ORIGINAL ARTICLE

JBMR

Myeloperoxidase Controls Bone Turnover by
Suppressing Osteoclast Differentiation Through
Modulating Reactive Oxygen Species Level
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ABSTRACT

Myeloperoxidase (MPO) is a heme peroxidase that plays an important role in innate immunity for host defense against invading
microorganisms by catalyzing hydrogen peroxide (H,0,)-mediated reactions. Although many reports indicate MPO exerts beneficial
or detrimental effects on a variety of inflammatory diseases, little is known with regard to its functional role in bone homeostasis
in vivo. Here, our work demonstrates that MPO was transcriptionally downregulated in response to osteoclastogenic stimuli and that
exogenous alteration of MPO expression negatively regulated osteoclast (OC) differentiation in vitro. Genetic ablation of Mpo
resulted in osteoporotic phenotypes and potentiated bone-resorptive capacity in mice. Mechanistically, accumulation of intracellular
H,0, and reactive oxygen species (ROS) were observed in MPO deficiency, and MPO overexpression suppressed ROS production in
mouse OC precursors. Moreover, a ROS scavenger Tempol inhibited the effect of MPO deficiency on OC formation and function as
well as on receptor activator of nuclear factor-kB ligand (RANKL)-initiated transduction signal activation including NF-kB, mitogen-
activated protein kinases (MAPKs), and Akt, indicating the increased ROS caused by MPO deficiency contributes to osteoclastogen-
esis. Taken together, our data demonstrate that MPO has a protective role in bone turnover by limiting osteoclastogenesis and bone
resorption physiologically through modulating intracellular H,0, level. © 2020 The Authors. Journal of Bone and Mineral Research
published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

he maintenance of bone homeostasis relies on the fine-

tuned balance between bone formation and bone resorp-
tion.""? Disruption of the balance leads to various bone diseases,
including osteoporosis and osteosclerosis. Osteoclasts (OCs) pos-
sess the unique capacity to degrade the bone matrix both phys-
iologically and pathologically, highlighting the importance for
understanding the molecular mechanisms regulating their dif-
ferentiation and function."® OCs are derived from monocyte/
macrophage lineage precursor cells in the bone marrow and
specifically secrete acid and lytic enzymes, including tartrate-
resistant acid phosphatase (TRAP) and cathepsin K (CTSK), that
affect bone turnover.®) Receptor activator of nuclear factor-xB
ligand (RANKL), upon binding to its receptor cognate RANK, is
an essential regulator to initiate OC differentiation as well as

the activation of several downstream signaling cascades, which
include NF-xB, mitogen-activated protein kinases (MAPKs), and
phosphatidylinositol-3-kinase (PI3K) pathways, resulting in the
activation of transcription factors such as nuclear factor of acti-
vated T cells, cytoplasmic 1 (NFATc1) to ultimately stimulate
the expression of specific gene targets.®™> Meanwhile, macro-
phage colony-stimulating factor (M-CSF), as a hematopoietic
growth factor, plays a pivotal role in supporting the survival of
OC precursors and works in concert with RANKL to activate the
essential downstream targets during OC differentiation.
Myeloperoxidase (MPO) is a member of the superfamily of
heme peroxidases that is mainly expressed in neutrophils, mono-
cytes, and tissue macrophages.”’ As a component of the intracel-
lular microbicidal system of phagocytes, MPO plays an important
role in innate immunity for host defense against invading micro-
organisms by catalyzing hydrogen peroxide (H,0,)-mediated
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reactions. In the presence of H,0,, MPO is able to oxidize a halide
to produce hypohalous acids, with hypochlorous acid (HOCI)
being the most abundant one, in physiological conditions.®
Despite the well-established canonical neutrophil MPO-related
oxidant destruction system upon infection, MPO has been
widely implicated in the pathogenesis of multiple human inflam-
matory diseases, including cardiovascular diseases, inflamma-
tory bowel disease, kidney disease, neuronal disease,
pulmonary inflammation, and metabolic syndrome.®™'® So far,
many evidences in MPO-deficient animal models have shown
that the causal role between MPO-initiated oxidation and various
inflammatory disease processes are complicated, given that
MPO is found to exert either pro- or anti-inflammatory effect
under certain situations and that both up- and downregulation
of MPO has been linked to disease risk.” Intriguingly, although
limited evidence suggests the possible role of MPO in OC forma-
tion in vitro," the physiological and pathophysiological role of
MPO in bone homeostasis has not been reported in vivo.

Because MPO is capable of catalyzing the reaction to produce
HOCI from H,0, and CI~, alterations of MPO expression or activ-
ity are found to have relevance with intracellular levels of
H,0,.7>'® Combined with the evidence showing that reactive
oxygen species (ROS) (including mainly H,0,) play a pivotal role
in the regulation of OC formation and function as the second
messenger in receptor-mediated signaling transmission path-
way!"”"'® and that MPO gene expression occurs during the pro-
myelocyte myeloid maturation stage in the bone marrow while
decreased in fully differentiated myeloid cells,"*?? we speculate
that endogenous MPO may be actively involved in regulation of
OC differentiation as well as bone homeostasis.

