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Abstract
Metastasis suppressor 1 (MTSS1) plays an inhibitory role in tumorigenesis and metastasis of a variety of cancers. To date, 
the function of MTSS1 in the differentiation of marrow stromal progenitor cells remains to be explored. In the current study, 
we investigated whether and how MTSS1 has a role in osteoblast differentiation and bone homeostasis. Our data showed 
that MTSS1 mRNA was upregulated during osteoblast differentiation and downregulated in the osteoblastic lineage cells 
of ovariectomized and aged mice. Functional studies revealed that MTSS1 promoted the osteogenic differentiation from 
marrow stromal progenitor cells. Mechanistic explorations uncovered that the inactivation of Src and afterward activation 
of canonical Wnt signaling were involved in osteoblast differentiation induced by MTSS1. The enhanced osteogenic dif-
ferentiation induced by MTSS1 overexpression was attenuated when Src was simultaneously overexpressed, and conversely, 
the inhibition of osteogenic differentiation by MTSS1 siRNA was rescued when the Src inhibitor was supplemented to 
the culture. Finally, the in vivo transfection of MTSS1 siRNA to the marrow of mice significantly reduced the trabecular 
bone mass, along with the reduction of trabecular osteoblasts, the accumulation of marrow adipocytes, and the increase of 
phospho-Src-positive cells on the trabeculae. No change in the number of osteoclasts was observed. This study has unraveled 
that MTSS1 contributes to osteoblast differentiation and bone homeostasis through regulating Src-Wnt/β-catenin signaling. 
It also suggests the potential of MTSS1 as a new target for the treatment of osteoporosis.
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Abbreviations
ALP  Alkaline phosphatase
BMP2  Bone morphogenetic protein 2
BMSCs  Bone marrow mesenchymal stem cells
C/EBP  CCAAT/enhancer binding protein
FBS  Fetal bovine serum
GSK3β  Glycogen synthase kinase 3β
HRP  Horseradish peroxidase

LRP6  Low-density lipoprotein receptor-related pro-
tein 6

MTSS1  Metastasis suppressor 1
OPN  Osteopontin
PPARγ  Peroxisome proliferator-activated receptor γ
Quantitative reverse transcription polymerase chain reac-
tion  QRT-PCR
Runx2  Runt-related transcription factor 2
siRNA  Small interfering RNA
TCF7L2  Transcription factor 7-like 2
TRAP  Tartrate-resistant acid phosphatase

Introduction

Bone marrow mesenchymal stem cells (BMSCs) have the 
potential to differentiate toward multiple cell types, includ-
ing osteoblasts, adipocytes, chondrocytes, and myoblasts. 
Under normal physiological conditions, the capabilities of 
BMSCs to differentiate toward osteoblastic and adipogenic 
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lineages are similar, and therefore, a reciprocal and com-
petitive relationship usually exists between osteogenesis and 
adipogenesis [1, 2]. Certain pathological conditions might 
render BMSCs more committed toward one aspect of osteo-
genesis or adipogenesis at the expense of the other aspect, 
thereby lead to metabolic bone disorders, such as osteopo-
rosis and osteopetrosis [1].

The modulation of osteogenic and adipogenic com-
mitment of BMSCs is finely orchestrated by a variety of 
transcription factors and signaling pathways, including 
runt-related transcription factor 2 (Runx2), osterix, bone 
morphogenetic proteins (BMPs), and Wnt/β-catenin path-
way, which usually positively control osteogenic differentia-
tion [3–7]. In contrast, the transcription factors, i.e., peroxi-
some proliferator-activated receptor γ (PPARγ) and CCAAT/
enhancer binding proteins (C/EBPs), are the major positive 
regulators of adipocyte differentiation [8, 9].

Metastasis suppressor 1 (MTSS1), also referred to as 
missing in metastasis (MIM), is a cytoskeletal scaffold pro-
tein which binds to actin and affects cytoskeleton organiza-
tion [10]. MTSS1 is widely expressed in various tissues, e.g., 
spleen, thymus, testis, prostate, uterus, colon, and peripheral 
blood [11]. Accumulating evidences have established the 
inhibitory function of MTSS1 in tumorigenesis and metas-
tasis of a variety of cancers, including the carcinomas of 
bladder [12, 13], stomach [14], breast [15], pancreas [16], 
colorectum [17], and lung [18]. Its low expression in these 
cancers is associated with poor prognosis. However, in the 

past few years, controversial findings arose which identified 
MTSS1 to be a metastasis driver in several types of tumors, 
such as melanoma [19] and hepatitis B-related hepatocel-
lular carcinoma [20].

To date, the function of MTSS1 in the differentiation of 
marrow stromal progenitor cells is completely unknown. In 
the current study, we explored whether and how MTSS1 has 
a role in osteoblast differentiation and bone homeostasis. 
The data uncovered the pro-osteogenic function of MTSS1 
in vitro and in vivo and elucidated the mechanism involved 
in the processes.

