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Abstract
Mesenchymal stem cells (MSCs) from adult bone marrow maintain their self-renewal ability

and the ability to differentiate into osteoblast. Thus, adult bone marrow MSCs play a key

role in the regeneration of bone tissue. Previous studies indicated that TLR4 is expressed in

MSCs and is critical in regulating the fate decision of MSCs. However, the exact functional

role and underlying mechanisms of how TLR4 regulate bone marrow MSC proliferation and

differentiation are unclear. Here, we found that activated TLR4 by its ligand LPS promoted

the proliferation and osteogenic differentiation of MSCs in vitro. TLR4 activation by LPS

also increased cytokine IL-6 and IL-1β production in MSCs. In addition, LPS treatment has

no effect on inducing cell death of MSCs. Deletion of TLR4 expression in MSCs completely

eliminated the effects of LPS on MSC proliferation, osteogenic differentiation and cytokine

production. We also found that the mRNA and protein expression of Wnt3a and Wnt5a, two

important factors in regulating MSC fate decision, was upregulated in a TLR4-dependent

manner. Silencing Wnt3a with specific siRNA remarkably inhibited TLR4-induced MSC pro-

liferation, while Wnt5a specific siRNA treatment significantly antagonized TLR4-induced

MSC osteogenic differentiation. These results together suggested that TLR4 regulates

bone marrow MSC proliferation and osteogenic differentiation throughWnt3a and Wnt5a

signaling. These finding provide new data to understand the role and the molecular mecha-

nisms of TLR4 in regulating bone marrow MSC functions. These data also provide new

insight in developing new therapy in bone regeneration using MSCs by modulating TLR4

andWnt signaling activity.

Introduction
Adult bone marrow mesenchymal stem/stromal cells (MSCs) are multipotential stem cells, and
have the ability to differentiate into osteoblasts, chondrocytes, tenocytes, neurons, adipocytes,
and skeletal myocytes [1,2]. Due to the multipotent of MSCs, they have become a therapeutic
option for several pathologies including osteogenesis imperfecta, myocardial infarction, and
wound healing. MSCs play an important role in bone remodeling because they can be induced
to differentiate into osteoblasts. Published data have revealed that bone marrow derived MSCs
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can repair bone defects in animal models [3,4]. In addition to their multipotential plasticity,
MSCs play a critical role in regulating immune responses in a manner that depends on their
state of activation [5,6]. It is also an important cell to form the critical microenvironment for
bone regeneration after injury [7]. Therefore, it is important to reveal the molecular mecha-
nisms that regulate the MSC function including survival, proliferation, differentiation and
cytokine secretion.

Toll-like receptor 4 (TLR4) are the best studied immune sensors of invading microbes. It is
broadly distributed on cells throughout the immune system. Activation of TLR4 is essential for
inducing the immune responses, and enhances adaptive immunity against pathogens [8,9]. It
has been revealed that MSCs derived from adult bone marrow also express functional TLR4
[10,11,12,13]. Activation of TLR4 signaling in MSCs may influence their survival, differentia-
tion, proliferation, migration and pro-inflammatory cytokine secretion [10,14,15]. TLR4 recog-
nizes lipopolysaccharides (LPS) from gram-negative bacteria. It has been proved that LPS can
protect MSCs from oxidative stress-induced apoptosis and enhance proliferation of MSCs via
TLR4 and PI3K/Akt signaling [12]. LPS was also found to promote the osteogenic differentia-
tion in adult human MSCs [14]. However, due to conflicting reports on various effects of TLR4
ligands on MSCs [12,13,14,16], further studies are still needed to explore the cellular biological
changes of MSCs after TLR4 activation in different models. Importantly, the molecular mecha-
nisms by which TLR4 regulating MSC proliferation and differentiation are largely unknown.

Wingless proteins (Wnt) are a family of cysteine-rich glycoproteins that regulate embryonic
development, cell proliferation, migration, differentiation, and death [17,18]. Recently, Wnt
signaling has been revealed to function in controlling the cell fate specification and differentia-
tion of MSCs [19]. Previous researches have shown that Wnt signaling has the capacity to regu-
late the proliferation and migration of MSCs [20,21]. Moreover, Wnt signaling has also been
found involved in the osteogenic and adipogenic differentiation process in human MSCs [22].
Till now, exist evidence have identified that Wnt3a, Wnt5a, Wnt6, Wnt10a, and Wnt10b sig-
naling are all involved in controlling the stem cell properties of MSCs [20,23,24,25]. Wnt5a has
been shown to be involved in the induction of MSC osteogenesis and suppression of adipogen-
esis [23]. Wnt3a promotes proliferation and suppresses osteogenic differentiation of adult
human MSCs [20]. Wnt10b has been proposed to influence the decision of MSCs to give rise to
either an adipocyte or an osteoblast. Knockdown of endogenous Wnt6 is associated with
increasing preadipocyte differentiation and impaired osteoblastogenesis [25]. However, little is
known about the interactions between TLR4 and Wnt signaling and their function in regulat-
ing MSC proliferation and differentiation.

