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A B S T R A C T   

TMBIM6 is an endoplasmic reticulum (ER) protein that modulates various physiological and pathological pro
cesses, including metabolism and cancer. However, its involvement in bone remodeling has not been investi
gated. In this study, we demonstrate that TMBIM6 serves as a crucial negative regulator of osteoclast 
differentiation, a process essential for bone remodeling. Our investigation of Tmbim6-knockout mice revealed an 
osteoporotic phenotype, and knockdown of Tmbim6 inhibited the formation of multinucleated tartrate-resistant 
acid phosphatase-positive cells, which are characteristic of osteoclasts. Transcriptome and immunoblot analyses 
uncovered that TMBIM6 exerts its inhibitory effect on osteoclastogenesis by scavenging reactive oxygen species 
and preventing p65 nuclear localization. Additionally, TMBIM6 depletion was found to promote p65 localization 
to osteoclast-related gene promoters. Notably, treatment with N-acetyl cysteine, an antioxidant, impeded the 
osteoclastogenesis induced by TMBIM6-depleted cells, supporting the role of TMBIM6 in redox regulation. 
Furthermore, we discovered that TMBIM6 controls redox regulation via NRF2 signaling pathways. Our findings 
establish TMBIM6 as a critical regulator of osteoclastogenesis and suggest its potential as a therapeutic target for 
the treatment of osteoporosis.   

1. Introduction 

Bones undergo continuous remodeling throughout life to maintain 
strength and mineral homeostasis. During bone remodeling, bone 
resorption is tightly coupled to bone formation; proper balance between 
bone resorption by osteoclasts and bone formation by osteoblasts is 
essential to maintain healthy bones. Excessive bone resorption leads to 
osteopenia and osteoporosis, whereas excessive bone formation leads to 
osteopetrosis [1–3]. 

Osteoclasts are responsible for bone resorption, which plays a pivotal 
role in beginning the bone remodeling cycle [4,5]. Osteoclast precursor 
(OCP) cells are differentiated from the monocyte-macrophage lineage 
cells derived from hematopoietic stem cells. OCP cells differentiate into 
osteoclasts upon stimulation by two key ligands, the macrophage 
colony-stimulating factor (M-CSF) and the receptor activator of nuclear 
factor kappa-B ligand (RANKL) [6,7]. Typically, the binding of RANKL 
to the receptor activator of nuclear factor kappa-B (RANK, also known as 

TNFRSF11a) activates nuclear factor kappa-B (NF-κB), activator protein 
1 (AP-1), and nuclear factor-activated T cells c1 (NFATc1), which 
modulate the expression of osteoclast-specific genes, including 
tartrate-resistant acid phosphatase (TRAP), cathepsin K, 
osteoclast-associated receptor, and matrix metalloproteinase-9 (MMP-9) 
[8–14]. Recent studies have shown that the RANKL signaling stimulates 
the production of reactive oxygen species (ROS), which plays an 
important role in osteoclastogenesis [15–20]. 

Transmembrane BAX inhibitor motif-containing (TMBIM) 6 is a 
member of the TMBIM family that possesses antiapoptotic activity. The 
TMBIM family shares a domain containing six or seven transmembrane 
regions and is conserved among mammals, insects, fish, plants, viruses, 
and yeast [21]. TMBIM6 was originally identified as an inhibitor of 
BAX-induced apoptosis through functional screening in yeast [22]. 
Further studies found that TMBIM6 is a hydrophobic transmembrane 
protein exclusively present on the endoplasmic reticulum (ER), where it 
modulates ER stress, ROS accumulation, and Ca2+ concentration 
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[23–28]. The role of TMBIM6 in cancer development and progression 
has also been investigated. The expression levels of TMBIM6 are upre
gulated in breast, glioma, prostate, uterine, and ovarian cancer but 
downregulated in stomach, colon, kidney, lung, and rectal cancer [28]. 
A recent study reported that TMBIM6 is associated with tumor growth 
and cancer-related signaling [29]. 

Several studies using knockout mice have investigated TMBIM6’s 
physiopathological roles, conducted by both our colleagues and other 
research groups. TMBIM6-depleted mice showed increased ER stress- 
induced tissue damage [25,30], increased liver generation after partial 
hepatectomy [31], obesity in adulthood, and development of leukopenia 
and hepatic steatosis [31,32], impeded hepatic glucose metabolism and 
insulin signaling under high-fat diet conditions [33], greater testicular 
damage after cisplatin treatment [34], and ER stress response failure in 
aging [35]. Furthermore, Our recent studies have demonstrated that 
TMBIM6 participates in odontoblast differentiation [36] and also ex
hibits elevated expression levels in both osteoblasts and osteoclasts [37], 
suggesting its potential role in regulating bone remodeling. We have 
extended these observations by investigating the potential role of 
TMBIM6 in bone remodeling. 