In this study, we provide evidence for the first time to our
knowledge that MPO deficiency promotes OC formation and
decreases bone mass in vivo. Mechanistically, MPO-regulated
OC differentiation is mediated by the alterations of intracellular
H,0, levels that affect RANKL-initiated downstream signaling
pathways in bone marrow macrophages (BMM:s), the OC precur-
sor cells. Together, our data demonstrate a novel protective role
for MPO in bone homeostasis apart from its reported functions in
inflammatory diseases.

Materials and Methods

Reagents and cell lines

Recombinant mouse-soluble M-CSF and RANKL were purchased
from PeproTech (Rocky Hill, NJ, USA). Lipofectamine 2000 reagent
and TRIZOL reagent were from Life Technologies (Carlsbad, CA,
USA). The PrimeScript RT Reagent Kit was obtained from Takara
Biotechnology (Shiga, Japan). Fast SYBR Green Master Mix and
PowerUp SYBR Green Master Mix were from Thermo Fisher Scien-
tific (Waltham, MA, USA). DCFH-DA (2/,7'-dichlorofluorescein dia-
cetate) powder was from Sigma-Aldrich (St. Louis, MO, USA),
and Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy) was
purchased from Selleckchem (Houston, TX, USA). RAW264.7 mac-
rophages were obtained from the Cell Center of Peking Union
Medical College.

Animals

C57BL/6J mice (Wt) and MPO-deficient mice (Mpo'™', stock
no. 004265) on C57BL/6J background were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA). All experimental ani-
mals were bred from Mpo heterozygote mothers. Wild-type

mice, heterozygote knockout mice, and homozygote knockout
mice were genotyped by PCR, using two pairs of primers tar-
geted at the knockout insertion sequence (F: 5-AGG TCT CTA
ACG CCA TCG TG-3'; R: 5-CAC GAG ACT AGT GAG ACG TG-3)
and WT gene (F: 5-AGG TCT CTA ACG CCA TCG TG-3; R: 5-GTT
GAG GCC AGT GAA GAA GG-3'). The mice were housed in a
temperature- and humidity-controlled room and were allowed
free access to standard chow diet and water before the experi-
ments. The animal study was approved by the Institutional Ani-
mal Care and Use Committee (IACUC) of Institute of Medicinal
Biotechnology, Peking Union Medical College. We confirm that
all the methods were performed in accordance with the relevant
ethical guidelines and regulations.

Cell culture

Bone marrow cells were obtained from the long bones of
18-week-old male mice that were euthanized using ether anes-
thesia. The cells were centrifuged for 5 minutes. The precipita-
tion was resuspended with red blood cell lysis buffer and
centrifuged again. Precipitated cells were suspended in a-MEM
supplemented with 10% FBS and cultured for 24 hours. Nonad-
herent cells were collected and cultured for 3 days in the pres-
ence of M-CSF (30 ng/mL). Floating cells were discarded and
adherent cells were analyzed by flow cytometry using anti-
CD11b antibody. Adherent cells were used as BMMs with the
CD11b-positive proportion being more than 90%. BMMs were
cultured in a-MEM supplemented with 10% FBS, 100 units/mL
penicillin, 100 mg/L streptomycin, and 30 ng/mL M-CSF. RAW
264.7 cells were cultured in DMEM supplemented with 10%
FBS, 100 units/mL penicillin, and 100 mg/L streptomycin. For
the induction of OC differentiation, 50 ng/mL RANKL was used.
In the cases of Tempol or NaNO, treatment, the compound
was added simultaneously with RANKL.

Tartrate-resistant acid phosphatase (TRAP) and F-actin
staining

RAW264.7 (3 x 10° cells/well) and BMMs (5 x 10° cells/well)
were seeded in 96-well plates and stimulated with RANKL
(50 ng/mL) for 5 days. Cells were subjected to TRAP staining as
described.®" TRAP-positive multinucleated cells (=3 nuclei)
were scored as OC. For F-actin staining, BMMs were seeded in
8-well chambered slides (Thermo Fisher Scientific) at the density
of 10* cells per well and stimulated with RANKL for 5 days. BMMs
were precultured in a-MEM containing 30 ng mL M-CSF and
50 ng mL of RANKL for 3 days, then the cells were regarded as
mature OCs (mOCs). To determine F-actin ring formation of
mOCs from Wt or Mpo™~ BMMs, an equal number of mOCs
(10* cells/well) were further seeded in 8-well chambered slides
and stimulated with RANKL (50 ng/mL) for another 5 days. Cells
were fixed and stained with TRITC-phalloidin working solution
(red) (Yeasen, Shanghai, China) as described previously.*? Five
random fields per sample were counted and averaged for each
sample. Each experiment was performed in triplicate and
repeated independently more than three times.

