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EBAG9-deficient mice display decreased bone
mineral density with suppressed autophagy

Kotaro Azuma,1,2 Kazuhiro Ikeda,3 Sachiko Shiba,3 Wataru Sato,3 Kuniko Horie,3 Tomoka Hasegawa,4

Norio Amizuka,4 Shinya Tanaka,5,6 and Satoshi Inoue1,3,7,*

SUMMARY

Estrogen receptor-binding fragment associated antigen 9 (EBAG9) exerts tumor-promoting effects by
inducing immune escape. We focused on the physiological functions of EBAG9 by investigating the
bone phenotypes of Ebag9-knockout mice. Female Ebag9-knockout mice have fragile bones with lower
bone mineral density (BMD) compared with wild-type mice. Histomorphometric analyses demonstrated
that lower BMD was mainly caused by decreased bone formation. Serum bone turnover markers showed
that enhanced bone resorption also contributed to this phenotype. We revealed that EBAG9 promoted
autophagy in both osteoblastic and osteoclastic lineages. In addition, the knockdown of Tm9sf1, a
gene encoding a protein that functionally interacts with EBAG9, suppressed autophagy and osteoblastic
differentiation of the murine preosteoblastic cell line MC3T3-E1. Finally, overexpression of TM9SF1
rescued the suppression of autophagy caused by the silencing of Ebag9. These results suggest that
EBAG9 plays a physiological role in bone maintenance by promoting autophagy together with its interac-
tor TM9SF1.

INTRODUCTION

Estrogen receptor-binding fragment associated antigen 9 (EBAG9) was originally cloned by screening genes with an associated CpG island

containing a typical estrogen-responsive element using a cDNA library of the breast cancer cell line,MCF-7.1We demonstrated thatmRNAof

Ebag9was inducedby estrogen inMCF-7 cells. In the year following our publication, the protein encodedby the samegenewas reported as a

receptor-binding cancer antigen expressed on SiSo cells (RCAS1).2 At the beginning, RCAS1was thought to be a tumor antigen expressed on

the cell surface and to play a role in helping evade immune surveillance. Later, EBAG9was shown tomainly localize to theGolgi apparatus and

affect the maturation of sugar chains on the cell surface.3–5

EBAG9 has been shown to be a poor prognostic factor for several cancers. Stronger immunoreactivity of EBAG9 protein in tumor tissues

was associated with poor prognosis in patients with prostate cancer,6 renal cancer,7 bladder cancer,8 testicular cancer,9 and breast cancer.10

Furthermore, EBAG9 expression in immune cells could be also responsible for the poor prognosis, as well as in tumor cells. This was sug-

gested by studies using Ebag9-knockout mice in which cytotoxic T lymphocytes were activated.11,12 One of these studies showed that

EBAG9 also affects T lymphocyte activity in eliminating virus-infected cells.11

We previously demonstrated that the EBAG9 protein is secreted by extracellular vesicles in prostate cancer cells and affects the tumor

microenvironment in a paracrine manner.13 Moreover, the extracellular vesicles containing EBAG9 not only induce the endothelial-mesen-

chymal transition (EMT) of adjacent prostate cancer cells but also suppress the activity of T lymphocytes attacking prostate cancer cells.

We identified TM9SF1 as an EBAG9 interacting molecule using yeast two-hybrid screening and demonstrated the physical interaction be-

tween the two proteins in HeLa cells. Functionally, TM9SF1 promotes EMT in prostate cancer cells. TM9SF1 was initially identified as a protein

that induces autophagy14; however, the relationship between autophagy and the role of TM9SF1 in prostate cancer cells is yet to be clarified.

As described above, the pathological roles of EBAG9 in tumor biology and viral infections have been investigated in many studies. How-

ever, studies on the physiological functions of EBAG9 are limited. The bone tissue is known as an estrogen-affecting tissue where the bene-

ficial effect of estrogen replacement therapy has been proven in a clinical trial.15 Since we discovered Ebag9 as an estrogen-induced gene, we

hypothesized that some of the effects of estrogen on the bone tissuemight bemediated by EBAG9.We also hypothesized that EBAG9 could

regulate autophagy in the bone tissue, whichwas inspired by our previous study showing that EBAG9 interacts with the autophagy-promoting
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molecule TM9SF1. Autophagy is also involved in the bone metabolism. In animal experiments, both bone formation16–18 and resorption19,20

are affected by autophagy. In humans, it has been shown that autophagy-related genes are associated with wrist bonemineral density (BMD)

by genome-wide association analysis.21 Considering these backgrounds, we investigated the physiological functions of EBAG9 by focusing

on the bone tissue by analyzing bone phenotypes in Ebag9-knockout mice.

RESULTS

EBAG9 has a bone-protective effect

To investigate the physiological functions of EBAG9, we focused on the bone phenotypes in Ebag9-knockout mice. First, the BMD of entire

femoral bones from 8-month-old female Ebag9-knockout and wild-type mice was evaluated by dual-energy X-ray absorptiometry (DXA).

BMD of bones from Ebag9-knockout mice was significantly lower than that of bones derived from wild-typemice (Figure 1A). Themechanical

strength of femoral bones from 8-month-old female Ebag9-knockout and wild-type mice was evaluated using a three-point bending test. A

significantly weaker force was required to cause fracture at the midpoint of the femoral bones from Ebag9-knockout mice than that required

Figure 1. Ebag9-knockout mice display decreased bone mineral density with decreased bone formation

(A) Bone mineral densities (BMD) of femurs of 8-month-old female wild-type mice (WT; n = 8) and Ebag9-knockout mice (KO; n = 8) were evaluated using dual-

energy X-ray absorptiometry (DXA). Results are expressed as mean G SEM. **p < 0.01 (t-test).

(B) Maximum load calculated by three-point bending test using femoral diaphysis of 8-month-old female wild-type mice (WT; n = 8) and Ebag9-knockout mice

(n = 8). Results are expressed as mean G SEM. *p < 0.05 (t-test).

(C) Representative micro-CT images of distal femoral bones of 8-month-old female wild-type mice (WT) and Ebag9-knockout mice (KO).

(D) Microstructural parameters (Tb. BMD, bonemineral density of trabecular bone; Tb. BV/TV, bone volume fraction per tissue volume of trabecular bone; Tb.Th,

trabecular thickness; Tb.N, trabecular number; Tb.Sp, trabecular separation; Tb.SMI, structure model index of trabecular bone; Ct. BMD, bonemineral density of

cortical bone; Ct. Ar, cortical area; Ct. Th, cortical thickness) of distal femoral bones of 8-month-old female wild-type (WT; n = 7) and Ebag9-knockout mice (KO;

n = 11) derived from micro-CT analysis are shown. Results are expressed as mean G SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (t-test).

(E) Histomorphometric parameters (BV/TV, bone volume to tissue volume; Oc.S/BS, osteoclast surface to bone surface; N.Oc/BS, osteoclast number to bone

surface; MS/BS, mineralizing surface to bone surface; BFR/BS, bone formation rate to bone surface) of proximal tibial metaphysis from 9-month-old female

wild-type mice (WT; n = 7) and Ebag9-knockout mice (KO; n = 6) are shown. Results are expressed as mean G SEM. yp < 0.1, *p < 0.05 (t-test).

(F) Serum concentrations of procollagen I N-terminal propeptide (PINP) and cross-linked C-terminal telopeptide of type I collagen (CTX-I) of 9-month-old female

wild-type mice (WT; n = 7) and Ebag9-knockout mice (KO; n = 6) are shown. Results are expressed as mean G SEM. *p < 0.05, **p < 0.01 (t-test).
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to cause fracture to the bones of wild-typemice (Figure 1B). These results suggest that one of the physiological functions of EBAG9 is its bone-

protective effect.

Next, the microstructure of the femoral bones from 9-month-old female Ebag9-knockout mice was evaluated using quantitative micro-

computed tomography (micro-CT). Micro-CT images of the distal part of the femoral bones revealed decreased trabeculae and cortical thick-

ness of the bones from Ebag9-knockout mice compared to those from wild-type mice (Figure 1C). The differences in gross appearance were

substantiated by the parameters of both the trabecular and cortical bones in the distal part of the femoral bones (Figure 1D). The microstruc-

ture of femoral bones from 3-month-old female Ebag9-knockout mice, showed no significant difference between bones from wild-type mice

and Ebag9-knockout mice (Figure S1), suggesting that the decreased bone mass of Ebag9-knockout mice is an age-dependent phenome-

non. We also analyzed the microstructure of femoral bones from 10-month-old male Ebag9-knockout mice. No significant difference was

observed between bones fromwild-type and Ebag9-knockout mice (Figure S2), suggesting that sexual dimorphism exists in the bone pheno-

type of Ebag9-knockout mice.