In this study, we present that Tmbim6 knockout mice exhibit an 
osteoporotic phenotype. We demonstrate that TMBIM6 depletion 
significantly enhanced RANKL-mediated osteoclast differentiation in the 
mice. Our study also uncovers the role of TMBIM6 in negatively regu
lating the p65 signaling pathway by suppressing the production of 
reactive oxygen species. Additionally, we show that N-acetyl cysteine 
(NAC) treatment inhibits the osteoclastogenesis upregulation in 
TMBIM6-depleted cells. Finally, we identify TMBIM6 as a critical 
regulator of the NRF2 signaling pathways during osteoclast 
differentiation. 

2. Materials and methods 

2.1. Mice and micro-CT analysis 

All procedures for mouse care were performed in accordance with 
the Institutional Animal Care and Use Committees of Chonbuk National 
University. For all experiments, the mice were on a C57BL/6J back
ground and were housed in a mouse facility on a 12-h light/dark cycle in 
a 22 ◦C temperature-controlled room. The Tmbim6 wild-type and 
knockout mice used in this study have been described previously [25]. 
Age-matched male mice were used for experiments. 

The distal femur of 3-month-old male Tmbim6 wild-type and 
knockout mice was subjected to micro-CT analysis using a Quantum GX 
micro-CT imaging system (PerkinElmer, Hopkinton, MA, USA) with the 
following parameters: 90 kV, 80 μA, and a 4-min scanning time. Images 
were acquired with a cubic voxel size of 20 μm, covering a field of view 
(FOV) of 10 mm × 10 mm. The region of interest (ROI) for trabecular 
bone was defined as the area located 1 mm from the growth plates, and 
100 slices (2 mm) were reconstructed. The trabecular bone parameters 
were analyzed and calculated using the ROI tool in Analyze 12.0 soft
ware (AnalyzeDirect, Overland Park, KS, USA) [38]. 

2.2. Bone histomorphometry 

The femurs from 3-month-old male Tmbim6 wild-type and knockout 
mice were isolated and fixed with a 4% paraformaldehyde solution, 
followed by decalcification in 0.5 M EDTA at pH 7.4. The femurs were 
then dehydrated with ethanol, cleared with xylene, and embedded in 
paraffin. The femur sections were cut to a thickness of 5 μm and stained 
with hematoxylin and eosin (H&E), tartrate-resistant acid phosphatase 
(TRAP), or alkaline phosphatase (ALP). For the histomorphometric 
analysis, we used the Osteomeasure software (Osteometrics, Atlanta, 
GA), following the nomenclature and abbreviations recommended by 
the Committee of the American Society for Bone and Mineral Research 
[39]. 

2.3. Osteoclast precursor cells isolation 

Bone marrow cells were collected from femurs and tibias of 6–8- 
week-old C57BL/6 mice and cultured in minimum essential medium-α 
(MEM-α) supplemented with 10% FBS and M-CSF (5 ng/ml) for 16 h. 
Nonadherent cells were harvested and further cultured with M-CSF (30 
ng/ml) for 3 days. After removal of floating cells, adherent cells were 
used as OCP cells [40]. 

2.4. Osteoclast differentiation and TRAP staining 

OCP cells were cultured in the presence of M-CSF (30 ng/ml) and 
RANKL (100 ng/mL). After 3–6 days, cells were fixed and stained for 
tartrate-resistant acid phosphatase (TRAP) using an acid phosphatase 
leukocyte kit (Sigma, 386A). TRAP-positive multinucleated cells con
taining three or more nuclei were counted as osteoclasts under a light 
microscope [41]. 

2.5. Lentivirus-mediated shRNA transduction 

DNA oligonucleotides encoding shRNAs specific for Tmbim6 or non- 
target negative control were annealed and ligated into the lentiviral 
expression vector pLKO.1 (Addgene). Lentiviral particles were prepared 
as previously described [40,42]. To knockdown Tmbim6, OCP cells were 
infected with these viruses and selected with puromycin (2 μg/ml) for 2 
days. OCP cells were then differentiated with M-CSF (30 ng/ml) and 
RANKL (100 ng/ml). The DNA oligonucleotides encoding the shRNAs 
are described in Supplementary Table 1. 

2.6. Cell proliferation assay 

OCP cells were cultured with M-CSF (30 ng/ml) and RANKL (100 ng/ 
mL) on 96-well plates. Cell proliferation was evaluated using water 
soluble tetrazolium salt (WST) assay by measuring the absorbance at 
450 nm (DoGen, Korea, EZ-3000). 

2.7. Real-time quantitative PCR 

Total RNA was prepared using Tri-RNA reagent (Favorgen, 
FATRR001) according to manufacturer’s instruction, and cDNAs were 
generated from total RNAs via reverse transcription using M-MLV 
reverse transcriptase (Promega, M1708) according to the manufac
turer’s instructions. Real-time PCR was performed using IQ SYBR Green 
Supermix in an IQ5 real-time thermal cycler (Bio-Rad). Relative mRNA 
levels were normalized to β-actin mRNA levels. The primers used for 
PCR are described in Supplementary Table 2. 