In the present work, we used TLR4 ligand LPS to activate TLR4 in bone marrow MSCs. We
studied the effects of TLR4 activation on the survival, proliferation, osteogenic differentiation,
and cytokine production of bone marrow originated MSCs in vitro. We found that TLR4 acti-
vation promoted the proliferation and osteogenic differentiation of MSCs. In addition, we
examined the involvement of Wnt signaling in this process, and found that Wnt3a and Wnt5a
play critical role in TLR4-induced MSC proliferation and osteogenic differentiation. Our
experiments provide new data to understanding the role and the molecular mechanisms of
TLR4 in regulating bone marrow MSC functions.

Methods

Cell culture, identification, differentiation and LPS treatment
All the animal care and procedures were in accordance with the guidelines of the National
Institutes of Health, and were approved by the Committee on Use of Live Animals for Research
of the Third Military Medical University.
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Bone marrow cells were obtained from femur and tibia of 6- to 8-week-old male C57BL/6J
WT mice and TLR4-/- mice (The Jakson lab., Strain: B6.B10ScN-Tlr4lps-del/JthJ). The cells were
filtered through 40 μm nylon mesh, and centrifuged at 1000 rpm for 5 min. The buoyant adipo-
cytes were removed by vacuum aspiration. The cell pellet was resuspended in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM
glutamine, and 1% penicillin and streptomycin (Invitrogen, USA). The cells were cultured in
10 cm dishes and nonadherent cells were removed after 24 hours. Culture medium was
changed every 3 days. Upon confluence, the cells were dissociated using 0.25% trypsin (Invitro-
gen, USA) and reseeded. For clone isolation, cultured cells were seeded in 96-well plates by lim-
ited dilution. Individual clones were picked and expanded for further experiments. Cells were
used with in the 10th passage [26].

The MSC phenotype was defined using flow cytometric analysis with the following mono-
clonal antibodies: anti-CD31-PE (R&D, USA), anti-CD45-FITC (R&D, USA), anti-CD29-PE
(Immunotech, France), and anti-CD44-PE (BD Biosciences, USA).

For osteogenic differentiation, cells were seeded into 24-well plates and allowed to attach
overnight. The following day (day 0) growth medium was replaced with osteogenic differentia-
tion medium, which is DMEM supplemented with 10% FBS, 100 nM dexamethasone (Sigma,
USA), 10 mM β-glycerophosphate (Sigma, USA) and 100 mM vitamin C. Medium was
replaced every 3 or 4 days[27].

Lipopolysaccharide (LPS, Sigma, USA) was added to the culture medium at a final concen-
tration of 0, 10, 100, 1000 ng/ml, and treated for indicated times.

Cell apoptosis measurement
MSCs were detached by trypsin treatment, washed, and then assessed for Annexin V (Invitro-
gen) and Propidium Iodide (PI) staining. Flow cytometric analysis was used to detect early
apoptotic cells Annexin V-positive/PI-negative cells and late apoptopic or necrotic Annexin V-
positive/PI-positive cells.

Cell proliferation
The effect of LPS on the proliferation of MSCs was studied by a Colorimetric Cell-counting Kit
(CCK-8, Dojindo, Japan) assay and EdU incorporation according to the manufacturer’s
instruction. The EdU+ cells were counted in 10 different fields of each condition by an indepen-
dent observer in a blinded manner using a 20 x objective. Three independent experiments were
performed for every condition. The EdU+ were expressed as a percentage of total cells deter-
mined by Hoechst33342 staining [28].

Alkaline phosphatase activity and alizarin red staining
ALP activity was detected using an ALP kit according to the manufacturer's instructions
(Sigma-Aldrich). ALP activity was normalized to protein concentration of the cell lysate. For
evaluation of mineralization, cells were induced for 7, 15, 20 to 25 days, fixed with 4% parafor-
maldehyde and stained with 2% Alizarin red (Sigma-Aldrich). For alizarin red quantification,
the deposits were extracted with 10% acetic acid and 20% methanol solution. Light absorbance
by the extracted dye was measured in 450 nm [29].

