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Age-related and chemotherapy-induced bone loss depends on
cellular senescence and the cell secretory phenotype. However,
the factors secreted in the senescent microenvironment that
contribute to bone loss remain elusive. Here, we report a cen-
tral role for the inflammatory alternative complement system
in skeletal bone loss. Through transcriptomic analysis of
bone samples, we identified complement factor D, a rate-
limiting factor of the alternative pathway of complement,
which is among the most responsive factors to chemotherapy
or estrogen deficiency. We show that osteoblasts and osteocytes
are major inducers of complement activation, while monocytes
and osteoclasts are their primary targets. Genetic deletion of
C5ar1, the receptor of the anaphylatoxin C5a, or treatment
with a C5AR1 inhibitor reduced monocyte chemotaxis and
osteoclast differentiation. Moreover, genetic deficiency or inhi-
bition of C5AR1 partially prevented bone loss and osteoclasto-
genesis upon chemotherapy or ovariectomy. Altogether, these
lines of evidence support the idea that inhibition of alternative
complement pathways may have some therapeutic benefit in
osteopenic disorders.

INTRODUCTION
Bone is remodeled constantly throughout life depending on a delicate
balance between osteoclastic resorption and osteoblastic new bone
formation. Deregulation of this process causes deterioration of bone
composition, structure, and function, leading to pathological states
such as osteoporosis. The increasing human lifespan is having an
important social, medical, and economic impact related to late-in-
life chronic diseases, such as age-related bone loss and osteoporosis.1

Osteoporosis is triggered by various types of internal and external
cellular stressors such as aging, hormone deficiency, inflammation,
and exposure to radiation and genotoxic drugs. Most, if not all,
converge to cause bone cells to enter the senescence program.2,3

Cells become senescent as a consequence of low-grade accumulated
damage, which causes stable cell-cycle arrest.4 Cellular senescence is
defined as one of the hallmarks of aging, since the number of senes-
cent cells increases with age.5 Moreover, transplantation of small
numbers of senescent cells has been proven sufficient to induce phys-
ical dysfunction in young mice, whereas senolytics improve physical
function and increase lifespan in old mice.6 Osteocytes are the
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longest-lived cells in bone, living more than 20 years; hence they
are more likely to accumulate molecular damage over time.7,8 In a
seminal study, Farr et al. reported that eliminating senescent cells
in 22-month-old mice improved their bone mass and strength and re-
sulted in better bone microarchitecture.9 Recently, it has been shown
that intrinsic aging of skeletal stem cells promotes bone loss by estab-
lishing a local pro-inflammatory niche.10 Interestingly, exposure to
youthful circulation through parabiosis did not improve bone loss
in an aging model.10 In addition, growing evidence suggests that
conditioned medium (CM) from local senescent cells impairs
osteoblast mineralization and increases osteoclast progenitor survival,
promoting osteoclastogenesis.5,11 Therefore, senescent cells are now
thought to mediate important aspects of age-related and chemo-
therapy-induced bone loss.11

Senescent cells produce inflammatory cytokines, chemokines, and
matrix-degrading molecules, collectively known as the senescence-
associated secretory phenotype (SASP), which have important detri-
mental effects on the tissue microenvironment and establish a state of
chronic low-grade inflammation.12,13 Accordingly, amajor analysis of
whole-organism gene expression dynamics during aging identified a
consistent increase in inflammatory and immune response genes.14

A number of cytokines, including CSF1 and RANKL, have been
implicated in senescence-induced bone loss.10,15 However, the exact
mechanisms and molecules involved by which senescent cells and
SASP alter bone remodeling remains elusive. On this basis, we hy-
pothesize that the generation of senescent cells, and their associated
SASP, impacts on the function of bone cells through paracrine and
cell-autonomous mechanisms, leading to loss of bone homeostasis.

In this study, we identified increased expression of complement factor
D (Cfd), a rate-limiting factor in the alternative pathway of the com-
plement system, as being one of the most responsive factors to osteo-
penic triggers such as chemotherapy or estrogen deficiency. Although
the complement system is essential for innate immune responses,
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locally activated complement can contribute to disease development
and progression.16 We present both genetic and pharmacologic evi-
dence showing the causal role of activation of the alternative comple-
ment pathway in the recruitment and activation of osteoclasts and
consequent impairment of skeletal health.

RESULTS
Chemotherapy-induced senescence leads to bone loss

To study the effects of senescence in chemotherapy-induced bone
loss, we established a mouse model by administration of a single
intraperitoneal dose of 10 mg/kg of doxorubicin (DoxoR). DoxoR
is an anthracycline agent used to treat several types of cancers
that induces DNA damage, promotes senescence, and has adverse
effects on bone density in patients.11,17,18 This dose is similar to
the one that human patients receive, and induces an antitumor
response but is far below the maximally tolerated dose in mice.18

We combined this treatment with the senolytic compound
ABT263 by daily oral administration of 50 mg/kg in 2 alternate
weeks (Figure 1A). ABT263 is a specific inhibitor of BCL-2 and
BCL-xL that selectively induces apoptosis of senescent cells.19

DoxoR induced a reduction in the weight of mice after 30 days,
whereas ABT263 treatment had no significant influence on mouse
weight (Figure S1A). Bone samples from the femur and tibia, en-
riched in osteoblasts and osteocytes by removal of the bone marrow,
were collected 30 days after DoxoR treatment. Consistent with the
induction of senescence in vivo, bone samples exhibited increased
mRNA levels of p21 (Cdkn1a), p16 (Cdkn2a), and the SASP compo-
nent Csf2 at 30 days after DoxoR treatment. Moreover, although it
did not modify basal expression, ABT263 partially prevented the in-
crease in mRNA of Cdkn1a, Cdkn2a, and Csf2, suggesting that
ABT263 can reduce the number of DoxoR-induced senescent
bone cells (Figure 1B).

