, vasculogenesis and immune regulation (Novack and
Teitelbaum, 2008; Le Goff et al., 2013; Cappariello et al., 2014;
Drissi and Sanjay, 2016). FBGCs are formed during inflammatory
reactions against foreign body material to remove particles that
single macrophages cannot (Han et al., 2000; Vignery, 2000).
Among all MGC subtypes, LGCs are the least characterized in
terms of function and mechanism of formation. In infectious
granulomatous diseases, LGCs are thought to be formed in
response to a persistent pathogen as a final attempt to remove
or isolate the irritant from the surrounding tissue (Byrd, 1998;
Pagan and Ramakrishnan, 2018). In non-infectious granulomatous
diseases, little is known about LGCs and multiple questions remain
unresolved, like: What drives LGC formation and which mediators
are essential to the fusion process? What are the mechanisms of
macrophage fusion? Why do LGCs arise and what is their role in
disease development and outcome? All MGCs have a common
feature, namely a high number of nuclei. In osteoclasts, bone
resorption is positively correlated with the number of nuclei,
indicating that increased cell size empowers osteoclasts to
degrade bone tissue (Yagi et al, 2006). In FBGCs, the
acquisition of multiple nuclei may facilitate the engulfment of
large particles (Milde et al, 2015). For LGCs, the functional
consequences of multinucleation remain elusive. Furthermore,
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Osteoporosis, characterized by the destruction of bone resorption and bone formation, is
a serious disease that endangers human health. Osteoporosis prevention and treatment
has become one of the important research contents in the field of medicine. Acacetin, a
natural flavonoid compound, could promote osteoblast differentiation, and inhibit
osteoclast formation in vitro. However, the mechanisms of acacetin on osteoclast
differentiation and type H vessel formation, as well as the effect of preventing bone
loss, remain unclear. Here, we firstly used primary bone marrow derived macrophages
(BMMs), endothelial progenitor cells (EPCs), and ovariectomized (OVX) mice to explore the
function of acacetin on bone remodeling and H type vessel formation. In this study, we
found that acacetin inhibits osteoclast formation and bone resorption of BMMs induced by
the macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor-
kB ligand (RANKL) in a concentration of 20 uM without exerting cytotoxic effects. It was
accompanied by downregulation of osteoclast differentiation marker genes (Ctsk, Acp5,
and Mmp9) and cell fusion genes (CD9, CD47, Atp6v0d2, Dc-stamp, and Oc-stamp).
Moreover, acacetin disrupted actin ring formation and extracellular acidification in
osteoclasts. Mechanistic analysis revealed that acacetin not only inhibits the
expression of the major transcription factor NFATc1 and NF-xB during RANKL-
induced osteoclast formation, but also suppresses RANKL-induced the
phosphorylation of Akt, GSK3p, IkBa, and p65. Additionally, acacetin enhanced the
ability of M-CSF and RANKL-stimulated BMMs to promote angiogenesis and migration
of EPCs. We further established that, in vivo, acacetin increased trabecular bone mass,
decreased the number of osteoclasts, and showed more type H vessels in OVX mice.
These data demonstrate that acacetin prevents OVX-induced bone loss in mice through
inhibition of osteoclast function and promotion of type H vessel formation via Akt/GSK3
and NF-xB signalling pathway, suggesting that acacetin may be a novel therapeutic agent
for the treatment of osteoporosis.

Keywords: acacetin, osteoporosis, osteoclasts, type H vessel, Akt/GSK3p, NF-xB
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1 INTRODUCTION

Osteoporosis is a chronic bone disease characterized by
destruction of bone microstructure and low bone mass,
leading to increased bone fragility and thus increased fracture
susceptibility (Chujiao Lin et al., 2019). Bone resorption mediated
by osteoclasts exceeds bone formation mediated by osteoblasts,
which is one of the potential mechanisms of osteoporosis (Qiang
Xuetal., 2021). Studies have shown that 50% of women will suffer
fractures due to osteoporosis in their lifetimes (Beekman et al.,
2019). Therefore, the prevention and treatment of osteoporosis
has become a focus of medical and health research. In the
treatment of osteoporosis, antiresorptive drugs, including
bisphosphonates  (alendronate,  zoledronate, etc.) and
denosumab, increase bone mineral density and reduce the risk
of fracture by inhibiting osteoclast-mediated resorption (Leder
et al., 2020). However, the cost of Western medicine therapy is
high, and the clinical side effects are uncertain, such as fever, joint
myalgia, hypocalcaemia, and other potential adverse events
(Meng et al., 2020). Therefore, the use of traditional Chinese
medicine, which has the concomitant function of both medicine
and foodstuff in the treatment of osteoporosis, has the advantages
of low cost and fewer side effects (Shi et al., 2020).

Osteoclasts are multinucleated cells, that differentiate from
monocytes/macrophages in the presence of M-CSF and RANKL
(Xiao Lin et al., 2019). When RANKL activates the receptor
activator of nuclear factor-kxB (RANK), the inner membrane
portion of RANK reacts with tumour necrosis factor receptor-
associated factor 6 (TRAF6) and activates a series of downstream
signalling pathways, including AKT, nuclear factor-kB (NF-kB),
mitogen-activated protein kinase (MAPK), and calcium
signalling pathways (Delong Chen et al., 2020). Furthermore,
the differentiation, survival, multinucleation, and activation of
osteoclasts are regulated by these pathways (Dai et al., 2017). In
recent years, type H vessels, a special subtype of vessel with strong
expression of CD31 and EMCN in endothelial cells, have been
identified to couple the balance of bone absorption and formation
(Xie et al., 2014). Mononuclear preosteoclasts can promote the
growth of type H vessels by releasing platelet-derived growth
factor-BB  (PDGF-BB) prior to multinucleated osteoclast
formation (Xiaoqun Li et al., 2020). Moreover, the number of
type H vessels decreases with age to a degree consistent with the
severity of bone loss (Song et al, 2020). Therefore, by
simultaneously interrupting the maturation and activation of
osteoclasts, inhibiting bone resorption and promoting the
formation of type H blood vessels, osteoporosis can be
effectively prevented.

Flavonoids are abundant in many common vegetables, fruits,
grains, and herbs. They have potential therapeutic properties due
to their antioxidant, anti-inflammatory, differentiation, and
apoptotic properties (Bellavia et al, 2021). The intake of
flavonoids increases bone mineral density (BMD), reduces
bone resorption in perimenopausal women, and maintains
bone health (Hardcastle et al., 2011; Zhang et al., 2014). Many
flavonoid compounds have been evaluated as potential alternative
therapeutic candidates against bone resorptive diseases, such as
cladrin, icariin, petunidin, and epiafzelechin (Bellavia et al., 2021;
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Yingxing Xu et al, 2021). Acacetin (5,7-dihydroxy-4-
methoxyflavone) is a flavonoid compound that can be isolated
from Damiana, Saussurea involucrata plant, and black locust
plants (Ren et al., 2020). It exerts pronounced anti-inflammatory,
anti-peroxidative, and anti-cancer activities (Wang et al., 2020).
Interestingly, acacetin has been reported to promote osteoblastic
differentiation and mineralization (Li et al., 2016) and inhibit
osteoclastic differentiation in vitro (Kim et al., 2020). However,
the effect of acacetin on the formation of osteoclasts and type H
vessels, and its protective function in boss loss in vivo are still
unclear.

In this study, we investigated the effects and mechanism of
acacetin on RANKL-mediated osteoclastogenesis and elucidated
whether this compound could attenuate osteoclast formation and
promote type H vessel formation in OVX mice. Our results
demonstrated that acacetin inhibits osteoclastogenesis and
bone resorption through suppression of the Akt/GSK3p and
NF-xB signalling pathways, as well as stimulation of type H
vessels cocultured with osteoclasts, thereby preventing the OVX-
induced bone loss in vivo.

2 MATERIALS AND METHODS

2.1 Reagents and Antibodies

Acacetin (PubChem CID: 5280442) (purity >98%, HPLC) was
purchased from Herbest Bio-Tech Co., Ltd. (Baoji, China).
Alpha-minimal essential medium (a-MEM) was obtained from
Gibco (Rockville, MD, United States). Foetal bovine serum (FBS)
was obtained from HyClone (MA, United States). M-CSF and
RANKL were provided by R&D (R&D Systems, MN,
United States). Sodium carboxymethyl cellulose (CMC-Na),
peroxidase conjugate-wheat germ agglutinin (WGA) (L3892),
FITC-WGA (L4895), acid phosphatase, leukocyte (TRAP) kit,
rhodamine-conjugated  phalloidin, acridine orange, and
dimethylsulfoxide (DMSO) were obtained from Sigma-Aldrich
(St Louis, MO, United States). Antibodies against CTSK (sc-
48353), ACP5 (sc-376875), MMP9 (sc-13520), NFATcl (sc-
7294), PI3K (sc-376112), p-Akt (sc-293125), Akt (sc-81434),
p-GSK3B (sc-373800), GSK3p (sc-53931), p-IxkBa (sc-8404),
IxkBa (sc-1643), p-NF-kB p65 (sc-136548), NF-kB p65 (sc-
8008), p-ERK (sc-81492), ERK (sc-514302), p-JNK (sc-6254),
TNK (sc-7345), p-p38 (sc-7973), p38 (sc-7972), CD31 (365804),
EMCN (sc-65495), PDGF-BB (sc-365805), TRAP (sc-376875),
and GAPDH (sc-166574) were obtained from Santa Cruz
Biotechnology (CA, United States). ECL chemiluminescence
reagents were obtained from Pierce Biotechnology (Rockford,
IL, United States). The DAB Horseradish Peroxidase Colour
Development Kit, One Step TUNEL Apoptosis Assay Kit,

Calcein AM, 4',6-diamidino-2-phenylindole (DAPI),
paraformaldehyde (PFA), ethylenediaminetetraacetic acid
(EDTA), Haematoxylin and Eosin (H&E) Staining Kit,

horseradish peroxidase (HRP)-conjugated IgG, RIPA Lysis
Buffer, Calcein AM, and Triton X-100 were obtained from
Beyotime Biotechnology (Jiangsu, China). Matrigel was
obtained from BD (Franklin Lakes, NJ, United States). TRIzol
reagent and methyl thiazolyl tetrazolium (MTT) were obtained
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from Invitrogen (Rockville, MD, United States). A one-step
PrimeScript RT reagent kit and SYBR Premix Ex Taqllkit
were provided by TaKaRa (Dalian, China). A mouse PDGEF-
BB ELISA kit was obtained from Jingmei Biotechnology (Jiangsu,
China). A glutamic-oxalacetic transaminase (GOT/AST) activity
assay kit, glutamic-pyruvic transaminase (GPT/ALT) activity
assay kit, urea nitrogen assay kit, and creatinine (CREA) assay
kit were obtained from Sangon Biotech (Shanghai, China).

2.2 Cell Culture
Primary bone marrow derived macrophages (BMMs) were
isolated from the femur and tibia of six-week-old C57BL/6]
mice by flushing the marrow with a syringe and then cultured
in a-MEM supplemented with 10% FBS, 100 U/mL penicillin and
100 pg/ml streptomycin in the presence of 5 ng/mL M-CSF for
24 h. Then, cells in the supernatant were collected as primary
BMM: s and seeded for osteoclastogenic differentiation induction.
Osteoclastogenesis of BMMs was induced by conditioned
medium in a-MEM supplemented with 10% FBS, 100 pg/ml
streptomycin and 100 U/mL penicillin in the presence of
10 ng/mL M-CSF and 10 ng/ml RANKL. The cells were seeded
into 24-well plates at a density of 2 x 10°/well and induced with
conditioned medium for 4 days in a 5% CO, incubator at 37°C.

Endothelial progenitor cells (EPCs) (Newgainbio, China) were
culture in endothelial growth medium-2 (EGM-2) (Lonza).
Endothelial basal medium-2 (EBM-2; Lonza) was used for
experiments that do not require growth factors. The cells were
incubated at 37°C in a 5% CO, incubator.

The MC3T3-E1 osteoblastic cell line were cultured in a-MEM
supplemented with 10% FBS, 100 U/mL penicillin and 100 pg/ml
streptomycin and incubated at 37°C in a 5% CO, incubator.

2.3 Cytotoxicity Assay

BMMs were seeded into 96-well plates at a density of 4 x 10*/well,
and cultured with a-MEM supplied with 5 ng/mL M-CSF and
treated with various concentrations of acacetin (0, 1, 5, 10, 20, 50,
and 100 uM). After 24 and 48 h of incubation, 0.5 mg/ml MTT
was added to each well and incubated for 3h at 37°C. Then,
DMSO was used to dissolve the formazan crystals, and the optical
density was measured at a wavelength of 490 nm using a
microplate analyser (BioTek, United States).

2.4 TUNEL Staining

BMMs were seeded into 24-well plates at a density of 2 x 10°/
well, cultured with a-MEM supplied with 5 ng/mL M-CSF and
treated with various concentrations of acacetin (0, 5, 10, 20, 50,
and 100 uM). After 24 and 48 h of incubation, the TUNEL
staining assay was performed using a One Step TUNEL
Apoptosis Assay Kit. In brief, BMMs were washed once
with precooled PBS for 3-5 min. Then, the cells were fixed
in 4% PFA for 30 min and washed again with precooled PBS.
The cells were permeabilized with 0.3% Triton X-100 for 5 min
and washed with PBS twice. After adding 50 uL TUNEL
solution/well, the samples were developed in the dark for
1h at 37°C, washed 3 times with precooled PBS and
observed using an inverted fluorescence microscope (Leica,

Acacetin Prevents Osteoporosis Through Osteoclasts

TABLE 1 | Primer sequences used in real-time PCR.

Gene Primer sequences

Acp5 Forward: 5'-TCCGTGCTCGGCGATGGACCAGA-3'
Reverse: 5'-CTGGAGTGCACGATGCCAGCGACA-3'

CtsK Forward: 5'-AGGCATTGACTCTGAAGATGCT-3’
Reverse: 5'-TCCCCACAGGAATCTCTCTG-3’

Mmp9 Forward: 5'-GCGGCCCTCAAAGATGAACGG-3'
Reverse: 5'-GCTGACTACGATAAGGACGGCA-3'

CD9 Forward: 5'-CGGTCAAAGGAGGTAG-3'
Reverse: 5'-GGAGCCATAGTCCAATA-3’

cD47 Forward: 5'-TGGTGGGAAACTACACTTGCGA-3'
Reverse: 5'-AGGCTGATCCTTGGTCAGTGTTG-3'

Atp6v0d2 Forward: 5'-TCAGATCTCTTCAAGGCTGTGCTG-3’
Reverse: 5'-GTGCCAAATGAGTTCAGAGTGATG-3'

Dc-stamp Forward: 5'-GGGCACCAGTATTTTCCTGA-3'
Reverse: 5'-CAGAACGGCCAGAAGAATGA-3'

Oc-stamp Forward: 5'-GGGCTACTGGCATTGCTCTTAGT-3'
Reverse: 5'-CCAGAACCTTATATGAGGCGTCA-3'

Atp6i Forward: 5'-CACAGGGTCTGCTTACAACTG-3’
Reverse: 5'-CGTCTACCACGAAGCGTCTC-3'

c-Fos Forward: 5’ACTTCTTGTTTCCGGC-3'
Reverse: 5'-AGCTTCAGGGTAGGTG-3'

Pu.1 Forward: 5’-ACTCCTTCGTGGGCAGCGATGGAG-3'
Reverse: 5'-GGGAAGCACATCCGGGGCATGTAG-3'

Nfatc1 Forward: 5'-GAGAATCGAGATCACCTCCTAC-3'
Reverse: 5'-TTGCAGCTAGGAAGTACGTCTT-3'

Nf-kb p65 Forward: 5'-CAAAGACAAAGAGGAAGTGCAA-3’
Reverse: 5'-GATGGAATGTAATCCCACCGTA-3'

Rankl Forward: 5'-GGAAGCGTACCTACAGACTATC-3'
Reverse: 5'-AAAGTGGAATTCAGAATTGCCC-3'

Opg Forward: 5'-ACCAGTGATGAGTGTGTGTATT-3’
Reverse: 5'-AGAATTCGATCTCCAGGTAACG-3'

Runx2 Forward: 5’-CGCCCCTCCCTGAACTCT-3’
Reverse: 5'-TGCCTGCCTGGGATCTGTA-3’

Alp Forward: 5'-GTTGCCAAGCTGGGAAGAACAC-3’
Reverse: 5'-CCCACCCCGCTATTCCAAAC-3'

Ocn Forward: 5'-GAACAGACTCCGGCGCTA-3'
Reverse: 5'-AGGGAGGATCAAGTCCCG-3'

Gapdh Forward: 5'-TGCACCACCAACTGCTTAG-3’

Reverse: 5'-GGATGCAGGGATGATGTTC-3'

Wetzlar, Germany). The apoptosis rate of in randomly chosen
areas was quantified using Image] software.

2.5 TRAP Staining
BMMs (2 x 10° cells/well) were seeded into 24-well plates,
incubated with 10 ng/ml RANKL and 10 ng/mL M-CSF and
treated with various concentrations of acacetin (0, 5, 10, and
20 uM) for 4 days. After fixation in 4% PFA for 20 min, the
cells were subjected to TRAP staining using the acid
phosphatase, leukocyte (TRAP) kit according to the
manufacturer’s instructions. The number of TRAP*
osteoclasts containing more than 3 nuclei was counted
using an optical microscope (Leica, Wetzlar, Germany).
Femurs of sham, OVX and OVX + Acacetin mice were
sectioned in 4-um-thick tissue sections for TRAP staining
using the same kit. The stained sections were scanned using
an Aperio AT2 Digital Whole Slide Scanner (Leica, Wetzlar,
Germany). The osteoclast number/endocortical surface (N.Oc/
BS, 1/mm) was measured using Image].
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2.6 RNA Extraction and Real-Time PCR
Analysis

BMM:s were induced with conditioned medium and treated with
acacetin (0, 5, 10, 20 uM) for 4 days. Total RNA was isolated from
cells and tibiae using TRIzol reagent according to the
manufacturer’s instructions. Reverse transcription was
performed using the one-step PrimeScript RT reagent kit for
mRNA analysis. Real-time PCR assays for mRNA analysis were
performed using a SYBR Premix Ex TaglI kit with a Thermal
Cycler C-1000 Touch System (Bio-Rad, Hercules, CA). The
primers used for real-time PCR are listed in Table 1. Gapdh
was used as an internal control for mRNA detection. All primers
were purchased from Sangon Biotech (Shanghai, China).

2.7 Western Blotting

Whole-cell lysates for western blotting were prepared by
extracting proteins from the cells using RIPA lysis buffer, and
then blotting them on a polyvinylidene fluoride membrane. The
membranes were incubated with antibodies against CTSK (1:
1,000), ACP5 (1:1,000), MMP9 (1:1,000), NFATc1 (1:1,000),
PI3K (1:1,000), p-Akt (1:1,000), Akt (1:1,000), p-GSK3p (I:
1,000), GSK3B (1:1,000), p-IxkBa (1:1,000), IxBa (1:1,000),
p-NF-kB p65 (1:1,000), NF-kB p65 (1:1,000), p-ERK (1:1,000),
ERK (1:1,000), p-JNK (1:1,000), JNK (1:1,000), p-p38 (1:1,000),
p38 (1:1,000), and GAPDH (1:5,000). Secondary antibodies
conjugated with HRP (1:10,000) were used for signal
detection. The blots were visualized ECL
chemiluminescence reagents.

using

2.8 Bone Resorption Assay

Bone resorption assays were performed using Osteo Assay
surface (Corning, NY, United States). BMMs were seeded onto
osteo surface and induced with 10 ng/mL M-CSF and 10 ng/ml
RANKL for 5 days. Bone resorption pits were sonicated in PBS
to remove adherent cells. The bone resorption pits on the osteo
surface were visualized using optical microscope (Leica,
Wetzlar, Germany).

2.9 Actin Staining

Primary BMMs on bone slices or glass chamber slides were
induced with 10 ng/mL M-CSF and 10 ng/ml RANKL and
treated with various concentrations of acacetin for 4 days. The
cells were washed 2-3 times with PBS, and fixed in 4% PFA for
15 min and washed again with precooled PBS 2-3 times. Then,
the cells were permeabilized with 0.5% Triton X-100 for 10 min
and washed 2-3 times with precooled PBS for 3-5 min each. The
cells stained with 0.5pg/ml rhodamine-conjugated
phalloidin in the dark for 40 min. After incubation, the cells
were washed twice with precooled PBS for 3-5 min each. Finally,
the nuclei were counterstained with 1 ug/ml DAPI in the dark for
3 min, washed twice with precooled PBS for 3-5min and
observed under fluorescence microscopy (Nikon 80i, Japan).

were

2.10 Acridine Orange Staining
Primary BMMs on glass chamber slides were induced with
10 ng/mL M-CSF and 10 ng/ml RANKL for 4 days and then

Acacetin Prevents Osteoporosis Through Osteoclasts

treated with acacetin (0 and 20 uM) for another 24 h. The cells
were washed 2-3 times with PBS and incubated with 5 pg/ml
acridine orange for 15 min at 37°C. Then, the cells were washed
with PBS and chased with fresh medium for 10 min, and
stained cells were observed under fluorescence microscopy
(Nikon 80i, Japan).

2.11 Preparation of Conditioned Media

From Osteoclasts

Conditioned media from osteoclasts treated with acacetin (0, 5,
10, 20 uM) was prepared. BMMs (2 x 10° cells/well) were
seeded into 24-well plates, incubated with 10 ng/mL M-CSF
and 10 ng/ml RANKL, and treated with various concentrations
of acacetin (0, 5, 10, and 20 pM) for 4 days. At the end of
induction, serum-containing conditioned medium from the
mature osteoclasts was collected. Serum-free conditioned
medium containing the same concentrations of M-CSF,
RANKL, and acacetin was harvested after another day of
culture. All the aliquoted conditioned media were
centrifuged at 2,500 rpm for 10 min and stored at —80°C.

2.12 Tube Formation Assay

EPCs were seeded onto Matrigel-coated 24-well plates and
incubated with acacetin or serum-containing conditioned
medium from osteoclasts cultured with acacetin (0, 5, 10,
and 20 uM). After 6h, the cells were stained with calcein
AM, and network formation was imaged using an inverted
fluorescence microscope (Leica, Wetzlar, Germany). The total
tube lengths and numbers of intersections in randomly chosen
areas were quantified using Image]J software.

2.13 Wound Healing Assay

EPCs were seeded into 6-well plates and grown to 90%
confluence. An injury was created in the cell monolayer
using a sterile 200 ml pipette, and unattached cells were
removed by washing twice with PBS. Then, the cells were
allowed to migrate into the empty space for 18 h in acacetin or
serum-free conditioned medium from osteoclasts cultured
with acacetin (0, 5, 10, and 20 uM). The cells were imaged
during migration using an inverted optical microscope (Leica,
Wetzlar, Germany). The width of the injury was measured
using Image] software.

2.14 ELISA

BMMs (2 x 10° cells/well) were seeded into 24-well plates,
incubated with 10 ng/mL M-CSF and 10 ng/ml RANKL, and
treated with various concentrations of acacetin (0, 5, 10, and
20 uM) for 4 days. The conditioned medium was subjected to
PDGF-BB ELISA analysis using a mouse PDGF-BB ELISA kit
according to the manufacturers’ instructions.

2.15 Animals

Eight-week-old C57BL/6 female mice were purchased from Beijing
Vital River Laboratory (Beijing, China). Mice were randomly divided
into three groups (#n = 6 in each group), including the sham-operated
(sham) group, the OVX group, and the OVX with acacetin (OVX +
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Acacetin) group. The sham group was treated with 0.5% CMC-Na
with a sham operation, while both the OVX and OVX + Acacetin
groups were ovariectomized, and orally administered 0.5% CMC-Na
or 20 mg/kg/d acacetin for 8 weeks, respectively. The choice of
dosage was based on previous studies (Ren et al, 2020; Wei
et al, 2020). All animal experiments were performed in
accordance with the Guiding Principles for the Care and Use of
Laboratory Animals, and all experimental procedures were approved
by the Institutional Experimental Animal Committee of
Northwestern Polytechnical University (Xi'an, China).

2.16 Tissue Collection and Sample

Preparation

Blood was collected from the hearts of mice before euthanasia
after a 4-h fast. The collected blood was centrifuged at 1,500 g
for 15 min, and the supernatant was collected and stored in a
refrigerator at —80°C for later use. The femurs, tibiae and
vertebrae were collected, and the attached muscles were
removed. The left femurs were fixed in 4% PFA for 2 days
and then embedded in paraffin after 4 weeks of decalcification
with 10% EDTA. They were prepared for subsequent H&E
staining, TRAP staining, immunohistochemical staining, and
immunofluorescent staining. The right femurs and vertebrae
were fixed in 4% PFA for micro-CT analysis. The left and right
tibiae were collected and placed in a freezer at —80°C for real-
time PCR analysis of acid phosphatase 5 (Acp5) and Rankl/
osteoprotegerin (Opg) mRNA expression.

2.17 Serum Analysis

Serum was evaluated for AST, ALT, BUN, and CREA content
using assay kits according to the manufacturer’s guidelines
for each.

2.18 Micro-CT Analysis

The distal metaphysis of the femur and 5th lumbar vertebrae were
fixed in 4% PFA and scanned using a Bruker SkyScan
1,276 Micro-CT device (Allentown, PA, United States). In
brief, the scanning parameters were set as following, energy:
70kV, 114 pA; angle of increment: 0.2°, exposure time:
810 ms/frame, scanning time: 14min, and the scanning
resolution were set as 10 um. For femur, a region of interest
(ROI) that start from the growth plate to 1.5mm below the
growth plate was selected for analysis (threshold = 117.4 mg HA/
ccm) using CTvox software (Blue Scientific, Cambridge,
United Kingdom), and three-dimensional (3D) reconstruct by
NRecon Reconstruction software (Micro Photonics, Allentown,
PA, United States). For vertebrae, the ROI of trabecular bone of
5th vertebral body was selected for analysis (threshold =
282.15mg HA/ccm) and 3D reconstruction. The following
parameters of trabecular bone and vertebrae were calculated
using the direct three-dimensional measurement method: bone
mineral density (BMD; g/cm®), bone surface area/bone volume
(BS/BV; 1/mm), bone surface to tissue volume (BS/TV; 1/mm),
bone volume to tissue volume (BV/TV; %), trabecular number
(Tb.N; 1/mm), trabecular spacing (Tb.Sp; mm), and trabecular
thickness (Tb.Th; mm).

Acacetin Prevents Osteoporosis Through Osteoclasts

2.19 Immunofluorescence,
Immunohistochemistry, and
Histomorphometry

Femurs of sham, OVX and OVX + Acacetin mice were embedded in
paraffin and sectioned into 4-pm-thick tissue sections. For
immunofluorescence analyses, sections were treated with 3%
H,0, for 25min and then blocked with 3% BSA for 30 min.
Then bone sections were incubated with individual primary
antibodies against mouse CD31 (1:100), EMCN (1:100), PDGEF-
BB (1:100), and TRAP (1:100) overnight at 4°C. Then, the sections
were washed and incubated with secondary antibodies conjugated
with fluorescence in the dark for 1h. Finally, the nuclei were
counterstained with 1ug/ml DAPI in the dark for 3min and
washed twice with precooled PBS for 3-5min. CD31™EMCN™
vessels were quantitatively analysed as previously described (Xie
et al,, 2014). The number of positively stained cells in the field of
distal femoral metaphysis was calculated and normalized to the
number per square millimetre (N-mm ™) of bone marrow area in the
trabecular bone. For immunohistochemistry analyses (Zhihao Chen
et al., 2020), sections were processed for antigen retrieval for 15 min
and blocked in 3% BSA for 30 min. The sections were then incubated
overnight with primary antibody against CTSK (1:100) at 4°C, and
incubated with HRP-conjugated IgG (1:400) for 50 min after three
washes with PBS. A DAB Horseradish Peroxidase Colour
Development Kit was used to detect immunoactivity, followed by
counterstaining with haematoxylin. Sections were examined under a
fluorescence  microscope  (Nikon, Japan). For  bone
histomorphometry, sections were stained with H&E. All sections
were scanned using an Aperio AT2 Digital Whole Slide Scanner
(Leica, Wetzlar, Germany).

2.20 Osteoblast Osteoclast Co-Culture

A transwell assay with polycarbonate membranes (0.4 um pore
size) (Corning Costar, MA, United States) was used for
osteoblast-osteoclast co-culture. MC3T3-E1 cells (5 x 10%)
were added to the upper compartment of the transwell system
in a-MEM complete medium, and BMMs were added into lower
chamber in a-MEM complete medium without RANKL or
M-CSFE. After 5days co-culture, the cells in both upper and
lower chamber were selected for further study.

2.21 Statistical analysis

The data are presented as the mean * s.d. Analyses were
performed using GraphPad Prism software. A Student’s ¢-
test or ANOVA was performed to assess statistical
significance of differences. Values were considered
statistically significant at *p < 0.05 or **p < 0.01.

+

3 RESULTS

3.1 The Cytotoxic Effect of Acacetin on
BMMs

To evaluate the concentration range in which acacetin is not toxic to
BMMs, BMMs were treated with different concentrations of acacetin
(Figure 1A), and cell viability was evaluated by the MTT assay. The
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results showed that acacetin did not exert a cytotoxic effect on
BMMs at concentrations ranging from 0-20 uM after cultured for
24h (Figure 1B) and 48h (Figure 1C). Moreover, the TUNEL
staining assay showed that acacetin at concentrations of 50 and
100 uM significantly increased the proportion of apoptotic cells,
while 0-20 uM acacetin had no effect on cell apoptosis at either 24 h
or 48 h (Figures 1D-G), consistent with the MTT results. Therefore,
acacetin was used in the concentration range of 0-20uM in
subsequent study.

3.2 Acacetin Attenuates RANKL-Induced
Osteoclastogenesis and NFATc1 and NF-«B
Expression

To investigate the potential role of acacetin in RANKL-induced

osteoclast differentiation, freshly harvested BMMs were cultured
with 10 ng/mL M-CSF and 10 ng/ml RANKL with or without

Acacetin Prevents Osteoporosis Through Osteoclasts

different concentrations of acacetin. After 4 days of induction,
TRAP staining revealed that acacetin inhibited the size and
number of osteoclasts, and the formation of multinucleated
osteoclasts (=3 nuclei), and the effect was most obvious at
20 uM (Figures 2A-C). Interestingly, real-time PCR results
showed that the osteoclastic marker genes Acp5, CtsK, and
Mmp9 were significantly downregulated in the 10 and 20 uM
acacetin-treated groups (Figures 2D-F). Additionally, western
blotting analysis indicated that 20 uM acacetin had the most
obvious inhibitory effect on the protein expression of CTSK,
ACP5, and MMP9 (Figure 2G). Taken together, these results
demonstrate that 20 pM acacetin inhibits RANKL-induced
osteoclast differentiation.

To investigate the signalling pathways by which acacetin
inhibits osteoclast formation, M-CSF- and RANKL- induced
osteoclasts were examined for expression of osteoclast-related
transcription factors in response to different concentrations of
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FIGURE 1 | The cytotoxic effect of acacetin on BMMs. (A) Chemical structure of acacetin. (B,C) BMMs were treated with M-CSF and different concentrations of
acacetin (0, 1, 5, 10, 20, 50, and 100 pM) for 24 h (B) and 48 h (C), and cell viability was measured by MTT assay (n = 6). (D,F) TUNEL staining of BMMs treated with
M-CSF and different concentrations of acacetin (0, 5, 10, 20, 50, and 100 uM) for 24 h (D) and 48 h (F). (E,G) Quantification of apoptotic cells in (D) and (F) (n = 4). The
data are presented as the mean + s.d.; A Student’s t-test or ANOVA was performed to assess statistical significance of differences; *p < 0.05 and *p < 0.01 versus
control group.
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FIGURE 2 | Acacetin attenuates RANKL-induced osteoclastogenesis. (A) Representative images of TRAP staining with the indicated concentrations of acacetin (0,
5,10, and 20 pM) for 4 days. (Scale bar = 200 pm). (B,C) Quantification of multinucleated cells (>3 nuclei) is shown in (A) (n = 3). (D-F) Real-time PCR analysis of Acp5,
Ctsk, and Mmp9 expression in osteoclasts treated with different concentrations of acacetin (0, 5, 10, and 20 puM) (n = 4) (G) Western blotting analysis of Acp5, Ctsk, and
Mmp9 expression in osteoclasts treated with acacetin (0, 5, 10, and 20 uM). (H-K) Real-time PCR analysis of c-fos, Pu.1, Nfatc1, and Nf-kb expression in
osteoclasts treated with 20 uM acacetin (n = 3). (L) Western blotting analysis of NFATc1 and NF-kB expression during osteoclastogenesis treated with 20 uM acacetin.
(M,N) Quantification of NFATc1 and NF-kB levels versus GAPDH levels (n = 3). The data are presented as the mean + s.d.; A Student’s t-test or ANOVA was performed
to assess statistical significance of differences; *p < 0.05 and **p < 0.01 versus control group.
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acacetin (0, 5, 10, and 20 uM). Real-time PCR results showed that
expression of c-Fos and Pu.l were reduced by 20 uM acacetin
after 4 days of induction (Figures 2H, I), while the expression of
Nfatcl and Nf-kb was significantly reduced by acacetin at both 10
and 20 uM (Figures 2J, K). Furthermore, the western blotting
results was consistent, and the protein expression of NFATc1 and
NF-«xB p65 was significantly reduced by 20 pM acacetin during
the osteoclastogenesis process (Figures 2L-N). These data
indicate that acacetin abrogates RANKL-induced NFATcl1 and
NF-xB expression.

3.3 Acacetin Attenuates Bone Resorption

and Acidification of Osteoclasts

To further study the role of acacetin in osteoclast function, we
performed a bone resorption assay. Equal numbers of BMMs
were cultured on the osteo assay surface and treated with 10 ng/
mL M-CSF, 10 ng/ml RANKL for 5days, and treated with
acacetin at concentrations of 0, 5, 10, and 20 uM for another
2 days. Bone resorption assays indicate that the total resorption
area was significantly reduced in the acacetin treatment groups
(10 and 20 pM) (Figure 3A).

The fusion of pre-osteoclast is the key step of osteoclast
function. To determine the effect of acacetin on osteoclast
fusion, osteoclast fusion genes were further examined by real-
time PCR. The results showed that expression of CD9, CD47,
Atp6v0d2, Dc-stamp, and Oc-stamp was reduced in response to
20 uM acacetin treatment after 4 days of induction (Figures
3B-F). Moreover, small F-actin belts and few nuclei were
observed in osteoclasts after 20 uM acacetin treatment
(Figure 3H). Additionally, the expression of Atp6i, which
determines extracellular acidification, was downregulated in
acacetin-treated osteoclasts (Figure 3G). These results are
consistent with those of acridine orange staining, that is, the
level of extracellular acidification was lower after 20 uM acacetin
treatment (Figure 3I). Taken together, these data indicate that
20 uM acacetin inhibits osteoclast acidification and bone
resorption.

3.4 Acacetin Attenuates RANKL-Induced
Osteoclastogenesis Through Akt/GSK3p
and NF-xB Signalling

To further explore the molecular mechanism by which acacetin
inhibits RANKL-induced osteoclast formation, BMMs were
induced with 10 ng/mL M-CSF and 10ng/ml RANKL for
3 days. Then, the cells were starved for 5h and stimulated
with 50 ng/ml RANKL or RANKL + acacetin for 5-60 min.
Western blotting results demonstrated that phosphorylation of
Akt, GSK3p, IkBa, and p65, which was increased by RANKL, was
markedly attenuated by acacetin treatment (Figures 4A, C-G).
However, RANKL-induced early signalling pathways, such as
activation of ERK, JNK, and p38, were not altered by acacetin
treatment (Figures 4B, H-J). These data suggest that acacetin
attenuates RANKL-induced osteoclastogenesis by inhibiting the
Akt/GSK3B and NF-«B signalling pathways.

Acacetin Prevents Osteoporosis Through Osteoclasts

3.5 Acacetin Promotes

Preosteoclast-Induced Angiogenesis

To validate the effects of acacetin on preosteoclast-induced
angiogenesis, the concentration of PDGF-BB in serum-
containing conditioned medium from acacetin (0, 5, 10, and
20 uM) treated osteoclasts was measured. As evidenced by ELISA,
the production of PDGEF-BB in conditioned medium was
increased by acacetin treatment at a concentration of 20 uM
(Figure 5A). Furthermore, EPCs were cultured on Matrigel,
incubated with serum-containing conditioned medium, and
allowed to form capillary-like tubes. The results showed that
acacetin promoted the angiogenesis process of EPCs with
enhanced tube length and a higher number of intersections
(Figures 5B, C). Additionally, wound healing assays revealed
that serum-containing conditioned medium from acacetin
treated osteoclasts promotes the migration of EPCs in a
concentration-dependent manner (Figures 5D, E). To exclude
the direct effect of acacetin on EPCs, the acacetin (0, 5, 10, and
20 uM) treated EPCs was measured. It was showed that acacetin
inhibited both the angiogenesis and migration of EPCs
(Supplementary Figure S1). Taken together, these findings
indicate that acacetin promotes preosteoclast-induced
angiogenesis.

3.6 Intragastric Administration of Acacetin
Prevents Bone Loss Induced by OVX

To evaluate the effects of acacetin on osteolytic disease, OVX mice
were generated and intragastrically administered acacetin
(20 mg/kg/d) or vehicle (CMC-Na) for 2months. Serum
analysis revealed that acacetin did not exert liver or kidney
toxicity in mice because there was no significant change in
AST, ALT, BUN, or CREA content (Supplementary Figures
S2A-D). Micro-CT analysis revealed that the trabecular bone
mass of OVX mice was markedly lower in the distal metaphysis of
the femur than in the sham group, but the acacetin alleviated
bone loss in OVX mice (Figure 6A). Quantitative analyses of
BMD, BS/BV, BS/TV, BV/TV, Tb.N, Tb.Sp, and Tb.Th confirmed
the preventive effect of acacetin on OVX-induced bone loss
(Figures 6B-H). Moreover, micro-CT and quantitative
analyses of vertebrae also demonstrated that acacetin inhibited
bone loss in OVX mice (Supplementary Figures S2E-L). H&E
staining showed that acacetin induced bone area and prevented
fat cell accumulation in the bone marrow of OVX mice (Figures
61, J). Additionally, immunofluorescence staining of osteocalcin
(OCN) showed an increased number of osteoblasts on the surface
of trabecular bone in acacetin-treated mice (Figures 6K, L). To
determine whether acacetin treatment regulates osteoclasts
through osteoblasts, BMMs were co-cultured with osteoblasts
treated with acacetin (0, 5, 10, and 20 uM) without RANKL or
M-CSF. The osteoblast differentiation marker genes including
Runx2, Alp and Ocn were upregulated by acacetin, while the
expression of Rankl/Opg was not changed (Supplementary
Figure S3A). Furthermore, the osteoclastic marker genes Acp5,
CtsK, and Mmp9 were not changed in osteoclast co-cultured with
osteoblasts treated with acacetin (Supplementary Figure S3).
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level versus total IkBa level, phospho-p65 level versus total p65 level, phospho-ERK level versus total ERK level, phospho-JNK level versus total JNK level, and

phospho-p38 level versus total p38 level (n = 3). The data are presented as the mean + s.d.; A Student’s t-test was performed to assess statistical significance of

differences; *p < 0.05 and **p < 0.01 versus control group.

These results indicate that the inhibition of osteoclast
differentiation by acacetin is direct. Altogether, these results
indicate that acacetin effectively protects against OVX-induced
osteoporosis in vivo.

3.7 Acacetin Represses Osteoclasts and
Stimulates Type H Vessel Formation in OVX
Mice

To investigate osteoclast development in vivo, we analysed
sections of the femora by TRAP staining. The results showed
that TRAP" osteoclasts on the trabecular bone of distal femurs

and cortical bone were increased, while acacetin reduced the
number of osteoclasts in OVX mice (Figures 7A-C).
Immunohistochemical staining for CTSK revealed that
osteoclastogenic activity was promoted in OVX mice but
significantly inhibited when OVX mice were treated with
acacetin (Figure 7D). Moreover, the expression of Acp5 and
Rankl/Opg in the femurs of OVX mice was upregulated in
response to acacetin treatment (Figure 7E).

An increase in the number of preosteoclasts induces the
formation of CD31MEmecn™ vessels (Xie et al, 2014).
Immunofluorescence staining showed that acacetin promoted
the formation of CD31™EMCN™ vessels adjacent to the
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FIGURE 5 | Acacetin promotes preosteoclast induced angiogenesis. (A) ELISA analysis of PDGF-BB levels in serum-containing conditioned medium from
osteoclasts treated with acacetin (0, 5, 10, and 20 uM) (n = 3). (B) Representative Matrigel tube formation assay images with cultures of EPCs using conditioned medium
from acacetin-treated osteoclast as indicated. (Scale bar = 100 pm). (C) Quantification of tube length and number of intersections in (B) using Imaged (n = 3). (D) The
mobility of EPCs in conditioned medium from acacetin-treated osteoclast as indicated was assessed by wound healing assays. (E) Quantification of migration
distance in (D) using ImageJ (n = 3). The data are presented as the mean + s.d.; A Student’s t-test or ANOVA was performed to assess statistical significance of
differences; *p < 0.05 and **p < 0.01 versus control group.

growth plate (GP) of OVX mice, which was similar to the sham-
operated mice (Figures 7F, G). Preosteoclasts couple
angiogenesis and bone formation by secreting PDGF-BB (Xie
et al, 2014). Therefore, PDGF-BB and TRAP
immunofluorescence double staining was performed to further
evaluate the distribution of preosteoclasts expressing PDGF-BB
in the femur. The results revealed that OVX mice had a
significantly lower proportion of TRAP" cells that were
positive for PDGEF-BB than sham-operated mice, while
acacetin rescued the proportion of PDGF-BB"/TRAP" cells in
OVX mice (Figures 7H, I). Collectively, these results suggest that
acacetin reduces the number of multinuclear osteoclasts and
increases the number of PDGF-BB"/TRAP" preosteoclasts that
stimulate angiogenesis and bone formation in OVX mice.

4 DISCUSSION

Osteoporosis is a common bone disease characterized by excessive
bone resorption mediated by osteoclasts and resulting in bone loss

(Qiang Xu et al,, 2021). It is estimated that more than 200 million
people currently suffer from osteoporosis (Tatangelo et al,, 2019). As
the population continues to age and live longer, the number of
people affected will increase significantly. Therefore, osteoporosis is
considered a serious public health problem worldwide (Akbar et al.,
2017).

To prevent the development of osteoporosis, a great deal of
work has been done to identify effective treatments.
Overactivation of osteoclasts plays a major role in bone
destruction, therefore, osteoclast differentiation is considered
as a major therapeutic target for developing new drugs (Ono
and Nakashima, 2018). Clinically, antiresorptive agents, such as
alendronate, zoledronate, and denosumab, are widely used for the
treatment of osteoporosis (Leder et al, 2020). Unfortunately,
these drugs can cause a number of side effects, including stroke,
gastrointestinal discomfort, hypokalaemia, and osteonecrosis of
the jaw (Chen et al,, 2019; Delong Chen et al., 2020). Considering
these shortcomings, it is imperative to find effective drugs to treat
unbalanced bone remodelling caused by excessive osteoclast
activity (Huang et al, 2015, Wantao Li et al, 2020).
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bone in the different groups. (Scale bar = 200 pym). (B-H) Quantitative analyses of femur trabecular bone-related parameters, including BMD, BS/BV, BS/TV, BV/TV,
Tb.N, Th.Sp, and Th.Th (n = 6). (I) Representative H&E staining images of distal femurs in sham group, OVX group, and OVX group treated with 20 mg/kg acacetin.
(Scale bar = 100 pm). (J) Quantitative analyses of trabecular bone volume in (I) (0 = 4). (K) Representative immunostaining of OCN on the trabecular bone surface.
(Scale bar = 50 pm). (L) Quantitative analyses of OCN™ cell numbers on the trabeculae in (K) (n = 4). The ROI of microCT, H&E, and OCN is in the region that start from the
growth plate to 1.5 mm below the growth plate. The data are presented as the mean + s.d.; A Student’s t-test or ANOVA was performed to assess statistical significance
of differences; *p < 0.05 and *p < 0.01 versus control group.

Flavonoids have antioxidant, anti-inflammatory, differentiation,
and apoptotic properties (Bellavia et al., 2021), which make them
important in maintaining bone health (Hardcastle et al., 2011;
Zhang et al., 2014). Recently, studies have shown that a large
number of compounds, such as cladrin, icariin, and petunidin
have inhibitory effects on osteoclast function and represent
potential therapies for bone resorption diseases (Bellavia et al.,
2021). Acacetin has been reported to promote osteoblastic
differentiation and mineralization (Li et al., 2016) and inhibit
osteoclastic  differentiation through regulating CD44 and

integrins in vitro (Kim et al., 2020). However, the effect and
mechanism of acacetin on the formation of osteoclasts and type H
vessels in OVX-induced bone loss have not yet been elucidated. In
this study, we found that acacetin inhibits macrophages from
differentiating into multinucleated osteoclasts. Relative
expression of osteoclast marker genes, including Acp5, Ctsk,
and Mmp9, also demonstrated the inhibitory effects of
acacetin on osteoclastogenesis. Next, we tested the role of
acacetin in osteoclast function. The bone resorption assay,
actin-ring staining, and acridine orange staining confirmed
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that acacetin inhibited the bone resorption and extracellular
acidification of osteoclasts. These results indicate that acacetin
suppresses RANKL-induced osteoclast formation and function
in vitro.

The binding of RANKL to RANK during osteoclast
differentiation activates key downstream signalling
pathways, such as Akt and NF-kB (Moon et al, 2012;
Chen et al., 2018; Ilchovska and Barrow, 2021). Previous
studies have shown that Akt induces osteoclast
differentiation by inhibiting the GSK3p signalling cascade
(Wuetal, 2017). Acacetin has been reported to bind with the
p110a subunit of PI3K (Jung et al., 2014). Here, we found that
acacetin limits the phosphorylation of Akt and GSK3p, which
are downstreams of PI3K, in response to RANKL stimulation
and that acacetin regulates expression of the transcription
factor NFATcl expression during the late stage of osteoclast
differentiation. Moreover, acacetin inhibited NF-xB
signalling in inflammation-associated tumorigenesis and
osteoarthritis (Pan et al., 2006; Jian Chen et al., 2020). In
our study, acacetin inhibited p65 and IxBa phosphorylation
at 10 and 60 min of RANKL stimulation, suggesting that
acacetin responds to RANKL signaling during the early
and late stages of osteoclast formation. c-Fos and pu.l can
be activated by RANKL and induce gene expression with
NFATcl during osteoclast formation (Takayanagi et al,
2002). c-Fos deficient mice exhibit reduced NFATcl
expression and an osteoporotic phenotype (Grigoriadis
et al., 1994). Furthermore, the development of osteoclasts
and macrophages is inhibited in the pu.l-deficient mice,
inducing an osteosclerosis phenotype (Tondravi et al,
1997). Here, we found that the mRNA expression of c-Fos
and pu.l was significantly reduced in RANKL-stimulated
BMMs in response to acacetin treatment. This expression
trend was consistent with the marker genes for osteoclast
differentiation.

Type H vessels play an important role in maintaining
normal bone structure (Kusumbe et al., 2014; Ramasamy
al., 2016). Previous studies have shown that
preosteoclasts significantly affect bone formation, and the
destruction of type H blood vessels is one of the primary
causes of reduced bone formation (Xie et al., 2014; Yang et al,,
2018; Gao etal., 2019). The number of type H endothelial cells
and bone progenitor cells was significantly reduced in the
bone of osteoporosis (Wang et al., 2017; Zhu et al., 2019).
Therefore, type H vessels play an important role in bone
formation and osteoporosis. It has been reported that acacetin
could inhibit angiogenesis in vitro and in vivo (Bhat et al,,
2013). However, the influence of acacetin on the formation of
type H vessels through osteoclasts is unclear. In this study, we
found that conditioned medium from osteoclasts incubated
with RANKL and acacetin enhanced the migratory ability and
tube structure formation of EPCs. These results are consistent
with previous reports that reduced multinucleated osteoclasts
and enhanced preosteoclasts contributed to type H vessel
formation.

