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Abstract 

Background Regeneration of injured tissue is dependent on stem/progenitor cells, which can undergo prolifera-
tion and maturation processes to replace the lost cells and extracellular matrix (ECM). Bone has a higher regenerative 
capacity than other tissues, with abundant mesenchymal progenitor cells in the bone marrow, periosteum, and sur-
rounding muscle. However, the treatment of bone fractures is not always successful; a marked number of clinical case 
reports have described nonunion or delayed healing for various reasons. Supplementation of exogenous stem cells 
by stem cell therapy is anticipated to improve treatment outcomes; however, there are several drawbacks includ-
ing the need for special devices for the expansion of stem cells outside the body, low rate of cell viability in the body 
after transplantation, and oncological complications. The use of endogenous stem/progenitor cells, instead of exog-
enous cells, would be a possible solution, but it is unclear how these cells migrate towards the injury site.

Methods The chemoattractant capacity of the elastin microfibril interface located protein 2 (Emilin2), generated 
by macrophages, was identified by the migration assay and LC–MS/MS. The functions of Emilin2 in bone regeneration 
were further studied using Emilin2–/– mice.

Results The results show that in response to bone injury, there was an increase in Emilin2, an ECM protein. Produced 
by macrophages, Emilin2 exhibited chemoattractant properties towards mesenchymal cells. Emilin2–/– mice under-
went delayed bone regeneration, with a decrease in mesenchymal cells after injury. Local administration of recombi-
nant Emilin2 protein enhanced bone regeneration.

Conclusion Emilin2 plays a crucial role in bone regeneration by increasing mesenchymal cells. Therefore, Emilin2 can 
be used for the treatment of bone fracture by recruiting endogenous progenitor cells.
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Introduction
Biological tissues are subjected to various environmental 
stimuli. Intense stimuli can cause tissue damage. Dam-
aged tissues undergo regeneration, which is dependent 
on stem/progenitor cells. The proper functions of these 
cells are crucial for recovering the structure and function 
of the damaged tissues [1–3]. The bone is a highly regen-
erative tissue that recovers its structure and functions 
without scar formation after fracture. Fractured bone 
regenerates through a sequence of processes that consists 
of hematoma formation, inflammation, callus formation, 
and remodeling [4, 5]. Mesenchymal progenitor cells, 
which are found in the bone marrow, periosteum, and 
muscles, play a central role in callus formation to rees-
tablish the bony continuity by differentiating into fibro-
blasts, chondrocytes, and osteoblasts [6–9]. A decrease 
in these progenitor cells under certain conditions (e.g., 
aging and radiation) leads to delayed healing or failure in 
bone regeneration (nonunion), while stem cell transplan-
tation has been shown to promote regeneration in animal 
studies [10, 11].

Currently, stem cell therapy has garnered the atten-
tion of clinicians, and many clinical studies are underway. 
Such therapies are expected to improve the treatment 
outcomes but there are also drawbacks such as the accu-
mulation of stem cells in the lung after intravenous injec-
tion, immune responses against allogenic stem cells, 
low rate of cell viability, oncological complications, and 
a need for special devices for cell expansion [5, 12, 13]. 
The employment of endogenous stem cells would be 
another option for treating bone fractures. The migration 
of mesenchymal stem/progenitor cells to the injury site 
can enhance bone regeneration. It has been reported that 
C–X–C motif chemokine 12 (CXCL12) and its receptor 
C–X–C chemokine receptor type 4 (CXCR4) are involved 
in bone regeneration by facilitating chemoattraction [14–
16]. However, the mechanism by which mesenchymal 
cells are recruited to the injury site after bone fracture 
remains unclear.

Macrophages, which are myeloid immune cells, were 
first discovered due to their fundamental role in phago-
cytosis and clearance of microorganisms. They were sub-
sequently found to have a variety of functions including 
tissue maintenance/destruction, metabolic homeostasis/
disorders, and cancer suppression/progression. The com-
plex nature of these cells is attributed to the complex 
process of their development and plasticity [17]. Given 
rise to in the Yolk sac or the bone marrow, and polarized 
to gain tissue-specific or disease-specific phenotypes, 
macrophages produce a wide range of cytokines and 
chemokines. During the process of bone regeneration, 
they produce cytokines, promote angiogenesis, and dif-
ferentiate into osteoclasts [18–21], coupling bone injury 

and regeneration processes. Despite their property in 
producing various chemoattractants, it remains unclear 
if macrophages contribute to mesenchymal cell recruit-
ment in bone regeneration.

Here, we found that Emilin2, a component of extra-
cellular matrix (ECM) protein, is a chemoattractant 
produced by macrophages. Emilin2 is produced and 
deposited at the bone injury site. Emilin2–/– mice have 
impaired bone regeneration, with decreased mesenchy-
mal cells. Local administration of recombinant Emilin2 
protein enhances bone regeneration. Together, these data 
indicate that Emilin2 is produced by macrophages and 
deposited at the site of injury to mark the target region 
for mesenchymal cell accumulation. Thus, mesenchymal 
cells migrate and differentiate into osteoblasts to form 
the callus, facilitating bone regeneration. To treat bone 
fracture, Emilin2 can be implanted at the injury site to 
recruit endogenous progenitor cells.

