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A B S T R A C T   

Background: Multinucleation is a hallmark of osteoclast formation and has a unique ability to resorb bone matrix. 
During osteoclast differentiation, the cytoskeleton reorganization results in the generation of actin belts and 
eventual bone resorption. Tetraspanins are involved in adhesion, migration and fusion in various cells. However, 
its function in osteoclast is still unclear. In this study, we identified Tm4sf19, a member of the tetraspanin family, 
as a regulator of osteoclast function. 
Materials and methods: We investigate the effect of Tm4sf19 deficiency on osteoclast differentiation using bone 
marrow-derived macrophages obtained from wild type (WT), Tm4sf19 knockout (KO) and Tm4sf19 LELΔ mice 
lacking the large extracellular loop (LEL). We analyzed bone mass of young and aged WT, KO and LELΔ mice by 
μCT analysis. The effects of Tm4sf19 LEL-Fc fusion protein were accessed in osteoclast differentiation and 
osteoporosis animal model. 
Results: We found that deficiency of Tm4sf19 inhibited osteoclast function and LEL of Tm4sf19 was responsible 
for its function in osteoclasts in vitro. KO and LELΔ mice exhibited higher trabecular bone mass compared to WT 
mice. We found that Tm4sf19 interacts with integrin αvβ3 through LEL, and that this binding is important for 
cytoskeletal rearrangements in osteoclast by regulating signaling downstream of integrin αvβ3. Treatment with 
LEL-Fc fusion protein inhibited osteoclast function in vitro and administration of LEL-Fc prevented bone loss in an 
osteoporosis mouse model in vivo. 
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Conclusion: We suggest that Tm4sf19 regulates osteoclast function and that LEL-Fc may be a promising drug to 
target bone destructive diseases caused by osteoclast hyper-differentiation.   

1. Introduction 

Osteoclast and osteoblast cooperate to maintain bone homeostasis 
[1]. Osteoclasts derived from hematopoietic stem cells differentiate into 
multinucleated cells, which are essential processes for bone resorption 
by RANKL (receptor activator of nuclear factor kB ligand) and M-CSF 
(macrophage colony-stimulating factor) [2–4]. Osteoclast multi
nucleation occurs by intercellular fusion through reorganization of the 
cytoskeleton. During osteoclast differentiation, mononuclear progenitor 
cells undergo cytoskeletal rearrangements to attach to the bone surface, 
form multinucleated cells, and then efficiently resorb bone. This process 
is controlled by a complex network of signaling pathways, and disrup
tion of these pathways results in various bone diseases such as osteo
petrosis and osteoporosis [5]. 

Tetraspanins, also known as the transmembrane superfamily 
(TM4SFs), are a family of transmembrane proteins with four alpha- 
helical transmembrane domains and two extracellular domains. Pro
teins of the tetraspanin family are involved in proliferation, differenti
ation, apoptosis, adhesion, migration and signal transduction in various 
cells, and also play an essential role in cell-cell fusion [6]. Of the 33 
tetraspanin members in humans, several tetraspanins have been re
ported to be required for osteoclast function [7–9]. Transmembrane 4 L6 
family member 19 (Tm4sf19) is a member of the tetraspanin family, and 
it is also known as OCTM4 (osteoclast maturation-associated gene 4 
protein. There are few reports demonstrated the expression of Tm4sf19 
was increased in inflammation, however the role of Tm4sf19 in osteo
clast maturation is still unclear [10]. The expression of Tm4sf19 is very 
low in most tissues compared to osteoclasts (Fig. S1). 

In this study, we identified Tm4sf19 as a regulator of osteoclast 
differentiation. The expression of Tm4sf19 was increased in a later stage 
of osteoclast differentiation. We found that the osteoclast function was 
impaired in bone marrow-derived macrophages (BMMs) obtained from 
Tm4sf19 KO and LELΔ mice. We also found that systemic knockout mice 
of Tm4sf19 have higher bone mass due to inhibition of osteoclast 
function, and that the LEL of Tm4sf19 is important for its function and 
its binding to integrin αvβ3. In addition, it was confirmed that the LEL-Fc 
fusion protein effectively inhibits osteoclast function and bone resorp
tion activity by impairing cytoskeletal rearrangement in vitro and has 
therapeutic effect of osteoporosis-induced bone destruction in vivo. Our 

findings suggest that Tm4sf19 is a potential therapeutic target to inhibit 
osteoclast function and bone resorption. We also demonstrated that the 
Tm4sf19 LEL-Fc fusion protein has a therapeutic effect on ovariectomy- 
induced bone loss. 

2. Materials and methods 

2.1. Mice 

All animal experiments procedures approved by the Institutional 
Animal Care and Use Committee (IACUC) of Medpacto (Approval No. 
2021-0009) and performed following the ARRIVE 2.0 guidelines. 

2.2. Preparation of mouse bone marrow cells 

Tibias and femurs were separated from 6 to 8-week-old mice. To 
obtain the bone marrow, the bones were flushed with DMEM (High 
glucose, WelGENE Inc., Daegu, Korea) culture media using a 23-gauge 
needle. Bone marrow cells were collected, washed with PBS, pelleted, 
and resuspended in α-MEM (Gibco, 41061029) supplemented with 10 % 
FBS, penicillin-streptomycin (WelGENE Inc.) and amphotericin B 
mixture (GenDEPOT, CA002-010) and stimulated with 5 ng/ml M-CSF 
(PEPROTECH, 315-02). After overnight incubation, non-adherent cells 
were collected and re-suspended in complete α-MEM, containing 30 ng/ 
mL human recombinant M-CSF for 3 days. Adherent bone marrow 
derived macrophages (BMMs) were washed twice with PBS and cultured 
with M-CSF and RANKL to differentiate into pre-osteoclasts (pre-OCs) or 
mature osteoclasts. The culture media were replaced every two days. 
Vitronectin (Advanced biomatrix, 5051) was coated on plate according 
to described methods with manufacturer. 

2.3. Immunofluorescence 

Cells were seeded on confocal plate and incubated in indicated cul
ture media. Cells were washed with PBS and fixed in 4 % para
formaldehyde in PBS for 5 min. Then cells were incubated in PBS 
containing 3 % FBS for 1 h. After overnight incubation at 4 ◦C with 
appropriate primary antibodies, cells were washed with PBS and incu
bated with Alexa Flour conjugated secondary antibodies). For the F- 
actin detection, cells were stained using Phalloidin-I Fluor 488 for 20 
min in room temperature. Nuclei were counterstained with DAPI 
(Sigma-Aldrich). 

2.4. TRAP staining 

Cells were washed with 1× PBS once, then fixed with 10 % neutral- 
buffered formalin for 5 min and washed with distilled water twice. Cells 
were incubated at 37 ◦C for 20 min with the tartrate-resistant acid 
phosphatase (TRAP) activity kit according to the manufacturer's in
structions (COSMO BIO) and washed once with distilled water. 