Real-time PCR
Total RNA was isolated from cell pellets using the TRIzol reagent (Takara, Japan). cDNA was
synthesized using a Sensiscript Revers Transcript Kit (Qiagen, Germany) according to the
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manufacturer's instructions. mRNA expression of the target genes was detected using the fol-
lowing primers: TLR4 fwd 5’- gcaggtggaattgtatcgcc -3’and rev 5’—tgctcaggattcgaggcttt—3’,
Wnt3a fwd 5’—ggctcctctcggatacctct—3’ and rev 5’—gggcatgatctccacgtag—3’, Wnt5a fwd 5’—
tggagaaggtgcgaagacag—3’ and rev 5’—cgtctctcggctgcctattt—3’, Wnt6 fwd 5’—ggtagtcctagaggg
ccagg—3’ and rev 5’—cactccgtcatgccttggta—3’, Wnt10a fwd 5’—catcgggctgaagtgactct—3’ and
rev 5’- ccggagcttctttttcccca -3’, Wnt10b fwd 5’—tcctccactacagcccagaa—3’ and rev 5’- cctccc
aagagcctgacaag—3’, IL-1β fwd 5’—gcaactgttcctgaactcaact—3’ and rev 5’- atcttttggggtccgtcaact
—3’, IL-6 fwd 5’—tagtccttcctaccccaatttcc—3’ and rev 5’—ttggtccttagccactccttc—3’, TNF-α fwd
5’—acggcatggatctcaaagac—3’ and rev 5’—agatagcaaatcggctgacg—3’, and GAPDH fwd 5’—atac
ggctacagcaacaggg- 3’ and rev 5’—gcctctcttgctcagtgtcc—3’. Real-time PCR was performed on a
CFX96TM real-time system using SYBR Master Mix (Takara, Japan). All gene expression values
were normalized to the housekeeping gene GAPDH. The relative expression levels of the target
genes were calculated using the control as a reference.

Western blot analysis
Adherent cells were scraped from the culture dishes and total protein was extracted from the
cell pellet with RIPA lysis buffer (Thermo Scientific, USA). Western blot analysis was per-
formed and quantified with an Odyssey system (LI-COR, USA) as previously described [30].
The primary antibodies used for Western blot analysis were monoclonal mouse anti-TLR4
antibody (Santa Cruz Biotechnology, USA) and monoclonal mouse anti-GAPDH antibody
(Abcam, USA) The secondary antibodies used were Odyssey-specific IRDye 680 or 800 donkey
anti-mouse (1:5000; LI-COR, USA).

Enzyme-linked Immunosorbent Assay (ELISA)
MSCs were seeded in 24-well culture plates. After the cells were treated with LPS for the indi-
cated time or pretreated with specific siRNAs as indicated, the culture supernatants were col-
lected and stored at -80°C until used. The Wnt3a and Wnt5a levels in the supernatants were
measured using a mouse Wnt3a andWnt5a ELISA Kit following the manufacturer’s instruc-
tions (Antibodies-online Inc. USA) [22]. For LPS-induced cytokines detection, MSCs were cul-
ture in a 96 well plate and treated with or without LPS for 3 days. Then, the concentration of
IL-1β, IL-6 and TNF-α in the culture medium was determined by ELISA according to the man-
ufacturer’s instructions (R&D, USA).

RNA interference
siRNAs specific for mouse Wnt3a (sc-41109), Wnt5a (sc-41113) and control siRNA (sc-36869)
with scrambled sequences were purchased from Santa Cruz. In each transfection, 0.1 to 0.2 μM
siRNAs were introduced into MSCs using the Lipofectamine 2000 kit (Invitrogen, USA). The
efficiency of transduction was determined by detecting the rate of FITC-positive cells and the
mRNA expression of specific genes.

