Am J Transl Res 2018;10(4):1211-1219
www.ajtr.org /ISSN:1943-8141/AJTRO068490

Original Article

Masquelet’s induced membrane promotes the
osteogenic differentiation of bone marrow
mesenchymal stem cells by activating

the Smad and MAPK pathways

Qian Tang®", Minji Tong*, Gang Zheng?, Liyan Shen?, Ping Shang?, Haixiao Liu*

Departments of 1Orthopaedic Surgery, 2Rehabilitation, The Second Affiliated Hospital and Yuying Children’s
Hospital of Wenzhou Medical University, 109, Xueyuanxi Road, Wenzhou 325027, China. *Equal contributors.

Received November 3, 2017; Accepted February 12, 2018; Epub April 15, 2018; Published April 30, 2018

Abstract: The Masquelet’s induced membrane (IM) technique is widely used to treat large segmental bone defects
due to its physical priority and biological function. However, the underlying molecular mechanism of the IM on bone
formation remains unknown. In the present study, rat bone marrow-derived mesenchymal stem cells (BMSCs) were
used as an in vitro model and bone morphogenetic protein 2 (BMP-2) was used as a positive control to evaluate
the effects of the IM on the osteogenic differentiation of BMSCs. Although the IM group did not exhibit a significant
increase in the expression of Runt-related transcription factor 2 (Runx2), Collagen | (Col 1), osteocalcin (OCN) and al-
kaline phosphatase (ALP) relative to the BMP-2 administration, the IM was considerably effective compared with the
untreated group. Mechanistically, we found that the IM activated the Smad and mitogen-activated protein kinase
(MAPK) pathways, which was further confirmed by application of specific inhibitors of Smad1/5/8 (LDN-193189)
and ERK1/2 (U0126). After the combined treatment of the IM and LDN-193189 as well as U0126, the IM-induced
increase in Runx2, Col |, and OCN expression was significantly inhibited. These results suggest that IM promotes the

osteogenic differentiation of rat BMSCs by activating the Smad1/5/8 and MAPK pathways.
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Introduction

The induced membrane (IM) technigue was
first described by Masquelet et al. in 1986 who
developed the concept of IM development and
reconstructed large defects by combined appli-
cation of this functional induced membrane
with non-vascularized bone autografts [1, 2].
The IM technique is a valid alternative strategy
used for the reconstruction of long bone defe-
cts, especially those resulting from major trau-
ma, surgical excision of tumors and debride-
ment after post-traumatic septic non-unions or
osteitis [3-5]. This technique consists of two
stages of surgery: firstly, a polymethylmethac-
rylate (PMMA) cement spacer is implanted
inside the defect area to trigger a reactive IM
with bone healing properties. Secondly, after
implantation for 6-8 weeks, the spacers are
removed, followed by autologous bone filling [6,
71. By applying this technique in clinical prac-

tice, large bone defects occurring in the humer-
us, ulna, wrist, hand, femur, tibia, and even in
the mandible, can achieve satisfactory healing
[8-12].

Historically, the IM consists of a fibrous inner
layer (closest to the PMMA spacer) and an out-
ermost vascularized layer (furthest from the
spacer) [13]. This membrane not only acts as a
capsule to contain bone graft and to prevent
fibrous tissue ingrowth into the defect site but
also exerts important biological properties to
favor bone formation [14]. Several functional
proteins secreted from this functional mem-
brane during membrane formation, such as
bone morphogenic protein 2 (BMP-2), trans-
forming growth factor-B (TGF-3), vascular endo-
thelial growth factor A (VEGF-A), and von
Willebrand factor (VWF), are involved in osteo-
blast proliferation and differentiation [13-15].
However, the precise mechanism by which the
IM mediates osteogenesis remains unclear.
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Bone marrow-derived mesenchymal stem cells
(BMSCs) are multipotent cells with self-renewal
ability and exhibit directional differentiation un-
der appropriate stimulation [16]. Since BMSCs
are easily extracted and exhibit differentiation
potential, cultured BMSCs are widely used in
vitro to evaluate factors that contribute to os-
teogenesis [17]. Moreover, the canonical Smad
pathway and mitogen-activated protein kinase
(MAPK) cascades are two well-studied signal-
ing pathways that regulate BMSCs differentia-
tion during skeletal development [18-20]. Both
signaling cascades converge at certain tran-
scription factors (e.g., Runx2) to promote osteo-
blast differentiation from mesenchymal precur-
sor cells [20]. Besides, it is important to note
that TGF- and BMP-2 are two major promoters
involved in the induction of the Smad and MAPK
pathways and the IM is a natural carrier of
BMP-2 and TGF-B [15, 20]. Therefore, we
hypothesized that the underlying mechanism
by which the IM acts on bone formation is asso-
ciated with activation of the Smad and MAPK
pathways. In this study, we examined, for the
first time, the effects of the IM on the osteo-
genic differentiation of BMSCs and investigat-
ed the mechanism involved.