Since Ebag9 was originally identified as an estrogen-induced gene in breast cancer cells,1 we hypothesized that EBAG9 expression in the

bone tissue may be dependent on circulating estradiol. However, when we analyzed the effect of ovariectomy on the microstructure of

femoral bones from Ebag9-knockout mice, a decrease in bone mineral density and bone volume was observed in both wild-type and

Ebag9-knockout mice, with a more prominent effect observed in Ebag9-knockout mice (Figure S3). The difference in bone phenotype be-

tween ovariectomized Ebag9-knockout mice and ovariectomized wild-type mice suggests that EBAG9 is also expressed in ovariectomized

mice and that estrogen may not be a determinant factor of EBAG9 expression in the bone tissue.

Decreased bone formation in Ebag9-knockout mice

To investigate the mechanisms underlying decreased bone mass and microstructural changes in the bones of Ebag9-knockout mice, histo-

morphometric analysis with calcein double staining was performed on 9-month-old female mice. Bone histomorphometric analysis of the

proximal tibia revealed that the mineralizing surface-to-bone surface (MS/BS) and bone formation rate to bone surface (BFR/BS) were signif-

icantly decreased in the bones of Ebag9-knockoutmice, whereas parameters related to osteoclasts were not significantly different (Figure 1E).

This result suggests that the bone-protective effect of EBAG9 is mainly caused by enhanced bone formation. Bone turnover markers were

evaluated using serum obtained from 9-month-old female mice at the time of euthanasia. The serum concentration of procollagen I N-ter-

minal peptide (PINP), which reflects bone formation, was significantly lower in the serum obtained from Ebag9-knockout mice compared to

that of wild-type mice (Figure 1F). This result aligns with the histomorphometric data showing reduced bone formation in Ebag9-knockout

mice. Furthermore, the serum concentration of the cross-linked C-terminal telopeptide of type I collagen (CTX-I), which reflects bone resorp-

tion, was significantly elevated in the serum obtained from Ebag9-knockout mice compared to that of wild-type mice (Figure 1F). This result

suggests that the suppression of bone resorptive activity may also contribute to the bone protective effect of EBAG9. Immunohistochemical

analysis of the femoral trabecular bone using the EBAG9 antibody revealed cytoplasmic staining in both osteoblasts and osteoclasts (Fig-

ure S4), suggesting that EBAG9 has biological roles in both osteoblastic and osteoclastic lineages.

EBAG9 is required for normal differentiation of osteoblastic cells

Based on the results of the histomorphometric analysis, we concluded that EBAG9 primarily functions in the osteoblastic lineage. Therefore,

we investigated the effects of EBAG9 on osteoblastic differentiation. Primary osteoblasts were isolated from the calvariae of female Ebag9-

knockout and wild-type mice. The cells were then cultured in a differentiation-inducing medium. Alkaline phosphatase activity evaluated at

2 weeks of differentiation was weaker in primary osteoblasts derived from three individual Ebag9-knockout mice than those derived from

three individual wild-type mice (Figure 2A). Mineralization of primary osteoblasts was evaluated by prolonged culture for 5 weeks in a differ-

entiation-inducing medium. Impaired calcification was observed in primary osteoblasts derived from Ebag9-knockout mice compared to pri-

mary osteoblasts derived from wild-type mice (Figures 2B and 2C). Impaired differentiation of primary osteoblasts derived from Ebag9-

knockout mice was also shown by the suppressed induction of the alkaline phosphatase (Alp) gene by the differentiation-inducing medium

(Figure 2D). Impaired differentiation of EBAG9-deficient osteoblasts was also observed when we used primary osteoblasts derived frommale

Ebag9-knockout and wild-type mice (Figure S5A). We evaluated the effect of Ebag9 knockdown on osteoblastic differentiation of the preos-

teoblastic cell lineMC3T3-E1.We designed siRNAs specific to murine Ebag9 and confirmed the existence of Ebag9mRNA inMC3T3-E1 cells

and the effects of siRNAs targeting Ebag9 (Figure 2E). We then evaluated the expression of Alp in MC3T3-E1 cells when they were cultured in

a differentiation-inducing medium after Ebag9 knockdown. Induction of Alp by the differentiation-inducing medium was suppressed in

MC3T3-E1 cells treated with siRNAs (Figure 2F). These results indicated that one of the physiological functions of EBAG9 in the osteoblastic

lineage is to maintain normal differentiation.

EBAG9 has an autophagy-promoting effect in osteoblastic lineage

We previously discovered TM9SF1 as an EBAG9 interacting molecule in HeLa cells.13 Since TM9SF1 is reported to have an autophagy-pro-

moting effect,14 we hypothesized that EBAG9 has some effects on autophagy. To investigate the possibility that EBAG9 is related to auto-

phagy, we utilized EGFP-LC3B, a fusion protein of LC3B and enhanced green fluorescent protein (EGFP), and EBAG9-DsRed, a fusion protein

of EBAG9 andDsRed. Co-transfection of plasmids encoding EGFP-LC3B and EBAG9-DsRed inMC3T3-E1 cells revealed the co-localization of

LC3B and EBAG9 (Figure 3A). This result suggests that EBAG9 functions in autophagosomes in preosteoblastic cells. Since the localization of

EBAG9 in the Golgi apparatus has been reported in tumor cells,3 we evaluated whether EBAG9 was also localized to the Golgi apparatus in
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MC3T3-E1 cells. EBAG9 showed the partial co-localization with a Golgi-resident enzyme (Figure S6). These results indicate that EBAG9 can

localize to the autophagosome and the Golgi apparatus.

Next, we evaluated the effect of EBAG9 on the amounts of p62 protein, also known as sequestosome 1 (SQSTMI), and lipidation of LC3B in

MC3T3-E1 cells. Conversion of LC3-I to LC3-II and degradation of p62 reflect the autophagic activity of the cell.22,23 The lipidated form (LC3-II)

migrates faster than the non-lipidated form (LC3-I) in SDS-PAGE, although LC3-II has a highermolecular weight than LC3-I.24WhenMC3T3-E1

cells were transfectedwith a plasmid encoding EBAG9, lower amounts of p62 protein and LC3-I were observed in EBAG9overexpressing cells

(Figure 3B). When Ebag9 was knocked down, higher amounts of p62 protein and non-lipidated form of LC3B (LC3-I) were observed (Fig-

ure 3C). We then evaluated the amounts of p62 protein and lipidation of LC3B in primary osteoblasts. In primary osteoblasts derived from

female Ebag9-knockout mice, higher amounts of p62 protein and the non-lipidated form of LC3B (LC3-I) were observed than in osteoblasts

derived from wild-type mice (Figure 3D). These results suggest that EBAG9 promotes autophagy in the osteoblastic lineage. Impaired auto-

phagy was observed in primary osteoblasts derived from male Ebag9-knockout mice (Figure S5B).

Ultrastructural analysis of femoral bones from a 5-month-old female wild-type mouse and an Ebag9-knockout mouse revealed that oste-

ocytes in a Ebag9-knockout mouse tended to contain a relatively wider cytosolic area with more subcellular organelles than osteocytes in a

Figure 2. EBAG9-deficient osteoblasts display suppressive differentiation

(A) Alkaline phosphatase activity in primary osteoblasts derived from female wild-type mice (WT; n = 3) and Ebag9-knockout mice (n = 3). The activities were

analyzed after culturing primary osteoblasts with a differentiation-inducing medium containing b-glycerophosphate (10 mM) and L-ascorbic acid 2-phosphate

(0.2 mM) for 2 weeks. Quantified stained area was shown in the bar graph as mean G SEM (n = 3). Relative values were shown with a mean stained area of

the wild-type cells as the reference value. *p < 0.05 (t-test).