Finally, a preclinical study using an OVX mouse model of
osteoporosis confirmed the role of acacetin in reducing bone loss.

et
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The micro-CT results showed that treatment with acacetin
restored OVX-induced damage to the trabecular bone
architecture of the femur and vertebrae via increases in BMD,
BS/TV, BV/TV, Tb.N, and Tb.Th, and a decrease in the BS/BV
and Tb. Sp parameters. Moreover, acacetin increased the number
of osteoprogenitor cells in the femurs. Our results demonstrated
that OVX-induced increases in the number of osteoclasts and
enhanced expression of Acp5 and Rankl/Opg in bone were
significantly reduced by acacetin treatment. Type H vessels
play an important role in maintaining normal bone structure
(Kusumbe et al., 2014; Ramasamy et al., 2016). Previous studies
have shown that preosteoclasts significantly affect bone
formation through PDGF-BB, and the destruction of type H
blood vessels is one of the primary causes of reduced bone
formation (Xie et al., 2014; Yang et al., 2018; Gao et al,, 2019).
The number of type H endothelial cells and bone progenitor cells
was significantly reduced in the bone of osteoporosis (Wang et al.,
2017; Zhu et al, 2019). Therefore, type H vessels play an
important role in bone formation and osteoporosis. However,
the influence of acacetin on the formation of type H vessels is
unclear. In this study, we found that type H vessels and
TRAP'PDGF-BB" cells were induced by acacetin in OVX
mice. Taken together, these observations demonstrated that
acacetin exerts a protective effect on bone loss in vivo.

5 CONCLUSION

In summary, we demonstrated that acacetin prevents OVX-
induced bone loss by regulating bone resorption and type H
vessel formation. Notably, our results reveal that acacetin
treatment inhibits osteoclastogenesis and bone resorption
through suppression of the Akt/GSK3B and NF-kB
signalling pathways. Therefore, this study provides
potential application prospects for the pharmacological
countermeasures of acacetin in osteoporosis treatment.
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The Osteoclast Traces the Route to
Bone Tumors and Metastases

Sharon Russo’, Federica Scotto di Carlo’ and Fernando Gianfrancesco *

Institute of Genetics and Biophysics “Adriano Buzzati-Traverso”, National Research Council of Italy, Naples, Italy

Osteoclasts are highly specialized cells of the bone, with a unique apparatus responsible
for resorption in the process of bone remodeling. They are derived from differentiation and
fusion of hematopoietic precursors, committed to form mature osteoclasts in response to
finely regulated stimuli produced by bone marrow—derived cells belonging to the stromal
lineage. Despite a highly specific function confined to bone degradation, emerging
evidence supports their relevant implication in bone tumors and metastases. In this
review, we summarize the physiological role of osteoclasts and then focus our
attention on their involvement in skeletal tumors, both primary and metastatic. We
highlight how osteoclast-mediated bone erosion confers increased aggressiveness to
primary tumors, even those with benign features. We also outline how breast and pancreas
cancer cells promote osteoclastogenesis to fuel their metastatic process to the bone.
Furthermore, we emphasize the role of osteoclasts in reactivating dormant cancer cells
within the bone marrow niches for manifestation of overt metastases, even decades after
homing of latent disseminated cells. Finally, we point out the importance of counteracting
tumor progression and dissemination through pharmacological treatments based on a
better understanding of molecular mechanisms underlying osteoclast lytic activity and their
recruitment from cancer cells.

Keywords: osteoclast bone resorption, skeletal tumors, bone metastases, vicious cycle, tumor dormancy

INTRODUCTION

Bone is a dynamic tissue that constantly requires removal of old and damaged bone and generation of
newly synthesized bone to restore structural integrity. For this purpose, two main cell types have
evolved: osteoclasts and osteoblasts. The former are polykaryon of hematopoietic origin, which form
as a result of the fusion of mononuclear precursors driven by the production of two pivotal cytokines
derived from the marrow microenvironment: the macrophage colony-stimulating factor (M-CSF)
and the receptor activator of nuclear factor kappa B ligand (RANKL) (Suda et al., 1992; Teitelbaum,
2000). Osteoclasts possess an efficient machinery responsible for mineral dissolution and
degradation of large quantity of organic bone matrix and mineralized cartilage (Boyle et al.,
2003). Multiple pathologies are associated with osteoclast dysfunction, including Paget’s disease
of bone, where genetic determinants lead to higher sensitivity of osteoclast precursors to pro-
differentiation cytokines, formation of giant and hyper-nucleated osteoclasts, and increased ability to
resorb bone matrix (Divisato et al., 2016; Scotto di Carlo et al., 2020a). Given the variety of cells
present within bone marrow, it is not surprising that the bone is also the site of several tumors and
metastases (Coleman et al., 2020). Although it is widely accepted that osteoclasts do not undergo
neoplastic transformation, increasing evidence has demonstrated their indirect involvement in the
process of tumorigenesis and their support to cancer cells. In this review, starting from the
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FIGURE 1 | From hematopoietic stem cells to mature osteoclasts: behind the scene of osteoclastogenesis. Following the expression of PU. 7, hematopoietic stem

lining osteoblasts

cells differentiate in mononuclear cells. The latter become osteoclast precursors upon the M-CSF stimulus. They reach the bone site to be resorbed either by recruitment
from the surrounding bone marrow or the bloodstream and become mature osteoclasts through stimulation of M-CSF and RANKL, released by the stromal/osteoblastic
compartment. The binding of these cytokines to their receptors, c-Fms and RANK, triggers the downstream activation of osteoclastogenic transcriptional factors
(e.g., NFATc1), inducing the expression of genes involved in osteoclast-mediated bone erosion. Magnification of mature osteoclast shows functional membrane
domains defining an apicobasal polarity. Osteoclasts closely adhere to the bone through the F-actin reach sealing zone, surrounded by integrins (a,f3), which delineates
the ruffled border. The resorption area under the ruffled border, the Howship’s lacunae, is an acidic compartment due to release of H" and ClI™ ions. The acidic
environment degrades inorganic structures, while organic components require extracellular release of lysosomal enzymes, such as CTSK, MMP9, and TRAP, for their
degradation. Osteoclasts release growth and osteotropic factors (i.e., TGF-, BMPs, PDGF, IGF-I, and IGF-Il) trapped within the matrix. Inorganic products (i.e., Ca**
and Pi) and organic molecules (e.g., collagen fibers) are packaged into transcytoses vesicles, which are transported to the functional secretory domain (FSD) at the
basolateral domain of osteoclasts and secreted via exocytosis. M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor kappa B
ligand; c-Fms, colony-stimulating factor 1 receptor; RANK, receptor activator of nuclear factor kappa B; NFATc1, nuclear factor of activated T cells 1; H*, proton; CI~,
chloride ion; CTSK, cathepsin K; MMP9, matrix metallopeptidase 9; TRAP, tartrate-resistant acid phosphatase; TGF-, transforming growth factor-; BMPs, bone

morphogenetic proteins; PDGF, platelet-derived growth factor; IGF-I and IGF-II, insulin-like growth factor | and II; Ca?*, calcium ion; Pi, inorganic phosphate.

description of physiological role of osteoclasts, we will deepen
their involvement in bone tumors and metastases. In particular,
we will focus on the effects of these cells on the creation and
maintenance of cancer microenvironment and their cooperation
with tumor cells.

BIOLOGY OF OSTEOCLASTS

Osteoclast formation. Osteoclastogenesis begins with the
stimulation of bone marrow-derived hematopoietic stem cells
to turn into mononuclear cells (Tondravi et al., 1997). This phase
requires activation of the PU.1 transcription factor, belonging to

the Ets family. In fact, mice harboring the PU.I gene disruption
manifest complete absence of osteoclasts, resulting in
osteopetrotic features (Tondravi et al., 1997). Mononuclear
cells are either present in the bone marrow and stimulated to
become osteoclast precursors or introduced in the bloodstream to
circulate until they return to the bone to be resorbed and there
differentiate into mature osteoclasts (Muto et al., 2011; Warde,
2011) (Figure 1). The survival, proliferation, and differentiation
of osteoclasts and their precursors are provided by M-CSF
signaling, which results in the activation of ERK and PI3K/Akt
pathways (Nakamura et al., 2001; Glantschnig et al,, 2003).
Indispensable for osteoclast maturation and their complete
activation is RANKL, a type II transmembrane protein
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FIGURE 2 | Mature osteoclasts assemble an F-actin ring. Confocal

image of a human osteoclast derived from stimulation of peripheral blood
mononuclear cells of a healthy donor with M-CSF and RANKL. Nuclei are
shown in blue (stained with Hoechst 33342); F-actin is shown in red
(stained with phalloidin). The cell is grown on glass and displays a mature actin
ring that surrounds the ruffled border and has evolved into a large peripheral
podosome belt.

produced by osteoblasts as a proteolytically released soluble
molecule (Boyle et al, 2003). In response to binding to its
receptor RANK, a cascade signaling pathway is triggered,

which determines the recruitment of TRAF6 to the
intracellular domain of RANK and culminates in the
downstream activation of osteoclastogenic transcription

factors, such as NF-xB, activator protein 1 (AP-1), cyclic
adenosine monophosphate response element-binding protein
(CREB), and nuclear factor of activated T cells 1 (NFATc1)
(Kobayashi et al., 2001; Gohda et al., 2005) (Figure 1). The
process of fusion is essential for the formation of large and
multinucleated osteoclasts (Teitelbaum, 2000). Several factors
regulate osteoclast fusion, which can be divided into molecules
regulated by RANKL (CD9, ATP6V0d2, and DC-STAMP) and
those that are not dependent on RANKL stimulation (CD44,
CD47, and TREM2) (Xing et al, 2012). Among them, DC-
STAMP is the master fusion factor, and its abrogation results
in mononuclear TRAP-positive cells, indicating that cell fusion is
hampered (Yagi et al., 2005). Mature osteoclasts reach a huge
diameter (20-100 um), essential for the attachment to the site of
bone resorption and matrix degradation, drilling a pit into the
bone tissue (Tiedemann et al., 2017).

Osteoclast structure. Active bone-resorbing osteoclasts show
a peculiar cellular polarization, with the apical membrane facing
the bone surface—consisting of the sealing zone and the ruffled
border—and the basolateral plasma membrane (Figure 1). The
sealing zone is the result of cytoskeleton reorganization aimed at

Osteoclasts in Tumors and Metastases

forming an F actin-rich ring to mediate the tight attachment of
the osteoclast to the extracellular matrix (Teitelbaum, 2000)
(Figure 2). As osteoclast prepares itself to resorb the bone, it
forms a ruffled border, a resorbing organelle consisting of
intracellular acidified fused vesicles, which represents the site
where bone resorption takes place (Blair et al., 1989; Huizing
et al, 2008) (Figure 1). Unlike other lytic cells (e.g.,
macrophages), osteoclasts arrange an extracellular lysosomal
acidified compartment, generally called Howship’s lacuna, in
which lytic enzymes, such as cathepsin K (CTSK), matrix
metalloproteinase-9 (MMP9), and tartrate-resistant acid
phosphatase (TRAP), are secreted through protease-bearing
vesicles (Abu-Amer et al., 1999; Teitelbaum, 2000; Luzio et al.,
2014). Thus, osteoclasts have evolved to utilize lysosomes to carry
out one of the most difficult jobs in our body, namely, to excavate
the mineralized bone.

Osteoclast function. The dissolution of minerals initiates with
the secretion of chloride ions (CI7) and the activation of H*- and
ATP-consuming vacuolar pumps through the ruffled border into
the lacuna (Blair et al., 1989) (Figure 1). The chloride ions
passively follow protons (H") through the chloride channel
present on the ruffled border, and the combined exit of H"
and Cl acidifies the resorption compartment, reaching a low
pH environment (~4) (Blair and Schlesinger, 1990) (Figure 1).
The creation of an acidic compartment not only fosters the
beginning of matrix dissolution and activation of lytic
enzymes (e.g., CTSK) but also directly stimulates osteoclasts,
inducing a significant increase in intracellular Ca®*
concentration, which acts through calmodulin to stimulate
calcineurin  activity. Calcineurin, in fact, moves the
autoinhibitory domain away from its catalytic site for the
dephosphorylation of NFATcl nuclear localization signal
(Park et al., 1995; Wesselborg et al., 1996). As a consequence,
the translocation of NFATcI to the nucleus further stimulates
resorption, allowing the expression of osteoclastogenic markers,
such as DC-STAMP, TRAP, CTSK, and several integrins, which
determine full osteoclast maturation (Kobayashi et al., 2001;
Mizukami et al., 2002; Komarova et al., 2005). The main
enzyme involved in matrix digestion is CTSK, with the
participation of other proteolytic enzymes belonging to big
families of cysteine proteinases and matrix metalloproteinases
(MMPs) (Bossard et al., 1996; Everts et al., 2006). The depletion
or inhibition of CTSK results in an overall reduction in bone
resorption efficiency interrupting intracellular vesicular
trafficking while maintaining all the other osteoclast functions,
such as, cell formation, activation, and secretory process (Leung
etal., 2011). Of interest, bone site-specific osteoclasts exist, which
use a different enzyme repertoire during the bone resorption
function (Everts et al., 2009). For example, osteoclasts residing in
calvaria or scapular bone, despite expressing -cathepsins,
preferentially use MMPs for degradation (Shorey et al., 2004;
Everts et al., 2006). Another remarkable difference between
osteoclast groups that populate different bone sites is the
amount of TRAP enzyme released at bone remodeling sites
(Everts et al., 2009). Calvarial osteoclasts show increased levels
of TRAP activity—up to 25-fold higher—compared to the levels
detected at long bone sites, likely to compensate for the
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FIGURE 3| Schematic representation of the osteoclast-osteoblast coupling in bone remodeling versus the vicious cycle in bone tumors. (A) New bone deposition
occurs at bone resorption sites in each cycle of bone remodeling by the osteoblast—osteoclast coupling. Osteoblasts mediate both osteoclasts activation and inhibition,
via secretion of M-CSF, soluble RANKL (sRANKL), and OPG. Instead, osteoclasts are able to mediate bone deposition by the release of matrix-embedded factors upon
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the membrane protein ephrinB2 with the osteblastic EphB4. (B) Disruption of the osteoblast-osteoclast coupling by the vicious cycle of bone. Tumor cells secrete
soluble factors including M-CSF, sRANKL, TNF-a, PTHrP, and several interleukins (ILs), which act on osteoclast to enhance their bone destruction activity.
Consequently, osteoclasts contribute to tumor growth and progression releasing TGF-p, pro-angiogenic factor VEGF, different BMPs, and PDGF-. In bold are highlighted
the molecules shared by the two cycles. M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor kappa B ligand; OPG,
osteoprotegerin; TGF-p, transforming growth factor-p; IGF-I and IGF-Il, insulin-like growth factor | and Il; BMPs, bone morphogenetic proteins; PDGF, platelet-derived
growth factor; RANK, receptor activator of nuclear factor kappa B; EphB4 and Eph receptor B4; TNF-a, tumor necrosis factor-a; PTHrP, parathyroid hormone-related
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aforementioned lower cysteine proteinase activity and also to
degrade non-collagenous proteins of this type of bone (Perez-
Amodio et al., 2006).

Osteoclast-osteoblast coupling activities. The osteoclast
resorbing activity needs to be neutralized to avoid excessive
bone erosion. To this end, osteoblasts—in addition to the
aforementioned RANKL—produce Osteoprotegerin (OPG), the
soluble decoy receptor for RANKL that selectively inhibits RANK
and RANKL binding, due to the homology to the members of the
TNF receptor family, thereby blocking osteoclastogenesis
(Simonet et al., 1997; Lacey et al., 1998; Robling et al., 2006)
(Figure 3A). Thus, osteoblasts can be thought of as regulators of
both osteoclast activation and inhibition.

Osteoclasts act upon osteoblast lineage cells producing
multiple proteins, either associated with exosomes (e.g.,
RANK), released from the resorbed bone, or secreted, and
they also directly interact with osteoblasts through membrane-
bound proteins (Sims and Martin, 2020) (Figure 3A). The ability
of osteoclasts to regulate osteoblasts, even independent of their
resorption activity, was observed with the formation of
mineralized nodules in osteoblast cultures in the presence of
conditioned medium derived from osteoclasts grown on plastic,

and hence not releasing products from degradation (Karsdal
et al,, 2008). Nevertheless, the byproducts of bone degradation
certainly impact osteoblast differentiation. Indeed, released
transforming growth factor-B (TGF-p) is able to promote the
recruitment of BMSCs at the remodeled site, by activating
mammalian target of rapamycin (mTOR) (Tang et al., 2009).
Also, the release of insulin-like growth factors, that is, IGF-I and
IGF-1I, together with BMPs and the homodimeric platelet-
derived growth factor (PDGF) additionally support BMSCs
recruitment and stimulate osteoblast progenitor expansion,
migration, and differentiation, thus enhancing bone formation
(Mitlak et al, 1996; Xian et al, 2012; Xie et al., 2014).
Furthermore, a recent seminal work highlighted that the
RANK and RANKL axis works as reverse signaling to allow
osteoclasts to communicate with osteoblasts, utilizing the same
molecules, which they are target thereof (Ikebuchi et al., 2018).
Osteoclasts release small extracellular vesicles that carry the
receptor RANK (vesicular RANK), which binds RANKL
molecules present on pre-osteoblast and early osteoblast
membranes (membranous RANKL) (Ikebuchi et al, 2018).
This binding triggers intracellular signaling, culminating in the
expression of the master regulator of osteoblastogenesis, RUNX2
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(Tkebuchi et al., 2018; Zaidi and Cardozo, 2018). Of note, the
proline-rich motif in the RANKL cytoplasmic tail is fundamental
for the reverse signaling to occur. In fact, mice harboring a point
mutation in this domain showed reduced activation of osteoblasts
stimulated by RANK-exposed microvesicles released by
osteoclasts (Ikebuchi et al., 2018). Despite the ability to
regulate osteoblasts at a distance, osteoclasts also developed
mechanisms to directly interact with osteoblast precursors. An
example of this class of direct cell-cell communication is
EphrinB2-EphB4, where osteoclast-derived ephrinB2 contact
with osteoblastic EphB4 enhances osteoblast differentiation, by
lowering RhoA activity (Zhao et al., 2006).

Once completed bone deposition, osteoblasts remain trapped
within the matrix and become osteocytes, showing extensive
dendritic processes through which they communicate with
other bone cells. Indeed, osteocytes are the main cells able to
sense mechanical and hormonal stimuli, to which they respond
by regulating osteoblast and osteoclast activity (Bellido, 2014). In
this regard, osteocytes express the RANKL cytokine to support
osteoclastogenesis, even in a higher amount than bone marrow
stromal cells (Nakashima et al., 2011). Accordingly, mice lacking
RANKL specifically in osteocytes manifest a dramatic
osteopetrotic phenotype (Nakashima et al., 2011).

Therefore, osteoclast and osteoblast formation and activity are
strictly regulated to ensure a physiological bone remodeling and
the maintenance of the quality and quantity of bone through the
entire life-course, where osteoclastic bone erosion is generally
always followed by osteoblastic bone deposition (Martin, 2014).

ROLE OF OSTEOCLASTS IN TUMOR
BIOLOGY

Primary Bone Tumors

Although most bone cancers have a mesenchymal origin,
osteoclasts  frequently  contribute to  increase their
aggressiveness, conferring lytic features to tumors (Valastyan
and Weinberg, 2011). The pivotal role of osteoclasts in the
creation and maintenance of a favorable tumor
microenvironment stems from initial studies in animal models
supporting this evidence. Mice harboring a deletion in the
integrin  Bf3—an  essential  protein  for  osteoclast
activity—manifest resistance to bone tumor growth and
osteolytic metastasis upon intra-tibial injection of cancer cell
lines, which conversely promptly caused tumor-associated bone
loss and tumor metastasis in the control group (Bakewell et al.,
2003).

Among the bone tumors with a remarkable osteoclast activity,
giant cell tumors (GCT), osteosarcomas (OS), and
chondrosarcomas (CS) are the most common. These tumors
have different origin and behavior, yet they share a low-to-
high composition of osteoclasts that mediate the tumor-
associated bone destruction.

Giant cell tumor. Giant cell tumor is a common benign
tumor, mainly affecting the epiphysis of long bones in young
adults (Goldenberg et al., 1970). Although the neoplastic cell has
been undoubtedly identified as the stromal cell carrying

Osteoclasts in Tumors and Metastases

mutations in H3F3A, osteoclast-like giant cells strongly
influences the aggressiveness of the tumor, to the extent that
these cells name the tumor (Behjati et al., 2013). These giant
osteoclastic cells could comprise more than 50% of the total cell
content of the tumor (Atkins et al., 2000; Morgan et al., 2005).
Giant cells, albeit non-tumoral elements, are responsible for
destructive osteolysis seen in GCT, even involving the bone
cortex and resulting in pathological fractures in ~30% of
patients (Campanacci et al, 1987). The lytic properties of
osteoclast-like giant cells also allow the tumor to extend into
soft tissues (Mavrogenis et al., 2017; Palmerini et al., 2019).
Similar to osteoclasts, giant cells also express the RANK
receptor on their surface, suggesting their formation as a result
of fusion of monocytic precursors recruited by the stromal cells
through the expression of RANKL, exactly as is the case for
osteoclasts (Morgan et al., 2005). The high expression of RANKL
within the tumor paved the way for the use of denosumab, a fully
human monoclonal antibody to RANKL, as efficient treatment
for GCT, reducing its lytic activity (Chawla et al., 2019; Alothman
et al,, 2020). Therefore, targeting giant cells is a more effective
approach than targeting neoplastic stromal cells. GCT can also
arise as severe degeneration of Paget’s disease of bone (PDB), a
bone remodeling disorder (GCT/PDB). GCT/PDB generally
involves the axial skeleton and is caused by germline
mutations in ZNF687, thus affecting both the stromal and
osteoclastic compartments (Divisato et al, 2016; Divisato
et al., 2018). ZNF687 encodes a transcription factor with a key
role in promoting osteoclast differentiation (Divisato et al., 2018).
Consequently, giant cells found in GCT/PDB biopsies are even
bigger than conventional GCT, and the tumor usually shows a
worse prognosis (Divisato et al., 2017; Scotto di Carlo et al.,
2020b). PDB patients harboring ZNF687 mutations display a
lower likelihood of developing the tumor when treated with
bisphosphonates, strong inhibitors of osteoclast activity used
to suppress the elevated bone resorption in PDB (Rendina
et al., 2015; Divisato et al., 2018; Ralston, 2020). It seems that
by controlling the progression of PDB, the neoplastic
transformation is prevented (Scotto di Carlo et al, 2020b).
This observation confirms that tumor development and
aggressiveness might be reduced by decreasing osteoclast
resorption.

Osteosarcoma. Osteosarcoma (OS) is the most common and
aggressive bone tumor, primarily arising in long bones of
children and adolescents (Mirabello et al., 2009). The great
genetic heterogeneity that characterizes OS results in multiple
histological appearances of the tumor (Kansara et al., 2014;
Rickel et al., 2017). Common histological variants of OS include
osteoblastic, chondroblastic, and fibroblastic types, depending
on the main cellular atypia and the type of the extracellular
matrix produced by neoplastic cells (Kansara et al., 2014). Giant
cell OS is a rare histological variant (comprising less than 3% of
all OS), characterized by numerous osteoclast-like giant cells in
addition to osteoid matrix. In addition to making differential
diagnosis difficult due to similarity with other giant cell rich
lesions (e.g., GCT and aneurysmal bone cyst), the presence of
osteoclasts within OS is a key driver of cancer-associated bone
degradation (Domansk and Walther, 2017). However, bone
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degradation is part of the pathological process for all OS
subtypes, and a certain number of osteoclasts are consistently
present in OS, both at the periphery of the tumor and within the
tumor tissue (Avnet et al., 2008). High levels of PTHrP, IL-6,
and RANKL have been detected in both OS samples and cell
lines, suggesting local production of cytokines and growth
factors as a mechanism for tumor cells to enhance
osteoclastogenesis (Avnet et al, 2008). In support of this,
OS-derived exosomes promote osteoclast differentiation and
bone resorption activity (Raimondi et al., 2020). Under this
respect, PTHrP seems to be of particular importance: through
its secretion, the tumor cells can simultaneously stimulate the
expression of RANKL and reduce the expression of OPG by
osteoblast cells, overstimulating osteoclast differentiation
(Guise et al,, 2002). Consequently, it appears evident that
targeting RANKL is one of the most suitable approaches in
personalized medicine in order to contrast OS aggressiveness
(Trinidad and Gonzalez-Suarez, 2016). Mice with osteolytic OS
treated with OPG or RANK-Fc, a therapeutic antagonist for
RANKL, showed decreased osteoclast number, although the
therapy had no effect on cancer cells. However, OS-bearing
mice displayed reduced tumor growth, increased survival, and
significant reduction in tumor metastasis degeneration. In
addition, preventive treatment with RANK-Fc completely
inhibited OS development (Lamoureux et al, 2007
Lamoureux et al., 2008; Chen et al, 2015). To further
underscore the importance of RANKL signaling in OS,
crossing Rankl”~ mice with a mouse model with inactive
p53 and Rbl1, which spontaneously develops aggressive and
metastatic OS, resulted in a marked suppression of OS
development and reduced number of metastatic lesions
(Chen et al, 2015). This emphasizes the role of bone-
resorbing osteoclasts in the progression of OS.

In the elderly, OS typically associates with PDB (OS/PDB) and
shows a 5-year survival rate almost nil (Deyrup et al., 2007). OS/
PDB usually shows enrichment in osteoclasts within the tumor
sites, perhaps as a result of recruitment of pre-existing
hyperactive osteoclasts in the PDB sites (Hansen et al., 2006).
Although genetically complex, the loss of the PFNI has been
found as a recurrent theme in OS/PDB samples (Scotto di Carlo
et al., 2020a; Scotto di Carlo et al., 2022). PFN1 encodes Profilin 1,
an essential actin-binding protein with a key role in cytoskeleton
remodeling and intracellular trafficking (Pimm et al., 2020; Murk
etal, 2021). Profilin 1 depletion in the RAW264.7 monocytic cell
line resulted in higher sensitivity to RANKL and consequent
formation of large and hyper-nucleated osteoclasts (Scotto di
Carlo et al., 2020a). Accordingly, a mouse model carrying a loss-
of-function mutation in Pfnl exhibits active bone resorption and
bone loss (Wei et al., 2021). This underscores the effect of Profilin
1 downregulation in osteoclast formation in OS.

Chondrosarcoma and chondroblastoma. Chondrosarcomas
are the second most common malignant bone sarcomas and
constitute a heterogenous group of neoplasms where tumor cells
produce cartilage matrix (Gelderblom et al., 2008; Valery et al.,
2015). The main localization areas of chondrosarcomas are pelvic
bone, scapula, and long bones (Brown et al., 2018). The bone
microenvironment plays a pivotal role in chondrosarcoma
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development, as supported by histological examination of
conventional chondrosarcoma revealing the presence of
numerous bone cells (i.e., osteoclasts and osteoblasts) in close
contact to the cartilaginous tumor cells (Grimaud et al., 2002).
The infiltration of chondrosarcoma tumor cells into the bone
tissue is associated with bone resorption through the stimulation
of osteoclast formation (David et al, 2011). Accordingly, the
presence of osteoclasts has been observed in the
microenvironment of chondrosarcoma, responsible for the
bone destruction behavior (David et al, 2011; Otero et al,
2014). Inherent in this observation, chondrosarcoma possesses
an aggressive lytic activity, characterized by osteopenia, cortical
erosion, and pathologic fractures, as detected by radiographic
imaging (Ollivier et al., 2003; Littrell et al., 2004; Gelderblom
et al., 2008). Because tumor cells lack the ability to resorb the
bone, they take advantage of osteoclast activation in the tumor
microenvironment for their propagation. Indeed, culture media
conditioned by chondrosarcoma cell lines was able to trigger the
formation of mature osteoclasts in the RAW264.7 monocytic cell
line. Also, chondrosarcoma tumors formed by the injection of
chondrosarcoma cells in nude mice contained a remarkable
number of TRAP-positive osteoclasts (Clark et al., 2010).
Furthermore, unlike subcutaneously formed chondrosarcomas,
the intra-tibial tumors displayed increased tumor infiltration and
bone destruction (Hamm et al., 2010). Interestingly, in these
tumors high expression of osteoclast-related enzymes was
detected, for example, cathepsins and metalloproteineases,
presumably promoting tumor invasion (Hamm et al, 2010).
In line with an osteoclast-promoting capacity of
chondrosarcoma tumor cells, therapies aimed at targeting
RANKL proved to be beneficial in chondrosarcoma treatment.
Indeed, chondrosarcoma is highly resistant to current
chemotherapy and radiation regimens, and surgical treatment
leads to severe disability (Moussavi-Harami et al., 2006;
Polychronidou et al, 2017). Therefore, the wuse of
bisphosphonates as adjuvant therapy may have clinical utility
in chondrosarcoma patients. In particular, two different studies
demonstrated that treatment of chondrosarcoma-bearing rats
with zoledronic acid—a potent bisphosphonate—prevented
cortical destruction, inhibited trabecular resorption, and
resulted in decreased tumor volume in the bone (Gouin et al.,
2006; Otero et al., 2014). Thus, suppression of osteoclasts seems
to be a key approach to inhibit local cancer growth.

Another bone tumor-producing chondroid matrix is
chondroblastoma. However, chondroblastoma is a benign
tumor, even though it is locally aggressive and affects younger
patients (Kaim et al., 2002; McCarthy and Frassica, 2014). It
characteristically occurs in the epiphyses of long bones,
particularly the femur and tibia (McCarthy and Frassica,
2014). Histologically, chondroblastomas exhibit multinucleated
osteoclast-like giant cells (Lucas, 1996). For this reason, it
resembles giant cell tumor; in fact, in 1931, it was defined as
“chondromatous giant cell tumor” (De Mattos et al, 2013).
However, immunohistochemical positivity to protein S-100,
marker of chondrocytes and cartilaginous differentiation,
exclusively chondroblastoma tumor cells, helps the
differential diagnosis between the two tumors (Monda and
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FIGURE 4 | Osteoclasts and cancer cells: partners in crime in the vicious cycle. Three principal steps are necessary for a bone metastasis to occur: 1) escape of the
cancer cell from primary tumor site, migration, and vascular permeabilization; 2) extravasation from blood stream and bone marrow seeding; and 3) colonization and
homing to bone. Once engrafted in the bone, neoplastic cells secrete pro-osteoclastogenic factors, such as TNF-a, PTHrP, ILs, IGFs, M-CSF, and RANKL, promoting
osteoclast differentiation and activity. Jagged1 expression by neoplastic cells fuels IL-6 secretion by osteoblasts, exacerbating osteoclastogenesis and tumor
growth. Mature osteoclasts, in turn, free several pro-tumorigenic factors, such as TGF-p, VEGF, BMPs, PDGF, and Ca* ions, all capable of stimulating tumor growth.
This leads to the instauration and fueling of the vicious cycle between cancer cells and active osteoclasts. TNF-a, tumor necrosis factor-a; PTHrP, parathyroid hormone-
related protein; ILs, interleukins; IGFs, insulin-like growth factors; M-CSF, macrophage colony-stimulating factor; RANKL, receptor activator of nuclear factor kappa B
ligand; TGF-B, transforming growth factor-p; VEGF, vascular endothelial growth factor; BMPs, bone morphogenetic proteins; PDGF, platelet-derived growth factor;
Ca®*, calcium ion.

Wick, 1985; Nielsen et al., 2017). As expected, the presence of  including TNF-a, IL-1, IL-3, and IL-6 (Figures 3B, 4) (Edwards
osteoclastic giant cells is responsible for the aggressive osteolytic et al.,, 2008; Kawano et al.,, 1988; Lee et al.,, 2004). Osteoclasts
characteristic of this tumor. In agreement with an osteoclast  contribute to multiple myeloma through different mechanisms.
recruitment and consequent osteolytic bone destruction, RANKL,  In addition to promoting bone destruction and, consequently,
but not OPG, expression is found at high levels in  tumor growth, osteoclast activity promotes angiogenesis,
chondroblastoma specimens, and denosumab has been used  required for cell survival and proliferation. Indeed, osteoclastic
neoadjuvantly for the treatment of chondroblastomas with  bone resorption releases the vascular endothelial growth factor
success (Huang et al., 2003; Visgauss et al., 2021). (VEGF) from the bone matrix through the production of MMP9

Multiple myeloma. Multiple myeloma is a hematologic  (Figure 4) (Raje et al., 2019; Roodman, 2009; Mansour et al.,
malignancy characterized by the accumulation of malignant ~ 2017). Accordingly, zoledronate treatment to mice developing
plasma cells in the bone marrow due to a tropism for the  multiple myeloma after the intravenous injection of myeloma
bone medullary compartment, leading to impaired  cells resulted in decreased osteolysis, tumor burden, and
hematopoiesis (Terpos et al., 2018). Osteolytic bone disease is  angiogenesis (Croucher et al., 2003). Furthermore, osteoclasts
the hallmark of multiple myeloma that severely undermines the  are able to remodel the endosteal niche within the bone marrow,
life quality of patients (Edwards et al., 2008). Similar to the thus activating dormant myeloma cells (Lawson et al., 2015). Last,
process described for other tumor types, a vicious cycle exists  osteoclasts are capable of inducing T cell apoptosis or
when myeloma cells home to the marrow and release cytokines  suppression, maintaining an immune suppressive environment
and factors that induce osteoclast activity and bone destruction,  in multiple myeloma, via direct inhibition of proliferating CD4"
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and CD8" T cells. In addition, during osteoclastogenesis several
molecules are upregulated, including Galectin-9, which
specifically induces apoptosis of T cells while sparing
monocytes and myeloma cells (An et al, 2016). Therefore, in
multiple myeloma, osteoclasts participate in the regulation of
angiogenesis, remodeling of marrow niches, and control of
immune response; this creates a vicious cycle in which the
bone resorptive process increases tumor burden, perpetuating
the cycle (Figure 4). As one would expect, multiple myeloma
samples and cell lines express high levels of RANKL, and mouse
models of multiple myeloma exhibit deregulated RANKL/OPG
balance (Pearse et al., 2001; Roux et al., 2002; Raje et al., 2019).
Therefore, therapeutic options for multiple myeloma patients
target bone remodeling. In addition to bisphosphonates and
denosumab, hitherto described for other osteoclast-rich bone
lesions, proteasome inhibitors have also been used in the
clinical regimens for multiple myeloma (Morgan et al., 2013;
Raje et al, 2016; Gandolfi et al, 2017; Raje et al., 2019). By
preventing the degradation of IkBa, they decrease NF-kB
expression and inhibit osteoclast differentiation and function
(Kupperman et al, 2010). Indeed, the treatment with
proteasome inhibitors in multiple myeloma patients decreased
serum levels of both RANKL and bone resorption markers
(Terpos et al., 2006).

Skeletal Metastases

Bone marrow is a frequent site of metastasis for a number of
cancers—including breast, prostate, and lung cancer—and bone
metastases are generally associated with increased morbidity and
mortality (Harding et al., 2018; Weilbaecher et al., 2011). In order
to metastasize, tumor cells must penetrate the blood or lymphatic
circulatory system, where they exhibit a non-proliferative
quiescent state and are arrested in GO-G1 (Fares et al., 2020).
When tumor cells home to bone marrow, they encounter a
unique microenvironment that contains a variety of cell types
and growth factors that support their colonization (Wang et al.,
2015; Yu-Lee et al., 2018) (Figure 4). Upon dissemination into
the bone marrow, tumor cells may either grow as overt metastasis
or enter a dormant state. The majority of dormant tumor cells
enter a quiescent, non-proliferative state by exhibiting mitotic
arrest through reversible GO-G1 arrest. Therefore, they remain
viable but do not proliferate (Park and Nam, 2020). However,
another way to reach dormancy is through a constant balance
between proliferation and apoptosis, where tumor cells divide but
do not increase in number. This occurs mainly when a dormant
tumor cell grows into a micrometastasis and requires new
vasculature: if angiogenesis is suppressed, poor vascularization
leads to cell death (“angiogenic dormancy”) (Sosa et al., 2014).
Moreover, in the so-called “immune-mediated dormancy,” the
immune system keeps the number of proliferative tumor cells
unchanged mostly via cytotoxic activity of CD8" cells (Romero
et al., 2014).

Role of osteoclasts in bone metastases. The bone does not
receive invading cancer cells passively. In fact, primary tumor
cells selectively and actively prime the host microenvironment to
promote the formation of a pre-metastatic niche. Disseminating
cancer cells release factors and extracellular vesicles that induce
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vascular leakage, extracellular matrix remodeling, and
immunosuppression (Peinado et al., 2017). For example,
tumor cells secrete the parathyroid hormone-related peptide
(PTHrP) to promote osteoclast differentiation and activity, by
altering osteoblast production of RANKL and its antagonist OPG
(Guise et al., 1996). The resultant bone degradation releases a
number of growth factors embedded in the bone matrix, such as
TGE-B, which further stimulates the malignancy of tumor cells
(Buijs et al., 2012). Thus, tumor metastasis to bone is a complex
process involving reciprocal interplay between cancer cells and
host stroma (Figure 4). Another essential microenvironmental
factor is represented by hypoxia, which activates signaling
through hypoxia-inducible factor 1 (HIF-1) in response to low
oxygen levels. Widely accepted, hypoxia strongly stimulates
osteoclasts differentiation and activity via the regulation of
RANKL/OPG ratio (Bozec et al., 2008). Previous studies have
proven that activation of HIF-1 signaling in breast cancer cells
fosters bone colonization and osteolysis following intracardiac
and orthotopic injections of these cells (Hiraga et al., 2007; Lu
etal,, 2010). For example, mice injected with human breast cancer
cells constitutively expressing active HIF-1 exhibited a more
aggressive tumor growth and a greater osteolysis in long bones
(Hiraga et al,, 2007). It has been demonstrated that hypoxia is
specifically related to bone metastasis in patients with estrogen-
receptor negative breast cancer, where the analysis of breast
cancer cell secretome identified lysil oxidase significantly
associated with bone tropism and relapse (Cox et al., 2015).
Interestingly, lysil oxidase was shown to promote NFATcl-
dependent osteoclastogenesis, independent of RANK ligand, to
favor bone resorption and provide disseminating cancer cells with
a platform to colonize and form metastases (Cox et al., 2015). The
evidence that bone-degrading osteoclasts aid the expansion of
breast cancer metastatic lesions also came by the observation that
circulating tumor cells express high levels of the Notch ligand,
Jaggedl (Reedijk et al., 2005). Remarkably, Jaggedl promotes
tumor growth by stimulating IL-6 release from osteoblasts,
directly activating osteoclast differentiation and activity
(Figure 4) (Sethi et al., 2011). Therefore, bone resorption
appears to mediate proliferation of metastatic tumor cells
within bone marrow. In fact, OPG treatment in mice
decreased bone resorption and, importantly, significantly
reduced tumor area and overall cancer-associated sclerotic
bone lesion area after intra-tibial implantation of human
breast cancer cells (Zheng et al., 2008). Intriguingly, a calcium
deficient diet increased the levels of bone resorption and, in
parallel, the size of tumors and osteosclerotic areas, confirming
the effect of bone resorption in mediated tumor growth (Zheng
et al, 2008). Breast cancer is not the only malignant tumor
showing a substantial tropism for bone in metastatic process.
Nearly 80% of patients with advanced-stage prostate cancer
develop skeletal metastases, and this feature is associated with
poor prognosis, with less than 50% of patients surviving 1 year
after diagnosis of bone metastasis (Halabi et al., 2016; Macedo
etal, 2017). Although bone metastases in prostate cancer patients
are primarily sclerotic, and therefore characterized by deposition
of new bone by osteoblasts, a critical role for osteoclasts has been
described in the process of tumor growth (Macedo et al., 2017).
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Indeed, osteoclast precursors isolated from the bone marrow of
C57BL6 mice were able to fully differentiate into mature
osteoclasts in the presence of conditioned medium of prostate
cancer cell lines, suggesting that tumor cells secrete factors needed
to promote osteoclastogenesis (Polavaram et al., 2021). In support
of this observation, castration-induced bone loss in nude mice
triggered growth of tumor cells within the skeleton after
intracardiac injection of prostate cancer cells, even in 12-week-
old animals where the low rate of bone turnover generally leads to
only a moderate skeletal tumor growth (Ottewell et al., 2014).
Similarly, ovariectomy of C57BL6 mice performed 1 week before
the inoculation of the multiple myeloma cells in the tail vein
simultaneously increased bone remodeling and accelerated the
severity of the tumor, with an earlier development of osteolytic
lesions in tibiae and femurs (Libouban et al., 2003). Further
confirming an active role for osteoclasts in skeletal metastases,
mice administered granulocyte colony-stimulating factor
(G-CSF) demonstrated increased markers of osteoclast activity,
decreased bone mineral density, and also significantly increased
tumor growth in the marrow cavity after intra-tibial injection of
melanoma cells (Hirbe et al., 2007). Therefore, osteoclasts are
predominant actors in bone metastasis formation, mediating
bone degradation and promoting skeletal tumor growth.

Role of osteoclasts in reactivation from tumor dormancy.
Dormant cells exhibit prolonged survival in cell cycle arrest (for
up to several decades) and have the potential ability to exit this state
and start proliferating again, eventually leading to overt metastatic
disease. Until that moment, they are clinically undetectable (Park and
Nam, 2020). Furthermore, the lack of proliferation provides dormant
cells with an inherent resistance to cytotoxic treatments, for example,
chemotherapies and radiation, which generally target dividing cells
(Santos-de-Frutos and Djouder, 2021). The notion that the bone
might provide dormancy-inducing factors stems from the evidence
that in prostate cancer patients, bone metastasis can occur years or
decades after prostatectomy, suggesting that disseminated tumor cells
had been dormant at the metastatic site in bone (Ahove et al., 2010;
Yu-Lee et al., 2018; Yu-Lee et al., 2019). Central to the mechanisms of
cellular dormancy and reactivation is the crosstalk between cancer
cells and their microenvironment (Fares et al., 2020).

A key dormancy-promoting role is thought to be played by
osteoblasts, which support cancer cell dormancy secreting the
same signals used to regulate quiescence of hematopoietic stem
cells (HSCs) (Taichman et al., 2013; Yu-Lee et al., 2018; Ren et al.,
2019; Yu-Lee et al., 2019). Indeed, Shiozawa et al. demonstrated
in a mouse model of metastasis that human prostate cancer cells
colonize the marrow osteoblastic niche by directly competing
with HSCs (Shiozawa et al., 2011). Among many other molecules,
osteoblasts produce the growth arrest specific 6 (GAS6) protein,
which binds to the tyrosine kinase receptor Axl (Taichman et al,,
2013). Interestingly, disseminated tumor cells frequently show
high expression of the Axl receptor and become growth arrested
in response to GAS6 (Taichman et al., 2013; Yumoto et al., 2016).

Just like in bone remodeling, osteoblasts and osteoclasts have
opposite role also in tumor dormancy. While osteoblasts are
primarily associated with dormancy induction and maintenance,
osteoclasts have been reported in reactivation of dormant cells and
generation of osteolytic metastases. Thus, tumor dormancy is a
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reversible state controlled by the extrinsic bone microenvironment.
In this regard, the process of osteoclastic bone resorption leads to
changes in the cellular composition and signaling within the bone
marrow, which can cause the exit of cancer cells from a dormant
state. Indeed, treatment of multiple myeloma-bearing mice with
soluble RANKL to stimulate osteoclast formation and resorption
resulted in a significant decrease in the number of dormant tumor
cells in the bone marrow. The observation that myeloma cells in the
spleen were not affected by the RANKL treatment confirmed that
the effect on dormant cells was a non-cell-autonomous effect
mediated by osteoclasts in the bone (Lawson et al, 2015).
Accordingly, patients with recurrent myeloma show increased
serum levels of C-terminal telopeptide (CTX), a biochemical
marker of bone resorption (Lawson et al., 2015). Mechanistically,
osteoclast-mediated bone resorption releases several growth factors,
including TGF-f and periostin, which are tumor-promoting factors
(Buijs et al.,, 2012). Therefore, osteoclasts are crucial to reactivation of
tumor cells from dormancy in the process of bone metastasis.

TARGETING OSTEOCLASTS TO LIMIT
TUMOR PROGRESSION

The evidence that osteoclasts are key players in the formation of
skeletal tumors provides the rationale for using antiresorptive
drugs in the treatment of bone tumors and metastases. Hence,
therapies commonly used to treat patients with bone remodeling
disorders, for example, Paget’s disease of bone, have been
translated in the clinical practice of bone cancers to mitigate
the vicious cycle (Mackiewicz-Wysocka et al., 2012; Satcher and
Zhang, 2021). As described before, one of the most utilized
molecules belongs to the class of bisphosphonates, which
target the bone matrix by binding to hydroxyapatite crystals
(Zhang et al., 2007; Russell et al., 2008; Zielinska et al., 2021).
Once this drug has been internalized by bone-resorbing
osteoclasts, bisphosphonate inhibits their polarization and
cytoskeleton rearrangement, thus compromising bone erosion
and inducing their apoptosis (Wang L. et al., 2020). Currently, a
frequently administrated bisphosphonate drug is zoledronic acid
(ZA), which interferes with the mevalonic pathway, involved in
the synthesis of steroids, such as cholesterol (Thurnher et al.,
2012; Gobel et al, 2016). By inhibiting the farnesyl
pyrophosphate synthase enzyme, ZA triggers the stop of
posttranslational modifications of proteins and small GTPases,
such as Rho, Ras, and Rac, thus inducing osteoclast apoptosis via
destruction of the actin cytoskeleton structure (Gobel et al., 2016).
In addition to jeopardizing osteoclast activity, ZA also directly
interferes with the life span of cancer cells within the bone.
Indeed, ZA activates the caspase-dependent apoptosis pathway
to kill cancer cells, blocking Ras-dependent Erk 1/2 and Akt
pathways, and then reduces the phosphorylation of Bcl-2 and Bad
proteins to increase the apoptotic function (Tassone et al., 2003;
Wang L. et al, 2020). To overcome the adverse effects of
prolonged and massive use of bisphosphonates, lower
concentrations of the drug are used in combination with
adjuvants. For example, the simultaneous administration of
ZA and the adjuvant anticancer drug ifosfamide—used for the
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treatment of human OS—showed decreased cancer-induced
osteolytic lesions as well as efficient tumor growth arrest in a
rat-transplantable model of osteosarcoma (Heymann et al., 2005).

In addition to bisphosphonates, other drugs are widely used to
treat cancer-related osteoclastogenesis and to counteract
metastasis formation. Denosumab is a fully human
monoclonal antibody (IgG2) highly specific for RANKL and
able to prevent its interaction with the receptor RANK,
thereby blocking the osteoclastogenic process (Baron et al,
2011). Unlike other molecules interfering with RANK and
RANKL binding (e.g, OPG-Fc), denosumab shows higher
specificity to the substrate, a longer half-life, and no
neutralizing antibodies have been identified (Baron et al,
2011). Interestingly, denosumab demonstrated superiority over
ZA in preventing bone lesions in both breast and prostate cancers
that metastasized to bone, by mimicking OPG action and
minimizing pre-osteoclast and osteoclast survival and activity
(Stopeck et al., 2010; Fizazi et al., 2011; Lipton and Goessl, 2011).

Additional molecules have been described as effective in limiting
bone metastases by targeting osteoclast activity rather than
osteoclasts themselves. Given the aforementioned role of TGF-$
as a released factor promoting cancer proliferation, it is not
surprising that TGF- inhibitors represent another class of novel
molecules utilized to prevent bone metastases, blocking the vicious
cycle between cancer cells and the bone (Buijs et al.,, 2012; Hu et al,,
2012; Wan et al,, 2012). Neutralizing TGF-B antibodies have been
developed to target individual ligands and all three TGF-B isomers
(Baselga et al., 2008; Biswas et al., 2011). Athymic mice inoculated
with MCEF-7 breast cancer cells and then treated with neutralizing
anti-TGF-p antibodies displayed total abrogation of cancer growth
and metastasis (Arteaga et al, 1993). Notably, the use of these
inhibitors does not affect the osteoblastic compartment, therefore
preserving bone volume and architecture (Biswas et al, 2011).
Likewise, inhibitors targeting integrin p3 have been developed for
the treatment of breast cancer metastases to bone because of high
expression of this molecule by breast cancer cells and its association
with promoting skeletal tumor metastasis (Desgrosellier and
Cheresh, 2010; Kovacheva et al., 2021). Of interest, by exploiting
the specific overexpression of integrin 33 in the metastatic site, these
molecules might be delivered in conjugation with nanoparticles that
selectively target cancer cells (Ross et al, 2017). Recently, an
emerging immunotherapy based on the use of nivolumab, an
anti-PD-1 monoclonal antibody, has evidenced positive effect on
tumor suppression and tumor-induced osteolysis (Wang K. et al,
2020). In fact, neoplastic cells produce high levels of PD-1 ligand,
and monocytes/macrophages and pre-osteoclast present within bone
tumor microenvironment express high levels of the PD-1 receptor.
The binding of PD-1 ligand to its receptor leads to JNK activation
and chemokine C-C motif ligand 2 (CCL2) secretion, thus
promoting osteoclastogenesis. Strikingly, tumor-bearing mice
treated with nivolumab showed total abolishment of bone
osteolytic lesions, even though the tumor growth and progression
were not totally neutralized (Wang K. et al.,, 2020). Patients with
advanced-stage cancer experience intense pain owing to bone
fractures or lesions as a consequence of bone metastases and

Osteoclasts in Tumors and Metastases

accelerated osteolysis. To counteract these detrimental conditions,
the use of STING (stimulator of interferon genes) agonists reduces
bone cancer-induced pain and, equally important, through the
induction of the STING/IFN-1 signaling, allows protection
against bone destruction and tumor growth (Wang et al., 2021).
A common challenge for all the aforementioned therapies is to
face potential toxicity caused by the pleiotropic roles of the
targeted pathways. A new therapeutic approach could benefit
from the positively charged bone matrix of the acidic
environment. For example, conjugation of antibodies or
inhibitors with bisphosphonates, which are negatively charged,
can significantly enrich these molecules in the bone
microenvironment, thereby reducing side effects on other
organs (Cole et al., 2016; Farrell et al., 2018; Tian et al., 2021).