Materials and methods
Experimental animals
Seven-week-old C57BL/6N male mice were purchased 
from Clea Japan and underwent acclimatization for a 
week before experiments. Emilin2–/– mice were gen-
erated as described in Additional file  3: Fig. S3a–d. In 
detail, all-in-one ready-to-use Cas9 and gRNA expres-
sion plasmid (Sigma-Aldrich, Target ID; MM0000512698 
for mouse Emilin2, USA) was microinjected into pro-
nuclei of C57BL/6N zygotes. To minimize the risk of 
off-target effects, the founder mouse was backcrossed 
with C57BL/6N mice. The second filial generation (F2) 
and later generation of mice were used for analyses. For 
sequencing of Emilin2 mutation, the primer with the 
sequence of 5′-AAG TGA ATT AAA GAG GGC GG-3′ was 
used. For genotyping PCR, the following sequences of 
primers were used: amplification, 5′-AAT AAC TGA TGG 
GTG GTC C-3′ and 5′-GAG CAT AAG GGA CAC ACT 
CT-3′; wild-type allele detection, 5′-GGC GAT GGG 
CCG AGA GAT G-3′ and 5′-CGA CTG GGT GCT CGG 
GGT -3′; and knockout allele detection, 5′-GGC GAT 
GGG CCG AGA GAT G-3′ and 5′-CGA CTG GGT GCT 
CGG GGC -3′.
Emilin2–/– mice were generated and all experi-

ments were performed in accordance with the National 
Center for Geriatrics and Gerontology (NCGG) ethical 
guidelines for animal care, and the study protocol was 
approved by the Animal Care Committee. These mice 
were also maintained at Tokyo Medical and Dental Uni-
versity under specific pathogen-free conditions. All the 
animal experiments were approved by the Institutional 
Animal Care and Use Committee and Genetically Modi-
fied Organisms Safety Committee of Tokyo Medical 
and Dental University (approval No. A2023-026C and 
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G2023-011C, respectively) and conducted in accordance 
with the guidelines concerning the management and 
handling of experimental animals.

Mouse models
Drill-hole injury was performed as previously described 
[6, 22]. In brief, mice were anesthetized with an intraperi-
toneal injection of a mixture of the following solution: 
midazolam (1.6 mg·mL–1), medetomidine hydrochloride 
(0.06 mg·mL–1), and butorphanol tartrate (1 mg·mL–1) in 
normal saline. Five microliters of·gBW–1 was intraperito-
neally injected. The skin of the right thigh was exposed 
by hair removal, after which disinfection using ethanol 
was conducted. The surface of the femur was exposed by 
incision of the skin and splitting the muscle immediately 
above the femur. After the removal of the periosteum, a 
drill hole with a diameter of about 0.8–1.2 mm was made 
on the anterior portion of the diaphysis of the femur. The 
incised muscles and skin were closed with nylon sutures.

Transplantation of drilled diaphyses of Emilin2+/+ and 
Emilin2–/– mice was performed as previously described 
[14]. Briefly, after the right femoral drill hole was created 
in a donor mouse, a 25G needle was punctured from the 
distal to the proximal end of the femur for stabilization. 
A dental finishing disc was applied to partly transect the 
femur approximately 2  mm proximal and distal to the 
drill hole, and then after removing the 25G needle for 
stabilization, the scissors were utilized to resect the dia-
physis part with a drill hole. The resected femoral diaphy-
sis was transplanted into the femoral diaphysis site of the 
recipient mouse, which had received the same procedure. 
Another 25G needle was inserted through the distal to 
proximal ends for fixation. The incised muscles and skin 
were closed with nylon sutures.

Macrophage depletion was conducted using clo-
dronate-liposomes. After creating drill holes, 25 µL 
clodronate-liposomes (Hygiea Biosciences, India) or 
empty-liposomes (Hygiea Biosciences) were applied 
around the defect.

To obtain recombinant mouse Emilin2-His (rEmilin2-
His) protein, mouse Emilin2 cDNA containing a His-tag 
in the pCXN2 vector [23] was transfected into mouse 
fibroblastic  Ltk− cells using X-tremeGENE 9 DNA Trans-
fection Reagent (Roche Diagnostics, Switzerland). After 
selection with G418 (400  mg·mL–1) (Gibco Life Tech-
nologies Corp., USA), clones producing high Emilin2 lev-
els were selected by limiting dilution followed by reverse 
transcriptase-polymerase chain reaction (RT-PCR) for 
Emilin2 mRNA expression. Cell culture supernatant was 
harvested, and rEmilin2-His protein was purified using 
HisTrap HP (GE Healthcare, USA) and Amicon Ultra-15 
(Millipore Corporation, USA). All other reagents were 
from Sigma Chemical Co. Recombinant Emilin2 was 

administrated using a carrier. Ten microliters of recombi-
nant Emilin2 (1.55 µg·µL–1) or phosphate-buffered saline 
(PBS) was immersed into a controlled-release Medgel® 
Sheet II (PI5) (Nitta Gelatin Inc., Japan) block overnight 
at 4°C. The block was placed on the drill hole and was 
covered by sutured soft tissues. The loading concentra-
tion was determined higher than that used in the in vitro 
experiments taking into account the controlled release 
property of the scaffold and the processes of drug metab-
olism and excretion in vivo.

Tissue harvest and preparation
For bone histomorphometric analyses, mice underwent 
double labeling with tetracycline and calcein was per-
formed by consecutive administration of the labels sub-
cutaneously with a 2-day interval [24]. Bone samples for 
micro-computed tomography (CT) analyses and histo-
morphometric analyses were fixed with 70% ethanol at 
4  °C. Tissue samples for histological and immunohisto-
logical analyses were fixed using 4% paraformaldehyde 
(PFA) at 4 °C overnight.

Bone marrow cells were extracted from the femur and 
tibia by introducing PBS into the bone marrow cavity. 
These cells were used for chemotaxis assay and osteoclast 
differentiation experiment, which are described below.

For flow cytometric analysis and in  vitro osteoblast 
differentiation, tissues in the drill hole, periosteum, and 
skeletal muscle were digested in a collagenase (WAKO, 
Japan) solution (1 mg·mL–1). After debris removal by fil-
tration using 70 or 40 μm mesh (Corning, USA), the col-
lected cells underwent hemolysis [6].

For RNA extraction, tissues were minced with scis-
sors, lysed in Sepasol®-RNA I Super G (Nacalai Tesque, 
Japan), and stored at –80 °C before synthesizing comple-
mentary DNA (cDNA).

