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SUMMARY

Osteoclasts are specialized multinucleated giant cells with unique bone-destroy-
ing capacities. A recent study revealed that osteoclasts undergo an alternative
cell fate by dividing into daughter cells called osteomorphs. To date, no studies
have focused on the mechanisms of osteoclast fission. In this study, we analyzed
the alternative cell fate process in vitro and, herein, reported the high expression
of mitophagy-related proteins during osteoclast fission. Mitophagy was further
confirmed by the colocalization of mitochondria with lysosomes, as observed in
fluorescence images and transmission electron microscopy. We investigated
the role played by mitophagy in osteoclast fission via drug stimulation experi-
ments. The results showed that mitophagy promoted osteoclast division, and in-
hibition of mitophagy induced osteoclast apoptosis. In summary, this study re-
veals the role played by mitophagy as the decisive link in osteoclasts’ fate,
providing a new therapeutic target and perspective for the clinical treatment
of osteoclast-related diseases.

INTRODUCTION

Bone is a dynamic organ that is formed by osteoblasts and resorbed by osteoclasts continuously

throughout life, changing the skeleton structure to maintain optimal function and bone homeostasis.

Bone remodeling falls into two classifications. Remodeling-based bone formation (RBF), following osteo-

clast resorption, plays a significant role in renewing bone tissue. In contrast, another pathway that induces

new bone formation is modeling-based bone formation (MBF), which is independent of previous bone

resorption and less commonly found in the adult skeleton.1,2 RBF is the main form of bone remodeling

in which osteoclasts play a vital role. Osteoclasts are specialized myeloid-derived multinucleated cells

formed by the fusion of macrophages and have the unique bone-destroying capacity.3 The significant

role played by osteoclasts in bone homeostasis has been established through many disease models

such as osteoporosis, rheumatoid arthritis, and Paget’s disease models.4–6 Because of the importance of

osteoclasts in bone remodeling, gaining an understanding of the biology of this cell type is important.

Osteoclast differentiation is triggered by the stimulation of receptor activators of nuclear factor-kB (NF-kB)

ligand (RANKL) and macrophage colony-stimulating factor (M-CSF).7 RANKL associates with its receptor

RANK, which activates downstream signaling pathways such as the NF-kB and protein kinase B (AKT) path-

ways to induce the expression of osteoclast-related genes.8 The nuclear factor of activated T cells 1

(NFATc1) is a master regulator of osteoclastogenesis and is induced by RANKL stimulation,9 and

NFATc1 has been reported to induce the expression of genes that are significant to osteoclast differenti-

ation and function.10,11 Under normal physiological conditions, large osteoclasts have a short lifespan and

eventually undergo apoptosis.12 Osteoclast apoptosis has been reported to contribute to the treatment of

rheumatoid arthritis and osteoporosis.13,14 Osteoclast-derived apoptotic bodies have been shown to exert

biological effects in promoting bone defect healing.15 Hence, the fate of large osteoclasts after fusion is as

important as their formation process.

However, according to a remarkable in vivo study,16 osteoclasts undergo cell fission instead of apoptosis

after formation, which means large polykaryons are separated into smaller daughter cells called osteo-

morphs. Furthermore, this study revealed that spontaneous osteoclast apoptosis is far less common

than fission in vivo.16 Moreover, an in vitro study showed that mature osteoclasts underwent fission and

separated into smaller cells.17 These studies shed new light on osteoclast physiology. In addition,
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Figure 1. Osteoclast-osteomorph recycling in vitro

(A) The timeline of the experiment.

(B) Representative images of osteoclast fission. Red arrowheads indicate daughter cells.

(C) Screenshot of the key frame of Video S1. Red arrowheads indicate cell bridged process. Yellow arrowhead indicates

daughter cell. Yellow dotted box indicates the cell outline.

(D) Screenshot of the key frame of Video S2. Red arrowheads indicate cell bridged process. Yellow arrowhead indicates

daughter cell.

(E) Proportion of osteoclasts with different fates.

(F) The relative mRNA levels ofDC-STAMP, TRAP,CTSK, andNFATc1 genes in bonemarrowmacrophages (BMMs), fused

osteoclasts, and osteoclasts undergoing fission (n = 3).

(G) Western blot analysis of the protein levels of DC-STAMP, TRAP, CTSK, NFATc1, and GAPDH in BMMs, fused

osteoclasts, and osteoclasts undergoing fission.

(H) The relative mRNA levels of the Fbxo7 and Bpgm genes in fused osteoclasts and osteoclasts undergoing fission (n = 3).

(I) Western blot analysis of the protein levels of Fbxo7, Bpgm, and GAPDH in fused and osteoclasts undergoing fission

(n = 3).

(J) Quantification of Fbxo7 and Bpgm by immunoblotting.

*p < 0.05 by Student’s t test (H and J) or by one-way ANOVA (F).
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single-cell RNA sequencing data showed that osteomorphs differ from osteoclasts and macrophages at

the transcriptional level. Daughter cells express a number of noncanonical osteoclast genes, such as

Fbxo7, which had not been previously reported to be involved in bone metabolism.16 However, no studies

have focused on the specific mechanism of osteoclast fission.

The Fbxo7 protein is a member of the Skp1-Cullin-F-box-type E3 ubiquitin ligases, which play crucial

roles in targeting proteins for ubiquitination.18 Previous research revealed that Fbxo7 participates in

mitochondrial maintenance by directly interacting with PTEN induced kinase 1 (PINK1) and Parkin, which

are key proteins in mitophagy and play important roles in Parkin-mediated mitophagy.19 Another study

showed that Parkinson’s disease-associated mutations in Fbxo7 disrupt mitophagy.20 Interestingly,

Fbxo7 has also been reported to be overexpressed in osteomorphs,16 suggesting that mitochondrial

homeostasis may play a role in osteoclast fission. Mitophagy, which refers to the degradation of mito-

chondria by autophagy, is a crucial mechanism for mitochondrial quality control.21 There are multiple mi-

tophagy pathways, such as FUN14 domain containing 1 (FUNDC1), PINK1/parkin RBR E3 ubiquitin pro-

tein ligase (Parkin), and BCL2/adenovirus E1B interacting protein 3 (BNIP3),22,23 and dysfunctional

mitochondria are identified through different autophagic pathways, resulting in them being engulfed

by autophagosomes and transported to lysosomes for degradation. Notably, most likely due to the

high energy needed for bone resorption, osteoclasts have a dramatically high number of mitochon-

dria.24,25 The fate of these mitochondria during osteoclast division is an interesting question worthy of

investigation. Considering the above-mentioned factors, we hypothesize that mitophagy may play a sig-

nificant role in osteoclast fission.