(B and C) Alizarin Red staining (B) and von Kossa staining (C) of primary osteoblasts derived from female wild-type mice (WT; n = 3) and Ebag9-knockout mice

(n = 3) after culturing primary osteoblasts with differentiation medium for 5 weeks. Quantified stained area was shown in the bar graph as mean G SEM (n = 3).

Relative values were shown with a mean stained area of the wild-type cells as the reference value. **p < 0.01 (t-test).

(D) Expression of alkaline phosphatase (Alp) in primary osteoblasts derived from female wild-type mice (WT; n = 3) and Ebag9-knockout mice (n = 3). The cells

were analyzed with qRT-PCR after they were cultured with a differentiation-inducing medium or a-MEM not containing b-glycerophosphate or L-ascorbic acid

2-phosphate for 7 days. The relative RNA levels were determined by normalization with Gapdh expression. Results are shown as mean fold change over WT#1

without differentiation-inducing medium GSEM (n = 3). *p < 0.05 (two-way ANOVA).

(E and F) Knockdown of Ebag9 expression with siEbag9 in MC3T3-E1 cells was performed by reverse transfection method. Two kinds of siRNAs for Ebag9

(siEbag9 #1 and #2) and an siRNA not targeting human transcripts (siControl) were used. Cells were cultured with a differentiation-inducing medium or

a-MEM not containing b-glycerophosphate or L-ascorbic acid 2-phosphate for 2 days (E) or 7 days (F) after siRNA transfection. Total RNA was extracted and

the expression levels of Ebag9 or alkaline phosphatase (Alp) were analyzed with qRT-PCR. The relative RNA levels were determined by normalization with

Gapdh expression. Results are shown as mean fold change over siControl without differentiation-inducing mediumGSEM (n = 3). ***p < 0.001 (Dunnett’s test).
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wild-type mouse, resulting in a significantly lower nuclear-to-cytoplasm ratio in EBAG9-deficient osteocytes (Figures 4A–4C and S7). Consid-

ering that autophagy is responsible for the degradation of subcellular organelles in osteocytes, this finding indirectly supports autophagy

suppression in Ebag9-knockout mice.

EBAG9-deficient osteoclasts display enhanced differentiation and pit-forming activity

Since the serum concentration of CTX-I was significantly elevated in the serum obtained from Ebag9-knockout mice compared to that in the

serum from wild-type mice (Figure 1F), we assumed the minor effect of EBAG9 on osteoclastic function, although deletion of EBAG9 did not

affect parameters related to bone resorption in the histomorphometric analysis (Figure 1E). First, we evaluated the osteoclastic differentiation

of bone marrow cells derived from Ebag9-knockout mice. TRAP staining after culturing in a differentiation-inducing medium revealed a ten-

dency of enhanced differentiation of EBAG9-deficient bone marrow cells compared with bone marrow cells derived from wild-type mice,

although this effect was not statistically significant (Figure S8A). Next, the effect of EBAG9 on osteoclastic differentiation was evaluated using

the murine macrophage cell line RAW264.7. A significantly larger number of TRAP-positive cells were observed when RAW264.7 cells were

differentiated after treatment with siRNAs targeting Ebag9 compared with when they were treated with a control siRNA (Figure S8B).

Enhanced osteoclastic differentiation of Ebag9 knocked-down RAW264.7 cells was supported by increased expression of the Ctsk gene, a

gene characteristic of differentiated osteoclasts, compared with RAW264.7 cells treated with a control siRNA when they were cultured in a

differentiation-inducingmedium (Figure S8C). Finally, the bone resorption activity of the differentiated RAW264.7 was estimated using culture

plates coated with calcium phosphate. A significantly larger pit area was observed in the wells in which RAW264.7 cells were treated with

siRNAs targeting Ebag9 than in the wells in which RAW264.7 cells were treated with a control siRNA (Figure S8D), suggesting that the effect

of EBAG9 on osteoclastic differentiation reflected bone resorptive activity.

EBAG9 has an autophagy-promoting effect in osteoclastic lineage

Next, we investigated whether EBAG9 affected autophagy in the osteoclastic lineage. Co-transfection of plasmids encoding EGFP-LC3B and

EBAG9-DsRed in RAW264.7 revealed partial co-localization of LC3B and EBAG9 (Figure S9A). This result suggests that EBAG9 functions in

autophagosomes in RAW264.7 cells. EBAG9 was also localized to the Golgi apparatus in RAW264.7 cells (Figure S9B), indicating that EBAG9

can localize to both autophagosomes and the Golgi apparatus. Next, we evaluated the effect of EBAG9 overexpression on the amounts of

p62 protein and lipidation of LC3B in RAW264.7 cells. When EBAG9was overexpressed in RAW264.7 by infecting adenovirus vector encoding

EBAG9, lower amounts of p62 protein and higher amounts of lipidated form of LC3B (LC3-II) were detected compared with RAW264.7 cells

Figure 3. EBAG9 promotes autophagy in osteoblastic lineage

(A) Fluorescence microscopy images of MC3T3-E1 cells co-expressing EGFP-LC3B (green color) and EBAG9-DsRed (red color). Scale bar; 10 mm.

(B) Forty-eight hours after transfection with a plasmid encoding Flag-EBAG9 or an empty vector, MC3T3-E1 cells were treated with pepstatin A (10 mg/mL) and

E64d (10 mg/mL) for 5 h before cell lysis. Western blotting was performed to detect p62, LC3B, and EBAG9. b-actin protein was blotted as an internal control. IB;

immunoblot.

(C) Forty-eight hours after transfection of indicated siRNAs (10 nM), MC3T3-E1 cells were treated with pepstatin A (10 mg/mL) and E64d (10 mg/mL) for 5 h before

cell lysis. Western blotting was performed to detect p62, LC3B, and EBAG9. b-actin protein was blotted as an internal control. IB; immunoblot.

(D) Primary osteoblasts derived from female wild-type mice (WT; n = 3) and Ebag9 knockout mice (n = 3) were treated with pepstatin A (10 mg/mL) and E64d

(10 mg/mL) for 5 h before cell lysis. Western blotting was performed to detect p62, LC3B, and EBAG9. b-actin protein was blotted as an internal control. IB;

immunoblot.
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infected with control adenovirus vector (Figure S9C). When RAW264.7 cells were transfected with siRNAs targeting Ebag9, higher amounts of

p62 protein and lower amounts of LC3-II were detected in Ebag9 knockdown cells than in cells transfected with a control siRNA (Figure S9D).

These results suggest that EBAG9 promotes autophagy in the osteoclastic lineage. We then evaluated the amounts of p62 protein and lip-

idation of LC3B in primary osteoclast precursor cells. In primary osteoclast precursor cells derived from male and female Ebag9-knockout

mice, higher amounts of p62 protein were observed compared with osteoclast precursor cells derived from wild-type mice (Figures S9E

and S9F). LC3-I was undetectable under the experimental conditions. These results suggest that EBAG9 promotes autophagy in the osteo-

blastic lineage.

TM9SF1-deficient preosteoblastic cells display suppressed differentiation and reduced autophagy

Finally, we explored the role of the EBAG9 interacting molecule TM9SF1 in the osteoblastic lineage. The role of TM9SF1 in promoting auto-

phagy was originally demonstrated by the experiments using HeLa cells.13 Therefore, we assumed the autophagy-promoting effect of

TM9SF1 in osteoblastic cells. Immunohistochemical analysis of the femoral trabecular bone using the TM9SF1 antibody revealed cytoplasmic

staining in both osteoblasts and osteoclasts (Figure S10). We designed siRNAs specific to murine Tm9sf1 and confirmed the presence of

Tm9sf1mRNA inMC3T3-E1 cells as well as the effects of siRNAs targeting Tm9sf1 (Figure 5A). We then evaluated autophagy marker proteins

in MC3T3-E1 cells when Tm9sf1 was knocked down. MC3T3-E1 cells transfected with siRNAs targeting Ebag9 displayed higher amounts of

p62 protein and higher amounts of LC3-I (Figure 5B), indicating that autophagy was suppressed in Tm9sf1 knocked-downMC3T3-E1 cells. To

investigate the effect of TM9SF1 on osteoblastic differentiation, MC3T3-E1 cells treated with siRNAs targeting Tm9sf1 were cultured in a dif-

ferentiation-inducingmedium. Alkaline phosphatase activity evaluated on day 11 of differentiation wasweaker in the cells treatedwith siRNAs

targeting Tm9sf1 than in cells treated with a control siRNA (Figure 5C). Impaired differentiation of MC3T3-E1 cells treated with siRNAs target-

ing Tm9sf1 was also shown by the suppressed induction of Alp expression in a differentiation-inducing medium (Figure 5D). Finally, we over-

expressed TM9SF1 in the Ebag9 knockdown cells and evaluated the expression of autophagymarker proteins. The elevated levels of p62 and

LC3-I in Ebag9 knockdown cells were decreased by TM9SF1 overexpression inMC3T3-E1 cells (Figure 5E), suggesting that TM9SF1 promotes

autophagy in the osteoblastic lineage and contributes to osteoblastic differentiation, together with EBAG9. Figure 5F shows a schematic rep-

resentation of the role of EBAG9 in the bone tissue.