2.5. Microcomputed tomography (μCT) analysis 

Murine femurs and tibias were fixed in 10 % neutral-buffered 
formalin and scanned by micro-computed tomography (Skyscan 1172) 
under 50 kV, 200 μA, 600 ms condition. Scan data was three- 
dimensionally reconstructed using NRecon software. Bone mineral 
density and trabecular morphometry were obtained using CTAn soft
ware. The trabecular structures were selected 2 mm from growth plate. 
Data was visualized using CTvox software. 

Abbreviation 

Tm4sf19 Transmembrane 4 L6 family member 19 
LEL the large extracellular loop 
OCTM4 osteoclast maturation-associated gene 4 protein 
RANKL receptor activator of nuclear factor kB ligand 
M-CSF macrophage colony-stimulating factor 
BMMs bone marrow-derived macrophages 
TEMs tetraspanin-rich microdomains 
TRAcP 5b Tartrate-resistant acid phosphatase 5b 
μCT micro-computed tomography 
BMD bone mineral density 
BV/TV bone volume/tissue volume 
Tb.Sp. trabecular separation 
Tb.N. trabecular number 
DEGs differentially expressed genes  
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2.6. Ovariectomy-induced osteoporosis (OVX) model 

8-Week-old female C57BL/6J mice were subjected to sham or 
ovariectomy surgery. Both ovaries were removed in ovariectomized 
mice and skin incision was preceded in sham group. For Fc fusion 
treatment experiments, the ovariectomized mice were randomly 
assigned to 3 groups and administrated with mock or 5, or 10 mpk LEL- 
Fc in intravenously injection once a week for 4 weeks started at two days 
after surgery. Both tibia and femur were collected for histological 

analysis and μCT analysis. 

2.7. Statistics 

Data are shown as the mean ± SD. The number of samples and 
replications were described in the figure legends. The significance of 
data was determined by two-tailed or unpaired t-tests, one-way ANOVA 
and two-way ANOVA. P values are presented on the graphs as *<0.05, 
**<0.01, ***<0.001, and ****≤0.0001. GraphPad Prism 8 software was 

A B

D

D0 D1 D2 D3 D4
0

50

100

150

200

R
e
la

tiv
e

m
R

N
A

e
xp

re
ss

io
n

ns

✱✱
✱✱✱✱

✱✱✱✱
tm4sf19

D0 D1 D2 D3 D4
0

5

10

15

20

25

R
e
la

tiv
e

m
R

N
A

e
xp

re
ss

io
n

ns

✱✱✱✱
✱✱✱✱

✱✱✱✱
nfatc1

D0 D1 D2 D3 D4
0

500

1000

1500

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

ns
✱✱✱✱

✱✱✱✱
✱✱✱✱

acp5

D0 D1 D2 D3 D4
0

2000

4000

6000

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

ns
✱✱✱✱

✱✱✱✱
✱✱✱✱
ctsk

C

DAPIF-actin Tm4sf19 Merged

F

D0 D1 D2 D3 D4
0

20

40

60

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

ns
✱✱✱✱

✱✱✱✱
✱✱✱✱

D0 D1 D2 D3 D4
0

500

1000

1500

2000

2500

R
el

at
iv

e
m

R
N

A
ex

p r
es

si
on

ns
✱✱✱✱

✱✱✱✱
✱✱✱✱

D0 D1 D2 D3 D4
0

5000

10000

15000

R
el

at
iv

e
m

R
N

A
ex

pr
e s

si
o n

ns
✱✱✱
✱✱✱✱
✱✱✱✱

D0 D1 D2 D3 D4
0

5

10

15

20

R
el

at
iv

e
m

R
N

A
ex

pr
es

si
on

✱
✱✱✱
✱✱✱✱
✱✱✱✱

tm4sf19

nfatc1 acp5

ctsk

BMMs Raw264.7

Integrin αv

Tm4sf19

β-actin 

DC-Stamp

Cathepsin K

Nfatc1

Osteoclast 
Differentiation

Integrin β3

D0 D1 D2 D3 D4

BMMs

DAPITm4sf19F-actin Merged

E

BMMs

Raw264.7

DAPI MergedTm4sf19H&E TRAP

Fig. 1. Depletion of tm4sf19 impairs osteoclast differentiation. (A–B) Expression of tm4sf19 and osteoclast differentiation markers during osteoclastogenesis. qPCR 
analysis of nfatc1, acp5, ctsk and tm4sf19 on day 0–4 in (A) BMMs and (B) Raw264.7 cells. Statistical analysis was performed in at least three replicates. (C) 
Immunoblot analysis of Tm4sf19 and osteoclast-specific proteins. β-actin was used as a loading control. (D) Representative image of F-actin (green) and Tm4sf19 
(red) labeled osteoclasts. Raw264.7 cells stably expressed Tm4sf19 was cultured under RANKL stimulation and fixed at the early time of osteoclast differentiation. 
The single nucleus (DAPI) presents mononucleated osteoclast. Scale bars; 20 μm. (E) Representative confocal microscopy images of multinucleated osteoclasts plated 
on a fibronectin-coated plates. Co-localization of Tm4sf19 and F-actin on the actin belt in the extracellular matrix was visualized. DAPI was used for nuclear DNA 
staining. Scale bar, 20 μm. (F) H&E, TRAP and immunofluorescence staining images of Tm4sf19 on the tibia of WT mice. Scale bar, 100 μm. All quantitative analyzes 
to show significance were calculated by one-way ANOVA; **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = no significant. 
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used for statistical analysis and generation of graphs. 

3. Results 

3.1. The expression of tm4sf19 is markedly increased in later stages of 
osteoclast differentiation and tm4sf19 mainly expressed in the actin belt of 
mature osteoclast 

It is known that RANKL increases the expression of various 
osteoclast-specific genes, including nfatc1, acp5, ctsk, itgav, itgb3, and 
dcstamp during osteoclast differentiation [11]. We found that the 
expression of the tm4sf19 gene is significantly increased at a late phase 
of osteoclast differentiation (Figs. 1A–B, and S2A–B). The expression of 
Tm4sf19 protein and various osteoclast-associated proteins also in
creases significantly during osteoclast differentiation (Figs. 1C and S2C). 
Rearrangement of the actin cytoskeleton and the formation of actin rings 
and actin belts also occur during osteoclast differentiation [2,12–15]. 
We examined the localization of Tm4sf19 using Tm4sf19 stably 
expressing Raw 264.7 cells under RANKL stimulation. Tm4sf19 was 
localized not only to the actin ring, but also to the filopodia, the 
stretched structures for searching cells to fuse, and the fusopod, the 
cytoplasmic bridge for contacting other osteoclasts to fuse (Fig. 1D). In 
multinucleated osteoclasts, Tm4sf19 was mainly expressed in the actin 
belt of mature osteoclasts and co-localized with F-actin (Fig. 1E). In 
addition, we found Tm4sf19 protein expression in osteoclasts of mouse 
trabecular bone region as confirmed by H&E and TRAP staining in 
sequential sections (Fig. 1F). These data suggest that Tm4sf19 may 
involve in osteoclast function. 