Materials and methods
Reagents and antibodies

Recombinant rat BMP-2 protein was purchased
from Peprotech (NJ, USA); LDN-193189 and
U0126-EtOH were purchased from Aladdin
(Shanghai, China). The primary antibodies ag-
ainst BMP-2, TGF-B, collagen |, and B-actin were
acquired from Abcam (Cambridge, UK); anti-
Smad1/5/8 and -osteocalcin (OCN) antibodies
were obtained from Santa Cruz Biotechnology
(CA, USA); anti-Runx2 antibody, goat anti-rab-
bit, and anti-mouse IgG-horseradish peroxi-
dase (HRP) antibodies were obtained from
Bioworld (OH, USA); and antibodies against
p-ERK1/2, ERK1/2, p-p38, p38, p-JNK, JNK,
and p-Smad1/5/8(9) were purchased from Cell
Signaling Technology (MA, USA). All cell culture
reagents were purchased from Gibco (NY, USA).

Animal model
Ten Sprague-Dawley rats of mean weight 350

g were purchased from the Animal Center of
the Chinese Academy of Sciences, Shanghai,
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China. All animal care and use procedures
adhered to the Guide for the Care and Use of
Laboratory Animals of the National Institutes of
Health and the study was approved by the
Animal Care and Use Committee of Wenzhou
Medical University (ethics code: wydw2014-
0129). Critical segmental defects were created
in the right femur using the model reported by
Henrich et al. [13]. After intraperitoneal injec-
tion of 2% (w/v) pentobarbital (40 mg/kg), all
rats were placed in the left lateral prone posi-
tion, and a 40-mm longitudinal incision was
made over the lateral aspect of the right thigh.
Then, the biceps femoris and vastus lateralis
muscles were separated to expose the lateral
aspect of the al bone. A six-hole, 1.0-mm-thick
titanium mini-plate (F215002.T01, Fengyi, Tian-
jin, China) was applied to the lateral aspect of
the femoral shaft and secured in place using
four 1.5-mm-long cortical screws. A critical-
sized defect 10 mm in length was induced
using a reciprocating saw, followed by filling
with a 10-mm-diameter PMMA cement cylinder
molded ex vivo. The wound was irrigated with
sterile saline, the muscles and the fascia were
carefully re-approximated using 4-0 Vicryl su-
tures, and the skin was closed with 3-0 silk
sutures. Six weeks later, X-rays were taken to
determine the position of the PMMA spacer. If
no significant spacer shift was evident, the IM
that had formed around the spacer was col-
lected for further experiments.

Histology

The induced membrane samples were collect-
ed 6 weeks after surgery. After dehydration and
embedding in paraffin, the tissues were cut into
5-um-thick sagittal sections and the slides
stained with hematoxylin and eosin (H&E). For
immunohistochemical staining, the sections
were further incubated with 0.4% (w/v) pepsin
(Sangon Biotech, Shanghai, P. R. China) in 5
mM HCI at 37°C for 20 min (antigen retrieval)
and nonspecific binding was blocked by incuba-
tion in 10% (w/v) bovine serum albumin for 30
min at room temperature. Sections were then
incubated with primary antibodies (anti-BMP-2,
1:100 and anti-TGF-B, 1:100) overnight at 4°C.
Finally, the sections were incubated with appro-
priate HRP-conjugated secondary antibodies
(Santa Cruz Biotechnology, TX, USA), and exam-
ined and photographed under a microscope
(Olympus, Japan).
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Protein extraction from induced membranes