Bone matrix dissolution assay

BMMs (5 x 10% cells/well) were seeded in OsteoAssay Surface
Plates (Corning Osteo-Assay Surface 96 wells) and then stimu-
lated with RANKL (50 ng/mL) for 5 days. To determine bone
resorption activity of mOCs from Wt or Mpo™~ BMMs, an equal
number of mOCs (5 x 10% cells/well) were further seeded in
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osteoassay surface plates and stimulated with RANKL (50 ng/mL)
for another 5 days. Then the cells were lysed with sodium hypo-
chlorite for 5 minutes at room temperature, followed by washing
twice with distilled water. Bone matrix dissolution was recorded
using a microscope at X100 magnification. The images contain-
ing the dissolution area was analyzed by Image-Pro Plus 6.0 soft-
ware (Media Cybernetics, Silver Spring, MD, USA). Each
experiment was performed in triplicate and repeated indepen-
dently three times.

Micro-computed tomography (micro-CT) analysis

For micro-CT imaging, 18-week-old male mice (n = 5) were har-
vested and right femurs were collected for analysis. The micro-CT
imaging was performed using Siemens Inveon CT/PET Multimodal-
ity System (Siemens Medical Solutions, Munich, Germany). The scan-
ner was set at a voltage of 60 kV and a resolution of 10.32 pm per
pixel. Reconstructed images were analyzed on an Inveon Research
Workplace (Siemens Medical Solutions) using manufacturer-
supplied software. Trabecular bone area for the analysis was set
from the closer margins at 0.5 mm to the further margins at
1.0 mm from the growth plate. The trabecular bone morphological
parameters including bone volume fraction (BV/TV), trabecular
number (Th.N), trabecular thickness (Tb.Th), trabecular separation
(Th.Sp), specific bone surface (BS/BV), and trabecular bone pattern
factor (Th.Pf) were examined.®® Furthermore, we used TRAP stain-
ing to determine the OC surface/bone surface (OC.S/BS) by Image-
Pro Plus software. TRAP-positive area was regarded as OC.S, and
bone trabecular area was regarded as BS.

Enzyme-linked immunosorbent assay (ELISA)

CTX-I and PINP level in the serum of the mice was measured
using CTX-I ELISA kit (AC-06F 1) and PINP ELISA kit (AC-33F1) from
Immunodiagnostic Systems (Tyne and Wear, UK) according to
the manufacturer’s instructions.

Quantitative RT-PCR (gRT-PCR) analysis

Total RNA was extracted with TRIZOL reagent and then reversely
transcribed using PrimeScript RT Master Mix as described previ-
ously.?" The PCR primers were listed as follows:

Mpo Primer F:5'-TGACCAAGGACCAGGAGC-3';

Mpo Primer R:5'-GCAGTTGAGGCCAGTGAAG-3';

Acp5 Primer F:5-AAATCACTCTTTAAGACCAG-3/;

Acp5 Primer R:5'-TTATTGAATAGCAGTGACAG-3'.

Ctsk Primer F:5-CCTCTCTTGGTGTCCATACA-3;

Ctsk Primer R:5'-ATCTCTCTGTACCCTCTGCA-3’;
Ocstamp Primer F:5-CTGTAACGAACTACTGACCCAGC-3/;
Ocstamp Primer R:5'-CCCAGGCTTAGGAAGACGAAG-3/;
Nfatc1 Primer F:5'-CCGTTGCTTCCAGAAAATAACA-3’;
Nfatc1 Primer R:5'-GTGGGATGTGAACTCGGAA-3';
Gapdh Primer F:5'-CATGGCCTTCCGTGTTCCTA-3/;
Gapdh Primer R:5-CCTGCTTCACCACCTTCTTGAT-3'.

Immunoblotting (IB) analysis

IB analysis was performed as previously described.?" The anti-
bodies against MPO (ab208670) was purchased from Abcam
(Abcam, Cambridge, UK). Antibodies against Phospho-P65
(#3033), P65 (#8242), Phospho-JNK (#4668), JNK (#9252),
Phospho-ERK1/2  (#4370), ERK1/2 (#4695), Phospho-AKT
(#4060), and AKT(#4691) were obtained from Cell Signaling

Technology (Danvers, MA, USA). Antibodies against FLAG
(F1804) and f-actin (A5441) were from Sigma-Aldrich. Horserad-
ish peroxidase-linked secondary antibodies were purchased
from Jackson ImmunoResearch (West Grove, PA, USA). Band den-
sities of representative blots were determined with ImageJ soft-
ware and normalized to the intensity of respective loading
control B-actin in each lane.

Gene knockdown and overexpression

MPO-specific siRNA and negative control siRNA were generated
by RIBOBio (Guangzhou, China). pCMV6-Mpo-FLAG and negative
control cloning vector were purchased from OriGene (Rockville,
MD, USA). RAW264.7 cells and BMMs were seeded into 96-well
plates with 3000 cells/well or 5000 cells/well, and transfected
with 5 pmol siRNA or 100 or 200 ng pCMV6-Mpo using lipofecta-
mine 2000 according to the manufacturer’s instructions. The
Mpo siRNA target sequences were listed as follows:

1#: CCTGAATCCTCGATGGAAT;
2#: CCAATGACCCTCGAATCAA;
3#: GCCAAGGCCTTTCAATGTT.

