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KEYWORDS Abstract Osteoporosis, fracture, large-scale craniofacial defects and osteonecrosis are hot
CMTM3; topics and are still underdiagnosed and undertreated in the clinic. It is urgent to understand
Erk1/2; the molecular mechanisms corresponding to the regulation of bone formation. CMTM3
hBMSCs; (CKLF-like MARVEL transmembrane domain containing 3) connects the classic chemokine to
Osteoporosis; the transmembrane 4 superfamily and plays an important role in intracellular vesicles trans-
RUNX2 port, EGF receptor function maintenance and cancer development. However, its expression

and function in bone remain unclear. In this paper, we found that the bone volume/total vol-
ume, trabecular number, trabecular thickness and bone surface area/bone volume of Cmtm3
KO mice increased significantly, and trabecular separation and trabecular pattern factor
decreased in Cmtm3 KO mice compared with WT mice by microcomputed tomography. More-
over, the bone mineral content, bone mineral density, ultimate force and stiffness were also
increased in Cmtm3 KO mice. Using in vitro analysis, we showed that CMTM3 expression de-
creases during the differentiation of hBMSCs to osteoblasts. Knockdown of CMTM3 promoted
ALP and mineralization of hBMSCs and facilitated osteoblastic differentiation with increasing
RUNX2 expression. However, overexpression of CMTM3 got the opposite results. These results
proved that CMTM3 was essential for osteogenic differentiation. In addition, knockdown of
CMTM3 enhanced p-Erk1/2, but had no significant effect on p-Akt or p-STAT3 in hBMSCs and
MC3T3-E1 cells. Taken together, our results indicated that Erk1/2 and RUNX2 pathways medi-
ated by CMTM3 were involved in the process of osteogenic differentiation, and CMTM3 might
be a new potential target in the treatment of bone formation-related disease.
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Introduction

Osteoporosis, non-union after fracture, large-scale cranio-
facial defects, osteonecrosis, and periodontal diseases are
hot topics in the clinic.”? However, these diseases are still
underdiagnosed and undertreated and only a few strategies
have been translated into clinical practice.® One of the
main challenges lies in the limited understanding of the
cellular and molecular mechanisms corresponding to the
promotion of bone formation.* In particular, the regulation
of the development and differentiation of mesenchymal
stem cells into osteoblasts is essential for improving the
effectiveness of bone-related disease treatments.’

The process of bone formation begins with the regula-
tion of osteoblast differentiation with mesenchymal stem
cells (MSCs).° First, early differentiation of stem cells into
osteoblast progenitor cells induces the differentiation of
these osteoblast progenitor cells into immature osteo-
blasts. Second, these underdeveloped immature osteo-
blasts commit to the differentiation of mature osteoblasts.’
MSCs are mainly located in the bone marrow stroma, and
can differentiate into mesenchymal lineages, such as fi-
broblasts, chondrocytes, and bone marrow stromal cells.®
Many markers are produced during the differentiation,
such as alkaline phosphatase (ALP),° collagen type I,
osteopontin'’ and osteocalcin'® and the osteogenic tran-
scription factor RUNX2.">'* This process leads to the for-
mation of an organic matrix that will be mineralized outside
the cells.

CMTM3 (CKLF-like MARVEL transmembrane domain-
containing family 3), formerly known as chemokine-like
factor super family (CKLFSF) 3, is a member of the CMTM
family, which was first reported by our previous research
group in 2003.">' In humans, the family includes nine
genes, namely chemokine-like factor (CKLF) and CMTM1-8
(CKLF-like MARVEL transmembrane domain-containing
member 1-8, CKLFSF1-8)." The CMTM family plays
important roles in the immune system and the male
reproductive system, and is involved in the occurrence and
development of cancers.’® 2" It has been reported that
CMTM3 was silenced by CpG methylation in multiple cancer
types,?? and we found that CMTM3 suppressed gastric can-
cer by promoting EGFR degradation and inhibiting EGFR/
STAT3  signaling pathway via promoting Rab5
activation.?>~%°