Micro‑CT analysis
For the analysis of cancellous bone of Emilin2+/+ and 
Emilin2–/– mice, micro-CT scanning was performed 
using a μCT-40 device (SCANCO Medical, Switzerland) 
at an isotropic voxel size of 12 μm, and 3D microstruc-
tural parameters were calculated as described previously 
[24]. The nomenclature for micro-CT followed the rec-
ommendations of the published guideline [25].

For the evaluation of bone regeneration in the drill 
hole, micro-CT scanning was conducted using a ScanX-
mate-A100S Scanner (Comscantechno, Japan) with 
the following parameters: voltage, 75  kV; current, 140 
μA; and isotropic voxel size, 7 μm. A three-dimensional 
microstructural data was obtained using TRI/3D-BON 
software (Ratoc System Engineering, Japan).
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Histomorphometric analysis of the bone
Bone samples fixed in 70% ethanol were embedded in 
glycol methacrylate (GMA), and non-decalcified sections 
were made. Histomorphometric parameters were ana-
lyzed at the Ito Bone Science Institute (Niigata, Japan). 
The nomenclature for histomorphometry followed the 
recommendations of the published guideline [26].

Histological analysis and immunohistological analyses 
(paraffin section)
The fixed samples underwent decalcification using an 
ethylenediaminetetraacetic acid (EDTA) solution, EDT-X 
(FALMA, Japan) for 21 days. Samples were further dehy-
drated and embedded in paraffin. Six-micrometer-thick 
sections were cut. After deparaffinization and hydration, 
the sections underwent staining.

Tartrate-resistant acid phosphatase (TRAP) staining 
was performed using a staining solution of the follow-
ing constitution: 0.5 mg·mL–1 Naphthol AS-BI phosphate 
sodium salt, 1.2  mg·mL–1 sodium nitrite, 1.2  mg·mL–1 
pararosaniline hydrochloride, and 8.3 mg·mL–1 disodium 
tartrate dihydrate in 0.1  M acetic acid-sodium acetate 
buffer [pH 5.1]. Tissues were stained for 12 min at room 
temperature. Nucleus counterstaining was conducted by 
hematoxylin (Muto Pure Chemicals, Japan) [6].

For immunohistological analyses, the sections under-
went an antigen retrieval in a Tris–EDTA buffer [pH 9.0] 
overnight at 55°C. After the retrieval, the sections were 
incubated with the following primary antibodies at room 
temperature (RT): rabbit anti-Emilin2 (1/100, Cloud 
Clone, USA) for 120 min and rabbit anti-Osterix (1/1000, 
Abcam, UK) for 60  min. Secondary antibodies for visu-
alization using horseradish peroxidase and 3,3′-diam-
inobenzidine (DAB) system or fluorescence by donkey 
anti-rabbit IgG Alexa Fluor 488 (1/500, Invitrogen, USA). 
Nucleus counterstaining was conducted by hematoxylin 
(for DAB staining) or Hoechst33342 (for immunofluo-
rescence). The microscopic images were obtained and 
analyzed using a microscope and measurement software 
(BZ700 and BZ-X analyzer, Keyence, Japan).

Flow cytometry
Cells harvested from the mice immediately under-
went flow cytometric analysis. Nonspecific binding 
was blocked with anti-cluster of differentiation 16/32 
(CD16/32) (93, BioLegend, USA) at a dilution of 1/100. 
The antibodies used for flow cytometric analysis were as 
follows. Anti-mouse CD8α (53–6.7, BioLegend), CD31 
(390, BioLegend), TER-119 (TER-119, BioLegend), CD45 
(30-F11, BioLegend), Sca-1 (D7, BioLegend), CD140α 
(APA5, BioLegend), and CD11b (M1/70, BioLegend). 
These antibodies were used at a dilution of 1/250. Dead 
cells were stained using 7-amino-actinomycin D (7-AAD) 

(BioLegend) before analysis at a dilution of 1/41. Data 
were acquired on a flow cytometer, CytoFLEX S (BECK-
MAN COULTER, USA), and analyzed using FlowJo soft-
ware (TREE STAR, USA).

Protein purification from the supernatant of cultured 
macrophages
Bone marrow macrophages were cultured in α-minimum 
essential medium (MEM) containing 10% fetal bovine 
serum (FBS) and penicillin/streptomycin (Gibco, USA) 
in the presence of macrophage colony-stimulating fac-
tor (M-CSF) (10% CMG14-12 culture supernatant) for 
3  days as described previously [27]. Cells were washed 
twice with PBS and were further cultured in α-MEM in 
the presence of M-CSF without FBS for 3  days. Condi-
tioned medium was collected and concentrated with 
buffer exchanged into a 10-mM HEPES buffer (pH 6.0, 
buffer 1) using Pericon XL Filter 10 K (Millipore Corpo-
ration). Conditioned medium was applied to a HiPrep Q 
Sepharose FF 16/10 (GE Healthcare) equilibrated with 
20-mM Tris–HCl (pH8.0, buffer 1). After washing with 
a 5-column volume (100 ml) of buffer 1, bound proteins 
were eluted by a gradient of 0 to 100% 1 M NaCl in buffer 
1. The column eluate with highly concentrated chemot-
actic activity was dissolved in sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) sample 
buffer and was fractioned by SDS-PAGE in 5–20% acryla-
mide gels. The gels were then stained using Ez Stain Sil-
ver (ATTO, Japan), and major protein bands were excised 
with a scalpel and analyzed by mass spectrometry.

Cell migration assay
Chemotaxis of mesenchymal cells was assessed using the 
Cultrex 96 Well Cell Migration Assay Kit (Trevigen Inc., 
USA) as described previously [24]. In brief, ST2 cells at 
80% confluence were serum starved in the 0.5% FBS for 
24 h, then harvested and added to the top chamber at the 
concentration of 5 ×  104 cells per well. The conditioned 
medium of bone marrow cells or the medium including 
0 or 10 μg/ml of recombinant Emilin2 was added to the 
bottom chamber and incubated for 24 h. Migrating cells 
were stained with calcein and examined with a reader 
plate at 485 nm excitation and 520 nm emission.