CONCLUSION

A widely accepted view in biology implies osteoclasts as highly
specialized cells quite exclusively implicated in bone resorption
during the remodeling. However, although never described as the
neoplastic cell, several studies agree that the osteoclast influences
the development, progression, and aggressiveness of bone
tumors, both primary and metastatic. Therefore, better
understanding of the molecular mechanisms governing the
osteoclast function may result in the development of novel
diagnostic and therapeutic approaches. Here, we underline
that the skeleton should not be overlooked in patients with
primary tumors in other sites (e.g., breast and pancreas), even
when the mass has been completely eradicated through
pharmacological or surgical approaches. Indeed, the osteoclast-
mediated bone resorption activity might promote either the
growth of metastatic cells within the marrow or the
reactivation from tumor dormancy. Serum markers of bone
resorption should be routinely tested in periodic follow-ups
for the assessment of osteoclast activity in patients with bone
tumors or metastases. In conclusion, we highlight that the
osteoclast could be considered as a pro-cancer cell due to its
ability to degrade bone matrix and release tumorigenic factors,
thus creating a pro-tumoral microenvironment.
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The strictly regulated bone remodeling process ensures that osteoblastic bone formation is
coupled to osteoclastic bone resorption. This coupling is regulated by a panel of coupling
factors, including clastokines promoting the recruitment, expansion, and differentiation of
osteoprogenitor cells within the eroded cavity. The osteoprogenitor cells on eroded
surfaces are called reversal cells. They are intermixed with osteoclasts and become
bone-forming osteoblast when reaching a critical density and maturity. Several coupling
factors have been proposed in the literature, but their effects and expression pattern vary
between studies depending on species and experimental setup. In this study, we
investigated the MRNA levels of proposed secreted and membrane-bound coupling
factors and their receptors in cortical bone remodeling events within the femur of
healthy adolescent human controls using high-sensitivity RNA in situ hybridization. Of
the proposed coupling factors, human osteoclasts showed mRNA-presence of LIF,
PDGFB, SEMA4D, but no presence of EFNB2, and OSM. On the other hand, the
osteoblastic reversal cells proximate to osteoclasts presented with LIFR, PDGFRA and
PLXNB1, but not PDGFRB, which are all known receptors of the proposed coupling
factors. Although EFNBZ2 was not present in mature osteoclasts, the mRNA of the ligand-
receptor pair EFNB2:EPHB4 were abundant near the central blood vessels within
intracortical pores with active remodeling. EPHB4 and SEMA4D were also abundant in
mature bone-forming osteoblasts. This study highlights that especially LIF:LIFR, PDGFB:
PDGFRA, SEMA4D:PLXNB1 may play a critical role in the osteoclast-osteoblast coupling
in human remodeling events, as they are expressed within the critical cells.

Keywords: bone remodeling, osteoclast (OC), coupling, osteoblast (OB), bone cells interaction

INTRODUCTION

Bone remodeling is responsible for maintenance of the adult human skeleton. Imbalances in bone
resorption and formation during the bone remodeling process causes either a gain or loss of bone
(Delaisse et al., 2020). Such imbalance may be due to uncoupled resorption and formation, as
characteristic of ageing, osteoporosis and multiple myeloma (Andersen et al., 2010, 2013; Jensen
et al,, 2014; Andreasen et al.,, 2020). The bone remodeling process includes three different phases:
First, the resorptive phase where osteoclasts start resorption of old bone. Second, the reversal-
resorption phase, where osteoclasts expand the resorbed area. In the reversal-resorption phase,
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osteoclasts are intermixed with osteoprogenitors recruited to the
eroded bone surface. These osteoprogenitors, known as reversal
cells, prepare the bone surface for bone formation, while
gradually undergoing differentiation into mature bone forming
osteoblasts. Third, the bone formation phase (Andersen et al,
2013; Lassen et al., 2017; Delaisse et al., 2020; Sims and Martin,
2020).

The proximity between osteoclasts and osteoblastic reversal
cells during the reversal-resorption phase allows active
interaction and signaling between these cell types.
Furthermore, reversal cells comprise a possible target cell
available for osteoclastic coupling factors. Osteoclastic coupling
factors include: 1) matrix-derived factors released during
resorption, 2) factors secreted by osteoclasts, 3) membrane-
bound factors on osteoclasts, and 4) factors packed in
exosomes released by osteoclasts (Charles and Aliprantis, 2014;
Sims and Martin, 2020).

The discovery of reversal cells vacating eroded bone surfaces
near osteoclasts have provided a potential bridge in the
communication between osteoclasts and osteoblastic cells
during bone remodeling, as bone-resorbing osteoclasts are
rarely observed near bone-forming osteoblasts (Eriksen,
Melsen and Mosekilde, 1984; Andersen et al,, 2009; Lassen
et al, 2017). Initially, reversal cells were described as
mononucleated cells, covering approximately 80% of eroded
surfaces in trabecular bone and proposed to be pre-osteoclasts
due to the presence of TRACP (Baron et al., 1983; Eriksen et al.,
1984; Eriksen et al., 1984; Bianco et al., 1988; Mocetti et al., 2000).
We now know that they are osteoblast-lineage cells, expressing
markers specific for early osteogenic commitment (Andersen
et al., 2009; Abdelgawad et al., 2016; Abdallah et al., 2017;
Jafari et al., 2017; Lassen et al.,, 2017; Chen et al, 2019).
Furthermore, we have shown that early reversal cells have
direct cell-cell interactions with osteoclasts, they take up
Tartrate-resistant acid phosphatase (TRAcP) released by
osteoclasts, and they decompose resorption debris left by the
osteoclast (Everts et al, 2002; Abdelgawad et al, 2016).
Collectively, this supports the concept that osteoblastic reversal
cells are a key recipient of osteoclastic coupling factors (Charles
and Aliprantis, 2014; Delaisse et al., 2020).

The proposed osteoclastic coupling factors include secreted
and membrane-bound coupling factors. Potential secreted
coupling factors (clastokines) includes Leukemia Inhibitory
Factor (LIF), Cardiotrophin-1 (CTF1) and Oncostatin M
(OSM) from the IL-6 family of cytokines. These cytokines
have been suggested to play a role in bone metabolism (Sims,
2009, 2021). An interesting feature of these cytokines is their
dependency of the glycoprotein 130 subunit during signaling, and
their ability to react with other receptors within this group of
cytokines (Kishimoto et al., 1995). LIF has been associated with
metabolic and immunological processes and especially with
growth and bone metabolism (Ware et al, 1995; Jones and
Jenkins, 2018). The receptor of LIF (LIFR) is expressed by
murine osteoblastic cells in vitro (Allan et al., 1990; Reid et al.,
1990; Bellido et al., 1997; Walker et al., 2010). The amino acid
sequence of CTF1 is similar to LIF and able to bind and activate
LIFR(Pennica et al., 1995). In primary murine osteoblastic cells,

Coupling Factors in Human Bone

Ctfl expression increases with differentiation (Liu, Aubin and
Malaval, 2002) whereas CTF1 protein has been reported in
mature murine osteoclasts (Walker et al., 2008). OSM also has
the ability to bind and activate LIFR (Rose and Bruce, 1991; Liu
et al., 1992) besides the specific OSM receptor (OSMR) (Thoma
etal,, 1994). Murine osteoblastic cells express both Lifr and Osmr,
but their expression levels differ throughout differentiation
(Bellido et al., 1996). However, knowledge on how LIF, CTFI,
OSM, OSMR and LIFR are expressed in human bone is scarce.

Platelet-Derived Growth Factor (PDGF) has also attracted
attention as a possible secreted coupling factor regulating bone
formation (Horner et al., 1996). PDGFs are dimeric proteins of
two polypeptide chains, forming either homodimers (AA, BB) or
heterodimers (AB). Likewise, PDGF receptors are dimeric and
either homodimers or heterodimers (PDGFRA, PDGFRB or
PDGFRAB). PDGF-BB is considered the universal PDGF with
binding affinity for all PDGF receptors (Horner et al., 1996;
Alvarez, Kantarjian and Cortes, 2006). In human trabecular bone,
PDGEFB expression was recently observed in osteoclasts, while its
receptors PDGFRA and PDGFRB were expressed in proximate
reversal cells and osteoblastic canopy cells, separating bone
surface cells from the marrow cavity (Brun et al., 2020).

Proposed membrane-bound coupling factors include
semaphorin 4D (SEMA4D), a transmembrane glycoprotein
with high affinity to PlexinBl (PLXNB1) (Kang and
Kumanogoh, 2013). SEMA4D is believed to be a repressor of
bone formation, as knockdown in mice leads to a high bone-mass
phenotype with no effect on bone resorption (Negishi-Koga et al.,
2011). In humans, high serum levels of SEMA4D has been
associated with low BMD and decreased markers of bone
formation (Zhang et al., 2015). However, not much is known
about the spatial expression of SEMA4D and PLXNBI within the
bone environment. EphrinB2 (EFNB2) is yet another proposed
membrane-bound coupling factor. EFNB2 is a transmembrane
ligand of the receptor tyrosine kinase EPHB4. Activation of
receptor tyrosine kinases initiates bidirectional signaling,
forward through the receptor and reverse through the ligand
(Pasquale, 2010; Taylor, Campbell and Nobes, 2017). Expression
of Efnb2 has been shown in osteoclasts, osteoblasts and osteocytes
of mice, whereas Ephb4 expression has only been shown in
osteoblasts (Arthur et al., 2011, 2018; Wang et al., 2014).

In this study we investigated spatial mRNA localization of
several suggested coupling factors, secreted or membrane-bound
in osteoclasts, and their receptors in osteoblastic reversal cells and
osteoblasts within human intracortical bone remodeling events.

MATERIALS AND METHODS

Human bone specimens were collected from the proximal femur
of nine adolescent patients aged 6-15 years undergoing corrective
surgery for Coxa Valga. Collected specimens were fixated in 4%
paraformaldehyde for 2 days and subsequently decalcified for
30days in 0.5M EDTA containing 0.4% paraformaldehyde.
Decalcified specimens were dehydrated, paraffin-embedded
and cut in series of 3.5-pm-thick adjacent sections. Every fifth
section was Masson Trichrome stained to select samples with
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active bone remodeling (identified as erosion or formation in
cortical pores). Selected sections were stained with in situ
hybridization combined with TRAcP. Spatial localization of
each mRNA was validated in at least three different
individuals. The study was approved by the Danish National
Committee on Biomedical Research Ethics (Project-ID: S-2012-
0193).

In situ Hybridization Combined With

Immunostaining

Sections adjacent to Masson Trichrome stained sections were in
situ hybridized for the mRNA abundance of proposed coupling
factors LIF, CTF1, OSM, SEMA4D, EPHB4 and PDGFA, as well as
their receptors LIFR, OSMR, PLXNBI, EFNB2, PDGFRA and
PDGFRB. In situ hybridization was performed using a modified
RNAscope 2.5 high-definition procedure (R2283, Sigma-
Aldrich). After deparaffinization and rehydration, sections
were treated with 1.5% hydrogen peroxidase for 30 min at
room temperature to inactivate endogenous peroxidases.
Subsequently, sections were pretreated with RNAscope Target
Retrieval for 15min at 90°C and pepsin (322300, ACD
Bioscience) for 20 min at 40°C. After pretreatment, sections
were hybridized in a HybEZ™ hybridization oven at 40°C
overnight with 20- probe-pairs for human LIF (cat. No:
445721, binding nt 839-1780 of NM_002309.4), CTFI (Cat.
No. 895601, binding nt 40-1222 of NM_001330.5), OSM (Cat.
No. 456381, binding nt 32-1175 of NM_020530.4), SEMA4D
(Cat. No, 430711, binding nt 611-1623 of NM_006378.3), EPH
receptor panel with high affinity for EPHB4 and affinity for
EPHBI/EPHB2/EPHB3 (Cat. No. 516401, binding nt 2019-
2577 of NM_004444.4), PDGFB (Cat. No. 406701, binding nt
665-2037 of NM_033016.2), LIFR (Cat. No. 441021, binding nt
2411-3421 of NM_001127671.1), OSMR (Cat. No. 537121,
binding nt 307-1357 of NM_001323505.1), PLXNBI (Cat. No.
430681, binding nt 1208-2101 of NM_002673.5), EFNB2 (Cat.
No. 430651, binding nt 2-919 of NM_004093.3), PDGFRA (Cat.
No. 604481, binding nt 844-1774 of NM_006206.4) and PDGFRB
(Cat. No. 548991, binding 523-2984 of NM_002609.3) from ACD
Bioscience. The probes were diluted 1:1 in probe diluent (449819,
ACD Bioscience) and negative controls were with only probe
diluent. Each probe was validated on a tissue array with 36
different anonymized tissue-samples. Hybridized probes were
branch amplified through six steps in the HybEZ™
hybridization oven according to manufactures instructions,
and further enhanced with digoxigenin-conjugated tyramide
(NEL748001KT, PerkinElmer) detected with alkaline-
phosphatase conjugated sheep anti-digoxigenin Fab fragments
(11093274910, Roche) and visualized using Liquid Permanent
Red (Agiliant). After the in situ procedure, osteoclasts were
immunostained with mouse-anti-TRAcP IgG2B antibody
(clone 9C5, MABF96, Merck Millipore) detected with
horseradish peroxidase-conjugated anti-mouse IgG polymers
(BrightVision, Immunologic, Duiven, Holland) and visualized
using Deep Space Black (Biocare Medical Concord, CA,
United States). Finally, sections were counterstained with
Mayer’s hematoxylin.

Coupling Factors in Human Bone

Microscopy
The stained sections were imaged on a VS200 slide scanner

(Olympus) using Z-stack condensed into a single plane with
optimal focus, which were investigated using the Olivia software
(Olympus).

RESULTS

In this observational study, we examined the presence of mRNA
encoding secreted and membrane-bound coupling factors
proposed in the literature and their receptors in human
cortical bone remodeling events. Here, we focused particularly
on reversal cells situated adjacent to mature bone resorbing
osteoclasts. We examined femur cortical bone specimens from
nine adolescents and each mRNA was evaluated in at least three
different individuals.

IL-6 Family Cytokines and Their Receptors
are Present in Human Bone Remodeling

Events

Analysis of the spatial mRNA localization of LIF and LIFR
revealed a high abundance of LIF in mature bone-resorbing
osteoclasts and a lower presence in osteocytes (Figure 1A). On
the other hand, the LIFR mRNA was not detected in mature
bone-resorbing osteoclasts (Figure 1B). Instead, LIFR was highly
abundant in reversal cells near osteoclasts on the eroded surfaces,
and in mononucleated cells within the pore lumen, which to a
great extend reflect osteoprogenitors being recruited to the
eroded surfaces as reversal cells (Lassen et al, 2017)
(Figure 1B). LIFR was also abundant in mature bone-forming
osteoblasts on osteoid surfaces and only weakly present in some
osteocytes (Figures 1D,F). LIF was only weakly present in mature
bone-forming osteoblasts (Figure 1E).

Bone-resorbing osteoclasts showed no presence of CTFI
(Figure 2B) despite presence of LIFR in proximate reversal
cells and mononucleated cells within the lumen (potential
osteoprogenitors) (Figure 2C). OSMR was abundant in
reversal cells and proximate mononucleated cells within the
lumen (potential osteoprogenitors), as well as to some extend
in osteocytes. In contrast to LIFR, OSMR was not notably present
in bone-forming osteoblasts (Figure 2D). Surprisingly, bone-
resorbing osteoclasts showed no evidence of OSM mRNA
(Figure 2E), as the case for CTFI. Levels of OSM and CFT1
was generally low and restricted to a few mononucleated cells
within the intracortical pores. Both OSM and CTFI were detected
in different tissues in the control tissue array (Suppl. 1).

PDGF and its Receptors are Present in
Human Bone Remodeling Events

PDGFB was detected in osteoclasts and in cells near the vascular
structures, not in reversal cells (Figures 3A,E). The two receptors
were present at different levels in the tissue.

PDGFRA and PDGFRB were present in reversal cells on
eroded surfaces (Figures 3B, C). Furthermore, PDGFRA was
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FIGURE 1| LIF is present in osteoclasts and LIFR in osteoblasts and mononucleated cells in the lumen of adjacent sections of intracortical canals. (A-C) Adjacent
sections of eroded pore with in situ hybridization (red) of LIF (A), LIFR (B) and negative control (C) combined with immunostaining of TRACP (black). (D-G) Adjacent
sections of formative pore with masson (D) and in situ hybridization of LIF (E), LIFR (F) or negative control (G) combined with immunostaining of TRACP (black). Eroded
surfaces are marked by a yellow dashed line, formative bone surfaces are marked by a red dashed line. Osteoclasts are indicated by black arrows in the zooms,
Reversal cells are indicated by arrowheads and osteocytes with signal from in situ hybridization are shown with*.

present in osteocytes and osteoblasts (Figures 3B,F), whereas
PDGFRB was primarily located near vascular structures within
the lumen of intracortical pores and not in bone forming
osteoblasts or osteocytes (Figures 3C,G).

SEMA4D and PLXNB1 are Present in Human

Bone Remodeling Events

SEMA4D was present in mature bone-resorbing osteoclasts
(Figure 4A) and in bone-forming osteoblasts on osteoid
surfaces and in some osteocytes (Figures 4D,E). The few
mononucleated cells within the lumen showing low levels of
SEMAA4D, appeared morphologically like endothelial cells instead
of potential osteoprogenitors. Discrete levels of PLXNBI
(receptor of SEMA4D) were observed in reversal cells next to
SEMA4D-positive osteoclasts (Figure 4B), and in bone-forming
osteoblasts on osteoid surfaces and in some osteocytes (Figures
4E,F). No PLXNBI was observed in mature bone-resorbing
osteoclasts (Figure 4B).

Vascular Structures Express EFNB2 and

EPHB4 in Human Bone Remodeling Events
We observed no presence of either EPHB4 or EFNB2 in
osteoclasts, reversal cells or osteocytes (Figure 5), but some
mature bone-forming osteoblasts contained EPHB4 mRNA
(Figure 5A). In contrast, both EPHB4 and EFNB2 were highly
present in vascular structures within the intracortical pores
(Figure 5).

DISCUSSION

The elusive coupling of bone formation to osteoclastic bone
resorption is a critical step in the bone remodeling process,
which we are only starting to understand (Delaisse et al,
2020). Osteoclastic coupling factors play a central role in the
osteoclast-osteoblast coupling, ensuring the initiation of bone
formation within the vacated resorption cavities (Sims and
Martin, 2020). The present study examines in situ mRNA
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FIGURE 2 | Gp130-associating receptors are present within intracortical pores with active bone remodeling. (A) schematic illustration of the two gp130-
associating receptors (LIFR and OSMR) and their affinity for CTF-1, LIF and OSM. (A-B) Adjacent sections of eroded pore with in situ hybridization (red) of CTF7 (A) and
LIFR (B) combined with immunostaining of TRACP (black). (D-E) Adjacent sections of pore with resorption and formation with in situ hybridization (red) of OSMR (D) and
OSM (E) combined with immunostaining of TRACP (black). Eroded surfaces are marked by a yellow dashed line and formative surfaces are marked by a red dashed
line. Osteoclasts are marked by a black arrow and outlined in the zooms, reversal cells are marked by arrowheads.

localization of potential membrane-bound and secreted
osteoclastic coupling factors and their respective receptors in
human cortical remodeling events. The study demonstrates that
mRNA of several coupling factors are present in osteoclasts, while
their receptors were present in neighboring osteoblastic reversal
cells (e.g., osteoprogenitors) during the reversal-resorption phase.
This supports the notion that interactions between osteoclasts
and osteoprogenitors within the reversal-resorption phase play a
key role in the coupling mechanism, potentially involving a
dedicated panel of secreted and membrane-bound coupling
factors.

Secreted Osteoclastic Coupling Factors
and Their Receptors in Human Bone

Remodeling

In human cortical remodeling events, the osteoclastic levels of LIF
and high levels of LIFR in neighboring reversal cells and potential
osteoprogenitors within the lumen, support that LIF:LIFR
signaling may likely have a functional role in the coupling
during human bone remodeling. This supports previous
studies in genetic mice models, suggesting a pro-osteogenic

effect of LIF:LIFR signaling during bone remodeling. These
mice studies showed an increased bone volume when Lif was
overexpressed (Metcalf and Gearing, 1989), and decreased bone
volume and increased number of osteoclasts in Lif knockout mice
(Bozec et al,, 2008) and Lifr knockout mice (Ware et al., 1995).
This skeletal effect is partly transferable to humans, where
mutations in the LIFR gene cause Stiive-Wiedemann
syndrome (OMIM #610559), characterized by bowing and
thickening in the lower limbs and abnormal trabecular bone
structure (Cormier-Daire et al., 1998; Dagoneau et al., 2004).
Stiive-Wiedemann syndrome is often fatal and associated with
early lethality, as also observed in Lif and Lifr knockout mice
(Cormier-Daire et al., 1998; Sims, 2009). The early lethality makes
the effects of LIF:LIFR signaling on remodeling versus modeling
and growth hard to interpret, and differing roles of LIF signaling
in bone development and remodeling has been reported (Poulton
et al, 2012). Our findings of LIF and LIFR in interacting
osteoclasts and osteoprogenitors, support that LIF:LIFR
signaling plays a role in the osteoclast-osteoblast coupling
within the reversal-resorption phase.

Importantly, LIFR signaling can also be activated by several
other ligands of the IL-6 family cytokines (Kishimoto et al., 1995).
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FIGURE 3 | Levels of PDGFRA and PDGFRB differ in cortical bone. (A-C) Adjacent sections of eroded pore with immunostaining of TRACP (black) and in situ
hybridization (red) of PDGFB (A), PDGFRA (B) and PDGFRB (C). (D-H) Adjacent sections of pore with bone formation with Masson Trichrome (D) or in situ hybridization
of PDGFB (E), PDGFRA (F), PDGFRB (G) or negative control (H) combined with immunostaining of TRACP (black). Eroded surfaces are marked by a yellow dotted line,
formative surfaces are marked by a red dotted line. Osteoclasts are outlined and marked with black arrows, reversal cells with arrowheads and osteocytes with in
situ signal are marked with (*), blood vessels are indicated with “BV”.

CTF1 and OSM are two alternative ligands of LIFR, which have
been suggested to play a regulatory role in bone remodeling. Like
LIF, CTF1 might possess different roles in modeling versus
remodeling events. Studies on CtfI knockout mice have shown
that they are osteopenic at birth but had a high bone mass
phenotype at 10- and 26-weeks of age (Walker et al, 2008;
Poulton et al, 2012). In the same study, CTF1 protein was
observed in murine osteoclasts. We did not observe any

notable levels of CTFI mRNA in osteoclasts, reversal cells or

osteoblasts in human cortical bone remodeling events,
questioning its importance in human bone remodeling. OSM

is an alternative ligand of LIFR, which has been extensively
studied. Studies treating mice with OSM has indicated both
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pro-osteogenic effects (Jay et al, 1996; Bellido et al., 1997;
Walker et al., 2010), as well as an increased osteoclast
formation and activity (Tamura et al., 1993; Palmqvist et al,
2002). Recently, it was suggested that OSM signaling through
LIFR stimulates bone formation (Walker et al., 2010), consistent
with a high bone mass phenotype observed in mice
overexpressing bovine Osm (Malik et al, 1995). Conversely,
OSM signaling through OSMR 1is suggested to induce
osteoclastogenesis  indirectly by  upregulating RANKL
expression (Walker et al., 2010). However, we did not observe

any notable presence in osteoclasts, reversal cells or osteoblasts in

human cortical bone remodeling events, questioning its
importance in human bone remodeling. On the other hand,
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FIGURE 4 | SEMA4D is present in osteoclasts and mature osteoblasts and PLXNB1 is present in osteoblasts. (A-C) Adjacent sections of pore with resorption with
in situ hybridization (red) of SEMA4D (A), PLXNB1 (B) or negative control (C) combined with immunostaining of TRACP (black). (D-F) Adjacent sections of pore with bone
formation with masson trichrome staining (E) or in situ hybridization (red) of SEMA4D (D) or PLXNB1 (F) combined with immunostaining of TRACP (black). Eroded
surfaces are marked by a yellow dotted line, formative surfaces are marked by a red dotted line. Osteoclasts are outlined and marked with black arrows, reversal

we did observe OSMR mRNA in reversal cells and potential
osteoprogenitors within the lumen of intracortical pores, which
may respond to an alternative unknown ligand.

Another potential secreted osteoclastic coupling factor is
PDGF homodimers or heterodimers, which have attracted
attention as regulators of bone remodeling. This attention
originates from clinical studies with the tyrosine kinase
inhibitors Imatinib and Nilutinib observed to increase serum
markers of bone formation, but not resorption (Grey et al., 2006).
Subsequently, in vitro studies ascribed this effect of Imatinib and
Nilutinib treatment to PDGFR- signaling causing increased Opg
expression (O’Sullivan et al., 2007, 2011, 2016). Treatment with
PDGF-BB has also been shown to increase mesenchymal cell
proliferation and osteoblast differentiation in vitro, but also the
expression of pro-resorptive factors, such as Csfl and Rankl
(Chen et al,, 2015). In human trabecular bone, PDGFB was

expressed by osteoclasts whereas both PDGF receptors
(PDGFRA and PDGFRB) were expressed by osteoblastic
canopy cells and reversal cells (Brun et al, 2020). In the
present study, we observed expression of both receptors in
reversal cells but differing expression pattern in other cells.
Besides in reversal cells, PDGFRA was expressed by osteocytes
and osteoblasts, whereas PDGFRB was expressed near vascular
structures within intracortical pores.

Membrane-Bound Osteoclastic Coupling
Factor and Their Receptors in Human Bone

Remodeling

In human cortical bone remodeling events, SEMA4D was present
in osteoclasts and PLXNBI was observed in reversal cells,
supporting that SEMA4D:PLXNB1 binding may play a role in
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FIGURE 6 | Schematic presentation of a cutting cone with observed
coupling factors and receptors in osteoclasts and reversal cells in human bone
remodeling. Top, a cutting cone with initial resorption (left), reversal-resorption
phase with osteoclasts intermixed with reversal cells (middle) followed by
bone forming osteoblasts laying down osteoid (right). Bottom, zoom on the
cell-cell interface between osteoclasts (red) and reversal cells (purple) with
observed expression of coupling factors and receptors.

their communication. This is in line with murine studies, showing
Semadd expression in osteoclasts and osteoclast progenitors, and
increased Plxnbl expression during osteoblast differentiation
(Negishi-Koga et al., 2011). Functional studies in mice, suggest
that Sema4D is a suppressor of bone formation with knockdown
leading to a higher bone mass. However, the cause of high bone
mass in knockout mice does not concur between studies. Negishi-
Koga and colleagues reported increased bone formation without
osteoclastic effect (Negishi-Koga et al., 2011) whereas Dacquin
and colleagues observed reduced resorptive activity (Dacquin
et al, 2011). In a clinical study, serum levels of SEMA4D
positively correlated with serum markers of resorption in
patients with multiple myeloma (Zhang et al, 2015; Terpos
et al., 2018). Later, SEMA4D secreted from a human lung
cancer cell line were shown to inhibit osteoblast differentiation
in vitro (Chen et al., 2019). In contrast to this study, treatment of
osteoporotic postmenopausal women with the antiresorptive
Denosumab have been shown to increase serum levels of
SEMA4D compared to controls (Anastasilakis et al., 2015),
suggesting that SEMA4D is produced by other sources than
osteoclasts. This study suggests that SEM4D originate from
mature bone-forming osteoblasts, showing presence of
SEMA4D mRNA at human bone remodeling sites.
EFNB2:EPHB4 signaling has also been proposed as a coupling
pathway requiring cell-cell contact. Efnb2 and Ephb4 have been
reported in several bone cells (Arthur et al, 2011, 2018; Wang
et al, 2014) and EFNB2:EPHB4 signaling within the osteoblast

Coupling Factors in Human Bone

lineage is believed to promote osteoblast differentiation (Takyar
et al, 2013; Tonna et al.,, 2014). Nevertheless, we were unable to
observe any notable presence of EFNB2 and EPHB4 in human
osteoclasts and reversal cells questioning its direct importance in
the osteoclast-osteoblasts coupling mechanism of human bone
remodeling. On the other hand, EFNB2 and EPHB4 are highly
expressed in the vascular structures within the lumen of
intracortical pores, consistent with a role in the local
vascularization and angiogenesis as shown in other studies (Wang
et al, 2010). Vascularization is essential for osteoprogenitor
recruitment and thereby indirectly the activation of bone
formation on eroded bone surfaces vacated by the osteoclasts.

In this study, we qualitatively investigated the spatial in situ
mRNA localization of proposed coupling factors and their
receptors using bone specimens from adolescents undergoing
corrective surgery for Coxa Valga. Therefore, we consider the
analyzed cortical bone as healthy. By investigating intracortical
pores, we ensure that well-defined remodeling processes were
examined, despite the young age of patients. Our investigations
are limited to the in situ cellular mRNA-levels, which are affected
by expression and stability of each individual mRNA. Despite the
use of a tissue array to validate probes, stability and retention time
within bone may vary from other tissues. The study does not
investigate the distribution of proteins or functional analyses of
included coupling factors. In the applied mRNA detection-
procedure we used probe pairs designed by ACD Bioscience.
Each set of probe pairs included 20 different probe pairs targeting
a specific region within the gene of interest. Levels of mRNA
detected were described af high/low when compared to other
probes or differing levels between cell types.

Further investigation of the mRNA and protein abundance, as
well as functional significance of these coupling factors are
needed in human bone remodeling.

CONCLUSION

Our mRNA analysis of human cortical bone remodeling events
revealed presence of proposed coupling factors LIF, SEMA4D and
PDGFB mRNA in mature bone-resorbing osteoclasts and
presence of their respective receptors LIFR, PLXNBI, PDGFRA
and PDGFRB mRNA in neighboring reversal cells. These results
are complementary to previous functional studies, supporting a
functional role in the coupling mechanism of human bone
remodeling. Conversely, we did not observe presence of CTFI
or OSM mRNA in mature osteoclasts, despite the presence of
OSMR mRNA in neighboring reversal cells (Figure 6). Finally,
presence of EFNB2 and EPHB4 mRNA was restricted to vascular
structures within intracortical pores, with no indications of
presence within osteoclasts nor reversal cells.
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A balanced skeletal remodeling process is paramount to staying healthy. The remodeling
process can be studied by analyzing osteoclasts differentiated in vitro from mononuclear
cells isolated from peripheral blood or from buffy coats. Osteoclasts are highly specialized,
multinucleated cells that break down bone tissue. Identifying and correctly quantifying
osteoclasts in culture are usually done by trained personnel using light microscopy, which
is time-consuming and susceptible to operator biases. Using machine learning with 307
different well images from seven human PBMC donors containing a total of 94,974 marked
osteoclasts, we present an efficient and reliable method to quantify human osteoclasts
from microscopic images. An open-source, deep learning-based object detection
framework called Darknet (YOLOv4) was used to train and test several models to
analyze the applicability and generalizability of the proposed method. The trained
model achieved a mean average precision of 85.26% with a correlation coefficient of
0.99 with human annotators on an independent test set and counted on average 2.1%
more osteoclasts per culture than the humans. Additionally, the trained models agreed
more than two independent human annotators, supporting a more reliable and less biased
approach to quantifying osteoclasts while saving time and resources. We invite interested
researchers to test their datasets on our models to further strengthen and validate the
results.

Keywords: osteoclasts, object detection, machine learning, artificial intelligence, automatic image analysis

1 INTRODUCTION

In order to be healthy, the skeleton is constantly undergoing a balanced remodeling process
where bone is removed by osteoclasts (OCs) before osteoblasts are recruited to build new bone
(Charles and Aliprantis, 2014; Marino et al., 2014). Overactivation of osteoclasts may lead to
unbalanced bone remodeling and excessive loss of bone. This is seen in diseases such as
rheumatoid arthritis, multiple myeloma and cancers metastasizing to bone (Yahara et al.,
2022).

Osteoclasts are highly specialized, multinucleated cells originating from cells of the monocyte-
macrophage lineage. Two key cytokines, macrophage colony-stimulating factor (M-CSF) and
receptor activator of NFkB ligand (RANKL), are essential for osteoclast formation. M-CSF is
important for survival and proliferation of osteoclast precursors and leads to the expression of RANK
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(Marino et al.,, 2014). Signaling through RANK by RANKL is
required for fusion of the osteoclast precursors and
differentiation into mature osteoclasts (Marino et al., 2014;
Pereira et al.,, 2018).

Human osteoclasts can be differentiated in vitro from
mononuclear cells isolated from peripheral blood or from
buffy coat (Marino et al, 2014). Typically, monocytes are
isolated from peripheral blood mononuclear cells (PBMCs) by
adhesion to plastic or by anti-CD14 coated beads. The cells are
subsequently cultured in the presence of M-CSF and RANKL for
about 14-16 days until multinucleated cells appear (Sorensen
et al., 2007; Marino et al., 2014). Osteoclasts are defined as cells
containing three or more nuclei and are tartrate-resistant acid
phosphatase (TRAP) positive (Marino et al., 2014). TRAP is an
acid phosphatase secreted by osteoclasts during bone resorption
(Hayman, 2008). As the name indicates, TRAP is resistant to
tartrate inhibition, which makes it distinguishable from other
acid phosphatases, a property exploited during TRAP-staining
(Burstone, 1959; Filgueira, 2004; Hayman, 2008). TRAP-staining
is one of the most common methods to characterize osteoclasts
in vitro cell cultures (Filgueira, 2004; Hayman, 2008; Marino
et al., 2014).

While the definition of osteoclasts may be straightforward,
identifying and correctly quantifying the number of osteoclasts in
culture is a challenge. The number and size of osteoclasts are
usually evaluated under a light microscope, which requires
trained personnel. It is time-consuming and subjective. To
avoid operator bias, each sample must be counted blind by at
least two individuals. Osteoclast number and size may also be
evaluated after imaging of the cultures. The nuclei in each cell can
be difficult to see using the traditional TRAP-staining protocol,
but this challenge can be overcome by adding nuclear stains such
as Hoechst 33,342. Using combined fluorescence and transmitted
light imaging systems, digital brightfield images and fluorescence
images can be merged. Still, counting osteoclasts based on such
images is difficult and the same challenges with time
consumption and operator bias exist. Thus, there is a great
need for a more unbiased, efficient, and reliable method to
quantify osteoclasts in culture.

A few previous studies have attempted to quantify OCs from
microscopic images of animal cells automatically. Cohen-Karlik
et al. (2021) used machine learning (ML) to train an object
detection model for measuring the number and area of OCs in
cell cultures of mice. Their approach achieved a high correlation
with trained human annotators for detecting subclasses of OCs
with different numbers of nuclei. However, they do not mention
the model performance (accuracy, precision, etc.). The
“OC_Finder” system by Wang et al. (2021) also detects
osteoclasts from mice. It uses an automated cell segmentation
approach before applying deep learning to classify the cells as
OCs or non-OCs. Their system achieved 98.1% accuracy and
correlated well with a human examiner. Emmanuel et al. (2021)
used an artificial intelligence-assisted method through
proprietary software to identify and count OC from Wistar
rats, with no significant difference in accuracy compared to
manual methods while saving time. To our knowledge, OCs
from humans have not been analyzed using ML. Our images
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also contain more variation than the other methods’ datasets.
Therefore, we have developed a method to quantify human
osteoclast from a variety of experiments using ML-based
object detection.

Object detection combines computer vision and ML
techniques to locate and classify objects in images. Using
samples of images with labeled objects, we can train an object
detection model to detect the objects in new images
automatically. The model consists of several parts, where a
convolutional neural network (backbone) can learn and extract
features from images, which is connected to a predictor (head) for
estimating object location (bounding box) and class probabilities.
We use an open-source object detection (deep learning)
framework called Darknet (Alexey et al., 2021). Darknet has
achieved state-of-the-art results with its recent YOLOv4 model
(Bochkovskiy et al., 2020) and is known for its training and
prediction speed on a single graphics processing unit (GPU).
Darknet and versions of the YOLO models have been used in
multiple fields, including medicine and diagnosis (Elgendi et al.,
2020; Yao et al, 2022), agriculture (Zheng et al., 2021),
construction and industry (Nath and Behzadan, 2020; Kohtala
and Steinert, 2021), and autonomous vehicles (Cai et al., 2021) to
name a few.

We trained, validated, and tested multiple object detection
models using osteoclasts generated from seven human PBMC
donors, resulting in 307 different wells. Each well was marked
using Fiji (Schindelin et al., 2012), with 94,974 OCs in total, and
automatically converted to training and test datasets. The models
are thoroughly evaluated using various training scenarios to
analyze their performance compared to human annotators and
to discuss their potential for replacing the labor-intensive process
of manually counting OCs.

2 METHODS

2.1 In Vitro Methods

2.1.1 Differentiation of Osteoclasts From CD14*
Cells—Dataset |

Human buffy coats were provided by the Blood bank at St. Olavs
Hospital (REK #2009/2245). PBMCs were isolated using a
Lymphoprep density gradient (Alere), and CD14" cells were
isolated from these using CD14 microbeads (#130-050-201,
Miltenyi Biotech). 13,000 CD14" cells per well were seeded
out in transparent plastic 96-well plates (#3599, Corning). The
cells were cultured in a-minimum essential medium without
phenol red (aMEM, #41061-029, Gibco) with 10% heat-
inactivated pooled human serum supplemented with M-CSF
(30 ng/ml, R&D Systems), RANKL (10 ng/ml, R&D Systems)
and transforming growth factor-f (TGF S, 1ng/ml, R&D
Systems). The number of days used to differentiate the cells
varied from donor to donor. Pre-osteoclasts were observed after
5-9 days. At this point, the cells were stimulated with various
stimulants as part of an experiment. Mature osteoclasts were
observed after about 12-16 days and the cells were TRAP stained.
Six PBMC donors were used for dataset I, one per experiment
presented in Figure 1.
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FIGURE 1 | Distribution of the number of OCs per well with an example well image from each experiment in Dataset | and |I.

18 7 60 59

2.1.2 Differentiation of Osteoclasts From
Macrophages—Dataset Il

PBMCs were isolated as described above. The CD16" patrolling
monocytes (pMos) and CD16 CD14" inflammatory monocytes
(iMos) were isolated from one PBMC donor using CD16"
monocytes isolation kit (#130-091-765, Miltenyi Biotec) and
CD14 microbeads in sequence. The purified cells were seeded out
at 30,000 cells per well in black 96-well plates with glass bottom
(#P96-1.5H-N, Cellvis). The cells were cultured in a-MEM medium
with 10% heat-inactivated pooled human serum and M-CSF (10 ng/
ml) for 7 days to form macrophages. At this point, the cells were
stimulated with various stimulants as part of an experiment. Media
was also changed to pre-osteoclastogenic differentiation medium
containing M-CSF (30 ng/ml), RANKL (10 ng/ml) and TGF-B
(1 ng/ml) before seven additional days of culture. The media
supplements were then adjusted to M-CSF (10 ng/ml) and
RANKL (50 ng/ml) and cells cultured three more days before
TRAP staining. One PBMC donor was used for dataset II, the
same donor for both experiments 7 and 8 presented in Figure 1.
Experiment 7 represents pMos differentiated osteoclasts and
experiment 8 represents iMos differentiated osteoclasts.

2.1.3 Differentiation of Osteoclasts From Human
Osteoclast Precursor Cells—Retraining Dataset
Human osteoclast precursor cells (#2T-110, Lonza) were plated at
10,000 cells per well in a transparent plastic 96-well plate and
cultured according to the manufacturer’s instructions in OCP

medium (#PT-8021, Lonza) in the presence of M-CSF (33 ng/ml)
and RANKL (66 ng/ml). The cells were stimulated with various
stimulants as part of an experiment during culture. When mature
osteoclasts were present, the cells were TRAP stained. Two wells
from this experiment were used for a small retraining of the
model, described in Section 3.4.

2.1.4 Staining

Mature osteoclasts were stained for TRAP using the Acid
Phosphatase, Leukocyte (TRAP) Kit (#387A, Sigma-Aldrich)
following the manufacturer’s instructions, with the following
exceptions: osteoclasts were fixed with 4% paraformaldehyde
(#43368, Alfa Aesar) in phosphate-buffered saline (PBS) for
15min and appropriate TRAP staining was observed after
incubation for up to 1.5h. Cells were then washed twice with
deionized H,O, before nuclei were stained with Hoechst 33,342
(#H3570, Life Technologies) 1:5,000 in PBS. Cells were kept in
this solution during imaging.

2.1.5 Imaging

Images were acquired with an EVOS FL Auto 2 Microscope
(Invitrogen by Thermo Fisher Scientific) using a x10 objective.
TRAP staining was imaged using transmission microscopy,
capturing a brightfield image of the well with a color camera.
The EVOS light cube tagBFP was used for fluorescent detection of
Hoechst. The microscope captured several smaller images of
different regions of the well, which could later be arranged

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2022 | Volume 10 | Article 941542


https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Kohtala et al.

Automated Osteoclast Detection

Marked well image (.tif)

416 pixels

416 pixels

converted to a bounding box stored in a text file.

Segments with 50% overlap
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next to each other resulting in one larger image of the whole well,
this process is called tiling. For dataset I and the Retraining
dataset, tiling of the images was done in the EVOS software
(Invitrogen EVOS FL Auto 2 Imaging System), creating two
images per well, one TRAP image and one Hoechst image. For
dataset IJ, tiling of the already merged images was done using a
custom script in Fiji. TRAP and Hoechst images were merged
using either the EVOS software or Fiji for all datasets, generating
one image of the whole well. The edges of the wells were not
imaged completely in dataset II, which resulted in these images
being smaller than the images from dataset 1. All images were
saved as TTF files. The datasets I and II contain a total of 307 well
images from eight different experiments, with their OC
distribution and sample images shown in Figure 1. The
Retraining dataset contain two wells from one experiment.

2.1.6 Manual Osteoclast Counting

The merged images from EVOS were used for the human
counting. Prior to counting, the images from an experiment
were given random names using a Fiji script to make the
counting unbiased. Fiji was used to count the osteoclasts by
manually marking each osteoclast using the multi-point tool.
When clicking on osteoclasts in an image, the multi-point tool
leaves a mark and keeps track of the number of total markings in
the image. When all wells of an experiment had been counted, the
images could be decoded, revealing the results of the experiment.

2.2 Datasets and Training Procedures

2.2.1 Data Preparation

The two datasets (I and II) were initially intended for different
research topics and purposes. This provided us the opportunity to
test our approach on various OCs in a large number of images,
and thus improve and thoroughly evaluate the algorithm. The
well images were marked prior to this study, and their placements
relative to the OCs are therefore not optimized for training an
object detection model. We have not edited the marks due to the
large number of samples (94,974 marked OCs) and the time
required to correct each label manually. Therefore, several scripts
were made to automatically create and prepare the data before

training a model for detecting OCs. Each image of a well was
processed, as illustrated in Figure 2.

First, a Fiji script converted the TIF images into PNG and
exported every marked OC’s pixel coordinate to a CSV file. The
PNG format removed the metadata (markings) and reduced file
size for further processing. Because the object detection
framework can only process small images, each image of a
well was further split into segments of 416 x 416 pixels with
50% overlap, resulting in 2,200 segments for each image (10,248 x
9,122 pixels) in dataset I and 1,520 segments for each image
(8,320 x 7,760 pixels) in dataset II. An overlap of 50% was used to
ensure that each cell could be viewed entirely at least once while
increasing the number and variation of training data. Object
detection also requires a bounding box that covers the region of
interest for detection. Based on observations, most cells would fit
inside a box that is approximately 0.9756% of the width of the
whole well image, which we used to automatically create
bounding boxes covering roughly 100 pixels in height and
width for dataset I and 81 pixels for dataset II. The bounding
box coordinates around each marked OC were then saved to a
text file corresponding to each image segment, described by its
center, width, and height relative to the segment. Bounding boxes
extending the perimeter of an image segment were reduced to fit
within the segment. The two additional wells in the Retraining
dataset with large variation in cell sizes were manually labeled
with bounding boxes using Labellmg (Tzutalin, 2022) to ensure
that each OC was covered entirely.

2.2.2 Training Procedure

Transfer learning was used by training the OC detection
models using an existing weights file for the convolutional
layers [yolov4. conv.137 from Alexey et al. (2021)], which is
pre-trained on the MS COCO (common objects in context)
dataset (Lin et al., 2014). The pre-trained weights have learned
to recognize many useful features from images to increase the
training speed for detecting new objects. Training and
prediction were performed locally on a laptop with an Intel
i9-8950HK 2.9 GHz CPU connected to an external NVIDIA
GeForce RTX 2080 Ti GPU.
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TABLE 1 | Number of samples used for each model.
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Models Train Validation Test Sum

Wells Segments Wells Segments Wells Segments Wells Segments
M1 183 354,320 64 124,480 60 115,680 307 594,480
M2_exp1, 2, 4 16 35,200 2 4,400 2 4,400 80 162,400
M2_exp8 16 24,320 2 3,040 2 3,040
M3_P1, M3_P2 4 8,800 2 4,400 2 4,400 8 17,600

We applied the same configuration file provided for the
YOLOvV4 model, with batch size 64, input width and height set
to 416 pixels, and a learning rate of 0.001 for the first 80% training
iterations, which is reduced by a factor of 10 for each remaining
10% of training iterations. Darknet also provides methods for
using data augmentation during training, which will randomly
alter the input images to increase the variability of the data and
improve generalization. For data augmentation, we used random
hue, saturation, exposure, cropping, aspect ratio, and mosaic data
augmentation (randomly mixing four training images).

2.2.3 Training Scenarios

Four separate training scenarios were analyzed. In the first
scenario, a single model (M1) was trained and optimized for
the entire dataset, where the well images from each experiment
(see Figure 1) were split into a training (~60%), validation
(~20%), and test (~20%) set, with the total number of samples
in the final datasets shown in Table 1. We trained the model for
11,073 iterations, i.e., two epochs when using a batch size of 64,
and evaluated the validation set every 500 iterations for selecting
the best model after training is complete. Finally, using the test set
with M1, we can assess how closely the trained model can match
the annotators (ground truth) for OC detection and counting.
The 60/20/20 data split is the most common approach used to
train (fit the model), validate (tune and select the best model), and
test (unbiased measure of performance) ML models, and
represents how the method would usually be applied in
practice. Thus, our goal is to evaluate the applicability of using
an open-source object detection framework to detect human OCs
from microscopic images. By comparing the validation and test
accuracies, we can also assess the model’'s degree of bias
(underfitting) and variance (overfitting).

In many cases of ML, the available data does not represent the
variation found in the wild (unseen samples), and it is uncertain
how the chosen method generalizes to this new, unforeseen
variation. However, with a large dataset from different
experiments, it is possible to simulate this scenario by only
training and validating the model on a subset of the available
data and then testing it against “unseen” subsets. Thus, to assess
the ability of our approach to generalize across different
experiments (different donors and image appearance), we
randomly picked 20 well images from experiments 1, 2, 4, and
8 for the second training scenario. A model was then trained (16
wells) and validated (2 wells) for each experiment (denoted by
M2_expl, M2_exp2, M2_exp4, and M2_exp8) and then tested
against each other’s remaining two test wells. Each model was
trained for 2500 iterations, i.e., 6.5 epochs for M2_exp8 and 4.5

epochs for the other models. This training scenario was
performed to test how a model trained on only one
experiment generalizes to other ‘unseen’ experiments or if the
models tend to overfit if not introduced to more variation.

In the third scenario, we analyzed eight wells from experiment
4 that were marked independently by two annotators (P1 and P2).
Two models were trained for each annotated dataset, where
models M3_P1 and M3_P2 are trained on P1 and P2’s labels,
respectively. We used 4-fold cross-validation (CV), using four
training wells and two validation and test wells, to analyze each
well without being part of the training and thus reduce bias. The
models were trained for 3,000 iterations for each CV step
(roughly 20 epochs). We can then directly compare both
human-human and model-human agreements to assess if the
proposed object detection method for automatic OC counting
can replace humans and further evaluate the proposed method’s
applicability and generalizability.

