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Abstract

Background Mitochondrial oxidative phosphorylation (OxPhos) is a critical regulator of skeletal muscle mass and
function. Although muscle atrophy due to mitochondrial dysfunction is closely associated with bone loss, the biological
characteristics of the relationship between muscle and bone remain obscure. We showed that muscle atrophy caused by
skeletal muscle-specific CR6-interacting factor 1 knockout (MKO) modulates the bone marrow (BM) inflammatory re-
sponse, leading to low bone mass.

Methods MKO mice with lower muscle OxPhos were fed a normal chow or high-fat diet and then evaluated for muscle
mass and function, and bone mineral density. Immunophenotyping of BM immune cells was also performed. BM tran-
scriptomic analysis was used to identify key factors regulating bone mass in MKO mice. To determine the effects of BM-
derived CXCL12 (C-X-C motif chemokine ligand 12) on regulation of bone homeostasis, a variety of BM niche-resident
cells were treated with recombinant CXCL12. Vastus lateralis muscle and BM immune cell samples from 14 patients
with hip fracture were investigated to examine the association between muscle function and BM inflammation.
Results MKO mice exhibited significant reductions in both muscle mass and expression of OxPhos subunits but in-
creased transcription of mitochondrial stress response-related genes in the extensor digitorum longus (P < 0.01).
MKO mice showed a decline in grip strength and a higher drop rate in the wire hanging test (P < 0.01). Micro-computed
tomography and von Kossa staining revealed that MKO mice developed a low mass phenotype in cortical and trabecular
bone (P < 0.01). Transcriptomic analysis of the BM revealed that mitochondrial stress responses in skeletal muscles in-
duce an inflammatory response and adipogenesis in the BM and that the CXCL12-CXCR4 (C—X-C chemokine receptor 4)
axis is important for T-cell homing to the BM. Antagonism of CXCR4 attenuated BM inflammation and increased bone
mass in MKO mice. In humans, patients with low body mass index (BMI = 17.2 = 0.42 kg/m?) harboured a larger pop-
ulation of proinflammatory and cytotoxic senescent T-cells in the BMI (P < 0.05) and showed reduced expression of
OxPhos subunits in the vastus lateralis, compared with controls with a normal BMI (23.7 = 0.88 kg/ m?) (P < 0.01).
Conclusions Defects in muscle mitochondrial OxPhos promote BM inflammation in mice, leading to decreased bone
mass. Muscle mitochondrial dysfunction is linked to BM inflammatory cytokine secretion via the CXCL12-CXCR4 sig-
nalling axis, which is critical for inducing low bone mass.
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Introduction

Mitochondria quality control pathways regulating mitochon-
drial morphology/function have been implicated in the ho-
meostatic control of muscle mass.> Gradual loss of muscle
mass and strength results from an inflammatory state
brought about by cytokines, apoptosis, alteration in mito-
chondrial respiration, and oxidative stress.? Decrease or dys-
function of skeletal muscle mitochondria is involved in loss of
muscle mass and muscle strength in humans.® Progressive
loss of muscle mass and function has also been implicated
as a critical risk factor for osteoporosis through reduction of
bone strength caused by decreasing mechanical loading on
the skeleton.* Moreover, mitochondrial DNA-mutator mice
showed premature aging-related phenotypes including mus-
cle dysfunction and osteoporosis.”> However, little informa-
tion is available on the mechanical link between mitochon-
drial dysfunction-mediated loss of muscle mass and
strength, and bone loss.

Owing to their proximities, bone marrow (BM) immune
cells contribute to the regulation of osteoblasts and osteo-
clasts, leading to modulation of bone remodelling. For exam-
ple, ovariectomy induces T-cell activation and proliferation in
BM, which promotes osteoclastogenesis® due to increases in
the populations of CD4* and CD8" T-cells, and in T-cell-
derived tumour necrosis factor alpha (TNF-a). Additionally,
ovariectomy-induced bone loss does not occur in mice lack-
ing T-cells or lacking the T-cell receptor CD40 ligand.”
Germ-free mice have a smaller population of CD4* T-cells
and reduced levels of proinflammatory cytokines in the BM
in combination with increased bone mass.® Moreover, BM
CD4" T-cells producing interleukin (IL)-17 and TNF-o, but
not interferon (IFN)-y, activate bone resorption by inducing
osteoclast differentiation in animal models of inflammatory
bowel disease.” However, although previous investigations
revealed several factors promoting BM
inflammatory-mediated bone loss, the role of mitochondrial
function in skeletal muscle on the BM immune
micro-environment and bone mass remains to be elucidated.

CR6-interacting factor 1 (CRIF1), as a critical mitoribosomal
protein, is essential for the translation of mitochondrial oxi-
dative phosphorylation (OxPhos) subunits and their insertion
in the mitochondrial inner membrane.'® Deficiency of CRIF1
leads to impaired formation of the OxPhos complex and to
a reduction in mitochondrial respiration and the mitochon-
drial stress response in skeletal muscle-specific CrifZ knock-
out (MKQO) mice, which have smaller gastrocnemius and EDL
muscles.!* Thus, we hypothesized that MKO mice could be
used as a model for studying the mechanisms underlying
muscular mitochondrial dysfunction-induced bone loss.