Mass spectrometry analysis
The fractions possessing mesenchymal cell migrating 
activity were added in the SDS-PAGE sample buffer and 
fractionated by SDS-PAGE in 5–20% acrylamide gels. 
After staining with Coomassie brilliant blue, all protein 
bands were excised with a scalpel and analyzed by mass 
spectrometry.

Proteins in the excised gels were reduced with 
10-mM dithiothreitol at 65 °C for 1 h and alkylated with 
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40 mM iodoacetamide in the dark at room temperature 
for 30 min. Each sample was digested with sequencing-
grade modified trypsin (4 μg·mL–1) (Trypsin Gold, Pro-
mega, USA) in 40  mM  NH4HCO3/10% ACN at 37  °C 
overnight. The extracted peptides were then sepa-
rated by nano-flow liquid chromatography (LC) (Para-
digm MS4, Michrom BioResources, Inc., USA) using 
a reverse phase C18 column (Magic C18, 0.2 × 50 mm; 
Michrom BioResources, Inc.). The LC eluent was cou-
pled to a micro-ionspray source attached to an LCQ 
Advantage MAX mass spectrometer (Thermo Fisher 
Scientific, USA). All MS/MS spectra were searched 
using the TurboSEQUEST algorithm within the Bio-
Works 3.2 software (Thermo Fisher Scientific), and 
the data were submitted to the MASCOT program for 
identification of mesenchymal cell-attracting proteins.

In vitro osteoblast differentiation
Cells harvested from the mice were immediately 
underwent magnetic activated cell sorting (MACS) 
and in  vitro culture. Nonspecific binding was blocked 
with anti-CD16/32 (93, BioLegend) at a dilution of 
1/100. The cells were incubated with the following 
antibodies at a dilution of 1/200: CD31 (390, BioLeg-
end), TER-119 (TER-119, BioLegend), and CD45 (30-
F11, BioLegend). For indirect magnetic labeling were 
anti-phycoerythrin (PE) MicroBeads (Miltenyi Biotec, 
Germany) at a dilution of 1/5. After flowing through 
the MS column (Miltenyi Biotec) on the OctoMACS™ 
Separator (Miltenyi Biotec), the cells negative for 
CD31, TER-119, and CD45 were collected and seeded 
on the 48-well plate at the concentration of 1.4 ×  104 
cells per well with an osteogenic medium contain-
ing 10% FBS, 50  μg·mL–1 ascorbic acid, 10  nmol·L–1 
dexamethasone, and 10  mmol·L–1 β-glycerophosphate 
in α-MEM. The differentiation medium was changed 
every third day. Recombinant Emilin2 was added on 
days of the medium change, at the concentration of 0, 
2, or 10  μg·mL–1, which was determined based on the 
result in our migration assay (see “Cell migration assay” 
section).

Alkaline phosphatase (ALP) staining was performed 
as follows on day 14. After fixation with 4% PFA for 
20  min., these cells were stained with a staining solu-
tion of the following components: Napthol AS-MX 
phosphate, 0.06 mg·mL–1; N,N-dimethylformamide, 1%; 
and Fast blue BB salt, 1 mg·mL–1 in 0.1 mmol·L–1 Tris–
HCl [pH 8.0]. The stained images were obtained under 
microscopy (BZ-X analyzer, Keyence). The total RNA 
was extracted from these cells using Sepasol®-RNA I 
Super G (Nacalai Tesque) and stored at –80°C before 
synthesizing cDNA.

In vitro osteoclast differentiation from mouse bone 
marrow cells
Bone marrow cells extracted from the femur and tibia 
were seeded on the 24-well plate at the concentration 
of 1.0 ×  105 cells per well. These cells were expanded in 
α-MEM with 10 ng·mL–1 M-CSF (R&D systems, USA) 
for 2 days, then stimulated with differentiation medium 
containing 10  ng·mL–1  M-CSF and 25  ng·mL–1 recep-
tor activator of nuclear factor kappa-Β ligand (RANKL) 
(PeproTech, USA) in α-MEM (day 0). The differentia-
tion medium was changed on day 2. On day 3, osteo-
clasts were detected by TRAP staining as previously 
described [28, 29].

Quantitative RT‑PCR (qRT‑PCR)
The total RNA extracted from mouse tissues and cul-
tured cells underwent cDNA synthesis using Rever-
Tra Ace® (TOYOBO, Japan). cDNA thus synthesized 
was subjected to qRT-PCR analysis. PCR reaction was 
carried out using SYBR Green Real-time PCR Master 
Mix (TOYOBO) or THUNDERBIRD Next SYBR qPCR 
Mix (TOYOBO) and a Light Cycler apparatus (Bio-
Rad Laboratories, USA). ΔΔCt method was adopted 
for calculating gene expression and glyceraldehyde-
3-phosphate dehydrogenase (Gapdh) expression was 
used for normalization. The primer sequences are 
listed below: Gapdh, 5′-ACC CAG AAG ACT GTG GAT 
GG-3′ and 5′-CAC ATT GGG GGT AGG AAC AC-3′; bone 
γ-carboxyglutamate protein (Bglap), 5′-GCG CTC TGT 
CTC TCT GAC CT-3′ and 5′-ACC TTA TTG CCC TCC 
TGC TT-3′; alkaline phosphatase (Alpl), 5′-AAC CCA 
GAC ACA AGC ATT CC-3′, and 5′-GCC TTT GAG GTT  
TTT GGT CA-3′; Sp7 transcription factor (Sp7), 5′-ACT  
GGC TAG GTG GTG GTC AG-3′, and 5′-GGT AGG GAG  
CTG GGT TAA GG-3′; runt-related transcription fac-
tor 2 (Runx2), 5′-CCC AGC CAC CTT TAC CTA CA-3′ 
and 5′-TAT GGA GTG CTG CTG GTC TG-3′; Emilin2, 
5′-CCC TGC TAC CAA GGT GGA TG-3′ and 5′-TTG ACG 
 CTC CCT GTC TTT GC-3′; epidermal growth factor recep-
tor (Egfr), 5′-ACA CTG TGT CAA GAC CTG CC-3′, and 
5′-GTG GCA TAG GTG GCA GAC AT-3′; Cd68, 5′-ACC 
TGG ACT ACA TGG CGG TG-3′ and 5′-AGA AGC TTT 
GGC CCA AGG GA-3′; adhesion Gprotein-coupled recep-
tor E1 (Adgre1), 5′-GGC TTC CTG TCC AGC AAT GG-3′ 
and 5′-GTG CAG ACT GAG TTA GGA CCAC-3′.