To test our hypothesis, we demonstrated the physiological process in vitro by first determining whether

mitophagy can be observed in osteoclast fission. In addition, to confirm that a change in mitophagy is asso-

ciated with osteoclast fission, the effect of apoptosis was successfully excluded from the results. Finally, we

demonstrated that mitophagy regulates osteoclast fission, which regulates the formation of daughter cells,

as evidenced by the results when mitophagy was inhibited or excited.
RESULTS

Osteoclast-osteomorph recycling in vitro

To confirm osteoclast fission in vitro, we monitored the osteoclasts for 4 days after fusion (Figure 1A). We

observed that large osteoclasts divided into small cells (Figure 1B, red arrow). Moreover, we ascertained

that these small cells were alive by examining their mobility. The time-lapse images confirmed this event

and demonstrated that the daughter cells were freely motile (Videos S1 and S2). In the video, we observed

that the osteoclasts first formed a bridged process (Figures 1C and 1D, red arrow), and then the process

gradually tapered and the daughter cells were released (Figures 1C and 1D, yellow arrow). To analyze

the difference between osteoclast fission and apoptosis, we assessed osteoclast apoptosis with time-lapse

imaging. As expected, apoptotic cells underwent a totally different process than dividing osteoclasts

(Video S3), disintegrating into motionless pieces that were ultimately phagocytosed by other cells. To

further confirm the proportion of osteoclasts undergoing apoptosis and division, we randomly selected
iScience 26, 106682, May 19, 2023 3
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25 obvious large osteoclasts in four visual fields and then observed and tracked changes to these cells. Thir-

teen of these cells underwent division, seven underwent apoptosis, and the remaining five cells showed

neither division nor apoptosis at the end of the observation period (Figure 1E). Together, these results indi-

cated that osteoclasts can divide or undergo apoptosis in vitro.

We further investigated whether the daughter cells were osteomorphs by measuring the expression levels

of several key genes by RT-qPCR. Samples were collected according to the time node of the time-lapse

images; when most osteoclast divisions were observed, the dividing phase samples were harvested. As

previously reported, the osteomorphs gene expression was similar to that of osteoclasts on one level

but different on another level.16 For example, TRAP expression was upregulated in osteoclasts and osteo-

morphs, but its expression was higher in the osteoclasts. DC-STAMP expression was upregulated in oste-

oclasts but not in osteomorphs. In contrast, the expression of certain genes, such as Fbxo7 and Bpgm, was

significantly upregulated only in osteomorphs, not osteoclasts. In our experiment, expression of both TRAP

and DC-STAMP was decreased in cells undergoing fission compared with the level in osteoclasts

(Figures 1F and 1G). Compared with that in macrophages, the expression of TRAP was upregulated, and

that of DC-STAMP was downregulated, consistent with the aforementioned research (Figures 1F and

1G). Similarly, as markers of osteoclasts, the expressions of CTSK and NFATc1 also decreased significantly

after osteoclasts division (Figures 1F and 1G). Additionally, we evaluated the expression of Fbxo7 and

Bpgm and found that both showed upregulated expression (Figure 1H). Similarly, the two genes also

showed upward trends at the protein level (Figures 1I and 1J). These data suggested that the daughter cells

of osteoclasts were osteomorphs.

The identity of the daughter cells was further supported by anti-Fbxo7 immunofluorescence showing a

marked increase in Fbxo7 expression in the cells undergoing fission (Figure 2A). Fbxo7 was expressed at

a low level in bone marrow macrophages (BMMs) and osteoclasts (Figure 2A, yellow circle), even in the

main portion of osteoclasts, which were undergoing division. Upregulation of Fbxo7 expression was

observed at the site of cell division (Figure 2A, red arrow). Osteoclast protrusions included a nucleus, which

demonstrated that the protrusion was destined to be a daughter cell, not a simple protrusion, and that was

consistent with the results of time-lapse images. To confirm the function of the osteomorphs, we sought to

have the daughter cells re-fuse in vitro. The results showed that large osteoclasts first underwent fission

(Figure 2B, red arrow); at the same time, the daughter cell was observed to be fused again (Figure 2B, pur-

ple arrow). This phenomenon could be further confirmed by time-lapse images (Video S4). And after 4 days,

the osteoclasts completely disappeared (Figure 2B). Then, the osteoclast induction medium was replaced,

and new osteoclasts (Figure 2B, yellow arrow) were observed after 12 h, forming much faster than tradi-

tional osteoclast induction. Time-lapse images showed this process completely. Osteoclast divided into

active daughter cell, which kept in constant motion. When stimulated again with RANKL, it fused to

form new osteoclast within a few hours (Video S5). Collectively, these results indicated that osteoclasts un-

derwent fission to produce osteomorphs in vitro and that osteoclast fission differs from apoptosis. More-

over, osteomorphs had the ability to fuse back into osteoclasts.
Mitophagy was involved in the osteoclast-osteomorph transformation

Previous research and the aforementioned results confirmed that Fbxo7 was highly expressed in the osteo-

morphs.16 Several studies have shown that Fbxo7 is related to Parkinson’s disease by participating in

mitophagy.20,26 Therefore, we decided to evaluate certain mitophagy indicators to determine whether mi-

tophagy is associated with osteoclast fission. In addition, we measured the levels of mitochondrial DNA