Results

MTSS1 was upregulated during osteoblast 
differentiation and downregulated 
in ovariectomized and aged mice

The expression level of MTSS1 was detected in various tis-
sues of 6-week-old mice. Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR) showed that MTSS1 
mRNA was most abundant in liver and kidney, while it was 
moderately expressed in bone, skeletal muscle, and brown 
and white fat (Fig. 1A). The expression profiling of MTSS1 
during osteogenic differentiation of progenitor cells was 
studied, which showed that MTSS1 was upregulated at day 7 
and day 11 of ST2 differentiation (Fig. 1B), and upregulated 

Fig. 1  MTSS1 was upregulated 
during osteoblast differen-
tiation and downregulated in 
ovariectomized and aged mice. 
MTSS1 mRNA expression was 
examined in various tissues 
of mice using qRT-PCR. The 
level of MTSS1 in colon was 
set at 1 (A). MTSS1 expression 
was examined using qRT-PCR 
in ST2 cells (B) and primary 
BMSCs (C) at indicated time 
points during osteoblast dif-
ferentiation. MTSS1 expression 
was examined in the BMSCs 
of ovariectomized mice (D) or 
in the calvaria of 18-month-
old mice (E). Values represent 
mean ± SD, n = 3. One-way 
ANOVA was conducted in (B, 
C) followed by Tukey test for 
post hoc comparisons. Student’s 
t test was conducted in (D, E). 
*Significant vs. day 0 (B, C), 
sham (D) or 3-month-old mice 
(E), p < 0.05
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at day 5 through day 13 of BMSCs differentiation (Fig. 1C). 
Moreover, MTSS1 was significantly reduced in the BMSCs 
isolated from ovariectomized (OVX) mice vs. those from 
sham-operated mice (Fig. 1D). It was also decreased in 
the calvarial bone of 18-month-old aged mice vs. that of 
3-month-old young mice (Fig. 1E). These results suggest 
that MTSS1 may have a role in osteogenic differentiation of 
stromal progenitor cells.

MTSS1 stimulated osteogenic differentiation 
of stromal progenitor cells

To elucidate the role of MTSS1 in osteogenesis, loss-of-
function and gain-of-function experiments were performed. 
For the loss-of-function study, qRT-PCR and Western blot-
ting analysis verified the efficacy of the MTSS1 shRNA len-
tivirus in silencing the endogenous expression of MTSS1 in 
primary BMSCs (Fig. 2A). Functionally, after osteogenic 
treatment, the knockdown of MTSS1 in primary BMSCs 
suppressed osteogenic differentiation, which was evidenced 
by the attenuation of alkaline phosphatase (ALP) staining 
and alizarin red staining (Fig. 2B). Accordingly, the mRNA 
and/or protein expression levels of the osteogenic factors, 
such as Runx2, osterix, ALP, and osteopontin, were reduced 
in the cells underexpressing MTSS1 as compared to those 
infected with control virus (mRNAs reduced by 30 ~ 87% 
and proteins reduced by 60 ~ 88%) (Fig. 2C, D). Moreover, 
MTSS1 silencing in ST2 cells following the transfection 
of MTSS1 small interfering RNAs (siRNAs) also attenu-
ated the osteogenic differentiation as compared to the con-
trol cells (Fig. 2E–H). Furthermore, MTSS1 silencing did 
not significantly change the cell growth rate of ST2 cells 
(Fig. 2I).

For the gain-of-function study, qRT-PCR analysis verified 
the overexpression of MTSS1 in ST2 following the transfec-
tion of the MTSS1 expression construct (Fig. 3A). Func-
tionally, after osteogenic treatment, the overexpression of 
MTSS1 in ST2 cells stimulated osteogenic differentiation, 
which was evidenced by the enhancement of ALP staining 
(Fig. 3B). Accordingly, the mRNA and/or protein expression 
levels of the osteogenic factors were increased in the cells 
overexpressing MTSS1 as compared to those transfected 
with the vector (mRNAs increased by 1.55 ~ 3.29-fold and 
proteins increased by 42 ~ 68%) (Fig. 3C, D). Furthermore, 
MTSS1 overexpression did not significantly change the cell 
growth rate of ST2 cells (Fig. 3E).

MTSS1 inactivated Src and activated Wnt/β‑catenin 
signaling in stromal progenitor cells

We then tried to uncover the mechanism by which MTSS1 
regulates osteoblast differentiation. The data showed that 
the dysregulation of MTSS1 altered Src signaling. Briefly, 

Western blotting analysis revealed that MTSS1 overexpres-
sion inhibited, while MTSS1 depletion stimulated the phos-
phorylation of Src (Y419) in ST2 cells (Fig. 4A, B). The 
results from Co-IP experiment revealed that Src physically 
interacted with MTSS1 and low-density lipoprotein recep-
tor-related protein 6 (LRP6) (Fig. 4C). Moreover, Western 
blotting analysis showed that the overexpression of MTSS1 
significantly increased, while its knockdown decreased 
the protein levels of phosphorylated LRP6 (S1490), phos-
phorylated glycogen synthase kinase 3β (GSK3β) (S9), 
non-phospho-β-catenin, and transcription factor 7-like 2 
(TCF7L2) (Fig. 4D, E). Consistently, the overexpression 
of Src significantly decreased phosphorylated GSK3β (S9), 
non-phospho-β-catenin, and TCF7L2 (Fig. 4F).