A fourth scenario was included to test if model M1 can be
retrained to work on different-sized cells with larger variation.
We labeled two wells from the Retraining dataset with large and
small OCs containing at least three and up to more than 20 nuclei.
The labels (bounding boxes used as ground truth) had to be made
manually using a labeling tool since the auto-generated labels
used for training the other models would not fit these cells. The
cells ranged from 40 to 1,600 pixels in width and height, with an
average of 260 pixels. The image segments were increased to 650
pixels in width and height to ensure that at least 95% of the
labeled cells would fit inside. One of the wells was used to retrain
and validate the model, while the other well was used to test the
accuracy.

2.3 Evaluation

Since the human-labeled marks from Fiji were not perfectly
centered on the cells, and the bounding boxes were given a
fixed size around the marks, we used a relatively low
Intersection over Union (IoU) threshold of 0.1 for considering
a detection a true positive. The mean average precision (mAP) is
then calculated through Darknet, which employs the average
precision (AP) calculation procedure provided by the PASCAL
VOC2010 challenge (Everingham et al., 2015). Here, AP is the
area under the monotonically decreasing precision-recall curve
ranked by detection confidence. Subsequent detections of the
same ground truth label are counted as false positives in the
calculation. The mAP is the mean of the APs for all classes, and
since we only consider one class, AP is equal to mAP. The mAP
with an IoU threshold of 0.1 is referred to as mAP@0.1, which we
calculate for the validation set during training to select the best
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model and then for the test set to report model performance. We
also report mAP@0.5 results since an IoU threshold of 0.5 is
commonly used for object detection models. An illustrative
example of how mAP@0.1 is calculated for one sample image
is shown in Figure 3A, where the same approach is used when
multiple images are analyzed.

With the mAP metric considering every detection confidence
and representing how accurately the trained model can locate,
classify, and recall the marked OCs, we need to find a detection
threshold for detecting OCs in new images. Therefore, we also
calculate precision and recall values for the validation set to find
the detection threshold that achieves the highest Fl-score
(harmonic mean of the precision and recall). We can then use
this threshold value to detect and count the total number of OCs
for each well in the test set by evaluating all corresponding image
segments. Since the training images (segments) are overlapping,
we compare the detection accuracy with and without overlapping
segments to determine which approach is better suited. The
number of segments in Table 1 is thus reduced by 75% in the
case of only using non-overlapping segments. We created a
simple algorithm using OpenCV (Bradski, 2000) to prevent
multiple detections of the same OC when using overlapping
segments. The algorithm first fills an ellipse-shaped region
within the detected bounding boxes reduced by 20% in height
and width to differentiate compact OCs with overlapping
detections. The connected ellipses are then fused to reduce
multiple detections of the same OC to one, finally creating

bounding boxes around the merged ellipse shapes. The
procedure is illustrated in Figure 3B.

After analyzing each whole well, we can compare the total
number of OCs detected by the model and annotators and
measure their agreement by calculating the root-mean-squared
error (RMSE). Python (version 3.7.9) with the Scipy library
(version 1.7.1) was used for calculating Pearson correlation
coefficients between the models and annotators and perform
normality tests.

3 RESULTS

3.1 Scenario 1: Model Performance Using

the Entire Datasets

The first model (M1) was trained for approximately 2 days and
14 h, including validation-set evaluations every 500 iterations
taking roughly 2 h each time. Although the total training duration
can be substantially reduced by excluding the validation set,
selecting the best model based on training loss may cause
overfitting. Since the validation set is not used to fit the
model, it will reduce bias and better indicate model
performance and generalization. Figure 4 shows the training
loss and validation accuracy for the entire training duration. The
best models were selected based on the highest validation
accuracies and then evaluated on the test set, with results
presented in Table 2. The mAP values were acquired on
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TABLE 2 | Validation and test results for the best models.

loU threshold Validation

mAP [%] P R

F1

0.1
0.5

84.22
75.32

0.79
0.75

0.81
0.75

0.80
0.75

P, precision; R, recall; F1, F1 score; DT, detection threshold.

Test
mAP [%] P R

DT F1

0.25
0.26

85.26
75.92
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FIGURE 5 | Precision, recall, and F1-score for the validation set using the model that achieved the highest mMAP@0.1 score.

overlapping and non-overlapping validation and test images,
with a mean absolute difference of only 0.2% between the
approaches. Thus, the effect of the segmentation method does
not significantly affect the mAP values. Furthermore, the similar
and high validation and test accuracies indicate that the trained
model has both low variance and bias, respectively, thus having
generalized properly. The mAP@0.5 values are consistently lower
than the mAP@0.1 values, which is expected due to the stricter
evaluation criteria.

The precision, recall, and F1 scores were calculated for every
detection threshold incremented by 0.05, with the results shown

in Figure 5 for the validation set using the best model (highest
mAP@0.1 score). The highest F1 score was achieved with a
detection threshold of 0.25.

Using the best model based on mAP@0.1 and a detection
threshold of 0.25, the number of OCs was detected and
counted for each validation well. The process shown in
Figure 3B, applied to overlapping segments, resulted in a
combined RMSE of 51.87 while detecting directly on non-
overlapping segments resulted in a combined RMSE of 32.37.
Therefore, the approach of using overlapping segments for
detection was disregarded, as it deviates more from the
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annotators than using non-overlapping segments without the
extra step of combining detections. Figure 6 shows the number
of OCs counted by the model compared to the annotators for
each test well, with RMSE calculated for every experiment. The
combined RMSE of all test wells is 37.29, with a Pearson
correlation coefficient of 0.99 (p < 0.001, from scipy.
stats.pearsonr) between M1 and annotators. These results
support the applicability of using object detection to match
human-level accuracy for counting OCs.

Although the correlation between the trained model and
human annotators is high and positive, it does not necessarily
imply a good agreement on the total number of counted OCs. To
further analyze the applicability of the proposed method, a Bland
and Altman plot is shown in Figure 7 with confidence interval
(CI) calculations based on Giavarina (2015). The plot shows the
difference (in the percentage of the mean) between measurements
for the test wells, for which the residuals are normally distributed
(p > 0.18, from scipy. stats.normaltest). The limits of agreement
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(mean difference +1.96 SD) are 23.8% and —19.6%, which contain
95% of the differences. The bias of 2.1% is not significant since the
line of equality (representing perfect agreement) is within its CI,
indicating that the model consistently counts the number of OCs
close to the human annotators without a systematic difference.
However, the agreement interval is relatively wide, with the most
considerable deviations found for the wells containing the fewest
OCs. One outlier having a mean of three (one annotated and five
detected OCs) and a difference of 133.3% was removed from the
analysis.

3.2 Scenario 2: Generalization Across

Experiments

Four models were trained, each using 16 samples from only one
experiment (1, 2, 4, and 8 in Figure 1), and then evaluated against
test wells from each experiment. The resulting mAP@0.1 values are
shown in Figure 8. It is expected that a model trained, validated, and
tested on the same experiment will achieve higher test accuracy
compared to the other experiments since the training and test data
are more related. However, this is not the case for model M2_exp2,
which scored higher on experiments 4 and 8.

Additionally, each model achieves high accuracies on the test
wells from experiment 8. In contrast, the model trained with
images from experiment 8 has the lowest accuracies when tested
on the other experiments. The dark appearance of the images in
experiment 8 reduced the effectiveness of data augmentation
(random hue, saturation, and exposure) when training M2_exp8,
resulting in the model not being able to generalize properly. At
the same time, the other experiments are not affected on the same
level and were, therefore, able to generalize sufficiently to detect
OCs from experiment 8 with reasonable accuracy. These results
show that the method can produce models able to detect OCs
from different experiments that were not part of the training and
validation, thus showing generalizable tendencies of the trained
models.

3.3 Scenario 3: Cross-Validation With Two

Human Annotators

Two models were trained with a 4-fold CV using eight wells from
experiment 4, marked independently by two annotators. The
trained models, M3_P1 and M3_P2, had an average test accuracy
(mAP@0.1) of 85.5 and 77.78%, respectively. The total numbers
of OCs counted by the annotators and models are shown in
Figure 9, with RMSE and correlation coefficients between each
OC counter shown in Table 3. As seen in Table 3, the models
agree more with the person marking the dataset, and the models
agree more than the two annotators.

3.4 Scenario 4: Retraining and Detection of
Varying OC Sizes

Model M1 applied directly to the two wells of the Retraining
dataset with large variation in osteoclast size resulted in 66.27%
mAP@0.1, an F1-score of 0.66, and counted 16% fewer OCs than
the annotator. M1 was then retrained using one of the wells for
50 min, where the highest validation accuracy (88.77%) was
found at the 25min mark. This resulted in a new test
accuracy of 91.71% mAP@0.1, an Fl-score of 0.85, and
counted 11% more OCs than the annotator. These promising
results support the applicability of the proposed method for
detecting OCs with various shapes and sizes. A few sample
detections from the test well are shown in Figure 10, with
OCs ranging from 626 pixels to 64 pixels in width.

4 DISCUSSION
4.1 Automatic OC Counting Accuracy

Our approach can automatically detect and count human OCs
from microscopic images with good accuracy. The Pearson
correlation coefficient of 0.99 indicates that the trained model
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TABLE 3 | Agreement between each OC counter, ranked by lowest RMSE.

RMSE
P1 vs. M3_P1 73.27
P2 vs. M3_P2 92.67
P2 vs. M3_P1 161.36
M3_P1 vs. M3_P2 163.01
P1 vs. M3_P2 178.78
P1vs. P2 190.42

Pearson
correlation coefficient

Mean difference +SD

25.00 + 73.63 0.81
-1.25 + 99.06 0.76
—-145.38 + 74.86 0.84
14413 + 81.43 0.83
169.13 + 61.97 0.92
170.38 + 90.90 0.76

—

FIGURE 10 | OCs of various sizes detected (true positives) by the retrained model.

5 @
L

can reliably count the number of OCs compared to human
annotators, which is essential when comparing the amount of
OCs between experiments. Furthermore, the trained model can
locate and classify OCs in various images with a mAP@0.1
accuracy of 85.26% and count the number of OCs with a bias
of only 2.1%. However, the limits of agreement found in Figure 7
ranges from —19.6 to 23.8%, and their acceptability must be based

on the study being conducted. These results are auspicious when
considering the suboptimal labels used for training, suggesting
that the model can be improved further by optimizing the labels.
The model can also be retrained to account for various cell sizes,
as shown in scenario four. However, due to the few samples used,
more manually labeled data is needed to further improve
detection of various OC sizes.
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FIGURE 11 | Typical errors, including (A) classifying parts of a cell as an OC, (B) OCs regarded as false positives during evaluation due to the annotators missing
some OCs during manual counting, (C) OCs differing in shape and appearance from most OCs in our dataset that were found by the annotators but not by the model,
and (D) cell location affecting detection confidence. Red bounding boxes represent detections made by model M1, with green representing the annotated labels (ground

One well image (550 segments without overlap) takes about
49 s to analyze, including 28s for splitting the image and saving
each segment to a folder and 21s to perform detection (~26
frames per second) and count the total number of OCs. Manual
counting takes 15-40 min depending on the number of cells,
whereas our approach takes around 6 min on the CPU. Even
without GPU acceleration, our approach can save a lot of time
and manual labor, especially when analyzing multiple wells.

By training several models using only one experiment each, we
showed in scenario two that the method will still produce models
able to detect OCs on different experiments and images with
reasonable accuracy. Therefore, we expect that the model (M1)
trained on all our experiments will work well on completely new
experiments that may look slightly different. It is, however,
essential to validate the model and tune the detection
threshold on new images before relying on the reported
accuracy. We also found that the darker images produced the
least accurate models due to the reduced effect of data
augmentation, which should be considered when capturing
new data and training new models for cell analysis.

A trained model will naturally agree more with the person
annotating the dataset, as seen in Figure 9 and Table 3. However,
the trained models agreed more than the two annotators,
indicating that the models have consistency at least as good as
the human annotators and were able to learn the essential features
for detecting OCs without overfitting on erroneous or missing
labels. This further supports the use of trained object detection
models to replace the manual process without losing accuracy.

4.2 Limitations and Typical Errors

A few samples of typical errors are shown in Figure 11. Since the
object detection models can only process small images, thus
having to divide each well image into smaller segments, some
of the training images will contain incomplete OCs that remain
marked. The model has thus learned to recognize such
incomplete OCs, resulting in detection errors, as shown in
Figure 11A. A segmentation algorithm that considers the
labeled OCs so that none of the segments contain incomplete
OCs could be developed, which would remove such erroneous
samples from the training data.
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Figures 11B,C shows some false positives and false negatives
with respect to the human-marked OCs. After going through
some of the automatically analyzed wells, we found several false
positive detections by the trained model that should be
considered true positives, resulting from the annotators not
detecting each OC during manual counting. Although this is
not a limitation of the trained model, it shows that human error
can affect the evaluation of the model. To further improve the
detection accuracy, a manual evaluation of the model’s and
human’s detections can be performed to correct erroneous and
missing labels in the training data and then retrain the model.
Many false negatives, i.e., human-labeled OCs that the model did
not detect, had different shapes and appearances than most of the
OCs in our dataset. In addition, a few faulty labels were caused by
accidental clicks using the Fiji marking tool.

A small translation was applied to the first three image segments
shown in Figure 11D, with the fourth segment being rotated, which
resulted in different detection confidences for the same cells. Since a
detection threshold is required to filter out erroneous detections and
improve accuracy, the well images’ segmentation approach can affect
the results. For example, the method of detecting OCs using
overlapping image segments, as shown in Figure 2 and
Figure 3B, resulted in more detections (a significant, 12.5% bias)
compared to using non-overlapping segments (2.1% bias).
Therefore, it is important to validate the model and segmentation
approach to tune the detection threshold.

It is required that the cells are approximately the same size
relative to the image segments when using our trained model.
Darknet models can be trained with image sizes between 320 and
608 pixels in width and height, where we used 416 pixels. Using
images with different sizes is also possible, as demonstrated in
scenario four, which will be resized accordingly when processed
through Darknet. Therefore, the image segmentation strategy
must be adjusted based on cell size and the size of the whole well
image. If detection of larger cells or the number of nuclei per cell
is required, our model can be retrained with new labeled data to
increase accuracy. The approach can also be used on completely
different cell types by training new models and can be used in
real-time systems with a prediction time of roughly 26 images per
second, depending on hardware.

5 CONCLUSION

An approach for automatically detecting and counting osteoclasts
in microscopic images has been developed and evaluated. Several
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Bone remodeling is a physiological, dynamic process that mainly depends on
the functions of 2 cell types: osteoblasts and osteoclasts. Emerging evidence
suggests that complement system is crucially involved in the regulation of
functions of these cells, especially during inflammatory states. In this context,
complement component 5a (C5a), a powerful pro-inflammatory anaphylatoxin
that binds the receptor C5aR1, is known to regulate osteoclast formation and
osteoblast inflammatory responses, and has thus been proposed as potential
therapeutic target for the treatment of inflammatory bone diseases. In this
review, we will analyze the role of C5a-C5aR1 axis in bone physiology and
pathophysiology, describing its involvement in the pathogenesis of some of the
most frequent inflammatory bone diseases such as rheumatoid arthritis, and
also in osteoporosis and bone cancer and metastasis. Moreover, we will
examine CbaR1-based pharmacological approaches that are available and
have been tested so far for the treatment of these conditions. Given the
growing interest of the scientific community on osteoimmunology, and the
scarcity of data regarding the role of C5a-C5aR1 axis in bone pathophysiology,
we will highlight the importance of this axis in mediating the interactions
between skeletal and immune systems and its potential use as a therapeutic
target.

KEYWORDS

C5a, C5aR1, bone, rheumatoid arthritis, osteoclasts, osteoblasts

Introduction

Complement component 5a (C5a) is one of the most potent inflammatory proteins of
the complement system. It results from the cleavage of the precursor protein C5 by the
enzyme C5 convertases and binds to C5a receptor 1 (C5aR1 or CD88) (Ehrnthaller et al.,
2011) and C5aR2 (C5a receptor-like two or C5L2), which are expressed on the surface of
immune cells and, also, ubiquitously on other cell types (Monk et al., 2007). As
complement component 3a (C3a), C5a is an anaphylatoxin, whose activation leads to
clearance of foreign cells, vasodilation, chemotaxis of inflammatory cells, cytokine and
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The role of C5a as a modulator of osteoblast-osteoclast interplay. 1) Activated complement system leads to the generation of C5a which can
bind to C5aR1/2 on osteoblasts; 2) once activated by C5a, osteblasts start to release IL-6 and RANKL, thus inducing 3) osteoclastogenesis and bone
resorption as well as differentiation of osteoclast progenitors; 4) activated osteoblasts can also secrete other chemokines and cytokines, such as
MCP-1, CCL2 and IL-8, which in turn act on osteoblasts inducing a non-proliferative osteoclast-promoting state; 5) C5a also regulates the first
phase of osteoclastogenesis maturation. Created with BioRender.com.

chemokine release, oxidative burst of immune cells (Guo and
Ward, 2005) and induction and amplification of inflammatory
reactions (Ricklin et al., 2010).

Besides its crucial role in the immune system-mediated
protection from internal and external threats, C5a and its
widely expressed receptors are also emerging as important
players in different pathophysiological processes (Zheng et al.,
2019; Carvelli et al., 2020; Giorgio et al., 2021; Wu et al., 2022). In
addition to its activation in response to pathogens in fact, C5a
formation can be also triggered by complement-independent
enzymes, such as thrombin, neutrophil elastase and a
macrophage serine protease, which have C5 convertase (C5a-
generating) activity (Huber-Lang et al, 2015) and can thus
activate C5a in tissues in response to several stimuli. Among
the processes and tissues that are targets of C5a functions,
growing evidence has shown that C5a-C5aR axis has an
impact on the skeletal system, where it regulates bone
metabolism and turnover both under physiological and
pathophysiological conditions (Modinger et al., 2018).

In this mini-review, we will discuss the role of the
C5a-C5aR1
focusing on its involvement in the pathogenesis of

axis

in bone physiology and pathology,
inflammatory disorders of the skeletal system, as in

particular rheumatoid arthritis, and also osteoporosis and
cancer metastasis to the bones.
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The role of C5a in bone physiology

Bone is an extremely dynamic tissue that undergoes
continuous remodeling during the lifetime, and this process is
carried out by three types of cells (Ponzetti and Rucci, 2019):
osteoclasts, which are bone-resorbing cells deriving from stem
cells of the macrophage-hematopoietic lineage; osteoblasts, that
are bone-forming cells (Matsuoka et al., 2014); and osteocytes,
which are former osteoblasts buried in the bone mineral matrix
(Metzger and Narayanan, 2019).

In physiological conditions, studies have been indicating a
direct involvement of complement system in bone development
and homeostasis. In support of this, osteoblasts express both
C3 and C5, while osteoclasts express only C3, but both cells are
able to cleave C5 (and not C3) and generate C5a. Moreover, the
receptors C3aR, C5aR1 and C5aR2 are expressed on both cell
types (Ignatius et al., 2011a) (Figure 1). Multiple complement
components, including C3 and C5, were described to have a
characteristic expression pattern in distinct zones of the
epiphyseal growth plate, suggesting a role for complement
during bone development (Andrades et al., 1996). The specific
expression of C5 in the hypertrophic zone of the growth plate
together with the evidence that C5-deficient mice have thicker
epiphyseal growth plates,

potentially due to delayed

endochondral ossification, suggest in fact that C5 requirement

frontiersin.org


http://BioRender.com
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.957800

Ruocco et al.

is important during bone formation and longitudinal bone
growth (Ehrnthaller et al, 2013). Finally, C3a, C3aR, and
C5aR have shown to be crucial for the regulation of calcified
cartilage matrix degradation mediated by osteoclasts, the
formation — but not the resorption activity — of which is
significantly enhanced in the presence of C3a and C5a
(Ignatius et al., 2011a; Kovtun et al., 2017).

Although no observations on bone malformations in
development or bone density have been published in humans
carrying C5 deficiency, and this is most probably due to the rarity
of such condition and its lethality (i.e., Leiner's disease, which is
particularly fatal if not corrected at infancy) (Guenther, 1983),
the relevance of the C5a-C5aR axis in bone formation and
regulation of its structure has been confirmed in preclinical
studies. Twelve-week-old C5aR1-knockout (ko) and C5aR2-ko
mice showed in fact a higher bone-mass phenotype compared to
wild-type controls, and this effect was more pronounced in
C5aR1-ko mice, where it was associated with decreased
osteoclasts in trabecular bone (Kovtun et al., 2017). Moreover,
pharmacological inhibition of C5a pathway during embryo-
foetal development using avacopan, a small molecule C5aR
antagonist (Harigai and Takada, 2022), induced an increased
incidence of skeletal variations in hamsters, further confirming
the role of the complement during bone development (European
Medicines Agency, 2022).

In the adult skeleton, osteoclasts and osteoblasts, and their
respective mesenchymal and haematopoietic precursors, closely
interact and communicate in a fine-tuned balance that is a
prerequisite for bone homeostasis. The C5a-C5aR1 axis plays
arole in this context, as it can regulate the expression of different
mediators that are involved in this process (Modinger et al.,
2018). C5a can, for example, modulate the release of interleukin
(IL)-6 from osteoblasts (Pobanz et al., 2000), thus inducing
osteoclastogenesis and bone resorption (Ishimi et al., 1990),
and this can happen via the induction of the expression of
receptor activator of nuclear factor kappa-B (RANK) ligand
(RANKL) in osteoblasts (Ishimi et al., 1990) or without its
1. RANKL
stimulates osteoclastogenic differentiation by binding to its

induction  (Figure Secreted by osteoblasts,
receptor RANK on the membrane of osteoclast-committed
monocytes (Lacey et al., 1998), while other chemokines (e.g.,
monocyte chemoattractant protein-1 (MCP-1; CCL2) and
cytokines, (CXCLS),
inducing a non-proliferative but osteoclast-promoting state
(Pathak et al., 2015) (Figure 1). Indeed, in wvitro IL-8
stimulation has been shown to enhance IL-6 gene expression

including IL-8 act on osteoblasts

and protein production by human osteoblasts obtained from
bone biopsies, indicating that IL-8-stimulated osteoblasts can
produce factors that are essential for osteoclast formation
(Pathak et al,, 2015). Notably, the role of C5aR in regulating
the first phases of osteoclast maturation has also been recently
demonstrated in RAW264.7 cells (D"Angelo et al., 2020), which
are murine monocytes/macrophages that upon treatment with
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RANKL can form multinucleated and functionally active
Indeed, both C5aR
downregulation and antagonism—by C5aR antagonist PMX-

osteoclast-like cells. in these cells,
53 and two newly synthesized allosteric C5aR antagonists,
DF2593A and DF3016A—inhibited osteoclast maturation, as
demonstrated by the reduced RANKL-triggered transcription
of the most important osteoclast differentiation markers, such as
NFATcl, MMP-9, cathepsin-K, and TRAP. Interestingly, it was
observed that, as osteoclast differentiation progressed, C5aR
mRNA expression decreased, with a consequent less impact of
C5aR on the regulation of later events of osteoclast fusion
(D’Angelo et al., 2020).

C5a can also induce the production of macrophage-colony
stimulating factor (M-CSF) and plays a chemotactic role,
together with the anaphylatoxin C3a, for immune cells,
human mesenchymal stem cells (MSCs) (Schraufstatter et al.,
2009; Moll et al., 2011), osteoclast and osteoblast precursors, and,
at an even higher rate, for mature osteoblasts (Ignatius et al.,
2011b).

Thus, complement proteins, and especially C5a-C5aR1 axis,
are directly and indirectly involved in the physiology of the bone
tissue during development and homeostasis (Pobanz et al., 2000;
Ignatius et al., 2011a), as well as in its pathology, especially when
a pro-inflammatory status develops in the bone environment
(DiScipio et al., 2013). Indeed, the state of complement activation
has been found to play a role in the development and progression
of several bone-related inflammatory disorders, and in particular
rheumatoid arthritis (RA), which is an excellent model of
osteoimmunology because of the extensive involvement of the
immune system in its pathogenesis, and also osteoporosis and

cancer bone metastasis.

C5a in Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a systemic autoimmune disease
that affects 0.24% of the general population worldwide, according
to the Global Burden of Disease 2017 study (Disease, 2018; Safiri
et al., 2019), with a higher prevalence in females than males. The
risk to develop RA is age-dependent, with an incidence peak
between 65 and 80 years of age and a lifetime risk of 1.7% in men
compared to 3.6% in women (Crowson et al, 2011; Eriksson
et al,, 2013; World Health Organization, 2018). RA main clinical
manifestations include pain and swelling of hands, wrists, and
foot and knee (polyarthritis) joints. Some patients may also
develop manifestations in other organs, even with no articular
involvement, such as interstitial lung disease (ILD), pericarditis,
pleural effusion, or bronchiectasis (Littlejohn and Monrad, 2018;
Conforti et al,, 2021). Treatment of RA is aimed at reducing joint
inflammation and pain, preventing joint destruction and
maximizing joint function: first-line RA treatments are
(NSAIDs) (Bullock
et al.,, 2018), and corticosteroids are also used, but for a short

nonsteroidal anti-inflammatory drugs
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C5a in rheumatoid arthritis. In secondary tissues of RA patients, production of autoantibodies 1) activates inflammation and attracts immune
cells 2), such as T and B lymphocytes, neutrophils and monocytes, to the inflammation site. The release of proinflammatory molecules 3) drives the
proliferation of synovial tissue fibroblasts, which can contribute to the increase of C5a levels in the synovial fluid (SF) 4). C5a contributes to additional
immune cell recruitment 5) and activation: neutrofils can undergo NETosis releasing proteaseses (i.e.,, MPO, elastase, MMP-9), while
macrophages can release inflammatory proteins (i.e., MIP-1a, MIP-2a and IL-8). The release of proteases and proinflammatory proteins supports
cartilage degradation, joint inflammation and bone remodeling, amplyfing the inflammatory state 6). Created with BioRender.com.

period of time and at low doses due to their greater side effects
(Lim and Bolster, 2019). In addition, there are the disease-
modifying antirheumatic drugs (DMARDs) that can be
synthetic (small chemical molecules given orally) or biologic
(proteins administered parenterally).

The etiology of RA remains unknown; however, it is generally
accepted that it results from the combined effects of patients’
genotype and environment (Klareskog et al., 2006). In RA
patients, the persistent articular inflammation is driven by the
proliferation of synovial tissue fibroblasts and by the infiltration
of immune cells, such as T and B lymphocytes, neutrophils and
monocytes, and induces the formation of the pannus, an
abnormal synovial tissue, which invades and destroys local
articular structures. The infiltrating cells of the pannus express
pro-inflammatory cytokines, chemokines (as IL-6, IL-8, TNF-
alfa and IL-1) and matrix metalloproteinases, such as MMP-2
and MMP-9, that contribute to a progressive distruction of both
cartilage and bone (McInnes et al,, 2016; Zhang, 2021).

Synovitis, swelling and joint damage are caused by a complex
autoimmune and inflammatory process mediated by both the
innate and adaptive immune systems (Gibofsky, 2014).

Frontiers in Cell and Developmental Biology

Inflammatory cell recruitment into the synovial fluid and
tissue occurs as a result of the organized action of
(e.g, RANTES) macrophage
inflammatory proteins (i.e., MIP-la, MIP-2a and IL-8)
produced by activated macrophages, synovial fibroblasts, and

chemoattractants and

other cells in the inflamed joint. The increase in inflammatory
cells is also due to the chemotactic action of complement
activation products, such as Cb5a, the level of which is
increased fluid (SF) compared to plasma
concentration (Moxley and Ruddy, 1985; Jose et al., 1990;
Boackle, 2003) (Figure 2).

C5a is a potent neutrophil chemoattractant and priming

in synovial

agent that induces oxidative bursts and release of effector
molecules from neutrophils and of cytokines from monocytes
and macrophages (Hogasen et al., 1995). In RA, neutrophils and
macrophages are the cells that primarily express C5aR (Hornum
et al, 2017), also described as a key initiator of neutrophil
adhesion (Miyabe et al., 2017). Interestingly, when neutrophils
in vitro were exposed to GM-CSF and C5a, which are both
abundant factors in RA, neutrophil extracellular traps (NETs)
formation has been observed. NETs are networks of modified
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histones (citH3), DNA fiber and antimicrobial proteins (MPO,
elastase, others) released by neutrophils to entrap and facilitate
the killing of pathogens in a process named NETosis (Disease,
2018). In RA pathogenesis, the role of NETosis has been
investigated (Crowson et al., 2011; Eriksson et al, 2013),

demonstrating that when NETosis occurs, citrullinated
proteins are released and, when recognized by anti-
citrullinated protein antibodies (ACPAs), initiate and

propagate the aberrant immune responses and inflammation
that is characteristic of RA (World Health Organization, 2018;
Safiri et al., 2019). NETs have also been shown to provide a
scaffold for the alternative complement pathway, leading to C5a
generation. In addition, properdin, which is an essential positive
regulator of the complement pathway that allows for the
formation of the C3 convertase C3bBb of the alternative
pathway and thus the formation of Cb5a, has also been
observed to be present on NETs (Wang et al.,, 2015).

C5a/C5aR1 axis acts also on the luminal endothelium surface
of the joint vasculature, where immune complexes that deposit in
the joint can trigger C5a generation. Interestingly, the inhibition
of NETosis by DNase one abrogated C5a production, ultimately
reducing endothelial cell damage in vitro (Schreiber et al., 2017).
C5a then binds to heparan sulfate proteoglycan (HSPG) on
synovial endothelium, leading to the arrest of neutrophils via
3, integrin activation. This signalling causes the release of
leukotriene B, (LTB,), initiating autocrine/paracrine actions
via the BLT1 receptor and allowing neutrophils to move from
the blood vessel lumen into the interstitium. Neutrophils in the
joint space can then propagate their survival via CXCL2-CXCR2
signaling (Sadik et al., 2018).

Thus, not only is C5a responsible for NET formation, but
it can also be important for diapedisis into the joint, where
the NETSs can further damage cartilage and bone. Apart from
causing damage in RA joints, NETs can further provide a
scaffold for the alternative pathway, increasing formation of
C5a and acting as an amplification loop for C5a production,
recruitment of neutrophils into the joint, NET production,
and cartilage and bone damage (Figure 2). Targeting C5a or
the C5aR might thus be a viable solution for modulating NET
formation in RA, thus preventing the destruction of cartilage
(Carmona-Rivera et al., 2020) and bone (O’Neil et al., 2020)
and reducing endothelial cell damage (Schreiber et al., 2017).
In agreement, both genetic ablation or pharmacological
inhibition of the C5a-C5aR axis improved arthritis or
prevented the disease in animal studies (Wang et al., 1995;
Goodfellow et al., 2000; Ames et al., 2001; Grant et al., 2002; Ji
etal., 2002; Woodruffet al., 2002; Katschke et al., 2007; Banda
et al, 2012). This strategy could be effective as it can
target also the pro-osteoclastogenic effect of C5a that in
the inflammed bone, as happens in RA and bone healing,
enhances the inflammatory response of osteoblasts and
increases osteoclast formation (Hornum et al, 2017;
Modinger et al., 2018).
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Other diseases

C5a/C5aR1 axis in osteoporosis-related
bone fracture

Osteoporosis is a bone disease characterized by a decrease of
bone mineral density and bone mass (Nikolaou et al., 2009). The
etiologic determinants of osteoporosis include endocrine and
metabolic conditions and mechanical factors, including sex, body
size, race, family history, changes of hormones (postmenopausal
hormonal condition, pregnancy), diet (insufficient vitamin D and
calcium intake), lifestyle and long term use of certain medications
(Yun and Lee, 2004). Specific pathologies, such as gastrointestinal
diseases, RA, certain types of cancer, HIV/AIDS and anorexia
nervosa, have also been considered as triggers of osteoporosis
(Ginaldi et al., 2005). In osteoporosis patients, risk of bone
fractures is raised and frequently associated with healing
complications, prolonged hospitalization, and increased
morbidity and mortality (Nikolaou et al,, 2009; von Riiden
and Augat, 2016; Giannoudis et al., 2007).

Emerging clinical and molecular data, along with a growing
understanding of bone remodeling processes, have suggested that
inflammation is crucially involved in bone turnover (Lorenzo,
2000) and healing, and thus in the onset of osteoporosis and
recovery after fractures in these patients (Kiecolt-Glaser et al.,
2003). Following an isolated fracture, the complement system
critically modulates bone regeneration and healing (Huber-Lang
et al,, 2015), particularly through the C5a/C5aR1 axis (Bergdolt
et al,, 2017). C5a in fact is a strong activator of mast cells and
triggers the rapid release of pre-formed granular factors (Moon
et al., 2014; Erdei et al., 2004; el-Lati et al., 1994) that mediate
osteoclastogenic effects (Kroner et al., 2017). C5aRs, on the other
hand, are strongly expressed in the fracture callus, not only by
immune cells, but also by bone cells and chondroblasts (Huber-
Lang et al, 2015), and the relative spatial expression and
functionality of the two C5a receptors on bone and immune
cells during the healing period crucially influences post-fracture
outcome (Ehrnthaller et al., 2013).

Genetically modified animal models have allowed to
investigate and demonstrate the crucial role of the C5a/C5aR
axis in fracture healing (Ehrnthaller et al., 2013). C5-deficient
mice for example displayed a reduced volume and mechanical
properties in fracture calluses, indicating impaired healing
(Ehrnthaller et al.,, 2013). In addition, C5aR1 knockout mice
showed a decrease of early inflammation in the fracture callus but
also a disturbed final healing outcome in late healing stages,
including the cartilage-to-bone transition (Kovtun et al., 2017).
Interestingly, similarly disturbed fracture healing was also
observed in C5aR2-ko mice subjected to a femur fracture
(Kovtun et al., 2017). On the other hand, osteoblast-specific
C5aR1-overexpression disturbed fracture healing in mice
subjected to a femur fracture, with or without the induction
of an additional systemic inflammation by thoracic trauma,
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diminishing mechanical properties of the healed femur, reducing
bone content of the fracture callus, and increasing impairment
following severe trauma compared to wild-type littermates
(Bergdolt et al, 2017). These data strongly suggest that the
C5a/C5aR axis directly affect osteoblasts activity on bone
healing and regeneration, exerting a fine and tight regulation
of fracture healing during the entire process (Bergdolt et al,
2017).

C5a, bone cancer and neutrophil
extracellular traps

Bone tumors represent a real challenge in oncology
(Ferguson and Turner, 2018). They can grow as primary
cancers or as consequence of metastatic colonization
(Ferguson and Turner, 2018). Primary bone cancers are rare,
accounting for about 0.2% of all malignancies worldwide, while
secondary bone tumors represent one of the most common type
of metastasis following advanced stages of lungs, liver, breast and
prostate cancers (Coleman, 2001; Pullan and Budh, 2021). There
are two main types of bone metastasis: the osteolytic lesions that
caused by the

osteoclastogenesis, which results in the complete destruction

are cancer cell-induced activation of
of bone and its substitution with cancer cells (Guise et al.,
2006); and the osteosclerotic lesions, which are instead caused
by aberrant osteoblast activation that produces low quality extra
bone tissues (Ibrahim et al., 2010). Notably, the latter are also
characterized by an increased osteoclast activity and bone
resorption, which is needed to create the space for cancer cells
to growth (Maurizi and Rucci, 2018).

C5a plays a crucial role in regulating tumor growth,
metastasis, and drug resistance (Ajona et al, 2019).
Expression of C5aRl1 on cancer cells enhances their
motility, invasiveness and epithelial to mesenchymal
transition (Nitta et al., 2013; Maeda et al., 2015; Hu et al,,
2016). In non-small-cell lung cancer (NSCLC) for example,
higher C5aR1 levels in the primary tumor predict bone
metastasis and result in decreased overall survival and
relapse free survival (Ajona et al., 2018a). Accordingly,
activation of the C5a/C5aR1 axis induced a pro-metastatic
phenotype in lung cancer cells in culture, while favoring bone
colonization via regulation of CXCL16 release, which in turns
promotes a proosteoclastogenic environment in bone
metastasis (Ajona et al., 2018a). In addition to cancer cells,
osteoblasts also highly express C5aR1 (Bergdolt et al., 2017)
further promoting a pro-metastatic environment. In response
to C5a in fact, C5aR1 interacts with TLR2 in osteoblasts,
promoting the upregulation of CXCL10 (Kwak et al., 2008;
Modinger et al., 2018), a chemokine that is critical for bone
cancer cells recruitment, to support osteoclast differentiation
and to promote the formation of osteolytic bone metastases
(Lee et al., 2012).
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Beside the direct actions on the bone, C5a/C5aR axis also
exerts indirect pro-metastatic effects by inducing C5a-dependent
recruitment of PMN-MDSCs (Corrales et al., 2012) that has been
observed to facilitate metastasis. PMN-MDSCs can in fact
suppress effector CD8" and CD4" T-cells responses in the
lungs and livers of mice with breast malignancy (Vadrevu,
2014) and undergo NETosis. C5a enhances PMN-MDSC
migration and invasion and, together with the costimulatory
factor nuclear protein high mobility group box 1 (HMGBI1)
produced by cancer cells, induces the formation of NETs that
in turn promote cancer cell dissemination and lung metastasis
(Ortiz-Espinosa et al., 2022). Since NETs levels were shown to be
elevated in multiple advanced cancer patients (Tohme et al,
2016; Rayes et al., 2019), further studies should be pursued to
understand more in depth the contribution of C5a/C5aR1 axis
and NETosis specifically during skeletal colonization.

C5a/C5aR targeting pharmacological
approaches

Activation of the complement system is a major pathogenic
event that drives various inflammatory responses in numerous
diseases. For this reason, a large number of anti-complement
drugs are in development, providing tools for blocking specific
complement activation pathways, or isolated complement
fragments, such as C5a (Floege and Fechally, 2013; Thurman
and Le Quintrec, 2016; Thurman and Yapa, 2019).

Among the drugs targeting the C5a/C5aR1/C5aR2 axis that have
reached the clinical phases of development for the treatment of
various immunological disorders, some are still under evaluation in
clinical trials (e.g., Zimura, Nomacopan, Tesidolumab and MOR-
210), while some of them have been discontinued (e.g., PMX-53,
MEDI-7814, Olendalizumab and others). Approved for clinical use is
avacopan, a selective C5a receptor inhibitor, that has been tested for
the treatment of ANCA-associated vasculitis with positive results
(Jayne et al, 2017). Another available approach to block C5a
biological activity is eculizumab, a monoclonal antibody targeting
C5 that thus prevents the generation of both C5a and the terminal
complement complex (Volokhina et al., 2015). Notably, a trial with
eculizumab has been conducted in RA patients (Sadik et al., 2018),
and the results from phase II suggested that inhibiting C5 might be a
promising approach for the treatment of this disease. These data are
in contrast with those of another study reporting that C5aR blockade
by PMX-53 in RA patients failed to reduce effectively synovial
inflammation (Vergunst et al, 2007), implying that further
investigations are necessary to fully explore the role of C5a-C5aR
inhibition in human RA.

Preclinical data have also shown that antagonizing
C5aR1 after bone fracture in rats by a single application of
PMX-53 immediately reversed the negative effect of the
trauma-induced systemic inflammation on fracture healing
outcome. However, when inhibiting C5aR1 in the early
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inflammatory phase in a model of uneventful fracture healing
with no additional traumatic injury, bone regeneration was
unaffected (Takayanagi, 2012). Due to the paucity of data and
in light of the fact that PMX-53 has being discontinued, further
pre-clinical and clinical studies with novel drugs targeting C5a/
C5aR axis for the treatment of fracture healing would be very
useful.

Given the involvement of C5a/C5aR1 axis in the development of
bone metastasis, studies have also aimed at finding the effect of
C5aRl inactivation in this context. In a syngeneic model of breast
cancer for example, C5aR knockout mice or pharmacologic
inhibition of C5aRl1 reduced lung and liver metastatic burden,
while CD8 T cells and inhibiting regulatory T cells were
increased. In contrast, there was no significant effect on the
growth of primary breast tumors (Ajona et al,, 2018a). Moreover,
both genetic ablation and pharmacological inhibition of Cba
decreased bone metastasis in an in vivo mouse cancer model
(Ajona et al, 2018b). Interestingly, incubation with DF3016A, a
C5aR inhibitor, has been shown to diminish osteoclast-resorbing
activity in vitro (D’Angelo et al., 2020). Thus, it has been suggested
that DF3016A may be used as a potential double-edged blade
treatment to fight bone metastases from several tumors, as it can
both decrease the osteoclast activity required for the formation of the
bone metastatic niche and act at the level of tumor cells by reducing
their homing to bone (D’Angelo et al., 2020). Finally, blocking C5aR
signaling promotes the anti-tumor efficacy of PD-1/PD-L1 blockade,
while the combined immunotherapy based on C5a and PD-1
blockade has shown synergistic effects on both lung cancer
growth and metastatic progression (Ajona et al., 2017).

Notably, from the available clinical data, chronic therapies
with antagonists of the C5a/C5aR1/C5aR2 axis did not show
consistent evident adverse effects on bone density and bone
formation when administered in adult patients (Eschbach,
2000; Takata et al, 2004; ClinicalTrials.gov, 2021), thus
suggesting that the use of C5 antagonists — even chronically
— for related pathologies during post-natal/adult life can be
relatively safe from the bone/skeletal point of view.

Conclusion

Growing evidence has demonstrated the role that C5a-C5aR1
axis plays in mediating the interactions between skeletal and
immune systems, both in physiological conditions and in the
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Studies over the past two decades have led to major advances in the
pathogenesis of Paget's disease of bone (PDB) and particularly on the role of
genetic factors. Germline mutations of different genes have been identified, as a
possible cause of this disorder, and most of the underlying pathways are
implicated in the regulation of osteoclast differentiation and function,
whereas other are involved in cell autophagy mechanisms. In particular,
about 30 different germline mutations of the Sequestosome 1 gene
(SQSTM1) have been described in a significant proportion of familial and
sporadic PDB cases. The majority of SQSTM1 mutations affect the ubiquitin-
binding domain of the protein and are associated to a more severe clinical
expression of the disease. Also, germline mutations in the ZNF687 and PFN1
genes have been associated to severe, early onset, polyostotic PDB with
increased susceptibly to neoplastic degeneration, particularly giant cell
tumor. Mutations in the VCP (Valosin Containing Protein) gene cause the
autosomal dominant syndrome “Inclusion Body Myopathy, PDB, Fronto-
temporal Dementia,” characterized by pagetic manifestations, associated
with myopathy, amyotrophic lateral sclerosis and fronto-temporal dementia.
Moreover, germline mutations in the TNFRSF11A gene, which encodes for
RANK, were associated with rare syndromes showing some
histopathological, radiological, and clinical overlap with PDB and in two
cases of early onset PDB-like disease. Likewise, genome wide association
studies performed in unrelated PDB cases identified other potential
predisposition genes and/or susceptibility loci. Thus, it is likely that polygenic
factors are involved in the PDB pathogenesis in many individuals and that
modifying genes may contribute in refining the clinical phenotype.
Moreover, the contribution of somatic mutations of SQSTMI gene and/or
epigenetic mechanisms in the pathogenesis of skeletal pagetic abnormalities
and eventually neoplastic degeneration, cannot be excluded. Indeed, clinical
and experimental observations indicate that genetic susceptibility might not be
a sufficient condition for the clinical development of PDB without the
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concomitant intervention of viral infection, in primis paramixoviruses, and/or
other environmental factors (e.g., pesticides, heavy metals or tobacco
exposure), at least in a subset of cases. This review summarizes the most
important advances that have been made in the field of cellular and molecular
biology PDB over the past decades.
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1 Introduction

Paget’s disease of bone (PDB) is a chronic focal disorder of
bone remodeling, affecting one (monostotic form) or more
bones (polyostotic form) which are typically enlarged and
deformed. The affected skeletal sites are generally asymmetric
and most frequently include the pelvis, spine, skull, femur and
tibia (one or more of these skeletal sites are affected in up to
90% of cases) (Gennari et al., 2019). The disease was first
described in England, in 1877, by Sir James Paget who defined
it with the name of “osteitis deformans” (Paget, 1877).
However, this morbid picture is certainly older, so much
that the first pagetic femur dates back to about three
thousand years ago (Ortner and Putschar, 1981). Indeed,
albeit with limits, lesions somewhat suggestive of the
disease have even been supposed in vertebral bodies of
dinosaurs from the late Palaeozoic to the mid Mesozoic
eras (Witzmann et al., 2011; Haridy et al., 2019).

The prevalence of PDB is difficult to quantify due to the fact
that it is often asymptomatic, especially in the first years after
onset. It is very rare in people under the age of 30 years and it is
generally diagnosed after the age of 50. On the basis of initial
autopsy findings reported in the 1930s, prevalence rates around
2%-4% have been estimated for subjects over the age of 50, and
the probability of its occurrence increased with age reaching 10%
or above in very elderly subjects (Cooper et al., 2006; Gennari
et al,, 2018). No more up-to-date data is available from autopsy
studies. Moreover PDB appears to be prevalent in males (male to
female ratio variable between 1.5 and 2) and was more frequently
described in European Countries, with a particularly higher
prevalence in UK (reaching 4%-6%), or in North America
(up to 3% in subjects of European origin), Australia and
New Zealand, where it mainly affects the descendants of the
colonizers (Cooper et al., 2006; Gennari et al., 2018). Conversely
it was more rarely described in Africa, Asia and the Scandinavian
countries. However, information about PDB prevalence in non-
Caucasian populations is very limited, and patient series of Asian
and Indian ancestry have very recently been described
(Asirvatham et al,, 2020; Wang et al., 2020). There are also
restricted geographic areas with a particularly high PDB
prevalence such as the Lancashire region in England, the “La
Cabrera” district in Spain and some districts of the Campania
region in Italy, where an increased disease severity was also
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reported (Barker et al., 1980; Lopez-Abente et al., 2003; Gennari
et al., 2006; Rendina et al., 2006). Most epidemiological studies
have documented a gradual decrease in the prevalence and
incidence of PDB over the years, which is associated with a
parallel decline in mortality and clinical severity (Cundy et al.,
1997; Cooper et al., 1999; Cook et al, 2021). More recent
estimates in subjects aged 45 years and over suggested a PDB
prevalence below 1%, including the high prevalence areas of
United Kingdom (Abdulla et al., 2018; Mazieres et al., 2018). In a
last report from UK primary care records, the overall
standardized incidence of clinically diagnosed PDB decreased
from 0.75/10,000 person-years in 1999 to 0.20/10,000 person-
years in 2015 (Cook et al., 2021).

The peculiar feature of PDB is represented by an
exaggerated increase in bone resorption followed by a
phase of increased formation; it is believed that this is due
to a defect in the osteoclasts which are increased in number,
size and quantity of nuclei per cell (Reddy et al., 1999;
Roodman and Windle, 2005). Pagetic bone is the site of
intense metabolic activity and 1is richly vascularized;
however, despite the increase in size the pagetic tissue still
has poor biomechanical efficiency due to its structural
disorganization. These features can result in various clinical
consequences, such as a tendency to compress the nerve
structures within the affected bones, the presence of bone
deformities, a greater risk of fracture, and a frequent
association with forms of osteoarthritis secondary to
skeletal deformity and abnormal joint load (Gennari et al.,
2019). In some cases (less than 1%) neoplastic degeneration of
pagetic
chondrosarcomas, or giant cell tumor (GCT) is also
described (Hansen et al., 2006; Rendina et al., 2015).

The cause of PDB remains in part unknown. Two main

tissue in osteosarcomas, fibrosarcomas,

hypotheses have been originally proposed, the genetic one and
the one linked to the presence of environmental triggers
(Roodman and Windle, 2005; Ralston et al., 2008; Gennari
et al., 2019). Over the past two decades, important advances
have been made in the field of cellular and molecular biology of
PDB, and some genetic mutations have been identified as a
possible cause of the disorder in up to 20%-30% of cases
(Gennari et al,, 2019; Makaram and Ralston, 2021). However,
at least in a subset of cases, genetic susceptibility might not be a
sufficient condition for the clinical development of PDB without
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Updated pathogenetic model of Paget's disease of bone. The figure underlines the different genetic, environmental lifestyle and epigenetic
factors and their potential reciprocal interactions in the pathogenesis of pagetic lesions.

the concomitant intervention of other factors, such as those
related to a viral infection (Figure 1).