Cell proliferation and TUNEL assay

Cells were seeded into 96-well plates with 5000 cells/well for
72 hours, and cell proliferation was tested by the ATPlite 1step
kit (PerkinElmer, Waltham, MA, USA) according to the manufac-
turer’s instruction. The TUNEL Apoptosis Assay Kit (Sangon Bio-
tech, Shanghai, China) was used to measure cellular apoptosis
following the manufacturer’s instructions. Cells were observed
using a BX61 fluorescent microscope (Olympus Corporation,
Tokyo, Japan). The number of positive cells per field was counted
and the percentage of positive cells was calculated.

MPO activity assay

MPO activity was determined using Mpo Detection Kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according
to the manufacturer’s instruction, and expressed as units per
gram of total protein (ug). Total protein levels in the samples
were analyzed using a BCA assay kit.

Hydrogen peroxide assay

The level of intracellular H,O, was analyzed with a hydrogen perox-
ide assay kit (Beyotime Institute of Biotechnology, Shanghai, China)
according to the manufacturer’s instruction. Basically, cells were
lysed in lysis buffer supplied by the kit. The supernatants were gath-
ered by centrifuging at 12,000 rpm for 15 minutes. The supernatant
of each sample (50 pL) was added to reaction reagent (100 pL) for
30 minutes at room temperature and measured immediately with
a microplate reader (Bio-Rad, Hercules, CA, USA) at a wavelength
of 570 nm. The concentration of H,0, was calculated using a stan-
dard curve generated with standard solutions of H,O, and normal-
ized to total protein levels determined with BCA assay. The level of
serum H,0, was similarly measured with the kit.

ROS measurement

The cells were fixed in 4% formaldehyde for 15 minutes and then
washed with PBS buffer. DCFH-DA (10 pM) was added to wells
and incubated for 30 minutes at 37°C. The fluorescent intensity
of individual cells was measured by fluorescence microscopy to
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detect the intracellular ROS level. The mean density from three
independent experiments was quantified using Image-Pro Plus
software.

RNA-seq and bioinformatics analysis

Total RNA was isolated using TRIZOL reagent in Wt and Mpo ™~

BMMs. Two biological replicates were made in the Wt BMMs
(C1 and C2) and Mpo_/_ BMMs (M1 and M2). The RNA quality
was examined with an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). The construction of an RNA-seq
library was performed using a KAPA Stranded mRNA-Seq Kit for
lllumina (KAPA Biosystems, Inc., Woburn, MA, USA) following
the manufacturer’s instructions. RNA-seq libraries were
sequenced using an lllumina Novaseq 6000 (Microread Genetics
Co. Ltd., Beijing, China). RNA-seq data have been deposited at
the NCBI Sequence Read Archive - SRA at https://www.ncbi.
nlm.nih.gov/sra with accession number PRINA609772. Raw data
were processed and filtered reads were mapped to Mus musculus
genome (ftp://ftp.ensembl.org/pub/release-96/gtf/mus_musculus/)
and genome annotation (ftp://ftp.ensembl.org/pub/release-96/
fasta/mus_musculus/dna/) by HISAT (2.0.5-beta). FeatureCounts
(version 1.5.0-p1) was used to calculate gene expression. A list of
differentially expressed genes (DEGs) was identified using the R
package “EdgeR,” and a p value of .05 and |log2 (fold-change) |
>1 were set as thresholds for significance. GO and KEGG enrich-
ment analyses of DEGs were implemented with KOBAS3.0. The
expression of Mpo and osteoclast reporter genes was analyzed
in GSE57468, GSE37219, and GSE125320 by GEO2R analysis.

Statistical analysis

Statistical analysis was performed with SPSS 17.0 (SPSS, Inc., Chi-
cago, IL, USA). Data are presented for each figure in box plots
(show all points). Student's t test was used for the comparison
between two groups, while one-way analysis of variance
(ANOVA) was used for comparison of more than two groups
where needed. The Levene test was used to determine the
homogeneity of the variances. LSD test was used when homoge-
neity was found and Tamhane’s T2 multiple comparison test was
used when homogeneity was not found. The p values are shown
up top =.10.