Gene expression analyses using a public database
Comprehensive gene expression data of human tissues/
cells was obtained from a public database, Functional 
Annotation of the Mammalian Genome 5 (FANTOM5) 
human promoterome (https:// fantom. gsc. riken. jp/5/). 
Fragments per kilobase of exon per million mapped 

https://fantom.gsc.riken.jp/5/
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reads (FPKM) of genes in the tissues and cells were 
compared.

Statistical analysis
Statistical analyses were performed with Prism 8 
(GraphPad Software, USA). All the data were initially 
tested with F test or Bartlette’s test for normality dis-
tribution. If homoscedasticity could be assumed, they 
were analyzed with a parametric test using Student’s t 

test, one-way analysis of variance (ANOVA) followed 
by Dunnett’s multiple-comparison test. If homo-
scedasticity could not be assumed, Welch’s t test or 
Brown-Forsythe test followed by Dunnett’s T3 multi-
ple-comparison test was applied. Differences with a p 
value of < 0.05 were considered significant: *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001; n. s., not sig-
nificant. All data are expressed as the mean ± standard 
errors of the mean values.

Fig. 1 Emilin2 is a chemoattractant protein produced by macrophages that recruits mesenchymal cells. a Schematic diagram of the experiments. 
Conditioned medium of bone marrow macrophages underwent concentration and fractionation, and their chemoattractive activities were tested 
using ST2 cells. b Chemoattractive activity of the conditioned medium of bone marrow macrophages towards ST2 cells (n = 3). c Fractionation 
of conditioned medium of bone marrow macrophages. Protein concentration is indicated as a solid line, while the concentration of NaCl 
as a dotted line. d Chemoattractive activity of each fraction towards ST2 cells. e Image of silver staining of SDS-PAGE gel. Proteins in bands #1–4 
(enclosed by red dotted lines) underwent Liquid chromatograph-tandem mass spectrometry (LC–MS/MS). f Proteins identified by LC–MS/MS, their 
theoretical molecular weight, and MASCOT scores are listed. g Chemoattractive activity of recombinant Emilin2 towards ST2 cells and bone marrow 
stromal cells (n = 4). Statistical analyses were carried out using Student’s t test or Welch’s t test. Error bars show the mean ± s.e.m. n.d., not detected. 
**p < 0.01. MΦ CM, macrophage-conditioned medium; Fr, fraction; FT, flow through; BMSC, bone marrow stromal cells
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Results
Macrophages attract mesenchymal cells via Emilin2
To identify macrophage-derived chemoattractants 
for mesenchymal cells, the migration assay was con-
ducted using ST2 mesenchymal cells and the condi-
tioned medium of bone marrow macrophages (Fig. 1a). 
The concentrated conditioned medium was shown to 
increase the chemotaxis of these mesenchymal cells 
(Fig.  1b). Then, the medium underwent fractionation 
by anion exchange chromatography, and the resultant 
fractions (Fr1 to 8) were examined to determine if they 
induce the migration of mesenchymal cells (Fig.  1a, 
c). Fr8 exhibited the highest chemoattractant capacity 
(Fig.  1d). The proteins contained in this fraction were 
identified by SDS-PAGE and liquid chromatography-
tandem mass spectrometry (LC–MS/MS) (Fig.  1e, f, 
and Additional file  1: Fig. S1a, b). Among the identi-
fied proteins, only Emilin2 was a secreted protein [30, 
31]. A chemotaxis assay conducted using recombinant 
Emilin2 protein confirmed that this protein induces the 
chemoattraction of mesenchymal cells (Fig. 1g).

Emilin2 was originally reported to be expressed in 
the lung and liver and was later found in other organs 
and tumors [31–33]. Using the public database, FAN-
TOM5 human promoterome (https:// fantom. gsc. riken. 
jp/5/), it was found that EMILIN2 is highly expressed 
in organs that are abundant in macrophages (e.g., 
lung, lymph node, blood, and fat) (Additional file  2: 
Fig. S2a). A strong correlation was also found between 
the expression levels of EMILIN2 and the macrophage 
marker genes, CD14, Fc fragment of IgG receptor 3a 
(FCGR3A), CD68, and integrin alpha M chain (ITGAM) 
(Additional file 2: Fig. S2b). In the bone, macrophages 
had higher expression of Emilin2 than osteoclasts and 
osteoblasts (Additional file 2: Fig. S2c). These data sug-
gest that macrophage-derived Emilin2 can exert its 
functions on bone metabolism via chemoattraction; 
however, there are few studies in the literature on its 
functions in chemoattraction and bone metabolism.

Emilin2 deficiency results in impaired bone regeneration
To gain insights into the functions of Emilin2 in  vivo, 
we generated Emilin2–/– mice by introducing a deletion 
mutation, resulting in a frameshift to produce an abnor-
mal peptide (Additional file  3: Fig. S3a–d). Emilin2–/– 
mice were born with the expected Mendelian frequency, 
appeared grossly normal, grew normally, and were fer-
tile (Additional file  3: Fig. S3e and data not shown). 
Micro-CT and histomorphometric analyses showed that 
Emilin2–/– mice were osteopenic with decreased bone 
formation and increased bone resorption parameters 
(Additional file 3: Fig. S3f, g).