The induced membranes collected from bone
defect site after 6 weeks of surgery were rap-
idly stored at -80°C for western blotting. Briefly,
frozen animal membrane tissues homogenized
in ice-cold RIPA lysis buffer (containing 50 mM
Tris-HCI pH 8.0, 150 mM NacCl, 1% NP-40, 0.5%
deoxycholate, 0.1% SDS, 10 mM Na,P,O,, 10
mM NaF, 1 mg/ml aprotinin, 10 mg/ml leu-
peptin, 1 mM sodium vanadate) and 1 mM
PMSF (Phenylmethanesulfonyl fluoride). Tissue
homogenates were incubated for 15 min at 4°C
and centrifuged at 12,000 rpm, for 15 min at
4°C. The supernatant containing the soluble
proteins was recovered. Total proteins in tissue
lysates were quantified using the BCA Protein
Assay Kit (Beyotime Biotechnology, Shanghai,
China) according to the manufacturer’s proto-
col. The quantified protein solutions are used
for in vitro experiments.

Isolation of primary rat bone marrow mesen-
chymal stem cells (BMSCs)

Femoral BMSCs were isolated and cultured as
described previously [21]. Briefly, after eutha-
nasia, the hind limbs were aseptically removed
and the bones dissected free of soft tissue. The
marrow cavities of both the femora and tibiae
were flushed with Dulbecco’s modified Eagle
medium (DMEM) medium supplemented with
10% (v/v) fetal bovine serum (FBS) and 1%
(w/V) penicillin and streptomycin. The cells were
seeded into 25-cm? culture flasks and grown in
a humidified atmosphere under 5% (v/v) CO,, at
37°C. Non-adherent cells were removed by fre-
quent medium changes after 24 h. The remain-
ing adherent cells were cultured for 14 days to
80% confluence and then passaged after
digestion with 0.25% (w/v) trypsin for 3 min.
Passage 2 cells were used for further experi-
ments.

Cell administration

BMSCs were seeded at 5 x 10* cells/cm? and
cultured in completed medium with or without
the addition of 100 pg amounts of protein
extract from IMs obtained 6 weeks after sur-
gery. After 14 days, the cells were collected and
subjected to quantitative reverse transcription
polymerase chain reaction (QRT-PCR), western
blot analysis, and alizarin red staining. To fur-
ther explore the effects of Smadi1/5/8 and
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MAPK athways on IM-induced osteogenesis,
cells were treated with combinations of IM pro-
tein and LDN-193189 (100 nM) or U0126 (25
M)

Real-time polymerase chain reaction

Total RNA of BMSCs treated with IM or BMP-2
was extracted from cells grown in three 6-cm-
diameter culture plates, using TRIzol reagent
(Invitrogen, CA, USA). Total RNA (1,000 ng) was
reverse-transcribed to cDNA (MBI Fermentas,
Germany). For quantitative real-time PCR
(gPCR), the total reaction volume was 10 pL,
including 5 pL of 2 x SYBR Master Mix, 0.25 yL
of each primer solution, and 4.5 pL diluted
cDNA. The RT-PCR conditions were as follows:
10 min at 95°C, followed by 40 cycles (each 15
s) at 95°C and 1 min at 60°C. Reactions were
performed with the aid of a CFX96 Real-Time
PCR System (Bio-Rad, CA, USA). The cycle
threshold (Ct) values were collected and nor-
malized to the levels of glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) level. The relat-
ed mRNA level of each target gene was calcu-
lated using the 2-AACt method. Primers ampli-
fying the genes encoding Runx2, collagen |,
OCN, and alkaline phosphatase (ALP) were
designed with the aid of the NCBI Primer-Blast
Tool. (https://www.ncbi.nIm.nih.gov/tools/prim-
er-blast/), and were as follows: Runx-2, (F)
5-TGTCCATCTCCAGCCGTGTC-3’, (R) 5-TCTGT-
CTGTGCCTTCTTGGTTC-3’; Colal, (F) 5-GACC-
TCCGGCTCCTGCTCCT-3’, (R) 5-TCGCACACAG-
CCGTGCCATT-3’; OCN, (F) 5-CGGCCCTGAGT-
CTGACAAA-3’, (R) 5-ACCTTATTGCCCTCCTGC-
CTT-3; ALP, (F) 5-AACGTGGCCAAGAACATC-
ATCA-3’, (R) 5-TGTCCATCTCCAGCCGTGTC-3’;
and GADPH (F) 5-AGAAGGTGGTGAAGCAGG-
CGG-3/, (R) 5-ATCCTTGCTGGGCTGGGTGG-3..