Dysregulation of Src expression impaired 
osteogenic differentiation of progenitor cells

To further elucidate the involvement of Src in MTSS1-reg-
ulated osteogenesis, Src gain-of-function experiment was 
performed. qRT-PCR and Western blotting analysis verified 
the efficacy of the Src expression construct in supplement-
ing the level of Src in ST2 cells (Fig. 5A). Functionally, 
after osteogenic treatment, the overexpression of Src in ST2 
cells suppressed osteogenic differentiation, as evidenced by 
the attenuation of ALP staining (Fig. 5B). Accordingly, the 
mRNA and/or protein levels of the osteogenic factors were 
reduced in the cells overexpressing Src as compared to those 
transfected with vector (mRNAs reduced by 46 ~ 56% and 
proteins reduced by 50 ~ 61%) (Fig. 5C, D). Furthermore, 
Src mRNA was elevated in the BMSCs of ovariectomized 
mice (Fig. 5E).

Moreover, we performed cotransfection experiment to 
investigate if Src is able to relieve the disturbed osteogenesis 
induced by MTSS1. The results showed that under osteo-
genic condition, the cells cotransfected with MTSS1 expres-
sion construct and vector displayed enhanced ALP staining 
and increased levels of osteogenic factors as compared to the 
cells transfected with vector only. This stimulatory effect of 
MTSS1 on osteogenesis was attenuated when the cells were 
cotransfected with MTSS1 and Src expression constructs 
(Fig. 6A–C). Conversely, the cells receiving MTSS1 siRNA 
and vehicle displayed repressed ALP staining and decreased 
levels of osteogenic factors as compared to the cells receiv-
ing control siRNA and vehicle. This anti-osteogenic effect 
of MTSS1 siRNA was attenuated when the cells received 
MTSS1 siRNA and Src inhibitor 1 (Src-I1) (Fig. 6D–E).
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Silencing of MTSS1 impaired the differentiation 
of osteoblasts and reduced trabecular bone mass 
in mice

We further investigated the physiological role of MTSS1 in 
the differentiation of BMSCs in mice. qRT-PCR analysis 
demonstrated that the in vivo transfection of MTSS1 siRNA 
is effective in knocking down the endogenous expression of 

MTSS1 in the BMSCs of the tibiae (Fig. 7A, B). Histomor-
phometric analysis using μCT showed that 4 weeks after 
the in vivo transfection, bone volume per tissue volume 
(BV/TV), bone mineral content per tissue volume (BMC/
TV), and trabecular thickness (Tb.Th) were significantly 
decreased by 25%, 23% and 17%, respectively, in the mice 
receiving MTSS1 siRNA vs. those receiving control siRNA 

Fig. 2  Silencing of MTSS1 
inhibited osteogenic differentia-
tion of stromal progenitor cells. 
The knockdown of MTSS1 
was verified using qRT-PCR 
in primary BMSCs isolated 
from 6-week-old mice (A) and 
ST2 cells (E) after infection 
of MTSS1 shRNA expres-
sion lentivirus or transfection 
of MTSS1 siRNAs. BMSCs 
or ST2 cells underexpressing 
MTSS1 were induced to allow 
osteogenic differentiation. The 
effects of MTSS1 silencing 
(BMSCs: B–D; ST2: F–H) 
on osteoblast differentiation 
were examined. Alizarin red 
staining and/or ALP staining 
were performed in differentiated 
osteoblasts 14 days and 21 days, 
respectively, after osteogenic 
treatment (B, F). The mRNA 
(C, G) and protein (D, H) levels 
of osteogenic factors were 
measured 72 h after osteogenic 
treatment. The effect of MTSS1 
silencing on cell growth rate of 
ST2 cells was measured using a 
CCK-8 kit (I). Values represent 
mean ± SD, n = 3 in (A, C−E, 
G, H); n=8 in (I). Student’s t 
test was conducted in (A, C, 
D). One-way ANOVA was 
conducted in (E, G, H, I) fol-
lowed by Tukey test for post hoc 
comparisons. *Significant vs. 
control LV or control siRNA, 
p < 0.05



Metastasis suppressor 1 controls osteoblast differentiation and bone homeostasis through…

1 3

Page 5 of 14 107

(Fig. 7C–F). By contrast, the trabecular number (Tb.N) was 
not changed in the transfected mice (Fig. 7G).