(mtDNA) since the mitochondrial number can be predicted on the basis of the mtDNA copy number. Sam-

ples were harvested as described previously. The mtDNA copy number was found to increase when BMMs

fused to osteoclasts, a finding that was consistent with that of a previous study (Figure 3A).27 Significantly,

osteoclast fission resulted in a decreasedmtDNA copy number, which increased again after treatment with

fresh osteoclast differentiation medium (Figure 3A). ATP production was analyzed to assess mitochondrial

activity. During the differentiation and evolution of osteoclasts, the ATP production level showed a trend

similar to that of mtDNA copy number (Figure 3B). To confirm whether mitochondria were removed by mi-

tophagy, we first analyzed the levels of microtubule-associated protein 1 light chain 3 beta (LC3B), auto-

phagy-related protein 5 (ATG5), and sequestosome 1 (SQSTM1/p62). The results showed that LC3B-II

and ATG5-ATG12 complex levels were significantly increased and that the level of SQSTM1/p62 was

reduced in the osteoclast fission group compared with the BMMs and large osteoclasts (Figures 3C and

3D). In addition, we investigated the mitochondrial membrane potential and reactive oxygen species
4 iScience 26, 106682, May 19, 2023



Figure 2. Generation and re-fusion of osteomorphs

(A) Representative images of immunofluorescence staining (Fbxo7, green; DAPI, blue) in BMMs, fused osteoclasts, and

osteoclasts undergoing fission (n = 5). Yellow dotted circles indicate large osteoclasts. The red arrowhead indicates

osteoclasts undergoing fission.

(B) Representative images showing osteoclast division and re-fusion. Red arrowhead indicates osteoclasts undergoing

fission. Purple arrowhead indicates osteoclasts undergoing re-fusion. Yellow arrowheads indicate the re-fused

osteoclasts generated after treatment with RANKL for 12 h.
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(ROS) generation rate to determine the function of the mitochondria. 5,5ʹ,6,6ʹ-tetrachloro-1,1ʹ,3,3ʹ-tetrae-
thylbenzimidazolylcarbocyani-ne iodide (JC-1) is a dichromatic dye, which exhibits potential-dependent

accumulation in mitochondria. It exists in the form of green fluorescent monomer in depolarizing mito-

chondria and in the form of red fluorescent aggregation in polarizing mitochondria. The ratio of green

to red fluorescence depends only on the mitochondrial membrane potential.28 Compared to the large os-

teoclasts, the green fluorescence of daughter cells was significantly enhanced, which indicated the loss of

mitochondrial membrane potential in these cells (Figure 3E, yellow arrow). Consistently, ROS production

was increased in the fission group (Figure 3F). Previous studies had identified that the BNIP3 and PINK1/

Parkin pathways are vital for the regulation of mitophagy in mammalian cells.29,30 Therefore, we deter-

mined BNIP3, PINK1, and Parkin expression levels in different cell lines. Mitophagy was indicated by the

increased levels of these mitophagy protein indicators and the reverse trend of mitochondria protein trans-

locase of outer mitochondrial membrane 20 (TOM20) level (Figures 3G and 3H). These data suggest a role

played by mitophagy in osteoclast fission.

The alterations of mitochondria, lysosomes, and autolysosomes in osteoclast fission

To directly evaluate mitophagy in osteoclast fission, colocalization of MitoTracker Green and LysoTracker

Red was performed to assess the mitophagy level. Samples were collected as described previously. The
iScience 26, 106682, May 19, 2023 5
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Figure 3. Mitophagy was involved in osteoclast-osteomorph recycling

(A) The relative levels of mitochondrial DNA in BMMs, fused osteoclasts, osteoclasts undergoing fission, and re-fused

osteoclasts (n = 3).

(B) The ATP production in BMMs, fused osteoclasts, osteoclasts undergoing fission, and re-fused osteoclasts (n = 3).

(C) Western blot analysis of the protein levels of LC3B, ATG5, p62, and GAPDH in BMMs, fused osteoclasts, and

osteoclasts undergoing fission (n = 3).

(D) Quantification of LC3B, ATG5, and p62 by immunoblotting.

(E) Representative JC-1 fluorescence images showing fused osteoclasts and osteoclasts undergoing fission (J-aggregate,

red; J-monomer, green) (n = 5). Yellow dotted lines indicate osteoclasts. Yellow arrowheads indicate osteoclasts

undergoing fission. The J-monomer signal was significantly enhanced in daughter cells, which demonstrated that the

mitochondrial membrane potential had decreased.

(F) Representative ROS fluorescence images showing fused osteoclasts and osteoclasts undergoing fission (ROS, green)

(n = 5). The red arrowhead indicates osteoclasts undergoing fission.

(G) Western blot analysis of protein levels of TOM20, BNIP3, PINK1, Parkin, and GAPDH in BMMs, fused osteoclasts, and

osteoclasts undergoing fission (n = 3).

(H) Quantification of TOM20, BNIP3, PINK1, and Parkin by immunoblotting.

*p < 0.05 by one-way ANOVA (A, B, D, and H).
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results showed that colocalization of mitochondria with lysosomes was markedly increased in osteoclasts

undergoing fission, as evidenced by the merged fluorescence signaling of MitoTracker and LysoTracker

(Figure 4A, yellow arrow). The area of colocalization in fission group was significantly increased (Figure 4C).

Consistent with the immunofluorescence of the costained mitochondria and lysosomes, autophagosomes

were observed in the fission group through transmission electron microscopy (Figure 4B, yellow arrow). We

also quantified the mitochondria (Figure 4B, red arrow) and autolysosomes in the images. Similar to the

mtDNA copy number and TOM20 results, the number of mitochondria increased and decreased with

fusion and division, respectively (Figure 4D). Many more autolysosomes were observed in the fission group

than in the BMMs and large osteoclasts (Figure 4D). Taken together, these results confirmed the associa-

tion of mitophagy with osteoclast fission.
The role of mitophagy in osteoclast fission and apoptosis

Apoptosis was common during osteoclast culturing in vitro, as Video S3 shows. Hence, confirming whether

the upregulation of mitophagy was caused by fission or apoptosis was clearly important. Because the reg-

ulatory mechanisms of osteoclast fission have not been revealed, we tried to increase the proportion of

apoptotic cells by treating the cultures with staurosporine (STS) and assessing the contribution of

apoptosis to mitophagy.