2.8. Intracellular reactive oxygen species (ROS) measurement 

OCP cells were cultured in 96-well black/clear bottom plates with M- 
CSF (30 ng/mL) and RANKL (100 ng/mL) for 24 h. To detect intracel
lular ROS, the cells were preloaded with 5 μM of 2’,7’-dichlorofluorescin 
diacetate (DCF-DA) in phenol red-free MEM-α for 1 h in the dark, and 
then treated with RANKL (100 ng/mL) for 30 min. The DCF fluorescence 
was measured on a fluorescence plate reader at excitation/emission 
wavelengths of 485/538 nm in endpoint mode [43–46]. Additionally, 
CellROXTM Deep Red Reagent (Molecular Probes) was used to detect 
intracellular ROS following the manufacturer’s instructions. Briefly, 
cells were cultured and treated with or without RANKL for 10 min. 
CellROXTM Deep Red Reagent was added to a final concentration of 0.5 
μM for 30 min before harvesting and detection. Signals were measured 
at 660 nm by flow cytometry (CytoFlex, Beckman Coulter), and the re
sults are presented as the mean fluorescence intensity (MFI) of three 
independent experiments. 
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2.9. RNA-sequencing 

For RNA-seq, OCP cells were seeded in the presence of M-CSF (30 ng/ 
mL) onto 6-well culture plates treated with or without RANKL (100 ng/ 
mL) for 24 h. After libraries were prepared from total RNA, high- 
throughput sequencing with 100 bp pair-end was performed from E- 
Biogen Inc. (Seoul, Korea) using HiSeq 2500 (Illumina, CA, USA). 
mRNA-Seq reads were aligned to reference mouse genome (mm10 as
sembly) using TopHat. HOMER program was used to analyze RNA-seq 
data performed as described [38,47]. The cut-off parameters were set 
at fold change ≥1.5 and FDR <0.05 (Benjamin-Hochberg). For K-means 
clustering and gene ontology (GO) analysis, we used the Morpheus web 
site (https://software.boradinstitute.org/morpheus/) and Metascape 
tool (https://metascape.org) [48]. To predict transcription factors 
associated with a set of genes, TRRUST V2 and ChEA3 tool were used 
[49,50]. RNA-seq data were available at NCBI Gene Expression Omnibus 
(GSE231889). 

2.10. Preparation of whole-cell lysates and subcellular fractionation 

For preparation of whole-cell lysates, cells were lysed in standard 
lysis buffer containing protease inhibitor, 1 mM sodium orthovanadate, 
and 2.5 mM sodium pyrophosphate. The cell lysates were subjected to 
SDS-PAGE, followed by immunoblotting with the indicated antibodies. 
To obtain the cytosolic and nuclear fractions, cells were resuspended in 
buffer A [10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.34 M 
sucrose, 10% glycerol, 1 mM DTT, 0.1% Triton X-100, and protease 
inhibitors] and incubated on ice for 8 min. After centrifugation at 300×g 
for 5 min at 4 ◦C, the supernatant (cytosolic fraction) was collected in a 
new tube. The nuclear pellet was washed once with buffer A, lysed with 
SDS lysis buffer, and briefly sonicated (nuclear fraction). The nuclear 
fractions were followed by immunoblotting with the indicated anti
bodies. The antibodies used in the current study are listed in Supple
mentary Table 3. 

2.11. Chromatin immunoprecipitation (ChIP) assay 

Cells were crosslinked with 1% formaldehyde for 10 min and washed 
with ice-cold PBS. The crosslinked cells were lysed with hypotonic 
buffer [10 mM HEPES-KOH (pH 7.8), 10 mM KCl, 1.5 mM MgCl2, and 
protease inhibitors] on ice for 10 min and centrifuged for 1 min at 14 
000 rpm. The nuclear pellet was resuspended in nuclear lysis buffer [1% 
SDS, 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, and protease inhibitors] 
for 1 h and sonicated using a Bioruptor (Diagenode) for 20 cycles. After 
preclearing, ChIP assays were performed using antibodies specific for 
p65 and control IgG [40,42,51,52]. The precipitated DNA was subjected 
to real-time quantitative PCR with primers specific for Mmp-9 promoter 
region and Tnfrsf11a promoter region. The antibody and primers in this 
assay are listed in Supplementary Table 2 and Supplementary Table 3. 

2.12. Measurement of total glutathione levels and GSH/GSSG ratios 

To measure total glutathione levels and GSH/GSSG ratios, cells were 
seeded on 96-well plates with clear bottoms and white tops and treated 
with or without RANKL for 24 h. The GSH/GSSG-GloTM Assay kit 
(Promega) was used according to the manufacturer’s instructions to 
measure total glutathione and oxidized glutathione (GSSG) levels. The 
total glutathione concentration was normalized to the protein 
concentration. 

2.13. Statistical analysis 

Data are presented as the mean ± SEM or the mean ± SD values. The 
exact numbers of replicates (n) are indicated in the figure legends. The 
significance of differences was evaluated using the two-tailed t-test or 
two-way ANOVA followed by Tukey’s multiple comparison test for 

comparisons among three or more groups. A P value < 0.05 was 
considered significant. In the figures, the asterisks denote statistical 
significance (*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.000 1). 
Statistical analysis was performed in GraphPad Prism 9. 