We quantified the number of adipocytes, osteoblasts, 
and osteoclasts on the sections. H&E staining analysis 
showed that both the number and area of the adipocytes 
were increased in the mice receiving MTSS1 siRNA as 
compared to those receiving control siRNA (Fig. 8A–C). 
Immunohistochemical staining analysis showed that the 
ALP-positive osteoblasts were reduced in the mice receiving 
MTSS1 siRNA vs. those receiving control siRNA (Fig. 8D, 
E). Moreover, the immunohistochemical staining analysis 
also showed that the mice receiving MTSS1 siRNA had 
more phospho-Src-positive cells on the trabeculae than the 
control mice (Fig. 8F, G). By contrast, tartrate-resistant acid 
phosphatase (TRAP) staining analysis did not reveal any 
change in the number of osteoclasts (Fig. 8H, I). Further-
more, qRT-PCR analysis revealed that the overexpression 
of MTSS1 in ST2 cells did not change the ratio of RANKL 
to OPG (Fig. 8J).

Discussion

Previously, the research interests in MTSS1 were mainly 
focused on its function in tumorigenesis and metastasis of 
various cancers. In this study we aimed to find some novel 
function of MTSS1 in bone. Based on the observation that 
MTSS1 was upregulated during osteoblast differentiation 
and downregulated in the osteoblastic lineage cells from the 
ovariectomized mice and aged mice, we hypothesized that 
MTSS1 may have a regulatory role in osteogenesis and bone 
homeostasis.

To delineate the exact role of MTSS1 in osteogenesis, 
loss-of-function and gain-of-function experiments were 
applied using primary BMSCs and/or stromal cell line. It 
appeared that MTSS1 did not affect the cell growth rate of 
the progenitor cells. However, it was shown that the over-
expression of MTSS1 stimulated, while the depletion of 
MTSS1 inhibited the differentiation of osteoblasts and the 
expression of the osteogenic transcription factors and marker 
genes. Of more importance, in vivo experiments showed 
that the depletion of MTSS1 in the marrow resulted in the 
reduction of trabecular osteoblasts and the accumulation 

Fig. 3  Overexpression of MTSS1 stimulated osteogenic differentia-
tion of stromal progenitor cells. The overexpression of MTSS1 was 
verified using qRT-PCR in ST2 cells after transfection of MTSS1 
expression construct (A). The ST2 cells after transfection were 
induced to allow osteogenic differentiation. The effect of MTSS1 
overexpression on osteoblast differentiation was examined. ALP 
staining was performed in differentiated osteoblasts 14  days after 

osteogenic treatment (B). The mRNA (C) and protein (D) levels of 
osteogenic factors were measured 72  h after osteogenic treatment. 
The effect of MTSS1 overexpression on cell growth rate of ST2 cells 
was measured using a CCK-8 kit (E). Values represent mean ± SD, 
n = 3 in (A, C, D); n = 7 in (E). Student’s t test was conducted. *Sig-
nificant vs. vector, p < 0.05
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of marrow fat. Additionally, the trabecular bone mass was 
reduced in the mice following the knockdown of MTSS1 in 
the marrow, as indicated by the decline of trabecular bone 
volume and bone mineral content. Of note, it appears that the 
reduction of bone mass was mainly due to the reduction in 
the thickness of the trabeculae, while the number of trabecu-
lae was not affected. Based on the observation that osteoclast 
number was similar between the two groups of mice, we 

concluded that the reduction of trabecular bone mass is a 
result of the impaired formation of mature osteoblasts.

Of interest, Saarikangas et al. previously reported that 
MTSS1 was necessary for the maintenance of intercellular 
junctions in kidney epithelia and loss of MTSS1 resulted 
in a progressive kidney defect in mice. In addition, lower 
bone content was observed in the mutant mice, which 
was assumed to be a secondary effect of the kidney defect 
[21]. Based upon the function of MTSS1 we observed in 

Fig. 4  MTSS1 inactivated Src 
and activated Wnt/β-catenin 
signaling in stromal progenitor 
cells. ST2 cells were trans-
fected with MTSS1 expression 
construct (A, D) or MTSS1 
siRNA (B, E) or Src expression 
construct (F) and their control. 
The protein levels of MTSS1, 
phosphorylated, and total Src 
were detected in the cells 3 days 
after transfection using Western 
blotting (A, B). Co-IP was per-
formed and endogenous MTSS1 
and LRP6 were detected with 
Western blotting (C). The 
protein levels of the major 
components of Wnt/β-catenin 
signaling were detected in the 
cells 3 days after transfection 
using Western blotting (D–F). 
Values represent mean ± SD, 
n = 3. Student’s t test was con-
ducted in (A, D, F). One-way 
ANOVA was conducted in (B, 
E) followed by Tukey test for 
post hoc comparisons. *Sig-
nificant vs. vector or control 
siRNA, p < 0.05
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regulating osteoblast differentiation and bone homeosta-
sis, we propose that the lower bone mass observed in the 
MTSS1 null mice may also be due to the defect of osteo-
blast differentiation.