Herein, we investigated whether skeletal muscle dysfunc-
tion caused by muscle-specific mitoribosomal defects
changes the population of inflammatory T-cells and the levels
of proinflammatory cytokines in the BM, thereby resulting in

bone loss. We also examined whether key mitokines pro-
duced in response to mitochondrial stress regulate bone
mass and bone mineral density (BMD). Fibroblast growth fac-
tor 21 (FGF21) is a representative mitokine that is responsive
to mitochondrial diseases and mtDNA deletions.'* FGF21 re-
leased from skeletal muscle is an important endocrine regula-
tor of whole-body energy metabolism.*"** Although FGF21
promotes bone loss by potentiating the activity of peroxi-
some proliferator-activated receptor v,** the significance of
FGF21 as a myo-mitokine during crosstalk between muscle
and bone has not been studied extensively. Therefore, the
aim of the present study was to identify the mechanism un-
derlying deterioration in bone mass and quality caused by
loss of muscular mitochondrial function and, consequently,
to identify a potential therapeutic target. We also define
the distinct roles of FGF21 during muscular mitochondrial
dysfunction-induced bone loss in MKO mice.

Materials and methods
Animals

To generate skeletal muscle-specific CrifZ deficiency in mice,
floxed CrifZ mice were crossed with Mlcif-Cre mice on a
C57BL/6 background (provided by S.J. Burden, New York Uni-
versity, Baltimore, MD, USA) expressing a Cre-recombinase
gene under the control of the myosin light chain 1 fast
promoter.*® All of the experiments were performed in homo-
zygous male mice, and Crlf.Zf/f littermates were used as con-
trols. MKO mice were crossed with a global Fgf27 knockout
on a C57BL/6 background (a kind gift from N. Itoh, Kyoto Uni-
versity Graduate School of Pharmaceutical Sciences, Kyoto,
Japan) to generate MKFO mice as a mitokine double knock-
out mouse model. All animal experiments used male mice
that were maintained in a controlled environment (12 h
light/12 h dark cycle; humidity, 50-60%; ambient tempera-
ture, 22 + 2°C) and fed a normal chow diet. All experimental
procedures involving mice were conducted in accordance
with the guidelines of the Institutional Animal Care and Use
Committee of Chungnam National University School of Med-
icine (CNUH-017-A0048, Daejeon, Korea).

Flow cytometry analysis

Isolated BM cells were filtered through a 70 um cell strainer,
washed in phosphate-buffered saline, and resuspended in a
40% Percoll (GE Healthcare, Chalfont St Giles, UK) gradient.
The cell suspension was centrifuged at 1128 g for 30 min at
4°C. Then, the cells were incubated with directly
fluorochrome-conjugated monoclonal antibodies for 40 min
at 4°C. The antibodies used in this study are listed in
Supporting Information, Table S2. For blocking non-specific
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antibody binding, cells were pre-incubated with anti-mouse
CD16/32 mouse Fc blocker (BD Biosciences, San Jose, CA,
USA) prior to staining with the antibodies. For intracellular
staining, BM cells were stimulated for 5 h with Cell Stimula-
tion Cocktail comprising phorbol myristate acetate,
ionomycin, brefeldin A, and monensin (eBioscience, San
Diego, CA, USA). The cells were fixed and permeabilized using
a Fixation/Permeabilization Buffer kit (eBioscience), washed
and resuspended in 1% formaldehyde, and then stained with
anti-IFN-y-PE-Cy7,  anti-TNF-a-APC, or anti-IL-17A-APC.
Multicolour flow cytometry was performed using a BD
LSRFortessa flow cytometer (BD Biosciences), and the data
were analysed using FlowJo software (Tree Star, Ashland,
OR, USA). Results are expressed as cell frequency (%).

Bone histological and morphological analysis

Mice were euthanized at 14 weeks and the tibia and femur
were removed and fixed at 4°C overnight in 4% paraformalde-
hyde (Biosesang, Seongnam, Korea). To evaluate dynamic
histomorphometry, mice were injected intraperitoneally with
alizarin red (Sigma-Aldrich, Dorset, UK; 30 mg/kg) and calcein
(Sigma-Aldrich; 10 mg/kg) on Days 8 and 3 prior to CO,
asphyxiation, respectively. For bone histological analysis,
femurs and tibias were harvested, skinned, and fixed at 4°C
overnight in 4% paraformaldehyde. The samples were then
decalcified in 14% ethylenediaminetetraacetic acid (Junsei,
Japan) for 4 weeks at room temperature. The buffer was
changed every 3—4 days until complete decalcification. The tis-
sues were embedded in paraffin, and 4 pm sagittal-oriented
sections were prepared and stained with tartrate-resistant
acid phosphatase (TRAP) for histological analysis using stan-
dard protocols. For von Kossa staining, undecalcified bones
were embedded in methyl-methacrylate (Sigma) and
sectioned at a thickness of 6 um, as previously described.®
For QOil Red O staining, decalcified bones were embedded in
FSC 22 Frozen Media (Leica Biosystems, IL, USA). Transverse
(8 wm) bone sections were stained with 0.3% Oil Red O
solution and lightly stained nuclei with alum haematoxylin.
Bone histomorphometric analysis was performed with the
Bioquant Osteo Il program (Bio-Quant, Inc., Nashville, TN,
USA). All nomenclature related to bone histomorphometry
follows the guidelines of the ASBMR."’