3. Results 

3.1. TMBIM6 loss leads to osteoporosis by increasing osteoclast 
differentiation 

To investigate the role of TMBIM6 in bone metabolism, the bone 
architecture of Tmbim6 knockout male mice was analyzed by micro-CT 
analysis. In Tmbim6 knockout mice, bone mass was significantly reduced 
compared to that in littermate Tmbim6 wild-type mice (Fig. 1A). As 
expected, bone mineral density, trabecular thickness (Tb.Th), trabecular 
number (Tb.N), and trabecular volume (Tb.V) in Tmbim6 knockout mice 
were decreased compared to those in Tmbim6 wild-type littermates, but 
trabecular space (Tb.sp) was increased (Fig. 1B). To further understand 
the effects of Tmbim6 on bone metabolism, femurs from Tmbim6 wild- 
type and knockout mice were analyzed by TRAP staining. The number 
of TRAP-positive osteoclasts was higher in TMBIM6 knockout mice than 
in Tmbim6 wild-type mice (Fig. 1C). Histomorphometric analysis further 
revealed that trabecular osteoclast numbers (N.Oc/B.Pm), osteoclast 
surface area (Oc.S/BS), as well as bone resorption activity (ES/BS) were 
higher in Tmbim6 knockout mice. Conversely, the number of ALP- 
positive cells, osteoblast surface area (Ob.S/BC) and trabecular bone 
volume versus tissue volume (BV/TV) were higher in Tmbim6 wild-type 
mice than in TMBIM6 knockout mice (Fig. 1C and D; Fig. S1). These 
results suggest that Tmbim6 loss resulted in an osteoporotic phenotype 
characterized by increased osteoclast activity and decreased bone 
formation. 

3.2. TMBIM6 inhibits RANKL-induced osteclastogenesis 

To investigate the role of TMBIM6 on osteclastogenesis and osteo
blastogenesis. We first performed TRAP staining using OCP cells from 
Tmbim6 knockout and Tmbim6 wild-type mice. TMBIM6 knockout 
resulted in a significant increase in osteoclast formation, characterized 
by a higher number of nuclei per cell. (Fig. 2A and Fig. S2A). Similar 
results were observed in Tmbim6 knockdown cells (Fig. 2B and Fig. S2B). 
Notably, the finding that Tmbim6 knockdown had little effect on OCP 
proliferation suggested that TMBIM6 selectively inhibited the differen
tiation, but not the proliferation of, OCP cells (Fig. 2C). We also exam
ined whether TMBIM6 could regulate the expression of osteoclast 
marker genes such as NFATc1. Our results showed that knockout or 
knockdown of Tmbim6 led to a significant increase in the expression of 
osteoclast-related genes after RANKL treatment (Fig. 2D and Fig. S2C). 
These findings suggest that TMBIM6 acts as a suppressor of RANKL- 
induced osteoclast formation. Given that TMBIM6 inhibits ROS pro
duction [34,53,54], and RANKL induces ROS in OCP cells [17,18,55], 
we hypothesized that TMBIM6 may suppress RANKL-mediated ROS 
generation, thereby suppressing osteoclast formation. Indeed, we found 
that ROS levels were substantially increased in TMBIM6-depleted OCP 
cells compared to those in TMBIM6 wild-type cells after RANKL treat
ment (Fig. 2E and F). Furthermore, we investigated the role of TMBIM6 
in osteoblast differentiation by depleting it in both primary calvarial 
osteoblasts and a preosteoblastic cell line, MC3T3-E1. Our results 
showed that TMBIM6 knockdown hindered osteoblast differentiation, as 
revealed by ALP staining, and significantly impeded cell proliferation 
(Figs. S2D and S2E). These results suggest that TMBIM6’s antiapoptotic 
function is crucial for osteoblast differentiation. Although TMBIM6 is 
involved in both osteoclasts and osteoblasts, we specifically focused on 
investigating its role in osteoclast differentiation. This decision was 
based on the observation that TMBIM6 predominantly influences oste
oclast differentiation rather than proliferation, which differs from its 
effects on osteoblast. 
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Fig. 1. TMBIM6-depleted mice exhibit an osteoporotic phenotype. 
A Representative micro-CT image of the proximal femur of 3-month-old male Tmbim6 wild-type and knockout mice (top, axial view; bottom, longitudinal view). Scale 
bar, 1 mm. B Micro-CT analysis data of the femurs of 3-month-old male Tmbim6 wild-type and knockout mice (n = 6). Box plots represent median with minimum and 
maximum whiskers. BMD, bone mineral density; BV/TV, trabecular bone volume per tissue volume; Tb.Th, trabecular thickness; Tb. Sp, trabecular spacing; Tb.N, 
trabecular number; Tb.V, trabecular volume. C H&E and TRAP staining of femur sections from 3-month-old male Tmbim6 wild-type and knockout mice. The black 
arrows indicate TRAP-positive osteoclasts. Scale bar, 100 μm. D Histological analysis of femur sections from C. BV/TV, bone volume per tissue volume; ES/BS, eroded 
surface per bone surface; Oc. S/BS, osteoclast surface per bone surface; N. Oc/B.Pm, osteoclast number per bone perimeter; Ob. S/BS, osteoblast surface per bone 
surface. The data are presented as the mean ± SEM values. P value is determined by two-tailed t-test. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. WT, 
Tmbim6 wild-type mice; KO, Tmbim6 knockout mice. 
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Fig. 2. TMBIM6 depletion augments RANKL-induced OC differentiation 
A TRAP staining of osteoclasts precursors (OCP) cells from Tmbim6 wild-type and knockout mice. Scale bar, 75 μm. B TRAP staining of OCP cells expressing control 
shRNA and Tmbim6 shRNA. C Cell proliferation assay of mock- or TMBIM6-depleted OCP cells. D mRNA expression of Nfatc1 and its target genes from mock- or 
TMBIM6-depleted OCP cells, as in B. E Levels of reactive oxygen species (ROS) of mock- or TMBIM6-depleted OCP cells were evaluated with DCF-DA in the absence 
or presence of RANKL (100 ng/ml, 30 min). F Flow cytometry histograms of cellular ROS measured by CellROX deep red. Bar graphs represent the median fluo
rescence intensity (MFI) of OCP cells in the absence or presence of RANKL (100 ng/ml, 10 min). The data are presented as the mean ± SD values of three independent 
experiments. P value is determined by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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3.3. TMBIM6 regulates the expression of a set of osteoclastogenic genes 
during osteoclastogenesis 