MTSS1 is one of the defining members of the I-BAR 
family of negative membrane curvature-sensing proteins 
that was initially identified to be absent in metastatic blad-
der cancer [11]. It contains a C-terminal WH2 actin-binding 
motif and functions as a cytoskeletal remodeling protein 
[10]. MTSS1 is now considered to be the antagonist of Src 
family of tyrosine kinases (SFK) in a variety of cellular 
activities. Quinones et al. provided the first genetic evidence 
that MTSS1 modulated directed cell migration by suppress-
ing endocytosis and the activities of the CD2-associated 
protein/cortactin complex [22]. Another group reported that 
the MTSS1-dependent antagonism of cortactin in promoting 
ciliogenesis was mediated by the SFK [23]. Consistently, 
MTSS1 loss in mice resulted in increased SFK activity in 
Purkinje neurons, degenerating Purkinje neurons with low 
firing rates, and cell death [24]. In our study, we demon-
strated that MTSS1 directly interacted with Src. Of interest, 
we also observed the hypo-phosphorylation of Src following 
the overexpression of MTSS1 and hyper-phosphorylation of 
Src after the knockdown of MTSS1 in stromal progenitor 
cells. These data suggest that Src acts in response to MTSS1 

to mediate the regulatory function of the latter in stromal 
progenitor cells.

The proto-oncogene Src has long been studied about 
its role in bone homeostasis. Based on the evidences from 
genetic animal models, Src is detrimental to bone mass 
accrual because Src null mice displayed severe osteopetro-
sis [25]. The cellular basis for the phenotype involved the 
impairment in both osteoclasts and osteoblasts. Src is critical 
for the normal cytoskeletal architecture of osteoclasts [26]. 
Src null mice had more osteoclasts which did not form ruf-
fled borders, thus functioned inappropriately and failed to 
resorb bone [27]. Moreover, the deletion of Src enhanced 
osteoblast differentiation and bone formation, contributing 
to the increase of bone mass as well [28]. In our study, we 
investigated the role of Src in vitro. It was shown that Src 
was able to suppress the differentiation of osteoblasts. Addi-
tionally, overexpression of Src in the progenitor cells atten-
uated the stimulation of osteoblast differentiation induced 
by MTSS1, and inhibition of Src activity in the progenitor 
cells attenuated the blockade of osteoblast differentiation 
induced by MTSS1 siRNA. These evidences further support 
the interaction of MTSS1 with Src in regulating osteogenic 
commitment. Of more interest, the mice receiving MTSS1 
siRNA exhibited more phospho-Src in the trabecular bone 
cells, indicating the involvement of Src in the reduction of 

Fig. 5  Overexpression of Src impaired osteogenic differentiation of 
progenitor cells. The overexpression of Src was verified using qRT-
PCR in ST2 cells after transfection of Src expression construct (A). 
The ST2 cells after transfection were induced to allow osteogenic dif-
ferentiation. The effect of Src overexpression on osteoblast differen-
tiation was examined. ALP staining was performed in differentiated 

osteoblasts 14  days after osteogenic treatment (B). The mRNA (C) 
and protein (D) levels of osteogenic factors were measured 72 h after 
osteogenic treatment. Src mRNA level was examined using qRT-PCR 
in the BMSCs of 16 week-old mice 8 weeks after ovariectomy (E). 
Values represent mean ± SD, n = 3. Student’s t test was conducted. 
*Significant vs. vector, p < 0.05
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bone mass observed in the mice transfected with MTSS1 
siRNA.

Canonical Wnt signaling is one of the best characterized 
pathways that plays a key stimulatory role in osteoblast 
differentiation and bone formation [7]. It has been docu-
mented that Src interacts with canonical Wnt signaling, 

exhibiting either stimulatory or inhibitory effect on the 
latter depending on cellular context. In cancer cells, Src 
contributes to tumor progression at least partially through 
enhancing canonical Wnt signaling [29, 30]. Src acted as a 
positive regulator of β-catenin, which functioned by dock-
ing to and being activated by Dishevelled-2 in response 

Fig. 6  Src relieved the stimula-
tion of osteogenic differentiation 
induced by MTSS1. ST2 cells 
were cotransfected with MTSS1 
and Src expression construct or 
the vector, and were induced to 
allow osteogenic differentiation 
(A–C). Alongside, ST2 cells 
were transfected with control or 
MTSS1 siRNA, then induced 
to allow osteogenic differentia-
tion in the osteogenic medium 
supplemented with 10 μm Src 
inhibitor 1 (Src-I1) (D–F). ALP 
staining was performed in dif-
ferentiated osteoblasts 14 days 
after osteogenic treatment (A, 
D). The mRNA (B, E) and 
protein (C, F) levels of osteo-
genic factors were measured 
72 h after osteogenic treatment. 
Values represent mean ± SD, 
n = 3. Two-way ANOVA was 
conducted followed by Tukey 
test for post hoc comparisons. 
*p < 0.05
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Fig. 7  Silencing of MTSS1 
reduced trabecular bone mass in 
mice. qRT-PCR (A) and West-
ern blotting (B) were done to 
verify the silencing of MTSS1 
mRNA in the BMSCs isolated 
48 h after in vivo transfection of 
MTSS1 siRNA. Three-dimen-
sional reconstruction of μCT 
images are shown (C) and histo-
morphometric parameters were 
measured (D–G) in the mice 
4 weeks after in vivo transfec-
tion. Data are mean ± SD. A: 
n = 3; D–G, n = 6. Student’s t 
test was conducted. *p < 0.05 vs. 
Control siRNA