To confirm that apoptosis had been induced successfully, Annexin-V/propidium iodide (PI) staining was

performed to assess cell vitality. As expected, Annexin-V- and PI-positive cells were observed after treat-

ment with STS, while the fission cells were negative for both Annexin-V and PI staining (Figure 5A). The im-

ages demonstrated that apoptosis induction was realized and proved that the cells undergoing fission

were distinct from those undergoing apoptosis.

We then asked whether apoptosis contributes to the upregulation of Fbxo7 expression. To this end, we

compared the Fbxo7 expression levels in the osteoclast, fission, and apoptosis groups. Notably, Fbxo7

expression was downregulated in apoptotic osteoclasts (Figure 5B). To investigate the contribution of

apoptosis to mitophagy, western blotting was performed to evaluate the levels of mitophagy-related pro-

teins. We found that apoptotic osteoclasts expressed much higher levels of TOM20 and lower levels of

BNIP3, PINK1, and Parkin than the fission group (Figures 5C and 5D), which suggested that the mitophagy

rate was low in the apoptosis group. We also analyzed the mitochondrial membrane potential and ROS

generation in apoptotic osteoclasts. Images showed that the mitochondrial membrane potential disap-

peared and that many more ROS were produced in the apoptotic osteoclasts than in the fission cells

(Figures S1A and S1B), which was consistent with previous research on apoptotic cells.31,32 To further probe

the relationship between apoptosis andmitophagy in osteoclasts, we took advantage of transmission elec-

tron microscopy to observe the apoptotic cells (Figure 5E), and we found that these cells had nuclear chro-

matin accumulation with uneven distribution (Figure 5E, red arrow). Typical apoptotic features were iden-

tified in the mitochondria, such as organelle fracture and decreased density (Figure 5E, red dotted box)

caused by changes in mitochondrial outer membrane permeabilization.33–35 Moreover, the results demon-

strated that the apoptosis group exhibited a lower mitophagic flux, as evidenced by the lack of
iScience 26, 106682, May 19, 2023 7
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Figure 4. The alterations of mitochondria, lysosomes, and autolysosomes in osteoclast fission

(A) Representative MitoTracker and LysoTracker staining fluorescence images showing BMMs, fused osteoclasts, and

osteoclasts undergoing fission (Mitochondria, green; lysosomes, red) (n = 5). Yellow arrowheads indicate that fluorescent

signaling of MitoTracker and LysoTracker were merged in osteoclasts undergoing fission.

(B) Representative transmission electron microscope images showing BMMs, fused osteoclasts, and fission osteoclasts

(n = 3). Red arrowheads indicate mitochondria. Yellow arrowheads indicate autolysosomes.

(C) Quantification of the proportion of the colocalization area to the total area in the image (n = 3).

(D) Quantification of mitochondria and autolysosomes by transmission electron microscope.

*p < 0.05 by one-way ANOVA (C and D).
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autolysosomes (Figures 5E and 5F). Collectively, these results indicated that mitophagy was caused by

osteoclast fission, not apoptosis.
Inhibiting mitophagy induces osteoclast apoptosis

The data presented thus far indicated that osteoclast fission is associated with mitophagy, and therefore

we wondered whether mitophagy plays a significant role in osteoclast fission. Chloroquine (CQ) and rapa-

mycin (Rap) are classic mitophagy modulators; the former suppresses mitophagy by preventing the fusion

of autophagosomes with lysosomes36; however, Rap promotes mitophagy through the serine/threonine

protein kinase mammalian target of rapamycin (mTOR) signaling pathways.37 After treatment with CQ,

LC3B-II and SQSTM1/p62 accumulated because of the blockage of autophagosome-lysosome formation.

Furthermore, the TOM20 level was reversed by CQ treatment, which indicated mitophagy-related degra-

dation (Figures 6A and 6B). Rap treatment resulted in enhanced LC3B-II conversion and decreased

SQSTM1/p62 and TOM20 expression levels. Simultaneously, the levels of BNIP3, PINK1, and Parkin expres-

sion were significantly upregulated following treatment with Rap (Figures 6A and 6B). Together, these data

demonstrated that mitophagy was successfully regulated.

To investigate whether inhibition of mitophagy induces osteoclast apoptosis, large osteoclasts were incu-

bated with CQ and Rap after osteoclasts had fused. Three days later, a large number of apoptotic cells were

observed in the CQ group compared with the dimethyl sulfoxide (DMSO) and Rap groups (Figure 6C). To

confirm the anti-apoptotic effect of mitophagy in osteoclasts in vitro, live-cell imaging was performed to

assess the degree of cell confluence. The results showed that many osteoclasts underwent cell death after

treatment with CQ for 72 h, while Rap treatment led to the opposite trend (Figure 6D).

To exclude interference from off-target effects of the drugs, 3-Methyladenine (3-MA) and carbonyl cyanide

m-chlorophenylhydrazine (CCCP) were used to repeat the drug stimulation experiment. 3-MA significantly

inhibited LC3B-II conversion and increased the content of TOM20. CCCP increased the expression of

LC3B-II and decreased the content of TOM20 by promoting the formation of autophagosomes

(Figures S2A and S2B). These results suggest that mitophagy was successfully manipulated. The response

of osteoclasts to stimulation was similar to that to the stimulation of previous drugs. Osteoclasts underwent

apoptosis when mitophagy was suppressed, and promoting mitophagy increased the cell survival curve

(Figures S2C and S2D).

Together, these results indicated that mitophagy antagonized the apoptosis of osteoclasts. Here, we hy-

pothesize that mitophagy is a critical process in osteomorph production.
Enhancing mitophagy promotes osteoclast-osteomorph recycle

To test our hypothesis that mitophagy is critical to osteomorph generation, we first evaluated the expres-

sion of the osteomorph marker genes Fbxo7 and Bpgm after treatment with mitophagy modulators. By

comparing their expression in modulator treatment groups with that in the DMSO group, we found that

CQ significantly downregulated marker gene expression. In addition, the protein expression levels of

Fbxo7 and Bpgm showed the same tendency (Figures 7B and 7C). Rap exerted no significant effect on

the expression of Fbxo7 or Bpgm at the mRNA level (Figure 7A). However, the protein expression was

significantly increased after Rap treatment. To confirm our initial hypothesis, an Fbxo7 immunofluores-

cence assay was performed to assess the number of osteomorphs after different treatments. Fluorescence

images showed that the osteomorphs were nearly invisible in the CQ group. In contrast, incubation with

Rap significantly increased the amount of osteomorphs compared with that in the DMSO group

(Figures 7D and 7E).
iScience 26, 106682, May 19, 2023 9
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Figure 5. The role played by mitophagy in osteoclast fission and apoptosis

(A) Representative Annexin-V/PI staining fluorescence images showing fused osteoclasts, osteoclasts undergoing fission,

and apoptosis osteoclasts (Annexin-V, green; PI, red) (n = 5).