Statistical analysis

Results are expressed as mean values * standard error of the
mean. Data were analysed using Prism (Version 8, GraphPad
Software Inc., San Diego, CA, USA). A two-tailed, unpaired
t-test with Welch’s correction was used to assess statistical
significance between two groups. A one-way analysis of
variance (ANOVA) with Bonferroni’s correction for multiple

comparisons was used to examine differences between more
than two groups. A P-value < 0.05 was considered statisti-
cally significant.

Results

Crif1 deficiency induces defective mitochondrial
oxidative phosphorylation function and stress
response in skeletal muscle

To assess the effect of skeletal muscle-specific CrifZ defi-
ciency on the mitochondrial function and physical perfor-
mance of the mice, we generated MKO mice by crossing
Mic1f-Cre mice with Crif 77/ mice (Figure S1A). CRIF1 pro-
tein expression was markedly lower in the EDL and gastrocne-
mius of the MKO mice than in the wild-type (WT) controls
(Figure 1A and 1B). Consistent with the reduction in CRIF1 ex-
pression, the EDL and gastrocnemius in MKO mice showed
significantly lower expression of mitochondrial OxPhos com-
plex subunits, including complex Il (SDHA), Ill (UQCRC2),
and V (ATP5A), indicating that deficiency of CrifZ induces ab-
normal mitochondrial proliferation and function in skeletal
muscles (Figure 1A and 1B and Figure S1B and S1C). More-
over, blue native polyacrylamide gel electrophoresis (BN-
PAGE) analysis revealed a decrease in assembly of complex
I, ll, and V in MKO mouse EDL and gastrocnemius muscle
compared with the WT (Figure 1C). MKO mice also exhibited
lower succinate dehydrogenase (SDH) activity in the EDL, gas-
trocnemius, and soleus muscles than the WT (Figure 1D and
1E). In addition, immunohistochemical analysis of laminin
and myosin heavy chain Type 1IB (MyHC2b) expression dem-
onstrated that the size of the muscle fibres in MKO mice de-
creased (Figure 1F). Electron microscopy analysis of the gas-
trocnemius muscle of MKO mice also revealed accumulation
of abnormal, swollen mitochondria with disrupted cristae
(Figure S1D). In addition, EDL from MKO mice expressed
higher levels of mitochondrial stress response-related genes,
such as Lonp1, Clpp, Hspd1, and Atf4 (Figure 1G). To exclude
off-target effects in MKO mice, we examined expression of
CRIF1 and OxPhos complex subunits in the BM and femur
of MKO mice and controls. There was no significant differ-
ence in expression of CRIF and mitochondrial OxPhos com-
plex subunits in the BM or cortical bone of control and
MKO mice (Figure S1E and S1F).

Next, we measured body weight and characterized the
physical performance of MKO mice fed a normal chow diet.
MKO mice showed a significant decrease in body mass rela-
tive to controls after 11 weeks of age (Figure S1G). Motor co-
ordination was assessed using rotarod apparatus. At fixed
rotarod speed (0.00336 g), a significant difference between
control and MKO mice was observed in latency to fall (Figure
1H). Furthermore, unlike the controls, MKO mice showed a
decline in grip strength and a higher drop rate in the wire
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Figure 1 MKO mice show impairment in OxPhos and deterioration in physical performance. (A,B) Representative western blots and band density mea-
surements for OxPhos complex subunits and CRIF1 in the EDL and gastrocnemius of chow-fed control and MKO mice at 14 weeks of age; n = 3. (C)
Representative blots showing BN-PAGE of the assembled OxPhos complex in EDL and gastrocnemius from chow-fed control and MKO mice at 14 weeks
of age. (D) Transverse EDL sections were stained histochemically for SDH to identify oxidative muscle fibres at 14 weeks of age. Scale bar, 100 um. (E)
Quantification of unstained fibres in the EDL of controls and MKO mice at 14 weeks of age; n = 5. (F) Cross-sections of the EDL and TA muscle from 10-
week-old control and MKO mice were subjected to immunohistochemical staining for MyHC2b (red) and laminin (green). Scale bar, 100 um. (G) Rel-
ative expression of mRNA encoding genes related to mitochondrial stress response from EDL in 14-week-old control and MKO mice; n = 4. (H) Latency
to fall in rotarod test at 0.00336 g; n = 7. (/) Forelimb grip strength and time to fall in the wire hanging assay for control and MKO mice; n = 10. (J) Grip
strength normalized to the body weight of control and MKO mice; n = 10. Data are expressed as the mean + standard error of the mean. Statistical
significance was analysed by unpaired t-tests. *, P < 0.05 and **, P < 0.01 compared with the indicated group.

hanging test at 13 weeks of age (Figure 11 and 1J). Collec-
tively, these findings indicate that CrifZ deficiency not only
adversely affects mitochondrial OxPhos function but also re-
duces muscle strength and endurance in mice.