We analyzed the bone microarchitecture at the tibial metaphysis and
mid-diaphysis by micro-computed tomography scanning (m-CT).
DoxoR-induced senescence led to impaired trabecular and cortical
bone architecture. DoxoR-treated mice presented lower cortical
bone volume associated with reduced cortical thickness, whereas
the bone perimeter around the midshaft was not affected (Figure 1C).
Moreover, tibiae also presented lower trabecular bone volumes, re-
sulting from a significantly lower trabecular number (Figure 1D).
Furthermore, ABT263 prevented all these osteopenic effects on
bone parameters to about the same extent that it prevented the
expression of senescent cell markers in bone samples (Figures 1B–
1D). Altogether, these data show that even a single DoxoR insult leads
to increased expression of senescence gene markers and permanent
bone loss.
Figure 1. Chemotherapy-induced senescence leads to bone loss

(A) Schematic representation of the DoxoR-induced senescence model. At day 0, 15-we

an entire week, starting at days 7 and 21, mice received ABT263 (50 mg/kg, daily oral g

and Csf2. RNA isolated from the tibiae and femurs of vehicle-, DoxoR-, ABT263-, and

resentation of cortical bone of tibiae measured by m-CT. n = 6–10. (D) Quantitative para

m-CT. n = 6–10. Data shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. One
Chemotherapy-induced senescence promotes osteoclast

function

We performed histomorphometric analysis of tibiae of mice treated
with DoxoR and/or ABT263. Osteoblast and osteocyte numbers were
not modified in any of the conditions. By contrast, tartrate-resistant
acid phosphatase (TRAP) staining showed that DoxoR almost doubled
the number of osteoclasts covering the bone surface. Again, treatment
with ABT263 did not modify osteoclast numbers in control mice but
reduced the increase in the number of osteoclasts in DoxoR-treated
mice (Figures 2A and S1B). qRT-PCR analysis of bones further
confirmed these data. The expression of the osteoblastic genes Runx2,
Osx/Sp7, and Col1a1 was not modified in any condition, whereas the
expression of the osteoclastic markers Mmp9, Ctsk (Cathepsin K),
and Acp5 (TRAP) was increased in bones from DoxoR-treated mice
and restored to control levels upon treatment withABT263 (Figure 2B).
An increase in bone marrow adipose tissue, due to disruption of the
equilibrium between adipogenesis and osteogenesis, has been observed
in pathological bone conditions, including aging, estrogen deficiency,
obesity, and diabetes.20,21 Therefore, we analyzed the number of adipo-
cytes in the bonemarrow and the expression of adipocytemarker genes
in the bonemarrow of our treated mice. The number of adipocytes and
the mRNA expression of Pparg, Cebpb, Fasn, Lipe, and Pnpla2 in the
bone marrow were not modified under any condition, suggesting
that, at least in adult mice (15 weeks old), enhanced adipogenesis
does not occur 30 days after DoxoR treatment (Figures 2C and S1C).

We also analyzed the effects of DoxoR-induced senescence on differ-
entiation and SASP induction in primary cultures of osteogenic cells.
DoxoR-induced senescence was characterized by complete prolifera-
tive cell arrest, increased cell size, and complexity, SA-b-galactosidase
staining and induction of SASP in primary bone marrow-derived
mesenchymal stem cells (BMMSCs) and osteocytes (Figures S2A–
S2F). The expression of the osteogenic markers Runx2 and Col1a1
and the adipogenic markers Cebpa and Pparg was lower in senescent
BMMSCs (Figure 2D). Similarly, DoxoR-induced senescent primary
osteocytes showed lower expression of Runx2, Osx/Sp7, and Col1a1
(Figure 2E). The trilineage differentiation potential of BMMSCs
was also assessed through colorimetric analysis by staining with aliz-
arin red (osteoblastic), oil red O (adipogenic), and Alcian blue (chon-
drogenic). In agreement with the gene expression results, induction of
senescence by DoxoR resulted in a lower differentiation potential of
BMMSCs to the three lineages (Figure S3A). These data suggest an
intrinsic cell-autonomous defect in the differentiation potential of
cultured senescent osteogenic cells.

Senescence-induced decoupling of bone formation and resorption
in vivo relies on SASP, since pharmacological blockade of SASP
ek-old mice received either vehicle or DoxoR (10 mg/kg, intraperitoneal DoxoR). For

avage) or vehicle 2. (B) qRT-PCR of senescence markers Cdkn1a, Cdkn2a, Il1a, Il6,

DoxoR + ABT263-treated mice. n = 4–6. (C) Quantitative parameters and 3D rep-

meters and 3D representation of the trabecular compartment of tibiae measured by

-way ANOVA.
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Figure 2. Chemotherapy-induced senescence

promotes osteoclast function

(A) Quantification of the number of osteoblasts per bone

surface (osteoblasts/mm) and osteocytes per cortical

bone area (osteocytes/mm2) from H&E-stained sections

of tibiae. The number of osteoclasts per trabecular bone

surface (osteoclasts/mm) was quantified from TRAP-

staining of tibiae. n = 4–6. (B) Gene expression of oste-

oblastic (Runx2, Sp7, and Col1a1) and osteoclastic

(Nfatc1, Mmp9, Ctsk, and Trap) markers quantified

through qRT-PCR from RNA isolated from bone (tibiae

and femur) devoid of bone marrow. n = 4–8. (C) Quanti-

fication of mRNA of adipogenic markers (Pparg, Cebpb,

Fasn, Lipe, and Pnpla2) from bone marrow. n = 4–6. (D

and E) qRT-PCR relative quantification of osteoblastic

(Runx2, Osx, and Col1a1) osteocytic (Dmp1 and Sost)

and adipogenic (Cebpa, Cebpb, and Pparg) markers

from control and senescent cells. Bone marrow

mesenchymal stromal cells (BMMSCs) and osteocytes

were treated for 24 h with 100 nM DoxoR and left

7 days to become fully senescent. n = 6–10. (F)

Gene expression of osteoblastic and adipogenic

markers. RNA was isolated from BMMSCs cultured

with conditioned medium from control or senescent

BMMSCs, respectively. n = 8–10. (G) Gene expression

of osteoclastic markers. RNA was isolated from

RAW264.7 cultured with conditioned medium from

control or senescent BMMSCs, respectively. n = 5–6.

Data shown as mean ± SEM. *p < 0.05, **p < 0.01,

***p < 0.001. (A–C) One-way ANOVA. (D–G) Student’s

t test.
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strongly reduces bone loss induced by aging or DoxoR.9,11 To test this
further, primary murine BMMSCs and RAW264.7 murine macro-
phage cells were exposed to CM collected from control or senescent
BMMSCs. We confirmed that exposure to CM from donor senescent
BMMSCs also promoted senescence in the recipient cells (a senes-
cence bystander effect22) (Figure S3B). In addition, senescent-cell
CM reduced the expression of the osteogenic genes Runx2, Osx/
2510 Molecular Therapy Vol. 31 No 8 August 2023
Sp7, and Col1a1 as well as the adipogenic genes
Cebpa and Pparg in recipient BMMSCs (Fig-
ure 2F). RAW264.7 macrophage cells cultured
in senescent-cell CM displayed a much lower
bystander effect than BMMSCs (Figure S3C).
More importantly, instead of impaired differen-
tiation, these cells expressed the osteoclastic
genes Mmp9, Ctsk, and Acp5 (Figure 2G).
Altogether, the evidence suggests that secreted
factors from senescent cells promote osteo-
clastic specification of precursors.