3.2. Tm4sf19 deficiency inhibited osteoclast function 

We found that Tm4sf19 is mainly expressed in osteoclast (Fig. S1). To 
determine the role of Tm4sf19 in osteoclastogenesis, we generated a 
CRISPR-based systemic Tm4sf19 knockout (tm4sf19− /− , KO) mouse 
(Fig. S3) [16]. KO mice were born at the Mendelian rate and had no 
distinct phenotype. We performed in vitro cultures of osteoclasts 
generated from BMMs derived from tm4sf19+/+ (WT), and KO mice in 
the presence of M-CSF and RANKL. Surprisingly, osteoclast multi
nucleation was inhibited in osteoclasts derived from KO mouse BMMs 
despite the presence of TRAP-positive mononuclear cells observed 
(Figs. 2A and S4A). When the concentration of M-CSF was increased to 
100 ng/ml, osteoclast differentiation was enhanced in WT osteoclasts, 
but KO osteoclasts still failed to form multinucleated osteoclasts. 
(Fig. S4B). Next, the formation of multinucleated osteoclasts was 
examined by time-lapse microscope using DiO (green)-stained progen
itor cells (founder cells grown in osteoclastic differentiation media), and 
DiL (red)-stained follower cells grown in growth media supplemented 
with M-CSF only [17–19]. We found multinucleated osteoclasts forma
tion when both the founder and follower cells were WT cells, but it was 
suppressed when both the founder and follower cells were KO cells 

(Fig. S4C and Supplementary Movies 1, 2). To investigate whether 
Tm4s19 is required for multinucleated osteoclast formation, DiO 
(green)-labeled follower cells were co-cultured with unlabeled founder 
cells. Multinucleated osteoclast formation was found in mixed cultures 
of WT-founder and WT-follower and mixed cultures of WT-founder and 
KO-follower cells, but not in mixed cultures of KO-founder and KO- 
follower cells (Fig. 2B). These results suggest that the expression of 
tm4sf19 in osteoclasts is important for the formation of multinucleated 
osteoclasts. Based on the finding that Tm4sf19 localizes to the actin belt 
after osteoclast maturation, we investigated whether Tm4sf19 is 
involved in cytoskeletal rearrangements leading to bone resorption ac
tivity. During osteoclast differentiation, cytoskeleton rearrangement 
and formation of actin rings and actin belts were observed in WT oste
oclasts, whereas KO osteoclasts formed actin rings but did not form actin 
belts (Fig. 2C). We also found that bone resorption activity was signifi
cantly reduced in KO osteoclasts (Fig. 2D). Next, we confirmed that the 
expression of osteoclast differentiation-related markers, nfatc1 and ctsk, 
and osteoclast fusion markers, dcstamp and ocstamp were reduced after 
osteoclast differentiation in KO osteoclasts compared to WT osteoclasts 
(Fig. 2E). 

Next, we confirmed the Tm4sf19 protein expression on osteoclasts in 
the tibia of WT mice, but not in KO mice (Fig. S5). Because bone 
resorption activity was significantly inhibited in KO osteoclasts, it is 
likely that trabecular bone mass was increased in KO mice, therefore we 
analyzed changes in trabecular bone in 3-month-old female WT and KO 
mice by μCT analysis. As we expected, total BMD, BV/TV ratio and Tb.N 
of the femur was significantly higher and Tb.Sp was lower in KO mice 
compared to WT mice (Fig. 2F). Bone density in mouse peaks at 5 to 6 
months, and skeletal aging occurs at around 18 months. Therefore, we 
analyzed skeletal changes in young (6–7 months old) and aged (17–18 
months old) male WT and KO mice. In WT mice, total BMD of the femur 
and lumbar spine gradually decreased over time, whereas the decrease 
was not observed in KO mice. BV/TV ratio of femur and Tb.Sp of lumbar 
was more pronounced with age in WT mice compared to KO mice 
(Fig. S6A–B). Unexpectedly, serum TRAcP 5b, which reflects osteoclast 
numbers, showed little difference when comparing serum levels in WT 
mice with serum levels in KO mice (Fig. S6C). BMMs from KO mice were 
able to form TRAP-positive mononuclear osteoclasts in vitro, but the 
formation of multinucleated osteoclasts was inhibited (Figs. 2A–B and 
S4A–C). These data indicate that Tm4sf19 deficiency does not affect 
osteoclast number but only affects osteoclast multinucleation. However, 
we cannot rule out the possibility that there are dysfunctional osteo
clasts that do not form multinucleated osteoclasts and are not resorbed 
on the bone surface. Histological analysis revealed increased trabecular 
bone mass and decreased osteoclast activity by TRAP staining of the 
trabecular surface in KO mice compared to WT mice, suggesting that 
osteoclast differentiation may be inhibited in KO mice (Fig. 2G). How
ever, no or little differences were found in epiphyseal cartilage of WT 
and Tm4sf19 KO mice confirmed by Alcian blue staining (Fig. S6D). 

Next, we investigated whether Tm4sf19 is also involved in osteoblast 

Fig. 2. Effect of tm4sf19 deficiency impaired osteoclast function. (A) Representative TRAP staining images and measurement of TRAP-positive cells of tm4sf19+/+