2 Genetics of Paget's disease of bone

The presence of a familial predisposition in PDB has been
known for many years. Numerous epidemiological studies have
in fact indicated a familial clustering in 15%-30% of patients,
suggesting the possible role of genetic factors (Montagu, 1949;
Siris et al., 1991), even though lower estimates have been also
reported in some other studies (Eckhoff et al., 2004). Indeed, it is
likely that the percentage of familial cases is underestimated,
since the disease generally arises after 40 years of age and can
remain asymptomatic for a long time. In this regard, an in-depth
study in which detailed clinical research was carried out in first
degree relatives of patients with the disease would have shown
familial clustering in up to 40% of cases (Morales-Piga et al,
1995). It has also been estimated that the risk of PDB in first
degree relatives of subjects suffering from the disease is about
7-10 times higher than in subjects without a family history (Siris
et al,, 1991), regardless of whether germline mutations of genes
currently known related to PDB have been identified in affected
subjects. The mode of inheritance appears to be autosomal
dominant, although the existence of families with few affected
members  suggests and variable

incomplete penetrance
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expression of the responsible gene or genes. A number of rare
genetic disorders sharing some histopathological, radiological,
and clinical overlap with PDB and even a similar genetic
background have been also described (Ralston and Taylor,
2019). In the past two decades germline mutations in more
than one gene and a number of predisposing common
variants (i.e., polymorphisms) have been identified as the
likely pathogenetic cause of PDB in a relevant number of
patients (Table 1). Most of them affect the nuclear factor
of activated B (NFkB)
signalling pathway and are implicated in the regulation of

kappa-light-chain-enhancer cells
osteoclast differentiation and function, albeit at least three
mutated genes are also involved in cell autophagy. Among the
many functions attributed to NF«B, the one inherent osteoclastic
pathophysiology is its modulating role in the differentiation of
preosteoclasts into mature osteoclasts and their functional
activation (Boyce et al.,, 2015).

2.1 Genetic mutations associated with
Paget’'s disease of bone

2.1.1 Sequestosome 1 gene

Mutations affecting the sequestosome 1 gene (SQSTMI,
within the PDB3 locus on chromosome 5q35 emerged from
initial linkage analysis studies) currently represent the major
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TABLE 1 Germline Mutations associated with PDB and/or PDB related disorders and their functions.

Gene Encoded product Bone related functions

SQSTM1 P62/sequestosomel regulation of autophagy and NFkB signaling

TNFRSF11A RANK master regulator of osteoclast formation and survival

VCP Valosin containing protein  role in protein degradation and autophagy, intracellular membrane fusion,
DNA repair and replication; regulation of the cell cycle; activation of the NF-
kB pathway

ZNF687 Zink Finger Protein 687 unknown (part of the transcriptional regulator complex Z3)

FKBP5 FK506-binding protein 51  regulator of NF-kB activation and Akt phosphorylation; scaffolding protein

(FKBP51) and autophagy inducer; regulation of microtubule dynamics
PEN1 Profilin 1 negative regulator of the NF-kB signaling; also involved in the turnover and

restructuring of the actin cytoskeleton

genetic cause of adult PDB and have been described in
approximately 25%-40% of familial cases and in up to 10%-
15% sporadic cases (i.e., those patients without documented
familial clustering) in various patient series (Hocking et al,
2002; Laurin et al., 2002; Johnson-Pais et al., 2003a; Eekhoff
et al,, 2004; Good et al., 2004; Hocking et al., 2004; Falchetti et al.,
2009; Rea et al., 2009; Gennari et al., 2010). The most common of
these mutations is represented by the proline-leucine amino acid
substitution in codon 392 (P392L) at the level of exon 8 (Gennari
2010). These SQSTMI1 mutations
heterozygous mutations, but rare cases of homozygosity have
been described, with both alleles of the SQSTMI gene mutated
(Rea et al., 2009). Following the two positional cloning studies in
2002 (Hocking et al, 2002; Laurin et al, 2002), at least
30 different mutations is SQSTM]I1 have been associated with
PDB. The majority of these mutations affect the terminal portion
of the gene and in particular the ubiquitin-binding domain (UBA

et al, are generally

domain) of the protein. In most of the series analyzed to date, it
has been shown that patients with the SQSTMI mutation
generally have a more severe form of the disease than patients
without the mutation, with an earlier onset and a greater number
of bones involved (Falchetti et al., 2009; Rea et al., 2009; Gennari
et al, 2010; Visconti et al, 2010; Chung et al, 2011).
Furthermore, genotype-phenotype correlation have suggested
that patients with mutations that cause a stop codon and
therefore the lack of synthesis or the synthesis of a truncated
form of the protein (missing most of the UBA domain), tend to
have a more severe and extensive disease compared to patients
with “missense” mutations causing the change in one or more
amino acids (Gennari et al., 2010; Visconti et al., 2010). However,
there is considerable heterogeneity in the clinical manifestations
of the disease even in patients with the same mutation, and even
within the same family (Laurin et al., 2002; Gennari et al., 2010).
Moreover, in keeping with the secular trends, the clinical
expressiveness seems to have decreased over time in SQSTM1
mutation carriers, so that the phenotype of PDB is attenuated and
less extensive in the more recent generations, and it is delayed by
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PDB and PDB-related disease

Familial PDB
Early onset PDB (rarely)

Inclusion Body Myopathy, PDB, FITD”
(IBMPED, now renamed MSP1)

Severe, early onset, PDB with higher risk of
neoplastic degeneration in GCT

Polyostotic PDB (described in 2 Chinese Han
families)

Severe, early onset, PDB with higher risk of
neoplastic degeneration

at least 10 years (Bolland et al., 2007; Cundy et al., 2015; Dessay
et al., 2020). The reasons for the delayed penetrance of PDB in
these offspring remain unknown, but could be likely justified by a
reduction in exposure to the putative environmental trigger(s).

The SQSTMI gene encodes a protein called p62, which is
ubiquitously expressed and contains many structural domains,
including the SH2-binding domain (Src homology 2), the
atypical-PKC-interacting domain (AID), a ZZ domain, the
TRAF6 ligand (TNFR-associated factor 6) two PEST motifs
and the UBA domain (Joung et al, 1996). These domains
exert several functions in different signaling and ubiquitin
binding pathways that are relevant for cell autophagy,
survival, or response to inflammatory and oxidative stress but
also regulate the transcriptional activation and protein
recruitment to endosomes (Joung et al., 1996; Duran et al,
2004). It is also known that p62 acts as an adaptor protein in
the NFkB signaling pathway, downstream of the receptor
activator of NFkB (RANK, a signaling receptor that plays a
relevant role in osteoclast differentiation and function), where
it binds molecules such as RIP (receptor interacting with
proteins) and TRAF6 to the aPKC or other factors such as
CYLD (a deubiquinating factor exerting an inhibitory effect
on RANKL signaling) (Layfield et al., 2006; Jin et al., 2008;
Sundaram et al.,, 2011). Most of the know SQSTMI mutations
associated with PDB have deleterious effects on ubiquitin binding
by p62 in vitro (causing either reduced UBA domain stability or
affecting the ubiquitin binding interface) and there is evidence of
an inverse relationship between ubiquitin binding function or the
ability of different mutations to activate NFkB signaling in vitro
and disease severity (Layfield et al., 2006; Goode et al., 2014).
Thus, it has been speculated that the loss of ubiquitin binding by
the mutated p62 protein might affect its interaction with
ubiquitylated osteoclast proteins, leading to overstimulation of
NFkB pathway and enhanced osteoclast formation and activity
(Duran et al, 2004; Rea et al, 2013). Consistent with this
hypothesis, blood
monocytes of SQSTMI mutation carriers showed increased

osteoclasts derived from peripheral
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sensitivity to RANKL and high bone resorption capacity in vitro
when compared with those derived from control monocytes
(Chamoux et al, 2009; Rea et al., 2013). However, PDB-
causing SQSTMI1 mutations located outside the UBA domain
with little or no effects on ubiquitin binding have been described,
and other domains of the p62 protein, such as AID, ZZ and the
one binding TRAF6, also exert a relevant effect on osteoclasts
(Goode and Layfield, 2010; Rea et al., 2013), suggesting more
complex pathogenetic mechanisms in the presence of SQSTM!
mutation. This might also explain the conflicting results emerged
to date from studies in SQSTM1I knockout (KO) mice or animal
models with the p62 P394L mutation, corresponding to the
P392L mutation observed in human (Duran et al, 2004;
Hiruma et al., 2008; Daroszewska et al., 2011; Kurihara et al.,
2011; Zach et al., 2018). In fact, while a first study in SQSTMI KO
mice showed defective osteoclastogenesis due to impaired
activation of Nfatcl and NFkB, without a clear skeletal
phenotype (Duran et al., 2004), a more recent and detailed
analysis of an independently generated SQSTMI KO model
reported enhanced activation of osteoclastogenesis and
osteoclast activity (with a robust activation of Nfatcl and
NF«B), together with the development of PDB-like osteolytic
lesions (Zach et al, 2018). Likewise, albeit there is general
consensus about an increased sensitivity to RANKL in
osteoclasts derived from the SQSTMI1 P394L mice model,
there are still contrasting data about the development of PDB-
like lesion in these mice (Hiruma et al., 2008; Daroszewska et al.,
2011; Kurihara et al., 2011). A potential explanation for the
divergent results might be related to the age differences between
the studies and the different skeletal sites tested for the presence
of pagetic lesions (vertebral vs. lower extremity bone). Very
recently, a new interactor protein of p62, Ajuba, has been
identified as an additional component of the SQSTM1/
p62 protein complexes involved in NF«B signaling (Sultana
et al, 2021). In vitro, Ajuba was shown to activate NFkB
activity, while co-expression with SQSTM1/p62 inhibited this
activation in an UBA domain dependent manner. Thus, either
the lack of SQSTM1 expression or the presence of p62 forms with
inactive UBA domain (as occurs with typical, PDB-related
SQSTMI mutations) might lead to increased or prolonged
Ajuba-induced NF«B signaling and enhanced osteoclastogenesis.

While heritable mutations occurring in the germ cells (so
called germline mutations) involve all nucleated cells deriving
from them, somatic mutations may occur at any cell division
from the first cleavage of the zygote to the lifelong cell divisions in
an individual, and consequently affect all somatic cells descended
from the original mutated cell. Interestingly, evidence of somatic
SQSTM1I mutations in sporadic PDB and pagetic osteosarcoma
suggested a role for SQSTM1 in both sporadic and inherited PDB
(Merchant et al., 2009) and might in part explain the focal nature
of the disorder. In particular, the SQSTM1 (C1215T) mutation
was reported at somatic level in samples from sporadic pagetic
osteosarcoma patients, with the normal adjacent tissue from
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these tumors lacking this mutation, as expected for somatic
mutational events. Equally interesting is the fact that SQSTMI
mutations were not found in primary adolescent, non pagetic,
osteosarcomas (Merchant et al, 2009). Conversely, a similar
analysis in osteoblast and bone marrow cells cultures from
28 PDB patients did not
(Matthews et al., 2009). About 6 years after these preliminary
reports, another study identified SQSTM1/P392L mutation at
post-zygotic level, restricted to the monocytic lineage, in about

identify somatic mutations

5% of analyzed PDB patients and 1.5% of controls. Interestingly,
PDB patients carrying such a mutation exhibited a bone
phenotype milder than PDB patients with the same mutation
but at germline level (Guay-Bélanger et al., 2015).

2.1.2 TNFRSF11A gene

Mutations in the TNFRSFII1A gene, which encodes for
RANK, were the first to be associated with isolated PDB cases
and other, so called, PDB-like disorders, such as familial
expansile osteolysis (FEO) and expansile skeletal
hyperphosphatasia (ESH) (Hughes et al., 2000). This gene
is located within the chromosomal region 18q21.1-22,
containing the PDB2 locus. The RANK protein is a
member of the TNFR (tumor necrosis factor receptor)
superfamily, strongly expressed on osteoclasts and their
precursors and essential for osteoclastic differentiation and
(Hofbauer and Heufelder, 2000).
screening of the TNFRSFIIA gene revealed different
insertions at the level of exon 1, mutations that result in

activity Mutational

the duplication of amino acid sequences in the RANK signal
peptide (Hughes et al., 2000). To date, different heterozygous
in-frame tandem duplications of variable length, elongating
the signal peptide of RANK, have been described, most of
them associated with rare PDB-like disorders (Ralston and
Taylor, 2019). The 84dup18 (duplication of 18 base pairs in
position 84) and the closely related one, 83dup18, have been
found in most of the cases of FEO described so far (Hughes
et al., 2000; Palenzuela et al., 2002; Johnson-Pais et al., 2003b);
the 84dupl5 mutation was found families with ESH (Whyte
and Hughes, 2002); the 90dupl2 was associated with
panostotic expansile bone disease (Schafer et al., 2014);
while the 75dup27 mutation was described in a Japanese
family with an early and severe form of PDB, associated
with unexplained tooth loss and bony enlargement of the
small joints of the hands (Nakatsuka et al., 2003; Merchant
et al., 2009). Of interest, in these disorders, the severity of the
associated skeletal disease appears inversely related to the
duplication’s length. Moreover, a different duplication,
87dupl5, has been more recently described in a 13-year-old
Bolivian girl affected with the so called “Juvenile PDB” (also
named familial idiopathic hyperphosphatasia) (Whyte et al.,
2014), an autosomal recessive disorder manifesting extremely
fast skeletal remodeling, which is usually caused by loss-of-
function mutations within TNFRSF11B gene, encoding
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osteoprotegerin (OPG), the decoy receptor of RANK-ligand
(Whyte et al., 2002). Consequently, the hypothesis that FEO,
ESH, and the few cases of early-onset PDB associated with
TNFRSF11A mutation might represent slightly different
manifestations of a common condition (that is different
from classical PDB) cannot be excluded.

Initial functional studies suggested that both 84dup18 and
75dup27 mutations cause a defective cleavage of the RANK
signal peptide resulting in the activation of the NF«B signal
cascade, although the exact mechanism of these processes was
unclear (Merchant et al., 2009). More recently a mouse model
carrying the 75dup27 mutation was generated, which prospects a
different pathogenetic mechanism (Alonso et al, 2021).
Consistent with the clinical reports, mice heterozygous for the
mutation developed a PDB-like disease with focal osteolytic
lesions in the hind limbs with increasing age. However,
functional in vitro studies showed that RANK ligand-induced
osteoclast formation and signaling was impaired, while osteoclast
survival was increased independent of RANKL stimulation.
Surprisingly, 75dup27 homozygous mice showed osteopetrosis
at birth, with complete absence of osteoclasts and an impaired
osteoclastogenesis in response to RANKL and macrophage
colony-stimulating factor (M-CSF) stimulation.

To date, apart from two additional forms of early onset PDB
and different 27bp duplications (78dup27 and 77dup27)
described, respectively, in single kindreds of Chinese and
Mexican descent (Ke et al., 2009; Iwamoto et al., 2020), no
other cases of mutations of the TNFRSFIIA gene have been
described in both familial and sporadic cases of PDB, although
some polymorphisms of this gene might be associated with the
risk of developing the classic form of the disorder (see Section 2.2,
below) (Chung et al., 2010).

2.1.3 Valosin containing protein gene and other
multisystem proteinopathy genes

Mutations in the VCP gene (encoding valosin containing
protein), at the 9p21 locus, were identified as the cause of the
autosomal dominant syndrome “Inclusion Body Myopathy,
Paget’s disease of bone, Fronto-temporal Dementia”
(IBMPFD), characterized by skeletal manifestations similar
to classical PDB, associated with myopathy, amyotrophic
lateral sclerosis (ALS) and fronto-temporal dementia
(Kovach et al,, 2001; Watts et al., 2004). Myopathy is the
most frequent feature in IBMPFD families, occurring in up to
90% of individuals, while PDB and dementia have been
described in 43% and 37% of cases, respectively (Ralston
and Taylor, 2019). Albeit the clinical and radiologic
features are similar to classical PDB (including the presence
of asymptomatic cases), the skeletal manifestation often occur
at an earlier age (around 40-45 years). Moreover, increased
mortality has been reported in IBMPFD patients due to
respiratory insufficiency and/or cardiac failure, with a life

expectancy around 58 years (Ralston and Taylor, 2019).
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Since its original description, IBMPFD has been reclassified
and included among the group of “Multisystem Proteinopathies”
(MSP), disorders with a broader phenotypic spectrum in which
different

parkinsonism

neuromuscular  disfunctions  (also  including

and motor neuron disease) may be
accompanied by pagetic lesions (Taylor, 2015). The VCP gene
encodes for an enzymatic protein involved in cell division, fusion
of membranes within cells, reassembling cell structures after cell
division, prevention of cells apoptosis, and repair of the damaged
DNA. In particular, this protein is also linked to the ubiquitin-
proteasome system, and therefore, most likely, contributes to the
regulation of a correct autophagy process. To date, more than
45 different pathogenic VCP mutations have now been identified
in patients with IBMPFD (now classified as MSP1) (Ralston and
Taylor, 2019). Most of them affect exons 3-5, encoding the
N-terminal domain of the protein, which is responsible for
binding to ubiquitin-complexed proteins, which will be
degraded by the proteasome (Ralston and Taylor, 2019). Thus,
likewise SQSTM1 mutations, disease-causing mutations in VCP
may impair the scaffold function required to transport proteins
to the proteasome for degradation, causing them to accumulate
in the cytoplasm as inclusion bodies which are typically observed
in myocites and neurons. In osteoclasts this also determines a
reduced degradation of proteins involved in the NF«B signaling
pathway, with prolonged activation of this pathway and
consequent cell hyperactivity and bone resorption (Ralston
and Taylor, 2019). An increased avidity of VCP mutant
proteins for the NFkB inhibitor IkB has been also described
as an additional mechanism of increased NFkB activity. In order
to better understand the pathogenesis of MSP disorders,
transgenic mice models overexpressing known VCP mutations
have been generated. Together with muscle weakness and
behavioural abnormalities these mice showed an osteopenic
phenotype and developed focal osteosclerotic lesions within
the internal cavity of long bones (Custer et al., 2010).

Overall, VCP mutations are estimated to account for about
50% of cases of MSP (the so called MSP1 form) and other
mutations have been described involving hnRNPA2BI,
hnRNPA1, and MATR3 genes (Taylor, 2015; Ralston and
Taylor, 2019). The mechanisms by which these mutations
cause the pagetic degenerations observed in some affected
members remain to be established. Of interest, mutations in
SQSTM1 described with
neuromuscular degeneration and other typical clinical features

were also rarely in patients
of MSP, either in the presence or absence of PDB (Teyssou et al.,
2013; Bucelli et al., 2015). Likewise, SQSTMI mutations have
been also detected in a limited number of patients with only
frontotemporal dementia or ALS (Fecto and Siddique, 2012; Le
Ber et al, 2013). The reason for such a different clinical
presentation, even in the presence of a same SQSTMI
mutation, remains unknown but it is likely that other genetic
mutations or susceptibility alleles might predispose SQSTMI-

mutated patients to one ore more clinical manifestations
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described in MSP, including PDB. In keeping with this
hypothesis a N357S genetic variant of TIAI gene (encoding
for a key component of cytosolic stress granules) has been
shown to interact with SQSTMI mutations to cause distal
myopathy, whereas both SQSTMI mutation and the N357S
genetic variant alone do not cause myopathy (Lee et al,
2018). Somatic mutations of the VCP gene have not been
identified neither in pagetic tissue nor in bone tumors,
although some human cancers exhibited them (Tate et al., 2019).

2.1.4 ZNF687 gene

In 2016, a whole-exome sequencing analysis of a large
Italian PDB-pedigree with 14 affected members (four of
whom developed GCTs at multiple pagetic skeletal sites)
identified a missense P937R mutation in a new gene, ZNF687
(Divisato et al., 2016). The mutation co-segregated with the
clinical phenotype in all affected family members of the
pedigree and was also identified in 2 out of 615 Italian
PDB patients, in 2 out of 339 PDB cases from a
multiethnic North-American cohort, and in seven
unrelated cases with giant cell tumor degeneration at
pagetic bones (Divisato et al., 2016). Moreover, a different
mutation of ZNF687 (S2421) was also described in another
PDB family (Divisato et al., 2016). In a subsequent analysis,
the P937 mutation was also found in a 45-year-old black
American woman with polyostotic PDB and in tumor tissue
derived from 1 undifferentiated pagetic sarcoma, while a new
ZNF687 mutation (R331W) was identified in 1 of 28 pagetic
osteosarcomas (Scotto di Carlo et al., 2020a). From the
clinical point of view, PDB cases harboring ZNF687
mutations generally have a severe form of PDB, with an
earlier onset and greater number of affected skeletal sites
than other PDB cases, including patients with SQSTM]I
mutation (Divisato et al., 2016). Of interest, remarkable
clinical and molecular differences have been reported
between pagetic and non pagetic GCTs (Rendina et al,
2015). In fact, GCT generally complicates a longstanding,
active, and polyostotic PDB, involving only skeletal sites
affected by the disease or, rarely, extra-skeletal tissues
with the

involvement of axial the skeleton in adults with PDB,

adjacent to them. In contrast prevalent
GCT unrelated to PDB preferentially occurs in Asian
females aged below 40 years and mostly involves the epi-
metaphysis of long bones, in particular femurs and tibiae
(Werner, 2006). In addition, pagetic GCT is frequently
multifocal (in up to 25% of cases) and is associated with
severe disease and reduced life expectancy, with a 5-years
survival rate below 50% as compared to 96%-100% described
in non-pagetic GCT (Rendina et al., 2015). These clinical
differences might also be related to a different genetic
background, since more than 90% of non pagetic GCT are
associated with recurrent somatic mutations of the H3F3A

gene, encoding the histone variant H3.3, that have rarely
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described in pagetic GCTs (Scotto di Carlo et al., 2020b). The
increased prevalence of PDB-GCT cases in families from
Southern Italy (up to 50% of pagetic GCT cases described so
far) also suggests a strong genetic basis with a founder effect.

The ZNF687 gene encodes for a zinc finger protein that is
part of the transcriptional regulator complex Z3 (Malovannaya
et al,, 2011), is highly expressed during osteoclastogenesis and is
upregulated in pagetic GCTs (Divisato et al., 2016). The exact
function of this gene in bone metabolism and the pathogenetic
mechanism leading to the development of PDB in ZNF687
mutation carriers and/or to neoplastic degeneration of pagetic
tissue remain unknown.

2.1.5 FKBP5 gene

In 2017 a missense mutation in FKBP5 gene (V55L) was
related to PDB in a single Chinese pedigree with four affected
polyostotic cases (Lu et al., 2017). The gene encodes for FK506-
binding protein 51 (FKBP51), a known regulator of NFkB
activation and Akt phosphorylation (Bouwmeester et al., 2004;
Lu et al,, 2017). A FKBP51V**" knock-in transgenic mice model
was also generated to better characterize the skeletal implications
of the mutation. Of interest, osteoclast precursors derived from
the transgenic mice showed enhanced Akt phosphorylation and
RANKL sensitivity, while mature osteoclasts exhibited a more
intensive bone resorbing capacity than osteoclasts derived from
the control mice (Lu et al., 2017). In keeping with the in vitro
data, osteolytic lesions resembling the initial phase of PDB were
also evidenced by micro-CT in three-dimensional reconstruction
of distal femurs of FKBP51V>** mice. However, at least in 10-
months old animals, the focal increase in bone resorption was not
followed by aberrant osteoblastic activity, osteosclerosis and
increase in bone size, as typically observed in human PDB. To
date the pathogenetic mechanism of FKBP5 mutations in PDB is
unknown and this finding remains restricted to a single PDB
pedigree of Asian descent. Intriguingly, FKBP51 also acts as a
scaffolding protein organizing protein complexes and functions
as an autophagy inducer (Gassen et al.,, 2015; Fries et al,, 2017),
albeit no aberrant autophagy was described in the A FKBP51">"
mice during osteoclast differentiation in vitro (Lu et al., 2017). In
addition, FKBP5I is also involved in the regulation of the
cytoskeleton, more specifically microtubule dynamics (Fries
et al., 2017).

2.1.6 PFN1 gene

Very recently, mutations in the PFNI gene were separately
described in two Italian pedigrees affected with an early onset
form of PDB (Scotto di Carlo et al., 2020c; Merlotti et al., 2020)
and in two Chinese Han PDB families complicated by GCT (Wei
et al,, 2021). The same 4-nucleotide deletion giving rise to a
frameshift mutation (D107Rfs*3) was found in the Italian
families and in one out two Chinese families, as well as in a
sporadic Italian PDB case without know family history for the
disease. Novel PFNI mutations were described in the second

frontiersin.org


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.932065

Gennari et al.

Chinese family (L112P) and in a sporadic early-onset PDB
patient of Asian ancestry (heterozygous 1-bp deletion
c.324_324delG) with GCT. Remarkably, all patients had early
onset, polyostotic PDB with skull involvement, which appears a
typical characteristic of the disease caused by PFNI mutation,
since hyperostosis and osteolytic lesions of the skull were also
found in a 17 years old, asymptomatic, unaffected carrier of the
D107Rfs*3 mutation (Merlotti et al., 2020). Other peculiar
phenotype characteristics included a rather symmetrical and
extensive skeletal involvement, the presence of severe, early
onset, osteoarthritis at the spine and major joints (occurring
between 25 and 50years) and an increased prevalence of
fractures or neoplastic degeneration in either osteosarcoma
(described in 21% of Italian patients) or GCT (described in
31% of Chinese cases). Moreover, reduced response to
aminobisphosphonates, including zoledronic acid, requiring
multiple infusions to control bone pain and achieve
biochemical remission over a long term was described in most
of these cases (Merlotti et al., 2020; Wei et al., 2021). Osteoclasts
derived from peripheral blood mononuclear cells of PFNI
mutation carriers showed PDB-like features such as a larger
size and a higher number of nuclei (Scotto di Carlo et al., 2020¢;
Merlotti et al., 2020; Wei et al., 2021).

The PFNI gene encodes for profilin 1, a highly conserved
and ubiquitously expressed protein among vertebrates, and
member of the profilin family of small actin-binding proteins
involved in the turnover and restructuring of the actin
cytoskeleton (Carlsson et al., 1977; Alkam et al., 2017), that
might be relevant for osteoblast biology (Luxenburg et al.,
2007; Han et al.,, 2019). In addition, profilin 1 was shown to
suppress NFxB activity in the regulation of osteoclast
differentiation and to prevent the degradation of the
phosphatase PTEN, a known negative modulator of
osteoclast differentiation (Zaidi and Manna, 2016). Of
interest, previous  experimental evidences already
underlined the relevance of profilin 1 for bone biology,
since osteoclast specific deletion of PFNI increased cell
motility, podosome formation, size, and bone resorptive
activity of osteoclasts in vitro and caused several bone
abnormalities in vivo, including dwarfism, reduced
trabecular bone mass and osteolytic lesions (Shirakawa
et al, 2019). Moreover, as for other PDB genes (e.g.,
SQSTMI or VCP), PFNI mutations were previously
described in patients with familial ALS (Wu et al., 2012).

After the discovery of PFNI mutations in PDB, a
transgenic with  the  truncating
D107Rfs*3 mutation of PFNI gene was recently established
(Wei et al, 2021). While the homozygous mutation was
embrionically lethal (likewise in the PFNI KO mice),

heterozygous transgenic mice were smaller in size, and

mice model

showed accelerated osteoclast differentiation, with deformed
craniofacial bones and the presence of focal PDB-like lesions
(Wei et al., 2021). Reduced profilin 1 expression was also
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demonstrated in femur sections from transgenic mice using
immunohistochemistry staining (Wei et al., 2021). Taken all
together these experimental observations suggest that the
PFN1 mutations associated with PDB might confer a loss of
function in profilin 1 activity and cause PDB-like features in
the osteoclasts, likely due to enhanced cell motility, increased
Nf-kB activity, and actin ring formation.

2.2 Other genetic pathways associated
with Paget'’s disease of bone: Genome
wide association studies, single nucleotide
polymorphisms association analysis, and
modifying genes

Despite SQSTM1 and other rarer mutations have been found
in a relevant number of familial PDB-cases from different
Countries, their prevalence remains very low in patients with
sporadic disease, and at up to 40%-50% of familial cases do not
yet have a recognized mutation. This suggests the presence of
additional predisposition genes. Over the past years, molecular
genetic studies in animal models of PDB, in cellular models of
“pagetic” osteoclasts, and Genome Wide Association Studies
(GWAS) in unrelated PDB individuals have contributed to
identify other several potential genes and loci enabling the
predisposition to develop PDB (Table 2).

Thus, in 2010 and 2011 a GWAS approach was applied to
large and multiethnic populations of PDB in order to identify
novel genetic variants predisposing to the disease (Albagha et al.,
2010; Albagha et al, 2011). Overall, the following candidate
regions were identified, accounting for about 13% of the
familial risk of PDB in SQSTMI negative patients: 1) 10p13
(rs1561570, within OPTN gene); 2) 1pl13 (rs484959, near the
CSFI gene); 3) 18q21 (rs3018362, near TNFRSF11A gene); 4)
15924 (rs5742915, within PML gene); 5) 14932
(rs10498635 within RIN3 gene); 6) 7q33 (rs4294134,
withinNUP205 gene); and 7) 8q22 (rs2458413, within TM7SF4
gene). Remarkably, some of these regions such as TNFRSF11A
(encoding for RANK, as described in Section 2.1.2), CSFI
(encoding for macrophage colony-stimulating factor, MCSF),
and TM7SF4 (encoding for the
transmembrane protein, DC-STAMP) have a well-recognized

dendritic  cell-specific
role in regulating osteoclast formation and activity, making their
pathogenic effect on PDB biologically plausible. In fact, while
MCSF and RANKL are the key regulators of osteoclast formation
and activity (Boyce et al., 2015), DC-STAMP is necessary for the
fusion of osteoclast precursors into multinucleated, mature
osteoclasts (Kukita et al, 2004; Yagi et al, 2005). The
implication of other genes such as OPTN, RIN3, and PML, in
bone physiology has been more recently suggested.

The OPTN gene encodes for optineurin, a protein that,
likewise p62/SQSTMI, is involved in the regulation of
autophagy and NFkB signaling (Zhu et al, 2007). A first
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TABLE 2 PDB-predisposing genetic variants (with chromosome location), reference SNP identification, encoded proteins, bone related functions and
associated diseases different than PDB and/or PDB-related diseases.

Gene/ References  Encoded product Methodological
chromosome SNP approach
region (rs)
OPTN gene/10p13 rs1561570 Optineurin GWAS
CSF1/1p13 rs484959 MCSF GWAS
TNFRSF11A/18q21  rs3018362 RANK GWAS
TNFRSF11A/18q21  rs1805034 RANK Whole exome scanning
(VI1924)
PML/15q24 rs5742915 Phosphoprotein member of ~ GWAS
TRIM
RIN3/14q32 rs10498635 Ras and Rab 3 interactor GWAS/fine mapping
5117068593 protein analysis
NUP205/7q33 rs4294134 Nucleoporin 205 GWAS
TM7SF4/8q22 rs2458413 DC-STAMP GWAS
DOCK6/19p13.2 — Dedicator Of CytoKinesis Whole exome scanning
(p.Val45lle) (DOCK) family of atypical
guanine nucleotide exchange
factors
VCP/9p13.3 1rs565070 Valosin Containing Protein ~ SNPs association study

Bone related
functions

regulation of autophagy and
NF«B signaling

master regulator of osteoclast
formation and survival

master regulator of osteoclast
formation and survival

greater activation of NFxB
signaling in vitro and with
increased disease severity in vivo

differentiation, survival and
resorptive activity of osteoclasts
(mice)

vesicular trafficking, expressed
particularly in osteoclasts

unknown

fusion of osteoclast precursors to
form multinucleated mature
osteoclasts

role in actin cytoskeletal
reorganization by activating the
Rho GTPases Cdc42 and Racl

p-Val45lle variant may decrease
SRF-TF-like activity

role in protein degradation,
intracellular membrane fusion,
DNA repair and replication,
regulation of the cell cycle, and
activation of the NF-kappa B
pathway

Diseases associated
other than

PDB or
PDB-related diseases

Glaucoma, Primary Open Angle
and Amyotrophic Lateral Sclerosis
12 With or Without
Frontotemporal Dementia
(https://www.genecards.org/cgi-

bin/carddisp.pl?gene=OPTN)

Pigmented Villonodular Synovitis
and Tenosynovial Giant Cell
Tumor (https://www.genecards.
org/cgi-bin/carddisp.pl?gene=
CSF1)

Osteopetrosis, Autosomal
Recessive 7 (https://www.
genecards.org/cgi-bin/carddisp.pl?
gene=TNFRSF11A)

Osteopetrosis, Autosomal
Recessive 7 (https://www.
genecards.org/cgi-bin/carddisp.pl?
gene=TNFRSF11A)

Acute Promyelocytic Leukemia
and Rabies (https://www.
genecards.org/cgi-bin/carddisp.pl?
gene=PML)

Ciliary Dyskinesia, Primary, 6
(https://www.genecards.org/cgi-
bin/carddisp.pl?gene=RIN3)

Nephrotic Syndrome, Type 13 and
Genetic Steroid-Resistant
Nephrotic Syndrome (https://
www.genecards.org/cgi-bin/
carddisp.pl?gene=NUP205)

Osteopetrosis, Autosomal
Recessive 8 (https://www.
genecards.org/cgi-bin/carddisp.pl?
gene=DCSTAMP)

Adams-Oliver Syndrome 2 and
Adams-Oliver Syndrome (https://
www.genecards.org/cgi-bin/
carddisp.pl?gene=DOCK6)

Frontotemporal Dementia and/o
(https://www.genecards.org/cgi-
bin/carddisp.pl?gene=VCP r
Amyotrophic Lateral Sclerosis 6)

study indicated that mice harboring a loss of function mutation
in the ubiquitin-binding domain of Optn (OptnD477N/D477N)
have enhanced bone turnover and that in osteoclast precursors
optineurin acts as a negative regulator of RANK-induced NFkB
activation (Obaid et al., 2015). Thus, since the risk
rs1561570 allelic variant of OPTN was associated with reduced
optineurin expression (Obaid et al, 2015), a plausible
pathogenetic mechanism could be represented by an increase
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in NF«B activity and osteoclast formation and activity. However,
only a limited number of these mice (10%) developed PDB like
lesions (Obaid et al., 2015), making difficult the understanding of
mechanistic process underlying the OPTN-PDB axis. Then,
other animal studies using Optn KO model evidenced a
recapitulation of the key clinical features observed in PDB
patients, such as polyostotic osteolytic lesions, mixed-phase
lesions, and increased bone turnover, and affecting all the
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studied animals between 16 and 22 months of age (Wong et al.,
2020). Interestingly, when the authors investigated the ex vivo
differentiation of primary osteoclasts noted that the absence of
Optn caused an increased osteoclastogenesis. Moreover, Optn-
deficient osteoclasts displayed a significantly decreased type I
interferon (IFN) signature, due to both defective production of
IFNB and impaired signaling via the IFNa/PR, acting as a
negative feedback loop for osteoclastogenesis and survival
Such data lead to the hypothesis that optineurin may have
dual roles in the type-I IFN response to restrain osteoclast
activation and bone resorption, thus representing a potential
novel therapeutic target for PDB. Very recently, it has been also
suggested that OPTN interacts with nuclear factor erythroid-
derived factor 2-related factor 2 (NRF2), acting as a master
regulator of the antioxidant
pathway through which RANKL-induced reactive oxygen

response, hypothesizing a
species (ROS) might be relevant for osteoclastogenesis. A
study on monocytes from mice knock out for Optn (Optn—/-)
compared with the wild-type (Optn+/+) counterpart revealed
that OPTN deficiency decreased the basal expression of NRF2,
inhibited the expression of NRF2-responsive antioxidants, and
increased basal and RANKL-induced intracellular ROS levels,
thus leading to enhanced osteoclastogenesis. Such findings
contribute to sustain a novel OPTN-mediated molecular
the NREF2-mediated antioxidant
thus extending the therapeutic
potential of optineurin in the aging process resulting from

mechanism to regulate

response in osteoclasts,
ROS-triggered oxidative stress, known to be also associated
with PDB (Xue et al.,, 2021). While germline OPTN mutations
were previously described in patients with primary open-angle
glaucoma and ALS (Toth and Atkin, 2018), they have never been
detected in PDB patients.

The PML gene encodes for a phosphoprotein member of the
tripartite motif (TRIM) family. Such a protein localizes to nuclear
bodies where it acts both as a transcription factor and tumor
suppressor. It exhibits a cell-cycle related expression, and it
enables the regulation of p53 response to oncogenic signals.
PML is often involved in the translocation with the retinoic
acid receptor alpha gene associated with acute promyelocytic
leukemia (Bernardi and Pandolfi, 2007). Recently, it has been
reported that the PDB-risk allele of rs5742915, located within the
PML gene by the GWAS, associates with a lower PML expression
and that PML expression in blood cells from PDB patients is
lower than in non pagetic controls (Wani et al., 2022). In a mice
model of Pml KO, the differentiation, survival and resorptive
activity of osteoclasts was increased compared to wild type
animals. Moreover, in KO animals, the inhibitory effect of
IFN-y on osteoclast formation resulted to be significantly
blunted when compared to wild type mice, while the bone
nodule formation was increased. Bone histomorphometry
analysis revealed that Pml KO mice had also a high bone
turnover with a parallel increase in bone resorption and
mineral apposition rate indices, whereas micro-CT analysis of
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trabecular bone showed no differences with respect to the wild
type animals. Thus, such findings strongly suggest that reduced
expression of PML may predispose to PDB, identifying this
protein as a novel regulator of bone metabolism (Wani et al.,
2022).

Although, the exact function of RIN3 in bone metabolism
and the pathogenesis of PDB remains unknown, this gene
encodes for the Ras and Rab three interactor protein which is
involved in vesicular trafficking and is expressed in bone,
particularly in osteoclasts (Vallet et al., 2015; Shen et al,
2022). Albeit RIN3 mutations have not been detected so far in
PDB patients, a fine mapping analysis within the RIN3 locus
on chromosome 14q32 identified some rare missense
variants predicted to be highly pathogenic and resulting
remarkably more prevalent in PDB cases than in controls
(Vallet et al., 2015). Particularly, the rs10498635C allele on
chromosome 14q32.12 was significantly associated with PDB
in several European populations. Eighteen PDB-associated
variants in RIN3 locus, including 16 missense variants were
studied by targeted sequencing of the 60 kb region in the
RIN3 gene in 741 PDB patients and 2,699 healthy controls.
Three missense variants, the rs117068593T allele, the
rs117068593C allele and the rs10498635C allele, were
found to be most common in PDB than controls (Vallet
etal., 2015). However, this study identified other several rare
variants being more common in PDB cases than healthy
controls, and although individually they did not reach
statistically significant results, their combination did.
Lately, 22 distinct variants were identified in a Belgian
population of unrelated pagetic and healthy subjects. Eight
of these variants were newly recognized missense variants,
and 2 were in the 5" untranslated region (De Ridder et al,
2019). Even though their results substantially confirmed the
findings of the British cohort, the Belgian study strongly
suggested a potentially modifying effect of the rs117068593,
p- R279C variant on the age of onset of the disease,
confirming RIN3 as a potential gene modifier of the age of
onset of the PDB. Moreover, albeit some of the variants
described
RIN3 protein, most of the variants associated with PDB

above affect the functional domains of the

are located in the noncoding regions of the RIN3 gene,
likely altering its expression (Shen et al.,, 2022). While the
mechanism by which these variants interact in the
pathogenesis of PDB remains unknown, it has been shown
that the targeted inactivation of the mouse Rin3 gene leads to
a reduction in osteoclast number and interferes with
osteoclast activity, thus reducing bone resorption and
leading to increased bone mass (Vallet et al., 2021). Thus,
it is likely that PDB-predisposing variants of RIN3 in
humans probably acts
mechanism.

through a gain of function

Despite the well recognized role of DC-STAMP in osteoclast
biology, there is still limited and contrasting information about
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the mechanism through which the rs2458413 variant of its
encoding gene (TM7SF4) identified in GWAS or other rare
variants affect osteoclast phenotype and cause PDB (Laurier
et al., 2017; Mullin et al., 2019; Sultana et al., 2019).
Importantly, an interaction between the novel variants
identified by the GWAS or other polymorphic variants in the
same candidate regions and SQSTMI mutations on the pagetic
phenotype was described in different reports. In a first study
assessing the effects of a T575C polymorphic variant of
TNFRSF1IA  (rs1805034, which VI92A
substitution in the RANK protein), the presence of the C
allele (A192) was shown to synergistically interact with
SQSTMI mutations on the PDB phenotype, leading to greater
activation of NF«B signaling in vitro and with increased disease

results in a

severity in PDB patients (Gianfrancesco et al, 2012). A
subsequent, more detailed study investigated the clinical
effects of all the seven allelic variants identified by the GWAS
in a large multiethnic sample of 1940 PDB patients (Albagha
et al., 2013). A cumulative risk allele score was specifically
constructed by adding the GWAS variants together and
relating this to disease severity, alone or in combination with
SQSTMI mutations. In SQSTMI-negative patients, risk allele
scores in the highest tertiles (thus bearing most of the GWAS
variants related to PDB) were associated with enhanced disease
severity compared with the lowest tertile, either in terms of
number of affected sites or in disease severity score.
Importantly, the risk allele score remained a significant
SQSTM1-positive

individuals were considered. Likewise, in 2011, a study on

predictor of disease severity ~when
196 Belgian cases with sporadic PDB searched for possible
correlation between single nucleotide polymorphisms (SNPs)
of candidate genes, TNFSF11A, VCP, and IL-6, and disease
development susceptibility (Chung et al, 2011). The latter
gene was selected since IL-6 is known to be a stimulator of
osteoclast formation, possibly acting as an autocrine/paracrine
factor to enhance osteoclastogenesis in PDB patients (Kurihara
et al.,, 1990; de la Mata et al., 1995). A total of 20 SNPs were used,
nine for TNFSFIIA, three for VCP, and eight for IL-6,
respectively. Authors concluded that SNPs in TNFSFIIA or
IL-6 were very unlikely to play a role in the of sporadic PDB
in their study population. Interestingly, one SNP of VCP gene,
referred to as rs565070, showed association with PDB, even if, as
suggested by Authors themselves, replication of this finding in
other populations is needed before it can be included in the list of
PDB-associated genes (Chung et al., 2011).

Always remaining in the context of modifying genes, very
recently Dessay et al. (2022) elegantly identified, by whole exome
sequencing in two large unrelated French Canadian PDB families
with germline P392L SQSTMI mutation, a clinically attenuating
effect on PDB severity exerted by a V45I rare variant in the
DOCK®6 gene. Remarkably, albeit both variants were separately
found in PDB patients and gave rise to a pagetic phenotype of
osteoclasts in vitro versus healthy controls, the DOCK6 variant
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was found to delay the onset of PDB and attenuate the severity of
osteoclast phenotype of PDB caused by the P392L mutation of
SQSTMI, when both variants were present. DOCK6 protein
belongs to the dedicator of cytokinesis (DOCK) family of
atypical guanine nucleotide exchange factors, components of
intracellular signaling networks and by interacting with small
GTPases they probably play a role in actin cytoskeletal
reorganization by activating the Rho GTPases Cdc42 and
Racl (Miyamoto et al., 2007). The same Authors performed a
structural bioinformatics analyses showing that the SQSTM!I
P392L mutation may decrease its possible intramolecular
interaction with the serum response factor-transcription
factor (SRF-TF)-like domain, while at the same time the V451
variant of DOCK6 gene may decrease SRF-TF-like activity
(Dessay et al, 2022). Indeed, homozygous or dominant
negative heterozygous mutations of DOCK6 gene account for
the Adams-Oliver syndrome-2, an autosomal recessive multiple
congenital anomaly syndrome featured by aplasia cutis congenita
and terminal transverse limb defects, in association with variable
involvement of the brain, eyes, and cardiovascular system
(Shaheen et al., 2011).

3 Environmental factors

Clinical and experimental evidences support the hypotheses
that one or more environmental factors are necessary for the
complete clinical expression of PDB. Indeed, the incomplete
penetrance of disease in families with a documented genetic
predisposition, the clinical observation that PDB does not affect
the entire skeleton but involves only one or more skeletal sites, as
well as the declining trends in the PDB incidence and severity
observed over the years, strongly support the hypothesis that
non-genetic factors are involved in the disease etiopathogenesis
(Cooper et al., 2006; Singer, 2015; Gennari et al., 2019). Even
though this assumption is generally accepted, the exact nature of
these factors and whether or how they might interact with the
genetic factors in the pathogenesis of PDB is poorly understood.

3.1 Viral factors

The possible involvement of viral factors in the pathogenesis
of PDB has been reported since the early 1970s (Mills and Singer,
1976; Rebel et al, 1981), when virus-like inclusions were
demonstrated first in the nucleus and then in the cytoplasm
of pagetic osteoclasts using electron microscopy. These
inclusions consist of groups of microtubules, which are
present either in a compact paracrystalline array or are
scattered in a more random fashion (Singer, 2015). The
pagetic microtubules are similar to the nucleocapsids of two
paramyxoviruses, measles virus (MV) and respiratory syncytial
virus (RSV), showed identical dimension, and have been found in
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several studies in the past years (Mills et al., 1984; Basle et al,,
1985; Basle et al., 1986; Mills et al., 1994; Reddy et al., 1995). More
recently, Friedrichs et al. (2002) also identified the full-length
sequence for the MV nucleocapsid gene in bone marrow
obtained from a skeletal site showing the PDB pathognomonic
changes from a PDB patient and more than 700 base pairs (bps)
of MV sequence in three other PDB patients. These sequences
were undetectable in four normal marrow samples studied
simultaneously. Similar inclusions have been described in
osteoclasts from patients with pycnodysostosis, osteopetrosis,
and in foreign body giant cells of cases with primary oxalosis
(Mills et al., 1988; Bianco et al.,, 1992). Other research groups
have hypothesized an association between another
paramyxovirus, the canine distemper virus (CDV), and PDB.
The CDV is generally transmitted from infected dogs to humans
through a bite or scratch and, indeed, several reports indicated
that dog ownership was significantly more common in the PDB
patients than in the control subjects (Anderson and O’Driscoll,
1986; O’Driscoll et al., 1990; Khan et al., 1996). Thus, Gordon
et al. (1991) first demonstrated the presence of CDV mRNA in
11 of 25 bone biopsies from PDB patients using in situ
These subsequently
confirmed by Mee et al. (1998) that found the presence of

CDV in all the tested samples from 15 PDB patients, using

hybridization analysis. results were

the in situ reverse transcriptase-polymerase chain reaction (IS-
RT-PCR). Furthermore, in vitro reports suggested that CDV may
induce osteoclastogenesis in human osteoclast precursors by
activation of nuclear NFkB and SQSTMI1/p62 (Selby et al,
2006), and more recently fusion and hemagglutinin proteins
of CDV were shown to promote osteoclast formation through
NFkB dependent and independent mechanisms (Wang et al.,
2019). Altogether these results suggest that paramyxoviruses
could induce in osteoclasts morphological changes resembling
those described in PDB patients. However, many other attempts
were made to replicate these findings in bone and blood samples
from PDB patients, with negative results (Ralston et al., 1991;
Birch et al., 1994; Helfrich et al., 2000; Ooi et al., 2000; Ralston
et al., 2007; Matthews et al., 2008). While a different ability to
detect the viral inclusions according to the technique used (from
immunohistochemistry to in situ hybridization or RT-PCR)
might in part explain such discordant findings (Hoyland
et al., 2003), it has been also speculated that these inclusions
might indeed originate from cell aggregates of undegraded
proteins resulting from the dysregulation of cell autophagy
consequent to an abnormal p62/SQSTMI function (Vallet and
Ralston, 2016a). However, the MV may persist for long time in
cell types different form osteoclasts and osteoclast precursors and
promote the disease in patients at a later time point. In this
regard, Reddy et al. (1996) demonstrated that, in PDB patients,
the MV nucleocapsid transcript expression is not restricted only
to the osteoclast lineage but that also immature multipotent
to granulocyte, erythrocyte,
macrophage, and platelet expressed these transcripts. These

hematopoietic cells leading
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results suggest that the pluripotent hematopoietic stem cells
could be the initial target for MV infection in PDB patients.
In the last 20 years, animal models have been used to evaluate
whether MV infection can induce the development of pagetic-
like osteoclast and bone lesions. The MV genome consists of six
genes encoding for the nucleocapsid, the matrix, the fusion, and
hemagglutinin proteins, as well as the proteins L and P which
both constitute the viral polymerase. Kurihara et al. (2000) first
demonstrated that the transfection of normal human osteoclast
precursors with the MV nucleocapsid protein (MVNP) caused
the development of osteoclasts showing several functional and
of PDB osteoclasts. These
characteristics include the increased cells size, the increased

morphological characteristics
number of nuclei per cell, the increased capacity of bone
resorption, the hypersensitivity to 1,25-(OH),D3;, and the
increased TAF II-17 expression (Table 3). All these features
were also described in osteoclasts developed in vitro from
marrow samples of pagetic patients and were not observed
when normal human osteoclast precursors were transfected
with the MV matrix and fusion genes (Kurihara et al., 2000).
Additional studies were performed using transgenic mice in
which the human MV receptor, CD46, has been transfected in
preosteoclastic cells. In effect, normal mice do not express the

CD46 and are therefore resistant to MV infection. In
CD46 transgenic mice the MV infection caused the
development of osteoclasts showing functional and

morphological properties similar both to those expressed by
PDB osteoclasts and to those observed in normal human
osteoclast’ precursors transfected in vitro (Reddy et al., 2001).
Then, similar evidences were provided by the development of a
transgenic mice model expressing the MVNP in the osteoclast
lineage (TRAP-MVNP-mice). These mice not only had
osteoclasts sharing all the phenotype characteristics of pagetic
osteoclasts, but up to 30%-40% of them developed localized bone
lesions in the L1-L4 vertebrae resembling those seen in patients
with PDB (Kurihara et al, 2006; Miyagawa et al., 2020).
Remarkably, later experiments in the same mice model
demonstrated that, likewise observed in osteoclast from PDB
patients (Roodman et al., 1992), MVNP expression induces the
production of high levels of IL-6 from the osteoclast, which in
turn increases expression of osteoclast IGF-1 in an autocrine
manner (Teramachi et al., 2016). This increase in IGF-1 then
upregulate the expression of coupling factors such as ephrinB2 in
osteoclasts and EphB4 in osteoblasts (Teramachi et al., 2016;
Miyagawa et al., 2020), leading to a parallel increase in bone
formation that is a hallmark of PDB. Not only conditional
deletion of IGF-1 in osteoclast of TRAP-MVNP-mice
(MVNP/Igf1-cKO) totally blocked the increase in bone
formation and the development of pagetic lesions, but, of
interest mice harboring the knockin P394L mutation of
SQSTMI, only exhibited increased bone resorption, but not
formation (Teramachi et al., 2016; Miyagawa et al., 2020). In
a different set of studies, the same Authors bred the TRAP-
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TABLE 3 Major in vitro characteristics of pagetic osteoclasts from PDB patients, SQSTM1 P394L mice or transgenic MVNP mice models.