Expression of complement factor D is

induced by senescent bone cells upon

chemotherapy

To identify factors that are differentially secreted
by DoxoR-induced senescent bone cells, we per-
formed transcriptome analysis of bone samples. Tibiae and femur
samples, enriched in osteocytes and osteoblasts by removal of bone
marrow, were obtained 30 days following administration of a single
DoxoR dose. RNA sequencing (RNA-seq) analysis showed 31 pro-
tein-coding genes differentially expressed (FDR < 0.05) between con-
trol and DoxoR-treated mice (Figure 3A; Table S1). We found strong
enrichment of biological processes related to responses to chemical
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and external stimuli, immune responses, and interferon-responsive
genes (Figure 3B). Our results agree with previous data from models
related to senescence and aging.12,14,23 Gene set enrichment analysis
revealed that senescent bones had significantly increased innate
immune responses and bone resorption than control (Figure 3C).
Altogether, we focused onCfd as the best candidate gene as it (1) is up-
regulated in senescent bones, (2) encodes for a secreted protein, and
(3) is directly related to the innate immune system. Cfd is a secreted
serine protease essential for the initiation and amplification of the
alternative complement pathway.16 This is consistent with previous
findings showing that Cfd is highly expressed in osteocytes from the
tibia and femur.24 Moreover, a search of public databases indicated
that Cfd expression is increased in several senescent conditions,
such as osteoblast replicative senescence, MSCs from aged humans,
and natural aging of bone in mice (E-MTAB-1391)25 (Gene Expres-
sion Omnibus [GEO] accession no. GSE97311).26 In addition, Cfd
was found to be overexpressed in human skeletal pathological condi-
tions such as non-union fractures and osteoarthritis (GEO accession
no. GSE494).27 The complement system consists of three distinct
pathways that converge in the activation of proteases that finally
generate the anaphylatoxins C3a and C5a.28 Activation of the alterna-
tive pathway, the oldest evolutionary pathway of the system, is finely
tuned by the action of complement factor B (CFB) and the rate-
limiting protease CFD.16,29 Using qRT-PCR, we confirmed that Cfd
and Cfb expression was increased in the bone marrow-depleted bones
of mice treated with DoxoR (Figure 3D). These increases were
completely reverted in mice treated with the senolytic ABT263.
Expression of C3ar1 and C5ar1, the receptors of anaphylatoxins C3a
and C5a, displayed only minor, non-significant, increases in DoxoR-
treated mice. Since Cfb and Cfd might also be expressed in other cell
types of the bone microenvironment, we analyzed their expression
in the bone marrow of the same animals. The expression of Cfb,
Cfd,C3ar1, and C5ar1 remained unchanged upon DoxoR administra-
tion (Figure 3E). In addition, we analyzed the expression of Cfd, Cfb,
C3ar1, and C5ar1 in a different murine model of osteoporosis. Sixty
days after surgical ovariectomy (OVX), therewere also increased levels
of Cfd in the bones of these mice (Figure 3F). Altogether, these data
show higher expression ofCfd in bone cells under different osteopenic
conditions.

The complement system promotes monocyte migration and

osteoclastogenesis

Cells from the osteogenic lineage, mainly osteoblasts and osteocytes,
express higher levels of Cfd and Cfb than hematopoietic stem progen-
itor cells (HSPCs), BMMSCs, macrophages, osteoclasts, and endothe-
Figure 3. Expression of complement factor D is induced in bone cells upon ch

(A) Heatmap analysis of the genes differentially expressed between control and Doxo

performed by g.profiler of upregulated genes in DoxoR mice. Most enriched biologica

starting from the ranked gene list. Significant enrichment score curves, the normalized

(Cfd, Cfb, C3ar1, and C5ar1) in mRNA isolated from the tibiae and femurs of contro

complement genes in RNA isolated from bone marrow of control, ABT263-, DoxoR-, a

plement genes from RNA isolated from bones of sham or ovariectomized (OVX) mice, 60

***p < 0.001. (D) One-way ANOVA.

2512 Molecular Therapy Vol. 31 No 8 August 2023
lial cells. Conversely, the C3a and C5a receptors C3ar1 and C5ar1 are
highly enriched in cultured macrophages and osteoclasts (Figure 4A).
The C5ar1 transcripts are almost 20-fold (in murine bone samples)
and 80-fold (in the bone marrow) more abundant than the C3ar1
transcripts, suggesting a higher dependency of monocyte/macro-
phage function on C5AR1 signaling (Figure 4B). Overall, the results
reveal that osteoblasts and osteocytes might be major modulators of
the complement pathway, while monocytes/macrophages and osteo-
clasts would be the primary target cells.

Next, we determined the functional responses of complement activa-
tion in cells of the bone microenvironment. Treatment of primary
HSPCs of the bone marrow with DoxoR, ABT263, or both, reduced
the number of colonies obtained from these cells (Figure S4A).
However, the analysis of their differentiation capacity using colony
formation unit assays in vitro showed no major changes in the ratios
of their progeny upon treatment with ABT263 and/or DoxoR (Fig-
ure S4B). Expression of the genes of the alternative complement sys-
tem after addition of DoxoR showed increased mRNA levels of Cfb,
C3ar1, and C5ar1 upon DoxoR addition that were not reverted by
ABT263 (Figure S4C). Treatment of BMMSCs with the anaphylatox-
ins C3a and C5a led to a decrease in the expression of the osteogenic
markers Runx2, Osx/Sp7, and Col1a1 when treated with C3a. Similar
experiments did not detect changes in the adipogenic expression
markers Pparg, Cebpb, or Fasn by either C3a or C5a (Figures S5A
and S5B). Moreover, treatment of primary osteocytes with C3a or
C5a did not modify their transcriptional program (Figure S5C). We
also investigated whether monocyte migration is affected by the ana-
phylatoxin C5a. Transwell assays showed that C5a efficiently acted as
a chemoattractant for THP1 monocytes, whereas a specific C5AR1
antagonist, PMX53,30 blocked their chemoattractive effect (Fig-
ure 4C). In monocytes, C5a signals through the mTOR/S6K and
ERK pathways and leads to increased phosphorylation of HSP27
(Figures 4D and S5D), which has been shown to be required for
monocyte migration and involved in osteoporosis.31,32 We also
analyzed the effect of C5a on primary monocytes isolated from
bone marrow. The addition of C5a did not significantly modify
monocyte proliferation or survival (Figure 4E) but increased the
expression levels of macrophage and osteoclast markers such as
Csf1r, Rank, Nfatc1, Mmp9, Ctsk, and Acp5 (Figure 4F). Similar
experiments in RAW264.7 macrophage cells demonstrated that
anaphylatoxins did not alter proliferation in the presence or absence
of osteoclastic differentiation upon treatment with RANKL for 1 week
(Figures S5E and S5G). More importantly, C5a increased the expres-
sion of osteoclastic markers when cells were cultured in the absence or
emotherapy

R-treated mice (n = 4; FDR < 0.05). (B) Gene ontology (GO) enrichment analysis

l processes are shown. (C) Genes set enrichment analysis (GSEA) was performed

enrichment score (NES), and FDR are shown. (D) Expression of complement genes

l, ABT263-, DoxoR-, or DoxoR + ABT263-treated mice. n = 4–8. (E) qRT-PCR of

nd DoxoR +ABT263-treated mice. n = 3–4. (F) mRNA relative expression of com-

days after surgery. n = 5–7. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01,
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presence of RANKL (Figures S5F and S5H). Altogether, our data sup-
port the idea that anaphylatoxin C5a acts as a chemoattractant for
monocytes and a promoter of osteoclastogenesis.