Results

MPO expression is negatively linked to OC differentiation

We first analyzed several reported data sets that have relevance
with positive or negative regulation of OC differentiation under
different conditions to try to find out whether MPO gene expres-
sion may be linked to OC formation.?*-2% Analysis of the data set
of GSE57468 retrieved from a study demonstrating the role of
Dim1 in OC formation indicates Mpo mRNA level is gradually
decreased in mice BMMs in a time-dependent manner, while
the expressions of OC biomarkers Acp5 and Ctsk are significantly
upregulated during the transition of BMMs into OCs upon M-CSF
and RANKL treatment (Fig. 1A4).%? In the data of GSE37219
retrieved from Nfatc1 conditional knockout mice, an increased
tendency of Mpo expression in BMMs is observed, while Acp5
and Ctsk expression levels along with other OC differentiation
markers are decreased upon NFATc1 deficiency relative to the
wild-type (Wt) group during OC formation (Fig. 1B).*> We further
analyzed the GSE125320 data retrieved from an anterior cruciate
ligament transection (ACLT)-induced OA mouse model with

enhanced osteoclastogenesis®® and found downregulated

expression of Mpo in ACLT-induced osteoarthritis (Fig. 1C,
p <.001). To confirm this, we checked the Mpo mRNA level in
RAW264.7 cells and BMMs isolated and purified from mice
(Supplemental Fig. STA) upon RANKL induction, and the gene
is greatly decreased during the OC differentiation reflected by
tartrate-resistant acid phosphatase (TRAP) positive staining
(Fig. 1D; Supplemental Fig. S1B). Collectively, the evidence
indicates lowered MPO expression coincides with RANKL-
induced osteoclastogenesis under both basic and pathologic
conditions.

Exogenous alteration of MPO expression affects OC
differentiation in vitro

Because MPO expression is downregulated by RANKL, we asked
if overexpression of the gene could directly suppress OC differ-
entiation in vitro. To this end, we transfected a FLAG-tagged
MPO cDNA construct into RAW264.7 cells and BMMs“” and
found efficient MPO overexpression markedly inhibited OC dif-
ferentiation in RAW264.7 cells and BMMs upon RANKL or RANKL
and M-CSF co-stimulation for 5 days, respectively, as evidenced
by the significant reduction of TRAP-positive multinucleated
cells (Fig. 2A, B; Supplemental Fig. S2A, B). Conversely, upon effi-
cient downregulation of MPO expression by two siRNAs (#2 and
#3), TRAP-positive staining was greatly potentiated in both cells
upon RANKL induction compared with scramble control
(Fig. 2C, D; Supplemental Fig. S2C, D) Supportively, quantitative
RT-PCR analysis proved that the transcription levels of OC differ-
entiation markers Acp5, Ocstamp, and Nfatcl were all signifi-
cantly elevated by MPO knockdown after RANKL stimulation in
RAW 264.7 cells relative to the scramble control (Fig. 2E). There-
fore, the evidence indicates MPO expression negatively regu-
lates OC differentiation in vitro.

MPO deficiency in mice displays lower bone mass and
higher bone-resorptive capacity

We next sought to characterize the physiological role of MPO on
bone phenotypes in vivo using Mpo knockout male mice aged
18 weeks (Mpo™~ mice). Gene and protein expression in bone
tissues and BMMs as well as genotyping confirmed the ablation
of MPO expression (Figs. 3A and 6A; Supplemental Fig. S3A). No
significant differences were found with regard to the body
weight (Supplemental Fig. S3B) and physical appearance of the
animals between two groups (data not shown). Representative
images of trabecular bone in femur by micro-CT analysis are
shown in Fig. 3B, and the bone mass was greatly reduced in
Mpo™~ mice relative to Wt controls. Quantitative analyses
revealed that bone morphological parameters including the tra-
becular bone volume fraction (BV/TV), trabecular thickness (Tb.
Th), and trabecular number (Tb.N) were reduced by 38.6%
(p < 0.05), 32.4% (p < .01), and 9.4%, respectively, whereas the
trabecular separation increased (Th.Sp), trabecular bone pattern
factor (Th.Pf), and specific bone surface (BS/BV) were enhanced
by 29.3%, 168.7% (p < .05), and 49.4% (p < .01), respectively, in
Mpo™~ mice compared with Wt controls (Fig. 3C). Decreased
tendency of average cortical thickness (Ct.Th) was observed in
Mpo™~ mice as well (Supplemental Fig. S3C). We also compared
the trabecular bone morphological parameters between Mpo ™'~
and Wt groups of 18-week-old female and 18-month-old male
mice. Similar osteoporotic phenotypes were observed upon
MPO deficiency (Supplemental Fig. S4). Supportively, histological
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or Mpo siRNA for 72 hours, followed by MPO protein and mRNA analysis (n = 3 independent experiments). (D) TRAP staining of the siRNA-transfected cells
after RANKL induction. The number of TRAP-positive multinucleated cells was scored (n = 3 independent experiments). Scale bar = 50 pm. () Expression
of the osteoclastogenesis-related genes in the siRNA-transfected cells by qRT-PCR (n = 6 independent experiments). The p values (C-E) were determined

using Student'’s t test.

analysis revealed MPO deficiency caused apparently altered and
loosened structure in the trabecular tissue (Fig. 3D). These data
confirm MPO deficiency mimics significant osteoporotic pheno-

types in vivo.