Phenotype characteristic

Increased size +
Increased number of nuclei +
Increased sensitivity to RANKL +

Increased sensitivity to 1,25(0OH)2 vitamin D +

Increased IL-6 production

“Described by some but not all studies.

MVNP-mice to the knockin P394L mice to generate a p62KI/
MVNP mice model, in order to assess the potential interaction
between genetic and viral factors (Kurihara et al., 2011). While
osteoclast precursors from p62KI/MVNP and TRAP-MVNP
mice models showed all the typical features of pagetic
osteoclast precursors, an incomplete phenotype was observed
in osteoclasts from the knockin P394L animals (mainly
characterized by the increased RANKL sensitivity of osteoclast
precursors). Moreover, p62KI/MVNP mice generated the highest
number of hyper-multinucleated PDB-like osteoclasts and up to
40% of them, between 18 and 26 months of age, developed focal
bone lesions within vertebral bone, that completely replicated
those seen in human PDB, with the presence of thickened
trabeculae, woven bone and extensive marrow fibrosis
(Kurihara et al.,, 2011). It was concluded that, at least in mice,
SQSTMI mutation was mainly able to increase RANKL
sensitivity of osteoclast precursors, whereas MVNP was
responsible for most of the PDB-like features (Kurihara et al.,
2011), including the increased IL-6 production that is necessary
for the coupling of osteoclast and osteoblast activity, leading the
parallel increase in bone formation.

Other viruses, such as the swine influenza virus and the pig
vesicular disease virus might also be implicated in the
pathogenesis of PDB. These viruses are very difficult to
identify and can persist in the asymptomatic phase for a long
time in infected carriers (Marschall et al., 1996; Lin et al., 1998).
In this regard, other epidemiological studies carried out in Italy
and Spain have shown a higher prevalence of the disease in rural
areas, especially in subjects in close contact with dogs and other
animal species such as cattle and pigs (Lopez-Abente et al., 1997;
Merlotti et al., 2005). It is therefore plausible that different viral
infections, carried by different animal species, may be involved as
possible triggers in the etiopathogenesis of PDB.

3.2 Other environmental risk factors

Environmental toxins such as arsenic or lead have been
suggested as possible etiological agents of PDB. In 1974, a
survey performed in the United Kingdom identified a cluster
of six Lancashire towns where the average age-standardized
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SQSTM1 P394L osteoclasts  Transgenic MVNP osteoclasts

+ +
+ +
+ +
- +
- +

prevalence of PDB was 6.3% compared with 4.3% in the
remaining 25 and pointed out a possible link with the cotton
industry (Barker et al., 1980). Considering that the two towns of
the six with highest PDB prevalence are situated on estuaries
whereas the two towns of the six with lowest PDB prevalence are
above sea level, Barker and colleagues suggested a waterborne
agent, the calcium arsenate [Ca;(AsO,),], as the possible
causative PDB agent. Indeed, Ca3(AsO,), was a pesticide
largely used to protect the cotton crops against the boll
weevils (Anthonomus grandis) until 1945, when it was
progressively replaced by the less
Dichlorodiphenyltrichloroethane (DDT). Since the use of
Cas(AsO,), as pesticide and the PDB incidence in Lancashire

toxic

significantly both diminished in parallel in the last decades of
20th century, it has been hypothesized a pathogenic link between
Ca3(AsO,), use as pesticide and PDB (Lever, 2002). However, no
direct evidence supports this hypothesis (Singer, 2015). On the
other hand, Spencer et al. (1992) demonstrated a considerable
occupational and environmental exposure to lead in 54 PDB
patients. The lead amount was then determined in the bone
specimen from PDB patients in two studies. In the first study,
Barker et al. (1982) measured the lead levels in autopsy bone
specimens form subject affected or unaffected by PDB and found
that lead levels were lower in bone macroscopically affected by
PDB compared to either normal bone from control individuals or
bone from pagetic patients macroscopically unaffected by the
disease. In the second study, Adachi et al. (1998), using bone
biopsy samples, demonstrated that lead content in cortical bone
was higher in PDB patients compared to patients with
osteoporosis or with renal osteodystrophy. More recently,
significant lower levels of some heavy metals, including
arsenic and lead, were detected in urinary samples from PDB
patients compared to healthy controls. Also, urinary cesium
levels were lower in PDB compared to controls (Numan et al.,
2019). However, in cellular models, an inhibitory effect of
arsenic, lead, and cesium on osteoclast formation, on mean
number of nuclei per cell, and on bone resorption were
observed (Numan et al,, 2019). An interaction with SQSTM1I
mutation was also described. In fact, in presence of cadmium,
SQSTMI gene expression was upregulated in osteoclasts from
patients with PDB versus healthy controls, particularly in
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osteoclasts from carriers of the SQSTM 1 mutation (Numan et al.,
2019). Taken together, all the above results do not allow to reach
a definitive conclusion about the possible involvement of heavy
metals in the PDB pathogenesis.

Environmental factors other than metals have been also
proposed as potential PDB triggers. Analysing self-reported
medical questionnaires compiled by 864 pagetic patients and
500 healthy controls, all enrolled between spouses and friends of
PDB patients, Siris observed that dietary calcium intake during
childhood and adolescence (estimated by number of milk glasses
consumed each day) was significantly lower in PDB patients
compared to controls, suggesting a potential link between the low
milk and calcium intake in childhood and adolescence and the
susceptibility to PDB (Siris, 1994). Analysing the hospital
discharges collected in England, Wales, and Scotland from
1966 to 1972, Barker and Gardner (1974) proposed a
significant association between the occurrence of vitamin D
deficiency related rickets in childhood and the development of
PDB in elderly age. Despite this hypothesis is very intriguing
considering the pleiotropic biological activities of vitamin D,
evidences for an association between PDB and vitamin D
deprivation in childhood are inconclusive at the present time.
Likewise, excessive biomechanical loading has been proposed as
potential trigger for PDB development (Solomon, 1979). This
should also explain the focal nature of the disease. More recently,
Michou et al. (2012), analysing all members of 18 French-
Canadian pagetic families, established a significant association
between current or past tobacco exposure and PDB occurrence.
In fact, 43% of PDB patients were current or past smokers versus
18% of relatives unaffected by PDB. The same study group
demonstrated that, in in vitro models, likewise observed for
cadmium, SQSTMI expression was upregulated by tobacco
smoke condensates, particularly in the presence of SQSTMI
mutation (Numan et al, 2019). Using data from a French-
Audet (2017) demonstrated a
association between wood fired heating

Canadian cohort, et al

significant in
childhood and/or adolescence and both familial and no-
familial form of PDB. In addition, familial form of PDB was
significantly associated with residency near a mine and hunting.
However, despite all these environmental factors have been
associated to an increased risk of PBD in some patient

cohorts, no conclusive evidence can be drawn.

4 MicroRNAs and epigenetics

As emerged above about the genetics of PDB, an incomplete
penetrance of PDB has been reported in familial PDB, thus
limiting the role of SQSTMI mutational analysis to the clinical
practice (Falchetti et al, 2010). Moreover, the genetic
heterogeneity of PDB and/or the presence of still unknown
modifier genes or triggers able to control its clinical
expression in subjects with germline mutations (e.g, in
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SQSTMI gene, as also in other of the above-mentioned genes)
complicate our understanding of the genetic mechanisms of the
disorder. Indeed, as previously described, exposure to several
environmental triggers has been postulated, which could act as
disease modifying agents affecting the susceptibility to develop
PDB, especially in subjects who may be in some way genetically
predisposed. In this respect, a potential unifying mechanism
linking genetic and environmental factor in the pathogenesis of
PDB, yet to be demonstrated as such, could be represented by
epigenetics. Specifically, epigenetics deals with changes in gene
of
genomic DNA but possibly leading to inherited traits both at

expression not resulting directly from mutations
intra-generational and inter-generational level. In example, it was
shown that DNA methylation can modulate the expression of
POMC gene, encoding for the pro-opiomelanocortin molecule,
thus representing a biological link between early childhood
exposures and subsequent obese phenotype development
(Candler et al., 2019).

Among the more investigated epigenetic mechanisms are
DNA methylation, both

mechanisms capable of influencing the ability of one or

and histone modifications,

more genes to be transcribed adequately or completely.
Even bone tissue and bone cells may undergo these

problems deriving from exposure to food and
environmental factors (especially when prolonged over
time) capable of negatively modulating the correct

expression of relevant genes, for example, in the regulation
of osteoclast differentiation, maturation and metabolic
activation. Regarding PDB, a combined genomic analysis
and machine learning approach identified several chemical
signatures, which appeared remarkably different in the DNA
of PDB patients (Diboun et al., 2021). In this study, a complex
and technologically refined genome-wide profiling of DNA
methylation at CpG islands was performed in a cohort of
253 PDB patients also including subject carriers of germline
SQSTM1 mutation, and 280 controls, in order to detect a
predictive role of epigenetic markers to differentiate pagetic
patients from non-pagetic controls. Combining genomic
analysis and machine learning revealed 14 genome-wide
significant differentially methylated sites between PDB
patients and controls. Interestingly, most of these CpGs
resides within/near genes with known to be functionally
relevant in the pathogenesis of PDB, including osteoclast
related
associated with PDB such as viral infection and mechanical
loading. This further suggested the hypothesis that PDB
pathogenesis could partly depend by environmental factors.

differentiation, or to environmental triggers

Likewise, microRNAs are small, non-coding, single-stranded
RNAs that post-transcriptionally regulate gene expression, with
an essential role in vertebrate development and different
Oof of
experimental reports suggested that miRNAs are involved in

biological ~processes. interest a rising number

every step of osteogenesis and bone metabolism, by regulating
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the growth, differentiation, and activity of different cell systems
inside and outside the skeleton, including osteoclast formation
and activity (Gennari et al,, 2017). Very recently, two small
preliminary studies compared the miRNA expression profile
blood
mononuclear cells of PDB patients and controls (Stephens
et al., 2020; Nguyen et al, 2021). Some miRNAs appeared
differently expressed between patients and controls. Target

of human osteoclasts derived form peripheral

genes and enriched pathway analysis identified possible
interactions between these miRNAs and apoptotic pathways
or osteoclast signaling pathways such as PI3K/Akt, IFNy,
TGEP, and c-Fos (Nguyen et al,, 2021).

5 Conclusion

PDB has long been considered the second most common
disorder of bone metabolism after osteoporosis. However, a
dramatic and progressive decline in its prevalence and severity
has been observed in many countries, which have made PDB a
less frequently diagnosed disease (Michou and Orcel, 2019). The
reason for this phenomenon remains unknown, although the
rapidity of change observed in geographical areas at elevated
PDB prevalence, such as UK, points to an alteration in one or
1999).
Moreover, PDB is also considered a model of high turnover

more environmental determinants (Cooper et al,

bone disease, mainly related to an increase in size and number of
acting resorbing osteoclasts at the affected skeletal sites.

Since it first description 1876 either genetic or environmental
factors have been implicated in the pathogenesis of this disorder.
In the past two decades, thanks to the development in
technology, relevant advances have been made in the
pathogenesis of PDB, leading to the identification of genetic
mutations or variants predisposing to the disease and allowing a
better characterization of the role of environmental triggers, such
as MV infection, through the development of specifically
designed mice models. An update on the pathogenetic
mechanisms of PDB and their potential interactions is given
on Figure 1. However, despite this remarkable progresses, the
molecular and cellular mechanisms leading to the development
of this disorder remain in large part unknown. Hopefully, further
developments in technology and more detailed studies in animal
models and large cohorts of patients will cast additional light into
disease mechanism over the next years. There are however
important clinical implications relating to the experimental
investigations carried out to date. In fact, it has been shown
that patients who possess SQSTMI gene mutations or other
mutations (e.g., ZNF687 or PFNI) have a more severe form of
the disease and might thus require more aggressive and
continuous treatment. Moreover, the extension of genetic
analysis to the relatives of these patients could also allow the
identification of new cases of recent onset (even before
deformities and other complications have developed) or even
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allow preventive treatment before the onset of pagetic lesions.
Such hypothesis will be verified in the next few years by an
international clinical trial in asymptomatic SQSTMI mutation
carriers (Cronin et al., 2019; Porteous et al., 2020).
Intriguingly, a significant number of genes involved in the
pathogenesis of PDB (namely SQSTM1, VCP, PFNI, and OPTN)
have been also associated with neurodegenerative disorders (e.g.,
ALS shared
pathophysiological mechanisms. Indeed, the OPTN gene has

or frontotemporal dementia) suggesting
been reported to originate from gene duplication of the NFkB
regulator named NFkB essential modulator (NEMO), containing
also two ubiquitin-binding motifs, all features shared with
SQSTMI gene. 2015). Thus, OPTN

mutations may contribute to both abnormal autophagy and

(Tumbarello et al,

vesicles trafficking, as reported in the ALS-related forms
(Ryan and Tumbarello, 2018), and abnormal NF«B activation,
as a possible cause of uncontrolled maturation and activation of
pagetic osteoclasts. Similarly to OPTN and SQSTM1, also VCP
and PFNI share common roles in autophagic degradation raising
the hypothesis of a common pathogenic mechanism affecting the
formation and clearance of misfolded proteins in PDB, ALS and,
more generally, in lysosomal storage diseases (Hocking et al.,
2012; Lieberman et al., 2012; Vallet and Ralston, 2016b). Indeed,
all these genes predispose to a group of neurological conditions
the MPS category,
accumulation of abnormal protein aggregates within cells,

included among characterized by
either because the disease-causing mutations result in defects
of protein degradation through the proteasome or because they
act directly to increase the propensity of the mutated protein to
form aggregates (Taylor, 2015). It remains unclear why some
patients with these mutations develop PDB while others develop
neurological or muscle disorders, but it is likely that the co-
inheritance of other variants might affect the clinical phenotype
(Ralston, 2020).

Enduring and intriguing mysteries of PDB are also
represented by the asymmetric appearance of bone lesions,
which are randomly distributed in the body, as well as the
non-appearance of new bone lesions during the clinical
course of the disease. In this respect, the findings from
Diboun (2021),
differentially DNA methylated sites within or near genes

et al demonstrating  significant
regulating osteoclast differentiation, or the response to viral
infection and to mechanical loading, might in part explain

the clinically anarchic phenotype of PDB.
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Osteoclasts are bone-resorbing cells that undergo extensive changes in
morphology  throughout  their  differentiation.  Altered  osteoclast
differentiation and activity lead to changes in pathological bone resorption.
The mammalian target of rapamycin (MTOR) is a kinase, and aberrant mTOR
complex 1 (MTORC1) signaling is associated with altered bone homeostasis.
The activation of mTORCL1 is biphasically regulated during osteoclastogenesis;
however, the mechanism behind mMTORCI1-mediated regulation of
osteoclastogenesis and bone resorption is incompletely understood. Here,
we found that MYC coordinates the dynamic regulation of
mTORC1 activation during osteoclastogenesis. MYC-deficiency blocked the
early activation of mTORC1 and also reversed the decreased activity of
mTORC1 at the late stage of osteoclastogenesis. The suppression of
mTORC1 activity by rapamycin in mature osteoclasts enhances bone
resorption activity despite the indispensable role of high mTORC1 activation
in osteoclast formation in both mouse and human cells. Mechanistically, MYC
induces Growth arrest and DNA damage-inducible protein (GADD34)
expression and suppresses mTORC1 activity at the late phase of
osteoclastogenesis. Taken together, our findings identify a MYC-GADD34
axis as an upstream regulator of dynamic mTORC1 activation in
osteoclastogenesis and highlight the interplay between MYC and
mMTORC1 pathways in determining osteoclast activity.

KEYWORDS

MYC (c-myc), GADD34 (PPP1R15A), osteoclast (OC), mTORC1 (mechanistic target of
rapamycin complex 1), bone resorption
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Introduction

Osteoclasts are derived from myeloid lineage cells and
regulate bone homeostasis by degrading bone (Teitelbaum,
2000; Tkeda and Takeshita, 2016). Bone resorption by
osteoclasts is tightly regulated to maintain skeletal health, as
alterations in the formation or activity of osteoclasts results in
skeletal diseases, such as osteoporosis (Bi et al, 2017).
Macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor kappa-B ligand (RANKL) are key
cytokines contributing to osteoclast formation. M-CSF induces
receptor activator of nuclear factor kappa-B (RANK) expression
and in response to RANKL, those cells induce molecular and
metabolic changes that drive osteoclast differentiation and
function (Feng and Teitelbaum, 2013; Park-Min, 2019).

The mammalian target of rapamycin (mTOR) is a Serine/
Threonine kinase. mTOR forms two distinct complexes, mTOR
complex 1 (mTORCI1) and mTORC2, which differentially
regulate cellular programs. The mTORCI pathway mainly
regulates cell growth, metabolism, and protein synthesis, while
mTORC2 controls cell survival (Saxton and Sabatini, 2017). The
heterodimeric tuberous sclerosis complex (TSC) 1/2 complex
negatively regulates mTORCI activity by targeting its upstream
Rheb GTPase, and the deletion of TSC1 or TSC2 leads to
hyperactivation of mTORC1 (Zhang et al., 2003; Huang and
Manning, 2008). Notably, the mTOR pathway play important
roles in regulating skeletal development and homeostasis by
affecting osteoblasts, osteoclasts, and chodrocytes (Chen and
Long, 2018). The importance of mTORCI signaling in

osteoclast  differentiation  has  been  implicated by
pharmacological and genetic modulation (Dai et al., 2017a;
Zhang et al, 2017; Hiraiwa et al, 2019). Although

mTORCI activity is dynamically regulated during osteoclast
differentiation, its role in osteoclasts remains controversial.
Moreover, the mechanisms by which the mTOR pathway is
regulated in osteoclasts remain unclear.

MYC is a transcription factor regulating cell proliferation,
metabolism, and differentiation (Dang, 1999). The contribution
of MYC to physiological and pathological bone loss has been
previously highlighted (Bae et al., 2017). RANKL-inducible MYC
drives by
osteoclastogenic pathways and oxidative metabolism via direct

osteoclast  differentiation reprogramming
regulation of nuclear factor of activated T cells, c1 (NFATc1) and
estrogen receptor-related receptor a (ERRa), respectively. In
addition NFATcl and ERRa-dependent

multifaced roles of MYC can be supported by as-yet

to pathways,
undefined mechanisms (Lorenzo, 2017). Given the importance
of MYC in osteoclast biology, the precise mechanisms of MYC’s
action in osteoclasts need to be further clarified.

In this study, we identify MYC as an upstream regulator of
mTORCI signaling in osteoclastogenesis. mTORCI activity is
dynamically regulated during human and mouse osteoclast
Inactivation of mTORCI

differentiation. in osteoclasts

Frontiers in Cell and Developmental Biology

160

10.3389/fcell.2022.920683

augments their bone-resorbing function, while prolonged
activation of mTORCI limits the bone-resorbing function of
osteoclasts. MYC coordinates the dynamic regulation of
mTORCI by regulating GADD34. GADD34 is induced in a
MYC-dependent manner and works as a negative regulator of
mTORCI during osteoclastogenesis. Our study highlights the
importance of proper levels of mMTORCI activation in osteoclasts
for the proper maintenance of healthy bone and suggests MYC/
GADD34 axis as a potential target for mTORCI regulation in
bone diseases.

Materials and methods
Mice

Myeloid-specific MYC deficient mice (MYC*) were
obtained as described previously (Bae et al., 2017). Mice with
osteoclast-specific deletion of TSC2 (TSC2“) were generated by
crossing TSC2-floxed mice (Jackson Laboratory) with Cathepsin
K-Cre mice (Nakamura et al., 2007), which were kindly provided
by Dr. Matthew Greenblatt (Weill Cornell Medicine). Control
WT mice consisted of littermate Cathepsin K-Cre mice for
TSC2°C mice. All animals were maintained in a specific
pathogen-free environment in the Weill Cornell Medicine
College vivarium. All the experiments conformed to the
ethical principles and guidelines approved by the Institutional
and Animal Care and Use Committee of Weill Cornell Medical
College.

Analysis of bone phenotype

uCT analysis (Bouxsein et al., 2010) and histomorphometry
analysis was performed as described previously (Bae et al., 2017).
Femurs were scanned using a uCT, with an isotropic voxel
resolution of 6 um (uCT35, Scanco, Briittisellen, Switzerland;
55 kVp, 145 pA, 600 ms integration time). For analysis of femoral
bone mass, the volume of interest (VOI) encompassed a 200-slice
section in the metaphysis, proximal to the growth plate. To
ensure the exclusion of primary spongiosa in the growth plate,
VOIs began 55 slices proximal to the distal end of the growth
plate. Trabecular bone parameters included bone volume
fraction (BV/TV), trabecular thickness (Tb. Th), trabecular
separation (Tb. Sp), and trabecular number (Tb. N). Three-
dimensional reconstructions were generated by stacking
thresholded 2D images from the contoured region. All
samples were included in the analysis conducted in a blinded
manner. After uCT analysis was done, femurs were decalcified
with 10% buffered EDTA (Sigma-Aldrich) and embedded in
paraffin. To assess osteoclast or osteoblast visualization on
trabecular bone within the femur metaphysis, sections were
stained with tartrate-resistant acid phosphatase (TRAP) and
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methyl green or hematoxylin and eosin (Vector Laboratories,
Burlingame, CA, United States). All measurements were
(Osteomeasure)
1987).
Osteoclasts were identified as TRAP-positive cells that were

performed using Osteometric  software

according to standard procedures (Parfitt et al,

multinucleated and adjacent to bone.

Reagents

Human macrophage colony-stimulating factor (M-CSF) and
RANKL was purchased from Peprotech (Rocky Hill, NJ,
United States). Rapamycin was obtained from Calbiochem.
Antibodies were used for immunoblotting as follows: NFATc1
(Santa Cruz Biotechnology; sc-7294); a-tubulin (Sigma-Aldrich;
T9026); phosphorylated p70S6K, p70S6K (Cell Signaling
Technology; 9234, 2708); and GADD34 (Proteintech; 10449-1-
AP). A mouse CTX-I and PINP ELISA kits were purchased from
Cloud-Clone (Wuhan, China).

Mouse osteoclast differentiation

Mouse bone marrow-derived macrophages (BMDMs)
were prepared from bone marrow cells from 8-week-old
mice as described previously (Bae et al, 2017). Non-
adherent mouse bone marrow cells were cultured with o-
MEM w/o nucleosides (Invitrogen) supplemented with 10%
premium FBS (R&D systems), 1% L-glutamine (Invitrogen),
and 1% penicillin/streptomycin (Invitrogen). For mouse
osteoclast differentiation, mouse BMDMs were seeded on
the 96-well plates at a density of 1 x 10* cells per well in
triplicate with human M-CSF (20 ng/ml). Next day, cells were
stimulated with human RANKL (50 ng/ml) and cultured for
3 days. Fresh medium with cytokines were replenished at day
2. Cells were fixed and stained for TRAP using the acid
phosphatase leukocyte diagnostic kit (Sigma-Aldrich) as
directed in the kit manual. Multinucleated (more than
in

3 nuclei) TRAP-positive osteoclasts were counted

triplicate wells.

Human osteoclast differentiation

Human CD14-postive cells were prepared from peripheral
blood as described previously (Mun et al., 2021). Human CD14+
cells cultured with a-MEM  without
supplementation with 10% defined FBS (Cytiva) and 1%
L-glutamine. For human osteoclast differentiation, human

were nucleoside

CD14-postive cells were plated on 96-well plates at a density
of 1 x 107 cells per well in triplicate with human M-CSF (20 ng/
ml) followed by human RANKL stimulation (40 ng/ml). Cells
were cultured for 3 days.
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Measurement of osteoclast activity

Mouse BMDMs or human CDI4-positive cells were
differentiated to mature osteoclasts as described above using
Corning Osteo Assay Surface 96-well plates (Sigma-Aldrich).
After rapamycin treatment for the indicated time points, cells
were removed, and the remaining mineralized matrix and
formed resorption pits were visualized with Toluidine Blue
staining. The resorbed area was calculated as previously
described (Fujii et al., 2021).

RNA sequencing and analysis

Total RNA was extracted using the RNeasy Mini Kit with
DNase treatment (QIAGEN). RNA was processed and analyzed
as described previously (Bae et al., 2017). Data from 2 biological
replicates were used for bioinformatic analysis. The Gene Set
Enrichment Analysis (GSEA) was used to analyze differentially

expressed genes (https://www.gsea-msigdb.org/gsea/). NES
(normalized enrichment score) is the primary static for
examining gene set enrichment results (http://software.

broadinstitue.org/doc/GSEAUserGuideTEXT.html#_

Enrichment_Score_(ES).

Gene expression analysis

DNA-free RNA was obtained using the RNeasy Mini Kit with
DNase treatment (QIAGEN), and 0.5 pg of total RNA was
reverse transcribed using a First Strand ¢cDNA Synthesis kit
(Fermentas). Real-time quantitative PCR was performed with
Fast SYBR Green Master Mix and a 7500 Fast Real-time PCR
system (Applied Biosystems). Expression of the tested genes were
normalized relative to the levels of Hprt. The primer sequences
were as follows: murine PppIri5a (GADD34) Forward: 5'-GAC
CCCTCCAACTCTCCTTC-3' and Reverse: 5'-CTTCCTCAG
CCTCAGCATTC-3', Hprt Forward: 5-TCCTCAGACCGC
TTTTTGCC-3" and Reverse: 5'-CTAATCACGACGCTGGGA
CT-3".

Immunoblotting analysis
Whole-cell extracts were electrophoretically separated on

7.5% SDS-PAGE,
membranes (Millipore) and probed with specific antibodies.

transferred to polyvinylide fluoride

RNA interference

Mouse BMDMs were transfected with 50 nmol of siRNA
oligonucleotides (SMARTpool: ON-TARGETplus Ppplrl5a

frontiersin.org
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FIGURE 1

MYC regulates mTORC1 activity in osteoclastogenesis. (A) Mouse BMDMs from control (MYC*"T) mice and MYC-deficient (MYC*") mice were
stimulated with RANKL for 1 day. Volcano plot of differentially expressed genes (DEGs) in MYC-deficient cells relative to control cells after RANKL
stimulation for 24 h from the RNA sequencing (RNA-seq) analysis (>1.5 fold). (B,C) Gene-set—enrichment analysis of DEGs with genes ranked on the
basis of expression in MYC*M relative to thatin MYCYT, showing the distribution of genes in the mTORC1 signaling gene set against the ranked

list of the genes from the RNA-seq analysis. NES: normalized enrichment score, the primary statistic for examining gene set enrichment results. (D)
Immunoblot of whole-cell lysates from control and MYC-deficient BMDMs after RANKL stimulation for the indicated time points with anti-phospho
p70S6K, p70S6K, and a-tubulin antibodies. a-tubulin served as a loading control. Data are representative of four experiments. (E) Graph depicts the
quantification of signal intensity of the phospho p70S6K and total p70S6K immunoblot using densitometry, normalized to WT control. Data are
shown as mean + SEM (n = 4). *p < 0.05 by one-way ANOVA with a post hoc Tukey test.

siRNA: L-047639-00-0005, ON-TARGETplus Non-targeting
Pool: D-001810-10-20, Dharmacon) using the TransIT-TKO®
transfection reagent (Mirus Bio) according to the manufacturer’s

instructions.

Statistical analysis

All statistical analyses were performed with GraphPad Prism
8 (GraphPad Software) using a two-tailed, paired or unpaired
t test for two conditions or one-way ANOVA for multiple
comparisons with a Tukey’s post-hoc test. A p value of less
than 0.05 was considered statistically significant.

Results
MYC is an upstream regulator of
mammalian target of rapamycin complex

1 activation

We and others have established MYC as a key regulator of
osteoclastogenesis (Battaglino et al., 2002; Bae et al., 2017). MYC
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expression is induced by RANKL, and MYC deficiency has been
shown to suppress osteoclast formation and its bone-resorbing
activity (Bae et al., 2017). To gain insight into the downstream
pathways that are regulated by MYC at the early phases of
osteoclastogenesis, we performed an unbiased transcriptomic
analysis using RNA-seq to identify genes whose expression
was affected by MYC in the early phases of the RANKL
response. Bone marrow cells from control LysM-Cre (MYC")
and myeloid cell-specific MYC deficient (MYC”" LysM-Cre,
named MYC*™) mice were differentiated into BMDMSs and
then cultured with M-CSF and RANKL for 24h.
1,332 differentially expressed genes (DEGs, 1.5 fold changes,
FDR < 0.05) between MYC"™ and MYC*M cells were detected;
454 genes were upregulated, and 888 genes were downregulated
in MYC-deficient cells (Figure 1A). We performed gene set
enrichment (GSEA)  (Mootha 2003;
Subramanian et al., 2005), broadly testing for the enrichment
of well-defined gene sets from the comprehensive Molecular

analysis et al,

Signature Data Base v5.1 (www.broadinstitute.org) of DEGs.
GSEA pathway analysis of DEGs revealed that MYC regulates
genes related to mTORCI signaling (Figures 1B,C). To check if
mTORCI signaling is affected by MYC deficiency, control and
MYC-deficient BMDMs were stimulated with RANKL, and
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FIGURE 2

mTORC1 signaling has a biphasic effect on mouse osteoclastogenesis. (A) Immunoblot of whole-cell lysates from mouse BMDMs after RANKL
stimulation for the indicated time points with anti-phospho p70S6K, p70S6K, NFATc1, and a-tubulin antibodies. a-tubulin served as a loading control.
Graph depicts the quantification of signal intensity of the phospho p70S6K and total p70S6K immunoblot using densitometry, normalized to the
control (n = 3). (B) A schematic diagram illustrating the experimental design in (C). (C) Representative images show osteoclast differentiation
after rapamycin treatment (100 nM) at different time points after RANKL stimulation. Graph depicts the number of TRAP-positive multinucleated cells
(MNCs) counted in triplicate from three independent experiments. (D) A schematic diagram illustrating the experimental design in (E). (E)
Representative images show bone resorption activity of osteoclasts after rapamycin treatment for 24 h. Graph depicts the percentage of resorbed pit
area per total area from six independent experiments. All data are shown as mean + SEM. *p < 0.05 by one-way ANOVA with a post hoc Tukey test

(A,C) or two-tailed, paired t test (E). ND, not detected.

mTORC1 examined. The activation of

mTORCI signaling can be determined by detecting the

activity ~ was

phosphorylation of its downstream targets, ribosomal protein
S6 Kinase (S6K) and 4EBP1 (Ma and Blenis, 2009); phosphoS6K
was used to detect mTORCI activation in this study. We found
that the levels of mTORCI activity differed at early and late stages
of osteoclastogenesis. mMTORCI was activated at the early phases
of the RANKL response but was suppressed during the later
phases of osteoclastogenesis (Figures 1D,E). Intriguingly, the
biphasic regulation of mTORCI activity was dependent on
MYC (Figures 1D,E); the early activation of mTORCI and
of mTORCl1 the of
osteoclastogenesis were attenuated by MYC deficiency. In
addition, the expression of total p70S6K expression was also
diminished in MYC-deficient cells (Figures 1D,E). Thus, our
results suggest that MYC is required for both the early activation
and late suppression of mTORCI activity.

suppression at later  phase
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The level of mammalian target of
rapamycin complex 1 activity affects
osteoclast function

To further dissect the role of biphasic regulation of
mTORCI in osteoclastogenesis, we measured the regulation of
mTORCI activity in human and mouse cells. During mouse
osteoclast differentiation, mMTORC1 was activated 1 hour after
RANKL stimulation and subsequently was suppressed below the
baseline at 24 h after RANKL stimulation, as supported by a
previous study (Hiraiwa et al., 2019) (Figure 2A). Given the
transient activation of mTORCI during osteoclastogenesis, we
considered the possibility of a differential role of mTORCI at
different stages of osteoclastogenesis. To test this, we inhibited
mTORCI activation by rapamycin treatment, an inhibitor of
mTORCI (Li et al., 2014), at different time points after RANKL
stimulation (Figure 2B). Consistent with the previous studies
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FIGURE 3

mTORC1 signaling has a biphasic effect on human osteoclastogenesis. (A) Immunoblot of whole-cell lysates from human CD14-positive cells
after RANKL stimulation for the indicated time points with anti-phospho p70S6K, p70S6K, and a-tubulin antibodies. a-tubulin served as a loading
control. Representative results from four independent donors are shown. Graph depicts the quantification of signal intensity of the phospho p70S6K
and total p70S6K immunoblot using densitometry, normalized to the control (n = 4). (B) Representative images show human osteoclast
differentiation after rapamycin treatment (100 nM) at different time points after RANKL stimulation. Graph depicts the number of TRAP-positive
multinucleated cells (MNCs) counted in triplicate. Data are from four independent donors. (C) Representative images show bone resorption activity
of human osteoclasts after rapamycin treatment for 48 h. Graph depicts the percentage of resorbed pit area per total area. Data are from four
independent donors. Scale bar: 500 pm. All data are shown as mean + SEM. *p < 0.05; NS, not significant by one-way ANOVA with a post hoc Tukey

test (A,B) or two-tailed, paired t test (C).

that mTORCI1 for

osteoclastogenesis (Glantschnig et al.,, 2003; Dai et al., 2017a),

showing activation is  required
rapamycin treatment suppressed osteoclastogenesis (Figure 2C).
While inhibition of mTORCI by rapamycin treatment prior to
RANKL stimulation nearly completely suppressed osteoclast
formation, osteoclastogenesis was inhibited to a lesser extent
when rapamycin was added at 2 days after RANKL stimulation
(Figure 2C). We next tested if this suppressed mTORCI activity
is related to the bone-resorbing function of osteoclasts. Bone
marrow-derived macrophages (BMDMs) were cultured with
M-CSF and RANKL for 3 days to form mature osteoclasts,
and mature osteoclasts then were treated with rapamycin or
DMSO (Figure 2D). Notably, rapamycin-treated osteoclasts
exhibited greater resorbing activity compared to vehicle-
treated osteoclasts (Figure 2E). Rapamycin treatment on
osteoclasts  minimally affected TRAP-positive
displayed by TRAP-positive
significantly increasing resorbing area per TRAP-positive area
(Supplementary S1), suggesting that
mTORCI inactivation at the later stage of osteoclastogenesis
may be required for the appropriate function of osteoclasts.

mature

osteoclasts  as area, while

Figure
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Hyperactive mTORCI signaling is a clinical feature of
patients with tuberous sclerosis complex (TSC) which is
caused by inactivating pathogenic variants in either TSC1 or
TSC2 genes, and sclerotic bone lesions have been frequently
reported in TSC patients (Avila et al., 2010; Wu et al,, 2017).
However, the role of mTORCI activity in human osteoclast
differentiation has not been demonstrated yet. We examined
how its activity is regulated in human osteoclastogenesis. Human
CD14-postive cells were cultured with M-CSF and RANKL, and
mTORCI1 examined by detecting the
phosphorylation of S6K. Consistent with our observation in
mouse cells, mTORCI activity was dynamically regulated by
RANKL stimulation; mTORCI activity increased in response to
RANKL at 24 h after stimulation, but its activity was decreased at
the later phase of human osteoclastogenesis (Figure 3A).
Consistent with the data observed in mouse cells (Figure 2),
blocking mTORCI activity by rapamycin treatment up to day
one RANKL suppressed  osteoclast
differentiation (Figure 3B). However, osteoclast differentiation
was minimally affected when mTORCI1 was inhibited at 2 days
after RANKL stimulation (Figure 3B). After culturing human

activity ~ was

stimulation

after
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FIGURE 4

Hyperactivation of mTORC1 in osteoclasts impedes bone resorption. (A) Representative uCT reconstructed images of the trabecular
architecture of the distal femurs from 8-week-old female TSC2-floxed Cathepsin K-Cre (TSC22°€) and littermate control Cathepsin K-Cre (WT)
mice. (B) pCT measurements for the indicated parameters of the trabecular bone in distal femurs. Bone volume/tissue volume ratio (BV/TV),
trabecular numbers (Tb.N), trabecular thickness (Tb.Th), and trabecular space (Th.Sp) were determined by uCT analysis. (C) Representative
images showing the TRAP-positive, multinucleated osteoclasts (red) in the coronal sections of the distal femur. (D) Histomorphometric analysis of
the trabecular bone. Number of osteoclasts per bone perimeter (N.Oc/B.Pm), osteoclast surface area per bone surface (Oc.S/BS). (E) Enlarged
images from (C) showing the size of TRAP-positive, multinucleated osteoclasts (red). Graph depicts the size of osteoclasts. Osteoclast perimeter per
bone perimeter (Oc.Pm/B.Pm). (F) The concentration of serum CTX-| and PINP measured by ELISA. All data are shown as mean + SEM. *p < 0.05; NS,

not significant by two-tailed, unpaired t test. Scale bar: 100 pm.

CD14-positive cells with M-CSF and RANKL to form mature
osteoclasts, cells were treated with rapamycin or DMSO for
2 days. Furthermore, the suppression of mTORCI in human
mature osteoclasts by rapamycin treatment enhanced their bone-
resorbing function (Figure 3C). Taken together, our results
suggest that lower activity of mTORCI at the later phases of
osteoclastogenesis has a beneficial effect on the bone-resorbing
function of osteoclasts.

Activation of mammalian target of
rapamycin complex 1 in osteoclasts in vivo
dysregulates bone homeostasis

To corroborate our observation showing mTORCI activity
inversely regulates the bone-resorbing function of osteoclast, we
wished to force mTORCI activation at the late phase of

osteoclastogenesis  in Given that TSCl1 or

vivo.
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TSC2 deficiency results in a hyperactive mTORCI state (Inoki
et al,, 2002; Huang and Manning, 2008), we generated TSC2-
floxed CtsK-Cre (TSC2"°¢) mice by crossing TSC2-floxed mice
with Cathepsin K-Cre mice and investigated their bone
phenotype. Strikingly, TSC2°°“ mice exhibited a significantly
higher trabecular bone mass compared to wild-type (WT) mice
(Cathepsin K-Cre), along with significantly increased number
and thickness of trabecular bone and decreased trabecular
4A,B). analysis of
trabecular bone revealed that the number of osteoclasts was
not changed in TSC2°°° mice (Figures 4C,D). Similar to
TSC1 deficient mice (Wu et al, 2017), TSC2%°¢ mice had
larger osteoclasts

spacing (Figures Histomorphometric

those from WT mice
(Figures 4D,E). There was no difference in the number of
osteoblasts or the level of N-terminal propeptide of type I

compared to

procollagen (PINP), a serum bone formation marker, between
TSC2%°¢ mice and WT mice (Supplementary Figure S2;
Figure 4F). Nonetheless, the level of CTX-I, a serum bone
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Early Late
Osteoclastogenesis

MYC/GADD34 axis inactivates mTORCL1 in osteoclasts. (A) The mRNA expression of Ppplrl5a (encodes GADD34, relative to the Hprt

housekeeping gene) in control (MYC"T) and MYC-deficient (MYC*") BMDMs after RANKL stimulation for the indicated time points (n = 4). (B) The
protein expression of GADD34 determined by immunoblot using whole-cell lysates of control and MYC-deficient BMDMs after RANKL stimulation
for the indicated time points. a-tubulin served as a loading control. Data are representative of three independent experiments. Graph depicts the
quantification of signal intensity of the GADD34 immunoblot using densitometry and then normalized to WT control (n = 3). (C—E) Mouse BMDMs
were transfected with siRNAs specific for GADD34. (C) The mRNA expression of PppIrl5a (relative to the Hprt housekeeping gene) in negative-
control (NC) or siRNAs specific for GADD34 transfected cells after RANKL stimulation for 3 days (n = 3). (D) Representative images for Immunoblot of
whole-cell lysates with indicated antibodies. a-tubulin served as a loading control. Representative results from four independent experiments are
shown. Graph depicts the quantification of signal intensity of the phospho p70S6K immunoblot using densitometry and taken as a ratio of phospho
p70S6K over total p70S6K and then normalized to NC control (n = 4). (E) Osteoclastogenesis assay. BMDMs were cultured with M-CSF and RANKL for
3 days. Left, Representative images of TRAP-stained cells. Right, Quantification of TRAP positive multinucleated (more than three nuclei) cells (n = 3).
(F) A diagramillustrating the dynamic regulation of mTORC1 activity by MYC. All data are shown as mean + SEM. *p < 0.05 by one-way ANOVA with a
post hoc Tukey test (A-D) or by two-tailed, paired t test (E).

resorption marker, exhibited a decreasing trend in TSC2°¢ mice The MYC/GADD34 axis negatively

compared to WT mice (Figure 4F), indicating that osteoclasts
from TSC2°° mice exhibited an attenuated resorbing function
and caused increased bone mass. Taken together, using loss-of-
function and gain-of function studies suggested that lower
mTORCI activity in mature osteoclasts is required for
osteoclastic bone resorption.
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regulates mammalian target of rapamycin
complex 1 in osteoclast differentiation

We wished to determine the mechanism of
mTORCI inactivation in the late phase of osteoclastogenesis

by MYC. To search for the upstream regulator responsible for
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repressing mTORCI1, we screened known regulators of
mTORC]I, including Deptor (Varusai and Nguyen, 2018),
Ddit4 (Foltyn et al, 2019), FOXOs (Lin et al, 2014), and
BNIP3 (Li et al, 2007) on mTORCI activation. However,
none of these able
mTORCI activity (data not shown).
To search for additional candidates, we referenced the RNA-

were to rescue  suppressed

seq analysis of MYC-deficient cells and found that the expression
of genes associated with the unfolded protein response (UPR)
were diminished in MYC-deficient cells (Figure 1); this was of
particular interest given that the balance between the
mTORC1 pathway and UPR tightly regulates protein
synthesis (Walter and Ron, 2011). Growth arrest and DNA
damage-inducible protein (GADD34, encoded by Ppplrl5a) is
an important factor for the coordinate regulation of UPR.
Moreover, in 293HEK cells and mouse embryonic fibroblasts,
GADD34 leads to dephosphorylation of TSC2 and negatively
regulates mTOR signaling (Watanabe et al., 2007; Uddin et al.,
2011). Since GADD34 regulation in osteoclasts had not yet been
investigated, we first tested GADD34 expression
osteoclastogenesis. Control and MYC deficient BMDMs were
treated with RANKL, and the expression of GADD34 was
measured. The transcription level of Gadd34 (Ppplrl5a) was

in

increased in WT cells upon RANKL stimulation in a time-
dependent manner, while MYC-deficient cells failed to induce
its expression (Figure 5A). Concomitantly, RANKL-induced
GADD34 protein expression was abrogated by MYC
deficiency 5B), indicating MYC the
expression of GADD34 in osteoclastogenesis. To test if
GADD34 plays a role in regulation of mTORCI activity in
osteoclasts, the of
GADD34 using nucleofecting siRNA oligos against Ppplrl5a
and evaluated mTORCI activity. Ppplrl5a mRNA expression
was efficiently diminished in Gadd34-deficient cells compared to
control cells (Figure 5C). GADD34 deficiency partially restored
RANKL-induced mTORCI inactivation (Figure 5D), suggesting
that the MYC/GADD34 axis, in part, contributes to the
suppression of mTORCI in osteoclasts. GADD34 deficiency
5E).
GADD34 deficiency showed a decreasing trend in osteoclastic

(Figure regulates

we knocked down expression

also suppressed osteoclastogenesis (Figure
bone resorption (Supplementary Figure S3). Taken together, our
results suggest that GADD34 is a positive regulator of
osteoclastogenesis and suppresses mTORCI activity at the

later stages of osteoclastogenesis.

Discussion

Both the mTOR pathway and MYC are critical modulators
of osteoclastogenesis (Park-Min, 2019). However, the crosstalk
MYC the mTOR pathway
osteoclastogenesis has never been studied previously. In this

between and during

study, we show that MYC is an upstream regulator of mTOR
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of
mTORCI during osteoclastogenesis. It is well-documented

pathway and modulates a biphasic activation
that early activation of mTORCI is required for osteoclast
formation (Dai et al., 2017a; Zhang et al, 2017; Hiraiwa
et al, 2019). However, we found that inactivation of
mTORCI in mature osteoclasts is important for the bone-
of
hyperactivation of mTORC1 in osteoclasts, by deleting
TSC2

osteoclast activity. MYC promoted mTORCI1 activation at

resorbing  function osteoclasts. Accordingly,

in mice, increased bone mass and suppressed

the early phases of osteoclastogenesis and suppressed
mTORCI activation at the later phases of osteoclastogenesis
via induction of GADD34 (Figure 5F). Overall, our findings
suggest that MYC regulates osteoclast differentiation and
activity by tightly controlling mTORCI activity.

MYC is a multifunctional helix-loop-helix leucine zipper
transcription factor (Dang, 2012). Our previous report
established the central role of MYC in osteoclasts and
pathological bone loss. MYC is induced by RANKL
stimulation (Bae et al, 2017). MYC is required for the
induction of NFATcl and plays a key role in oxidative
phosphorylation in osteoclasts (Park-Min et al., 2014; Bae
et al, 2017). This study further suggests that MYC is an
upstream regulator of mTORCI signaling in osteoclasts.
Despite the importance of mTORCL in skeletal development,
the mechanism underlying the dynamic regulation of
mTORCI activity in osteoclasts remains unclear. Here, we
show that MYC deficiency not only inhibited RANKL-
induced mTORCI activation and the expression of p70S6K
at the early phases of osteoclastogenesis but also activated
mTORCI activation at the late phases of osteoclastogenesis.
RANKL-mediated mTORCI1 activation can be regulated by
other signaling pathways. It has been shown that
mTORC1 is activated by PI3K (The phosphoinositide
3 kinase)/Akt via inhibition of TSC1/2 (Shaw and Cantley,
2006). The PI3KAkt/mTOR pathway plays an important role in
osteoclastogenesis (Moon et al., 2012) by several different
mechanisms (Tiedemann et al,, 2017; Yu et al,, 2019). The
mTOR-rictor-Akt circuit regulates osteoclast fusion and
growth (Tiedemann et al., 2017). However, we did not detect
any changes in the P13K/Akt pathway in MYC deficient cells
(data not shown). In addition to the transcriptional control of
osteoclast-specific genes by MYC, our study suggested that
MYC may be involved in RANKL-induced protein synthesis
in osteoclasts by regulating mTORCI activity. Therefore, our
results provide new insights into the role of MYC in
osteoclastogenesis.

mTORCI1 promotes anabolic functions including protein
and lipid synthesis, and its activation is dependent on energy
status and nutrient availability (Saxton and Sabatini, 2017).
Aberrant mTORCI signaling is associated with many human
diseases, including cancer, diabetes, and neurological disorders
(Inoki 2005; Saxton and Sabatini, 2017).

et al,
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mTORCI activation is also important for bone remodeling by
regulating osteoblasts (Riddle et al., 2014; Chen and Long,
2015; Dai et al., 2017Db; Fitter et al., 2017; Martin et al., 2018)
and osteoclasts (Dai et al., 2017a; Zhang et al., 2017; Huynh
Wan, 2018).
mTORCI1 activation is biphasically regulated. However,

and During osteoclastogenesis,
the role of mTORCL1 in osteoclasts is still controversial.
Pharmacological studies established that mTOR signaling
positively regulates osteoclastogenesis. However, recent
genetic studies demonstrated that constitutive active
mTOR in TSC1 TSC2 deficient
suppresses osteoclastogenesis regardless of the stage of
osteoclastogenesis (Wu et al, 2017; Zhang et al., 2017).
We also found that prolonged mTORCI activation in
TSC24°¢

TSC2%°¢ mice were larger, although the number of
2AOC

signaling or cells

mice increases bone mass. Osteoclasts from

osteoclasts in TSC mice was comparable to that of the
control mice. In addition, cathepsin K-expressing osteoclasts
in TSC2%°¢ mice were bigger and showed increased
phospho-mTOR compared to osteoclasts in control mice
(data not shown). These results implicate the broad but
effect of mTORCI
differentiation and activity.

complicated on  osteoclast

The phenotype of osteoclasts in TSC2*°“ mice was similar to
the phenotype of osteoclasts in TSC1"-Ctsk-Cre mice (Wu et al.,
2017). TSC1""-Ctsk-Cre mice exhibited high bone mass and
reduced bone resorption (Wu et al, 2017; Xu et al, 2018).
inhibition of mTORCI1

deficiency at the late phase of osteoclastogenesis using

However, activation by raptor
Cathepsin K-Cre also resulted in higher bone mass than in
control mice (Dai et al, 2017a). Since either hyperactive or
hypoactive mTORCI at the late phase of osteoclastogenesis
resulted in inhibition of osteoclast formation and increased
bone mass, it is hard to draw a conclusion based on the
genetic modification. Here, we show that rapamycin treatment
in mature osteoclasts enhanced bone-resorbing activity,
suggesting the importance of inactive mTOR signaling at the
late phase of osteoclastogenesis for osteoclastic bone resorption.
While that
administration increased bone mass (Chen et al, 2015; Luo
et al., 2016; Bateman et al,, 2019), other studies showed that

bone marrow cells isolated from mice after two month-treatment

several ~ studies demonstrated rapamycin

with low doses of rapamycin exhibited increased osteoclastogenic
activity and diminished bone mass (Rubert et al., 2015; Huynh and
Wan, 2018). However, since rapamycin targets not only
osteoclasts but also osteoblasts and other cells, the outcome of
rapamycin administration in vivo could result from the
coordinated interaction among various cell types. Nonetheless,
these  studies that
mTORC1 activity could be wused to control
differentiation and function in pathological conditions. Given

support selectively ~ modulating

osteoclast

that dysregulation of mTORC1 is important for the proper
regulation of osteoclastogenesis, further studies dissecting the
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role of mTORCI in physiological bone remodeling will be
required.