Statistical analysis
All data were collected from three to four independent experiments unless otherwise stated,
and were analyzed using the SPSS13.0 software package. A one-way ANOVA followed by Fish-
er’s post hoc test were used for multiple-group comparisons. Student’s t-test was used when
only two sets of data were compared. A statistically significant level was defined as p< 0.05.
Error bars are reported as mean ± SEM.
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Results

TLR4 ligand LPS treatment promotes bone marrow MSC proliferation
To study the role of TLR4 in bone marrow MSCs, we firstly cultured MSCs from wild type
mouse bone marrow as previously described. The phenotype of the cultured cells was identified
using flow cytometric analysis with CD29, CD44, CD31, and CD45 antibodies. Almost all the
cells are CD29 and CD44 positive. The cells are also CD31 and CD45 negative (S1 Fig). LPS
has been proved to be an effective ligand for TLR4. To activate TLR4, we treated the cells with
1000 ng/ml LPS. The concentration of LPS is widely used in previous studies [31,32]. No
change of cell death was induced by 1000 ng/ml LPS as we detected 6 days after treatment (Fig
1A–1C). Then the time-dependent effects and dose-dependent effects of LPS on MSC prolifer-
ation was examined using CCK-8 kit assay. MSCs were treated by 1000 ng/ml LPS for 1, 2, 3,
and 6 days. LPS treatment significantly promoted MSC proliferation as detected 2 days after
treatment, and the effects increased in a time-dependent manner (Fig 2A). Then the cells were
treated with 0, 10, 100, and 1000 ng/ml LPS for 6 days. LPS remarkably enhanced MSC prolif-
eration at a concentration of 100 ng/ml, and the effects increased significantly again at a con-
centration of 1000 ng/ml (Fig 2B). These results were further confirmed by the results from
EdU incorporation analysis. We found that the percentage of EdU positive (EdU+) cells in LPS
treatment group was much higher than control group, indicating the ratio of proliferative cells
in LPS treatment group is significantly higher than control group (Fig 2C and 2D). Taken
together, these data suggested that TLR4 ligand LPS treatment promoted the proliferation of
bone marrow MSCs.

TLR4 activation by LPS enhances osteogenic differentiation of MSCs
To reveal the role of TLR4 in the osteogenic differentiation of MSCs, we cultured the cells in an
osteogenic differentiated medium. LPS was added to the cultured medium at a final concentra-
tion of 1000 ng/ml to activated TLR4. The osteogenic differentiation of MSCs was evaluated by
calcium deposit and ALP activity in the differentiated cells. To detect calcium deposit, MSCs
were differentiated in the presence of LPS for 7, 15, 20, and 25 days. Alizarin red staining was
used to analysis the calcium deposit in the differentiated cells. We found that from the 15th
day after LPS treatment, the calcium deposit was remarkably increased as compared with con-
trol, and this effect increased in a time-dependent manner (Fig 3A and 3B). Then the ALP
activity in the differentiated cells was detected 3, 5, and 7 days after LPS treatment. The ALP
activity is enhanced notably at 5 and 7 days after LPS treatment (Fig 3C). From these data, we
can get a conclusion that TLR4 activation by its ligand LPS enhanced the osteogenic differenti-
ation of MSCs.

LPS treatment increases cytokine production in MSCs
MSCs have been revealed to be a major source of cytokines in the bone marrow tissues. Some
of these cytokines are critical in maintaining the microenvironment for bone tissue regenera-
tion, and plays an important role in stimulating MSC proliferation and differentiation. Cyto-
kines IL-6, IL-1β, and TNF-αplay a critical role in regulating MSC functions as demonstrated
in previously researches [33,34,35,36]. To reveal the effects of TLR4 activation on the cytokine
production of MSCs, we detected the mRNA and protein expression of IL-6, IL-1β, and TNF-
α. We found that the mRNA levels of IL-6 and IL-1β in MSCs were both upregulated after
treated with 1000 ng/ml LPS for 3 days. IL-6 mRNA level in LPS treated MSCs was nearly 20
times higher than control (Fig 4A). IL-1βmRNA levels was upregulated by 2.4 times in LPS
treated cells compare to control (Fig 4B). Similar results were found in IL-6 and IL-1β protein
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Fig 1. TLR4 ligand LPS treatment did not influence cell apoptosis of bonemarrow derived MSCs.
MSCs were treated with 1000 ng/ml LPS for 6 days. Total apoptotic cells were detected using flow cytometric
analysis with Annexin V and PI staining. (A, B)Representative images of control and LPS treated cells. (C)
Statistical results of six independent experiments.

doi:10.1371/journal.pone.0149876.g001
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expression as detected using ELISA 3 days after LPS treatment (Fig 4D and 4E). No significant
change of TNF-αmRNA and protein level was found after TLR4 ligand LPS treatment (Fig 4C
and 4F). These data suggested that TLR4 activation upregulated cytokines IL-6 and IL-1β pro-
duction in bone marrow MSCs.