DISCUSSION

In the present study, we demonstrated that EBAG9 plays a key physiological role inmaintaining themurine skeleton.Our findings indicate the

role of EBAG9 in the bone tissue, in addition to its known role in tumor cells, particularly in the context of immune escape. Analyses of the

bone phenotype of Ebag9-knockout mice revealed that the mice had fragile bones with lower bone mineral density than wild-type mice.

Micro-CT analyses revealed that genetic deletion of Ebag9 affected both trabecular and cortical bones. The results of histomorphometric

analyses indicated that the genetic deletion of Ebag9 predominantly affected bone formation parameters. Serum bone turnover markers

showed that enhanced bone resorption also contributed to this phenotype. We also demonstrated the suppressed osteoblastic differenti-

ation of EBAG9-deficient preosteoblastic cells. These observations suggest that EBAG9 has a bone-protective effect, predominantly by sup-

porting normal bone formation (Figure 5F).

To the best of our knowledge, this is the first study to report the functional relationship between EBAG9 and autophagy. Autophagy has

been suggested to be associated with human bone metabolism. According to the results of pathway-based genome-wide association

Figure 4. Osteocytes in Ebag9-knockout mice display a lower nucleus-to-cytoplasm ratio and contain more subcellular organelle

(A and B) Representative transmission electron micrographs of femoral bones from a 5-month-old wild-type mouse (WT) and an Ebag9-knockout mouse (KO).

Indicated areas in the upper panels are enlarged in the lower panels. Scale bars: 2 mm (upper panels), 500 nm (lower panels).

(C) Nucleus-to-cytoplasm ratios of osteocytes were analyzed based on the transmission electron micrographs derived from 24 cells from a wild-type mouse and

20 cells from a knockout mouse including cells shown in Figures 4A, 4B, and S7. Results are expressed as mean G SEM. ***p < 0.001 (t-test).
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Figure 5. TM9SF1-deficient preosteoblastic cells display suppressed differentiation and reduced autophagy

(A) Knockdown of Tm9sf1 expression with siTm9sf1 in MC3T3-E1 cells was performed by reverse transfection method. Two kinds of siRNAs for Tm9sf1 (siTm9sf1

#1 and #2) and an siRNA not targeting human transcripts (siControl) were used. Forty-eight h after transfection of indicated siRNAs (10 nM), total RNA was

extracted. The expression levels of Tm9sf1 were analyzed with qRT-PCR. The relative RNA levels were determined by normalization with Gapdh expression.

Results are shown as mean fold change over siControl GSEM (n = 3). ***p < 0.001 (Dunnett’s test).

(B) Forty-eight h after transfection of indicated siRNAs (10 nM), MC3T3-E1 cells were treated with pepstatin A (10 mg/mL) and E64d (10 mg/mL) for 5 h before cell

lysis. Western blotting was performed to detect p62 and LC3B. b-actin protein was blotted as an internal control. IB; immunoblot.

(C) Activities of alkaline phosphatase in MC3T3-E1 cells treated with indicated siRNAs (10 nM) by reverse transfection method. The activities were analyzed after

culturing the cells with a differentiation-inducing medium containing b-glycerophosphate (10 mM) and L-ascorbic acid 2-phosphate (0.2 mM) for 11 days.

(D) MC3T3-E1 cells were cultured with a differentiation-inducingmediumor a-MEMnot containing b-glycerophosphate or L-ascorbic acid 2-phosphate for 7 days

after transfection of indicated siRNAs (10 nM). Total RNA was extracted and the expression levels of alkaline phosphatase (Alp)were analyzed with qRT-PCR. The

relative RNA levels were determined by normalization with Gapdh expression. Results are shown as mean fold change over siControl without differentiation-

inducing medium GSEM (n = 3). **p < 0.01, ***p < 0.001 (Dunnett’s test).

(E) MC3T3-E1 cells transfected with indicated siRNAs (10 nM) were transfected with a plasmid encoding TM9SF1 or an empty vector on the next day of siRNA

transfection. Forty-eight h after siRNA transfection, cells were lysed and subjected to western blot analysis. Indicated antibodies were used for blotting. IB;

immunoblot.

(F) A schematic model of bone-protective effects of EBAG9 and its interacting protein TM9SF1.
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analysis, the regulation of the autophagy pathway, including genes such as ATG5, ATG7, and ATG12, was most significantly associated with

the BMD of the distal radius in the U.S. population.21 The missense mutation of p62 was shown to be associated with Paget’s disease of

bone,25 a disorder caused by abnormally increased and disorganized bone turnover. It was formerly shown that autophagy in osteoblastic

lineage has a bone-protective effect. Reduced bone mass was observed in osteoblast-specific autophagy-deficient mice, in which ATG5

or ATG7, molecules involved in the autophagic process, were conditionally deleted in osteoblastic lineage using Cre recombinase under

the control of Col1a (collagen, type I, aI)-Cre promoter.16,17 These studies also demonstrated the impaired differentiation and mineralization

of primary osteoblasts derived from autophagy-deficient mice. Our results are in line with the differentiation-promoting function of auto-

phagy in osteoblastic cells because we showed that EBAG9 promoted autophagy and that EBAG9-deficient osteoblasts displayed impaired

differentiation and mineralization. It was also reported that autophagy in the osteoblastic lineage affects osteocyte maturation by analyzing

osteoblast-specific Atg7-knockout mice using Cre recombinase under the control ofOsterix 1 promoter.18 Loss of autophagy in osteoblasts

resulted in impairedmaturation of osteocytes with a significantly lower nucleus-to-cytoplasm ratio. Therefore, the lower nucleus-to-cytoplasm

ratio in the osteocytes of Ebag9-knockout mice compared to wild-type mice in this study presumably indicates impaired maturation of os-

teocytes due to the suppression of autophagy.

As we previously showed that TM9SF1 functionally interacts with EBAG9,13 we hypothesized that EBAG9 affects autophagy in the bone

tissue by collaborating with TM9SF1. The contribution of TM9SF1 to autophagywas previously shown in HeLa cells.14 In this study, we demon-

strated that TM9SF1 has autophagy-promoting effects even in MC3T3-E1 osteoblastic cells with reduced autophagy due to EBAG9 silencing

and that loss- and gain-of-function of TM9SF1 could modulate osteoblastic differentiation along with autophagy.

The relationship between autophagy and bone resorption in the osteoclastic lineage is complex. One reason for this is that molecules that

are important in autophagy are also involved in bone resorption. For example, ATG5 plays an essential role in the formation of ruffled borders

in osteoclasts. Therefore, suppressed autophagy coincides with decreased bone resorption in osteoclast-specific Atg5-knockout mice.19

Moreover, p62 plays a distinct role in receptor activator of nuclear factor kappa-B ligand (RANKL)-induced osteoclastogenesis,20 suggesting

that autophagy-dependent degradation of p62 could inhibit osteoclastogenesis. Another reason for the complicated relationship between

autophagy and bone resorption is that they sometimes share the same upstream signaling. For example, themammalian target of rapamycin

(mTOR) regulates osteoclastogenesis and autophagy. In this case, the inhibition of mTOR leads to increased autophagy, which coincides with

decreased bone resorption,26,27 resulting in an opposite relationship between autophagy and bone resorption compared to that in Atg5-

knockout mice. In our study, we showed that the loss of EBAG9 had a minor effect on enhanced bone resorption in Ebag9-knockout

mice, as evaluated by serumCTX-I. Although further studies are required, this result could be partly explained by the decreased degradation

of p62 due to the possible activation of mTOR in the absence of EBAG9. Alternatively, it may be dependent on other pathways that simul-

taneously suppress autophagy and activate osteoclastic functions.