Western blotting

Total BMSC proteins were extracted using
radioimmunoprecipitation lysis buffer contain-
ing 1 mM phenylmethanylsulfonyl fluoride on
ice for 10 min followed by 15 min of centrifuga-
tion at 12,000 rpm in 4°C; protein concentra-
tions were measured using a BCA protein assay
kit (Beyotime, Jiangsu, China). Proteins (40 ng)
were separated via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and trans-
ferred to a polyvinylidene fluoride membrane
(Bio-Rad). After blocking with 5% (w/v) nonfat
milk for 2 h, the membranes were incubated
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Figure 1. Surgical procedure and characteristics of Masquelet’s induced membrane (IM) model in a critical-size
femoral defect site. The position of PMMA spacer was determined via digital X-ray machine. The characteristics of
IM were assessed via H&E staining and immunohistochemistry. A: A 40-mm incision was made on the right thigh to
create a 10-mm defect in femur. B: The polymethylmethacrylate (PMMA) cylinder was inserted into the defect site.
C: The IM formed around the PMMA spacer at 6 weeks post-surgery was exposed. D: X-ray image showed correct
position of PMMA spacer in the bone defect site at 6 weeks post-surgery. E: H&E staining to observe the inner layer
and outer layer of IM formed at 6 weeks post-surgery (Scale bar: 100 pm). F: Immunohistochemical staining of BMP-
2 in the IM at 6 weeks post-surgery (Scale bar: 100 um). G: Immunohistochemical staining of TGF-B in the IM at 6

weeks post-surgery (Scale bar: 100 ym).

with primary antibodies against Runx2 (1:
1,000), Collagen | (1:1,000), OCN (1:1,000),
p-ERK1/2 (1:1,000), ERK1/2 (1:1,000), p-p38
(1:1,000), p38 (1:1,000), p-JNK (1:1,000),
JNK (1:1,000), p-Smadl/5/8 (1:1,000), and
Smad1/5/8 (1:250) overnight at 4°C, followed
by subsequent incubation with appropriate sec-
ondary antibodies for 2 h at room temperature.
After three washes with Tris-buffered saline wi-
th Tween, the bands were visualized and quan-
tified using Image Lab 3.0 software (Bio-Rad).

Alizarin red staining

We explored osteogenic differentiation of
BMSCs. To induce osteogenesis, the cells were
seeded in 12-well culture plates and cultured in
osteogenic induction medium: DMEM supple-
mented with 10% (v/v) FBS, 100 nM dexameth-
asone, and 50 mg ascorbic acid 2-phosphate/
mL. Osteogenic differentiation was verified by
staining with 0.5% (w/v) alizarin red S (ARS) (pH
4.1) after immobilization of isolated cells in 4%
(v/v) paraformaldehyde for 10 min.

Data statistical analysis

All experiments were repeated at least five
times, with similar results. All results are pre-
sented as the mean * standard deviation. Data
were analyzed using analysis of variance (AN-
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OVA) and Dunnett’s t-test. Differences were
considered statistically significant at P < 0.05.
All statistical analyses were implemented with
SPSS 20.0 software (SPSS Inc., Chicago IL,
USA).

Results

Establishment and characteristics of the IM in
rats

The establishment of Masquelet’s IM in the
femoral defect site is illustrated in Figure 1A-C.
X-ray imaging showed good implantation of the
PMMA spacer after surgery (Figure 1D). He-
matoxylin and eosin staining of membrane tis-
sue collected 6 weeks after surgery revealed
an inner layer with intensive fibrous tissue and
an outer layer with loose connective tissue and
micro-vessels (Figure 1E). Immunohistochemi-
cal staining of BMP-2 and TGF-B revealed that
the IM was a natural carrier of both BMP-2 and
TGF-B (Figure 1F and 1G).