C5ar1 deficiency prevents bone loss induced by chemotherapy

or OVX

In view of our results, we hypothesized that blocking C5a signaling
could prevent bone loss induced by either DoxoR or estrogen defi-
ciency. To this end, we used C5ar1 knockout mice (C5ar1-KO) in a
DoxoR-induced osteopenic model. As shown previously, DoxoR
caused weight loss in control mice over a 30-day period. C5ar1-defi-
cient mice had lower basal weight than controls and developed
further weight reduction after DoxoR treatment (Figure S6A). As
shown above, DoxoR-treated control mice presented a lower cortical
bone volume (Figure S6B). Moreover, tibiae also presented a lower
trabecular bone volume resulting from a lower trabecular number
and thickness (Figure 5A). Deficiency in C5AR1 function partially
prevented the lower trabecular bone phenotype by decreasing the
deleterious effects of DoxoR on bone volume, trabecular number,
and number of osteoclasts bound to bone surfaces (Figures 5A, 5B,
and S6C). Gene expression analysis indicated that, after 30 days,
DoxoR treatment led to increased levels of Ctsk and Acp5 in bone
samples. However, although baseline levels of these genes were
similar between C5ar1-KO and control mice, DoxoR treatment was
unable to increase the expression of Ctsk and Acp5 mRNAs in
C5ar1-KO mice (Figure 5C). We also isolated monocytes from the
bone marrow of these mice and performed chemotactic assays
upon C5a stimulation. As expected, addition of C5a was chemoattrac-
tive for wild-type (WT) monocytes. However, WT monocytes
exposed to C5a upon addition of a C5AR1 antagonist (PMX53) or
monocytes from C5ar1-KO mice were refractory to C5a-induced
migration (Figure 5D). Moreover, primary bone marrow monocytes
from C5ar1-KO mice showed diminished osteoclastogenic potential,
as demonstrated by reduced expression of theMmp9, Ctsk, and Acp5
genes (Figure 5E). BMMSCs isolated from C5ar1-KO mice showed
similar differentiation potential to the osteoblastic lineage as the
WT BMMSCs, and lower differentiation potential to the adipogenic
or chondrogenic lineages than WT BMMSCs (Figure S7A).

We also analyzed the effects of C5ar1 deficiency in osteopenia
induced by OVX. OVX strongly induced weight gain in control
mice over a 60-day period. C5ar1-deficient mice had a lower mean
weight than controls and reduced weight gain after OVX (Figure S7B).
m-CT analysis indicated that cortical bone volume and thickness were
Figure 4. The complement system promotes monocyte migration and osteocla

(A) Normalized expression against Tbp expression (2�DCt) of complement genes (Cfd,Cfb

(OCy), hematopoietic stem progenitor cells (HSPCs), bone marrow-derived macrophag

relative expression against Tbp (2�DCt) of complement receptor genes (C3ar1 andC5ar1

THP1 cells toward mediumwithout FBS (control), mediumwithout FBS + 0.1 mg/mL of C

without FBS + 0.1 mg/mL C5a (PMX53 + C5a) was evaluated. After 2 h of migration, RFU

phosphoHSP27, phosphoERK, and the loading control b-actin of THP1 cells untreated

timeswith similar results. (E) Number of BM-Monocytes untreated or treated with 0.1 mg/

BM-Monocytes control or treated with 0.1 mg/mL C5a for 5 days. n = 4. Data are show
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reduced by OVX to the same extent in control and C5ar1-KO mice
(Figure 6A). Ovariectomizedmice also displayed decreased trabecular
bone mass due to a reduced number and thickness of trabeculae.
Interestingly, C5ar1 deficiency significantly prevented the loss of
trabecular bone mass and increased the number of trabeculae and
their thickness, compared with those in ovariectomized control
mice (Figure 6B). In female ovariectomized control mice there was
a slight, non-significant increase in osteoclast numbers compared
with control mice. This increase induced by OVX was absent in
ovariectomized C5ar1-KO mice (Figures 6C and S7C). Similar to
the results obtained from DoxoR-treated male KO mice, estrogen
deficiency was unable to increase the expression of Ctsk and Acp5/
TRAP mRNAs in C5ar1-KO female mice (Figure 6D).

Using pharmacological treatment of DoxoR-treated mice with the
C5AR1 antagonist PMX53, we also corroborated the findings
observed in C5ar1-KO mice. PMX53 is rapidly distributed in the
plasma but also has a fast elimination rate, which can be somewhat
improved by daily subcutaneous administration33 (Figure 7A). Daily
treatment with PMX53 did not produce significant changes in the
weight of either control or DoxoR-treated mice (Figure S8A). The
lower cortical bone volume and cortical thickness induced by DoxoR
were not improved by PMX53 treatment (Figure 7B). However,
PMX53 treatment partially prevented the reduction in trabecular
bone volume and trabecular number upon DoxoR administration
(Figure 7C). The remaining bone loss could arise from the involve-
ment of additional complement pathways (i.e., C3aR), additional in-
flammatory signals activated by DoxoR (as shown by enhanced
expression of genes involved in inflammatory responses in the
RNA-seq analysis [Figure 3B]), or from reduced activity of PMX53
due to its rapid pharmacokinetics in vivo.34 In any case, the increases
in the number of osteoclasts induced by DoxoR were completely
abrogated by PMX53 treatment (Figures 7D and S8B). This reduction
in the number of osteoclasts was confirmed through qRT-PCR anal-
ysis of bone samples. The increased expression of the osteoclastic
markers Mmp9 and Acp5/TRAP in DoxoR-treated mice was recov-
ered upon their treatment with PMX53 (Figure 7E). Altogether, these
data show that deficiency or inhibition of C5AR1 signaling prevents
bone loss by reducing monocyte recruitment and osteoclastogenesis
upon DoxoR treatment or estrogen deficiency in mice.