(WT) and tm4sf19− /− (KO) osteoclast differentiation. Scale bar, 200 μm. (B) DiO-(green)-labeled follower and unlabeled founder osteoclasts were mixed and 
differentiated for multinucleation. Both WT-WT and WT-KO mixtures show fluorescence-positive (green dotted line) and negative (white dotted line) multinucleated 
osteoclasts. DAPI represents the nuclei numbers and DIC represents the bright image of the cell. Scale bars; 50 μm. (C) Confocal microscopy images of actin rings and 
actin belt (F-actin) in WT and KO osteoclasts after osteoclast differentiation. Scale bar, 20 μm. (D) Bone resorption pit assay using mature WT and KO osteoclasts 
using dentine discs. Blue stained structures indicate resorption pits. Scale bars; 50 μm. Resorbed area per field was analyzed. (E) Relative mRNA expression of 
osteoclast differentiation and fusion marker genes. (F) Micro-computed tomography (μCT) analysis of the femur obtained from 3-month-old WT and KO female mice. 
Representative 3D images of distal femoral trabecular region from WT and KO mice. Trabecular bone was specified at a height of 2 mm from the growth plate. Total 
bone mineral density (BMD), bone volume/tissue volume (BV/TV), trabecular number (Tb.N) and separation of trabecular (Tb.Sp) were analyzed. (G) Representative 
images of TRAP staining of the femurs of WT and KO mice. Scale bar, 100 μm. Relative TRAP intensities per area were analyzed. (H-K) Osteoblasts were isolated from 
2- to 3-day-old calvaria of WT and KO mice and differentiated with or without osteogenic induction for 21 days. (H) The expression of tm4sf19 in undifferentiated or 
differentiated osteoclast and osteoblast. (I) ALP activity was measured on differentiated osteoblast compared to undifferentiated osteoblast precursor from WT and 
KO mice. (J) Representative images of Alizarin red staining of differentiated osteoblasts. Relative absorbance of each well was calculated comparing WT and KO. (K) 
Relative mRNA expression of osteoblast differentiation-related genes. All quantitative analyzes to show significance were calculated by t-test or two-way ANOVA; *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns = no significant. 
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differentiation. The expression of tm4sf19 was not detected in both un
differentiated and differentiated osteoblasts (Fig. 2H). We measured 
ALP activity via alkaline phosphatase staining and assessed calcium 
phosphate deposition via alizarin red staining and found that Tm4sf19 
deficiency did not affect osteoblast differentiation and function. 
(Fig. 2I–J). The expression of osteoblast markers osteocalcin and osteo
nectin, runx2, a factor essential for osteoblast differentiation, and 
mmp13, a bone-associated MMP, increased when osteoblasts isolated 
from the mouse calvaria were differentiated, but no differences were 
observed between WT and KO mice (Figs. 2K and S7A). These data 
suggest that Tm4sf19 may not involve in osteoblast differentiation. We 
also investigated whether the higher trabecular bone mass in KO mice 
could be attributed to increased bone formation by osteoblast activation. 
In the femurs of 6-week-old KO mice, the expression levels of the oste
oblast markers Runx2 and Osterix and the mature osteoclast marker 
Mmp13 were similar with WT mice (Fig. S7B). In addition, no difference 
of the rate of bone formation was found in WT and KO mice by 
measuring the number of osteocalcin-positive osteoblasts (Fig. S7C). 
Furthermore, PINP levels were similar in the serum of WT and KO mice 
at various age (Fig. S7C). These data suggest that depletion of Tm4sf19 
impairs osteoclast activation but has little effect on osteoblast differ
entiation and function. 

3.3. The large extracellular region (LEL) of Tm4sf19 is important for its 
function in osteoclast 

To identify regions of the Tm4sf19 protein required for its function in 
osteoclasts, we constructed lentiviral expression vectors for full-length 
human Tm4sf19, Tm4sf19115-175Δ in which the LEL region was 
removed, and Tm4sf1917–196 with the N-terminal and C-terminal intra
cellular regions were removed. These constructs were transduced into 
BMMs isolated from WT or KO mice using lentiviral infection system. 
Interestingly, Tm4sf19 full-length and 17–196 rescued osteoclast mul
tinucleation in KO BMMs. However, Tm4sf19115-175Δ did not rescue the 
defect in osteoclast differentiation in KO BMMs (Fig. 3A). These results 
indicate that LEL region of Tm4sf19 is required for its function in oste
oclast differentiation and the short N-terminal and C-terminal intracel
lular regions of Tm4sf19 do not affect the differentiation of osteoclasts. 

Accordingly, we generated LEL knockout mice (LELΔ) in which the 
LEL region of Tm4sf19 was deleted using the CRISPR system (Fig. S8) 
[16]. In osteoclasts derived from WT mice, multinucleation was effec
tively induced, whereas in osteoclasts derived from LELΔ mice, osteo
clast differentiation defined by TRAP staining was inhibited, as in 
tm4sf19− /− (KO) osteoclasts (Figs. 3B and S9A). We also investigated 
osteoclast migration, fusion, and multinucleate formation by real-time 
microscopic analysis. Multinucleated osteoclast formation was 
observed in co-cultures of WT-founder osteoclasts and WT-follower os
teoclasts, whereas multinucleated osteoclast formation was inhibited in 
co-cultures of LELΔ-founder osteoclasts and LELΔ-follower osteoclasts 
(Fig. 3C and Supplementary Movies 3, 4). Furthermore, we observed 
multinucleated osteoclast formation in co-culture with unlabeled-WT- 
founder and DiO-labeled-WT or LELΔ-follower cells, but not in mix
tures of unlabeled-LELΔ-founder and DiO-labeled-LELΔ-follower cells 

(Fig. S9B). High concentration of M-CSF (100 ng/ml) did not comple
ment for the multinucleation defect of LELΔ osteoclasts (Fig. S10). To 
determine whether the LEL region of Tm4sf19 is involved in the actin 
organization of osteoclasts, we examined actin belt formation using 
mature osteoclasts from WT and LELΔ BMMs. LELΔ osteoclasts formed 
only actin rings and failed to form actin belts as the case with KO os
teoclasts (Fig. 3D). Bone resorption activity was also inhibited in LELΔ 
osteoclasts (Fig. 3E). After osteoclastogenesis, we found that the 
expression of osteoclast differentiation-related genes was suppressed in 
LELΔ osteoclasts compared to WT (Fig. 3F). 

Next, we investigated whether deleting the LEL region of Tm4sf19 
increases bone mass in μCT analysis. Characteristic features of bone 
mass, including total BMD, % BV/TV, and Tb.N, were higher and Tb.Sp. 
was lower in the femur and lumbar vertebrae of 12-week-old LELΔ fe
male mice compared to WT (Fig. 3G–H). We also examined femur and 
lumbar trabecular bone mass in young or aged WT and LELΔ mice using 
μCT analysis. Interestingly, the bone mass of LELΔ mice was higher than 
that of WT mice. Total BMD, % BV/TV and the Tb.N of the femur and 
lumbar spine of LELΔ mice was higher than that of WT mice 
(Fig. S11A–B). Of note, % BV/TV in WT mice decreased significantly 
with age but did not change in KO and LELΔ mice, and the bone mass of 
aged KO and LELΔ mice was significantly higher than that of WT mice of 
the same age. (Figs. S6 and S11). These observations indicate that 
Tm4sf19 may be involved in bone aging, and that depletion of Tm4sf19 
prevents bone mass loss during aging. As seen in KO mice, bone turnover 
markers in aged WT and LELΔ were not different (Fig. S11C–D). The 
aged KO and LELΔ mice had no physical abnormalities and their various 
organ weights were similar to WT mice (Fig. S12). Serum PINP1 con
centrations in 12-week-old WT and LELΔ mice were similar (Fig. S13A). 
There were no differences in the expression of proteins associated with 
osteogenesis, including Runx2, Osterix, and Mmp13, observed in femurs 
of 6-week-old WT and LELΔ mice (Fig. S13B) and the tibia of 2–5-day- 
old neonatal WT and LELΔ mice (Fig. S12C). These results suggest that 
deficiency of the LEL region of Tm4sf19 inhibits the formation of 
multinucleated osteoclasts, which are important for bone resorption, 
and increases trabecular bone mass without any effect on osteoblast 
differentiation and function. 