We further asked if the lowered bone mass in MPO-deficient
mice was due to the potentiation of bone-resorptive capacity.
Indeed, MPO-deficient mice displayed increased TRAP-positive
surface in the histological sections of the femur relative to Wt
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groups (Fig. 3E). The serum level of collagen degradation prod- propeptide of type | procollagen (PINP), a bone formation
uct | (CTX-I), a bone resorption marker,*® was consistently found biomarker,”® was observed in Mpo™~ mice (Fig. 3F).

to be much higher in Mpo™~ mice than that in the Wt counter- Moreover, we extracted BMMs from both groups and com-
parts (Fig. 3F). Meanwhile, little change of the serum level of pared their OC formation capacities. Mpo™~ BMMs possess a
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higher capacity of OC differentiation and resorptive function
than that from the Wt group, as demonstrated by the
increased TRAP staining and by analysis of F-actin belts as well
as bone matrix dissolution upon M-CSF and RANKL co-
treatment (Fig. 44, left panel). Function of mature OCs (mOCs)
were further compared and similar tendency was found
(Fig. 4A, right panel). MPO overexpression in BMMs and mOCs

from Mpo™'~ mice dramatically suppressed the upregulated

OC formation and function (Fig. 4B, C; Supplemental
Fig. S5A). BMMs' cellular proliferation and apoptosis were also
analyzed with ATPlite assay and TUNEL staining, respectively.
The growth rate was comparable between Wt and Mpo~'~
BMMs in response to M-CSF (Supplemental Fig. S5B). More-
over, little change was observed in apoptosis during OC

Bl 598 ZHAOETAL

Journal of Bone and Mineral Research



>
w
o

- < .
2 150 S 3 15 @ 79, PZ0001
-%: p=0.004 22 + 8
[e) [ | o = i =
51001 eoe £ 8101 53 601 R=0921
25 = 2 3
=0 S5 F8 50
o 3 | o35
250 85 ° sf it
&~ % R Zz3
[ = £
m - .E %_ 0'_|_|'_/ 30 -—TT T
Wt Mpo - =" Wt Mpo™" H:0. 0 0.15 0.3 (mM)
NaNO: (mM)
D 2 =0.0004
0.25 Y g60,
2 + =0.006
ag |P2 T
g+ 40 T
2
55
2220{%
"2l
Ctrl RANKL /
E Tictor Niootor >CMV6-Mpo NaNO: 0 0.250.5 (mM)
> p=0.043 p=0.0008
Z24004 '02
2g =002
8o p=0.009
£9300{ —
= p=0.003
-~ (|
2 § 200{ %
Q
- 2
22100{e ST
TR
mv T T & T T T
RANKL - + + - + +
pCMV6-Mpo-_- _+ - - +
Wt Mpo”
F G H
p=0.001 p=0.044 BMMs mOCs
£ 200 — 2 60 9 =
o _ 2007 p=0.011 3 507 p=0.025 = p=0.003 p=0.001
r ©
23 450 '_'& 13 825, p=0.046  40. p=0.007
== é‘,_, 40 %20 f ! —
w O o = * 0] L
O 100 ece -2 215
85 53 50 -T a -E— 20
2% 50 % o s 10
B2 “3 85 0> 2
Ctrl Ctrl Tempol CtriCtrITempol  § " CtriCtriTempol  CirICri Tempol
Wt Mpo”- Wt Mpo” @ Wt Mpo” Wt Mpo”-

Fig 5. Accumulation of intracellular H,O, and ROS by MPO deficiency contributes to OC differentiation and function. (A) MPO activity in BMMs from Wt
and Mpo ™~ mice (n = 3 independent experiments). (B) Intracellular H,0, levels in Wt and Mpo™~ BMMs upon M-CSF induction (n = 4 independent exper-
iments). (C) TRAP-positive OCs in Wt BMMs after treatment with H,O, in presence of M-CSF and RANKL for 5 days (n = 3 independent experiments). (D) Wt
BMMs were treated with NaNO, in presence of M-CSF and RANKL for 5 days, followed by TRAP staining (n = 3 independent experiments). Scale
bar = 50 pm. (E) Representative images and quantification for DCFH-DA fluorescence intensity in Wt and Mpo™~ BMMs transfected with indicated vectors
in the presence of M-CSF and RANKL from three independent experiments. Scale bar = 10 um. (F-H) The Mpo ™~ BMMs or mOCs were treated with 30 uM
Tempol in the presence of M-CSF and RANKL, followed by DCF staining, TRAP staining and bone matrix dissolution analysis (n = 3 independent experi-
ments). The p values were determined using Student's t test (A, B, E-H) and one-way ANOVA with least significant difference comparison test (C, D).

differentiation from both groups (Supplemental Fig. S5C). This viability. Collectively, the findings indicate that MPO has a
indicates the enhanced OC resorption capacity upon MPO protective role in bone metabolism by limiting osteoclasto-
deficiency is not due to altered progenitor numbers or genesis and bone resorption in vivo.
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Accumulation of intracellular H,0, and ROS upon MPO
deficiency contributes to OC formation

to test if MPO activity was changed in the Mpo-deficient BMMs.
Indeed, the MPO activity was greatly inhibited upon MPO defi-
ciency (Fig. 5A). Ablation of MPO activity may result in the intra-
cellular accumulation of H,0,, provided that the enzyme
functions by catalyzing the reaction to produce HOCI by utilizing