DISCUSSION
One in three women and at least one in six men will suffer an osteo-
porotic fracture in their lifetime. It is estimated that, in the European
stogenesis

,C3ar1, andC5ar1) fromprimary bone cells: BMMSCs, osteoblasts (OB), osteocytes

es (BMM), osteoclasts (OC), and endothelial cells (ECs). n = 6–10. (B) Normalized

) from bone (tibiae and femur) and bonemarrow (BM) cells. n = 4–6. (C) Chemotaxis of

5a (C5a), and THP1 cells pre-treated 30min with 0.9 mg/mL PMX53 towardmedium

(Ex/Em = 485/520 nm) was measured. n = 5–8. (D) Western blotting of phosphoS6,

or treated with PMX53 and/or C5a for 30 min. The experiment was performed three

mLC5a for 0, 24, or 48 h. n = 5–7. (F) Osteoclastic relative gene expression of primary

n as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA.
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Union alone, more than 23million men and women are at high risk of
osteoporotic fractures. Osteoporosis, and the 4.3 million fragility frac-
tures that it causes, costs the health care systems of Europe more than
V56 billion each year.35 Therefore, there is a need for new drugs that
lack side effects such as osteonecrosis of the jaw and atypical femur
fractures and capitalize on the emerging knowledge of bone biology.
Herein, we provide evidence that complement activation is a critical
mediator of monocyte recruitment and osteoclast specification, which
results in bone loss upon chemotherapy or estrogen deficiency.

A causal role of senescence in age-dependent bone loss has been estab-
lished through genetic and pharmacological approaches.9 Our data
broaden this concept to chemotherapy-induced bone loss, since we
showed that pharmacological depletion of DoxoR-induced senescent
cells improves bone health. In our model, all senescent cells of the
body are targeted by ABT263.19 However, although we cannot rule
out the involvement of additional cell types from the bone microenvi-
ronment, several lines of evidence point to senescent cells of
mesenchymal origin as the most likely culprits in the bone microenvi-
ronment. First, exposure to a youthful circulation through parabiosis
or reconstitution with young hematopoietic stem cells did not improve
bone loss in a murine aging model.10 Second, eliminating senescent
osteoclast progenitors while sparing senescent osteocytes has no effect
on age-associated bone loss.36 Third, osteocytes are the longest living
cells in bone and are thus more susceptible to accumulating damage
over time, which affects about 11% of senescent osteocytes with aging.37

The deleterious effects of senescent cells on bone rely on induction of
the SASP. Treatment of mice with pharmacological agents that sup-
press the SASP rescues bone health in a manner virtually identical
to senescent cell clearance.9,11,38 The SASP promotes an inflamma-
tory state, as demonstrated in our transcriptomic studies, where inter-
feron-responsive genes were highlighted among those highly induced
after 30 days of DoxoR administration. Increased expression of the
pro-inflammatory SASP acts on osteoblasts to impair their function,
reduces the number of MSCs, and shifts their differentiation toward
adipogenesis.10,20,39,40 However, in our model of DoxoR-induced
bone loss, we could not detect a decrease in the number of osteoblasts
or an increase in bone marrow adiposity, at least after 30 days of
DoxoR administration. As in most osteopenic conditions, we found
in our chemotherapy-induced senescence, as well as in estrogen
deficiency models, a major increase in osteoclast numbers on bone
surfaces. Although evidence regarding the role of senescence in
bone loss by estrogen deficiency is conflicting, estrogen deficiency is
Figure 5. C5ar1 deficiency partially prevented bone loss induced by chemothe

(A) Quantitative parameters and 3D representation of the trabecular compartment of tib

DoxoR experimental groups. n = 9–13. (B) Quantification of the number of osteob

(osteocytes/mm2) from H&E-stained sections of tibiae. The number of osteoclasts per tra

n = 4–6. (C) qRT-PCR of osteoblastic (Runx2,Osx, andCol1a1) and osteoclastic (Nfatc1,

DoxoR, C5aR1�/�, and C5aR1�/�/DoxoR experimental groups. n = 5–9. (D) Chemot

without FBS, medium without FBS + 0.1 mg/mL of C5a (C5a). Migration of WT monoc

0.1 mg/mL C5a was also evaluated n = 4–6. (E) qRT-PCR of osteoclastic gene expressi

primary WT and C5aR1�/� monocytes. n = 8–11. Data are shown as mean ± SEM. *p
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clearly associated with a pro-inflammatory state in the bone microen-
vironment.3,41 Therefore, the pro-inflammatory state secondary to es-
trogen deficiency may not necessarily reflect a canonical SASP, but
might involve increased complement pathway activity as a shared in-
flammatory mechanism. Attraction of osteoclast precursors to re-
modeling sites and their maturation are chemotactically controlled
by factors secreted from osteoblasts and osteocytes. Among
these, CSF1 and the RANKL/OPG ratio have been identified as
triggers of osteopenic conditions.10,15,42 However, we did not find al-
terations in the expression levels of Csf1, RANKL (Tnfsf11), or OPG
(Tnfrsf11b) when we sequenced the RNA from the bones of DoxoR-
treatedmice. Instead, we found increases inCfd, the rate-limiting pro-
tease of the alternative complement pathway, in DoxoR-induced and
OVX-induced bone loss. The innate complement system senses
danger signals and is activated during tissue injury to promote healing
and organ regeneration.28 However, aberrant activation of the com-
plement system contributes to the pathogenesis of several inflamma-
tory diseases. The underlying mechanisms include (1) increased and
persistent activation, as in systemic lupus erythematosus, anti-neutro-
phil cytoplasmic antibody (ANCA)-associated vasculitis, periodonti-
tis, and osteoarthritis16,43,44 and (2) altered expression or function of
various complement regulators as in paroxysmal nocturnal hemoglo-
binuria, atypical hemolytic uremic syndrome, and C3 glomerulopa-
thies.45 Our findings provide a rationale to include activation of the
alternative complement pathway as a new inflammatory mechanism
triggering skeletal bone loss.

The majority of complement proteins are generated in the liver and
released into the bloodstream. However, the final inflammatory prod-
ucts, anaphylatoxins C3a and C5a, are generated by the action of CFD
at specific locations by tissue-resident cells. For instance, CFD from
bone marrow has been shown to prime mesenchymal cells toward
the adipogenic lineage and increase bone marrow adiposity. Mice
deficient in Cfd, although lacking the basal bone phenotype, are resis-
tant to bone loss induced by caloric restriction.46 We demonstrate
that CFB and CFD expression is highly enriched in osteoblasts and
osteocytes, whereas the anaphylatoxin receptors C3AR1 and
C5AR1 are mostly expressed in hematopoietic osteoclast precursors.
These data support the notion that alternative complement works as
an additional osteocyte-osteoclast coupling factor that might direct
homing of osteoclast precursors and promote their osteoclastogene-
sis. Consistent with this hypothesis, it is known that optimal homing
and engraftment of hematopoietic stem cells also requires the alterna-
tive complement pathway.47 In vitro evidence suggests that activation
rapy

iae measured by m-CT from wild-type (WT), WT/DoxoR, C5aR1�/�, and C5aR1�/�/
lasts per bone surface (osteoblasts/mm) and osteocytes per cortical bone area

becular bone surface (osteoclasts/mm) was quantified from TRAP staining of tibiae.