TLR4 deletion eliminates the effects of LPS on MSC cytokine
production, proliferation and osteogenic differentiation
Previous studied suggested that LPS treatment could modify TLR4 expression [10,37]. Thus,
we detected the mRNA and protein expression of TLR4 in MSCs after LPS treatment. We

Fig 2. Effects of LPS treatment on the proliferation of MSCs. (A)MSCs were treated with 1000 ng/ml LPS for 1, 2, 3, or 6 days. Cell proliferation was
detected with CCK-8 kit assay. (B)MSCs were treated with various concentrations of LPS. Cell proliferation was examined on the sixth day of treatment with
CCK-8 kit assay. (C, D)MSCs were treated with 1000 ng/ml LPS for 6 days, and the proliferation of cells was analysis with EdU incorporation. (C) The
representative images (Scale bar: 100 μm), and (D) The statistical result. Data are presented as mean ± SEM from four independent experiments. *P<0.05,
**P<0.01.

doi:10.1371/journal.pone.0149876.g002
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found that TLR4 mRNA and protein level both increased significantly after LPS treatment (S2
Fig). To further reveal the effects of TLR4 on MSC proliferation and osteogenic differentiation,
we cultured MSCs from the bone marrow of TLR4-/- mice (S3 Fig). The effects of LPS on MSC
cytokine production, proliferation and differentiation were then studied using TLR4-/- MSCs.
We found that the effect of LPS on IL-6 and IL-1β production was abolished by TLR4 deletion
(S4 Fig). No difference in the cell proliferation of TLR4-/- MSCs was found after LPS treatment

Fig 3. Effects of LPS treatment on the osteogenic differentiation of MSCs. (A, B)MSCs were induced for
osteogenic differentiation in the presence of 1000 ng/ml LPS as indicated for 7, 15, 20, or 25 days. Alizarin
red staining and quantification was used to detect the osteogenic differentiation. (A) Representative images.
(B)Quantification of alizarin red. (C) ALP activity after MSCs were induced for osteogenic differentiation in
the presence of 1000 ng/ml LPS for 3, 5, or 7 days. Data shown are representative of four independent
experiments and presented as mean ± SEM. *P<0.05, **P<0.01.

doi:10.1371/journal.pone.0149876.g003
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for 6 days as detected by CCK-8 kit assay and EdU incorporation (Fig 5A–5C). Furthermore,
results from alizarin red staining showed that no change in calcium deposit in the differentiated
TLR4-/- cells after LPS treatment was found as detected 7, 15, and 25 days after differentiation.
In addition, the ALP activity was not changed after LPS treatment for 3, 5, and 7 days.
Together, these results suggested that TLR4 is essential for LPS-induced MSC proliferation,

Fig 4. Effects of LPS treatment on cytokine production of MSCs.MSCs were treated with 1000 ng/ml LPS for 3 days. The mRNA production of IL-6 (A),
IL-1β (B), and TNF-α (C) was detected by Real-time PCR. Data are from four independent experiments and presented as mean ± SEM. **P<0.01. MSCs
were cultured in a 96 well plate and treated with 1000 ng/ml LPS for 3 days. The concentration of IL-6 (D), IL-1β (E), and TNF-α (F) in the culture medium was
detected by ELISA. Data are from three independent experiments and presented as mean ± SEM. **P<0.01.

doi:10.1371/journal.pone.0149876.g004
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Fig 5. TLR4 knock out eliminate the effects of LPS on MSC proliferation and osteogenic
differentiation. (A)Wild type (WT) cells and TLR4 knock out (TLR4-/-) cells were treated with 1000 ng/ml
LPS for 6 days. Cell proliferation was examined by CCK-8 kit assay. (B, C) TLR4-/- cells were treated with
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osteogenic differentiation and cytokines production. The results further confirmed the role of
TLR4 activation in inducing MSC proliferation and osteogenic differentiation.