Using macrophages obtained from the Emilin2–/– mice, 
a chemotaxis assay was conducted. The results showed 
that Emilin2 deficiency severely impaired the chemoat-
tractant capacity of macrophages towards mesenchymal 
cells (Fig.  2a), indicating that Emilin2 is the major che-
moattractant of macrophages that recruits mesenchy-
mal cells. EMILIN2 expression was correlated with M1 
macrophage markers but not M2, and its expression was 
upregulated by microbial infection (Additional file 4: Fig. 
S4a, b), suggesting a link between EMILIN2 and acute 
inflammation.

Because the process of bone regeneration after frac-
ture involves both macrophages and mesenchymal cells 
[4], we hypothesized that Emilin2 produced by mac-
rophages plays a role in attracting mesenchymal cells 
to promote bone regeneration. To test this hypothesis, 
the bone regeneration model was adopted because both 
the inflammation and regeneration processes take place 
[6]. Emilin2 expression was robustly induced in the sur-
rounding tissue of the bone injury site (Fig. 2b), but not 
in the bone marrow (Additional file  4: Fig. S4c). Emi-
lin2 was found to be deposited in the clot formed in the 
bony defect (Fig.  2c,d), suggesting that Emilin2 recruits 
mesenchymal cells to the clot, the initiation site of bone 
regeneration. Micro-CT analysis revealed that there was 
an impairment in bone regeneration in Emilin2–/– mice 
(Fig.  2e, f ). The number of osteoblasts, but not osteo-
clasts, was decreased in these mice (Fig. 2g–j).

(See figure on next page.)
Fig. 2 Emilin2–/– mice exhibit delayed bone regeneration. a Chemoattractive activity of the macrophages harvested from Emilin2+/+ 
and Emilin2–/– mice (n = 4). b Expression of Emilin2 in the bone-surrounding tissue (n = 7, 4, 5, and 4, respectively). c Representative images 
of immunohistochemical analyses detecting Emilin2 (n = 3). Scale bar, 200 μm. d Magnified image of the area enclosed by dotted line in c. Scale 
bar, 40 μm. e Representative micro-computed tomography (CT) images (upper) and visualization of bone mineral density (BMD) (lower) of the drill 
hole in the Emilin2+/+ and Emilin2–/– mice. Scale bar, 500 μm. f Quantification of newly formed bone in the drill hole and its BMD (n = 4 and 7, 
respectively). g Representative images of immunofluorescence detecting Osterix in the newly formed bone. Scale bar, 100 μm. h Quantification 
of  Osterix+ osteoblast surface ratio (n = 3, 3 slides per mouse were analyzed). i Representative images of tartrate-resistant acid phosphatase (TRAP) 
staining of the newly formed bone. Scale bar, 100 μm. j Quantification of  TRAP+ osteoclast surface ratio (n = 3, 3 slides per mouse were analyzed). 
For the comparison of the 2 groups, statistical analyses were carried out using Student’s t test or Welch’s t test. For the multiple comparisons, 
Brown-Forsythe ANOVA test followed by Dunnett’s T3 test was carried out. Error bars show the mean ± s.e.m. *p < 0.05; n.s., not significant

https://fantom.gsc.riken.jp/5/
https://fantom.gsc.riken.jp/5/
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Fig. 2 (See legend on previous page.)
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Emilin2 recruits mesenchymal cells to the site of bone 
injury
The decreased osteoblast number at the injury site of 
Emilin2–/– mice could be due to impairment of the 

chemoattraction of mesenchymal progenitor cells for 
osteoblasts and/or the impairment of osteoblastic dif-
ferentiation of these cells. It was shown after injury that 
there was increased expression of the Emilin2 receptor, 

Fig. 3 Emilin2 promotes the migration of mesenchymal cells into the injury tissue. a mRNA expression of Egfr in bone-surrounding tissue (n = 7 
and 4, respectively). b The number of mesenchymal cells in the bone injury tissue of Emilin2+/+ and Emilin2–/– mice (n = 4). c Representative 
alkaline phosphatase (ALP) staining images of osteoblasts. d mRNA expression of osteogenic genes. These experiments were repeated 3 
times with replicates of 3 wells. e Representative images of tartrate-resistant acid phosphatase (TRAP) staining of osteoclasts generated from bone 
marrow macrophages of Emilin2+/+ and Emilin2–/– mice. Scale bar, 500 μm. f Quantification of  TRAP+ osteoclasts (triplicate of 3 biological replicates). 
For the comparison of the 2 groups, statistical analyses were carried out using Student’s t test or Welch’s t test. For multiple comparisons, one-way 
ANOVA followed by Dunnett’s multiple-comparison test was conducted. Error bars show the mean ± s.e.m. *p < 0.05; **p < 0.01; n.s., not significant
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Egfr  [34], in the tissue surrounding the bone but not 
in the bone marrow (Fig.  3a and Additional file  4: Fig. 
S4d). Thus, mesenchymal cells that appeared after injury 
underwent further investigation. Compared to Emi-
lin2+/+ mice, there was a smaller number of  CD45– mes-
enchymal cells, including platelet-derived growth factor 
receptor α (PDGFRα)+ stem cells antigen-1 (Sca-1)+ 
cells (PαS cells), in the injured tissue of Emilin2–/– mice 
(Fig.  3b). By contrast, the number of  CD11b+ cells was 
similar in Emilin2–/– mice compared to Emilin2+/+ mice 
(Additional file 4: Fig. S4e).