(B) The relative mRNA levels of Fbxo7 genes in fused osteoclasts, osteoclasts undergoing fission, and apoptosis

osteoclasts (n = 3).

(C) Western blot analysis of the protein levels of TOM20, BNIP3, PINK1, Parkin, and GAPDH in fused osteoclasts,

osteoclasts undergoing fission, and apoptosis osteoclasts (n = 3).

(D) Quantification of TOM20, BNIP3, PINK1, and Parkin by immunoblotting.

(E) Representative transmission electron microscope images showing fused osteoclasts, osteoclasts undergoing fission,

and apoptosis osteoclasts (n = 3). The red arrowheads indicate the condensation of nuclear chromatin. The red dotted

circles indicate mitochondria fracture and decreased density. Yellow arrowheads indicate autolysosomes.

(F) Quantification of mitochondria and autolysosomes by transmission electron microscope.

*p < 0.05 by one-way ANOVA (B, D and F).
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Time-lapse imaging was performed to provide more reliable evidence. Six visual fields were randomly

selected from each group, and the morphological changes in these osteoclasts were observed. The num-

ber of daughter cells and apoptotic cells were counted. The results indicated that CQ significantly

increased the number of apoptotic cells and decreased the number of daughter cells, while Rap led to

the opposite effects (Figure 7F).

We ultimately corroborated and extended these findings by examining osteoclast re-fusion. Whenmitoph-

agy was suppressed, a smaller TRAP-positive area than that in DMSO-treated cells was observed. Rap

treatment led to the opposite trend (Figures 7G and 7H). This was also confirmed by the protein expression

of osteoclast markers, including NFATc1, DC-STAMP, and CTSK (Figure 7I)). A bone resorption assay was

performed to evaluate the function of these re-fusion osteoclasts. Images showed that these cells exhibited

the ability to absorb bone tissue (Figure 7J). Furthermore, CQ treatment reduced the formation of resorp-

tion pits, but Rap treatment had the opposite effect (Figures 7J and 7K).

Moreover, to mitigate off-target drug effects on the results, we repeated the above-mentioned experi-

ments with 3-MA and CCCP. The results showed that the effect of 3-MA was similar to that of CQ, and

the effect of CCCP was similar to that of Rap (Figure S3).

Altogether, these results demonstrated the significant role played by mitophagy in the regulation of oste-

oclast fission and the osteoclast-osteomorph recycling.
DISCUSSION

Osteoclast fission is a newly discovered phenomenon,16 and the detailed mechanisms have not yet been

discerned. Here, we show, for the first time, the specific mechanisms of osteoclast fission and re-fusion

in vitro. Our current study clarifies that mitophagy is the key process in the production of osteomorphs

and is the decisive link determining whether osteoclasts undergo apoptosis or fission. This research has

thrown some new light on the mystery of osteoclasts and presents a new therapeutic target and perspec-

tive for the clinical treatment of osteoclast-related diseases.

Previous studies have reported that osteoclasts are terminally differentiated cells that undergo apoptosis

after a short lifespan of approximately 2 weeks.12,38 Our study successfully observed the physiological phe-

nomenon of osteoclast division in vitro. Recent research has shown that individual osteoclast syncytia live

longer, approximately 6 months, through nucleus renewal.39 According to the most recent study,16 spon-

taneous osteoclast apoptosis is a rare event in vivo. Osteoclasts divide into daughter cells, which are called

osteomorph, to increase the migration rate, revealing a quicker response and higher energy efficiency.

Furthermore, osteomorphs are found not only on the surface of bone but also in the bone marrow and

blood. Recent discoveries of osteoclast types, such as vessel-associated osteoclasts and osteoclasts

derived from erythromyeloid progenitors, also suggested that osteoclasts warrant further exploration.40,41

In this study, we observed that osteoclasts underwent cellular fission in vitro (Videos S1 and S2), which ap-

peared completely different than those undergoing apoptosis (Video S3). The daughter cells acquired su-

perior mobility, allowing rapid osteoclast migration. For this purpose, the ability of osteomorphs to re-fuse

into large osteoclasts is vital. As expected, osteomorphs responded rapidly to RANKL treatment. This

outcome was consistent with that of a previous study16 and suggested that the fission of osteoclasts and

the fusion of osteomorphs contribute to the efficient regulation of bone metabolism.
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Figure 6. Inhibiting mitophagy induces osteoclast apoptosis

(A) Western blot analysis of the protein levels of LC3B, p62, TOM20, BNIP3, PINK1, Parkin, and GAPDH in different osteoclast groups (n = 3). The osteoclasts

were treated with DMSO, CQ, and Rap, respectively, after fused.

(B) Quantification of LC3B, p62, TOM20, BNIP3, PINK1, and Parkin by immunoblotting.

(C) Representative images of osteoclasts after treated with drugs 3 days (n = 3).

(D) The cell confluence in different group (n = 5).