Mmp9,Ctsk, and Trap) markers. RNA isolated from the tibiae and femurs ofWT,WT

axis of primary monocytes isolated from WT and C5aR1�/� mice toward medium

ytes pre-treated for 30 min with 0.9 mg/mL PMX53 toward medium without FBS +

on (Csf1r, Rank, Nfatc1, Mmp9, Ctsk, and Trap) from primary WT and C5aR1�/� of

< 0.05, **p < 0.01, ***p < 0.001. (A–D) One-way ANOVA. (E) Student’s t test.
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of the complement pathway was able to promote osteoclast differen-
tiation.48 Moreover, C5a, the most potent inflammatory complement
fragment through C5aR1 activation, has been shown to mediate the
release of a number of additional inflammatory cytokines, such as
IL6, IL8, RANKL, and CXCL10.49 Our relative cellular expression
and functional data suggest that the C5a/C5aR1 axis is the major
branch involved in bone homeostasis, although additional comple-
ment pathways could also contribute. Mouse genetics showed that,
although C5-deficient mice did not have any severe bone phenotype,
C5ar1 and C5ar2 global KOmice showed higher bone mass.50 The ef-
fect on bone wasmore pronounced inC5ar1 thanC5ar2, implying the
existence of different mechanisms.50 In fact, the evidence suggests
that C5aR2 is not pro-inflammatory and that its function is to
dampen C5aR1 signaling.51

Given the major role of C5a/C5aR1 in a number of human pathol-
ogies, pharmacological agents have been developed to inhibit
C5aR1 and thus keep inflammation in check.52 Small-molecule inhib-
itors such as PMX53 or PMX205 have shown some potential thera-
peutic effects in neutropenic inflammatory diseases and amyotrophic
lateral sclerosis.53 However, these drugs are only in the preclinical
stage and show a short half-life in blood and very rapid secretion.33

The most advanced drug to date is the competitive C5aR1 inhibitor
Avacopan, which is specific for the human receptor and potently
blocks C5a-induced responses. As it is orally bioavailable and has a
good safety profile, the drug has been shown to be effective for the
treatment of ANCA-associated vasculitis.54 Very recently, Avacopan
(Tavneos) was approved for medical use for ANCA-associated
vasculitis in Japan, the United States, and Europe in 2021. Therefore,
repurposing Avacopan for the treatment of osteopenic pathologies
should pose few contraindications. However, further studies should
be performed to optimize the dosing and timing of administration
or to evaluate combinatorial approaches with other anti-resorptive
therapies.

MATERIALS AND METHODS
Cell cultures

Primary osteocytes were isolated using a protocol from Sánchez-de-
Diego et al.55 In brief, tibiae, femurs, and calvariae from five P1-P3
mice were pooled and digested on a rotating shaker at 37�C. After
several alternate digestions with trypsin (0.025%)/collagenase II
(1 mg/mL) in a-MEM and EDTA solution (5 mM EDTA in PBS
containing 1% BSA [pH 7.4]), digestions 7–10 were pooled by centri-
fugation. The cell pellet was resuspended in a-MEM and plated on
type I collagen-coated culture plates. Osteocytes were cultured in
a-MEM supplemented with heat-inactivated 5% FBS, 5% calf serum,
Figure 6. C5ar1 deficiency prevented bone loss induced by loss of estrogens

(A) m-CT quantitative parameters and 3D representation of cortical bone tibiae from an es

C5aR1�/� female mice. n = 9–13. (B) Quantitative parameters and 3D representation o

osteoblasts per bone surface (osteoblasts/mm) and osteocytes per cortical bone area (o

trabecular bone surface (osteoclasts/mm) was quantified from TRAP staining of tibiae.

(Nfatc1,Mmp9,Ctsk, and Trap) markers. RNA isolated from the tibiae and femurs of sha

**p < 0.01, ***p < 0.001. One-way ANOVA.
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2 mM L-glutamine, 1 mM sodium pyruvate, and 100 U/mL penicillin
and 0.1 mg/mL streptomycin (P/S) in a humidified incubator for up
to 7 days.

For bone marrow-derived cell isolation, hindlimbs from 6- to 8-week-
old C57BL6/J mice were harvested. The distal and proximal epiphyses
of the tibiae and femurs were excised, and bone marrow was removed
by centrifugation at >20,000� g for 15 s at 4�C.Murine BMMSCswere
isolated as described previously.56 In brief, aftermarrow isolation, cells
were cultured in complete DMEM (supplemented with 10% FBS,
2 mM L-glutamine, 1 mM sodium pyruvate and P/S). Non-adherent
cells were discarded after 3 h. Media was replaced every 12 h until
70% confluence was reached. At this stage, cells were lifted by incuba-
tion with 0.25% trypsin/0.02% EDTA for 5 min at room temperature.
Lifted cells were expanded for further experiments.

Bone marrow-derived macrophages (BMMs) were isolated following
the protocol described by Guo et al.57 The isolated bone marrow cells
from one mouse were incubated for 8 min on ice with 3 mL of red
blood cell lysis buffer. Lysis was stopped by adding 6 mL of complete
a-MEM medium (supplemented with 10% FBS, 2 mM L-glutamine,
1 mM sodium pyruvate, and P/S), and cells were centrifuged at
250 � g and 4�C for 10 min. Cells were resuspended in 4 mL PBS
and gently added to 2 mL of Ficoll Biocoll isotonic separating solution
(Biochrom). After 20 min at 250 � g (centrifuge break <2), the ring
containing mononucleated cells was collected. Cells were rinsed
with PBS and centrifuged at 1,200 rpm for 5 min. Finally, BMMs
were resuspended in complete a-MEM medium supplemented with
30 ng/mLM-CSF (PeproTech) for 5 days. Medium and M-CSF1 sup-
plementation were changed every 48 h.

Bone marrow-derived monocytes were isolated using the Monocyte
Isolation Kit (BM) (Miltenyi Biotec). CD11b+ monocytes were iso-
lated from total isolated bonemarrow cells usingmicrobeads for mag-
netic separation according to the manufacturer’s protocol. Monocytes
were collected in RPMI-1640 medium supplemented with 10% FBS,
2mML-glutamine, 1 mM sodium pyruvate, and P/S and used directly
for the chemotactic migration assay.