Effect of the IM on the osteogenic differentia-
tion of BMSCs

As shown in Figure 2A, qRT-PCR revealed that
BMSCs treated with protein extract from IM
and BMP-2 both exhibited higher mRNA expres-
sion level of Runx2 after 7, 14, and 21 days

Am J Transl Res 2018;10(4):1211-1219
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Figure 2. Induced membrane promotes the osteogenic differentiation of BM-
SCs. The cells osteogenic differentiation activity was assessed via qRT-PCR for
Runx2, Col I, OCN, and ALP mRNA expression, western blotting for Runx2, Col |,
and OCN protein expressions and Alizarin red staining (ARS) for calcium deposi-
tion after 14 days of culture. A-D: The mRNA expression levels of Runx2, Col |,
OCN, and ALP in BMSCs treated with the IM or BMP-2 were calculated by nor-
malizing the quantified mRNA amount to GADPH. E: Effect of the IM and BMP-2
on the protein expression of Runx2, Col I, and OCN. F: Optical density values of
Runx2, Col |, and OCN expression were quantified and analyzed in each group.
G: Formed calcium nodules in BMSCs treated with the IM or BMP-2 were col-
ored red by ARS. Data in the figures represent the average + standard deviation
(S.D.). Significant differences between groups are indicated as **P < 0.01, vs.
control group, #P < 0.01, vs. IM group. For each group, n = 5.

compared to the control group. Additionally, an
increasing trend in the mRNA expression level
of Col I, OCN and ALP was observed in the IM
and BMP-2 groups, although the difference did
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not reach significance in
the IM group on day 7
(Figure 2B-D). Western blot
analysis also revealed that
both the IM and BMP-2
exert a significant effect on
the protein expression of
Runx2, Col 1, and OCN,
particularly in the BMP-2
group (Figure 2E and 2F).
Alizarin red staining was
consistent with the PCR
and western blot results
(Figure 2G).

Effect of the IM on activa-
tion of the Smad1/5/8
and MAPK pathways in
BMSCs

To investigate the molecu-
lar mechanism of IM-medi-
ated osteogenic differenti-
ation, the phosphorylation
levels of Smadl/5/8 and
related proteins involved in
the MAPK pathway were
examined. The IM promot-
ed the phosphorylation of
Smadl/5/8, ERK1/2, p38,
and JNK (Figure 3A-D).
Furthermore, specific inhib-
itors of Smadl1/5/8 (LDN-
193189) and ERK1/2 (UO-
126) were applied to con-
firm these effects on IM-
induced osteogenesis. The
phosphorylation of Smadl
/5/8 and ERK1/2 was sig-
nificantly inhibited by LDN-
193189 and U0126, re-
spectively (Figure 4A and
4B). Moreover, the addition
of both LDN-193189 and
U0126 abolished the IM-
induced increase in the
expression of Runx2, Col 1,
and OCN (Figure 4C and
4D).

Discussion

The reconstruction of large bone defects ca-
used by trauma, infection, or other diseases
with extensive bone loss is a challenging prob-
lem in clinical practice [3-5, 22]. Masquelet’s

Am J Transl Res 2018;10(4):1211-1219
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Figure 3. Induced membrane activates the Smad and MAPK pathways in BMSCs. The activation of the Smad and
MAPK pathways were assessed via western blotting for the phosphorylation level of Smad1/5/8, ERK1/2, p38, and
JNK protein after 14 days of culture. A: Effect of the IM on the phosphorylation of Smad1/5/8. B: Optical density
values of the phosphorylation of Smad1/5/8 were quantified and analyzed in each group. C: Effect of the IM on the
phosphorylation of ERK1/2, p38, and JNK. D: Optical density values of the phosphorylation of ERK1/2, p38, and
JNK were quantified and analyzed in each group. Data in the figures represent the average + S.D. Significant differ-
ences between groups are indicated as **P < 0.01, vs. control group. For each group, n = 5.
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Figure 4. Inhibition of the Smad and MAPK pathways abolished IM-induced os-
teogenesis. The activation of the Smad and MAPK pathways and cells osteo-
genic differentiation activity were assessed via western blotting for the phos-
phorylation level of Smad1/5/8 and ERK1/2 protein and Runx2, Col I, and OCN
protein expressions after 14 days of culture. A: Effect of the IM combined with
LDN-193189 or U0126 on the phosphorylation of Smad1/5/8 and ERK1/2.
B: Optical density values of the phosphorylation of Smad1/5/8 and ERK1/2
were quantified and analyzed in each group. C: Effect of the IM combined with
LDN-193189 or U0126 on the protein expression of Runx2, Col I, and OCN. D:
Optical density values of Runx2, Col I, and OCN expression were quantified and
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analyzed in each group. Data
in the figures represent the
average *+ S.D. Significant dif-
ferences between groups are
indicated as **P < 0.01, vs.
control group. For each group,
n=>5.