We next examined whether TMBIM6 plays a role in the transcrip
tional regulation of genes associated with ROS response and osteoclast 
formation. To do this, we performed RNA-sequencing using mRNA from 
mock-depleted or TMBIM6-depleted OCP cells with or without RANKL 
treatment for 24 h. Genome-wide transcriptome analysis revealed that 
3,364 genes were differentially expressed in pairwise comparisons 
among the four conditions. K-means clustering showed five gene clusters 
that were differentially affected by RANKL treatment and TMBIM6 
depletion (Fig. 3A, Supplementary Table 4 and Supplementary Table 5). 
To determine gene function within each cluster, gene ontology (GO) 
terms were further analyzed (Fig. 3B). Interestingly, genes (cluster I) 
involved in the tumor necrosis factor signaling pathway, osteoclast 
differentiation, and NIK/NF-κB signaling were upregulated by RANKL 
treatment and further upregulated by TMBIM6 depletion (Fig. 3C). 
However, cluster V genes implicated in the response to ROS were 
downregulated by RANKL and further downregulated by TMBIM6 
depletion (Fig. 3D). The GO analysis results were confirmed by qRT-PCR 
analysis (Fig. 3E). 

3.4. TMBIM6 suppresses NF-κB-mediated osteoclastogenesis 

Given that TMBIM6 negatively regulates the expression of osteoclast- 
related genes, resulting in the inhibition of RANKL-mediated osteoclast 
formation, we sought to find transcription factors that control the 
expression of genes affected by TMBIM6 during osteoclastogenesis. To 
do this, we analyzed 518 genes in cluster I using the TRRUST v2 and 
ChEA3 databases and found that canonical and non-canonical NF-κB 
transcription factors, such as RELA–NF-κB1 and RELB–NF-κB2, are 
commonly high-ranked (Fig. 4A and Fig. S3A). We then investigated the 
effect of TMBIM6 on the NF-κB signaling pathway. OCP cells expressing 
control shRNA or TMBIM6 shRNA were stimulated with RANKL for the 
indicated times (Fig. 4B), and the nuclear localization of NF-κB tran
scription factors was analyzed by western blotting. Interestingly, 
Tmbim6 knockdown significantly enhanced the RANKL-induced nuclear 
translocation of RELA–NF-κB1, while it did not change the expression 
levels of RELA (Fig. 4B and Fig. S3B). Concomitantly, IκB degradation 
and p65 phosphorylation increased in TMBIM6-depleted OCP cells 
(Fig. 4C). In contrast, TMBIM6 had less effect on the RANKL-induced 
phosphorylation of ERK, p38, and JNK (Fig. 4C). To determine 
whether p65 is the primary target in the TMBIM6-mediated suppression 
of RANKL-induced osteoclastogenesis, we employed JSH-23 (an inhib
itor of p65 nuclear translocation). As shown in Fig. 4D, JSH-23 
completely stopped the increase in osteoclast formation induced by 
TMBIM6 knockdown. The results of the analysis for finding transcription 
factors (Fig. 4A and Fig. S3A) and previous chromatin immunoprecipi
tation (ChIP)-sequencing data [52] demonstrated that the p65 peaks 
were primarily enriched in the promoter regions of Mmp-9, Nfatc1, and 
Tnfrsf11a genes (Fig. S3C). Furthermore, JSH-23 treatment significantly 
repressed mRNA expressions of Mmp-9, Nfatc1, and Tnfrsf11a (Fig. S3D). 
These results strongly suggested that TMBIM6 controls the expression of 
osteoclast-specific genes induced by RANKL mainly through the NF-κB 
signaling pathway. To reinforce these findings, we examined whether 
p65 is localized at the promoters of the Mmp-9 and Tnfrsf11a in response 
to RANKL treatment. We next analyzed the effect of TMBIM6 on p65 
localization. Control OCP cells and OCP cells depleted of TMBIM6 were 
treated with RANKL for 30 min. ChIP assays using p65 antibody 
demonstrated that TMBIM6 depletion severely increased p65 localiza
tion at the Mmp-9 and Tnfrsf11a promoters (Fig. 5A). Tmbim6 knock
down significantly induced Mmp-9 and Tnfrsf11a expression (Fig. 5B). 
These findings indicate that TMBIM6 functions as a negative regulator of 
NF-κB-mediated osteoclastogenesis. 