HSPCs were isolated from total bone-marrow using the EasySep
Mouse Hematopoietic Progenitor Cell Isolation Kit (STEMCELL
Technologies). Isolated cells were maintained for 7 days in Ham’s
F12 Nutrient Mix medium supplemented with 10 mM HEPES, 1�
P/S-glutamine, 1� insulin-transferrin-selenium-ethanolamine (all
from Gibco), 1 mg/mL polyvinyl alcohol (Sigma), 100 ng/mL throm-
bopoietin (PeproTech), and 10 ng/mL stem cell factor (PeproTech).
trogen deficiency model by performing sham or ovariectomy (OVX) surgery onWT or

f the trabecular compartment of tibiae. n = 9–13. (C) Quantification of the number of

steocytes/mm2) from H&E-stained sections of tibiae. The number of osteoclasts per

n = 4–5. (D) Expression of osteoblastic (Runx2, Osx, and Col1a1) and osteoclastic

m or OVXWT and C5aR1�/�mice. n = 6–9. Data shown as mean ± SEM. *p < 0.05,
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Endothelial cells were isolated frommouse lungs, following the proto-
col described by Wang et al.58 In brief, minced lungs were digested at
37�C for 45min using 2mg/mL type I collagenase. Digested tissue was
filtered through a 70-mm strainer and the cell suspension was incu-
bated with CD31-conjugated Dynabeads for 15 min at room temper-
ature with vigorous shaking (rat anti-mouse CD31 antibody from BD
Pharmingen and sheep anti-rat IgG Dynabeads from Thermo Fisher
Scientific). When seeded cells reached confluence a second sorting
was performed using CD31-conjugated Dynabeads. Endothelial cells
were seeded in 0.1% gelatin-coated dishes. The human monocytic
cell line THP1 was cultured in RPMI-1640 supplemented with
10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate, P/S, 0.1 mM
non-essential amino acid solution, 50 mM 2-mercaptoethanol, and
10 mM HEPES. The murine macrophage-like cell line RAW264.7
wasmaintained asmacrophages in completea-MEMor differentiated
into osteoclasts by supplementing themediumwith 15 ng/mLRANKL
(PreproTech) for 5 days.

Cellular senescence was induced by treating cells with 100 nM DoxoR
(Cell Signaling Technology) for 24 h. Cells became completely senes-
cent after 7 days. In vitro modulation of the complement pathway
was performed by treating cells with 1 mg/mL C3a, 0.1 mg/mL C5a
(both from R&D), or 0.9 mg/mL PMX53 (MedChemExpress). All com-
plement experiments were performed with complete medium supple-
mented with heat-inactivated FBS. Treatment times were as follows:
in cell signaling experiments, cells were exposed to ligands and inhib-
itor for 30min; in chemotaxis assays, cells were pre-exposed for 30min
with the inhibitor and for the 2 h of migration to C5a; in differentia-
tion-modulation experiments, cells were treated daily with C3a or
C5a, for 5–7 days.

CM experiments

After 7 days of DoxoR treatment, 48-h CMwas collected from control
and senescent BMMSCs. CM was filtered through a 0.2-mm filter.
Receptor cells were treated with 50% CM and 50% fresh medium
for 5–7 days.

Mouse treatment

To define the chemotherapy-induced senescence model, 15-week-old
WT C57BL/6 male mice were randomly assigned to one of the
four experimental groups: vehicle, ABT263, DoxoR, and DoxoR +
ABT263. At day 0, mice were injected intraperitoneally with vehicle
(saline solution) or 10 mg/kg DoxoR (Cell Signaling Technology).
At days 7 and 21, mice were dosed daily for 7 days via oral gavage
with vehicle (10% ethanol, 30% polyethylene glycol 400 and 60%
Figure 7. Pharmacological inhibition of C5AR1 prevented bone loss induced b

(A) Schematic representation of the pharmacological inhibition of C5aR1 in the DoxoR-

DoxoR (10 mg/kg, i.p.). From day 1 to day 30, mice received PMX53 (1 mg/kg, daily su

cortical bone of tibiae measured by m-CT. n = 8–14. (C) Quantitative parameters and 3D

(D) Quantification of the number of osteoblasts per bone surface (osteoblasts/mm) and

tibiae. The number of osteoclasts per trabecular bone surface (osteoclasts/mm) was qu

Osx, and Col1a1) and osteoclastic (Nfatc1, Mmp9, Ctsk, and Trap) markers. RNA isola

treated mice. n = 6–10. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p <
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Phosal 50 PG) or 50 mg/kg of ABT263 (Chemgood). Mice were
weighed every 3 days.

To study the impact of complement pathway inhibition in vivo,
both genetic and pharmacological models were used. C5aR-KO
(C5ar1tm1Cge) mice were purchased from The Jackson Laboratory.
Fifteen-week-old male WT and C5aR-KO mice were randomly as-
signed to a vehicle and a DoxoR group. Eight-week-old female WT
and C5aR-KOmice underwent a bilateral OVX, and an equal number
of mice underwent sham surgery (Sham). Female mice were weighed
every 3–5 days and euthanized at day 60 after surgery. Pharmacolog-
ical modulation was performed on the DoxoR-induced senescence
model. The day after DoxoR injection, mice were treated daily with
vehicle (saline solution) or 1 mg/kg PMX53 by subcutaneous admin-
istration (MedChemExpress).

Mice were housed at 23�C ± 1�C under a 12-h light/12-h dark cycle
with access to food and water ad libitum. All procedures were
approved by the Ethics Committee for Animal Experimentation of
the Generalitat of Catalunya.

Bone histology

The right tibiae, cleaned of soft tissue, were fixed in 4% PFA for 24 h at
4�C and decalcified in 14%EDTA (pH7.4) (in PBS) for 6weeks. Bones
were embedded in paraffin and 5-mm sections were cut and stained
with hematoxylin and eosin for osteoblast and osteocyte quantifica-
tion. Osteoclasts were quantified by staining for TRAP. For TRAP
staining, deparaffinized and rehydrated slides were incubated with
naphthyl AS-BI phosphate (Sigma-Aldrich) for 1 h at 37�C and oste-
oclasts were developed with pararosaniline hydrochloride (Sigma-
Aldrich) for 3 min. The tissue was counterstained with 0.02% fast
green solution (Sigma-Aldrich) for 45 s. Cells were quantified from
images captured using an Axio Imager M2 microscope (Zeiss).

m-CT

High-resolution images from fixed tibiae (4% PFA, 24 h at 4�C), were
acquired using a computerized microtomography imaging system
(Skyscan 1272, Bruker microCT) in accordance with the recommen-
dations of the American Society of Bone and Mineral Research. Sam-
pleswere scanned in air at 70 kV and a power of 10W(143mA)with an
exposure time of 2,700 ms, using a 1-mm aluminum filter and an
isotropic voxel size of 11 mm. Two-dimensional (2D) images were ob-
tained every 1� of a 180� rotation. Images were reconstructed using
the NRecon software (version 1.7.1.0, Bruker) and analyzed with
a CT Analyzer (version 1.17.7.2, SkyScan).59,60 For trabecular
y chemotherapy

induced senescence model. At day 0, 15-week-old mice received either vehicle or

bcutaneous) or vehicle 2. (B) Quantitative parameters and 3D representation of the

representation of the trabecular compartment of tibiae measured by m-CT. n = 8–14.

osteocytes per cortical bone area (osteocytes/mm2) from H&E-stained sections of

antified from TRAP staining of tibiae. n = 4–6. (E) qRT-PCR of osteoblastic (Runx2,

ted from the tibiae and femurs of vehicle-, PMX53-, DoxoR-, and DoxoR + PMX53-

0.001. One-way ANOVA.
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measurements, manual ROIs were selected, starting 0.6 mm from the
distal growth plate of the tibiae and extending to the diaphysis for
2mm. For cortical parameters, a 3-mm section starting from the bifur-
cation of the fibula was selected. Trabecular and cortical ROIs were 3D
represented using CT-Vol (version 2.3.2.0, SkyScan).