*p < 0.05 by one-way ANOVA (B).
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Mitophagy plays a key role in mitochondrial quality control, which means it maintains the homeostasis of

healthy and damaged mitochondria in cells.24,42 Our results show that mitophagy plays an important role

not only in the fusion process but also in the fate of osteoclasts after fusion. Mitophagy involves the trans-

port of damaged or excess mitochondria to lysosomes, where these mitochondrial components are

degraded and recycled.43,44 Previous studies have revealed that mitophagy plays a vital role in the differ-

entiation of osteoclasts.25,45 For example, upregulated expression of BNIP3, which is a key protein in mi-

tophagy, ultimately leads to osteoclastogenesis.46 Furthermore, the Beclin-1/BECN1 mitophagy pathway

is important for osteoclast differentiation.47–49 In artificial joint replacement, autophagy was found to pro-

mote osteoclastogenesis by increasing the levels of Beclin-1 and soluble RANKL.50 Upregulated mitoph-

agy has been established to protect cells from apoptosis, and suppressing mitophagy induces the

apoptosis of osteoclasts.51,52 However, relevant studies have been focused on the process of osteoclast

formation because osteoclasts are terminally differentiated cells that undergo apoptosis quickly. This study

identified the ability of osteoclasts to divide into osteomorphs and demonstrated that mitophagy plays a

crucial role in this biological process.

We confirmed the link between osteoclast fission and mitophagy in three ways. Firstly, we found that the

expression of mitophagy indicators in the osteoclast fission group was upregulated, which suggested

that mitophagy might be involved in osteoclast division. Recent studies have identified the colocalization

of mitochondria and lysosomes as evidence supporting mitophagy.53,54 Therefore, fluorescence images

were acquired to assess the colocalization of mitochondria and lysosomes. Furthermore, transmission elec-

tron microscopy was performed to directly evaluate mitophagy. Secondly, apoptosis was considered the

fate of osteoclasts after bone resorption.55 Recent evidence has indicated that fission is much more com-

mon than apoptosis in osteoclasts in vivo.16 However, we still needed to exclude the effect of apoptosis.

And we found that the proportion of apoptotic osteoclasts increased when the mitophagy index

decreased. The ideal simulation of the spontaneous apoptosis of osteoclasts in vivo is difficult to achieve.

STS is a common apoptosis inducer that has been employed in many apoptosis studies.56,57 STS has also

been reported to promote mitophagy.58 However, the level of mitophagy in the STS group was still signif-

icantly lower than that in the fission group. The suppression of mitophagy in the STS group indicated that

mitophagy was induced by osteoclast fission. Finally, we used drugs to regulate mitophagy to observe its

effect on osteoclast fate. When mitophagy was inhibited, a large number of osteoclasts underwent

apoptosis. And when mitophagy was upregulated, the formation of Fbxo7-positive cells increased. We

investigated the formation of osteomorph by observing its re-fusion as we found that the fusion of osteo-

morph was relatively rapid. However, it is necessary to pay attention to the possible interference of other

cells.

Overactivation of osteoclasts has been shown to be associated with a variety of diseases, such as osteopo-

rosis and rheumatoid arthritis.59,60 Osteoporosis therapies fall into two classifications, one of which is anti-

resorptive drugs, which slow bone resorption by suppressing osteoclast formation and function.61 Never-

theless, treatments, such as bisphosphonates and denosumab, focus on the osteoclast fusion process, and

no study has been directed to intervention in the subsequent division process. Furthermore, treatment of

osteoporosis with antiresorptive drugs causes side effects. For example, bisphosphonates may lead to

medication-related osteonecrosis in the jaw and atypical femoral fractures, and denosumab is likely to

result in clusters of rebound-associated vertebral fractures.62 Most previous research has indicated that

most osteoclasts undergo division into osteomorphs and remain in the body for a long time,16 which sug-

gests that large osteoclasts in the body may be just a small portion of the cells involved in this process, with

more daughter cells in circulation to respond rapidly as needed. Thus, our study was innovatively focused

on the fate of large osteoclasts after formation, highlighting the significant role of mitophagy and osteo-

morphs in bone homeostasis. Interestingly, osteoclast-derived apoptotic bodies have been shown to

play a bridging role in osteoclast-osteoblast coupling in bone remodeling to promote bone defect heal-

ing.15,63 Different outcomes of osteoclasts may exert distinct effects on bone homeostasis. Altogether,
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Figure 7. Enhancing mitophagy promotes osteoclast-osteomorph recycling

(A) The relative mRNA levels of Fbxo7 and Bpgm genes in DMSO, CQ, and Rap group (n = 3).

(B) Western blot analysis of the protein levels of Fbxo7, Bpgm, and GAPDH in different osteoclast groups (n = 3).

(C) Quantification of Fbxo7 and Bpgm by immunoblotting.

(D) Representative images showing immunofluorescence staining (Fbxo7, green; DAPI, blue) in DMSO, CQ, and Rap group (n = 5).

(E) Number of Fbxo7-positive cells (n = 5).

(F) Number of daughter cells and apoptotic cells in different groups (n = 6).

(G) Representative images showing TRAP staining in DMSO, CQ, and Rap group (n = 3). The cells were treated with RANKL again for 12 h after large

osteoclasts disappearing.

(H) Quantification of TRAP-positive area by ImageJ.

(I) Western blot analysis of the protein levels of NFATc1, DC-STAMP, CTSK, and GAPDH in different osteoclast groups.

(J) Representative images showing bone resorption pits in DMSO, CQ, and Rap group (n = 3).

(K) Quantification of bone resorption pits area.

*p < 0.05 by one-way ANOVA (A, C, E, F, H, and K).
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our research provides a promising therapeutic target for osteoclast fusogenesis and osteolytic disease

treatment.

This research pioneers the study of the mechanism of osteomorph formation. Mitophagy is more closely

related to the physiological activities of osteoclasts, which provide a new understanding of osteoclasts,

key cells of bone homeostasis. The limitation of this study is that the specific molecular pathway of mitoph-

agy regulating osteoclast division has not been revealed. And we noted that Fbxo7 was characteristically

highly expressed during this process. Here, we try to summarize previous research and combine it with our

data to propose possible hypotheses that Fbxo7-mediated PINK1/Parkin pathway may play a crucial role in

this process.19,64 We speculate that Fbxo7 induces mitophagy through interaction with PINK1 and Parkin in

response to certain physiological signals such as mitochondrial depolarization. And this deep mechanism

will be one of the main directions of our subsequent research.

In conclusion, the present work first reveals that mitophagy is an important process for osteoclast fission,

which sheds new light on the understanding of osteoclast physiology. After fusion, most osteoclasts un-

dergo cell fission and turn into osteomorphs, which have the ability to re-fuse rapidly into large osteoclasts.