The results of previous mass spectrometry analysis
showed that CMTM3 is not only related to membrane re-
ceptor aggregation, internalization and intracellular ma-
terial transport, but is also closely related to the Erk1/2
signaling pathway which plays important roles in osteoblast
differentiation. In this study, we determined that Cmtm3
knockout (KO) mice had higher bone density and bone
strength than the wild-type (WT) mice using micro-
computed tomography (micro-CT), dual energy X-ray

absorptiometry (DXA), and biomechanical testing. In vitro
experiments also found that CMTM3 is closely related to
osteoblast differentiation. Knockdown of CMTM3 promoted
the differentiation of human bone marrow stromal cells
(hBMSCs) to osteoblasts, and overexpression of CMTM3
inhibited hBMSCs differentiation. Moreover, Erk1/2 and
RUNX2 were involved in the differentiation of osteoblasts
regulated by CMTM3 in hBMSCs and MC3T3-E1 cells. In
general, deficiency of CMTM3 promoted osteogenic differ-
entiation by promoting the expression of RUNX2 and acti-
vation of the Erk1/2 signaling pathway.

Material and methods
Animals and cell sample collection

Twelve-week-old female WT C57BL/6 and Cmtm3 KO mice
(background strain, C57BL/6) were obtained from Professor
Han (Department of Immunology, Peking University Health
Science Center, Beijing, China). The Cmtm3 KO mice were
created according to the Crisper Cas9 method. All mice
were housed individually in standard cages with a 12:12 h
light/dark cycle and room temperature maintained at
21 + 1 °C. The lumbar spine, femur and tibia were har-
vested for micro-CT, DXA assessment and biomechanical
testing by wrapping the specimens in saline-soaked gauze
and freezing at —80 °C.

Micro-CT scan analysis

The lumbar spine, femur and tibia of WT and Cmtm3 KO
mice were scanned by micro-CT (Inveon, Siemens, Erlan-
gen, Germany) at an effective pixel size of 8.82 um, a
current of 500 pA, a voltage of 80 kV, and an exposure time
of 1500 ms in each of the 360 rotational steps. The images
were then reconstructed using the Inveon Acquisition
Workplace (Siemens, Erlangen, Germany). We counted 150
axial slices distal and proximal to the fracture line,
approximately 2.65 mm. According to the guidelines set by
the American Society for Bone and Mineral Research, we
selected the second ROI in the trabecular region (150 axial
slices, approximately 1.3 mm distal to the proximal
epiphyseal plate), and the bone volume/total volume (BV/
TV), bone surface area/bone volume (BS/BV), trabecular
thickness (Tb.Th), trabecular number (Tb.N), trabecular
separation (Tb.Sp) and trabecular pattern factor (Tb.Pf)
were calculated.

Dual energy X-ray absorptiometry (DXA) assessment

Bone mineral content (BMC) and bone mineral density
(BMD) were measured by high-resolution DXA (Ultra Focus
DXA, Faxitron). The manufacturer’s recommended
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calibration procedure was performed daily before scanning.
The BMC (g) was analyzed and the BMD (g/cm?) was
calculated by the software as the ratio between BMC and
bone area.

Biomechanical testing

To evaluate the mechanical properties of tibiae and fe-
murs, a three-point bending test was performed using a
mechanical testing system (MTS Landmark Systems, Eden
Prairie, MN) with a load cell of 100 N. Before mechanical
testing, the samples were thawed to room temperature and
then kept moist with saline-soaked gauze. Then, tibiae
were placed with their posterior side facing down between
two supports with a 10-mm span and femurs were placed
directly under the middle anvil with an 8-mm working
gauge length. A preload of 0.5 N was applied at the middle
point of the bone. A compressive force was applied to the
bone at a speed of 1 mm per minute. The ultimate force
(the force applied at the failure point) and stiffness were
calculated on the basis of the resulting force—displacement
curves.