Mitochondrial oxidative phosphorylation
dysfunction in muscle leads to low bone mass in
mice

Loss of muscle mass and function is closely associated with
increased bone loss and fracture incidence. Thus, to examine
the link between mitochondria in skeletal muscle and bone

mass, we investigated bone mass and BMD of control and
MKO mice (aged 14 weeks) fed a normal chow diet
(Figure 2A and Figure S2A). Femurs from MKO mice showed
a decrease in the number of trabeculae (Th.N), trabecular
bone volume/total volume (Th.BV/TV), and trabecular thick-
ness (Th.Th.), all of which are associated with an increase in
trabecular separation (Tb.Sp.). With respect to cortical bone,
MKO mice also showed a decrease in cortical volume (Ct.V),
although cortical thickness (Ct.Th) was not significantly differ-
ent from that in controls (Figure 2B and 2C). Quantification
and statistical analysis of the bone phenotypes characterized
by micro-computed tomography (CT) are shown in Figure 2C
and Figure S2B.
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Figure 2 Mitochondrial stress response in skeletal muscle promotes lower bone mass compared with wild-type control. (A,B) Representative images
of micro-CT of cortical and trabecular regions in the distal femur from control and MKO mice at 14 weeks of age. (C) Measurement of Th.Th., trabecular
number (Tb.N.), BV/TV, BS/TV, BS/BV, cortical volume (Ct.V.), Tb.Sp., and total bone volume (TBV) using micro-CT analysis. (D,E) Von Kossa staining of
undecalcified sections of vertebrae and femurs of control and MKO mice at 14 weeks of age. Scale bars, 250 um. (F) TRAP staining to reveal osteoclasts.
Scale bars: 100 um. (G) The number of osteoclasts per bone perimeter [N.Oc/B.Pm (N/mm)] is indicated. (H) Histomorphometric analysis of calcein/
alizarin red double-stained sections was conducted to quantify bone formation in vertebrae; n = 5 per group. Green indicates calcein, and red indicates
alizarin red. (/) Measurement of endocortical MAR and MS/BS (%) of vertebrae in control and MKO mice. (J) Serum levels of PINP and CTX in 14-week-
old control and MKO mice; n = 7. Data are expressed as the mean + standard error of the mean. Statistical significance was analysed by unpaired t-

tests. *, P < 0.05 and **, P < 0.01 compared with the indicated group.

Bone histomorphometry verified that MKO mice devel-
oped a low bone mass phenotype in cortical and trabecular
bone, as shown by von Kossa staining (Figure 2D and 2E
and Figure S2C and S2D), but they showed a high number
of osteoclasts per bone surface, as indicated by
TRAP-stained sections of tibia (Figure 2F and 2G). The bone
eroded surfaces and the osteoclast surface per bone surface
were also significantly increased in the MKO mice (Figure
S2E and S2F). Next, to quantify the extent of increased oste-
oblast activity, calcein and alizarin red were sequentially
given to control and MKO mice 3 and 8 days prior to sacrifice.
Analysis of undecalcified, unstained sections showed no nota-
ble difference in vertebral bone formation rates between

control and MKO mice (Figure 2H and 2l). Additionally, mea-
surement of the serum level of procollagen type | N-terminal
propeptide (PINP), a marker for bone formation, and of
C-terminal telopeptide of collagen (CTX), a marker for bone
resorption, indicated no significant change in bone formation,
but higher bone resorption in MKO mice than in controls
(Figure 2J). To exclude the effect of other endocrine hor-
mones on bone loss, we checked the serum levels of parathy-
roid hormone, testosterone, thyroxine, and triiodothyronine
in the control and MKO mice at 14 weeks of age. There was
no significant difference in the serum level of each of these
hormones between the control and MKO mice (Figure
S3A-S3D). Taken together, these data provide direct evidence
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that lower mitochondrial OxPhos-mediated muscle dysfunc-
tion in MKO mice results in reduced bone mass compared
with controls and that this occurs via activation of
osteoclasts.

Low bone mass in MKO mice is independent of
FGF21

The phenotypic changes observed so far suggested that
MKO mice express circulating factors involved in signalling
from muscle to bone. Therefore, to study the effects of
muscular mitochondrial dysfunction-induced secretory fac-
tors on low bone mass in MKO mice, we performed RNA
sequencing of EDL transcripts from control and MKO mice,
focusing on genes encoding secreted proteins. A large num-
ber of transcripts were altered in the EDL from MKO mice
(Figure S4A and S4B). In particular, we found that the ex-
pression of Fgf21, which is known as a potent regulator
of skeletal homeostasis, was much higher in the EDL of
MKO mice than in that of the controls (Figure S4B-S4D).
As shown in Figure SAE, the serum levels of FGF21 were
also markedly elevated in the MKO mice.

Next, to investigate the role of FGF21 on the skeletal phe-
notype in MKO mice, we generated global Fgf2Z knockout
mice and MKO mice with global Fgf27 deletion (MFKO), both
on a C57BL/6J background (Figure S4F and S4G). Analysis of
femurs by micro-CT revealed that cortical thickness, Th.Th.,
and trabecular number were markedly lower in MKO mice
compared with the controls, but global Fgf27 knockout did
not have any effect on the bone phenotype of WT control
or MKO mice at 14 weeks of age (Figure S5A and S5B). These
findings suggest that a reduction of BMD in MKO mice is
independent of FGF21 production caused by muscular
mitochondrial OxPhos dysfunction.