3.5. Redox regulation of antioxidant inhibits NF-κB activation induced by 
TMBIM6 depletion 

Recent studies have demonstrated that ROS induces NF-κB nuclear 
translocation [56–59]. Given our findings that TMBIM6 depletion in
creases ROS production (Fig. 2E and F) and NF-κB nuclear translocation 
(Fig. 4B), we hypothesized that N-acetyl cysteine (NAC) could eliminate 
ROS induced by TMBIM6 depletion and thereby abrogate NF-κB activity. 
We first determined the optimal concentration of NAC to inhibit osteo
clast differentiation but not proliferation. NAC (2.5 mM, 5 mM and 10 
mM) selectively inhibited osteoclast differentiation (Fig. 6A and 
Fig. S4A). We next investigated whether NAC modulates 
TMBIM6-dependent OC formation. As expected, TMBIM6 depletion 
increased RANKL-mediated osteoclast formation compared to that in 
control shRNA-treated osteoclasts; NAC treatment abrogated this effect 
of TMBIM6 depletion on osteoclastogenesis (Fig. 6B). Consistent with 
these results, the ROS level increase in TMBIM6-depleted cells was 
reduced by NAC treatment (Fig. 6C). Furthermore, nuclear translocation 
of NF-κB increased by TMBIM6 depletion was decreased to the level 
achieved by control shRNA (Fig. 6D and Fig. S4B). As expected, ChIP 
and qRT-PCR experiments using OCP cells depleted of TMBIM6 clearly 
showed that NAC treatment significantly reduced the localization of p65 
at Mmp9 and Tnfrsf11a promoters, leading to the inhibition of target 
gene transcription (Fig. 6E and F). Taken together, these data support 
our hypothesis that TMBIM6-mediated redox regulation is critical in 
fine-tuning the localization and function of p65 during 
osteoclastogenesis. 

3.6. TMBIM6 controls redox regulation via NRF2 signaling pathways 

Previous studies have established that TMBIM6 has the capacity to 
activate NRF2, a critical transcription factor that plays a crucial role in 
regulating the cellular antioxidant response [54,60]. To investigate the 
potential role of TMBIM6 in redox regulation via the NRF2 signaling 
pathway, we conducted a comprehensive analysis of the expression 
levels of NRF2 in TMBIM6-depleted cells. Our Western blotting and 
qRT-PCR analyses clearly indicated that TMBIM6 depletion resulted in a 
notable reduction in both the mRNA and protein levels of NRF2 (Figs. 3E 
and 7A). These findings suggest that TMBIM6 is involved in regulating 
the expression of NRF2. Additionally, we observed a significant decrease 
in the nuclear translocation of NRF2 in TMBIM6-depleted cells, indi
cating that TMBIM6 plays a crucial role in facilitating the proper 
translocation of NRF2 to the nucleus, where it acts as a transcription 
factor to regulate gene expression. Consistent with this, we found that 
the mRNA expression of major ROS scavenging enzymes, including 
Prdx1, Cat and Gpx1, and the protein expression of PRDX1, which are 
known target genes of NRF2, were decreased upon TMBIM6 depletion 
(Fig. 7A and B). Furthermore, we observed a decrease in the GSH/GSSG 
ratio without any significant changes in total glutathione levels upon 
TMBIM6 depletion, indicating that TMBIM6 modulates cellular antiox
idant response and ROS levels through the activation of NRF2 and its 
target genes (Fig. 7C and D). 