H&E staining

Right femurs were isolated and fixed in 4% para-
formaldehyde for 24 h, decalcified in 12.5% EDTA (pH 7.0)
for 2 weeks, and embedded in paraffin. Longitudinal sec-
tions with a thickness of 5 um were cut and stained with
H&E staining in accordance with the manufacturer’s
protocols.

Cell culture and cell differentiation

hBMSCs were obtained from the iCell Bioscience Inc
(Shanghai, China) and cultured in high glucose DMEM (Invi-
trogen, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin—streptomycin. The
mouse preosteoblastic cell line MC3T3-E1 was obtained
from the Cell Bank of the Chinese Academy of Science
(Shanghai, China) and was cultured in a-minimum essential
medium (MEM) (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS and 1% penicillin—streptomycin.
These cells were incubated in 5% CO, at 37 °C.

To induce cell differentiation, the cells were seeded into
plates at a density of 5 x 10° cells/mL. When reached 80%
confluence, cells were transferred to differentiation me-
dium (DM) containing 10% FBS with 10—8 M dexamethasone
(Sigma—Aldrich), 50 pg/mL ascorbic acid (Sigma—Aldrich)
and 5 mM B-glycerol phosphate (Sigma—Aldrich). Fresh
medium was applied every three days.

Real-time reverse transcription PCR

Briefly, total RNA was extracted from cells using TRIzol
reagent (Life Technologies, Inc.) according to standard
protocols. Amplifications were performed using a SYBR
Green PCR Master Mix Kit (Biosystems, USA) in a total vol-
ume of 20 uL. Template cDNA was denatured at 95 °C for
10 min followed by 40 cycles of 95 °C for 15 s and 60 °C for
1 min. Real-time PCR was performed using the following

primers, CMTM3-F: 5 CCTGATCTTTAACGACGTGGC-3,
CMTM3-R: 5-TTCTTCTGTCTTGTGGGCTGTG-3” and GAPDH-
F: 5-GGAAGCTTGTCATCAATGGAAATC-3’, GAPDH-R: 5'-
TGATGACCCTTTTGGCTCCC-3’. GAPDH was the internal
control.

Waestern blot

Western blot was performed as previously described.?’
Equal amounts of proteins were separated by SDS-PAGE
electrophoresis and electro-transferred onto a poly-
vinylidene difluoride membrane (Immobilon, Millipore).
After blocking in TBS-T plus 5% non-fat milk for 1 h, mem-
branes were incubated with primary antibodies against
Erk1/2 and phosphor-Erk1/2 (Thr202/Tyr204), Akt (pan)
and phosphor-Akt (Ser473), STAT3 and phosphor-STAT3
(Tyr705), RUNX2 (CST, MA, USA) and CMTM3 (Abcam, Cam-
bridge, UK) at 4 °C overnight. Then, membranes were
incubated with secondary antibodies and signals were
detected by LAS500 (GE, New York, NY).

Adenovirus construction

The construction, generation and purification of the ad5-
null (vector-containing adenovirus, defined as MOCK) and
ad5-CMTM3 vectors were provided by Hanbioco. Ltd
(Shanghai, China). The empty adenovirus was used in par-
allel as a negative control and adenoviruses were infected
with a multiplicity of infection (MOI) of 100.

siRNA transfection

To knock down endogenous CMTM3, the following target
sequences were constructed in a small interfering RNA
(siRNA): si-CMTM3-17, 5-GCCCUCAUCUACUUUGCUATT-3/,
si-CMTM3-2%, 5-GCAACUGAUUUCUACCUGATT-3’. A scram-
bled siRNA (Scr) was used as a negative control (sequence:
5’-UUCUCCGAACGUGUCACGUTT-3). The siRNAs and the
positive control siRNA FAM were purchased commercially
(Gene Pharma Inc., Shanghai, China). Cells were trans-
fected with siRNA two days later at a final concentration of
50 nM using Lipofectamine 3000 transfection reagent (Life
Technologies, Carlsbad, CA) for subsequent experiments.
The suppression efficiency of CMTM3 was analyzed by
Western blot two days post transfection.