Mitophagy is significant for this process; if it is inhibited, osteoclasts will undergo apoptosis (Figure 8).

Gaining critical insight into this process will provide clues for the future management of osteoclast-related

diseases through the regulation of osteoclast-osteomorph recycling mediated by mitophagy.
Limitations of the study

It must be pointed out that our study was only conducted in vitro cell experiments, and whether the same

mechanism exists in vivo is yet to be verified. Secondly, the subject of the current study is a mixed popu-

lation of cells, and we try to exclude the interference of other cells, but there is no denying the possibility of

other effects. As of yet, osteomorphs and their surface markers have not yet been fully characterized.65 The

establishment of in vivomodels and the purification of osteomorphs will provide more powerful evidence,

which are the focus of our next research.
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Figure 8. Relationship between mitophagy and osteoclast fate

Large osteoclasts are formed by fusion of macrophagys. After formation, there are two distinct fates for osteoclasts. Most

of them undergo fission and transform into osteomorphs, in which mitophagy plays a significant role. And osteomorphs

could re-fuse back to osteoclasts to perform a bone resorption function when treated with RANKL again. If mitophagy is

suppressed, osteoclasts will undergo apoptosis.
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the lead contact, Guoli Yang (guo_li1214@zju.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

C57BL/6J mice were purchased from Slaccas (Shanghai, China). Six weeks old C57BL/6J female mice were

the source of bone marrow macrophages in vitro. The cell extraction protocol complied with the regula-

tions of laboratory animal use of Zhejiang University and the National Institutes of Health guide for the

care and use of laboratory animals (NIH Publications No. 8023). The influence of gender needs to be stud-

ied in the future and is one of our limitations.

Bone marrow macrophages extraction

BMMs were isolated from tibias and femurs of six weeks old C57BL/6J female mice, were the target cells of

our study in in vitro experiment. First, mice were sacrificed and disinfected with the help of immersion in

75% alcohol for 10 min. Peel the tibias and femurs from the body, remove the synovium, tendon, adipose

and other soft tissues around. Bone marrow cells were flushed from the medullary cavities of tibiae and fe-

murs. Then cells were cultured at 37�Cwith 5%CO2 in a DMEMmedium containing 10% fetal bovine serum,

1% penicillin/streptomycin, and 30 ng/mL M-CSF for 3 days to obtain BMMs.

METHOD DETAILS

Cell culture

Mouse BMMs were obtained as described.66 Briefly, total bone marrow cells were isolated from the femurs

and tibias. The cells were plated in plastic petri dishes and cultured in DMEM (supplemented with 10% FBS,

1% penicillin/streptomycin, and 30 ng/mL M-CSF) at 37�C and 5% CO2 for 3 days. Subsequently, adherent

cells were harvested and seeded with 1 3 105 cells per well in a 24-well plate in the presence of 30 ng/mL

M-CSF and 50 ng/mL RANKL to induce osteoclast differentiation. The media and cytokines were changed

every 3 days. For drug stimulation experiments, cells were treated with vehicle (DMSO 0.005%v/v), CQ

(10 mM), Rap (5 mM), 3-MA (2mM) and CCCP (10mM) for 30 min after successful induction of osteoclasts.

Reagents

M-CSF (416-ML) and RANKL (462-TEC) were purchased from R&D Systems. Staurosporine was purchased

from MedChemExpress (HY-15141). MitoTracker Green (C1048), LysoTracker Red (C1046), enhanced mito-

chondrial membrane potential assay kit with JC-1 (C2003S), ATP assay kit (S0026) and a ROS assay kit

(S0033S) were purchased from Beyotime. An Annexin V-FITC/PI apoptosis detection kit and cells genomic
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DNA extraction kit were purchased from Solarbio (CA1020). Following anti-bodies were used in our exper-

iments: anti-Fbxo7 antibody (GeneTex #GTX65829), anti-Bpgm antibody (Santa Cruz #sc-373819), anti-

TOM antibody (Proteintech #11802-1-AP), anti-SQSTM1/p62 antibody (Affinity #AF5384), anti-BNIP3 anti-

body (Affinity #DF8188), anti-PINK1 antibody (Affinity #DF7742), anti-LC3B antibody (Affinity #AF4650),

anti-APG5L/ATG5 antibody (Affinity #DF6010), anti-DC-STAMP antibody (ABclonal #A14630), anti-CTSK

antibody (Proteintech #11239-1-AP), anti-NFATc1 antibody (CST #8032),anti-TRAP antibody (Abcam

#ab191406).

Time lapse microscopy

Time lapse images were taken with a Keyent BZ-X800E fluorescence microscope. The cell plate was placed

in a microscope chamber gassed with 5% CO2 and maintained at 37�C. Time-lapse microscopy was per-

formed for 60 h at 30 min/frame intervals. Software-based autofocus was used to eliminate focal plane drift.

Immunofluorescence

Samples were collected according to the time node of the time-lapse images. After washing with PBS, cells

were fixed with 4% paraformaldehyde (PFA) for 15min, followed by permeabilization with 0.5% Triton X-100

in PBS for 30 min. Unspecific binding sites were blocked with 5% BSA for 30 min. Then, the anti-Fbxo7 anti-

body was applied overnight at 4�C. The next day, the cells were incubated with the secondary antibody for

3 h, followed by 4ʹ,6-diamidino-2-phenylindole (DAPI) staining for 10min. Finally, fluorescence images were

acquired with a fluorescence microscope, and random fields were photographed.

Analysis of the apoptosis rate

Apoptotic cells were examined using Annexin V-FITC/PI staining according to themanufacturer’s protocol.

The cells were detected under a fluorescence microscope. Both Annexin V and PI-negative staining indi-

cated live cells; early apoptotic cells were stained only with Annexin V; and both Annexin V- and PI-positive

stained cells were in the late stage of apoptosis.67

Bone resorption assay

Bone resorption assays were performed as previously described.68 Briefly, the drug-treated cells were har-

vested and seeded onto bovine bone slices at 104 cells/well in a 24-well plate. The cells were cultured with

30 ng/mL M-CSF and 50 ng/mL RANKL for 5 days. Then the slices were treated with 1 M NH4OH to remove

the cells. Next, the slices were stained with 1% toluidine blue for 1 min. Resorption pits images were

captured with a light microscope.