MKO mice exhibit inflammatory responses in the
bone marrow

In the next set of experiments, we asked whether mitochon-
drial OxPhos dysfunction in muscle affects BM inflammation,
which is an important factor for instigating bone resorption.
To address this issue, we investigated the expression of
proinflammatory cytokines in the BM cells from control and
MKO mice. The expression of Tnf, Rankl, Rorat, and Il17a
was significantly increased in the BM from MKO mice com-
pared with the controls (Figure 3A). Seeking further evidence
in support of the concept that mitochondrial OxPhos dysfunc-
tion in skeletal muscle induces inflammation in BM, we
measured the populations of diverse T-cells in the BM from
control and MKO mice using flow cytometry analysis. We
found that at 14 weeks of age, mature CD3" T-cells were
markedly elevated in the BM from MKO mice compared with

those from the controls (Figure 3B and 3C). Moreover, the
population of TNF-o-producing CD4* and CD8" T-cells was
significantly larger in the BM of MKO mice (Figure 3D-3F).
The populations of CD44'TNF-o" and CD44°IL-17A" cells
among the CD4* and CD8" T-cells in the BM of MKO mice
were also larger (Figure 3G and 3H). However, there was no
difference in the size of the BM CD4*CD25Foxp3* regulatory
T-cell populations between control and MKO mice (Figure 3l).
Furthermore, to exclude systemic inflammation underlying
low bone mass in MKO mice, we measured TNF-o. and
IL-17A production in CD4* T-cells from the spleen of control
and MKO mice at 14 weeks of age. The expression of proin-
flammatory cytokines by CD4" T-cells was not different in
the spleens of control and MKO mice (Figure 3J-3L). In addi-
tion, there was no notable difference in the serum level of
TNF-a or IL-17A between control and MKO mice at 14 weeks
of age (Figure S6A). Thus, these data revealed that the mus-
cular mitochondrial dysfunction-mediated reduction of bone
mass observed in MKO mice was associated with BM inflam-
mation rather than with a systemic inflammatory response.

MKO mice show adipogenesis and an
inflammatory response in the bone marrow

Based on the results from the flow cytometry analysis of the
BM of control and MKO mice, we further investigated the
transcripts of whole BM cells using RNA sequencing. Macro-
scopic analyses showed that the long bones dissected from
MKO mice were more reddish than those of the controls. This
is because the colour of the BM is visible in MKO mice due to
cortical thinning or reduced cortical BMD (Figure 4A). After
Oil Red O staining, we also discovered a higher number of
adipocytes in the BM of MKO mice (Figure 4B and Figure
S6B). Thus, we conducted RNA sequencing to identify genes
in BM cells differentially expressed between control and
MKO mice at 14 weeks of age. Enrichment analysis with
Network2Canvas revealed that genes associated with myopa-
thy, osteoporosis, signalling in the immune system, T-cells,
and IL-12 and IL-17 pathways were enriched in the BM cells
from MKO mice (Figure 4C and Figure S7A and S7B). More-
over, gene set enrichment analysis (GSEA) indicated that the
gene sets involved in adipogenesis or adipocyte maturation
were enriched in the BM cells of MKO mice compared with
the controls (Figure 4D and 4E). In addition, consistent with
the long bones appearing more reddish in MKO mice, genes
related to T-cell activation and co-stimulation were markedly
increased in the BM cells of MKO mice, which may be closely
associated with the observed BM inflammation and de-
creased bone mass (Figure 4F and 4G). A volcano plot based
on differential expression and statistical significance of the
difference showed that, in addition to that of the
adipogenesis and T-cell activation gene sets, expression of
Cxcl12 as well as of Fabp4, Adipog, and Cd3e was also
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changed in the BM cells of MKO mice (Figure 4H). We also
found that CXCL12 protein expression was higher in the
PDGFRB*VCAM-1* stromal cells (CXCL12-rich cells) among
BM cells from MKO mice using flow cytometry analysis
(Figure 41 and Figure S7C). Furthermore, we searched genes
potentially associated with CxclZ2 by applying Gene-Module
Association Determination (G-MAD) to mouse expression
data sets using GeneBridge tools.*® As a result, genes anno-
tated in the inflammatory response and T-cell activation
functional clusters were strongly enriched (Figure S7D). These
results implicate the distinct effects of muscular mitochondrial
dysfunction on BM inflammation and low bone mass in mice.

Recombinant CXCL12 activates osteoclasts and
promotes T-cell activation in vitro

The abundant expression of CXCL12 in reticular cells associ-
ated with the perivascular niches of the BM suggests that

CXCL12 may have cell type-specific roles in BM-resident cells.
Therefore, to determine the effect of BM-derived CXCL12 on
regulation of bone homeostasis, we treated a variety of BM
niche-resident cells with recombinant CXCL12. Treatment
with recombinant CXCL12 during BM-derived osteoclast dif-
ferentiation increased expression of mMRNA transcripts
encoding osteoclast-specific genes (Figure 5A). TRAP staining
showed that the number of TRAP-positive multinucleated
cells increased after treatment with recombinant CXCL12
(Figure 5B and 5C). Although recombinant CXCL12 increased
expression of RUNX2 modestly in pre-osteoblastic MC2T3-
E1 cells (Figure 5D), neither expression of genes related to os-
teogenic differentiation nor the number of alkaline
phosphatase-stained cells changed markedly (Figure 5E and
5F). Next, to determine whether the inflammatory response
in the BM of MKO mice is dependent on the level of CXCL12,
we treated BM immune cells with recombinant CXCL12
in vitro. We found that CXCL12 increased the percentages
of TNF-a-producing BM CD4* and CD8" T-cells (Figure 5G-5I).