Alkaline phosphatase (ALP) activity assay

Seven days after treatment, cells were washed three times
with phosphate-buffered saline (PBS), fixed in 4% para-
formaldehyde for 5 min at room temperature, and then
washed three times with PBS again. ALP staining was car-
ried out according to the manufacturer’s instructions
(Solarbio, Beijing, China).

Alizarin red staining

To examine the mineralization of hBMSCs, cells were
cultured for three weeks with DM and then mineralized to
form opaque calcified nodules. The cells were washed
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Figure 1  Bone microstructure is improved in Cmtm3 KO mice (n = 6). (A) Microstructure images of femurs in female-WT and
Cmtm3 KO mice. (B) H&E staining of the femur from female-WT and Cmtm3 KO mice. (C) BV/TV (%), (D) Tb.N (1/mm), (E) Tb.Th
(mm), (F) BS/BV (1/mm), (G) Tb.Sp (mm) and (H) Tb. Pf (1/mm) were calculated. Data were presented as the mean + SD
(*P < 0.05, **P < 0.01, ***P < 0.001).
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three times with Ca?*-free PBS, fixed with 4% para-
formaldehyde for 15 min, washed three times with PBS
again and stained with 0.1% alizarin red solution for 30 min
at room temperature. Finally, they were rinsed with PBS
and observed under an inverted light microscope.

Statistical analysis

All data are expressed as the mean + SD and were checked
for normality. Statistical analysis was carried out with
Student’s t-test with Prism 5.0 (GraphPad Software, San
Diego, CA, USA). Differences were considered significant at
P < 0.05 (two-sided).

Results

Knockout of Cmtm3 promotes bone formation
in vivo

Micro-CT was used for microstructural analysis of the lum-
bar spine, femur and tibia in female-WT and female-Cmtm3
KO mice. Micro-CT images revealed that the microstructure
of the Cmtm3 KO mice obviously improved compared with
the WT mice (Fig. 1A). H&E staining showed that more
trabecular bones were observed on female-Cmtm3 KO mice
compared with the WT mice (Fig. 1B). BV/TV (Fig. 1C), Tb.N
(Fig. 1D), Tb.Th (Fig. 1E) and BS/BV (Fig. 1F) of the lumbar
spine, femur and tibia significantly increased in Cmtm3 KO
mice. However, Tb.Sp (Fig. 1G) and Tb.Pf (Fig. 1H) of the
lumbar spine, femur and tibia decreased in Cmtm3 KO mice
in comparison with WT mice. The above parameters were
also analyzed in male-WT and male-Cmtm3 KO mice and we
got consistent results (Fig. S1). Taken together, we pro-
posed that knockout of Cmtm3 promoted bone formation.
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Figure 2
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Knockout of Cmtm3 increases bone quality

Further, the BMCs (Fig. 2A—C) and BMDs (Fig. 2D—F) of the
lumbar spine, tibia and femur in female-Cmtm3 KO mice
increased compared with the those in female-WT mice by
DXA. In addition, a three-point bending test of the femur
and tibia was performed and we observed the ultimate
force and stiffness also increased in both the femur and
tibia of the female-Cmtm3 KO mice (Fig. 2G—J) and male-
Cmtm3 KO mice (Fig. S2A-D) compared with the age and
gender-matched WT mice.