4. Discussion 

Recent studies have investigated the pathophysiological functions of 
TMBIM6 in cancer development and obesity; however, its biological 
significance in bone development remains unclear. In this study, we 
demonstrated that TMBIM6 functions as a negative regulator of osteo
clastogenesis by scavenging reactive oxygen species (ROS). Using 
knockout mice and an ex vivo model, we observed that Tmbim6 
knockout accelerated RANKL-induced osteoclast differentiation. We 
also found that depletion of TMBIM6 suppressed the proliferation of 
preosteoblasts, which in turn led to the inhibition of osteoblast differ
entiation. Several studies have shown that ROS can prevent osteoblast 
differentiation by inducing apoptosis [61–63]. Our study, along with 
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Fig. 3. Tmbim6 knockdown alters the gene expression profile in RANKL-induced osteoclast differentiation 
A K-means (K = 5) clustering of 3,364 differentially expressed genes in any pairwise comparison among four conditions. Mock-depleted and TMBIM6-depleted OCP 
cells were treated with or without RANKL (100 ng/ml) for 24 h. RNA sequencing were performed using total mRNA. B Heatmap showing the p-value-based sig
nificance of gene ontology (GO) term enrichment for genes in each cluster. C GO analysis of Cluster I. D GO analysis of Cluster V. E qRT-PCR analysis of the 
representative genes for clusters I and V in mock- and TMBIM6-depleted OCP cells treated with or without RANKL (100 ng/ml) for 24 h. The data are presented as the 
mean ± SD values of three independent experiments. P value is determined by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Fig. 4. TMBIM6 depletion enhances the NF-κB 
translocation induced by RANKL 
A Prediction of transcription factors regulating the 
expression of genes belonging to cluster I, as in 
Fig. 3A, using TRRUST v2. B Effect of Tmbim6 
knockdown on NF-κB nuclear localization upon 
RANKL treatment. The western blot band was quan
tified using Image J software and shown as the rela
tive ratio of each protein band intensity normalized to 
H3 band intensity. C Effect of Tmbim6 knockdown on 
the NF-κB and MAPK signaling pathways upon 
RANKL treatment. The western blot band was quan
tified using Image J software and shown as the rela
tive ratio of each protein band intensity normalized to 
total protein band or actin band intensity. D Effect of 
JSH-23 on osteoclast differentiation from OCP cells 
expressing control shRNA and Tmbim6 shRNA2. The 
data are presented as the mean ± SD values of three 
independent experiments. P value is determined by 
two-way ANOVA. *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001; ns, not significant.   

Fig. 5. Effect of Tmbim6 knockdown on p65 locali
zation to target genes. A ChIP assay of p65 localiza
tion at the Mmp-9 (− 0.5 kb) or Tnfrsf11a (− 0.5 kb) 
promoter in TMBIM6-depleted cells upon RANKL 
signaling (100 ng/ml, 30 min). B mRNA expression of 
Mmp-9 and Tnfrsf11a from mock- or TMBIM6- 
depleted cells with or without RANKL treatment for 
24 h. The data are presented as the mean ± SD values 
of three independent experiments. P value is deter
mined by two-way ANOVA. *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.   
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Fig. 6. Antioxidant NAC represses the NF-κB activation induced by TMBIM6 depletion. 
A Determination of the optimal concentration of NAC to inhibit osteoclast differentiation. OCP cells treated with the indicated concentrations of NAC were stimulated 
with M-CSF (30 ng/ml) and RANKL (100 ng/mL) and TRAP staining was performed. BTRAP staining of OCP cells expressing control shRNA and Tmbim6 shRNA2 in 
the absence or presence of NAC. CROS levels of mock- or TMBIM6-depleted OCP cells treated with RANKL (100 ng/ml, 30 min) in the absence or presence of NAC 
(10 mM). D Effect of NAC on the nuclear localization of p65 in TMBIM6-depleted cells. The western blot band was quantified using Image J software and shown as 
the relative ratio of each protein band intensity normalized to lamin C band intensity. E ChIP assay of p65 localization at the Mmp-9 (− 0.5 kb) or Tnfrsf11a (− 0.5 kb) 
promoter in TMBIM6-depleted OCP cells upon RANKL signaling (100 ng/ml, 30 min) in the absence or presence of NAC (10 mM). F mRNA expression of Mmp-9 and 
Tnfrsf11a from mock- or TMBIM6-depleted OCP cells stimulated with RANKL for 24 h in the absence or presence of NAC (10 mM). The data are presented as the mean 
± SD values of three independent experiments. P value is determined by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; ns, not significant. 
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Fig. 7. TMBIM6 modulates cellular antioxidant response via regulating NRF2. 
A Effect of Tmbim6 knockdown on NRF2 protein expression and nuclear localization in the absence or presence of RANKL (100 ng/ml) for 24 h. The western blot 
band was quantified using Image J software and shown as the relative ratio of each protein band intensity normalized to actin or lamin C band intensity. B mRNA 
expression of ROS scavenging enzymes in mock- and TMBIM6-depleted OCP cells treated with or without RANKL (100 ng/ml) for 24 h. C Effect of Tmbim6 
knockdown on GSH/GSSG ratio and total glutathione level in the absence or presence of RANKL (100 ng/ml) for 24 h. D Schematic model demonstrating the putative 
role of TMBIM6 in RANKL-induced osteoclast differentiation. The binding of RANKL to RANK (TNFRSF11A) stimulates the NF-κB pathway via ROS generation 
leading to osteoclast differentiation. TMBIM6 inhibits ROS accumulation by inactivating ROS generator (e.g., cytochrome P450 (CYP)-NADPH-P450 reductase (NPR) 
complex) and/or activating ROS scavenger (e.g., PRDX1, catalase, and GPX1) through NRF2. Decreased ROS levels by TMBIM6 signaling pathways suppress RANKL- 
mediated p65 nuclear translocation, resulting in the inhibition of osteoclast differentiation. 
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others, has shown that TMBIM6 reduces ROS levels (as shown in Fig. 2E) 
[34,53,54], indicating that the antiapoptotic function of TMBIM6 is 
crucial for osteoblast differentiation. In summary, our study sheds light 
on the previously unknown role of TMBIM6 in bone development, 
highlighting its function as a negative regulator of osteoclastogenesis 
and a positive regulator of osteoblast differentiation through redox 
regulation. 