Next, the role of Emilin2 in osteoblastogenesis was 
assessed. The addition of recombinant Emilin2 did not 
result in the obvious progression of osteoblastogenesis 
of the cells harvested from the injury site (Fig.  3c, d), 
although Emilin2 deficiency resulted in decreased bone  
formation in the process of bone regeneration (Fig. 2g, h).  
These data indicate that Emilin2 produced after bone 
injury attracts mesenchymal cells but does not promote  
osteoblastogenesis. Osteoclastogenesis of Emilin2–/– bone  
marrow cells exhibited no significant difference com-
pared to Emilin2+/+ cells (Fig.  3e, f ), consistent with  
the results observed at the bone regeneration site 
(Fig. 2i, j).

Emilin2 in the bone‑surrounding tissue enhances bone 
regeneration
Coverage of fractured bone by the surrounding soft tissue 
(i.e., muscle and fasciocutaneous flaps) is crucial for bone 
regeneration. These tissues are thought to function as a 
pool of skeletal stem cells, immune cells, and cytokines 
that regulate inflammation, vascularization, and cell 
differentiation [35, 36]. Because Emilin2 expression is 
upregulated in the homogenized bone-surrounding 

tissue (i.e., periosteum; muscle, including fascia and 
interstitium; and granulation tissue after injury) but not 
in the bone marrow after injury (Fig. 2b and Additional 
file 4: Fig. S4c), it has been suggested that Emilin2 in the 
bone-surrounding tissue enhances bone regeneration. To 
address this hypothesis, we used mice deficient in Emi-
lin2 in either the bone-surrounding tissue or the bone 
marrow. A pair of Emilin2+/+ and Emilin2–/– mice under-
went drill-hole injury, after which the diaphyses of these 
mice were resected and transplanted into their coun-
terparts (Fig.  4a). Mice with Emilin2 deficiency in the 
bone-surrounding tissue exhibited a lower level of bone 
regeneration compared to their counterparts (Fig. 4b, c). 
These data indicate that Emilin2 in the bone-surrounding 
tissue facilitates bone regeneration.

Administration of Emilin2 enhances bone regeneration
Finally, in light of the clinical application of Emilin2 for 
the treatment of bone fracture, recombinant Emilin2 was 
introduced to the injury site using a collagen carrier, at 
the same time as macrophage depletion in the bone-sur-
rounding tissue (Fig. 5a and Additional file 5: Fig. S5a, b). 
Micro-CT analysis showed that Emilin2 administration 
significantly accelerated bone regeneration (Fig.  5b, c). 
Histologically, a significantly large number of osteoblasts 
was observed at the bone injury site upon the addition of 
recombinant Emilin2 (Fig. 5d, e). By contrast, the num-
ber of osteoclasts was comparable in Emilin2-treated and 
untreated mice (Fig. 5f, g).

Thus, our results demonstrated that Emilin2 is pro-
duced after bone injury and deposited at the injury site. 
Macrophages produce Emilin2 to facilitate the migration 
of mesenchymal cells. The recruitment of mesenchymal 
cells results in bone regeneration. The results suggest that 

Fig. 4 Emilin2 from the surrounding tissue of the injured bone promotes bone regeneration. a Schematic diagram of the transplantation 
experiment. b Representative micro-computed tomography (CT) images (upper) and visualization of bone mineral density (BMD) (lower) of the drill 
hole in mice deficient in Emilin2 in the bone marrow or in the surrounding tissue of the bone. Scale bar, 500 μm. c Quantification of newly 
formed bone in the drill hole and its BMD (n = 8 and 7, respectively). Statistical analyses were carried out using Student’s t test. Error bars show 
the mean ± s.e.m. *p < 0.05
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Fig. 5 Emilin2 treatment promotes bone regeneration in the absence of macrophages. a Schematic diagram of the treatment of bone injury 
by Emilin2. b Representative micro-computed tomography (CT) images (upper) and visualization of bone mineral density (BMD) (lower) of the drill 
hole in mice treated with or without Emilin2. Scale bar, 500 μm. c Quantification of newly formed bone in the drill hole and its BMD (n = 8). d 
Representative images of immunofluorescence detecting Osterix in the newly formed bone. Scale bar, 100 μm. e Quantification of  Osterix+ 
osteoblast surface ratio (n = 3 and 4, 3–5 slides per mouse were analyzed). f Representative images of tartrate-resistant acid phosphatase (TRAP) 
staining of the newly formed bone. Scale bar, 100 μm. g Quantification of  TRAP+ osteoclast surface ratio (n = 3 and 4, 3 slides per mouse were 
analyzed). Statistical analyses were carried out using Student’s t test. Error bars show the mean ± s.e.m. *p < 0.05; **p < 0.01
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local administration of Emilin2 may be a novel option for 
treating bone fracture.

Discussion
Bone fracture is one of the most debilitating conditions, 
as patients suffer from pain, immobility, bone deform-
ity, and nonunion. The increased aging of the worldwide 
population has led to a substantial increase in the inci-
dence and prevalence of bone fracture, and years lived 
with disability. Therefore, costs for clinical and social 
care have become a serious burden not only to patients 
but also to their families and society [37]. Prolonged fixa-
tion of the fractured bone significantly impairs physical 
activity and can result in being bedridden. Thus, there is 
a great demand to establish treatment strategies that can 
accelerate the regenerative process of fractured bone.

Bone fracture is generally treated by closed or open 
reduction and fixation. If a bony defect is excessively 
large, bone grafting will be added to the procedure. 
Drugs targeting bone metabolism (teriparatide, vitamin 
D, and calcium), as well as antibiotics and analgesics are 
also employed to treat fractures [38]. The immune sys-
tem has recently emerged as a promising target for bone 
fracture healing, and some clinical trials are underway. 
Because the inflammatory milieu is necessary for bone 
regeneration, it is crucial that immunotherapies do not 
disrupt the inflammatory milieu.