Knockdown of CMTM3 promotes the osteogenic
differentiation

To clarify the roles of CMTM3 in osteoblast differentiation
in vitro, CMTM3 expression was analyzed during the dif-
ferentiation progression of hBMSCs. We collected hBMSCs
cultured in DM for 9, 12, 15 and 18 days, respectively, and
found that the longer the cells were cultured in DM, the
less CMTM3 was expressed (Fig. 3A and B). Then, CMTM3
was silenced by siRNA or restored by adenovirus in
hBMSCs, and ALP staining and Alizarin staining assays were
carried out. As shown in Fig. 3C, knockdown of CMTM3
exhibited significantly higher ALP activity and calcification
than the si-Scr group cells in hBMSCs. Consistently,
restoration of CMTM3 reduced ALP activity in hBMSCs
(Fig. 3D). Meanwhile, we performed Alizarin staining assay
to explore the role of CMTM3 in the calcification of hBMSCs
and found that silencing CMTM3 increased the calcified
nodules of hBMSCs, while overexpression of CMTM3
revealed the opposite results (Fig. 3E and F). Therefore,
we suggested that CMTM3 suppressed osteogenesis
in vitro.
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Figure 3

Silencing CMTM3 promotes the osteogenic differentiation in vitro. (A) The expression of CMTM3 was analyzed by real-

time PCR in hBMSCs. All samples subjected to real-time PCR were run in triplicate. Representative data were shown as the average
number from one independent experiment. (B) The expression of CMTM3 was analyzed by Western blot in hBMSCs. 100 pg of total
protein was loaded. (C) ALP staining in the CMTM3 knockdown system (top, visual inspection, bottom, photomicrograph, 40x
magnification). (D) ALP staining in the CMTM3 restored system (top, visual inspection, bottom, photomicrograph, 40x). (E) Alizarin
staining assay in the CMTM3 knockdown system (top, visual inspection, bottom, photomicrograph, 40 xmagnification). (F) Alizarin
staining assay in CMTM3 restored system (up, visual inspection, down, photomicrograph, 40x). Data were representative of three

independent experiments.

CMTM3 suppresses osteogenic differentiation via
the Erk/RUNX2 pathway

CMTM3 is a conserved protein with 88% homology between
humans and mice. We further expatiated the mechanism of
CMTM3 in regulating osteogenic differentiation in hBMSCs
and mouse preosteoblastic MC3T3-E1 cells and found that
knockdown of CMTM3 upregulated the expression of RUNX2,
an osteoblast marker and restored CMTM3 downregulated

RUNX2 expression in hBMSCs and MC3T3-E1 cells
(Fig. 4A—D). To gain insight into the mechanism of CMTM3
in suppressing osteogenic differentiation, the related
signaling pathways, including STAT3, Akt, and Erk1/2 were
analyzed. The levels of total and phosphorylated STAT3
(Tyr705), Akt (Ser473) and Erk1/2 (Thr202/Tyr204) were
detected in hBMSCs and MC3T3-E1 cells in CMTM3 restored
and knockdown systems. No significant difference was
observed in the levels of p-Akt, and p-STAT3 in these cells,
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Figure 4 CMTM3 suppresses osteogenic differentiation though the Erk/RUNX2 pathway. (A) The expression of RUNX2 and
phosphorylated and total STAT3, Akt and Erk1/2 were analyzed in CMTM3 knockdown hBMSCs. (B) The expression of RUNX2 and the
phosphorylated and total STAT3, Akt and Erk1/2 were analyzed in CMTM3 restored hBMSC (MOI: 100). (C) The expression of RUNX2
and the phosphorylated and total STAT3, Akt and Erk1/2 were analyzed in CMTM3 knockdown MC3T3-E1 cells. (D) The expression of
RUNX2 and phosphorylated and total STAT3, Akt and Erk1/2 were analyzed in CMTM3 restored MC3T3-E1 cells (MOI: 100). To detect
CMTM3, 100 pg of total protein was loaded in the CMTM3 knockdown system and 40 pg total protein was loaded in the CMTM3

restored system.

but p-Erk1/2 was markedly augmented in CMTM3 knock-
down cells and decreased in CMTM3 overexpressing cells
(Fig. 4A—D). These data demonstrated that CMTM3 down-
regulated RUNX2 expression and hindered the phosphory-
lation of Erk1/2 during osteogenic differentiation.