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1785-1799
DOI: 10.1002/jcsm.12975



1792

J. Tian et al.

(A)

Control

MKO

(B)

Control

©

MKO

OMIM Di:

Myopathy Y )
[ J

e
A./'gnaln-n
Mmmune system

I8 oo

Osteoporosis

Integrin cell surface

interaction
(D) (F)
Z score T cell activation
Enrichment plot: ADIPOGENESIS Enrichment plot: T_ACTIVATION
— — e wo
- _ _ stat3 o Casbt . N 2]u ’ lue= 0.001
inal p-value= 0.
Adipogenesis g:zzz’ = Cdse FDRIglue= 0.001
Cebpa e
Srebft m cde3
Smad3 Ca4
|/Tgfbr2 ‘ ‘ ‘ |‘ Ccd247
I Adipog
g%’rg - oz (G) Costimulators
Tom3 I coz
Icos
Control MKO
(E) (H) (I) CD45-Ter119-CD31-Scat
Agpalz 4 A -1el i ~oeatl”
Adipocyte maturation VCAM-1*PDGFRB* cells
Stat5b
I/ 1 Isotype
Cebpa 03] o 24
|_ fre;bﬂ :_:v B 0 Control
o wld > B
Forot y ‘ ‘ H ‘ a 17 £ 0 wko
8 3
|‘ Pparg M e g’ 8 B
Plin1 - = 0.5 1
Medag P - b
Control MKO T ] 0.25 . . . . L
4 -2 0 2 4 cxc|_12 ﬁ

Fold changes (log,)

Figure 4 Transcriptome analysis shows adipogenesis and inflammatory response in the BM of MKO mice. (A) Femur and tibia of a 14-week-old control
and MKO mouse. BM is more visible through the thin cortical bone of MKO mice. (B) A transverse section of femur from a 14-week-old control and
MKO mouse stained with Oil Red O. Adipocyte-rich BM (arrowhead) are visible in the MKO femur. (C) Using RNA sequencing data, genes that were
significantly up-regulated in the BM cells of control and MKO mice were analysed for gene-list enrichment with gene set libraries created from Level
4 of the MGI mouse phenotype ontology using Network2Canvas. (D-G) The diagram shows the results of gene set (adipogenesis, adipocyte matura-
tion, T-cell activation, and co-stimulators) enrichment analysis, including the enrichment scores. (H) Volcano plot based on the differential expression
and significance of the differences in the data from RNA sequencing of BM cells of control and MKO mice at 14 weeks of age. Red dots represent genes
associated with adipogenesis and T-cell activation with a P-value < 0.05 and a fold change > 1 log2. (1) In the flow cytometry analysis, total BM cells
were gated on a population negative for CD45, Ter119, CD31, and Scal and positive for VCAM and PDGFRp, the phenotype of CXCL12-abundant re-
ticular cells. Intracellular levels of CXCL12 are shown as amount of protein in CAR cells in the BM of MKO mice relative to CAR cells in the BM of the

controls at 14 weeks of age, n = 4 mice/genotype. Scale bars: 2 mm (A) and 100 pm (B).

CXCR4 antagonism attenuates bone marrow
inflammation in MKO mice

CXCL12 is also strongly expressed in reticular cells located ad-
jacent to sinusoids in BM, which express adiponectin and are
targetable with an adiponectin-Cre transgene.® In addition,
differentiated adipocytes induce CXCL12 secretion, which re-
cruits proinflammatory macrophages into the adipose tissue
of diet-induced obese mice.?® The chemokine CXCL12 binds
primarily to CXCR4, leading to activation of intracellular sig-
nalling in multiple cell types including lymphocytes.>* More-
over, the CXCL12—CXCR4 axis is involved in many physiologi-
cal and pathological processes.?’ Thus, we asked whether
migration of CXCR4" immune cells to the MKO mouse BM

contributes to the inflammatory response and proinflamma-
tory cytokine production therein. As shown in Figure 6A,
G-MAD revealed that genes annotated in the inflammatory
response and T-cell activation functional clusters were
strongly enriched. Next, to reveal the function of the
CXCL12-CXCR4 axis on BM inflammation, we administered
the CXCR4 receptor antagonist AMD3100 (5 mg/kg/day) in-
traperitoneally to 10-week-old control and MKO mice for
3 weeks. To determine whether AMD3100 can reduce infil-
tration of proinflammatory immune cells into the BM of
MKO mice, we performed flow cytometry analysis to evaluate
the proportions of diverse types of immune cells in the BM.
AMD3100 induced a significant decrease in CD3* T-cells of
the BM in MKO mice, but it caused little change in the popu-
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script levels of osteoclast-specific genes in differentiated osteoclasts trea

ted with or without recombinant CXCL12 (5 ng/mL). (B) TRAP staining of os-

teoclasts. Scale bars: 100 um. (C) The number of TRAP-positive multinucleated cells was counted. (D) Representative western blots and band density of
RUNX2 in MC3T3-E1 cells treated with or without recombinant CXCL12 (5 ng/mL). (E, F) MC3T3-E1 cells treated with or without recombinant CXCL12
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with the indicated group.

lations of BM CD4" and CD8" T-cells in either WT or MKO
mice (Figure 6B and Figure S8A). Moreover, the production
of proinflammatory cytokines including IFN-y, TNF-a, and IL-
17A in CD4" and CD8" T-cells by BM cells was significantly re-
duced in the MKO mice treated with AMD3100 (Figure

S8B-S8E). Additionally, the expression of proinflammatory cy-
tokines by the effector CD4" and CD8" T-cells was signifi-
cantly decreased in the BM cells from MKO mice treated with
AMD3100 (Figure 6C—-6H and Figure S8F). These data indicate
that CXCR4 antagonism attenuates BM infiltration by inflam-
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significance was analysed by one-way ANOVA.

matory T-cells in the MKO mouse model of muscular mito-
chondrial dysfunction.