IM acts as a biological
chamber to promote bone
graft vascularity and corti-
calization while inhibiting
its resorption [9]. Thus, tar-
geting this special tissue
offers new possibilities for
obtaining effective outco-
mes in the administration
of large bone defects. Our
former study and several
other preclinical experime-
nts in animal models have
demonstrated that the IM
significantly supports bone
formation [23-25]. More-
over, Erwan de Moneés et
al. reported a significant
increase in ALP expression
in human BMSCs treated
with protein extract from
the IM [14]. However, few in
vitro studies have focused
on the molecular mecha-
nism involved in its promo-

Am J Transl Res 2018;10(4):1211-1219



Induced membrane and osteogenic differentiation

tion on osteogenesis. In the current study, we
used BMP-2 as a positive control to evaluate
the benefits of the IM in BMSCs osteogenic dif-
ferentiation by examining the expression of
osteogenic markers (i.e., Runx2, Col I, OCN, and
ALP) via gRT-PCR and western blot analysis.
Alizarin red staining, another golden standard
used to evaluate BMSCs osteogenesis in vitro,
was also performed to assess calcium-rich
deposits.

Runx2 is one of the most essential transcrip-
tion factors required for osteogenesis during
BMSCs differentiation [26]. A deficiency in the
Runx2 gene is reported as a cause of the
human disease cleidocranial dysplasia, which
is an autosomal dominant bone disorder [27].
Besides, the oncogenic properties of Runx2
have been demonstrated in a critical-size femo-
ral defect model where Runx2 overexpression
enhanced the osteoblastic differentiation and
mineralization of BMSCs and thereby acceler-
ated bone formation in final [28]. Following
Runx2 activation, the up-regulation of both Col
| (an early marker of osteogenesis) and OCN (a
late marker of osteogenesis) was also observed
[29]. In our study, although the beneficial effe-
cts of the IM on the expression of Runx2, Col |,
and OCN were not as significant as BMP-2, the
membrane was considerably effective com-
pared with the untreated group. These results
indicate that the induced membrane is a valid
promoter to BMSCs osteogenic differentiation.

The histology, cellular makeup, and growth fac-
tor expression of the IM has been well studied.
Growth factors such as BMP-2 and TGF-3, main
components secreted from the IM, greatly con-
tribute to bone formation [15]. Although several
signaling pathways, including MAPK, Wnt/[3-
catenin, phosphatidylinositide-3 kinase (PI3K)/
Akt, and Smad, play a crucial role in BMSCs
osteogenesis [19, 30-32], the Smad and MAPK
pathways were reported significantly increasing
Runx2 expression following induction with
TGF-B and BMP-2 [20]. Thus, we examined
whether these two pathways are involved in the
IM-mediated osteogenic effect. The phosphory-
lation of Smad1/5/8 and MAPK cascades were
increased after co-culturing MSCs with protein
extract from the IM. Furthermore, the Smad
inhibitor LDN-294002 and the ERK1/2 inhibi-
tor U0126 were added after IM treatment, and
the combination of inhibitors abolished the
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osteogenic effect of the IM respectively which
further suggested that the IM supports MSC
osteogenic differentiation by enhancing Smad
and MAPK activation.

In conclusion, the current study demonstrated
that protein extract from the IM induced the
phosphorylation of Smad and MAPK proteins,
which subsequently activated the transcription
of Runx2 to promote the osteogenic differentia-
tion of BMSCs. Specific inhibition of the Smad
and ERK1/2 MAPK pathways reduced IM-me-
diated osteogenesis. Therefore, our study reve-
aled a deep association between Masquelet’s
IM and bone formation.
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