We observed enhanced differentiation and bone resorptive function in RAW 264.7 cells treated with siEBAG9 under the stimulation of

sRANKL. Meanwhile, the results of our histomorphometric analyses indicated that genetic deletion of Ebag9 did not significantly affect

the parameters of bone resorption, whereas data on serum turnover markers showed enhanced bone resorption. Although the reason for

this discrepancy between the results of histomorphometric analyses and the serum turnover marker is not clear, we speculate that the loss

of EBAG9 function more profoundly affected on the bone-resorptive function of osteoclasts, reflected by the serum turnover marker, than

on the differentiation of osteoclast precursors which was quantified by bone histomorphometry. It is also possible that the differentiation

of osteoclast precursors was enhanced in bones other than the tibia in Ebag9-knockout mice. Another possibility is that endogenous oste-

oblast-derived RNAKL is not strong enough to induce differences in osteoclastic differentiation, as shown in an in vitro experiment using sol-

uble RANKL.

It has been shown that autophagic activity in osteocytes declines age-dependently by analyzing proteins extracted from murine cortical

bones.28 In that study, the amounts of LC3-II was decreased in 24-month-old mice in both male and female mice in comparison with proteins

extracted from cortical bones from 2-month-old and 24-month-old mice.28 When the autophagic activities of primary osteoblasts isolated

from the bone marrow of 2-month-old and 24-month-old mice were compared, a decreased autophagic activity was observed only in female

mice,28 indicating that sexual dimorphismmay exist in the age-related decline of autophagic activity in osteoblasts. Intriguingly, ovariectomy

did not alter the autophagic activity of the protein extracted from cortical bones,28 suggesting that the aging-dependent decline in autopha-

gic activity in female osteocytes is not mediated by the decreased production of estrogen from the ovaries. We also observed sexual dimor-

phism in the analysis of bone phenotypes in Ebag9-knockout and wild-typemice, in which a significant pathological phenotype was observed

only in female Ebag9-knockout mice. We first hypothesized that estrogen could be involved in the sexual dimorphism of EBAG9 function,

since Ebag9 was originally identified as an estrogen-induced gene in breast cancer cells. However, the contribution of estrogen to the

EBAG9-dependent bone phenotype may be minimal because deletion of EBAG9 affects the bone phenotype, even in ovariectomized

mice. Since primary cultured osteoblasts and primary cultured bone marrow macrophages derived from Ebag9-knockout mice displayed

reduced autophagic activity compared with those derived from wild-type mice, sexual dimorphism may exist only in vivo. We speculated

that the hormonal environment in male mice might affect the expression or function of EBAG9 and/or TM9SF1.

Our results provide information on potential therapeutic options for age-dependent osteoporosis in females by identifying or developing

molecules or chemicals that upregulate the expression of EBAG9 and/or TM9SF1 in the bone. Autophagy-activating drugs, such as rapamycin

and metformin, are reported to have bone-protective effects in mice and rats,29,30 implying that a strategy targeting autophagy might be

feasible for the prevention and/or treatment of osteoporosis in the near future.
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In conclusion, we demonstrated the bone-protective role of EBAG9, which could be one of its physiological functions of EBAG9. The bone-

protective role is accompanied by the promotion of autophagy, as EBAG9-deficient cells display suppressive autophagy. Based on our

finding that EBAG9 interacts with TM9SF1, which has been reported to have an autophagy-promoting effect, we propose that EBAG9 exerts

an autophagy-promoting effect together with its interactor, TM9SF1.

Limitation of the study

The possibility that the phenotype of Ebag9-knockoutmice is derived from functions of EBAG9 and TM9SF1 other than autophagic regulation

was not excluded from our study. In addition, the mechanism underlying the sexually dimorphic phenotype of Ebag9-knockout mice was not

elucidated in the present study. Future studies on autophagic regulation or EBAG9 function in human bones are required, as all the data pre-

sented in this study were derived from murine models or cells derived from mice.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-EBAG9 Ijichi et al.10 N/A

Rabbit polyclonal anti-TM9SF1 Aviva Systems Biology Cat#APR44683; RRID: AB_938460

Rabbit anti-Mouse IgG HRP Chemicon International Cat#61-6520; RRID: AB_138451

Swine anti-Rabbit IgG HRP DakoCytomation Cat#P0399; RRID: AB_2617141

Mouse monoclonal anti-b-actin (clone AC-74) Sigma-Aldrich Cat#A5316; RRID: AB_476743

Rabbit polyclonal anti-p62/SQSTM1 Medical & Biological Laboratories Cat#PM045; RRID: AB_1279301

Rabbit monoclonal anti-LC3B (clone D11) Cell Signaling Technology Cat#3868; RRID: AB_2137707

Sheep anti-Mouse IgG HRP Cytiva Cat#NA931; RRPI: AB_772210

Donkey anti-Rabbit IgG HRP Cytiva Cat#NA934; RRID: AB_772206

Chemicals, peptides, and recombinant proteins

Medetnomidine hydrochloride (Domitor�) Nippon Zenyaku Kogyo N/A

Midazolam Sandoz N/A

Butorphanol (Vetorphale�) Meiji Seika Pharma N/A

17b-estradiol-3-benzoate Sigma-Aldrich Cat#E8515

Corn oil Nacalai Tesque Cat#25606-65

Collagenase WAKO Pure Chemicals Cat#032-22364

Dispase II Roche Cat#165859

Alpha minimum essential medium (a-MEM) Nacalai Tesque Cat#21445-95

Dulbecco’s modified Eagle medium (DMEM) Nacalai Tesque Cat#08459-64

Penicillin-streptomycin solution Fujifilm WAKO Pure Chemical Cat#168-23191

ACK Lysing Buffer Invitrogen Cat#A1049201

Macrophage colony stimulating factor (M-CSF) Peprotech Cat#315-02

Soluble receptor activator of nuclear factor kappa-B ligand

(sRANKL)

Oriental Yeast Cat#47187000

b-glycerophosphate Sigma-Aldrich Cat#28-2840-2

L-ascorbic acid 2-phosphate Nacalai Tesque Cat#13570-66

Isoflurane Fujifilm WAKO Pure Chemical Cat#099-06571

Calcein Dojin Chemical Cat#C001

4% paraformaldehyde phosphate buffer solution Fujifilm WAKO Pure Chemical Cat#163-20145

Bovine serum albumin Serologicals Proteins

3,30-Diaminobenzidine tetrahydrochloride (DAB) Dojin Chemical Cat#D006

Epoxy resin Taab Epon 812

Arizarin red solution PG Research Cat#ARD-A1

5% silver nitrate solution ScyTek Laboratories Cat#SNV125

5% sodium thiosulfate solution ScyTek Laboratories Cat#STB125

Pepstatin A Peptide Institute Cat#4397

E64d Tokyo Chemical Industry Cat#E1337

Critical commercial assays

Three-point bending test of bones Hamri https://hamuri.co.jp

ELISA Kit for Procollagen I N-terminal Propeptide (PINP) Cloud-Clone Cat#SEA957Mu

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RatLaps� Collagen I ELISA Kit Immunodiagnostic Systems Cat#AC-06F1