Fig. 8  Silencing of MTSS1 
impaired the differentiation of 
osteoblasts in mice. Histo-
logical, histomorphometric, and 
immunohistochemical analyses 
were performed on the bone 
sections from the mice 4 weeks 
after transfection. H&E staining 
was done. Image scale: 500 μm 
(A). Numbers (B) and areas (C) 
of adipocytes were quanti-
fied. Representative images of 
immunohistochemical staining 
for ALP (D) and phospho-Src 
(F) are shown. Image scale: 
20 μm (D, F). Numbers of 
ALP-positive osteoblasts (E) 
and phospho-Src-positive cells 
on the trabeculae were counted 
(G). Representative images 
of TRAP staining are shown. 
Image scale: 20 μm (H). Num-
bers of osteoclasts were counted 
(I). The mRNA expression of 
RANKL and OPG was detected 
in ST2 cells following MTSS1 
overexpression and the ratio 
was calculated (J). Data are 
mean ± SD. Student’s t test was 
conducted. n = 6 in (B, C, E, G, 
I), *p < 0.05 vs. Control siRNA. 
n = 3 in (J), *p < 0.05 vs. Vector
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to Wnt stimulation [31]. Activated Src downregulated 
E-cadherin or phosphorylated β-catenin at Tyr(654), as a 
result facilitating the release of β-catenin from cadherin 
complex at the membrane and promoting accumulation 
of β-catenin in the nucleus, thus rendering it available for 
transcriptional regulation [32, 33]. Of interest, Chen et al. 
recently reported that in non-cancer cells, such as mouse 
embryonic fibroblasts (MEF), Src was both sufficient and 
necessary for suppressing canonical Wnt pathway [34]. 
Src associated with LRP6 directly phosphorylated LRP6 
at several conserved tyrosine residues, leading to the 
removal of LRP6 from cell surface and the disruption of 
LRP6 signalosome formation, which eventually blocked 
the signal transduction of canonical Wnt signaling [34]. 
This appears to account for the fact that Src and canonical 
Wnt signaling have opposite effects on osteoblastogenesis 
and bone formation.

In this study, the Co-IP experiment demonstrated the 
physical binding of Src to LRP6, suggesting that Src might 
directly phosphorylate LRP6 in osteoblastic cell lineage. 
Furthermore, MTSS1 increased, while Src decreased the 
level of phospho-GSK3β (S9), non-phospho-β-catenin, 
and TCF7L2. Collectively, our data provide evidences 
that, consistent to Chen et al.’s report, Src in osteoblastic 
lineage also suppressed the activation of Wnt/β-catenin 
signaling, and that MTSS1 stimulated Wnt/β-catenin path-
way through antagonizing the non-receptor tyrosine kinase 
Src.

Conclusion

In summary, we have identified a new osteogenic factor, 
MTSS1, which positively regulates the osteogenic differ-
entiation of marrow stromal progenitor cells in vitro and 
in vivo, and contributes to the homeostasis of bone. Mech-
anistic investigations have revealed that the inactivation of 
Src and activation of Wnt/β-catenin signaling mediates the 
function of MTSS1 in the cell fate determination of bone 
marrow stromal progenitor cells and the homeostasis of 
bone (Fig. 9). Taken as a whole, the current study suggests 
that MTSS1 is a novel target for the therapeutic interven-
tion of metabolic bone disorders, such as osteoporosis.

Materials and methods

Cells

ST2 cells were maintained in α-MEM supplemented with 
10% fetal bovine serum (FBS). Primary murine BMSCs 
were collected from the femurs and tibiae of mice. Briefly, 
the bone marrow was flushed from 6-week-old C57BL/6 
mice with α-MEM using a 26-gauge syringe and the marrow 
cells were seeded in a 10 cm dish at the density of 3 ×  105/
cm2 in α-MEM supplemented with 20% FBS. After cultur-
ing for 3 days, the non-adherent hematopoietic cells were 
removed by changing the culture medium with α-MEM 
containing 10% FBS. The medium was refreshed every 
3 days. At 70–80% confluence, the cells were trypsinized 
by 0.25% trypsin/EDTA and passaged. The cells at passage 
3–5 were induced to allow differentiation using osteogenic 
medium containing 50 µg/mL ascorbic acid and 10 mM 
β-glycerophosphate. After 3 days of induction, the cells 
underwent RNA and protein extraction and after 14 days or 
21 days of induction, the cells underwent ALP staining or 
alizarin red staining to evaluate the status of differentiation.

siRNAs, construct, and transfections

For the gain-of-function studies, the gene sequence coding 
for full-length Src was PCR amplified, then cloned into the 
eukaryotic expression vector pcDNA3.1( +) at the sites of 
BamHI/EcoRI using the ClonExpress II One Step Cloning 
Kit (Vazyme, Nanjing, China). The expression construct of 
MTSS1 was purchased from Origene (Rockville, MD, USA). 
Each construct or the vector was transfected into ST2 cells 
at the confluence of 70–80% using JetPRIME transfection 
reagent (Polyplus, Illkirch, France). For the cotransfection 
experiment, the expression construct of MTSS1 or the vector 
was cotransfected with Src expression construct or the vector 
into ST2 cells using JetPRIME transfection reagent. After Fig. 9  Schematic diagram depicting the mechanism for MTSS1 in 

regulating osteoblast differentiation
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4 h of transfection, the transfection medium was removed 
and replaced with complete culture medium. The cells 
were induced at appropriate confluence to allow osteogenic 
differentiation.