Treatment with CXCR4 antagonists partially
increases bone mass in MKO mice

To investigate the effect of CXCR4 antagonism on bone mass
in MKO mice, micro-CT analysis was conducted to assess
BMD, BV, and cortical and trabecular bone architecture in
the control and MKO mice treated with or without
AMD3100. Consistent with previous results, MKO mice

showed lower cortical and trabecular BV, BMD,
trabecular number, and Th.Th. compared with the controls
(Figure 7A=7C). Intriguingly, AMD3100 significantly increased
cortical and trabecular BV, trabecular number, and cortical
bone area fraction in MKO mice but not in the controls
(Figure 7A-7C and Figure S9A and S9B), without any changes
in markers indicative of liver injury or perturbed lipid
metabolism (Figure S9C-S9F). Taken together, these findings
demonstrate that the CXCL12—-CXCR4 axis is important for
the BM inflammatory response and bone mass in the MKO
mouse model with muscle dysfunction caused by reduced
mitochondrial OxPhos.
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Stronger inflammatory response in the bone
marrow of hip fracture patients with low body
mass index

Muscle mitochondrial impairment is an important contribu-
tor to age-related frailty in humans. It is also well known that
body mass index (BMI) shows a positive correlation with
muscle strength and mass in humans.?? As shown in Figure
S10A, grip strength was significantly lower in hip fracture pa-
tients with lower BMI compared with age-matched and
gender-matched control subjects (Table S1). Consistent with
these data, we found that the vastus lateralis muscle of pa-
tients with a lower BMI showed markedly lower expression
of mitochondrial OxPhos complex subunits, including
complex | (NDUF8), Il (SDHA), Ill (UQCRC2), and V (ATP5A),
than that in patients with a normal BMI (Figure 8A and 8B).
However, BN-PAGE analysis revealed no significant differ-
ences in assembly of OxPhos complexes in the vastus lateralis
muscle of patients with a lower BMI or a normal BMI (Figure
S10B). Next, we investigated the immunophenotype of T-cells
in the BM of hip fracture patients with lower or normal BMI.
To compare the different subsets of T-cells in the BM of pa-
tients with a lower BMI with those with a normal BMI, we
evaluated the frequency of CD4" and CD8" BM T-cells ex-
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pressing naive/memory markers (CD45RA*/RO"). The pa-
tients with lower BMI had larger and smaller populations of
CD8" T-cells and CD4" T-cells, respectively (Figure S10C). In
the subset analysis of CD4" and CD8" T-cells, in both popula-
tions, the proportion of CD45RA~CD45RO* memory T-cells
was significantly increased, while that of CD45RA"CD45RO™
naive T-cells was decreased in patients with lower BMI
(Figure 8C and 8D and Figure S10D and S10E). Similar to
the role of T-cell senescence in chronic inflammatory
conditions,?® the population of BM CD57" senescent CD4*
and CD8" T-cells was also larger in the patients with lower
BMI (Figure 8E and 8F and Figure S10F). Furthermore, the
expression of bone resorptive cytokines, including TNF-a
and IL-17A, was markedly increased in the BM CD4" and
CD8" T-cells of patients with lower BMI (Figure 8G—8l). The
expression of inflammation-related genes including CXCL12,
CD44, TNF, and IL17A was also higher in the BM of patients
with lower BMI (Figure S10G-S10J). Consistent with MKO
mice, serum levels of FGF21 and growth differentiation factor
15 (GDF15) tended to be higher in patients with a lower BMI
(Figure S11A and S11B). Collectively, these data suggest that
lower BMI and muscle function predict a larger population
of proinflammatory and cytotoxic senescent T-cells in the
BM of patients with hip fracture.
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P < 0.01 compared with the indicated group. DW, distilled water.
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Figure 8 Immunophenotyping of BM T-cells in patients with hip fracture according to BMI. (A) Representative western blots of OxPhos complex sub-
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Discussion

In the present work, we investigated the impact of the
mitoribosomal function in skeletal muscle on the mainte-
nance of bone mass in mice. Our observations indicate that
lower mitochondrial OxPhos function characterizes a reduc-
tion in muscle mass and physical activity, which contribute
to the bone fragility of MKO mice. In addition, we report that
mitochondrial stress in skeletal muscle induces BM inflamma-
tion, wherein the CXCL12—-CXCR4 axis is involved in the migra-

tion and activation of T-cells. Antagonism of CXCR4 increased
bone mass in the MKO mouse model with muscular mito-
chondrial dysfunction via attenuation of BM inflammation.
Mitochondria are important organelles regulating critical
cellular processes in the physiology and pathology of skeletal
muscle. Consistent with this, our mouse model harbouring
skeletal muscle-specific mitoribosomal defects showed lower
muscle mass and worse physical performance (Figure 1),
making it suitable for use as a model of muscle atrophy.
Moreover, it has been suggested that appendicular muscle
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mass and strength are closely associated with BMD.?* In line
with this report, we have demonstrated that MKO mice also
exhibit lower bone mass, as well as a reduction in cortical
and trabecular BMD (Figure 2). Previous reports also indicate
a positive correlation between bone mass and the mass and
function of skeletal muscle, which may be due to reduced
physical loading or a diminished response to loading. How-
ever, the biological mechanism underlying loss of bone mass,
and fragility due to muscle dysfunction, has not yet been elu-
cidated. To this end, in the current study, we showed through
an osteoimmunologic analysis of MKO mice that
BM inflammation plays an essential role in muscle
dysfunction-induced low bone mass and structural deteriora-
tion of bone tissue. Thus, it is possible that the improvement
of muscle mitochondrial function by exercise training and/or
diet may enhance bone mass and quality.