Alkaline phosphatase staining Kit Cosmo Bio Cat#AK20

TRAP staining Kit Cosmo Bio Cat#AK04F

Bone resorption assay plate (48 well) PG Research Cat#BRA-48P

Sepasol�-RNA I Super G Nacalai Tesque Cat#09379-97

PrimeScript� RT reagent Kit Takara Cat#RR037A

KAPA SYBR Fast qPCR Kit Kapa Biosystems Cat#KK4600

Adenovirus Expression Vector Kit Takara Cat#6170

Lipofectamine RNAiMAX Thermo Fisher Scientific Cat#13778150

Proteinase inhibitor cocktail Nacalai Tesque Cat#03969-21

Polyvinylidene difluoride (PVDF) membrane (Immobilon-P) Millipore Cat#IPVH00010

Bullet Blocking One Nacalai Tesque Cat#13779-01

Chemilumi-One Ultra Nacalai Tesque Cat#11644

WB Stripping solution Fujifilm WAKO Pure Chemical Cat#193-16375

Experimental models: Cell lines

Mouse: MC3T3-E1 cells subclone 4 ATCC CRL-2593

Mouse: RAW264.7 cells ATCC TIB-71

Experimental models: Organisms/strains

C57BL/6NJcl CREA Japan N/A

Ebag9-knockout mice (C57BL/6NJcl) Miyazaki et al.12 N/A

Oligonucleotides

Primer: Sry forward: 50- CCATGTCAAGCGCCCCATGA-30 This paper N/A

Primer: Sry reverse: 50- GTAAGGCTTTTCCACCTGCA -30 This paper N/A

Primer: Gapdh forward: 50- GCATGGCCTTCCGTGTTC -30 This paper N/A

Primer: Gapdh reverse: 50- TGTCATCATACTTGGCAGGTTTCT -30 This paper N/A

Primer: Ebag9 forward: 50- GCAACAGTGTTCTCGTTCCT -30 This paper N/A

Primer: Ebag9 reverse: 50- TGGGCAAAGTTATTTGATCTCC -30 This paper N/A

Primer: Alp forward: 50- CCAATGTAGCCAAGAATGTCATCA -30 This paper N/A

Primer: Alp reverse: 50- GATTCGGGCAGCGGTTACT -30 This paper N/A

Primer: Tm9sf1 forward: 50- ATCTTGTTGTATGCCCTGACC -30 This paper N/A

Primer: Tm9sf1 reverse: 50- AGTTCACCACACTCCAAGTC -30 This paper N/A

Primer: Ctsk forward: 50- GCTATATGACCACTGCCTTCC -30 This paper N/A

Primer: Ctsk reverse: 50- ATTTAGCTGCCTTTGCCGTG -30 This paper N/A

siControl

Sense: 50- GUGGAUUUCGAGUCGUCUUAA -30

Anti-sense: 50- AAGACGACUCGAAAUC

CACAU -30

This paper N/A

siEbag9 #1

Sense: 50- GCCCACUACAGUUGAUUAUUC -30

Anti-sense: 50- AUAAUCAACUGUAGUGGGCAA -30

This paper N/A

siEbag9 #2

Sense: 50- GGUAGCACGGGUUUUUCCAGU -30

Anti-sense: 50- UGGAAAAACCCGUGCUACCAU -30

This paper N/A

siTm9sf1 #1

Sense: 50- UUCAAAUAUAUAUAUUCCUU -30

Anti-sense: 50- GGAAUAUAUAUAUUUGAACUU -30

This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Satoshi Inoue

(sinoue@tmig.or.jp).

Materials availability

Plasmids generated in this study are available from the lead contact upon request.

This study did not generate new unique reagents.

Date and code availability

� All 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.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

siTm9sf1 #2

Sense: 50- AUUUUCCAGCCAUUAUCGCCC -30

Anti-sense: 50- GCGAUAAUGGCUGGAAAAUUA -30

This paper N/A

Recombinant DNA

pEGFP-C2 Clontech Cat#6083-1

pDsRed-N1 Clontech Cat#632469

pcDNA3 Invitrogen N/A

LC3B-pEGFP This paper N/A

EBAG9-pDsRed-N1 Miyazaki et al.13 N/A

Flag-EBAG9-pcDNA3 Miyazaki et al.13 N/A

HA-TM9SF1-pcDNA3 Miyazaki et al.13 N/A

Adeno-EBAG9 This paper N/A

Adeno-GFP Ikeda et al.31 N/A

CellLignt� Golgi-GFP BacMam 2.0 Thermo Fisher Scientific Cat#C10593

Software and algorithms

ImageJ Schneider et al.32 https://imagej.nih.gov/ij/

GraphPad Prism 8.4.3 GraphPad Software https://www.graphpad.com

SkyScan NRecon Micro Photonics https://www.microphotonics.com/micro-ct-

systems/nrecon-reconstruction-software/

Analyze 12.0 AnalyzeDirect https://analyzedirect.com

Other

Densitometer GE medical Systems PIXImus2

Material testing machine Maruto MZ500S

Micro-computed tomography Bruker SkyScan 1176, SkyScan 1276

Micro-computed tomography Rigaku CosmoScan GX

Microtome Ivan Sorvall Sorvall MT-5000

Transmission electron microscope Hitachi H-7100

Real-time PCR system Applied Biosystems 7500 Fast

Real-time PCR system Applied Biosystems StepOne Plus

Confocal fluorescence microscopy Olympus Fluoview 10i
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of Ebag9-knockout mice

Generation of Ebag9-knockout mice was described previously.12 Briefly, we first generated Ebag9 floxed mice in which two loxP sequences

are inserted into the both adjacent introns of the 2nd exon of Ebag9 gene containing the translation initiation codon. Then, the Ebag9 floxed

mice were crossed with Ayu1-Cre mice in which Cre recombinase is expressed from the early stage of embryogenesis in ES cells.33 Ebag9-

knockout mice were generated when the exon 2 of Ebag9 was floxed in the germline cells. Ebag9-knockout mice were maintained in the

C57BL/6NJcl background. Wild-type C57BL/6NJcl mice were used as control mice.

Animal experiments

Male and female Ebag9-knockout and wild-typemice were used for experiments. The age and sex of themice in each experiment is indicated

in the main text and figure legends. Mice were housed in a temperature-controlled room (22�C) with a 12-hour light/dark schedule, had free

access to water, and were fed standard laboratory chow. When ovariectomy was performed, mice were anesthesized with a mixure of

0.75 mg/kg medetomidine hydrochloride (Domitor, Nippon Zenyaku Kogyo, Fukushima, Japan), 4 mg/kg midazolam (Sandoz, Holzkirchen,

Germany), and 5 mg/kg butorphanol (Vetorphale, Meiji Seika Pharma, Tokyo, Japan).34 In sham operation, same procedure was performed

except excision of ovaries. Two weeks after surgeries, cyclic estrogen or ethanol vehicle treatment was started. Namely, ovariectomizedmice

were injected subcutaneously with 10 mg/kg 17b-estradiol-3-benzoate (Sigma-Aldrich) or control ethanol vehicle, respectively, in 100 ml corn

oil (Nacalai tesque), and sham-operated mice were administered with control ethanol vehicle in 100 ml corn oil twice a week for 4 weeks

before sacrifice.35 All experimental procedures using laboratory animals were approved by the Animal Care and Use Committee of Tokyo

Metropolitan Institute for Geriatrics and Gerontology (TMIG) (Approval Number: 180023) and were in accordance with the guidelines for

the Care and Use of Laboratory Animals of TMIG.

Isolation of primary osteoblasts

Primary osteoblasts were isolated from calvariae of 1 or 2-day-old mice. The sex of the mouse was confirmed by DNA isolated from the tail of

the mouse with PCR reaction using primers targeting Sry gene. Sequences of primers are as follows.

Sry forward: 50- CCATGTCAAGCGCCCCATGA -30

Sry reverse: 50- GTAAGGCTTTTCCACCTGCA -30

The sex of the primary osteoblasts in each experiment is indicated in the main text and the figure legends. After removal of soft tissue, the

calvariae were digested with 1 mg/mL collagenase (FujifilmWAKO Pure Chemical Industries) and 2 mg/mL dispase (Roche, Mannheim, Ger-

many) in PBS for 1 h at 37�C. The cells migrating from the calvariae were collected and grown in a-MEM (Nacalai Tesque, Kyoto, Japan) with

10% FBS and 1% penicillin-streptomycin (Fujifilm Wako Pure Chemical Industries) at 37�C with 5% CO2.

Isolation of primary osteoclast precursors

Bone marrow cells from femoral and tibial bones of mice were treated with ACK Lysing Buffer (Invitrogen, Carlsbad, CA, USA) for 5 min. The

age and sex of the mice in each experiment is indicated in the main text and figure legends. The bone marrow cells were subsequently

cultured in a-MEM containing 10% FBS, 1% penicillin-streptomycin and 10 ng/ml macrophage colony-stimulating factor (M-CSF)

(PeproTech, Rocky Hill, NJ, USA) for 1 day. Nonadherent cells were harvested and cultured for three more days in the presence of

30 ng/ml M-CSF. Floating cells were removed, and adherent cells were used as osteoclast precursors (bone marrow macrophages; BMM).