For the loss-of-function studies, the siRNAs specifi-
cally targeting the coding sequence of MTSS1 or Src were 
designed and synthesized (Genepharma, Shanghai, China). 
Each target or control siRNA, at the concentration of 
20 nmol/L, was transfected into ST2 cells at 50–60% con-
fluence using lipofectamine RNAi-max reagent (Invitrogen, 
Carlsbad, CA, USA). After 24 h of transfection, the transfec-
tion medium was replaced with complete culture medium. 
The cells were induced at appropriate confluence to allow 
osteogenic differentiation.

The sequences of the primers and siRNAs are listed in 
Supplemental Tables S1 and S2, respectively.

Cell proliferation assay

The cells were grown in a 96-well plate, transfected with the 
construct overexpressing MTSS1 (or vector) or the siRNAs 
silencing MTSS1 (or control siRNA) following the protocols 
as mentioned above. 24 h after transfection, CCK-8 solution 
was added and the effect of MTSS1 was assessed by using a 
CCK-8 cell counting kit (Vazyme, Nanjing, China).

qRT‑PCR

Total RNA was extracted from tissues using RNAiso Plus 
(Takara, Dalian, China), or from cells using a RNA extrac-
tion kit (Omega, USA) following the supplier’s instruc-
tions. 0.5 μg RNA was reverse transcribed using the MMLV 
reverse transcriptase (Thermo Fisher, Waltham, MA, USA) 
in the presence of oligo(dT) and random primer. The result-
ing cDNAs were used as templates for quantitative PCR 
using the SYBR-Green Master PCR Mix (Abclonal, Wuhan, 
China). The relative expression level of each target gene was 
calculated following the comparative ∆∆Ct method with 
β-actin as the internal control for normalization. The primers 
for the PCR reactions are listed in Supplemental Table S1.

Western blot analysis

Cells were harvested in RIPA lysis buffer and protein con-
tents of the cell lysates were quantified by a BCA Assay 
kit (Beyotime, Shanghai, China). Proteins were separated 
on 10–15% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and transferred onto nitrocel-
lulose membranes. After blocking with 5% skim milk, the 
membranes were probed with primary antibodies at 4 °C 
overnight, then incubated with horseradish peroxidase 
(HRP)-conjugated secondary antibodies. The immuno-
reactive bands were detected using a chemiluminescence 

reagent (Proteintech, Wuhan, China). β-actin was used as 
a loading control and the relative protein expression level 
of each target gene was calculated by dividing the optical 
density of the target gene with that of β-actin. The primary 
antibodies used are as follows: antibodies from Abcam 
(Cambridge, MA, USA): anti-TCF7L2 (ab76151), anti-
LRP6 (ab134146), anti-osterix (ab94744), and anti-ALP 
(ab108337); antibodies from Cell Signaling Technology 
(Danvers, MA, USA): anti-Runx2 (#12556), anti-non-
phospho-β-catenin (#8814), anti-phospho-LRP6 (S1490) 
(#2568), anti-GSK3β (#12456), and anti-phospho-GSK3β 
(S9) (#5558); antibodies from Abclonal (Wuhan, China): 
anti-MTSS1 (A11697), and anti-Src (A19119); anti-
body from Affinity (Changzhou, China): anti-Phospho-
Src (Y419) (AF3162); and antibodies from Proteintech 
(Wuhan, China): anti-β-catenin (51067–2-AP), anti-oste-
opontin (25715–1-AP), and anti-β-actin (66009–1-Ig).

Lentiviral packaging and infection

To carry out loss-of-function experiment in primary 
BMSCs, a pair of oligos coding for the shRNA of MTSS1 
was annealed, then ligated to pLVX-shRNA2 vector at 
BamHI/EcoRI sites (Clontech, Mountain View, CA, 
USA). The lentiviruses were packaged using a kit from 
Jiman Biotech (Shanghai, China) following the supplier’s 
instructions. Briefly, the lentiviral shRNA expression 
construct or the vector was transfected, respectively, into 
293 T cells together with the packaging plasmids. 48 h 
after transfection, the supernatant containing the viruses 
was collected, purified, and titered. The primary BMSCs 
were infected with the virus with a multiplicity of infec-
tion (MOI) of 20, then induced with osteogenic medium 
at 70–80% confluence to allow differentiation.