Discussion

Fractures and subsequent bone healing processes are almost
always accompanied by endogenous and differentiated abil-
ity of transplanted stem cells *°. Due to their self-renewal and
multiple differentiation capabilities, hBMSCs are currently
considered to be an important tool for cell-based bone tissue
engineering treatment of bone healing?”-?%. Therefore, it is of
clinical significance to reveal the mechanism regulating the
differentiation of hBMSCs into osteoblasts. CMTM3 plays a
vital role in various biological processes in different tis-
sues.?3%|n this study, we found that Cmtm3 caused abnormal
development of mouse bone and proved that CMTM3 played
an important role in the MSC osteogenesis process. Silencing
CMTM3 can significantly increase the osteogenic potential of
hBMSCs in vitro, indicating that CMTM3 has an inhibitory ef-
fect on bone formation. In summary, CMTM3 plays an impor-
tant role in bone development.

To date, CMTM3 has not been reported to be related to
osteogenic function. Our data showed for the first time that
CMTM3 was endogenously expressed in hBMSCs, which was
confirmed by Real-time PCR at the mRNA level and Western
blot at the protein level. Moreover, we observed that
CMTM3 downregulated the expression of the osteogenic
marker RUNX2, indicating that CMTM3 may maintain the
undifferentiated state of hBMSCs. After CMTM3 silencing,
hBMSCs showed stronger osteogenic differentiation abilities
in vitro and in vivo than the overexpressed groups. At a
later time of osteogenic differentiation, we found that
knockdown of CMTM3 significantly increased ALP activity

and mineralized nodules compared with the control group.
ALP positive and mineralized nodules were obviously
decreased in CMTM3-restored hBMSCs in comparation with
MOCK-hBMSCs. Osteoblast bone formation requires various
key transcription factors and signaling pathways, including
RUNX2,3" TAZ,3? Wnt,>33* BMP>> MAPK/Erk,3¢*” Akt*® and
STAT3*® signaling pathways. Among them, the transcription
factor RUNX2 plays a vital role in the finalization of hBMSC
differentiation into osteoblast lineages. In this study, we
investigated the mechanism behind the phenomenon of
increased the expression of RUNX2 by silencing CMTM3,
which led to osteoblast differentiation of hBMSCs.** We
tested the phosphorylation of CMTM3-related signaling
pathways in CMTM3 knockdown and overexpression systems
and our results indicated that CMTM3 knockdown increased
the phosphorylation of Erk1/2 and overexpression of CMTM3
suppressed the phosphorylation of Erk1/2. However, no
changes were observed in p-STAT3 or p-Akt by knockdown
and restoration of CMTM3, strongly supporting the hypoth-
esis that CMTM3 inhibited osteoblast differentiation of
hBMSCs through the Erk1/2 signaling pathway.

Overall, our research indicates that CMTM3 plays an
endogenous inhibitory role in the process of bone mesen-
chymal cell osteogenesis. These findings describe the
mechanism of CMTM3 silencing in the osteogenic differen-
tiation of hBMSCs and may further help translate these
basic findings into future clinical applications.

Conclusions

The findings of this study indicate that Cmtm3 KO mice show
better bone quality than WT mice. Silencing CMTM3 promotes
osteoblast differentiation of hBMSCs in vitro, tending to drive
MSCs into the osteoblast differentiation process through pro-
moting the Erk1/2 and RUNX2 signaling pathways. Therefore,
CMTM3 may be a therapeutic target for treating bone diseases
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such as bone healing, and may accelerate bone healing
treatment in combination with bone biomaterial scaffolds.
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