LPS treatment upregulates the expression of Wnt3a andWnt5a through
TLR4
Wnt signaling is critical in fate decision of stem cell development during the embryonic phase.
Recent researches indicate that Wnt signaling also plays an important role in regulating MSC
proliferation and differentiation in adult [20,21,24]. To explore the underlying mechanisms of
how TLR4 regulates MSC proliferation and osteogenic differentiation, we examined the
involvement of Wnt family member. We detected the mRNA levels of Wnt3a, Wnt5a, Wnt6,
Wnt10a, and Wnt10b in MSCs after LPS treated for 3 days. Only the mRNA expression of
Wnt3a and Wnt5a was significantly increased after TLR4 activation by LPS (Fig 6A). We then
analyzed the effects of LPS on the mRNA and protein expression of Wnt3a and Wnt5a. MSCs
were treated with 1000 ng/ml LPS for 1, 2, and 3 days. Wnt3a andWnt5a mRNA level in MSCs
and the protein concentration in the culture supernatants were examined. We found that both
Wnt3a and Wnt5a mRNA level were upregulated as detected in all the 3 days after LPS treat-
ment (Fig 6B and 6C). Furthermore, the protein concentration of Wnt3a andWnt5a in the cul-
ture medium was also increased in a time-dependent manner as detected by ELISA (Fig 6D
and 6E). To further confirm the relationship among Wnt3a, Wnt5a, and TLR4, the TLR4-/-

MSCs was used in the experiments. No change of Wnt3a andWnt5a mRNA expressions was
found after LPS treatment in TLR4-/- MSCs (Fig 6F and 6H). In addition, no increase of the
protein concentrations of Wnt3a andWnt5a was found in the culture supernatants of TLR4-/-

MSCs (Fig 6G and 6I). These results strongly indicated that TLR4 is essential for LPS-induced
Wnt3a and Wnt5a upregulation.

Wnt3a plays a critical role for TLR4-induced MSC proliferation, while
Wnt5a is involved in TLR4-induced MSC osteogenic differentiation
To explore the role of Wnt3a andWnt5a in TLR4-induced MSC proliferation and osteogenic
differentiation, specific siRNAs were used to silence Wnt3a andWnt5a expression before LPS
treatment (S5A and S5B Fig). We found that Wnt3a and Wnt5a silence has little effect on LPS-
induced IL-6 and IL-1β secretion (S5C–S5F Fig), which indicated that Wnt3a andWnt5a are
not involved in TLR4-induced cytokine production. The results from CCK-8 kit assay sug-
gested that Wnt3a silencing remarkably inhibited the effects of LPS on MSC proliferation (Fig
7A). However, Wnt5a siRNA treatment has little effect on eliminating the effects of LPS on
MSC proliferation (Fig 7B). The result was further confirmed by EdU incorporation assay (Fig
7C and 7D and S6A and S6B Fig). These results indicated that Wnt3a is critical for TLR4-in-
duced MSC proliferation, while Wnt5a plays little effect in this process. Followed, the effects of
LPS on the ALP activity in differentiated cells was detected after Wnt3a and Wnt5a specific
siRNAs transfection. We found that Wnt3a siRNA treatment has little influence on changing
the effects of LPS on ALP activity (Fig 7E). Wnt5a silence significantly antagonized the effects
of LPS on increasing ALP activity (Fig 7F). Furthermore, the same role of Wnt3a and Wnt5a

1000 ng/ml LPS for 6 days. Cell proliferation was detected by EdU incorporation assay. (B) The statistical
results. (C) Representative images of EdU staining (Scale bar: 50 μm). (D, E)MSCs were differentiated with
1000 ng/ml LPS for 7, 15, or 25 days. The osteogenic differentiation was detected by alizarin red staining and
quantification. Graph (D) shows the representative images, and (E) is the quantification results. (F) ALP
activity of TLR4-/- MSC-differentiated cells in the presence of 1000 ng/ml LPS. Data are presented as
mean ± SEM from four independent experiments. **P<0.01.

doi:10.1371/journal.pone.0149876.g005
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Fig 6. LPS treatment upregulatesWnt3a andWnt 5a expression through TLR4. (A)WTMSCs were treated with 1000 ng/ml LPS for 3 days, the mRNA
expression of Wnt family members was detected by real-time PCR. (B-E)WTMSCs were treated with 1000 ng/ml LPS for 1, 2, or 3 days, then the mRNA and
protein expression of Wnt3a andWnt5a were detected by real-time PCR and ELISA respectively. (B)mRNA expression of Wnt3a in WTMSCs after LPS
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siRNAs was found in influencing the calcium deposit in the differentiated cells. We found that
Wnt5a siRNA treatment significantly antagonized the effects of LPS on calcium deposit, while
Wnt3a siRNA has little effect on this process (Fig 7G and 7H and S6C and S6D Fig). These
results suggested that Wnt5a is involved in TLR4-induced MSC osteogenic differentiation,
while Wnt3a plays little effect in this process.