3.4. Tm4sf19 LEL fusion protein inhibits osteoclast differentiation and 
bone resorption 

In this study, we found that osteoclast differentiation is inhibited in 
both KO and LELΔ osteoclasts, resulting in increased bone mass, and 
that the LEL region of Tm4sf19 is required for its function. These find
ings suggest that Tm4sf19 may be a desirable therapeutic target for 
bone-destroying diseases. Therefore, we generated a competitive protein 
inhibitor that fused the LEL region, amino acids 116–165 of mouse 
Tm4sf19, to an Fc protein. Prediction of the 3D structure of LEL-hIgG1 
revealed the flexibility of the LEL region (Fig. 4A–B). The purified 
LEL-Fc fusion protein and the control hIgG1 protein showed molecular 
weights of 64.6 kDa and 56 kDa, respectively, when analyzed by SDS- 
PAGE under non-reducing conditions, and the purity of the purified Fc 
fusion protein was <99 % as measured by HPLC (Fig. S14A–B). We 

Fig. 3. The large extracellular loop (LEL) of Tm4sf19 is essential for osteoclast differentiation. (A) The structure of deletion mutant (upper panel) and BMMs isolated 
from WT and KO were transfected with Full, 17–196, and 115-175Δ mutants via lentiviral infection, differentiated, and then stained with TRAP (lower left panel). 
Scale bar, 200 μm. The number of TRAP-positive multinucleated cells were measured (lower right panel) (B) TRAP staining of differentiated osteoclasts isolated from 
WT and LELΔ mice. Scale bar, 200 μm. (C) Images obtained by Time-lapse microscopy during osteoclastogenesis in WT and LELΔ. Images were captured at 28 h and 
8 min. Time-lapse microscopy analyses are shown in Supplementary Movies 3 and 4. Scale bar, 50 μm. (D) Representative fluorescence microscopy images of actin 
belts and actin rings of WT and LELΔ after osteoclast differentiation. Scale bar, 20 μm. (E) Bone resorption pit assay using mature WT and LELΔ osteoclasts using 
dentine discs. Blue stained structures indicate resorption pits. Scale bars; 50 μm. Resorbed area per field was analyzed. (F) Expression of osteoclast differentiation 
marker genes after osteoclastogenesis. (G–H) Representative μCT images of the femur or lumbar vertebrae of WT and LELΔ mice. Total BMD, BV/TV and Tb.N were 
analyzed with CTAn. (G) A 2 mm slice of scanned from the growth plate was selected for trabecular bone analysis in WT and LELΔ mice (n = 4–5). Significance was 
calculated by t-test compared to WT; *p < 0.05. (H) Representative 3D images of vertebral trabecular bones (top) and 2D slice images (bottom). The fifth lumbar 
vertebra was used for analysis. Significance was calculated by t-test or two-way ANOVA compared to WT; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns =
no significance. 
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Fig. 4. Tm4sf19 LEL-Fc inhibited osteoclast differentiation. (A) Structure of Tm4sf19 LEL-Fc. The region of mouse Tm4sf19 LEL (116–165 aa) was used for the 
generation of LEL-Fc fusion protein. (B) 3D Structure of LEL-Fc fusion protein. Two disulfide bonding sites, N-glycosylation sites, and hinge regions are shown. (C) 
Representative images of osteoclast differentiation in mock, 5 μg/ml hIgG or LEL-Fc treated osteoclasts by TRAP staining. Scale bar, 200 μm. The number of 
multinucleated cells were counted. (D) Representative fluorescence microscopy images of actin rings and actin belts of undifferentiated and differentiated osteoclasts 
treated with hIgG1 or LEL-Fc. F-actin and anti-Tm4sf19 antibodies were used. Scale bar, 20 μm. (E) Representative images for resorption pit assay of hIgG1 or LEL-Fc 
treated osteoclasts using dentine discs. Blue stained structures indicate resorption pits. Scale bars; 50 μm. Resorbed area per field was analyzed. (F) Western blotting 
analysis of WT osteoclasts treated with 5 ng/ml LEL-Fc during osteoclastogenesis. The expression of proteins was examined with indicated antibody. (G) The 
expression of osteoclast differentiation-associated genes in LEL-Fc treated osteoclasts compared to undifferentiated osteoclast and mock. All quantitative data are 
shown as mean of triplicates with ±SD and the significance was analyzed by one-way ANOVA; **p < 0.01, ***p < 0.001, ****p ≤ 0.0001, ns = no significance. 
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identified that the expression of Tm4sf19 increases at a later stage of the 
osteoclast differentiation process, leading to an increased surface bind
ing affinity of LEL-Fc in differentiated osteoclasts compared to undif
ferentiated osteoclasts (Fig. S14C). 

First, to optimize the concentration of LEL-Fc, we performed cell 
proliferation assay. We found that LEL-Fc treatment in osteoclast had no 
effect on cell viability up to 50 μg/ml (Fig. S15A). Next, we evaluated 
the inhibitory effect of LEL-Fc on osteoclast maturation through serial 
dilutions of LEL-Fc (Fig. S15B). We found that 10 μg/ml of LEL-Fc 
effectively inhibited osteoclast maturation without affecting cell death 
(Figs. 4C and S15C). We also found that LEL-Fc treatment initiated with 
RANKL treatment (D0) had a better inhibitory effect on multinucleated 
osteoclast formation compared to the later stages (D1 or D2) of osteo
clast differentiation (Fig. S16). We evaluated the effect of LEL-Fc treat
ment on osteoclast differentiation using hIgG1 as a control. 
Furthermore, actin belt formation and the osteoclastic bone resorption 
activity confirmed by the pit formation assay were inhibited by LEL-Fc 
treatment (Fig. 4D–E). During osteoclast differentiation, we found that 
the expression of osteoclastogenesis-related proteins NFATc1, Cathepsin 
K, FosB, and TRAF6 was increased by RANKL treatment but inhibited by 
LEL-Fc treatment (Fig. 4F). We found that the expression of genes 
involved in osteoclast differentiation, nfatc1, acp5, and ctsk was sup
pressed by LEL-Fc treatment after differentiation. We also found that the 
expression of tm4sf19 was suppressed in response to LEL-Fc treatment in 
the presence of RANKL (Fig. 4G). 