Chemotactic migration assay

The chemotactic migration of THP1 and primary monocytes was
analyzed using the InnoCyte Monocyte Cell Migration Assay (Merck
Millipore). Cells were serum starved for 3 h and, when needed, exposed
to 0.9 mg/mL of PMX53 for 30 min before the start of the assay. Upper
chambers were pre-humidified with 20 mL of medium without FBS for
30 min. A total of 1� 105 cells/100 mL were added to the upper cham-
ber of the assay plate. The lower chambers were filled with medium
with FBS (positive control) medium without FBS (negative control)
or 0.1 mg/mL C5a (rmC5a, R&D) as a chemotactic factor. After 2 h,
the cells in the lower compartment were stained with calcein-AM.
Fluorescence was measured using a plate reader at an excitation wave-
length of 485 nm and an emission wavelength of 520 nm.

Cell number quantification

Living cells were labeled with 5 mg/mL Hoechst 33342 (Sigma-
Aldrich) in PBS for 10 min. Labeling was performed at 0, 24, and
48 h in independent wells. Several fields were analyzed using a Leica
DM-IRB inverted microscope. The total number of cells and percent-
age of multinucleated cells were counted using ImageJ.

Gene expression

Total RNA was isolated from cell cultures or murine tibia and femur
cells using the TRIsure reagent (BioLine). Purified RNA was reverse
transcribed using the High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Quantitative PCR was carried out using
the QuantStudio 7 Pro Real-Time PCR System using TaqMan
primers (Thermo Fischer Scientific) with SensiFAST Probe Hi-ROX
Mix (Bioline). Fold changes in gene expression were calculated using
the DDCt method, where all transcripts were normalized to TATA
binding protein (Tbp) expression.

RNA isolation and sequencing

Within 5 min of the animal’s sacrifice, long bones of the
hindlimbs were prepared for high-quality RNA isolation. In brief,
bones were cleaned of soft tissue, and the distal and proximal epiph-
yses were excised. Bone marrow was removed by centrifugation at
>20,000� g for 15 s at 4�C. TRIsure was added to marrow-free bones,
which were then flash frozen in liquid nitrogen and stored at �80�C.
For RNA isolation, both tibiae and femurs from eachmouse were sub-
jected to 1 cycle of 45 s at full speed using a Polytron (Kinematic PT).
Total RNA was separated from bone minerals, DNA, and protein by
phenol-chloroform extraction. The RNA-containing fraction was
then purified using the RNeasy Mini Kit (QIAGEN) and treated
with DNase I (RNase-Free DNase Set, QIAGEN ).

DNA-free RNA samples (n = 4 for each condition) were quantified us-
ing the Qubit RNA BR Assay kit (Thermo Fisher Scientific), and RNA
integrity was estimated with the Agilent RNA 6000 Pico Bioanalyzer
2100 Assay (Agilent). The RNA-seq libraries were prepared with the
KAPA Stranded mRNA-Seq Illumina Platforms Kit (Roche) following
themanufacturer’s recommendations. In brief, 500 ng of total RNAwas
used for enrichment of the poly(A) fraction with oligo-dT magnetic
beads following mRNA fragmentation. Strand specificity was achieved
during the second-strand synthesis performed in the presence of dUTP
instead of dTTP. The blunt-ended double-stranded cDNA was 30 ad-
enylated, and Illumina platform-compatible adaptors with unique
dual indexes and unique molecular identifiers (Integrated DNA Tech-
nologies) were ligated. The ligation product was enriched with 15
PCR cycles. The size and quality of the libraries were assessed in a
High-Sensitivity DNA Bioanalyzer assay (Agilent). The libraries were
sequenced using the HiSeq 4000 (Illumina) platformwith a read length
of 2� 76 bp + 8 bp + 8 bp using the HiSeq 4000 SBS kit (Illumina).

Reads were mapped against the mouse reference genome (GRCh38)
with STAR/2.5.3a using the ENCODE parameters for long RNA.
Genes were quantified with RSEM/1.3.0 using the gencode annotation
M23. Quality control of themapping and quantification steps was per-
formed using “gtfstats” fromGEM-Tools 1.7.1. Differential expression
analysis was performed with DESeq2/1.18 using the default parame-
ters. Unwanted sources of variation were removed with surrogate var-
iable analysis using the sva R package.59 Genes with FDR < 5% were
considered significant. Heatmaps of differentially expressed genes
were generated using the DESeq2 “rlog” transformation of the counts.
Top categories were selected according to the adjusted p values.

Western blot assay

Cell cultures were lysed in 1% (w/v) SDS, 10 mM Tris, 1 mM EDTA
(pH 8.0). Quantification of the protein content was performed using
the BCA protein assay kit (Thermo Scientific). Equal amounts of pro-
tein from cell lysates were resolved by PAGE and transferred to
Immobilon-P membranes. Primary antibodies against phospho-S6
(Cell Signaling Technology, 2211), phospho-Hsp27 (Cell Signaling
Technology, 2401), and phospho-ERK1/2 (Cell Signaling Technol-
ogy, 91011) were used at a 1:1,000 dilution. Antibody against b-actin
(Abcam, 6276) was used at 1:4,000 dilution. Immunoreactive bands
were detected with horseradish-peroxidase-conjugated secondary an-
tibodies and an EZ-ECL kit (Biological Industries). Quantification of
the band intensities was performed with Fujifilm Multi Gauge soft-
ware using b-actin for normalization.

Statistical analysis

The Shapiro-Wilk test was performed to analyze deviations from a
normal distributionof themeasures. Statistical analyseswereperformed
by applying a two-tailed unpaired Student’s t test or one-way ANOVA
with a Tukey multiple comparisons post hoc test (GraphPad Prism 8).
Quantitative data are presented as mean ± SEM. Differences were
considered significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
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