Discussion
TLR4 plays an important role in regulating MSC function. However, the exact functional roles
and mechanisms of TLR4 on bone marrow MSC proliferation and differentiation need further
study. Here, we found that activation of TLR4 enhances MSC proliferation and osteogenic dif-
ferentiation. In addition, we also revealed that Wnt3a mediated the effects of TLR4-induced
MSC proliferation, while Wnt5a is essential for the promotive effects of TLR4 on MSC osteo-
genic differentiation.

MSCs from bone marrow give rise to bone tissue. It is the basic cellular unit of embryonic
bone formation. MSCs also play a key role in fracture repair by differentiating into bone-form-
ing osteoblasts. Many exciting findings have been obtained in resent MSC transplantation
experiments in animal models. The enhancement of bone regeneration with MSCs is becoming
a clinical reality [7]. Among all types of the adult stem cells, MSCs are the easiest to isolate, and
are multipotent. In addition, MSCs can been easily expanded in vitro [38]. Thus, MSCs serve as
the best candidate cells for tissue engineering. To promote the application of MSCs in bone
regeneration and tissue engineering, an understanding of MSC biology is necessary.

MSC osteogenic differentiation is controlling by the coordinate activities of different signal-
ing pathways that regulate the expression of various osteoblast-specific genes. Recently, TLR4
signaling is found expressed in bone marrow derived MSCs and play a critical role in regulating
the function of MSCs [11]. Under pathological conditions, such as ischemia, traumatic injury,
inflammatory process, endogenous and exogenous bacteria could release TLR4 ligand LPS
which will activate TLR4 signaling in many different type of cells [39,40]. How MSCs maintain
their multipotency and capacity to self-renewal and differentiate in these pathological condi-
tions is not well understood. This is an important question for the further application of MSCs
in the clinic.

Our results shown that, TLR4 activation by LPS promoted MSC proliferation and osteo-
genic differentiation in vitro. Previous study has revealed that LPS is able to induce prolifera-
tion and osteogenic differentiation but reduce adipogenic differentiation of human adipose
tissue-derived MSCs in vitro [15]. However, the tissue origin of MSCs influences their TLR
profile as well as their functional properties such as cytokine secretion, proliferation and osteo-
genic potential [14,16]. The reason may due to the divergent levels of several important signal-
ing pathways which mediate TLR4 functions, such as LBP and TGFβ1 signaling [41]. Our
results provide evidence that TLR4 signaling plays an important role in regulating bone mar-
row derived MSC function. Understanding the role and mechanisms of TLR4 on MSC prolifer-
ation and differentiation may shed light on the bone remodeling. More importantly, it is also
critical for development of new therapy using MSCs under pathological condition by modula-
tion of TLR4 signaling activity.

treatment. (C) Protein level of Wnt3a in the culture supernatants after LPS treatment. (D)Wnt5a mRNA level in WTMSCs. (E)Wnt5a protein concentration in
the culture supernatants. (F-I) TLR4-/- MSCs were treated with 1000 ng/ml LPS for 1, 2, or 3 days, then the mRNA and protein expression of Wnt3a and
Wnt5a were detected as previously described. (F, G)Wnt3a mRNA expression in the TLR4-/- MSCs and protein concentration in the culture supernatants. (H,
I)Wnt5a mRNA level in the TLR4-/- MSCs and protein concentration in the culture supernatants. Data are from four independent experiments and presented
as mean ± SEM. **P<0.01.

doi:10.1371/journal.pone.0149876.g006
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It has become clear that MSCs also possess immunoregulatory properties during the past
few years [5,6]. We have detected the cytokine production in MSCs after TLR4 activation. We
found that IL-1β and IL-6 production in MSCs is upregulated after treated by TLR4 ligand
LPS. However, we did not find any changes in cell survival, indicating the production of these
cytokines does not kill the cells. Cytokines, IL-1β and IL-6 etc., induced by LPS may have the
function of enhance TLR4 expression in MSCs [10,37]. Our result confirmed that as proved by
the upregulation of TLR4 expression after LPS treatment. These results suggested that upregu-
lating TLR4 expressing may be another mechanism by which LPS modulating TLR4 signaling
activity in MSCs. IL-1β and IL-6 can also induce MSCs migration by inducing the expression
of chemokines [36]. Thus, the effects of LPS on cytokine secretion probably will enhance the
function of TLR4 on bone tissue generation from MSCs. It is found that prolonged exposure to
bacterial toxins downregulated expression of TLR4 in MSC-derived osteoprogenitors [42].
High concentration of LPS was found to reduce MSC proliferation, osteogenic differentiation,
and increase cell death [43]. These results suggested that the time phase and dose of TLR4
ligands treatment are also key factors in regulating MSC functions.