We next investigated the potential mechanisms to address the
regulatory role of MPO in OC differentiation. Because exon 7 con-

taining the sequence encoding the heme-binding capacity of
MPO, which is responsible for its enzymatic activity as a peroxi-
dase, was disrupted in Mpo™~ mice,®? it was straightforward

H,0, and CI=.">"® We consistently found much higher intracel-
lular H,0, level in Mpo™~ BMMs than Wt controls upon M-CSF
stimulation (Fig. 5B), while the total H,O, in serum were
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comparable between the two groups (Supplemental Fig. S5D).
Accordingly, increasing concentrations of H,0, stimulated OC
formation in BMMs (Fig. 5C). The MPO activity inhibitor NaNO,,
which is known to increase H,0,,'® similarly potentiated OC for-
mation in BMMs (Fig. 5D; Supplemental Fig. S6A) and RAW264.7
cells (Supplemental Fig. S6B). NaNO, had little effect on ALPL
activity in osteoblastic cell line MC3T3-E1 cells upon induction
(Supplemental Fig. S6C), indicating ablation of MPO activity has
little effect on osteoblast differentiation.

Next, ROS generation was observed by DCFH-DA fluorescence
staining during the OC differentiation in BMMs upon M-CSF and
RANKL induction, which was further potentiated by MPO deple-
tion (Fig. 5E). Moreover, MPO re-expression greatly abrogated
the ROS generation in Mpo™~ cells to a comparable level with
that in the Wt group (Fig. 5E). To further validate the role of
ROS in MPO-affected OC formation, we co-treated the Mpo-
deficient BMMs with Tempol, a well-known ROS scavenger,(3°)
and found Tempol indeed inhibited ROS, OC differentiation,
and function in the Mpo‘/_ group (Fig. 5F-H). Taken together,
the findings indicate the production of intracellular H,0, and
ROS contributes to the OC formation and function by MPO
deficiency.

ROS mediates MPO-affected signals during OC
differentiation

Intracellular signals essential for OC differentiation include
RANKL-initiated activation of NF-kB, Akt, and MAPKs upon its
binding to RANK.® We tested if these signals might be regulated
by MPO. In Fig. 6A, activating phosphorylation of NF-kB subunit
p65, JNK, ERK1/2, and Akt signals were quickly observed upon
RANKL stimulation in Wt BMMs, and the activated signals were
all potentiated in the Mpo™~ counterparts. Meanwhile, co-
treatment with Tempol showed an inhibitory tendency on the
RANKL-initiated transduction signal activation in Mpo™~ BMMs
(Fig. 6B). Analysis of Nfatc1 gene expression, a key transcription
factor that functions downstream of NF-kB activation to regulate
osteoclastogenesis,® demonstrated that MPO deficiency stimu-
lated more Nfatcl expression than Wt control by RANKL induc-
tion, and either co-treatment with Tempol or overexpressing
MPO greatly inhibited the stimulated NfatcT mRNA level in
Mpo™~ group (Fig. 6C).

To further characterize gene expression patterns possibly
affected by MPO, we performed genome wide RNA sequencing
analysis between Wt and Mpo™~ BMMs. A total of 626 genes
were found to be significantly upregulated and 72 genes down-
regulated in Mpo™~ BMMs relative to Wt controls (Supplemental
Table S1). The upregulated gene sets were mainly enriched in
those involved in immune response-related functions by Gene
Ontology Biological Process (GO-BP) analysis (Fig. 6D; Supple-
mental Table S2), confirming the canonical role of MPO in innate
immunity.”) Interestingly, signaling pathway analysis by KEGG
revealed that a panel of upregulated genes by MPO deletion
were enriched in the inflammatory signals such as NF-kB, MAPKs,
and PI3K-Akt pathways (Fig. 6E; Supplemental Table S3), and the
signal expressions were shown in Supplemental Fig. S7. The anal-
ysis confirms that MPO actively regulates host defense and
inflammatory diseases by affecting relevant signaling pathways.
Collectively, these data indicate MPO suppresses OC differentia-
tion by inhibiting RANKL-initiated downstream signals, and H,0,
mediates the MPO-regulated OC signals after RANKL induction.

Discussion

Apart from the canonical function in host defense, MPO exerts
complicated effects on a variety of inflammatory disease
processes,”""1? while little is known regarding its regulatory
role in bone homeostasis. A recent work suggests that treatment
with external MPO inhibits the OC differentiation in human
peripheral blood mononuclear cells and RAW264.7 cells
in vitro."® However, the work is rather descriptive and the phys-
iological relevance of MPO in vivo and underlying mechanisms
have not been clarified. Here, we demonstrate that MPO plays
a pivotal protective role in bone remodeling by suppressing
osteoclastogenesis in vivo and in vitro, and that MPO genetic
ablation results in osteoporosis in mice. Molecular profiling of
OC precursors reveals H,O, accumulation by MPO deficiency
contributes to the potentiated OC differentiation and transduc-
tion signals.