Inflammation is regarded as playing a causal role in bone
loss in humans and mice with sex steroid deprivation.
TNF-0-producing T-cells are increased in the BM of mice
and humans through natural or surgical menopause, contrib-
uting to bone loss and fragility.>® In addition, oestrogen
deficiency induces high levels of serum IL-17 and promotes
Th17 cell differentiation in ovariectomized mice.?” IL-17 is
increased in patients with primary hyperparathyroidism
and also mediates parathyroid hormone-induced bone
loss.*® Moreover, systemic inflammation caused by sepsis
produces osteoblast ablation and bone loss without any
change in osteoclast function.?® In the current work, we
show that, in MKO mice, muscular mitochondrial OxPhos
dysfunction induces an increase in TNF-a-producing and
IL-17A-producing T-cells of the BM. The hip fracture patients
with a markedly lower BMI also exhibited a higher inflam-
matory response, as measured by proinflammatory cytokine
production, in the BM. Collectively, the present findings indi-
cate that BM inflammation is required for loss of muscle
mass and function-mediated reduction of bone mass and
fragility.

CXCR4 stimulates signal transduction for T-cell chemotaxis
and gene expression via association with the T-cell
receptor.3® CXCR4 is required for the migration of pathogenic
CD4" and CD8" T-cells to the BM in a mouse model of aplastic
anaemia.?! In addition, CXCR4 overexpression by CD8" T-cells
increases their migration towards the BM micro-environ-
ment, leading to memory T-cell differentiation and produc-
tion of effector cytokines including IFN-y, TNF-a, and IL-2.3?
Adoptively transferred central memory T-cells accumulated
more efficiently in BM cavities via their higher level of CXCR4
expression compared with naive and effector T-cells.>® One
of the most prominent features of the present work is the ob-
servation that CXCR4 antagonism protected MKO mice
against BM inflammation and increased bone mass. Consis-
tent with these findings, the CXCR4 antagonist AMD3100
has been shown to improve ovariectomy-induced bone loss
by facilitating mobilization of haematopoietic progenitor

cells.>* Moreover, treatment with vascular endothelial
growth factor and AMD3100 can mobilize mesenchymal stem
cells towards fracture healing, leading to bone formation in a
delayed union osteotomy model.3> CXCL12, a major ligand for
CXCR4, is not only linked to the severity of postmenopausal
osteoporosis®® but also acts as a proinflammatory factor dur-
ing progression of collagen-induced osteoarthritis by
attracting inflammatory cells to joints and by activating
osteoclasts.?” On the other hand, genetic disruption of CXCR4
enhances osteoclastogenesis and leads to increased
osteolytic tumour growth in bone.3® Discrepancies in findings
between different studies could be attributed to the use of
different mouse or disease models and/or to the distinct role
of CXCR4 in many different kinds of cell. Therefore, further
investigation is required to establish the role of CXCR4 in
the diverse context of bone loss using a cell type-specific
Cxcr4 knockout mouse model.

In this study, we analysed two kinds of RNA sequencing
data derived from EDL muscle and whole BM cells from con-
trol and MKO mice. We observed that mitochondrial stress
via OxPhos dysfunction increases local expression and serum
levels of FGF21, which do not have any effects on bone mass
and quality in MKO mice (Figures S4 and S5). On the other
hand, GSEA indicated that BM cells from MKO mice showed
prominent expression differences in inflammatory response
and adipogenesis gene sets compared with the controls
(Figure 4). Ectopic fat, defined as storage of triglyceride in tis-
sues other than adipose tissue, is associated with metabolic
deterioration in humans as well as rodents. Although the
pathogenesis of ectopic fat deposition is largely unknown,
free fatty acids released by adipocyte hypertrophy and in-
flammatory response are important in the development of
ectopic fat-induced organ dysfunction in liver, skeletal mus-
cle, and heart.® Excessive fat deposition in non-adipose tis-
sues recruits immune cells including macrophages and acti-
vated T-cells, thereby promoting chronic inflammation in
the metabolic organs.*® The BM is also susceptible to fat de-
position through anorexia nervosa or weight loss surgery.***?
Although multiple studies have investigated ectopic adipo-
cyte accumulation in BM cavities, our understanding of its
role in the inflammatory response in BM is incomplete. Ec-
topic fat accumulation in BM is associated with activation
of immune cells and bone loss.*® Taken together, these data
suggest that muscular mitochondrial dysfunction-mediated
bone loss is, at least partially, caused by the changes in the
BM micro-environment.

In conclusion, mitochondrial OxPhos function in skeletal
muscles play a pivotal role in the regulation of BM inflamma-
tion and bone loss in mice. Inhibition of BM inflammation by
a CXCR4 antagonist increases bone mass in a mouse model
with muscle mitochondrial dysfunction. However, the human
relevance of muscular mitochondrial OxPhos dysfunction and
BM inflammation in the regulation of skeletal homeostasis
needs to be clarified.
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