Cell culture

Murine calvaria-derived preosteoblastic cell line MC3T3-E1 subclone 4 and murine macrophage cell line RAW264.7 were obtained from

ATCC (Manassas, VA, USA). MC3T3-E1 cells, primary osteoblasts, and primary osteoclast precursors were cultured in a-MEM with 10%

FBS and 1% penicillin-streptomycin at 37�C with 5% CO2. RAW264.7 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)

(Nacalai Tesque) with 10% FBS and 1% penicillin-streptomycin at 37�C with 5% CO2.

Osteogenic differentiation

For osteogenic differentiation, primary osteoblasts or MC3T3-E1 cells were cultured in a-MEM containing 10% FBS, 1% penicillin-strepto-

mycin, b-glycerophosphate (Sigma-Aldrich, St Louis, MO, USA) (10 mM) and L-ascorbic acid 2-phosphate (Nacalai Tesque) (0.2 mM). The

sex of the primary osteoblasts in each experiment is indicated in the main text and the figure legends.

Osteoclastic differentiation

For osteoclastic differentiation, osteoclast precursor cells derived from female mice were cultured in a-MEM containing 10% FBS, 1% peni-

cillin-streptomycin, 10 ng/mlmacrophage colony-stimulating factor (M-CSF), and 100 ng/ml recombinant human soluble receptor activator of

nuclear factor kappa-B ligand (sRANKL) (Oriental Yeast, Tokyo, Japan). For osteoclastic differentiation of RAW264.7 cells, the cells were

cultured with DMEM containing 10% FBS, 1% penicillin-streptomycin, and 100 ng/ml or 150 ng/ml sRANKL.
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METHOD DETAILS

Bone mineral density (BMD) measurements

The BMD of the femoral bones was measured by dual-energy X-ray absorptiometry (DXA) using the Lunar PIXImus2 densitometer (GE Med-

ical Systems,Madison,WI, USA). The whole leg was fixedwith 70% ethanol and placed in a specimen tray. After calibration, duplicate cycles of

four scans were obtained. The region of the femoral bone was selected and analyzed.

Three-point bending test

The mechanical properties of the diaphysis of femoral bones were evaluated by a three-point bending test carried out at the laboratory of

Hamri (Ibaraki, Japan). A load was applied midway between two supports that were placed 8mm apart. The femur was positioned so that the

loading point was at the center of the femoral diaphysis and bending occurred in themedial-lateral axis. The bending test was carried out in a

saline bath at 37�C. Load displacement curves were recorded at a crosshead speed of 5mm/min using a material testing machine MZ500S

(Maruto Co., Ltd.,Tokyo, Japan). The peak load and stiffness were analyzed using CTRwin software (System Supply Co., Ltd., Kanagawa,

Japan).

Quantitative micro-computed tomography

For quantitative micro-CT analysis, mice were temporarily anaesthetized with isoflurane (Fujifilm WAKO Pure Chemical Industries, Osaka,

Japan) during examination, and their femurs were analyzed using a micro-computed tomography (micro-CT) system SkyScan 1176 or 1276

(Bruker, Kontich, Belgium) operating with a detection pixel size of 7.5 mm. Images were reconstructed using SkyScan NRecon software

(Bruker). In the experiment of 3-month-old mice, CosmoScan GX (Rigaku, Tokyo, Japan) was used as a micro-CT with a pixel size of 9 mm

for trabecular bones or 15 mm for cortical bones, and the images were reconstructed using Analyze 12.0 (AnalyzeDirect, Inc., KS, USA). Trabec-

ular bone analysis was performed at a region 0.8–1.8mmabove the distal growth plate of femur.36 Cortical bone analysis was performed at the

diaphysis of femur 4-5 mm above the distal growth plate.37

Bone histomorphometry

Mice were injected with 20 mg/kg calcein (Dojin Chemical, Kumamoto, Japan) subcutaneously 5 and 2 days before sacrifice. The mice were

euthanized 2 days after last calcein injection, and their legs were dissected for bone histomorphometric analysis. After soft tissues were

removed, the tibial bones were fixed with 4% paraformaldehyde phosphate buffer solution (Fujifilm Wako Pure Chemical Industries). Five-

micrometer-thick coronal specimens of the proximal tibia were used for bone histomorphometry. The border of primary or secondary spon-

giosa was defined by diffuse or clear calcein labels recognized by fluorescent scope. The region of the secondary spongiosa, within 100 to

1100 mm distal to the growth plate, and exclusion of one cortex thick from both lateral and medical cortexes, was measured.

Bone immunohistochemistry

Femoral bones were decalcified with 10% EDTA-2Na and dehydrated in ascending ethanol solutions prior to paraffin embedding and

sectioning. Dewaxed paraffin sections were examined for EBAG9 and TM9SF1. In brief, after inhibition of endogenous peroxidases with

methanol containing 0.3% hydrogen peroxidase for 30 min, dewaxed paraffin sections were pretreated with 1% bovine serum albumin

(BSA; Serologicals Proteins Inc., Kankakee, IL, USA) in PBS (1% BSA-PBS) for 30 min. Sections were then incubated for 2-3 h at room temper-

ature (RT) with mouse monoclonal EBAG9 antibody diluted at 1:100 with 1% BSA-PBS or rabbit polyclonal TM9SF1 antibody (APR44683,

AVIVA SYSTEMS BIOLOGY, San Diego, CA, USA) diluted at 1:100. They were followed by incubation with horseradish (HRP)-conjugated

anti-mouse IgG (61-6520, Chemicon International Inc., Temecula, CA, USA) or HRP-conjugated anti-rabbit IgG (P0399, DakoCytomation,

Glostrup, Denmark). For visualization of all HRP-conjugated immunoreactions, diaminobenzidine tetrahydrochloride (DAB) (Dojin chemical)

was employed as a substrate.

Transmission electron microscopic (TEM) analysis

For TEM analysis, anesthesia was performed with a mixure of 0.75 mg/kg medetomidine hydrochloride (Domitor, Nippon Zenyaku), 4 mg/kg

midazolam (Sandoz), and 5 mg/kg butorphanol (Vetorphale, Meiji Seika Pharma).34 Subsequently, perfusion was performed with 4% parafor-

maldehyde in 0.1 M cacodylate buffer (pH 7.4) through the cardiac left ventricle. Femoral bones were removed and immersed in the same

fixative for additional 12 h at 4�C. Non-decalcified specimens destined for transmission electron microscopic (TEM) observations were

post-fixed with 1% OsO4 in 0.1 M cacodylate buffer (pH 7.4) for 4 h at 4�C, dehydrated with ascending concentrations of acetone and

embedded in epoxy resin (Epon 812; Taab, Berkshire, UK). Ultrathin sections from non-decalcified samples obtained with the use of a micro-

tome (Sorvall MT-5000; Ivan Sorvall, Inc., Norwalk, CT, USA). The diamond knife’s boat was filled with ethylene glycol to permit the collection

of the sections without dissolution of calcium phosphates. TEM observation (Hitachi H-7100, Hitachi Co. Ltd, Tokyo, Japan) was conducted at

80 kV. Nucleus-to-cytoplasm ratio of osteocytes were analyzed by Image J software (US National Institutes of Health, Bethesda, MD, USA).32
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Enzyme-linked immunosorbent assay (ELISA)

The serum concentrations of procollagen I N-terminal propeptide (PINP) and cross-linked C-terminal telopeptide of type I collagen (CTX-I)

were measured using PINP ELISA Kit (Cloud-Clone, Huston, U.S.A.) and RatLaps CTX-I EIA assay (Immunodiagnostic Systems, Frankfurt am

Mein, Germany) respectively according to the manufacturers’ instruction.

Antibodies and reagents

Mouse monoclonal EBAG9 antibody was generated against a glutathione S-transferase–EBAG9 fusion protein as previously described.10

Mousemonoclonal b-actin antibody (clone: AC-74) was purchased from Sigma (St. Louis,MO, USA). Rabbit polyclonal p62(SQSTM1) antibody

(PM045) was purchased from Medical & Biological Laboratories (Nagoya, Japan). Rabbit monoclonal antibody for microtubule-associated

protein 1 light chain 3 beta (LC3B) (clone: D11) was obtained from Cell Signaling Technology (Beverly, MA, USA). Rabbit polyclonal

TM9SF1 antibody was purchased from AVIVA SYSTEMS BIOLOGY (San Diego, CA, USA). Pepstatin A was purchased from Peptide Institute

(Osaka, Japan) and E64d was purchased from Tokyo Chemical Industry (Tokyo, Japan).