3.5. Transcriptome analysis showed that tm4sf19 is associated with 
cytoskeleton in osteoclast 

Next, we characterized the genes involved in Tm4sf19-induced 
osteoclast multinucleation by RNA sequencing. Analysis of differen
tially expressed genes (DEGs) in RANKL-induced osteoclast differentia
tion revealed similar patterns in KO osteoclasts, LELΔ osteoclasts, and 
LEL-Fc-treated WT osteoclasts (Fig. 5A). In principal component anal
ysis, RANKL-treated KO osteoclasts and LELΔ osteoclasts were positively 
correlated, as was the RANKL/LEL-Fc treatment group (Fig. 5B). Eight 
groups were identified through KEGG pathway enrichment analysis 
(Fig. S17A). Among them, group 8 involved in the regulation of the 
organization and trafficking of the extracellular matrix and extracellular 
structures (Figs. 5C and S17A). Furthermore, DEG analysis showed that 
the expression of genes whose expression was upregulated by RANKL 
treatment was suppressed by LEL-Fc treatment (Fig. 5D). KEGG pathway 
analysis revealed that Tm4sf19 is involved in extracellular structure 
organization, migration, and adhesion during osteoclast differentiation 
(Fig. 5E). We also found that the expression of osteoclast-specific genes, 
including genes related to osteoclast adhesion, fusion, and differentia
tion, was suppressed in KO, LELΔ, and LEL-Fc-treated osteoclasts 
compared to WT osteoclasts after osteoclast differentiation (Figs. S17B 
and S18). Next, we confirmed the expression of osteoclast 
differentiation-related marker genes obtained by RNA sequencing 
analysis. We found that the expression of itgav, itgb3, dcstamp, and 
tm4sf19 increased after osteoclast differentiation, but their expression 
was reduced by LEL-Fc treatment (Figs. 5F and S18). 

3.6. The LEL region of Tm4sf19 plays an important role in binding to the 
integrin αvβ3 

Tetraspanins are a class of essential transmembrane proteins that 
regulate a variety of cellular processes. Members of the tetraspanin 
family are involved in intracellular or intercellular interactions through 
homodimer and dimer formation. The LELs of tetraspanins are primarily 
involved in these interactions [20,21]. By immunoprecipitation, we 
confirmed that full-length Tm4sf19 binds to LELΔ. However, a 
Tm4sf1994–196Δ failed to bind full-length Tm4sf19 (Fig. 6A–B). Inter
estingly, Tm4sf19 mutants deleted from TM3 to the N-terminal half of 
TM4 (94-186Δ) bound full-length Tm4sf19, whereas Tm4sf19 mutants 
deleted from TM3 to the entire TM4 did not interact with full-length 
Tm4sf19. These results suggest that 10 amino acids in the C-terminal 
half of TM4 may be essential for homodimerization of Tm4sf19 
(Fig. 6B). We confirmed that Tm4sf19120–169 interacts with the full- 
length Tm4sf19, whereas it does not interact with the Tm4sf19115-175Δ 
or Tm4sf1994–196Δ (Fig. 6C). Furthermore, we demonstrated that a 
Tm4sf19 deletion mutant expressing only the 94–196 amino acid (a.a.) 
region can interact with full-length Tm4sf19 (Fig. 6D). We also found 
that the mouse Tm4sf19-LEL (116–165 a.a.) region, which shows high 
homology to the human Tm4sf19-LEL (120–169 a.a.) region, interacts 
with full-length mouse Tm4sf19 (Fig. S19A). 

Tetraspanins can interact laterally with other tetraspanins or partner 
proteins to form tetraspanin-rich microdomains (TEMs) on the cell 
surface [22]. To investigate whether Tm4sf19 binds and oligomerizes 
with each other to form functional sites, the TEMs, we examined 
Tm4sf19 oligomerization upon transient or stable expression of Tm4sf19 
in CHO-K1 cells. Tm4sf19 monomers were observed at around 30 kDa, 
slightly larger due to N-glycosylation, while multimers were observed to 
increase in a dose-dependent manner above 55 kDa (Fig. S19B). Next, 
we investigated which regions of Tm4sf19 were important for oligo
merization of Tm4sf19. Full-length Tm4sf19 mainly formed multimers, 
whereas the 115-175Δ and 94-196Δ mutants mainly formed monomers 
(Fig. 6E). These results suggest that the TM3-4 and LEL regions of 
Tm4sf19 are involved in Tm4sf19 homodimer formation. 

Furthermore, RNA sequencing revealed that Tm4sf19 is involved in 
the organization of extracellular structures during osteoclast differen
tiation. Therefore, we investigated the association of Tm4sf19 with 
integrin αvβ3, which regulate the cytoplasmic structure of osteoclasts for 
adhesion. Full-length Tm4sf19 was found to interact with integrins αv 
and β3, but Tm4sf19 lacking the LEL region did not form complexes with 
these integrins (Fig. 6F–H). We also found an interaction between the 
LEL region of mouse Tm4sf19 and αv integrin or β3 integrin (Figs. 6I and 
S20). In stable full-length Tm4sf19-expressing osteoclasts, the interac
tion between Tm4sf19 and αv integrin was visualized as a fluorescent 
signal by Duolink® proximity binding assay, whereas in Tm4sf19115- 

175Δ-expressing osteoclasts, no interaction between integrin αv and 
Tm4sf19115-175Δ was observed (Fig. S21). In addition, endogenous 
interaction of Tm4sf19 and integrin αv was confirmed in the presence or 
absence of vitronectin, which induces integrin-related signaling and cell 
adhesion (Fig. 6J). However, deficiency of Tm4sf19 had no effect on the 
expression integrin αvβ3 in mice (Fig. S22). 

Cytoskeletal remodeling is responsible for osteoclast migration, 
fusion, and bone resorption [15]. Osteoclasts attach to bone through 
actin-related adhesions that are regulated by M-CSF and integrin 
signaling [23–25]. When M-CSF and integrin signaling are impaired, the 