Our study is the first to show the regulation of GADD34 in
osteoclastogenesis. GADD34 is an important component of the
unfolded protein response (UPR) and is quickly induced in
nutrient- or amino acid- deprived conditions (Novoa et al,
2001; Gambardella et al, 2020). Although cellular energy
deficiencies usually lead to UPR (Bravo et al, 2013), we
show that GADD34 is gradually induced by RANKL
stimulation even in nutrient-rich media. Moreover, ATP
formation is greatly increased during osteoclastogenesis
(Nishikawa et al., 2015; Bae et al, 2017), and adenosine
monophosphate-activated protein kinase (AMPK), a cellular
energy censor, is suppressed in osteoclasts (Bae et al.,, 2017,
that
formation is accompanied by increased energy metabolism.

unpublished  observations), suggesting osteoclast
However, a discrepancy between GADD34 mRNA and
protein expression during osteoclastogenesis has
observed. GADD34 mRNA was induced at 24h after
RANKL stimulation, while GADD34 protein gradually
RANKL

GADD34 protein is remarkably unstable due to proteasomal

been

increased from 2days after stimulation.
degradation at steady-state conditions (Brush and Shenolikar,
2008). Our data suggests that GADD34 protein is stabilized by
the of
osteoclastogenesis. Furthermore, we also show that, upon
RANKL stimulation, GADD34 was not induced in MYC-

deficient cells, suggesting that MYC positively regulates the

an unknown mechanism at later  phase

expression of GADD34 or the stabilization of
GADD34 proteins. In contrast to our observations,
Amundson et al. (1998) showed that stress-induced

GADD34 was attenuated by overexpression of v-MYC.
that RANKL-induced GADD34
dependent on MYC in osteoclasts in nutrient-sufficient
conditions, further study is needed to identify how MYC
regulates GADD34 in osteoclasts. Collectively, our data show
that both MYC deficiency and GADD34 deficiency reversed
suppressed mTORCI1 the of
osteoclastogenesis, suggesting the inhibitory role of the
MYC/GADD34 axis in mTORCI activation in osteoclasts.
Considering  that MYC is  currently  undruggable
(Prochownik and Vogt, 2010) and that mTORCI is difficult
to productively target due to its complicated function in
osteoclastogenesis, the MYC/GADD34 axis could be a
the

Given expression  is

activity at late phase

potential druggable therapeutic target controlling

abnormal activity of osteoclasts.
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In several diseases, bone resorption by osteoclasts is dysregulated. Thus far, no
simple technique for real-time measurement of resorption is available. Here, we
introduce an impedimetric bioassay for real-time monitoring of resorption by
making use of the electrical insulating properties of the resorbable substrate
calcium phosphate. Different chemical stimuli were applied to (pre)osteoclasts
cultured on a layer of calcium phosphate in multi-well plates containing
electrodes. By this, osteoclast activity can be measured continuously over
days, and the effects of stimulating or inhibiting factors can be quantified.
When cells were cultured in the presence of an inflammatory factor such as IL-
1B, the resorptive activity started earlier. The measured decline in resistance was
higher at culture day 5 than at cultures with M-CSF or M-CSF + RANKL (M-CSF
norm. Resistance = 1, M-CSF + RANKL = 0.7, M-CSF + RANKL + IL-1p = 0.5).
However, at day 11, this difference had nearly disappeared. Likewise,
bisphosphonates were shown to inhibit osteoclastic activity. Our findings
illustrate the importance of real-time monitoring; wherefore, this method
has high potential not only for the study of osteoclast resorptive activity in
the context of osteoclast function and diseases but also could find application in
high-throughput drug-testing studies.
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1 Introduction

Osteoclasts are multinucleated cells uniquely equipped to
resorb bone (Gothlin and Ericsson, 1976). They arise from
mononuclear hematopoietic cells from the monocyte lineage
(Boyle et al, 2003). These osteoclast precursor cells fuse to
the of
macrophage colony-stimulating factor (M-CSF) and receptor
activator of NF-«xB ligand (RANKL) (Jansen et al., 2012).

Bone resorption can occur in distinct modes. Some

form multinucleated osteoclasts in presence

osteoclasts resorb bone in a stationary way, leaving behind
round resorption pits, whereas other osteoclasts resorb bone
while moving over the bone surface by which they form
resorption trenches (Merrild et al., 2015; See and Delaissé, 2017).

For the visualization of bone resorption, various staining
methods can be used for instance; toluidine, Coomassie Brilliant
Blue (CBB), and hematoxylin (Notoya et al., 1993; Vesprey and
Yang, 2016; Cao et al., 2017). These dyes stain proteins including
the bone matrix proteins that are exposed due to osteoclast
activity and left in the resorption pit. However, all these
staining methods that are used to visualize and semi-
quantitatively evaluate bone resorption require the removal of
osteoclasts. In addition, with these methods, it is not possible to
quantify the absolute amount of resorption since only the
resorbed area and not the depth of the resorption pit can be
measured. Some researchers wuse advanced microscopy
techniques, such as scanning electron microscopy, confocal
microscopy, or infinite focus microscopy, for the calculation
of resorption pit depth and osteoclast morphology (Chambers
et al., 1984; Goldberg et al, 2012; Boyde and Jones, 1991; Winkler
et al,, 2010; Pascaretti-Grizon et al., 2011), but for all these
methods, the cultures must be terminated and the resorbed
area can only be measured at the end of the in vitro culture
period and not real-time during the entire experiment. On-line
measurements of resorption hold great potential to advance our
knowledge on osteoclast kinetics in physiology and pathology. It
could provide answers in mechanistic studies on the timing of
resorption, the mode of action of various agents that are known
or that are suspected of interfering with osteoclast activity, or the
development of novel substrate materials, scaffolds, or coatings
for tissue engineering and orthopedic interventions. In an
attempt to visualize osteoclast activity in real-time, Alsharif
et al, have used luminescent nanocrystals which were
incorporated in the calcium phosphate coating and taken up
by the osteoclasts during resorption, which could be quantified
by confocal microscopy (Alsharif et al., 2013). The advantage of
this optical measurement is that individual cells can be traced.
However, this technology requires two steps before a signal is
generated. It requires matrix resorption followed by nanocrystal
internalization by the osteoclast. Both processes could be rate-
limiting steps in the final measurement. Also, the raw data need
to be processed and mathematically modeled to quantify the final
activity.
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Alternatively, Lo, Keese, and Giaever (Lo et al., 1993) showed
that Electric Cell-substrate Impedance Sensing (ECIS) is a
versatile tool to quantify cell behavior electrically (Giaever and
Keese, 1991; Lo et al., 1993; Lo et al., 1995; Szulcek et al., 2015).
ECIS is an easy-to-use, non-invasive real-time measurement
system to quantify several cell biological processes, such as
barrier integrity, cell adhesions, motility, and migration and
responses to drugs and toxins in a single, automated
measurement with a high temporal resolution of seconds
(Szulcek et al, 2014). The ECIS principle to measure
impedance (complex resistance to current flow) makes it an
interesting method for measuring osteoclast resorptive activity.
In the present study, ECIS was used as a novel method to monitor
and quantify osteoclast resorptive activity during culturing. Wells
containing measurement electrodes were coated with calcium
phosphate, causing a constant resistance to the flowing current.
During culturing with activated osteoclasts, the impedance was
monitored at several time points as a function of resorptive
activity.

The results of this study allow for more efficient and
accurate research into the relation between osteoclasts and
the on- and off-switches of resorptive activity. With the ECIS
method, the be
continuously, which allows to deduce the exact time when

resorptive activity can measured
resorption starts. Importantly, ECIS is much easier to handle
than the staining methods and less time-consuming. This
holds an enormous translational value when using models for
enhanced osteoclast activity in diseases like osteoporosis,
Paget’s disease, or periodontitis, where the effect of

medication on osteoclast activity can be monitored over time.

2 Materials and methods
2.1 Calcium phosphate coating

2.1.1 Pre-coating

To prepare calcium phosphate coatings (CAP), the
procedure of Leeuwenburgh et al. (2001) was followed. A
pre-coating was formed in a 96-well plate containing
electrodes (Applied Biophysics, Troy, NY, USA) using a 5x
concentrated tyrode solution. The solution (500 ml) contains
20g NaCl, 0.5g KCl, 0.67g CaCl,*2H,0, and 0.53 g
MgClL,*6H,0. To lower the pH to 2, 10 Ll of 1 M HCI was
added, followed by 0.18g Na,HPO,*2H,0 and small
portions of NaHCO; (2.5 g in total). pH was maintained at
6.0 using 1 M HCI. The solution was sterilized using a 0.22-
pm filter (Millipore, Amsterdam, Netherlands). 250 uL of this
solution was added to every well, then the plate was sealed in a
bag (stericlin, VPgroup, Feuchtwangen, DE), and placed in a
37°C incubation while gently shaking (150 rpm). The plate
was incubated for 24 h and then washed three times with
sterile demineralized water.
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2.1.2 Crystalline layer of calcium phosphate

A calcium phosphate supersaturated solution (CPS) was used
to induce crystal growth on the pre-coated well plate. The
solution was prepared by adding 20 ml 1 M HCI to 500 ml
demineralized water after which 0.18 g Na,HPO,*2H,0, 4.0 g
NaCl, 0.3 g CaCl,2H,0, and 3.0 g TRIS were added. pH was
corrected to 7.4 using 1 M HCI. The solution was sterilized using
a filter (Millipore). In the 96-well plate, 250 ul of this solution was
added to every pre-coated well (step 2.1.1). The plate was sealed
in a bag (stericlin, VPgroup) and kept at 37°C for 48 h. CPS was
removed, and the plate was washed with sterile demineralized
water and dried overnight in a laminar flow cabinet.

2.1.3 Coated plate with HCl treatment

To investigate whether we can measure the gradual
dissolvement of the CAP coating, HCl was added to the plate
in an increasing concentration, and the resistance was measured
in the ECIS machine for 130 min. HCI shifts the pH and thereby
induces dissolution of the coating. The concentration series was
0.0025, 0.005, 0.0075, 0.01, 0.025, 0.05, 0.075, and 0.1N HCI. The
series was added in triplicate, and the resistance was measured in
the ECIS immediately after HCI addition.

2.2 Osteoclasts

2.2.1 Isolation and culturing of osteoclast
precursors from mouse bone marrow

For the isolation of osteoclast precursors, the bone marrow of
mice (C57BL/6) was used. Animal experiments were approved by
the animal welfare committee of the VU University (DEC nr.
ACTA 2014-2). Tibiae were dissected and transferred in a petri
dish containing 3 ml a-MEM (Gibco, Paisley, United Kingdom)
+ 10% FCS (HyClone, Logan, UT) + 1% PSF (Sigma, St. Louis,
MO, USA) + 100 pl heparin (170 IE/mL; Leo pharmaceutical
products BV, Weesp, Netherlands). The tibiae were crunched in a
mortar containing 5 mL of a-MEM + 10% FCS +1% PSF. To
isolate bone marrow, the cell suspension was aspirated through a
21G needle, filtered through a 70-pum pore-size cell strainer
(Greiner Bio-One, Monroe, NC), and collected in a 50-ml
tube. A MUSE count and viability kit (MCH600103, Merck,
Darmstadt, Germany) was used to determine the concentration
of cells. The cell concentration was adjusted to 1.3*10° cell/mL,
and 10° cells were seeded per well. Osteoclasts were generated
with 30 ng/mL M-CSF and 20 ng/mL RANKL (both from R&D
Systems, Minneapolis, MI, USA) cultured for 11 days and
refreshed twice, at days 3 and 7. To enhance the osteoclast
resorptive activity, 10 ng/mL interleukin-1p (IL-1f; Sigma) or
10 ng/mL Tumor Necrosis Factor-a (TNF-o; R&D systems,
Minneapolis, MI) was added directly to the culture medium
in combination with M-CSF and RANKL, as mentioned above
(Caoetal., 2016; Cao et al., 2017; Wang and He, 2020). To inhibit
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osteoclast activity, 20 ng/mL pamidronate (Sigma) was added to
the cultures.

2.2.2 Isolation and culturing of osteoclast
precursors from human blood

CD14" blood monocytes as osteoclast precursors were isolated
from human peripheral blood mononuclear cells (PBMCs) (ten
Harkel et al, 2015). Briefly, blood from a buffy coat (Sanquin,
Amsterdam, Netherlands) was diluted with PBS containing 1%
citrate (1:2) and spun down (800 g for 30 min, without brake) in
lymphoprep (Elitech, Puteaux, France) gradient solution. The
resulting interphase containing peripheral blood mononuclear cells
(PBMCs) was collected and washed with 1% citrate in PBS before it
was passed through a cell strainer (40 um Greiner Bio-One Monroe,
NC) to ensure the recovery of a pure mononuclear cell population.
The cells were counted (Muse cell counter, Merck, Darmstadt,
Germany), and the cell pellet was resuspended in 80 uL buffer
(PBS containing 0.5% BSA and 2mM EDTA) for 107 cells.
Twenty uL of CDI4-magnetic beads was added to this cell
suspension (MACS microbeads, Miltenyi Biotech, Bergisch
Gladbach,  Germany). the
instructions, the cells and CD14-beads were mixed and incubated
for 15 min at 4°C. The LS column was placed in the magnetic field,

According  to manufacturer’s

rinsed, and subsequently, the cell suspension was applied to the
column. Unlabeled cells will pass through. Then, the column is
removed from the magnet and CD14" cells were flushed out and
collected.

The isolated CD14" cells were plated on a calcium
phosphate-coated ECIS 96-well plate at a density of 10° cells
per well. Cells were cultured for 21 days in a-MEM (Gibco,
Paisley, United Kingdom) supplemented with 10% FCS
(HyClone, UT), 100U/mL penicillin, 100 pg/ml
streptomycin, and 250 ng/mL amphotericin B (Antibiotic

Logan,

Antimycotic solution, Sigma, St. Louis, MO) and for an
additional 3 days with 25ng/ml human recombinant M-CSF
(R&D Systems, Minneapolis, MN) to induce differentiation.
After these 3 days, the concentration of M-CSF was reduced
to 10 ng/mL and combined with 2 ng/mL recombinant RANKL
(R&D systems) till the end of the culture period. During culture,
the cells were maintained at 37°C and 5% CO,, and the culture
medium was refreshed every 3-4 days for a period of 21 days. To
enhance the osteoclast resorptive activity, 10 ng/mL interleukin-
6 (IL-6; R&D) was added directly to the culture medium.

2.3 ECIS

The osteoclast precursors were cultured in a CAP coated 96-
well plate containing electrodes (96W10idf PET, Applied
Biophysics, Troy, USA), maintained at 37°C and 5% CO,, and
put in the ECIS (ECIS Z0 and 96W Array station, Applied
Biophysics, NY, USA) where the resistance was measured at
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64 kHz every 15 min. Data were registered using ECIS software.
For detailed description and introductory videos, refer to
(Szulcek et al., 2014). Representative data are shown at 64 kHz.

2.4 Osteoclast visualization

2.4.1 Tartrate resistance acidic phosphatase
staining

When the mature osteoclasts were formed after 11 days for
mouse cells and 21 days for human cells, the osteoclasts were
visualized with TRACP staining. The commercially available
leukocyte acid phosphatase kit (Sigma-Aldrich, St Louis, MD,
USA) was used following the manufacturer’s instructions. In short,
the wells were washed once with PBS and subsequently fixated with
4% formaldehyde in 0.1 M phosphate buffer (pH = 7.2) for
10 minutes at room temperature and subsequently washed once
again with PBS and stained for TRAcP. The incubation time was
15 min for mouse cells and 60 min for human cells in the dark at
room temperature. Subsequently, the nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI) and examined with an inverted
fluorescence light microscope equipped with a digital camera (DM IL,
Leica microsystems, GmbH, Wetzlar, Germany) using phase contrast
for TRACP staining and fluorescent light to visualize the nuclei.

2.4.2 Scanning electron microscopy

The area around the electrode lysed by osteoclasts was
visualized with a scanning electron microscope (LS15 Zeiss,
Oberkochen, Germany) at a magnification of x2000. The
bottom of the 96-well plates with electrodes was cut out with
biopsy stans (Microtek, Mosta, Malta), dried in a vacuum oven
(Vacutherm, Heraeus, Thermo Scientific, Waltham, MO, USA),
and gold-sputtered for electron conductivity.

2.5 Statistical analysis

Data analysis was performed using GraphPad Prism 8
(GraphPad, San Diego, CA). One-way ANOVA was used to
analyze differences between three or more groups at different
time points. A paired t-test was used to analyze differences
between two groups at different time points. The number of
replicas was n = 6, unless indicated differently. Groups were
considered significantly different when p < 0.05.

3 Results

3.1 Increasing concentrations of HCl result
in gradual dissolving of the CAP coating

To assess whether an increase in conductivity was indeed
the result of lysis of the CAP coating, an experiment was
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conducted with HCl-induced lysis of CAP (Figure 1). The
dissolving of the CAP coating with gradually increasing
concentrations of HCI started directly after addition to the
culture well. After adding the HCI, the resistance was measured
immediately in the ECIS. However, while placing the plates in
the ECIS, some of the coatings — especially with the higher HCI
concentration - already started to dissolve. This is the reason
why the resistance was not the same for all the wells at t = 0. As
such, 0.1, 0.075, 0.05, 0.025, and 0.01N HCI (Figure 1A) had
already dissolved the CAP coating at the start of measurement,
resulting in a lower normalized resistance. This gradually
became less with a lower concentration where we could
follow dissolution over time. The 0 and 0.0025N HCI started
with high resistance, meaning that the CAP is not dissolved and
decreases more slowly over time. Calculation of the area under
the curve (Figure 1B) showed that significant differences exist
between the two lowest concentrations (and 0.0025N HCI) and
0.025 and 0.075N HCI.

3.2 Osteoclasts resorb calcium phosphate
on ECIS plates

Before correlating the presence of CAP-lysing osteoclasts and
increased conductivity, it must be established that osteoclasts
indeed lyse the CAP that was formed on the ECIS plates. Using
SEM, we were able to show that osteoclasts are present on the
CAP-coated ECIS plate. Osteoclasts were present in the CAP
removed area, indicating that these osteoclasts were responsible
for resorption. Cells were also visible on top of the CAP layer
(Figure 2).

3.3 Stimulatory molecules contribute to
more resorption of CAP

Preosteoclasts adhered normally to the CAP-coated ECIS
plates (Figure 3). Without RANKL, no osteoclasts were formed.
Only mononuclear cells were present, and the CAP coating was
not lysed (Figure 3A). In cultures with M-CSF and RANKL,
osteoclasts were formed, and the CAP coating was partly
resorbed (Figure 3B). In Figure 4A a micrograph of the
coated ECIS plate without cells and the CAP coating was not
lysed. When the cells were cultured with M-CSF and RANKL,
TRACcP-positive osteoclasts were formed and the coating was
partly lysed, osteoclasts being present at the periphery of the
lysed areas (Figure 4B,D). When one of the inflammatory
cytokines such as IL-6 was added to the cultures in
combination with M-CSF and RANKL, more TRAcP-positive
osteoclasts were formed and more of the CAP area was resorbed
(Figure 4C,E). In Figure 4F, the resorbed area of control and IL-6
is quantified. However, the percentage of the resorbed area in the
triplicate wells is not significantly different (n = 3).
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Dissolving of CAP by titration of HCl concentration. HCl was added in increasing concentrations to dissolve the calcium phosphate coating
(CAP) on electrodes containing 96-well plates. Resistance was measured by ECIS at a frequency of 64 kHz for 2 hours. (A). Overview of the
normalized resistance for all HCL concentrations. In control with no HCl, CAP coating is not lysed and resistance not changed. The higher HCL
concentrations had dissolved the CAP coating already at very early time points. (B). Quantification of area under the curve shows significant

differences (*p < 0.01 n = 3).

EHT=20.00 kv
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FIGURE 2

Signal A= SE1
Spot Size = 250

Sample ID = ECIS

Mag= 200KX Date: 29 Oct 2020

Human osteoclasts on CAP-coated ECIS plates. Human CD14+-cells were cultured for 21 days with M-CSF and RANKL and visualized by
scanning electron microscopy. The image shows a partly intact CAP (/) layer on the culture surface of ECIS wells. Some osteoclasts have lysed the
CAP coating, exposing the electrode (). Several osteoclasts were present on the bare multi-well plastic substrate (%), on the electrode (%), as well as
osteoclasts that partially lysed CAP (®), and an osteoclast still on top of the CAP coating ().

3.4 Stimulatory or non-stimulatory
molecules contribute to a specific
time-dependent resorption

The normalized resistance was measured at timepoint = 0 for
cultures with only M-CSF, M-CSF and RANKL, M-CSF, and
RANKL with either IL-1B, TNF-qa, or Pamidronate (Figure 5). At
t = 0, the normalized resistance is comparable for all cultures
because no osteoclasts are formed yet and the coating is still
intact (Figure 5A). As expected, when only M-CSF was added to
the cultures the resistance stayed high in these cultures since no

Frontiers in Cell and Developmental Biology

175

osteoclasts were formed, and the CAP coating was not lysed
(Figure 5B). In the presence of M-CSF and RANKL with or
without IL-1p, the resistance decreased to a comparatively low
value on day 11, representing the endpoint measurement.
Interestingly, real-time recording (Figure 5C) revealed that IL-
1B induces osteoclast activity earlier in time (day 4 vs. day 5) and
accelerates the lysis of calcium phosphate when compared to MR
alone. Another unique pattern was observed when adding TNEF-
a, where a plateau of resistance was reached at a different level
when compared to MR or MR + IL-1f (0.8 vs. 0.4; p < 0.05n=6).
These real-time recordings show thus far unknown calcium
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FIGURE 3

ECIS plate with CAP coating and mouse bone marrow cells cultured with M-CSF or M-CSF and RANKL. (A) Cells were cultured on an ECIS plate

with CAP for 11 days with only M-CSF. No osteoclasts were formed, and the CAP coating is not lysed. Nuclei of the mononucleated cells were stained
with DAPI (blue). (B). When cultured for 11 days with M-CSF and RANKL multinucleated and TRACP (purple), positive osteoclasts were formed. Nuclei
stained with DAPI (blue). The blue horizontal bar in B is the ECIS plate electrode.

FIGURE 4

ECIS plate electrodes. Scale bar A-C = 200 pym.

phosphate lysis patterns that could be unique to the stimulus that
was given and could provide novel mechanistic insights
compared to endpoint quantifications. When osteoclast
formation was inhibited with pamidronate, the resistance
remained high, comparable with the culture with only M-CSF,

due to lack of resorption (Figures 5B-D). Calculation of the area

Frontiers in Cell and Developmental Biology

ECIS plate with CAP coating visualized with an inverted microscope. (A). When no cells were present, the CAP coating (%) is completely
unaffected. (B). Cells were cultured for 21 days with M-CSF and RANKL, and osteoclasts from human CD14+-cells were formed and able to dissolve
the CAP coating. Osteoclasts were stained for TRACP (purple) and nuclei with DAPI (blue). (C). Osteoclasts were activated with IL-6 (i.e., M-CSF +
RANKL + IL-6), resulting in higher dissolving activity. Osteoclasts were stained for TRACP (purple) and nuclei with DAPI (blue). CAP coating (),
dissolved area (). (D,E) Higher magnification to illustrate that osteoclasts are located at the periphery of the CAP coating, where resorption takes
place. (F) Percentage of the resorbed area in cultures with M-CSF + RANKL (=CON) and M-CSF + RANKL + IL-6 at day 21. Blue horizontal bars are the

176

mm CON
= IL-6

% resorbed area
&
o
1

under the curve (Figure 5D) showed that significant differences
exist between almost all incubations with IL-1p inducing the
highest resorptive activity of mature osteoclasts. No differences
are present in M and PAM since no active osteoclasts were
present. All the differences between the other incubations were
ever seen before with the classic endpoint staining.
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FIGURE 5

Real-time resorption quantification provides mechanistic insights into osteoclast formation and resorptive activity. M = medium with M-CSF,

MR = medium with M-CSF and RANKL, IL = medium with M-CSF, RANKL and IL-1B, TNF-a = medium with M-CSF and RANKL and TNF-a, PAM =
medium with M-CSF and RANKL and Pamidronate. Osteoclasts were generated from mouse bone marrow, and the resistance was measured for
11 days. (A). No differences in resistance were found between the various conditions at timepoint zero since pre-osteoclasts were not
differentiated into mature cells yet. (B). After 11 days of culture, osteoclasts were formed and CAP coating was lysed, resulting in differences in
resistance. Osteoclasts were formed in cultures with MR, IL-1p, and TNF-q, resulting in a lower resistance due to lysis of the CAP coating. In the
cultures with only M or Pam, no active osteoclasts were present and no decline in resistance was recorded. (one -way ANOVA n = 6, ***p < 0.05). (C).
Overview of the resistance from day O to day 11. Typical for the lysis of CAP coating is the lag phase between days 0—4, where the resistance is not
changed. Thus, no lysis has taken place because osteoclasts were not formed yet. From day 4, unique CAP lysis patterns emerge, likely due to
differential activation of osteoclasts by MR supplemented with or without IL-18 or TNF-q, all leading to lower resistance. In the M and PAM cultures,
no lysis occurred, likely due to the absence of osteoclasts, resulting in no change in resistance. (D). Quantification of area under the curve shows
significant differences (*p < 0.01, **p < 0.001, and ***p < 0.0001 n = 6) for most of the incubations. Only the incubations in which no osteoclasts were
formed (M and PAM) show an equally high area under the curve. The incubation with IL-1p has the smallest area, which means that CAP lysis was the

10.3389/fcell.2022.921066

highest.

Discussion

In the present study, we show that ECIS can be used to
accurately follow the onset and pattern of osteoclastic resorbing
activity in real-time by measuring the electrical resistance of
calcium phosphate-coated surfaces. We show that the decrease
in resistance is due to CAP lysis by osteoclasts since addition of
only M-CSF to the cultures or addition of an inhibitor of
osteoclast activity, pamidronate, did not induce a decrease in
resistance. On the other hand, when osteoclast activity was
enhanced by adding IL-1f, a significant change in resistance,
and thereby CAP resorption, was measured.

Continuous measurement of resistance by ECIS allows the
analysis of the behavior of osteoclasts at any point during the
culture and thereby provides a unique mechanistical look. Some
significant differences were observed during this study that would not
have been visible if only the end values of resistance were analyzed. An
example of this is that when the cells were cultured with M-CSF and
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RANKL and IL-1f significantly, more CAP is lysed than when
cultured with M-CSF and RANKL; the cells started resorption
1 day earlier; and the differences were no longer apparent at day
11. This means that IL-1p accelerated the initial lysis activity but not
the total amount of the lysed substrate. Thus, the time point when the
lysis is measured is important. In conventional methods, the cultures
had to be stopped, probably at time points that are not always
informative, for showing representative osteoclast activity. With the
ECIS method, the cultures can continue and researchers can select
time points with the relevant effect size based on real-time data.
The continuous measurement of the resorption is an
important advantage and could be a great step forward in
studying the direct effect of medication on bone degradation,
such as bisphosphonates or cancer-inhibiting drugs with
high-throughput the
development of other biomimetic substrates or in co-

screening  methodologies, in

culture studies. One might even speculate to use such
coated surfaces as sensors to follow osteoclast or general
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mineral resorption activity in vivo. One could also think of
using the system for quantifying the production of a matrix
shown by increasing impedance values.

In summary, this novel use of the ECIS technology makes it
possible to measure osteoclast activity in an open and unbiased
manner during culturing, revealing hitherto unknown profiles of
resorptive activity. The ECIS method is a promising high-throughput
technique to investigate the resorption activity of osteoclasts from
patients suffering from, for example., Paget’s disease fibrous dysplasia,
osteoporosis, osteopetrosis, rheumatoid arthritis, or bone tumors with
malfunctioning osteoclasts and analyze the effect of medication on
osteoclast activity during culturing,
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Increasing evidence points to the involvement of group IIA secreted
phospholipase A, (sPLA,-IIA) in pathologies characterized by abnormal
osteoclast bone-resorption activity. Here, the role of this moonlighting
protein has been deepened in the osteoclastogenesis process driven by the
RANKL cytokine in RAW264.7 macrophages and bone-marrow derived
precursor cells from BALB/cJ mice. Inhibitors with distinct selectivity toward
sPLA,-IIA activities and recombinant sPLA,-IIA (wild-type or catalytically
inactive forms, full-length or partial protein sequences) were instrumental to
dissect out sPLA,-IIA function, in conjunction with reduction of sPLA,-IIA
expression using small-interfering-RNAs and precursor cells from Pla2g2a
knock-out mice. The reported data indicate sPLA,-IIA participation in murine
osteoclast maturation, control of syncytium formation and resorbing activity, by
mechanisms that may be both catalytically dependent and independent. Of
note, these studies provide a more complete understanding of the still
enigmatic osteoclast multinucleation process, a crucial step for bone-
resorbing activity, uncovering the role of sPLA,-IIA interaction with a still
unidentified receptor to regulate osteoclast fusion through p38 SAPK
activation. This could pave the way for the design of specific inhibitors of
sPLA,-1IA binding to interacting partners implicated in osteoclast syncytium
formation.

KEYWORDS

group lIA secreted phospholipase A, (sPLA-1lA), p38 SAPK, osteoclastogenesis,
osteoclast syncytia, LLKYK cyclic peptide

frontiersin.org
180


https://www.frontiersin.org/articles/10.3389/fcell.2022.966950/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.966950/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.966950/full
https://www.frontiersin.org/articles/10.3389/fcell.2022.966950/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fcell.2022.966950&domain=pdf&date_stamp=2022-08-29
mailto:stefania.mariggio@ibbc.cnr.it
https://doi.org/10.3389/fcell.2022.966950
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://www.frontiersin.org/journals/cell-and-developmental-biology#editorial-board
https://doi.org/10.3389/fcell.2022.966950

Mangini et al.

1 Introduction

Among the lipolytic enzymes, phospholipases A, (PLA,)
are acyl esterases, originally defined by their positional
the bond of

release acids and

specificity to  cleave sn-2  ester

glycerophospholipids, fatty
lysophospholipids (Dennis, 1994). Currently, more than

to

50 mammalian proteins are classified within the PLA,
family, based on the homology with prototypical enzymes,
even if they do not necessarily exert a PLA, activity
2020).
relationships, PLA,s are classified into secreted (Lambeau
and Gelb, 2008), cytosolic (Kita et al., 2019), calcium-
independent PLA,s (Ramanadham et al., 2015), and within
that
acetylhydrolase (Kono and Arai, 2019), lysosomal PLA,
(Shayman and Tesmer, 2019), PLA/acyltransferase
(Hussain et al., 2017), a/p hydrolase (Thomas et al., 2014),
and glycosylphosphatidylinositol-specific PLA, subfamilies
(Murakami et al., 2020).

In mammals, PLA,s participate in almost all biological

(Murakami et al., Based on their structural

other groups include platelet-activating factor

processes, regulating pathophysiological functions related to
membrane homeostasis, energy production and generation of
body surface barriers, among others (Murakami, 2019). The
peculiar tissue and cellular distribution of the different PLA,s
(Murakami et al, 2017), in conjunction with their substrate
specificities toward the fatty acyl and/or headgroup moieties
of the membrane phospholipids (Astudillo et al., 2019), and the
availability of functional cofactors or regulatory proteins
(Murakami et al., 2020), ensures a variety of distinct functions
among these enzymes (Murakami, 2019). The recent advent of
lipidomics, combined with studies of gene-manipulated mice or
human diseases caused by mutations of PLA, enzymes,
supported the definition of in-vivo functions of individual
PLA,s (Murakami et al., 2010; Murakami et al, 2015;
Yamamoto et al., 2017; Kita et al., 2019; Murakami et al.,
2019; Murakami et al., 2020; Sun et al., 2021).
The of (s)PLA,s
12 mammalian proteins, namely IB, ITA, IIC (present in mice

subfamily secreted comprises
and rats, but pseudogene in humans; Tischfield et al., 1996), IID,
IE, IIF, III, V, X, XIIA, XIIB (catalytically inactive), and
otoconin-95 (catalytically inactive structural protein in the
inner ear; Lambeau and Gelb, 2008). Secreted PLA,s are
typically characterized by a low molecular mass (13-18 kDa),
a conserved three-dimensional helical structure with high
disulfide bond content, and a calcium-dependent enzymatic
activity through the conserved His-Asp catalytic dyad
(Lambeau and Gelb, 2008; Murakami et al., 2010; Murakami
et al, 2020). The most studied member, sPLA,-IIA, has a
demonstrated primary function in host defense against
invading pathogens (Doré and Boilard, 2019; Scott et al,
2021; Miki et al, 2022). As a secreted lipolytic enzyme,
sPLA,-ITA shows bactericidal activity through hydrolysis of
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Gram-positive membranes (Weinrauch et al., 1998), and anti-
parasitic function through hydrolysis of oxidized phospholipids
in the plasma lipoproteins of malaria patients, thus promoting
Plasmodium falciparum killing effect (Dacheux et al, 2019
Dacheux et al., 2021). Secreted PLA,-IIA is also referred as an
inflammatory enzyme and amplifier of innate immune responses
(Doré and Boilard, 2019; Doré et al, 2022). Indeed, by its
hydrolysis of specific phospholipid substrates present in
extracellular vesicles released by immune cells (Fourcade et al.,
1995; Papadopoulos et al., 2020), or in extracellular mitochondria
released by damaged organs or tissues, SPLA,-IIA generates
lysophospholipids and non-esterified fatty acids, among which
are eicosanoid precursors (Murakami et al., 2020; Kudo et al,,
2022).

Secreted PLA,-IIA acts prevalently on extracellular lipids,
and its membrane binding preference (phosphatidylglycerol >
phosphatidylserine > phosphatidylcholine) suggests that it is
almost inactive toward the intact plasma membrane of
mammalian cells (Snitko et al,, 1997; Koduri et al., 1998;
Singer et al., 2002; Doré and Boilard, 2019). Loss of
membrane  asymmetry, due to  glycerophospholipid
scrambling, has been demonstrated during apoptosis (Atsumi
et al., 1997), blood platelet activation (Suzuki et al., 2010), viral
infection (Arganaraz et al., 2020; Snider et al., 2021), and the
osteoclastogenesis of bone marrow-derived cells (Kang et al,
2020). This process can render the plasma membranes of
mammalian cells susceptible to sPLA,-IIA attack (Olson et al.,
2010).

The sPLA,-IIA cellular functions account for the enzymatic
hydrolysis of glycerophospholipids, but can also occur in a
catalysis-independent manner (Murakami et al, 2017; Doré
and Boilard, 2019; Scott et al., 2021; Ivanusec et al., 2022).
Several cellular and soluble receptors for sPLA,-IIA have been
characterized until now, starting from the cell surface M-type
receptor for secreted phospholipases (Cupillard et al., 1999
Lambeau and Lazdunski, 1999), and these may be involved in
the activation of downstream cellular signaling pathways with
hydrolytic activity-independent mechanisms (Saegusa et al.,
2008; Ivanusec et al, 2022). On the other hand, the sPLA,-
ITA protein is highly basic and can easily associate to the cell
surface via heparin sulfated proteoglycans (Koduri et al., 1998;
Murakami et al., 1999; Boilard et al., 2003; Boilard et al., 2006),
and its interaction with the cellular membranes has been
proposed to be sufficient to alter the lipid bilayer structure
with consequent pathophysiological functions (Cirino et al.,
1994; Lomonte et al., 1995).

Several

related to bone

under

studies have sPLA,-ITA

metabolism, mainly pathological  conditions.
Abnormal osteoclast activity is the primary cause of the
pathophysiology of Paget’s disease of bone, for which
pharmacological inhibition of osteoclast cell-to-cell fusion
remains the best therapeutic strategy to mitigate bone loss

and related fractures associated with this disorder (Coulthard
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et al., 2011; Ferraz-de-Souza and Correa, 2013). De Brum-
Fernandes and collaborators showed that sSPLA,-IIA is highly
expressed in bones with high turnover, and in particular in
Pagetic bone samples, and that sPLA,-ITA inhibition
abrogates osteoclast differentiation and function (Allard-
Chamard et al., 2014b). Other groups found that sPLA,-
IIA inhibition prevents bone loss after ovariectomy in rats
(Gregory et al., 2006), as well as bone erosion in rheumatoid
arthritis (Bradley et al., 2005; Thwin et al., 2009). However,
the precise role of sPLA,-IIA in osteoclast formation and
activity remained to be determined, as well as the role of its
metabolites.

Here we provide evidence of a multimodal regulation of the
osteoclastogenesis and of mature osteoclast activity by sPLA,-
ITA, using RAW264.7 murine macrophages as osteoclast
precursors, or primary precursor cells from bone marrow of
wild-type (wt) and Pla2g2a-knockout (ko) BALB/c] mice. We
also collected insights about the catalytically independent
participation of SPLA,-IIA in the selective regulation of
through the activation of

osteoclast cell-to-cell fusion,

p38 SAPK-dependent pathways.

2 Materials and methods

2.1 Materials

(DMEM)
supplemented with high glucose and GlutaMAX, Eagle’s
alpha-modified medium (a-MEM) supplemented with
GlutaMAX, fetal bovine (cod. 10270), Hank’s
balanced salt solution supplemented without (HBSS") or

Dulbecco’s modified Eagle’s medium

serum

with calcium and magnesium (HBSS'*), and phosphate-
buffered saline (PBS) were from Gibco (Life Technologies
Italia, Monza, Italy). Ammonium chloride (NH,CI), B-
Hoechst,
L-glutamine, penicillin—-streptomycin, pyrogallol, potassium

glycerophosphate, bovine serum albumin,
bicarbonate (KHCO3), saponin, silver nitrate, sodium azide,
sodium deoxycholate, sodium dodecyl sulphate, sodium
fluoride, sodium orthovanadate, Triton X-100, Tween-20,
Mowiol 4-88, bromoenol lactone (BEL, cod. B1552),
cPLA,a inhibitor (cPLA,a-Inh., cod. 525143), SB203580
(cod. 559389), sPLA2-IIA Inhibitor I (Inhib-I, cod.
525145), KH064 (sPLA2 inhibitor, cod. S3319; or sPLA2-
ITA inhibitor II, cod. 525146-M), LY311727 (cod. L6795),
2,4'-dibromoacetophenone (BPB, p-bromophenacyl
bromide, cod. D38308), trifluoroacetic acid (TFA, cod.
91707) from Sigma-Aldrich (St MO,
United States). Methyl arachidonyl fluorophosphonate
(MAFP, cod. Abl141763) was from Abcam (Cambridge,
UK). The purified recombinant mouse (mGIIA) and
human sPLA,-ITA (hGIIA), the human sPLA,-ITA H48Q
and mouse group V sPLA, (mGV) (Edwards et al., 2002;

were Louis,
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Ghomashchi et al,, 2017), as well as the control and anti—
mouse sPLA,-IIA IgG fractions were produced as described
(Nevalainen et al., 2005; Eerola et al., 2006). All sPLA,
preparations had a purity higher than 99%, and were
checked for LPS
amebocyte test, MP Biomedicals, Illkirch, France; or other

routinely contamination (Limulus
sensitive assays), and discarded if the LPS concentration was
above the detection limit of the assay (0.125 EU/mL). The
synthetic cyclic peptides: FLSYK, WDIYR, LLKYK, with an
amide bond between N- and C-terminus, were synthesized
with a purity higher than 98.8% from Caslo ApS (Lyngby,
All other
highest purities available from Merck Life Science (Milano,

Italy).

Denmark). reagents were obtained at the

2.2 Animals

All the experiments with animals were performed at the
Brigham and Women’s Hospital, Harvard Medical School,
Boston, MA, United States. The wild-type BALB/c] mice were
purchased from the Jackson Laboratory (Bar Harbor, ME, United
States). The Pla2g2a-ko mice with a BALB/c] genetic background
were generated as previously described (Balestrieri et al., 2006),
and backcrossed for 11 generations to a BALB/c] background
(Boilard et al., 2010). All the animal procedures were approved by
the Institutional Animal Care and Use Committee for Brigham
and Women’s Hospital, and conformed to relevant guidelines
and laws.

2.3 Cell culture

The RAW264.7 murine monocytes/macrophages (cod. TIB-
71) were from American Type Culture Collection (ATCC,
Manassas, VA, United States), and cultured in DMEM with
10% heat-inactivated (30 min at 55°C) fetal bovine serum,
100 U/mL  penicillin  and 100 pg/mL
streptomycin. RAW264.7 cells were used between passages
10 and 30.

For transient interference, RAW264.7 cells were plated at

2mM L-glutamine,

300,000 cells/well in 12-well plate in 1 mL growth medium
without antibiotics. After 24 and 48 h, cells were double
transfected with 125 pmol/well of small-interfering (si)
RNAs against sPLA,-IIA (si-sPLA,-ITA) (murine group II
sPLA, siRNA, sc-43818, from Santa Cruz Biotecnology, San
Diego, CA, United States), or with non-targeting siRNAs
(si-NT) (siGENOME non-targeting siRNA pool #2, cat.
No. D-001206-14 1L,
United States), using Lipofectamine RNAiMAX reagent
(Invitrogen, Carlsbad, CA, United States), according to the

from Dharmacon,

Chicago,

manufacturer instructions. One day after the second
interference, cells were detached (with 600 uM EDTA in
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PBS), and plated for the in-vitro osteoclastogenesis assays (as
reported below), or for RNA extraction to determine the
interference efficiency at 72 h of siRNA treatment.

2.4 Osteoclastogenesis assays

RAW264.7 cells were plated in differentiation medium (a-
MEM without nucleosides supplemented with 10% heat-
inactivated fetal bovine serum, 100 U/mL penicillin, and
100 pug/mL streptomycin) at a density of 1,250 cells/well in 96-
well plates; at 5,000 cells/well on coverslips in 24-well plates for
morphological analysis; or at 10,000 cells/well in 12-well
plates for RNA extraction. Twenty-four hours later, and
after every 48 h, the medium was replaced, and the cells
were treated without or with 15-30 ng/mL ‘Receptor
activator of nuclear factor kappa-B ligand’ (RANKL) (cod.
310-01 from Peprotech, London, UK), in the absence or
presence of different agents diluted in the differentiation
medium. The RANKL concentration used was adjusted
according to batch-to-batch variability of the cytokine. The
range of RANKL concentration specified in several figure/
table legends implies that all the different treatments shown
were analyzed under the same differentiation conditions of
control samples. When differentiation was complete, cells
were harvested in lysis buffer for RNA extraction or
processed for the different assays (as reported below).

The ex-vivo osteoclastogenesis assays were carried out at
the Brigham and Women’s Hospital, according to published
protocols (Charles et al., 2012; O’Brien et al., 2016). After
euthanasia of mice, the femurs and tibias were removed and
washed in 70% ethanol, and then with HBSS™. The bone ends
were excised, and the bone marrow flushed out. The extracted
bone marrow cells were collected by centrifugation.
Subsequently, the red blood cells were lysed by 2-min
treatment with lysis solution (0.15 M NH,Cl, 1 mM
KHCO;, in water), and the reaction was stopped by
addition of fetal
centrifugation. Total bone marrow cells (BMC) were plated
at a density of 50,000 cells/well in 96-well plates to be
differentiated for 4 days in differentiation medium for

bovine serum and subsequent

primary cells (a-MEM with nucleosides supplemented with
10% 100 U/mL
penicillin, and 100 ug/mL streptomycin), containing 20 ng/
mL M-CSF and 5 ng/mL RANKL, and then fixed for TRAP
staining. In parallel, BMC were treated with 40 ng/mL M-CSF
for 4 days in a-MEM with nucleosides supplemented with
10% 100 U/mL
penicillin, and 100 pg/mL streptomycin, to expand the

heat-inactivated fetal bovine serum,

heat-inactivated fetal bovine serum,
osteoclast precursor cells (OPC). After expansion, adherent
OPC were detached using the Gibco cell dissociation buffer,
and were plated at 10,000 cells/well in 96-well plates for

TRAP staining and degradation assays (on Osteo Assay
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Surface), or at 40,000 cells/well in 24-well plates for
immunofluorescence analysis, or at 60,000 cells/well in 12-
well plates for RNA extraction. These cells were treated with
20 ng/mL M-CSF without or with 2.5ng/mL RANKL in
differentiation medium for primary cells, and the medium
was replenished every other day. Differentiation was usually
complete after 3-6 days. At the end, the cells were fixed with
4% (w/v) paraformaldehyde for TRAP
immunofluorescence analysis, or harvested in lysis buffer

staining and

for RNA extraction (as reported below).

2.5 Ribonucleic acid extraction and real-
time quantitative polymerase chain
reaction

Total RNA was extracted using RNeasy isolation kits, cDNAs
were obtained using QuantiTect Reverse Transcription kits, and
real-time qPCR was performed with QuantiTect SYBR Green
PCR Kkits, all according to the manufacturer instructions (all the
kits were from Qiagen, Hilden, Germany). The primers used for
real-time qPCR (LightCycler 480 Instrument II; Roche,
Indianapolis, IN, United States) are listed in Supplementary
Table S1. B,-Microglobulin was used as housekeeping gene.
The real-time qPCR program consisted of an initial step of
15min at 95°C, and then 45 cycles, as follows: 94°C for 155,
annealing temperature (see Supplementary Table S1) of each
primer for 30 s, and 72°C for 30 s. The osteoclastogenesis marker
mRNA levels, in cells subjected to pharmacological treatments,
were quantified by real-time qPCR as fold of control levels,
i.e, mRNA levels in cells treated with RANKL alone.

2.6 Measurement of sPLA, catalytic
activity

The sPLA, enzymatic activity was determined using a
commercially available colorimetric kit, SPLA, Assay kit from
the Cayman Chemical Company (cod. 765001, Ann Arbor, MI,
United States). Briefly, cells were scraped in assay buffer (25 mM
Tris-HCI pH 7.5, 10 mM CaCl,, 100 mM KCI, 0.3 mM Triton X-
100) and lysed by sonication. The protein concentration was
determined using the Bradford assay, and 250 pg total cell lysate
was used to determine the catalytic activity, following the kit
manufacturer instructions.

2.7 Immunofluorescence microscopy

After treatment with or without RANKL, cells were rinsed
with HBSS** and fixed in 4% (w/v) paraformaldehyde (Electron
Microscopy Sciences, Hatfleld, PA, United States) for 10 min at
room temperature, and then washed three times with HBSS*".
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Fixed cells were incubated for 1 h with blocking solution (50 mM
NH,Cl, 0.5% bovine serum albumin, 0.1% saponin, 0.02%
in PBS), with 33nM Alexa546-labeled
phalloidin (Invitrogen) for filamentous actin visualization, and

sodium azide,
2 ug/mL Hoechst for nucleus staining. Finally, the cells were
washed three times with PBS plus 0.02% Tween-20, and the
coverslips were mounted with Mowiol 4-88 and examined by
confocal microscopy (LSM 510; Zeiss, Oberkochen, Germany).
For the evaluation of osteoclast syncytium formation, the nuclei
of multinucleated cells were counted in a blinded manner using a
63x objective, moving across the coverslip in the vertical and
horizontal directions. No evident differences in cell numbers, due
to cell toxicity or changes in proliferation rates, were observed for
the differentiated cells treated in the absence or presence of the
different treatments. As Inhib-I was purchased as trifluoroacetate
(TFA) salt, the absence of cell toxicity induced by TFA was
verified treating RAW264.7 cells with 50 pM TFA for up to 120 h
(with 3 additions and medium changes every 48h) in
differentiation medium (in absence of RANKL), and analyzing
annexin-V staining (Annexin V-FITC kit, from Milteny Biotech
GmbH, Germany), and propidium iodide incorporation by
FACS analysis.