Evaluation of alkaline phosphatase activity

Osteoblastic cells were fixed with 10% formalin neutral buffer for 20 min. Subsequently, the alkaline phosphatase activity in osteoblastic cells

was evaluated by staining cells with an alkaline phosphatase staining kit (CosmoBio, Tokyo, Japan). Stained areawas quantified using Image J

software (US National Institutes of Health).32 The relative stained area was calculated by dividing with the evaluated area.

Alizarin red staining

Osteoblastic cells were fixed with 10% formalin neutral buffer for 20 min. Subsequently, the cells were stained with alizarin red solution (PG

Research, Tokyo, Japan) for 30 min at room temperature. Stained area was quantified using Image J software (US National Institutes of

Health).32 The relative stained area was calculated by dividing with the evaluated area.

Von Kossa staining

Osteoblastic cells were incubated with 5% silver nitrate solution (ScyTek Laboratories, Logan, UT, USA) under ultraviolet light for 30 min. Sub-

sequently, the cells were treated with 5% sodium thiosulfate solution (ScyTek Laboratories) for 2min. Stained area was quantified using Image

J software (US National Institutes of Health).32 The relative stained area was calculated by dividing with the evaluated area.

TRAP staining

After primary osteoclastic precursor cells or RAW264.7 cells were fixed in 10% formalin neutral buffer for 5 min and stained with tartrate-resis-

tant acid phosphatase (TRAP) using a TRAP staining kit (Cosmo Bio).

Pit formation assay

Pit formation assays were performed using bone resorption assay plate (PG Research) coated with calcium phosphate. RAW264.7 cells were

cultured in differentiation medium. To evaluate pit area, cells were removed by 5% sodium hypochlorite and photographs of five randomly

selected fields were taken under a microscope at a magnification of380. Resorbed area was quantified using Image J software (US National

Institutes of Health).32 The relative area of resorbing lacunae is expressed as the percent of the area to the entire field.

Quantitative reverse transcription polymerase chain reaction

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed as previously described.38 Briefly, total RNAs were

extracted using Sepasol-RNA I Super G (Nacalai Tesque) followed by cDNA synthesis using PrimeScript (Takara, Kyoto, Japan). The cDNA

was subjected to real-time polymerase chain reaction (PCR) using 7500Fast real time PCR system or StepOne Plus real time PCR system

(Applied Biosystems, Foster City, CA, USA) based on detection of SYBR Green fluorescence (Kapa Biosystems, Woburn, MA, USA). Mean

Ct values were normalized toGapdh, and relative mRNA levels were then calculated by using the 2-DDCT method39 with relative gene expres-

sion presented as mean over control. Sequences of primers are as follows.

Gapdh forward: 50- GCATGGCCTTCCGTGTTC -30

Gapdh reverse: 50- TGTCATCATACTTGGCAGGTTTCT -30

Ebag9 forward: 50- GCAACAGTGTTCTCGTTCCT -30

Ebag9 reverse: 50- TGGGCAAAGTTATTTGATCTCC -30

Alp forward: 50- CCAATGTAGCCAAGAATGTCATCA -30

Alp reverse: 50- GATTCGGGCAGCGGTTACT -30

Tm9sf1 forward: 50- ATCTTGTTGTATGCCCTGACC -30

Tm9sf1 reverse: 50- AGTTCACCACACTCCAAGTC -30

Ctsk forward: 50- GCTATATGACCACTGCCTTCC -30

Ctsk reverse: 50- ATTTAGCTGCCTTTGCCGTG -30
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Plasmid construction and transfection

EGFP-linked humanmicrotubule-associated protein 1 light chain 3 beta (EGFP-hLC3B) plasmid was constructed by subcloning cDNA encod-

ing human LC3B into pEGFP-C2 expression vector (Clontech, Palo Alto, CA, USA) using Xho I and EcoRI restriction sites. DsRed-linked human

EBAG9 (EBAG9-DsRed) plasmid, Flag-tagged human EBAG9 plasmid, and Flag tagged human TM9SF1 plasmid were constructed as previ-

ously described.13 Transfection of expression vectors was performed 24 h after seeding the cells using FuGENE HD (Promega, Madison, WI,

USA) according to the manufacturer’s instructions. Recombinant adenoviruses expressing EBAG9 (Ad-EBAG9) and green fluorescent protein

(Ad-GFP) as control were prepared using Adenovirus Expression Vector Kit (Takara Bio Inc., Shiga, Japan).31 They were infected at a multi-

plicity of infection (MOI) of 3.

Fluorescence microscopy imaging

Fluorescent images of the cells expressing proteins linked with fluorophores were visualized with confocal fluorescencemicroscopy, Fluoview

10i (Olympus, Tokyo, Japan). Localization in the Golgi apparatus was visualized with CellLight Golgi-GFP BacMam 2.0 (Thermo Fisher Scien-

tific, Waltham, MA) according to the manufacturer’s instructions.

Small interfering RNA transfection

Silencing of Ebag9 or Tm9sf1 was performed by small interfering RNA (siRNA) transfection. Two specific siRNAs targeting each gene, and a

control siRNA targeting firefly luciferase (siControl), were purchased from RNAi Inc (Tokyo, Japan). When these siRNAs were transfected to

MC3T3-E1 cells, they were transfected at the time of seeding cells by reverse transfection method. When siRNAs were transfected to

RAW264.7 cells, they were transfected on the next day of seeding cells by forward transfection method. Lipofectamine RNAiMAX (Thermo

Fisher Scientific, St. Louis, MO, USA) was used for transfecting siRNAs according to the manufacturer’s instructions. The sequences of siRNA

were as follows.

siControl

Sense: 50- GUGGAUUUCGAGUCGUCUUAA -30

Anti-sense: 50- AAGACGACUCGAAAUCCACAU -30 siEbag9 #1 Sense: 50- GCCCACUACAGUUGAUUAUUC -30

Anti-sense: 50- AUAAUCAACUGUAGUGGGCAA -30 siEbag9 #2 Sense: 50- GGUAGCACGGGUUUUUCCAGU -30

Anti-sense: 50- UGGAAAAACCCGUGCUACCAU -30

siTm9sf1 #1

Sense: 50- UUCAAAUAUAUAUAUUCCUU -30

Anti-sense: 50- GGAAUAUAUAUAUUUGAACUU -30

siTm9sf1 #2

Sense: 50- AUUUUCCAGCCAUUAUCGCCC -30

Anti-sense: 50- GCGAUAAUGGCUGGAAAAUUA -30

Western blot analysis

Western blot analysis was performed as previously described40 with some modifications. Cells were lysed using a lysis buffer containing

50 mM 4-(2-hydroxyethyl)-1-piperazinyl-ethane-2-sulfonic acid (HEPES), 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, and

1 mM ethylene glycol-bis-(b-amino-ethyl ether) N, N, N0, N0-tetra-acetic acid (EGTA). A proteinase inhibitor cocktail (Nacalai Tesque, Kyoto,

Japan) was addedbefore use.When autophagy was evaluated, cells were treatedwith pepstatin A (10 mg/mL) and E64d (10 mg/mL) for 4 to 5 h

before cell lysis.23 Cell lysates were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then trans-

ferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Darmstadt, Germany). The membranes were blocked in Bullet Blocking

One (Nacalai Tesque) for 5min. Themembraneswere incubatedwith primary antibodies, followed by incubation with horseradish peroxidase

(HRP)-conjugated secondary antibody (GE Healthcare, Buckinghamshire, UK). The bound antibodies were visualized with Chemilumi-One

Ultra (Nakalai Tesque). In case of re-probing, the antibodies were stripped using WB Stripping Solution (Fujifilm Wako Pure Chemical

Industries).

QUANTIFICATION AND STATISTICAL ANALYSIS

Nuclear area and cytoplasmic area of the osteocytes in the transmission electronmicroscopic analysis, stained area of the primary osteoblasts

and the osteoblastic cells in the differentiation assays, and resorbed area in the pit formation assay were quantified using Image J software (US

National Institutes of Health).32 Statistical analyses were conducted using GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA USA).

The statistical analyses were performed using Student’s t-test, one-way ANOVA followed by Dunnett’s test as a post-hoc analysis, or two-

way ANOVA.
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