Fig. 5. RNA-sequencing analysis. (A) Heatmap plot of hierarchical clustering shows the DEGs of KO, LELΔ, and LEL-Fc treated osteoclasts compared to WT. Triplicate 
samples from each group were analyzed with or without RANKL induction. (B) PCA plots of each sample showed that LEL-Fc treated samples had distinct gene 
signatures for both WT undifferentiated and differentiated, but similar gene signatures to KO and LELΔ. (C) KEGG analysis of gene group 8, up-regulated genes by 
differentiation and suppressed by LEL-Fc treatment. (D–F) Gene expression signatures of LEL-Fc treatment. (D) Heatmap plot of DEGs up-regulated by differentiation 
but downregulated by differentiation treated with LEL-Fc and DEGs downregulated by differentiation but upregulated by differentiation treated with LEL-Fc. (E) 
Threshold values of Gene ontology and KEGG pathway terms associated with DEGs upregulated by differentiation but downregulated by differentiation treated with 
LEL-Fc. (F) Validation of target gene expression by RNA-sequencing analysis. Statistical analysis was performed with data from at least three independent experi
ments. Significance was calculated by one-way ANOVA; ****p < 0.0001. 
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number and size of osteoclast fusions decrease [26–28]. In this study, we 
found that the expression of phospho-ERK induced by M-CSF in KO 
BMMs was comparable to WT BMMs (Fig. S23A). In addition, there were 
no differences in phospho-p65 and phospho-p38 between WT and KO 
BMMs induced by RANKL (Fig. S23B). These data indicated that the 
inhibition of osteoclast differentiation in KO osteoclasts was indepen
dent of the M-CSF and RANKL signaling pathways. However, the 
reduction of vitronectin-induced PYK2 tyrosine phosphorylation and 
ERK phosphorylation in KO osteoclasts compared to WT osteoclasts 
suggests that Tm4sf19 plays an important role in integrin αvβ3 signaling 
during osteoclast multinucleation (Fig. 6K) [29–32]. Furthermore, ex
amination of ERK phosphorylation by M-CSF signaling in WT and LELΔ 
osteoclasts showed no difference, but vitronectin-induced phosphory
lation of Pyk2 and ERK was significantly reduced in LELΔ osteoclasts 
(Fig. S24). These results indicate that the LEL region of Tm4sf19 directly 
binds to integrin αvβ3 and regulates integrin αvβ3 signaling in osteoclast 
differentiation (Figs. 6F–K and S24). 

3.7. Tm4sf19 LEL-Fc protected from bone loss in mouse model of 
osteoporosis 

Since Tm4sf19 binds to integrin αvβ3 via LEL to regulate integrin 
αvβ3 signaling, we investigated whether the LEL-Fc protein also binds to 
integrin αvβ3. As expected, the in vitro binding of LEL-Fc to recombinant 
integrin αvβ3 protein was confirmed by ELISA assay (Fig. 7A). In addi
tion, we also confirmed LEL-Fc self-binding by ELISA assay (Fig. 7B). We 
also observed that LEL-Fc inhibited the interaction of integrin αv with 
Tm4sf19 or the dimerization of Tm4sf19 with Tm4sf19 (Fig. 7C–D). 
These data suggest that LEL-Fc may inhibit osteoclast differentiation by 
interfering with the binding of Tm4sf19 and its binding partners at the 
plasma membrane. 

It has been studied therapeutic effect of Fc-fusion protein including 
RANK-Fc fusion on bone disease. Having established that LEL-Fc treat
ment inhibits osteoclast differentiation, we investigated the effect of 
LEL-Fc treatment on osteoporosis in an in vivo mouse model. Concen
tration showing the effect of preventing bone destruction by murine 
RANK-Fc fusion protein was used [33]. The ovariectomized mouse 
group showed dramatic trabecular bone loss in the femur compared to 
the sham group, but treatment with LEL-Fc significantly rescued the 
osteoporotic phenotype in a dose-dependent manner (Fig. 7E). In the 
osteoporotic mouse model, total BMD, % BV/TV, and Tb.N were higher 
and Tb.Sp was lower in the LEL-Fc treatment group compared to the 
mock control (Fig. 7F). Histologic analysis revealed higher trabecular 
bone mass but lower TRAP intensity per bone surface in the 5 mg/kg and 
10 mg/kg LEL-Fc treatment groups compared to the mock control 
(Fig. 7G). These results suggest that LEL-Fc is a potential treatment for 
osteoclast-related diseases caused by osteoclast hyperactivation. 

4. Discussion 

Multinucleated osteoclasts are characterized by their unique ability 

to resorb large amounts of bone. Osteoclasts have been the direct target 
of several therapeutic agents to prevent bone loss in various bone dis
eases via inhibiting bone resorption [2,12,34–36]. In this study, we 
found BMMs from Tm4sf19 KO and LELΔ had defect in osteoclast dif
ferentiation and bone resorption activity (Figs. 2A–D and 3B–F). In 
addition, Tm4sf19 LEL-fusion protein effectively inhibited osteoclast 
differentiation and bone resorption (Fig. 4C–G). The LEL region of tet
raspanins is known to play a pivotal role in tetraspanin network for
mation. The LEL is categorized into conserved and variable domains. 
The diversity of the variable domains is speculated to determine the 
interaction partners selected for network formation [37–41]. A previous 
report showed that solution NMR studies of LEL revealed significant 
conformational flexibility in this region [42], suggesting that the LEL 
region is an important mediator of tetraspanin interactions. In this re
gard, it is interesting to note that the Tm4sf19 LEL-Fc fusion protein, a 
competitive inhibitor of Tm4sf19, can inhibit homozygous interactions 
of Tm4sf19 as well as lateral interactions in cis with other tetraspanins 
and partner proteins involved in tetraspanin web construction. We 
demonstrated that the Tm4sf19 LEL-Fc fusion protein effectively sup
pressed osteoclast-associated bone disease by blocking osteoclast func
tion and inhibiting the interaction of Tm4sf19 with its binding partners 
(Fig. 7). Administration of LEL-Fc did not change body weight and liver 
and spleen weight (Fig. S25A–B). Histopathological analysis of liver and 
spleen also showed that LEL-Fc had no adverse effect (Fig. S25C). We 
also found that LEL-Fc treatment did not change immune cell distribu
tion (Fig. S26). In addition, administration LEL-Fc on 8-week-old mice 
for 9 weeks had no effect on the growth plates (Fig. S27). These data 
suggest that administration of LEL-Fc may not have any side effects in 
mice. 

Interestingly, although osteoclast differentiation was inhibited in KO 
BMM compared to WT BMM, severe osteopetrosis as in Tnfsf11− /− , 
Csf1r− /− , Src− /− and Nfatc1− /− mice, which are known to affect 
trabecular bone mass, was not observed in tm4sf19− /− mice [43–46]. In 
some cases, the skeletal parameters of the knockout mice did not always 
match the results of in vitro osteoclast differentiation and bone resorp
tion activity. As seen in tm4sf19− /− mice, osteoclast maturation was also 
significantly inhibited in Atp6v0d2− /− BMMs, but no severe osteopet
rosis was seen in Atp6v0d2− /− mice [34,47,48]. Furthermore, DC- 
STAMP− /− mice showed increased bone mass and mild osteopetrosis 
despite complete blockage of osteoclast intercellular fusion, resulting in 
defective multinucleated osteoclast formation and inhibited bone 
resorption activity in pit formation assays [49–51]. Furthermore, BMMs 
from OC-STAMP− /− mice formed only mononuclear osteoclasts, failed to 
form multinucleated osteoclasts, and significantly reduced bone 
resorption in pit forming assay, whereas OC-STAMP− /− mice showed a 
normal skeletal phenotype [2,52–56]. 