Mitochondrial DNA content

Mitochondrial DNA content was quantified as the ratio of mitochondrial DNA to nuclear DNA. Samples

were collected according to the time node of the time-lapse images. Total DNA was isolated with a

DNA extraction kit. RT-qPCR was performed using a TB Green kit (TaKaRa, Kyoto, Japan) and a 384

Real-Time PCR system (Bio-Rad, USA). Nuclear DNA B2M or H19 was amplified as internal standards,

and mitochondrial DNA ND1 or Cytb was normalized to nuclear DNA. The following primers were used:

B2M forward: 50- ACGTAACACAGTTCCACCC G-30; B2M reverse: 50- CGGCCATACTGGCATGCTTA-30;
ND1 forward: 50- TCTAATCGCCAT AGCCTTCC-30; ND1 reverse: 50- GCGTCTGCAAATGGTTGTAA-3069;
H19 forward: 50- GTCCACGAGACCAATGAC TG-30; H19 reverse: 50- GTACCCACCTGTCGTCC-30; Cytb
forward: 50- ATTCCTTCATGTCGGA CGAG-30; Cytb reverse: 50-ACTGAGAAGCCCCCTCAAAT-30.70

ATP assay

An ATP assay kit was used for the quantification of ATP levels. Briefly, cells were harvested and cleaved ac-

cording to the manufacturer’s manual. The cell lysate was centrifuged to obtain the supernatant (12000g,

4�C, 10min). Then, the supernatant was added to ATP working solution. ATP concentration was measured

by measuring the luminescence intensity.

Assessment of mitochondrial membrane potential and ROS generation

JC-1 was used to measure mitochondrial membrane potential according to the kit manufacturer’s manual.

In brief, cells were gently washed once with warm PBS, incubated in JC-1 working solution for 20 min at

37�C, and then washed three times. For the detection of ROS, a DCFU-DA probe was used according to
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themanufacturer’s instructions Briefly, cells were treated with 10 mMDCFU-DA FBS-freemedium for 20 min

at 37�C after washing with PBS. Images were acquired with a fluorescence microscope.

Transmission electron microscopy and analysis

Transmissionelectronmicroscopywasperformedaccording to theprotocol in the laboratory.71,72 The cellswere

first washedwith PBS and fixed in 2.5%phosphate-buffered glutaraldehydeovernight at 4�Cand then fixedwith

1%osmium tetroxide for 1 h followedby 2%uranyl acetate staining. Then, the cells weredehydrated in a graded

ethanol series and acetone, and embedded with epoxy resin. Finally, they were cut into approximately 100-nm

ultrathin sections. Images were captured with a 120-kV Tecnai G2 Spirit electron microscope.

Identification of mitochondria and lysosomes

For the analysis of mitophagy, mitochondrial and lysosome staining was performed as reported.73 Briefly,

two fluorescent selective probes, MitoTracker Green and LysoTracker Red, were used to identify mitochon-

dria and lysosomes, respectively. Cells were incubated with 20 nM MitoTracker and 50 nM LysoTracker at

37�C for 20 min, and then stock solutions were removed. Then cells were observed with a fluorescence

microscope.

Cell death assay

For the analysis of cell death, live-cell imaging was performed. In brief, cells were treated as described

above. Then, they were photographed every 4 h for 72 h. The cell death test was confirmed by the number

of cells, which was determined by the confluence of cells. The experiment was completed using an IncuCyte

ZOOM� live cell Imaging system.

Quantitative real-time PCR analysis

Samples were collected according to the time node of the time-lapse images. Total RNA was isolated and

500 ng of RNAwas reversed transcribed to cDNAwith a PrimeScriptTM RT reagent kit according to theman-

ufacturer’s instructions. RT-qPCR was performed using a TB Green kit in a 384 Real-Time PCR system.

The messenger RNA (mRNA) expression level was calculated using the 2-DDCt method and normalized to

the housekeeping gene GAPDH. The following primers were used: Fbxo7 forward: 50- CGCAG

CCAAAGTGTACAAAG-30; Fbxo7 reverse: 50- AGGTTCAGTACTTGC CGTGTG-30; Bpgm forward: 50- AC
CGGAGGTACAAAGTGTGC-30; Bpgm reverse: 50- CTCCAGCAGAATCGGAACTC-30;DC-STAMP forward:

50- TCCTCCATGAA CAAACAGTTCCAA-30; DC-STAMP reverse: 50- AGACGTGGTTTAGGAATGCAGCTC

-30; TRAP forward: 50- AGCAGCCAAGGAGGACTAC -30; TRAP reverse: 50- CAT AGCCCACACCG TTCTC

-30; CTSK forward: 50- ATGTGGGTGTTCAAGTTTCTGC-30; CTSK reverse: 50-CCAC AAGATTCTGGG

GACTC-30; NFATc1 forward: 50- GGTGCTGTCTGGCCATAACT-30; NFATc1 reverse: 50-GAAACGCTGG

TACTGGCTTC-30.

Western blot analysis

Samples were collected according to the time node of the time-lapse images. Cells were harvested and

lysed in cell lysis buffer for 30 min on ice. The protein concentration was detected using a bicinchoninic

acid kit (Beyotime, China). Equivalent amounts of protein (20 mg) were electrophoresed on 10-12% SDS-

PAGE. The proteins were then transferred onto PVDF membranes. Subsequent processes were carried

out following standard protocols. A densitometric analysis of the bands was performed with ImageJ soft-

ware (National Institutes of Health).

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were repeated independently at least three times. The results are expressed as the

means G standard deviation unless otherwise noted. All data were analyzed using the statistical software

SPSS 13.0 (SPSS, Chicago, IL, USA). Statistical significance was analyzed using Student’s t test for com-

parisons between two groups. For comparisons among 3 or more groups, one-way analysis of variance

(ANOVA) was performed, followed by Bonferroni’s test. P values lower than 0.05 were considered to indi-

cate statistical significance.
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