OC differentiation is regulated by external cytokines including
M-CSF and RANKL, which bind to their respective receptors and
initiate multiple signal transduction pathways to activate several
transcriptional factors such as NF-xB and NFATc1 in myeloid
progenitors,®™ resulting in expression of OC differentiation
markers such as Acp5, Ocstamp, and Ctsk. Several data set ana-
lyses reveal MPO expression is negatively linked to OC differenti-
ation under both basic and pathological conditions (Fig. 1). We
also observed that Mpo is transcriptionally downregulated dur-
ing OC differentiation in vitro (Fig. 1D). The finding is consistent
with the notion that Mpo gene expression normally occurs in
myeloid precursors in bone marrow!' but rapidly decreases
upon cellular differentiation and becomes undetectable in
mature phagocytes in circulation or tissue.*® Because OCs are
unlikely to contain MPO at the mature and bone-resorbing stage,
we speculate that the checkpoint function of MPO occurs at the
differentiation level in the OC precursors.

Our findings indicate that MPO has a protective role in bone
turnover by limiting osteoclastogenesis and bone resorption, as
evidenced by (i) down- and upregulation of MPO expression
potentiates and suppresses OC differentiation in vitro, respec-
tively (Figs. 2 and 4; Supplemental Fig. S2); (i) MPO deficiency
in mice displays reduced bone mass and higher bone-resorptive
capacity (Fig. 3); and (iii) MPO deficiency potentiates the RANKL-
initiated transduction signal activation including NF-kB, MAPKs,
and Akt (Fig. 6A, B). Moreover, we found MPO exerts little effect
on osteoblast formation, and the observation is consistent with
a previous study, which checked the osteogenic role of a panel
of peroxidase enzymes in vitro.®" This suggests MPO might
mainly function to control the resorptive process during bone
homeostasis.

Many reports suggest a functional MPO promoter polymor-
phism, —463GA, in the Alu receptor response element (AIURRE)
has been associated with the regulation of its myeloid-specific
expression level in many diseases."®'" Moreover, peroxisome
proliferator-activated receptor y (PPARy) and estrogen receptor
also mediate the up- and downregulation of MPO gene expres-
sion through the AIuRRE upon different stimuli in human mye-
loid cells.®? However, because of the lack of AIuRRE sequence
in murine Mpo gene,®? further studies are needed to elucidate
the molecular basis to address the observed transcriptional
repression of MPO in OC progenitors during the differentiation
process.

The physiological and pathological functions of MPO are usu-
ally accompanied by oxidant stresses."” As MPO functions by
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reacting with chloride and H,0, to produce a powerful oxidant
HOCI, blocking its activity usually results in the accumulation of
intracellular H,0,.">'® Indeed, our work confirms much lower
enzymatic activity and higher intracellular H,O, as well as ROS
production in MPO-deficient BMMs relative to Wt control,
whereas MPO re-expression suppresses the ROS generation in
the OC precursors (Fig. 5). H,0,, as a primary ROS type, plays
an important role in regulating OC formation, function, and
RANKL-initiated downstream signaling events including NF-xB,
MAPKs, and PI3K.""'833 Our analysis proves the increased ROS
generation by MPO deficiency contributes to osteoclastogenesis
based on observations that (i) treatment with H,O, mimics the
effect of MPO depletion on OC formation; (i) MPO inhibitor
NaNO, known to increase H,0, enhances OC formation; and
(iii) scavenger of ROS by Tempol or MPO re-expression fully abro-
gates the effect of MPO deficiency on OC formation, function,
and RANKL-initiated transduction signals (Figs. 4-6). Interest-
ingly, as HOCI is reported to be a potential inhibitor of NF-
kB,®? the possible effect of decreased HOCI level upon MPO
deficiency on the inflammatory signals during OC formation
might not be excluded.

Finely tuned ROS generation is a necessary step to maintain
normal osteoclast differentiation.’”'® The NADPH oxidases
(NOXs) family are known to be major ROS enzymatic sources,
and RANKL-initiated RANK-TRAF6-Rac1-NOXs signaling cascade,
along with mitochondria, is suggested to contribute to the ROS
production during OC differentiation.””'® Our study indicates
that MPO, possibly with other heme peroxidases, constitutes an
important enzyme that physiologically and delicately helps reg-
ulate ROS dynamic balance during bone homeostasis without
causing a significant effect on cell death of OCs.

MPO knockout mice, although vital, exhibit increased suscep-
tibility to certain types of infection as well as detrimental or ben-
eficial phenotypes in different tissues or organs under a host of
pathological stresses, therefore reflecting the complicity of its
physiological and pathophysiological functions. Our findings in
this work demonstrate that MPO functions as an important
checkpoint protein that controls skeletal turnover by restraining
osteoclastogenesis and bone resorption. The study reveals a
beneficial role of MPO in bone homeostasis and expands our
understanding of its biological importance beyond the well-
established functions.
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