2.8 TRAP staining and degradation assay

For TRAP staining, fixed cells were incubated with staining
solution (1.5% sodium tartrate, 0.1% naphthol AS-MX
phosphate, 1% N,N-dimethylformamide, 0.6% Fast Red LB
Violet Salt in 0.1 M acetate buffer) for 15 min at 37°C. The
reaction was stopped by washing cells three times with
HBSS'". Osteoclasts were quantified by counting TRAP-
positive cells with three or more nuclei.

To measure resorptive function, osteoclasts were grown on
Osteo Assay Surface plates from Corning (New York,
United States) for 7 days. When differentiation was complete,
the cells were removed (using 10% bleach) and the wells were
stained with 5% silver nitrate for 1 h. The staining was stopped by
addition of 1% pyrogallol. Images were taken with a Nikon TMS-
F inverted microscope (Nikon Instruments Inc., Melville, NY,
United States) at a final magnification of x5 (BMC and OCP), or
with EVOS XL Core microscope (Thermo Fisher Scientific,
Waltham, MA United States) at a final magnification of x2
(RAW264.7 derived osteoclasts), and the total resorbed areas
were quantified using Image] (NIH).

2.9 Western blotting

Cell lysates were obtained by scraping cells into phospho-lysis
buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1% sodium
deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulphate,
40 mM  B-glycerophosphate, 50 mM sodium fluoride, 200 uM
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sodium orthovanadate, plus phosphatase and protease inhibitors
from Roche). Following gentle homogenization by 20 passages
through a 26-gauge needle, the lysates were centrifuged at
10,000x g for 5 min at 4°C, and the supernatants were collected.
Protein lysates were subjected to SDS-PAGE, and after
the
nitrocellulose membrane (PerkinElmer Life Science, Boston,

electrophoresis, proteins were transferred to a
MA, United States). For immunoblotting, the membranes
were blocked with 5% non-fat dry milk in TBS (10 mM Tris-
HCL, pH 7.4, 150 mM NaCl) plus 0.1% Tween-20 (T-TBS) for
30 min at room temperature, and incubated with primary
antibodies (as listed below) in T-TBS plus 3% bovine serum
albumin for 2 h at room temperature, or overnight at 4°C. The
membranes were washed twice in T-TBS for 7 min, and then
incubated with secondary antibodies conjugated to horseradish
peroxidase (1:5,000) (Calbiochem, San Diego, CA, United States)
in T-TBS with 5% non-fat milk for 30 min at room temperature.
The membranes were then washed twice with T-TBS, and once
with TBS for 5 min, and the signals were detected by ECL
(Amersham Pharmacia, Piscataway, NJ, United States). The
rabbit anti-phospho AKT (Ser473; D9E, cod. 4060), anti
phospho-p44/42 MAPK (Thr202/Tyr204; Erkl/2, cod. 9101),
anti-phospho p38 MAPK (Thr180/Tyr182; 3D7, cod. 9215),
anti-p38 MAPK (cod. 9212), anti-phospho MAPKAPK-2
(T334; 27B7, cod. 3007), anti-MAPKAPK-2 (D1EI1, cod.
12155), all used at dilution 1:1,000 were from Cell Signaling
Technology (Danvers, MA, United States). The rabbit anti-AKT
(B-1, cod. sc-5298, diluted 1:1,000), and anti-ERK1 (K-23, cod.

sc-94, diluted 1:5,000) were from Santa Cruz Biotechnology.

2.10 Statistical analysis

Statistical analysis was performed with the GraphPad Prism
software (GraphPad Software, Inc., La Jolla, CA, United States).
Comparisons between groups were performed using Student’s
t-test and Analysis of Variance (ANOVA) with 95% confidence
interval. p values < 0.05 were considered as statistically
significant.

3 Results

3.1 Secreted PLA,-1IA mRNA levels and
enzymatic activity increase upon RANKL-
induced murine osteoclastogenesis

The osteoclastogenesis process was assessed with the
RAW264.7 monocyte/macrophage cell line (Collin-Osdoby
and Osdoby, 2012; Mosca et al, 2021) and with primary
osteoclast precursors from bone marrow of BALB/c] mice
(Charles et al., 2012; O’Brien et al., 2016). ‘Receptor activator
of nuclear factor kappa-B ligand’ (RANKL) alone or in the
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TABLE 1 Modulation of PLA, mRNA levels during murine osteoclastogenesis. RAW264.7 cells were treated without (w/o) or with 15-30 ng/mL RANKL
for 72 h, while M-CSF—expanded OCP from wild-type (wt) and Pla2g2a-ko mice were treated with 20 ng/mL M-CSF alone (M-CSF) or with 2.5 ng/
mL RANKL (M-CSF+RANKL) for 3—6 days, before RNA extraction.

RAW264.7 cells wt OCP Pla2g2a-ko OCP
PLA2 gene (protein) w/o RANKL M-CSF M-CSF+ RANKL M-CSF M-CSF+ RANKL
Pla2glb (sPLA,-IB) 1.00 0.68 + 0.04* 1.00 + 0.04 0.60 + 0.03° 1.44 £ 0.09% 0.58 + 0.03""
Pla2g2a (sPLA,-11A) 1.00 251 + 0.21* 1.00 + 0.06 1.98 + 0.02°%° - -
Pla2g2c (sPLA,-1IC) 1.00 427 +0.35* - - - -
Pla2g2d (sPLA,-1ID)* - - - - - -
Pla2g2e (sPLA,-IIE) 1.00 3.95 + 0.56* 1.00 £ 0.26 1.88 £ 0.15% 3.25 + 0.39% 6.57 + 0.83'"
Pla2g2f (sPLA,-IIF)* - - - - - -
Pla2g3 (sPLA,-IIT) 1.00 0.82 + 0.02* 1.00 £ 0.10 1.06 £ 0.11 1.16 + 0.13 1.12 £+ 0.16
Pla2g5 (sPLA,-V) 1.00 2.62 £ 0.21% 1.00 % 0.07 2.96 + 0.28% 242 £ 0215 4.89 + 040"
Pla2g10 (sPLA,-X)" - - - - - -
Pla2gl2a (sPLA,-XIIA) 1.00 1.08 + 0.06 1.00 + 0.02 0.99 + 0.06 121 +0.18 0.87 + 0.06
Pla2g12b (sPLA,-XIIB) 1.00 0.86 + 0.05 1.00 + 0.11 0.99 + 0.10 0.88 + 0.12 0.74 + 0.04
Pla2gda (PLA,-IVA, cPLAa) 1.00 0.61 + 0.02%** 1.00 + 0.05 0.56 + 0.08° 1.24 +0.14 0.50 + 0.06"
Pla2g6 (PLA,-VIA, iPLA,P) 1.00 0.64 + 0.02** 1.00 + 0.08 1.59 + 0.05° 0.95 + 0.06 115 + 0.17
Pla2g16 (PLA,-XVI)© 1.00 091 +0.22 nd nd nd nd

The transcripts were quantified by real-time qPCR, and normalized using 82-microglobulin expression, as the housekeeping gene. For RAW264.7 cells, PLA, mRNA, levels are shown as fold
of cells treated without RANKL (w/0), and data are means + SEM, of at least three independent experiments. For OCP, PLA, mRNA, levels are expressed as fold of wild-type OCP, treated
only with M-CSF, and data are means + SEM, of ten (sPLA,-IIA, sPLA,-V, sPLA,-IIE) or five (other PLA,s) age- and sex-matched mice for each genotype. *p < 0.05, **p < 0.005, ***p <
0.001 versus RAW264.7 cells treated without RANKL (w/0) (by paired Student’s t-tests). °p < 0.05, *p < 0.005, **°p < 0.001 versus wt OCP, treated with M-CSF alone; and "p < 0.05, p <
0.005 versus ko OCP, treated with M-CSF alone; by one-way ANOVA). nd, not determined; —, undetectable, with primer efficiency verified with cDNA, of RAW264.7 cells treated for 1 h
with 100 ng/mL lipopolysaccharide in DMEM, as reported in (Ao et al., 2010) (*), or with testis cDNA (®). Pla2gl6 transcription was analyzed in RAW264.7 cells treated with a single
concentration of RANKL (15 ng/mL) ().

TABLE 2 Secreted PLA; activity measured in cell lysates. RAW264.7 cells were treated without (w/o) or with 15 ng/mL RANKL for 72 h, in the absence
or presence of 10 nM BPB. Phospholipase A; activity was analyzed in cell lysates (250 pg) in absence () or presence of the indicated PLA,
inhibitors.

RAW264.7-cell treatment PLA, inhibitor sPLA2 activity (nmoles/min/mL)
wlo - 0.40 + 0.12**
DMSO 043 + 0.15°
+10 uM LY311727 0.54 + 0.17
RANKL - 251 + 0.42
DMSO 232 +0.50
+2 uM cPLA,a-Inh. 324 + 1.24°
+1 uM BEL 233 + 1.01
+20 uM Inhib-I 1.38 + 0.73°
+40 uM KHO064 0.09 + 0.03°
+100 nM BPB 0.05 + 0.03°
+10 uM LY311727 1.31 +0.34°
+3 pg/assay ctrl IgGs 2.64 + 0.02
+3 pg/assay anti-mouse sPLA,-ITA IgGs 2.08 + 0.017"
RANKL + BPB - 2.19 + 0.44*

Data are means + SEM, of at least three independent experiments. *p < 0.05, **p < 0.005 versus (—) untreated, *p < 0.05 versus DMSO-treated, and "p < 0.005 versus ctrl-IgG-treated
RANKL-differentiated RAW264.7 cell lysates (paired Student’s t-tests).
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presence of ‘macrophage colony-stimulating factor’ (M-CSF) was
used to induce osteoclast differentiation of RAW264.7 cells or
bone marrow-derived precursors, respectively.

Transcriptional analysis of most PLA, family members, as
assessed by real-time qPCR, indicated that the mRNA levels of
sPLA,-ITA, -IIC, -IIE, and -V increased upon RANKL-induced
differentiation of RAW264.7 cells, while that of sPLA,-IB, -III
and of intracellular cPLA,a (PLA,-IVA) and iPLA,B (PLA,-
VIA) decreased (Table 1). Other sPLA,s (-XIIA, -XIIB) and
PLA,-XVI showed almost unchanged mRNA levels, while
SPLA,-IID, -IIF, -X were not detectable (Table 1). These
modulations were comparable to those observed within the
osteoclastogenesis of bone marrow-derived M-CSF-expanded
osteoclast precursors (OCP) from wt mice, with few
exceptions: sPLA,-IIC was not detectable in the primary
system, sPLA,-III was not modulated, and the iPLA,p levels
increased during the osteoclastogenesis of wt OCP (Table 1; data
from Pla2g2a-ko mice are commented in paragraph 3.3).

Phospholipase A, activity was assayed in cell extracts from
undifferentiated or RANKL-treated RAW264.7 macrophages
with a commercially available kit (see Section 2 for details),
based on the use of the 1,2-dithio analog of diheptanoyl
phosphatidylcholine, which serves as a substrate for most
PLA,s (Hendrickson et al., 1983; Reynolds et al., 1992). A 6-
fold increase in PLA, activity was measured in osteoclasts
compared to undifferentiated cells (Table 2). This activity was
not blocked by inhibitors of intracellular PLAs, like the cPLA,a
specific inhibitor (cPLA,a-Inh; San Pietro et al., 2009; Seno
et al, 2000); or the iPLA,B irreversible inhibitor (BEL;
Ackermann et al., 1995; Zizza et al, 2012). Instead, various
inhibitors of sPLA,s were efficient. Indeed, Inhib-I (Church
et al,, 2001; Zizza et al, 2012) reduced by 40%, while KH064
(Hansford et al., 2003; Kim et al, 2020) and the potent and
covalent inhibitor of sPLA,-ITA and other sPLA,s (BPB; Kim
et al., 2020; Marchi-Salvador et al., 2009) almost abolished the
measured activity of RANKL lysates (Table 2). Moreover, a
significant inhibition was seen with 10 uM LY311727, a quite
specific inhibitor of sPLA,-IIA versus other mouse and human
sPLA,s (Singer et al., 2002; Kim et al., 2020), which showed an
apparent ICs; of 6.8 uM, and by a specific anti-mouse sSPLA,-ITA
IgG fraction (Eerola et al, 2006) (Table 2, Supplementary
Figure S1).

The monitored catalytic activity, together with the expression
profile in the above settings, was suggestive of a sSPLA, role in
RANKL-induced differentiation of murine precursor cells,
reasonably that of sSPLA,-ITA.

3.2 Secreted PLA>s mediate the murine
osteoclastogenesis

In addition to sPLA,s (Bradley et al., 2005; Gregory et al.,
2006; Allard-Chamard et al., 2014b), cytosolic PLA,s were
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reported to participate in the osteoclastogenesis process
(Bonventre, 2004; Kim et al., 2010; Allard-Chamard et al.,
2014a). Therefore, inhibitors targeting the three major types
of PLA,s were used to unveil their role (if any) in the
osteoclastogenesis process of RAW264.7 macrophages. Real-
time qPCR analysis of the osteoclastogenesis markers showed
that the sPLA, inhibitor (Inhib-I) was efficient to reduce the
RANKL-induced transcription of all the analyzed markers
(Nfatcl, Cathepsin-k, Mmp-9, Trap and Ctr) by at least 50%,
and was the only treatment able to significantly impair the
osteoclast syncytium formation (Supplementary Figures S2,
S3). Specific cPLAa inhibition, by c¢PLA,a-Inh., reduced by
40% only Nfatcl mRNA levels, while iPLA, blockage with BEL
reduced Nfatcl and Trap mRNA levels by 35% and 45%,
respectively, in RANKL-differentiated cells (Supplementary
Figure S2). Instead, the active site directed, irreversible
inhibitor of both cPLA,a and iPLA,p (MAFP; Balsinde and
Dennis, 1996; Lio et al., 1996), was not able to inhibit the
RANKL-induced transcription of any marker nor the
osteoclast fusion (Supplementary Figures S2, S3).

Although long-term treatment of cells with pharmacological
inhibitors has to be taken with extreme caution, these data
supported the hypothesis of sPLA, involvement, seemingly
sPLA,-IIA, in the regulation of the osteoclastogenesis of
RAW264.7 macrophages. Instead, intracellular PLA,s did not
seem to play a relevant role, as their inhibitors mainly reduced
RANKL-induced transcription of Nfatcl, while the other marker
mRNA levels and the osteoclast-syncytium formation were
almost comparable to that of cells treated with RANKL alone.
The absence of any effect by the less specific inhibitor MAFP
could be consequent to the blockade of both positive and negative
pathways regulated by distinct PLA, isoforms.

3.3 Secreted PLA,-1IA plays a role in
murine osteoclast differentiation and
activity

The involvement of sPLA,-ITA was deepened using cells with
abolished sPLA,-TTIA
RAW264.7 macrophages were transfected with specific small
interfering (si)RNAs that significantly decreased by 50% the
sPLA,-ITA mRNA expression (Figure 1A). This treatment did
not affect the mRNA levels of intracellular PLA,s, sSPLA,-IIC and
-IIE, but slightly reduced that of sPLA,-V (Supplementary Table
S2). The RANKL-induced differentiation of siRNA transfected
cells showed a significantly reduced transcription, by about 40%,

reduced or expression.

of the main osteoclastogenesis markers (Nfatcl, Cathepsin-k,
Mmp-9, Trap and Ctr), upon sPLA,-ITA interference (Figures
1B-F). The osteoclast-syncytium formation was also impaired by
SPLA,-IIA interference, with lower numbers of osteoclasts with
more than 10 nuclei, compared to cells interfered with the no-
targeting siRNAs (Figures 1G,H).
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FIGURE 1

Secreted PLA,-IIA interference in RAW264.7 precursor cells inhibits RANKL-induced osteoclast differentiation. RAW264.7 cells were interfered

for 72 h with no-targeting (si—NT) or sPLA,-IIA specific (si—sPLA,-IIA) siRNAs, and subsequently treated in the absence (w/o) or presence of
15-30 ng/mL RANKL for the following 48 h. (A) Pla2g2a mRNA levels of 72-h interfered RAW264.7 cells were quantified by real-time gqPCR, and
normalized using f2-microglobulin expression, as the housekeeping gene. Data are means + SEM from six independent experiments. ***p <
0.005, paired Student'’s t-test. (B—F) After 48 h of RANKL treatment, the differentiation markers were quantified by real-time gPCR, and normalized
using B2-microglobulin expression, as the housekeeping gene. The mRNA levels of Ctr were undetectable in undifferentiated cells. Data are
expressed as fold of RANKL-differentiated si—NT cells (RANKL si—NT), and are shown as means + SEM of three independent experiments. ***p <
0.005 versus RANKL si—NT (one-way ANOVA or paired Student's t-tests). (G,H) Osteoclast syncytium formation was determined as number of
nuclei/cell, by fluorescence microscopy. Data are means + SEM of three independent experiments performed in duplicates. **p < 0.01 versus
correspondent RANKL si—NT (paired Student's t-tests).
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FIGURE 2

Osteoclast precursor cells derived from bone marrows of Pla2g2a-ko mice show reduced ex-vivo osteoclast differentiation and activity. (A)
Freshly isolated total bone marrow cells (BMC) were differentiated with 20 ng/mL M-CSF and 5 ng/mL RANKL for 4 days, then fixed and stained for
TRAP. (B,C) BMC were expanded with 40 ng/mL M-CSF for 4 days, and the obtained osteoclast precursor cells (OCP) were differentiated with 20 ng/
mL M-CSF and 2.5 ng/mL RANKL for further 3—6 days. Then, OCP were fixed and stained for TRAP (B), or their degrading activity was evaluated

on Osteo Assay Surface plates (C). Data are means + SEM of ten age- and sex-matched mice for each genotype, analyzed in triplicates (A,B), or
duplicates (C). On the right of each graph are representative images of TRAP staining (A,B), and of Osteo Assay Surface plates analyzed for the
degrading activity (C), acquired with Nikon TMS-F inverted microscope, at a final magnification of x5. **p < 0.01; ***p < 0.005 versus wt (unpaired
Student'’s t-tests)
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FIGURE 3

Bifunctional inhibitors of sPLA,-1I1A impair RANKL-induced osteoclastogenesis of RAW264.7 macrophages. (A—E) RAW264.7 cells were treated
without (w/o) or with 30 ng/mL RANKL for 72 h, in presence of the indicated sPLA,-1IA inhibitors (20 uM Inhib-1, 40 uM KH064, 30 uM LY311727) or
with DMSO as carrier (-). The differentiation markers were quantified by real-time gPCR, and normalized using f2-microglobulin expression, as the
housekeeping gene. Data are expressed as fold of RANKL, and are means + SEM of three independent experiments. (F) RAW264.7 cells were
treated without (w/o) or with 15-30 ng/mL RANKL for 72-96 h, in presence of the above indicated sPLA,-IIA inhibitors or with DMSO as carrier.
Osteoclast syncytium formation was determined as number of nuclei/cell, by fluorescence microscopy. Data are means + SE of three independent
experiments. *p < 0.05; **p < 0.01; ***p < 0.005 versus correspondent RANKL (paired Student's t-tests).
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Furthermore, ex-vivo osteoclast differentiation was carried
out with primary osteoclast precursors obtained from bone
marrow of wt and Pla2g2a-ko BALB/c] mice (Balestrieri et al.,
2006; Boilard et al, 2010). The PLA, expression profile in
M-CSF-expanded OCP from Pla2g2a-ko mice was similar to
the wt counterpart, with the exception of Pla2glb, Pla2g2e and
Pla2g5 that were expressed at higher levels, and the obvious lack
of Pla2g2a (Table 1). Osteoclasts obtained from total bone
marrow cells (BMC) or M-CSF-expanded OCP of Pla2g2a-ko
mice, were less numerous (evaluated as TRAP-positive cells), and
with lower degrading activity, compared to differentiated
precursors from wt mice (Figure 2). In accordance with the
RANKL-induced differentiation of sPLA,-IIA-interfered
RAW264.7 macrophages, the differentiation of OCP from
Pla2g2a-ko mice showed highly reduced marker transcription,
and inhibition of osteoclast fusion, with lower numbers of
osteoclasts containing more than 10 nuclei, compared to wt
osteoclasts (Supplementary Figure S4).

Altogether, both pharmacological and molecular tools
indicated the prevalent role of sPLA,-IIA in RANKL-induced
differentiation of RAW264.7 macrophages. The impaired
maturation, fusion and activity of osteoclasts derived from
Pla2g2a-ko bone-marrow precursors paralleled the data
obtained with the sPLA,-IIA-interfered RAW264.7 cell line,
despite the increased transcription of Pla2g2e and Pla2g5 in
the Pla2g2a-ko OCP.

3.4 Pharmacological blockade of sPLA,-
lIA impairs murine osteoclastogenesis

The crystal structures of sPLA,-IIA in complex with
KH064 and LY311727 showed that these competitive
inhibitors bind to the active site of sPLA,-IIA and also
perturbate the binding surface at the entrance of the cavity
(Lee et al., 2013). Therefore, these small molecules are able to
block not only the sPLA,-IIA enzymatic activity, but also its
possible interaction with binding partners. This was shown to be
the case for methyl-indoxam, another active site sSPLA, inhibitor,
which perturbates the interaction of various mouse sPLA,s to
PLA,R1, shifting the affinity for this latter by up to 300-fold
(Boilard et al., 2006).

Differentiation assays carried out in the presence of the small
molecule KH064 showed that it acted similarly to the peptide
Inhib-I, impairing RANKL-induced osteoclastogenesis. Indeed,
both inhibitors significantly reduced the RANKL-stimulated
transcription of all five osteoclastogenesis markers monitored,
either with RAW264.7-macrophage precursors (Figures 3A-E),
and with wt OCP (Supplementary Figures S5A-E). In addition,
both inhibitors impaired osteoclast cell-to-cell fusion, as
indicated by the decreased number of osteoclasts with more
than 10 nuclei among RANKL-differentiated RAW264.7 cells
(Figure 3F), and with more than 3 nuclei with wt OPC
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(Supplementary Figures S5F,G). As further confirmation, a
significantly reduced formation of TRAP-positive cells from
wt OCP was obtained in the presence of both KH064 and
Inhib-I (Supplementary Figure S6). Strikingly, all these
inhibitory effects were not seen differentiating Pla2g2a-ko
OCP (Supplementary Figures S5, S6).

The LY311727 inhibitor was also capable to inhibit the
osteoclastogenesis of RAW264.7 cells, but less potently, as it
reduced RANKL-triggered Nfatcl, Cathepsin-k, Mmp-9, and
Trap transcription, but not that of Ctr, nor the osteoclast-
syncytium formation (Figure 3).

The results obtained with two structurally different inhibitors
of sPLA,-ITA, namely Inhib-I and KH064, further support the
involvement of this protein in the different steps of the murine
osteoclastogenesis process, from the transcriptional remodeling
of key genes to the osteoclast fusion. The absence of any effect
with Pla2g2a-ko OPC confirmed the specificity of these
inhibitors toward sPLA,-IIA, at least under our assay conditions.

3.5 Secreted PLA,-IIA regulates the
osteoclastogenesis of

RAW264.7 macrophages by two distinct
mechanisms

The results shown so far provide the rationale to analyze in
more detail the mechanism by which sPLA,-ITA regulates the
osteoclastogenesis process. To this end, we took advantage of
purified recombinant sPLA,-ITA of murine and human origin,
including a H48Q catalytic site mutant which has less than 5% of
wt activity (Edwards et al., 2002). The active site and catalytic
mechanism of these two sPLA,-IIA orthologs are conserved and
both enzymes share the same interfacial kinetic properties and
substrate specificities (Cupillard et al., 1999; Valentin et al., 1999;
Valentin et al., 2000; Singer et al., 2002). However, they have a
rather low identity at the protein level (69%), especially on the
protein surface, with a number of different amino acids that likely
explain their different binding properties to proteins including
PLA,R1 and Factor Xa (Cupillard et al., 1999; Mounier et al.,
2000). Experimental evidence indicated that the 70-74 region of
human sPLA,-IIA is relevant for sPLA,-IIA binding to
membranes or putative signaling partners (Tseng et al., 1996).
In addition, peptides derived from this sPLA,-IIA primary
sequence were reported to competitively antagonize the
sPLA,-IIA binding activity, and consequent sPLA,-IIA cellular
functions, in a species-specific mode (Church et al., 2001).

The addition of recombinant mouse sPLA,-ITA (mGIIA)
significantly reinforced the RANKL-induced transcription of all
the differentiation markers analyzed, by more than 1.5-fold,
the of RAW264.7 macrophages
(Figure 4). Even if with lower potency, the human enzyme
(hGIIA) also increased the transcription of Nfatcl, Cathepsin-
k, Trap and Ctr. Conversely, the catalytically inactive mutant

during differentiation
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FIGURE 4

Murine recombinant sPLA,-IIA stimulates RANKL-induced osteoclastogenesis of RAW264.7 macrophages. RAW264.7 cells were treated

without (w/o) or with 15 ng/mL RANKL for 72 h, in presence of the indicated recombinant proteins: 30 nM murine sPLA,-IIA (mGlIA), 30 nM human
sPLA,-1IA (hGlIIA), 30 nM human sPLA,-11A H48Q (hGIIA H48Q), 100 nM murine sPLA,-V (mGV); or with PBS (-) as carrier. The differentiation markers
were quantified by real-time gPCR, and normalized using f2-microglobulin expression, as the housekeeping gene. Data are expressed as fold of
RANKL, and are means + SEM of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005 versus RANKL (paired Student's t-tests).

H48Q (hGIIA H48Q) was without any effect (Figure 4). In
parallel, the mouse sPLA,-V (mGV) was found to stimulate
only the transcription of Cathepsin-k and Trap, but at a higher
concentration of 100 nM (Figure 4). The Mmp-9 transcription
was stimulated only by mGIIA, and not by the human enzymes
(active and mutated), nor by mGV (Figure 4). Finally, the
RANKL-induced was
modulated only by mGIIA, with a significantly increased
number of osteoclasts with more than 10 nuclei (Figure 5).
Three cyclic pentapeptides were synthesized based on the
FLSYK sequence of human sPLA,-IIA ("°FLSYK"; Church et al.,
2001; Tseng et al, 1996), and the corresponding one in C.
durissus terrificus venom sPLA,-IIA ("WDIYR™; Church
et al, 2001; Tseng et al, 1996), and in mouse sPLA,-ITA
(*LLKYK®) (Figure 6A). The LLKYK murine peptide, but not
that from other species, was able to reduce the RANKL-induced

osteoclast  syncytium  formation
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Mmp-9 transcription and cell-to-cell fusion, leaving unaffected
the Nfatcl and Ctr transcription (Figures 6B-E). As the fusion
step is crucial for the osteoclast activity, the effect of these
peptides on the degrading activity was analyzed. The murine
cyclic pentapeptide, LLKYK, was able to reduce by more than
50% the resorbing activity of mature osteoclasts on
hydroxyapatite-coated plates, while the human FLSYK was
ineffective (Figure 7).

In addition to the above experiments with the H48Q mutant,
the of mouse sPLA,-IIA activity
osteoclastogenesis was confirmed by the use of BPB. This
alkylating agent covalently binds to the histidine residue of
the active site, but preserves the sPLA,-IIA surface properties
and sPLA,-ITA binding properties to cells (Lee et al, 2013).
Figure 6 shows that BPB treatment of RAW264.7 macrophages
led to a clear inhibition of transcription for various RANKL-

role enzymatic in
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FIGURE 5

Murine recombinant sPLA,-1IA stimulates RANKL-induced osteoclast fusion of RAW264.7 macrophages. RAW264.7 cells were treated without
(w/0) or with 15 ng/mL RANKL for 72 h, in presence of the indicated recombinant proteins: 30 nM murine sPLA,-1I1A (mGIIA), 30 nM human sPLA,-IIA
(hGIIA), 30 NM human sPLA,-IIA H48Q (hGIIA H48Q), 100 nM murine sPLA,-V (mGV); or with PBS as carrier. Osteoclast syncytium formation was
determined as number of nuclei/cell, by fluorescence microscopy. Data are means + SE of three independent experiments. *p < 0.05; **p <
0.01; ***p < 0.005 versus correspondent RANKL (paired Student's t-tests).

induced markers of the osteoclastogenesis, with reduction of
Nfatcl, Mmp-9 and Ctr levels by 40%, 30%, and 60%,
respectively. In addition, Cathepsin-k and Trap transcription
were significantly reduced by about 50% in RANKL-treated
cells, and the osteoclast fusion process was not inhibited at all
(Supplementary Figure S7).

Altogether, these results were indicative of the sole
requirement of sPLA,-IIA catalytic activity for RANKL-
induced marker transcription, with the exception of Mmp-9.
Instead, sPLA,-ITA regulation of the osteoclast fusion occurred
independently of its enzymatic activity, and was specific for
mouse recombinant sPLA,-IIA.

3.6 Secreted PLA,-1lA regulates osteoclast
fusion through p38 SAPK activation

The syncytium formation constitutes a crucial step for the
osteoclast bone resorbing activity (Soe, 2020), and the unveiled
catalysis-independent regulation of this process by sPLA,-ITA
pushed toward the definition of the signaling pathways involved.
Evaluation of RANKL
RAW264.7 macrophages, by Western blot analysis, displayed
a significant activation of p38 SAPK and of one of its downstream
substrates (MAPKAPK-2), while the phosphorylation levels of
ERK1/2 MAPKs and AKT did not significantly differed from that
of undifferentiated cells (Figure 8). Cell treatment with the
different sPLA,-IIA inhibitors revealed that Inhib-I and
KHO064 counteracted the RANKL-induced phosphorylation of
p38 SAPK and of MAPKAPK-2, while BPB and LY311727 were
without effect (Figure 8).

The osteoclastogenesis of RAW264.7 macrophages in the
presence of p38 inhibition by SB203580, showed a foreseen

downstream  effectors  in
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blunted RANKL-induced phosphorylation of MAPKAPK-2
(Figure 8), but also a selectively impaired osteoclast fusion
(Figure  9).  Consistently, ex-vivo  differentiation  of
M-CSF-expanded OPC, both wt and Pla2g2a-ko, upon
SB203580 treatment produced significantly less TRAP-positive
cells, maintaining unaffected the rate of the osteoclastogenesis
marker transcription (Supplementary Figure S8).

These results suggested that p38 SAPK, a kinase part of the
RANKUL-triggered signaling (Park et al., 2017), mediated the osteoclast
fusion but not the osteoclastogenesis marker transcription. In
addition, p38 SAPK seemed to be downstream of the sPLA,-ITA
modulation of the
selectively required for a fully functional osteoclast multinucleation.

catalysis-independent osteoclastogenesis,

4 Discussion

The findings here summarized prove the sPLA,-IIA
multimodal regulation of RANKL-induced differentiation of
Whereas  the
requires sPLA,
hydrolytic activity, sPLA,-IIA participation in the osteoclast

murine  osteoclast  precursor  cells.

osteoclastogenesis marker transcription

fusion and degrading activity occurs in a catalysis-
independent manner and leads to the increased activation of
p38 SAPK, presumably through the interaction with a still

unidentified receptor.

This experimental evidence arises from in-vitro
osteoclastogenesis assays performed with the well-validated
and  simplified model, based on the use of

RAW264.7 macrophages as osteoclast precursor cells (Cuetara
et al., 2006). The results obtained with this Abelson leukemia
virus-transformed cell line, established from a BALB/c mouse
strain (BAB/14; Raschke et al.,, 1978), were validated in ex-vivo
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FIGURE 6

The LLKYK cyclic peptide inhibits RANKL-induced Mmp-9 transcription and osteoclast fusion of RAW264.7 macrophages. (A) Alignment of
sPLA,-IIA sequences from mus musculus (UniProtKB - P31482), homo sapiens (UniProtKB - P14555), and C. durissus (UniProtKB - P24027).
Consensus symbols indicate residue conservation, as calculated with the Clustal Omega program. The pentapeptide sequences are boxed in red,
and the catalytic histidine residue in the human sPLA,-1IA sequence is shown in red-letter code. (B—D) RAW264.7 cells were treated without (w/

o) or with 15-30 ng/mL RANKL for 72 h, in presence of the carriers (=), or 10 nM BPB, or 250 uM of the indicated peptides (LLKYK from the murine
sPLA,-1IA sequence, FLSYK from that of human sPLA-11A, WDIYR from that of C. durissus). The differentiation markers were quantified by real-time
gPCR analysis, and normalized using f2-microglobulin expression, as the housekeeping gene. Data are expressed as fold of RANKL, and are means +
SEM of at least three independent experiments. (E) RAW264.7 cells were treated without (w/o) or with of 15 ng/mL RANKL for 72 h, in presence of the
indicated peptides (250 pM), or with PBS as carrier. Osteoclast syncytium formation was determined as number of nuclei/cell, by fluorescence
microscopy. Data are means + SE of six independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005 versus correspondent RANKL (paired Student’s

t-tests).

osteoclastogenesis assays with primary precursor cells from
BALB/c] Within  these the
transcriptional remodeling induced by RANKL results in
increased sPLA,-IIA, -IIE, and -V mRNA levels, suggesting

mice. model  systems,
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their involvement in the differentiation process or in mature
osteoclast activity. These sSPLA,s are all located in the distal part
of the mouse chromosome 4 and lie within the so-called sPLA,

gene cluster (Valentin et al., 2000). The RANKL-triggered
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FIGURE 7

The LLKYK cyclic peptide inhibits RANKL-induced osteoclast
resorbing activity of RAW264.7 macrophages. RAW264.7 cells
plated on Osteo Assay Surface plates were treated without (w/o) or
with 15 ng/mL RANKL for 7 days, in presence of PBS () or

250 uM of the indicated cyclic pentapeptides (LLKYK from murine
sPLA,-1IA sequence, and FLSYK from that of human sPLA,-1IA)
Below are shown representative images of the degrading activity,
acquired with the EVOS XL Core microscope at a final
magnification of x2. Data are means + SEM of three independent
experiments performed in triplicates. ***p < 0.005, paired
Student's t-test.

transcription of sPLA,-IIA could be consequent to an increased
NEF-xB activity, as this transcription factor is downstream the
RANKL-activated signaling (Park et al, 2017), and has been
reported to mediate the sPLA,-IIA transcription under
inflammatory conditions. Indeed, cytokines such as TNF-a
and IL-1p that are upregulated during inflammatory processes
were shown to promote SPLA,-ITA expression in different
cellular lineages, through the involvement of the transcription
factor NF-xB (Vadas et al., 1991; Couturier et al., 1999; Beck et al.,
2003). Though unable to detect sSPLA,-ITA protein expression,
with RAW264.7-cell lysates we succeeded in monitoring a PLA,
enzymatic activity that increased upon RANKL-induced
differentiation, and that was impaired by inhibitors and a
blocking antibody specific for sPLA,-ITA. This observation,
together with the reported evidence of sPLA,-ITA involvement in
pathologies of the bone system, led us to investigate the role of this
enzyme in the osteoclastogenesis process.

The unique genetic background of inbred BALB/c] mice
allowed the production of a Pla2g2a knock out from 129Sv
mice (Balestrieri et al., 2006; Boilard et al,, 2010). Indeed, a
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number of mouse strains generally used for research purposes
(C57BL/6, 129Sv, A/J, C58/], P/], and B10. RIII) are naturally
knock out for Pla2g2a, due to a frameshift mutation in the gene
(Kennedy et al., 1995; MacPhee et al., 1995). Here, both Pla2g2a-
ko primary SsPLA,-ITA-interfered
RAW264.7 macrophages were instrumental to unveil sPLA,-

cells and
IIA role in both osteoclast maturation and fusion. In addition, the
use of inhibitors selective for the different sPLA,-IIA activities
dissected the underlying mechanisms of action.

The first open question that remains to be answered is how
SPLA,-TTIA could regulate osteoclast maturation via its enzymatic
activity in a cell-autonomous context. The preferential cellular
substrates for this enzyme are prevalently distributed in the inner
(cytosolic)  leaflet  of
phosphatidylserine,

normal plasma membranes (as

phosphatidylethanolamine or
phosphatidylglycerol), and are thus not accessible in resting cells,
also because the required conditions for sSPLA,-IIA hydrolysis are not
met in the cytosol (Bezzine et al., 2002; Singer et al., 2002). Of note,
phosphatidylserine externalization has been reported to occur in pre-
osteoclasts obtained from mouse bone marrow-derived cells, and was
to be their ~M-CSF/RANKL-induced

multinucleation (Kang et al., 2020). Interestingly, we observed an

shown crucial ~ for
increased transcription of TMEMIG6F, a lipid scramblase and major
contributor to the process of phosphatidylserine exposure
(Pedemonte and Galietta, 2014), during the first 24 h of RANKL-
induced differentiation of RAW264.7 macrophages (data not
shown). A hallmark of TMEMI16 scramblases is their lack of
specificity, as phosphatidylinositol transbilayer movement across
proteoliposomes reconstituted with purified fungal Nectria
haematococca TMEM16 has been reported (Wang et al, 2018).
Among the metabolites mediating sPLA,-IIA cellular effects, the
lysophosphatidylinositol could be a reasonable candidate, as several
studies have already highlighted in the
osteoclastogenesis process (Whyte et al., 2009; Mosca et al., 2021).

its  involvement
In particular, we have recently showed that lysophosphatidylinositol
stimulates the osteoclast maturation of RAW264.7 macrophages,
with increased transcription of Nfatcl, Cathepsin-k, Trap, and Ctr,
without any effect on the osteoclast syncytium formation, through
GPR55-mediated signal transduction (Mosca et al., 2021). This is
consistent with the requirement of sPLA,-IIA catalytic activity
exclusively for the regulation of the osteoclastogenesis marker
transcription in our assay conditions. Indeed, both murine and
human recombinant sPLA,-ITA increased the RANKL-induced
transcription of Nfatcl, Cathepsin-k, Trap, and Ctr, but not the
catalytically inactive SPLA,-ITA H48Q mutant. In addition, treatment
of RAW264.7 macrophages with the alkylating agent BPB, which
halts the sSPLA,-ITA enzymatic activity without changing the overall
conformation of the protein surface (Lee et al., 2013), induced a
significant reduction of the osteoclastogenesis marker transcription,
without affecting the osteoclast fusion. Although this inhibitor is a
general alkylating agent and its administration to intact cells cannot
guarantee for a SPLA,-IIA specific targeting (Scott et al,, 2021), we
verified that under BPB treatment the sPLA,-IIA enzymatic activity is
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FIGURE 8

KHO064 and Inhib-I counteract the RANKL-induced activation of p38 SAPK in differentiated RAW264.7 macrophages. RAW264.7 cells were
treated without (w/o) or with 15-30 ng/mL RANKL for 72-96 h, in presence of the indicated sPLA2-1IA inhibitors (40 uM KH064, 30 uM LY311727,
10 nM BPB, 20 pM Inhib-1, 25 uM SB203580), or with DMSO as carrier (-). (A) Western blotting of phosphorylated (p-AKT, p-ERK1/2, p-p38,
p-MAPKAPK-2), and total AKT, ERK1/2, and p38 are shown, from an experiment representative of at least three independents. (B) Densitometric
analysis by arbitrary units (a.u.) of p38 (top) and 50-kDa MAPKAPK-2 (bottom) phosphorylation levels, normalized for the correspondent protein
levels. Data are expressed as fold of cells treated with RANKL, and are means + SE of at least three independent experiments. *p < 0.05; **p < 0.01;

***p < 0.005 versus RANKL (paired Student's t-tests).

significantly RANKL-differentiated
RAW?264.7 macrophages (Table 2). However, off-target effects
cannot be completely ruled out.

impaired in

Substantial progress has been made recently in the
identification of the molecular machinery involved in
osteoclast fusion, but the role of the lipid components in
osteoclast syncytium formation is still under investigation.
In different cell-to-cell fusion models, changes in membrane
lipid composition have been shown to have relevant roles
the
(Chernomordik and Kozlov, 2008). For instance, in sperm

through involvement of phospholipase activity
fertilization of oocytes, changes in the acyl-chain composition
of the main membrane glycerophospholipids may depend on
another secreted phospholipase A,: sPLA,-X (Escoffier et al,,
2010). Inhibition of osteoclast functions by sPLA,-IIA
blockade has been reported by different groups, both
in vitro and in animal models. In Pagetic bone samples,
sPLA,-ITA was shown to be expressed at high levels and to
stimulate the osteoclast differentiation and function by a
mechanism that may be independent of its enzymatic
activity (Allard-Chamard et al., 2014b). Consistently, under

our assay conditions, sPLA,-ITA regulation of osteoclast cell-
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to-cell fusion seems to occur independently of its enzymatic
activity. Indeed, not only two specific SPLA,-IIA inhibitors
(Inhib-I and KHO064), but mostly the cyclic pentapetide
(LLKYK) derived from the murine sPLA,-IIA primary
able the RANKL-induced
syncytium formation and the osteoclast functional activity.
Of note, the LLKYK peptide was not able to affect the
osteoclastogenesis marker transcription, which seems to
depend exclusively on sPLA,-IIA catalytic activity, with the
exception of Mmp-9 transcription that is regulated by sPLA,-
IIA through multiple mechanisms. Differently from KH064,
LY311727 did not affect the osteoclast fusion event. An
explanation for the different behavior of these two sPLA,-

sequence, were to impair

ITA inhibitors in regulating the osteoclast fusion could reside in
their peculiar ability to perturbate sPLA,-IIA interaction with
a putative binding partner (Boilard et al., 2006), or their
different cell-membrane permeability (Mounier et al., 2004;
et 2011). Indeed, the sPLA,-ITA exhibits
compartmentalization, not only for the enzymatic activity

Jemel al.,

primarily occurring in the extracellular environment with a

requirement of millimolar calcium concentrations. Even if the
binding with a PLA, receptor on the cell surface can occur,
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The p38 SAPK inhibitor selectively reduces RANKL-induced osteoclast fusio
without (w/o) or with 15-30 ng/mL RANKL for 72 h, in presence of 25 uM SB
quantified by real-time qPCR, and normalized using f2-microglobulin expres

n of RAW264.7 macrophages. (A) RAW264.7 cells were treated
203580 or with DMSO as carrier (). The differentiation markers were
sion, as the housekeeping gene. Data are expressed as fold of RANKL,

and are means + SEM of three independent experiments. (B) Osteoclast syncytium formation was determined as number of nuclei/cell, by
fluorescence microscopy. Data are means + SE of three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.005 versus correspondent RANKL
(paired Student's t-tests). (C) Representative confocal images of RAW264.7 cells treated without (w/o) or with RANKL for 72 h, fixed and stained for

confocal imaging. Phalloidin staining allows visualization of filamentous actin
details). Scale bars, 10 pm

several other sPLA,-IIA interactions occur upon its
internalization (Scott et al., 2021).

Studies over the last decade have revealed that
dysregulated lipid metabolism is one of the fundamental
metabolic alterations that enable cancer cell survival and
sustain rapid tumor growth and cell proliferation (Kroemer
and Pouyssegur, 2008). The expression of several sPLA,s is
altered in various cancer cells, and in the neighboring stromal
and immune cells at primary or metastatic tumor sites
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(red), while Hoechst staining reveals cell nuclei (blue, see Section 2 for

(Cummings, 2007; Murakami et al., 2011; Brglez et al,
2014; Sukocheva et al., 2019; Scott et al., 2021). Once
secreted, sPLA,s can have both autocrine and paracrine
roles, to induce metabolic and signaling changes in a tumor
(Kamphorst et al., 2013). The expression of sPLA,-IIA is
increased in the serum and tumors of patients with
prostate, esophageal and lung cancers, and it is associated
with poorer patient survival. Thus, the elevated levels of
SsPLA,-IIA in the plasma of these cancer patients has led to
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the suggestion of a biomarker role for sPLA,-IIA (Kupert
et al., 2011). However, it remains unclear whether increased
serum sPLA,-ITA levels are cancer-specific or whether they
reflect inflammatory reactions during malignancy (Kupert
et al, 2011). Of note, bone metastases are a common
complication of epithelial cancers, of which breast, prostate
and lung carcinomas are the most common (Kan et al., 2016).
Serum levels of sPLA,-IIA can also rise from 100-fold to
1,000-fold during acute inflammatory disorders, such as
sepsis, acute pancreatitis, peritonitis and chronic
rheumatoid arthritis (Triggiani et al., 2005). Intriguingly,
inflammatory pathologies such as rheumatoid arthritis and
spondyloarthritides have also been associated with localized
bone resorption and generalized osteoporosis (Szentpetery
et al., 2017).

Many of the observed effects of sSPLA,-IIA on biological
systems, particularly in pathological settings characterized by
persistent aberrant expression of this protein, may be
attributed to direct or indirect perturbation of intracellular
cell signaling pathways mediated by protein-protein
interactions (Scott et al., 2021). Among the potential
candidates, the M-type receptor PLA,R1 is able to bind
murine sPLA,-ITA at low nanomolar concentrations, even
if with an affinity 6-10-fold lower compared to sPLA,-IB
(Cupillard et al., 1999; Rouault et al., 2007). In the lung, the
proposed role for PLA,R1 is the clearance of PLA,-IB from the
fluid by
degradation in airway smooth muscle cells (Tamaru et al.,
2013). Otherwise, PLA,-IB binding to PLA,R1 may promote

downstream signaling pathways, with activation of stress

bronchoalveolar endocytosis and lysosomal

kinases and key enzymes part of the phospholipid and
able
inflammatory bioactive lipid derivatives (Mandal et al,
2001). Furthermore, the highly basic nature of sPLA,-ITIA
allows its interaction with the negatively-charged heparan

sphingolipid = metabolism, to  generate  pro-

sulfates found at the cell surface (Murakami et al., 1999;
Boilard et 2003), of the
coagulation cascade such as Factors Va and Xa (Mounier
et al, 2000). The sPLA,-IIA interfacial binding site has
been reported to be relevant for vimentin binding at the

al., and with components

surface of apoptotic human T cells (Boilard et al., 2003).
Instead, the arginine residues 74 and 100 in the human
sPLA,-IIA sequence are crucial for the interaction with
integrins oyfs; and a4f; that leads to integrin activation
and monocytic cell proliferation (Takada and Fujita, 2017).
Intriguingly, several of these sPLA,-IIA binding partners are
not only main components of the osteoclast adhesion zone, but
play a crucial role in the activation of osteoclasts to resorb the
bone, as it is the case for vimentin and integrins (oyBs, ayps,
and a,f;, among others) (Marchisio et al., 1984; Karanth et al,
2021).

More work will be necessary to dissect out each of the
many regulatory pathways responsible for sPLA,-IIA actions
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during the osteoclast fusion and to identify the putative
sPLA,-ITA receptor involved. These studies could pave the
way for therapeutic application of sPLA,-ITA inhibitors. An
ideal blocker would be required to selectively inhibit sPLA,-
ITA binding to the specific receptor implicated in the
osteoclast fusion. This will probably guarantee a tissue and
cellular specific action. Several PLA, inhibitors, including
sPLA, blockers, have been evaluated in clinical trials for
the
atherosclerosis, sepsis and atopic dermatitis, among others,
but none has reached the market (Nikolaou et al., 2019). The
main limitation seems to be a lack of selectivity among the

treatment of osteoarthritis, rheumatoid arthritis,

different human sPLA,s upon systemic administration, also as
a consequence of a lack of a comprehensive knowledge on
cellular functions connected with each sPLA, subtype. Despite
the fact that the rational design of selective inhibitors for the
enzymatic activity of the different PLA,s is a challenging issue,
due to the highly conserved catalytic domain within this
family of enzymes (Lambeau and Gelb, 2008; Oslund et al.,
2008; Burke and Dennis, 2009; Cao et al., 2013), selective
targeting of sSPLA, ligand function has higher potentialities. This
expectation could be fulfilled by monoclonal antibodies specifically
raised against each enzyme (Pothlichet et al., 2020). Such sPLA,-
interaction inhibitors could be proposed as alternatives to the
bisphosphonates (Center et al., 2020; D’Oronzo et al,, 2021), the
actual treatment of choice for several osteoclast disorders, since
bisphosphonates are contraindicated in older patients with kidney
impairment or cardiac disease (Dos Santos Ferreira et al., 2017;
Rogers et al., 2020; de Roij van Zuijdewijn et al., 2021).
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