The cytoskeleton is composed of actin filaments, microtubules, and 
intermediate filaments and is involved in cell shape, cell motility, cell 
adhesion, migration, and polarity maintenance. In particular, the cyto
skeleton of osteoclasts is essential for their bone resorption activity. The 
attachment of osteoclasts to the bone surface is accomplished by actin 

Fig. 6. Tm4sf19 associated with integrin αvβ3. (A) Map of deletion mutants (right) of Tm4sf19. Four transmembranes (TM1–4), a small extracellular loop (SEL), a 
large extracellular loop (LEL) and two intracellular regions are presented. (B) Immunoprecipitation results of Tm4sf19 with deletion mutants of Tm4sf19. 3HA-tagged 
full length and 3Flag-tagged full- or deletion mutants of Tm4sf19 were co-transfected in 293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody. (C) 
Interaction of hTm4sf19120–169 with full or deletion mutants of human Tm4sf19 in 293T. Immunoprecipitation was performed with Protein A agarose beads. (D) 
Immunoprecipitation results of Tm4sf19 with deletion mutant, only expressed 94–196 amino acid of hTm4sf19. 3HA-tagged hTm4sf19Full was co-transfected with 
either 3Flag-tagged hTm4sf19Full or hTm4sf1994–196 deletion mutant in 293T. Immunoprecipitation was performed with anti-Flag antibody. (E) Oligomerization of 
deletion mutants. 3Flag tagged at the N-terminus of full, LEL deletion (115-175Δ) mutant and TM 3-LEL-TM 4 deletion (94-196Δ) mutant of Tm4sf19 were tran
siently transfected in CHO-K1 cells. Immunoprecipitation was performed with anti-Flag antibody. (F–G) Immunoprecipitation results of integrin αv or β3 and 
hTm4sf19Full and hTm4sf19115-175Δ mutant. 3HA tagged at the C-terminus of integrin αv or β3 and 3Flag tagged hTm4sf19Full or hTm4sf19115-175Δ mutant were co- 
transfected in 293T cells and the interaction was examined by immunoprecipitation with anti-Flag antibody. (H) Endogenous interaction of Tm4sf19 with integrin 
αv. Stably Tm4sf19 expressed Raw 264.7 cells were differentiated in the presence of RANKL. Immunoprecipitation was performed with anti-HA antibody. (I) In
teractions between mouse Tm4sf19116–165 and integrin αv. The constructs were co-transfected in 293T and cell lysates were pulled down with Protein A-agarose 
beads. (J) Endogenous interaction of Tm4sf19 and integrin αv on differentiated Raw264.7 cell with or without vitronectin-based cell adhesion. (K) Western blot 
results of WT and KO mature osteoclasts were plated on vitronectin-coated plates for the indicated times to evaluate integrin αvβ3-related signals. 

S. Park et al.                                                                                                                                                                                                                                     



Metabolism 151 (2024) 155746

13

Fig. 7. Tm4sf19 LEL-Fc showed therapeutic effect on osteoporosis mouse model. (A–B) Enzyme-linked immunosorbent assay (ELISA) of integrin αvβ3, and Tm4sf19 
with LEL-Fc fusion protein. (A) Binding affinity was measured with various concentrations of hIgG1 or LEL-Fc and 1 μg/ml of recombinant integrin αvβ3. (B) LEL-Fc 
was used for Tm4sf19 and LEL-Fc interaction. (C-D) Immunoprecipitation results of Tm4sf19 and integrin αv or Tm4sf19 with hIgG1 or LEL-Fc treatment. Immu
noprecipitation was performed with glutathione Sepharose beads and Western blotting was conducted with indicated antibodies. (E–F) Bone analysis was performed 
with femurs of sham and ovariectomized mice treated with 5 mg/kg or 10 mg/kg LEL-Fc (n = 7). (E) Representative μCT images, and (F) trabecular bone analysis. 
Parameters; total bone mineral density (BMD, mg/cm3), bone volume per trabecular volume (BV/TV), trabecular numbers (Tb.N), and trabecular separation (Tb.Sp). 
(G) Histological analysis of femurs in H&E (upper) and TRAP staining (lower). Scale bar indicates 100 μm. Relative TRAP intensity per area was measured. All the 
quantitative data were presented by meat with ±SD and the significance was calculated by one-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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belts composed of packs of podosomes, and integrin αvβ3 plays a key 
role in this process. We found that Tm4sf19 interacts with integrin αv 
and integrin β3, transmembrane proteins of osteoclasts. The LEL region 
of Tm4sf19 was found to be involved in their interactions (Fig. 6F–I). 
When the formation of actin belt is disrupted, bone resorption is 
impaired. In this study, we demonstrated that Tm4sf19 co-localized with 
F-actin in the actin belt of osteoclasts (Fig. 1E) and that KO and LELΔ 
osteoclasts fail to form actin belts and their bone resorption activity is 
inhibited (Figs. 2C–D and 3D–E), indicating that Tm4sf19 plays an 
important role in the cytoskeleton rearrangement. Interestingly, the 
Tm4sf19 LEL-Fc fusion protein also inhibited actin belt formation, 
suggesting that the LEL domain of Tm4sf19 is an important domain for 
Tm4sf19 activity in regulating actin belt formation and bone resorption 
(Fig. 4D–E). 

Osteoclast multinucleation occurs by intercellular fusion through 
reorganization of the cytoskeleton. In this dynamic process, various 
membrane-associated proteins are recruited on to the protein cluster by 
the membrane organizer. Tetraspanin-enriched microdomains (TEM) 
formed by multiple interactions of tetraspanin with other proteins in the 
cell membrane are considered to serve as membrane organizers 
[6,57,58]. The LEL region of Tm4sf19 has a highly conserved cysteine 
motif that is characteristic of tetraspanins. We found that Tm4sf19 not 
only binds to each other, but also to another tetraspanin family members 
(data not shown) and to osteoclast transmembrane proteins such as 
integrin αv and integrin β3 (Fig. 6B–J). It is possible that Tm4sf19 may 
also bind to other integrin families and regulates other cellular pro
cesses. These data suggest that Tm4sf19 may contribute to form 
microdomains at the plasma membrane through intramolecular and 
intermolecular interactions during osteoclastogenesis. 

5. Conclusion 

Abnormal osteoclast activation causes many types of bone diseases. 
Modulation of osteoclast activity is a good strategy for the treatment of 
osteoclast-associated bone diseases. In this study, we demonstrated that 
Tm4sf19 regulates osteoclast differentiation and the large extracellular 
loop (LEL) of Tm4sf19 is responsible for its function. We generated a 
LEL-Fc fusion protein and confirmed its protective effect against bone 
loss in an osteoporosis model. We confirmed that LEL-Fc didn't show any 
side effect in mice. This study provides information to understand the 
role of Tm4sf19 in osteoclasts and suggests that Tm4sf19 LEL-Fc is a 
potential therapeutic for osteoclast-associated bone diseases. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.metabol.2023.155746. 
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