Mesenchymal stem/progenitor cells possess a high 
potential of tissue regeneration by proliferating and dif-
ferentiating into cells constituting the tissue. Although 
tremendous efforts are being made by researchers and 
clinicians, there have been no established stem cell thera-
pies for bone fracture to date, possibly due to difficulties 
in manipulating these cells [5, 12, 13]. We hypothesized 
that the mobilization of endogenous stem cells would be 
another mode of stem cell therapy. Based on this idea, 
Emilin2 was discovered to be a chemoattractant for 
mesenchymal progenitor cells, coupling bone injury and 
regeneration processes (Additional file 1: Fig. S1a–g, 2a).

Emilin2 is a glycoprotein that belongs to the Emi-
lin/Multimerin family. Emilin1 and Emilin2 have high 
homology and are both abundant in the ECM, establish-
ing ECM-ECM connections between matrix molecules 
including elastin and fibrillin [30]. Emilin proteins in the 
ECM in organs play roles in the development and func-
tions of various organs including the heart, skin, digit, 
and inner ear [33, 39–41]. Emilin proteins can facilitate 
ECM-cell adhesion as well. Mesenchymal cells including 
fibroblasts reportedly adhere to Emilin1, and it has been 
speculated that Emilin2 also attracts cells expressing its 
receptors [32, 42].

In this study, Emilin2 was detected after bone injury 
and accumulated in the clot (Fig. 2c, d), consistent with 

previous reports describing the deposition of Emilin2 in 
the thrombus, a form of blood clot [43, 44]. The molecu-
lar weight of Emilin2 exceeds 100 kDa (Additional file 1: 
Fig. S1b), which is far larger than that of cytokines and 
chemokines. Therefore, Emilin2 at the bone injury site 
functions as a mark of migration of mesenchymal cells 
deposited at the site of injury (i.e., clot), rather than 
entering the circulation. Mesenchymal cells accumulated 
at the injury site promote bone regeneration by differ-
entiating into osteoblasts and forming new bone tissue. 
Local administration of Emilin2 to the site of bone injury 
successfully improved bone regeneration (Fig. 5a–c), sug-
gesting that it recruits endogenous stem/progenitor cells 
for tissue regeneration.

Conclusions
We demonstrated that macrophages produce Emilin2. 
Emilin2 at the bone injury site recruits mesenchymal 
progenitor cells to the injury site, enhancing bone regen-
eration. Thus, local administration of Emilin2 promotes 
bone regeneration, suggesting its clinical application in 
treating bone fractures.
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Additional file 1: Fig. S1. Emilin2 is detected in the fraction of conditioned 
medium of macrophages with chemoattractive activity towards mesen-
chymal cells. a Amino acid sequence of murine Emilin2 protein. Peptide 
fragments highlighted in red were detected in fraction 8 by LC-MS/
MS analysis (see Fig. 1e, f ). b Western blotting analysis of Emilin2 in the 
macrophage-conditioned medium (MΦ CM).

Additional file 2: Fig. S2. Emilin2 is expressed highly in macrophages. a 
Comprehensive analysis of EMILIN2 expression in human organs. b The 
correlation between EMILIN2 and macrophage marker genes in human 
cells. Data was obtained from public databases, FANTOM5 human pro-
moterome (https://fantom.gsc.riken.jp/5/). c mRNA expression of Emilin2 
in mouse cells. For the multiple comparisons, Brown-Forsythe ANOVA test 
followed by Dunnett’s T3 test was carried out. Error bars show the mean 
± s.e.m. *p < 0.05. FPKM: fragments per kilobase of exon per million reads 
mapped.

Additional file 3: Fig. S3. Generation of Emilin2–/– mice. a Deletion of a sin-
gle nucleotide in the Emilin2 gene. Adenine at 24 base pairs downstream 
from the first ATG was deleted from the genomic DNA. b PCR analysis for 
genotyping. c Emilin2 translation products of Emilin2+/+ and Emilin2–/– 
mice. Different amino acids and stop codons are highlighted in red. *: stop 
codon. d Western blotting and coomassie brilliant blue (CBB) staining 
images of the conditioned medium of Emilin2+/+ or Emilin2–/– mac-
rophages. e Body weight of Emilin2+/+ and Emilin2–/– mice. f Representa-
tive 3D images of cancellous bone of proximal tibia, reconstructed from 
micro-CT images. Scale bar, 1 mm. g Bone parameters obtained by micro-
CT analyses and histomorphometric analyses (n = 8). Statistical analyses 
were carried out using Student’s t test or Welch’s t test. Error bars show the 
mean ± s.e.m. *p < 0.05; **p < 0.01; n.s., not significant.

Additional file 4:. Fig. S4. Emilin2 is expressed upon acute inflammation. a 
The correlation between EMILIN2 and M1/M2 macrophage marker genes 
in human cells. b EMILIN2 expression by  CD14+ human monocytes upon 
stimulation. Data was obtained from public databases, FANTOM5 human 
promoterome (https://fantom.gsc.riken.jp/5/). c mRNA expression of 
Emilin2 in mouse bone marrow after bone injury. d mRNA expression of 
Egfr in mouse bone marrow after bone injury. e The number of  CD11b+ 
cells in the bone injury tissue of Emilin2+/+ and Emilin2–/– mice (n = 4). For 
the comparison of the 2 groups, statistical analyses were carried out using 
Student’s t test or Welch’s t test. For the multiple comparison, one-way 
ANOVA test followed by Dunnett’s test was carried out. Error bars show 
the mean ± s.e.m. n.s., not significant. FPKM: fragments per kilobase of 
exon per million reads mapped.

Additional file 5: Fig. S5. Local administration of clodronate liposome 
reduces macrophages in the bone-surrounding tissue but not in the bone 
marrow. a mRNA expression of macrophage marker genes in the bone-
surrounding tissue. b mRNA expression of macrophage marker genes and 
Emilin2 in the bone marrow (n = 4 and 5, respectively). Statistical analyses 
were carried out using Student’s t test or Welch’s t test. Error bars show the 
mean ± s.e.m. *p < 0.05; ***p < 0.001; ****p < 0.0001; n.s., not significant. 
MΦ depletion: macrophage depletion.
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