Osteoblasts are known to regulate osteoclast differentiation by 
secreting M-CSF, RANKL, and OPG [2]. While the present study has 
demonstrated the cell-intrinsic role of TMBIM6 in both osteoblast and 
osteoclast development, the use of conventional knockout mice leaves it 
unclear whether the ablation of TMBIM6 in osteoblasts directly affects 
osteoclasts. To address this issue, a conditional knockout mouse model 
with TMBIM6 removed only from osteoblasts would be necessary. 

Our GO and transcription factor finding analyses implied that 
TMBIM6 modulates the NF-κB signaling pathway. We found that the p65 
nuclear translocation was increased when TMBIM6 was depleted. 
Concomitantly, we observed that TMBIM6 depletion rapidly degraded 
IκB without affecting MAPK signaling pathways. Recent studies have 
shown that ROS facilitated IKK-mediated IκB degradation [56–58]. 
Several studies have revealed that TMBIM6 inhibited ROS by disrupting 
the cytochrome P450 (CYP)-NADPH-P450 reductase (NPR) complex 
and/or activating nuclear factor erythroid 2-related factor 2 (NRF2) that 
controls the expression of antioxidant enzymes such heme oxygenase-1 
and peroxiredoxin 1 (PRDX1) [26,53,54,64–67]. These results suggest 
that TMBIM6 inhibits IKK/NF-κB signaling pathways by reducing ROS 
generation. Indeed, Tmbim6 knockdown suppressed the expression of 
various genes related to ROS scavenging (e.g., Prdx1, Gpx1 and Cat). Our 
unpublished data revealed that Prdx1 deletion in osteoclasts accelerates 
osteoclast differentiation. Consistent with this result, Prdx1 knockout 
mice displayed decreased bone mass (data not shown). Moreover, NAC 
treatment reduced p65 nuclear translocation and inhibited osteoclast 
differentiation by abrogating the oxidative stress induced by TMBIM6 
deficiency. These findings indicate that TMBIM6 acts as a redox regu
lator that modulates osteoclast differentiation. 

The major sources of cellular ROS are NADPH oxidases and mito
chondria. Srinivasan et al. have provided significant insights into the 
involvement of mitochondrial ROS in osteoclastogenesis and bone 
resorption [68,69]. They suggested that mitochondrial ROS act as 
signaling molecules that are crucial for osteoclast differentiation and 
bone resorption by regulating the expression of key osteoclast genes, 
including RANK, NFATc1, and TRAP. Similarly, another group [17,68] 
has demonstrated that ROS generated by NOX in osteoclasts play a 
crucial role in osteoclast differentiation. Although the exact mechanism 
by which RANKL regulates ROS production is not fully understood, it 
may involve the modulation of mitochondrial function, NADPH oxidase 
activity, or other ROS-generating enzymes. TMBIM6 is present in both 
the mitochondria and endoplasmic reticulum, where it regulates cal
cium signaling and mitochondrial function. In this study, we found that 
TMBIM6 plays a critical role in scavenging intracellular ROS during 
osteoclastogenesis by regulating NRF2-mediated antioxidant enzymes, 
including PRDX1. It is worth exploring whether TMBIM6 also regulates 
mitochondrial ROS levels, given that several mitochondrial antioxidant 
enzymes, such as SOD2, PRDX3, and PRDX5, are downstream targets of 
NRF2. Further studies are required to fully elucidate the precise mo
lecular mechanisms underlying TMBIM6-mediated regulation of ROS 
levels in mitochondria. 

Based on our findings from the present and previous studies, we 
propose a working model demonstrating how TMBIM6 regulates 
RANKL-induced osteoclast differentiation (Fig. 7D). The RANKL-RANK 
signaling pathway generates ROS, which activates NF-κB signaling 
pathways leading to the nuclear translocation of p65 and its localization 
to target gene promoters. In contrast, TMBIM6 promotes the nuclear 
translocation and transcription of NRF2 in response to oxidative stress, 
thereby enhancing antioxidant gene expression. Antioxidant enzymes, 
such as PRDX1, catalase, and GPX1, may antagonize NF-κB signaling by 

reducing ROS levels. Further studies are required to determine how 
RANKL-mediated oxidative stress overcomes TMBIM6-NRF2- 
antioxidant signaling pathways. 
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