Alkaline phosphatase (ALP) staining and alizarin red 
staining

After 14 days of osteogenic treatment, the differentiated 
osteoblasts underwent ALP staining. Briefly, the cell 
cultures were rinsed with PBS, fixed for 10 min with 4% 
paraformaldehyde, and then stained for 20 min with NBT/
BCIP staining solution (Beyotime, Shanghai, China). The 
differentiated osteoblasts underwent alizarin red staining 
after 21 days of osteogenic treatment. Briefly, the cultures 
were fixed for 10 min with 4% paraformaldehyde, then 
stained for 5 min with 1% alizarin red stain solution (pH 
4.2).
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Co‑immunoprecipitation (Co‑IP)

The cells were washed with ice-cold phosphate buffered 
saline (PBS) and lysed with RIPA buffer supplemented 
with protease inhibitors. After lysis, 500 μg of each protein 
sample was incubated at 4 °C with the primary antibody 
against Src or rabbit IgG. To capture the immunocomplexes, 
protein A/G magnetic beads were added and incubated for 
2 h at 4 °C. The supernatant was discarded and the beads 
were washed with PBS plus 0.5% Triton X100, and then 
boiled in SDS sample buffer. The denatured samples were 
then subjected to SDS-PAGE and immunoblot analysis for 
MTSS1 and LRP6.

In vivo delivery of siRNAs

C57BL/6 mice were obtained from SPF Biotechnology (Bei-
jing, China) and housed in SPF facility. The mice had free 
access to food and water and were kept with a controlled 
12 h light:12 h dark cycle. To deliver the siRNAs to the 
bone marrow of mice, 2′-Ome-modified MTSS1 siRNA or 
control siRNA (Genepharma, Shanghai, China) was formu-
lated with in vivo-JetPEI (Polyplus, Illkirch, France) follow-
ing the supplier’s instructions. Briefly, for one mouse, 11 μg 
siRNA and 1.5 μL in vivo-JetPEI were diluted, respectively, 
with 12.5 μl of 5% glucose and then mixed. Afterward, the 
formulated mixture was injected to the marrow cavity of the 
mouse tibia. The in vivo efficacy of the MTSS1 siRNA in 
silencing the endogenous mRNA expression was tested in 
mice 48 h after receiving intra-tibial transfection, with the 
mice receiving control siRNA as control. In brief, BMSCs 
were collected from the tibiae, cultured in complete α-MEM 
medium, then underwent RNA extraction and qRT-PCR 
to analyze the gene expression. To investigate the in vivo 
physiological role of MTSS1, the male mice aged 8 weeks 
were randomly allocated into 2 groups and received intra-
tibial marrow transfection of either MTSS1 siRNA or con-
trol siRNA. The mice received the transfections twice in 
total, with an interval of 3 weeks. The mice were sacrificed 
1 month after the 1st transfection and the tibia samples were 
collected and subjected to histomorphological and immuno-
histochemical analyses.

Histological staining and immunohistochemical 
staining

After dissection, the tibiae samples were processed for sec-
tioning and histological analyses. Briefly, the samples were 
fixed with 10% neutral buffered formalin for 3 days, decalci-
fied with 14% EDTA (pH 7.4) for 21 days, and embedded in 
paraffin. Sagittal sections were cut at 4 μm thick.

For the overall observation of the bone and detection 
of adipocytes in the marrow, the sections were stained 

with hematoxylin and eosin (H&E) following standard 
protocols. The quantity of the bone marrow fat was deter-
mined by measuring the numbers and areas of adipocytes 
on the sections. For the detection of osteoclasts, the sec-
tions were stained with tartrate-resistant acid phosphatase 
(TRAP) staining solution which consists of acetate buffer 
(0.1 M, pH 5.0), naphthol AS-MX phosphate (0.1 mg/ml), 
fast red violet LB salt (0.6 mg/mL), and sodium tartrate 
(0.05 M). Osteoclast numbers and surfaces were deter-
mined. For the detection of osteoblasts, the sections were 
subjected to immunohistochemical staining. In brief, the 
paraffin-embedded samples were deparaffinized in xylene, 
and rehydrated in decreasing concentrations of ethanol, 
then digested with 0.05% trypsin at 37 °C for 15 min for 
antigen retrieval. Endogenous peroxidases were quenched 
by incubation with 3% hydrogen peroxide for 15–20 min. 
Following blocking of non-specific binding with 1% BSA, 
the sections were probed overnight at 4 °C with primary 
anti-ALP (Abcam) or anti-phospho-Src antibody (Affin-
ity), then incubated with HRP-conjugated secondary 
antibody. The immunoreaction was developed with the 
chromogen substrate 3,3′-diaminobenzidine (DAB) and 
the nuclei were counterstained with hematoxylin. The 
numbers of ALP- and phospho-Src-positive cells on the 
trabeculae were counted. The region of interest for the 
measurements starts from 0.1 mm below the growth plate 
and is 1 mm in length.

Statistical analysis

Data represent mean ± SD. Student’s t test and ANOVA test 
were conducted for comparisons between two groups and 
multiple groups, respectively. One-way ANOVA was applied 
when there is only one independent variable and two-way 
ANOVA was applied when there are two independent vari-
ables. Tukey test was conducted for post hoc comparisons. 
A value of p < 0.05 was regarded as significant.
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