Exploring the molecular mechanisms of TLR4 on MSC functions is critical for developing
new therapy under pathological condition by modulating TLR4 activity. Till now, how TLR4
activation regulates MSC proliferation and differentiation is unclear. Published data suggest
that Wnt signaling is critical in determining both embryonic and adult MSC fate. Wnt6,
Wnt10a and Wnt10b are found to inhibit adipogenesis and stimulate osteoblastogenesis
through a β-catenin-dependent mechanism [25]. Wnt3a signaling promotes the proliferation,
myogenic differentiation, and migration of bone marrow derived MSCs [20,21]. Wnt5a is nec-
essary to maintain osteogenic potential of human MSCs, and it is also found to mediate the
effects of the LIM-only protein FHL2 on osteogenic differentiation of MSCs [23,24]. However,
the interactions of TLR4 and Wnt signaling and their functions in regulating the proliferation
and differentiation of MSCs are unknown. We screened the mRNA expressions of Wnt family
members Wnt3a, Wnt5a, Wnt6, Wnt10a, and Wnt10b in response to TLR4 ligand LPS treat-
ment. We found that Wnt3a andWnt5a mRNA and protein levels are significantly upregulated
after TLR4 activation by LPS. Further studies using Wnt3a and Wnt5a specific siRNA revealed
that Wnt3a is critical for TLR4-induced MSC proliferation. Wnt5a is essential for mediating
the effects of TLR4 on MSC osteogenic differentiation. Our data revealed the interactions
between TLR4 and Wnt signaling member Wnt3a andWnt5a, and the functional role of this
interaction in regulating MSC proliferation and osteogenic differentiation. It is found that LPS
enhances Wnt5a expression through TLR4, myeloid differentiating factor 88, phosphatidylino-
sitol 3-OH kinase/AKT and nuclear factor Kappa B pathways in human dental pulp stem cells
[22]. TLR4 was also reported to downregulate the Wnt pathway in enterocytes in the ileum of
newborn mice [44]. These results raise the possibility that TLR4 may play diverse role in regu-
lating Wnt signaling in different tissues. Our data revealed that both Wnt3a and Wnt5a play

Fig 7. Proliferation and osteogenic differentiation of MSCs in the presence of LPS after Wnt3a and
Wnt5a silence. (A-D)MSCs were treated byWnt3a andWnt5a siRNA. The effect of LPS on MSC
proliferation was detected using CCK-8 kit assay and EdU incorporation. (A, B)MSCs were transfected with
Wnt3a andWnt5a siRNA, then the cells were treated with 1000 ng/ml LPS for 6 days. Cell proliferation was
detected by CCK-8 kit assay. (C, D) Statistical results of cell proliferation from EdU incorporation as detected
6 days after LPS treatment. Representative images see S6 Fig. (E-H)Wnt3a andWnt5a expression were
silenced by specific siRNA, then the cells were differentiated in the presence of 1000 ng/ml LPS. ALP activity
and alizarin red staining was used to analyzed the effects of LPS on osteogenic differentiation of MSCs. (E,
F) ALP activity in MSC-differentiated cells 7 days after LPS treatment. (G, H)Quantification of alizarin red
staining in MSC-differentiated cells 15 days after LPS treatment. Representative images of alizarin red
staining see S6 Fig. Data are from three independent experiments and presented as mean ± SEM. *P<0.05,
**P<0.01.

doi:10.1371/journal.pone.0149876.g007
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critical, but different, roles in TLR4-induced MSC proliferation and osteogenic differentiation.
However, Wnt3a and Wnt5a silence has little effect on the LPS-induced cytokines production.
Probably other mechanisms exist in mediating the effects of TLR4-induced cytokine secretion
in MSCs. We did not analysis the dynamic changes and functions of all the Wnt family mem-
bers during the whole process of MSC migration, proliferation, osteogenic differentiation, and
maturation. In addition, we could not exclude that other Wnt family members is involved in
MSC proliferation and osteogenic differentiation only depending on the results of their expres-
sion in this process. Further researches are still needed to further exploring the dynamic role of
different Wnt family members in controlling the MSC fate and their interaction with TLR4. To
do this, the specific Wnt-CreER recombinase transgenic mice are probably needed to condi-
tionally delete the Wnt expression at different stages to determine the role of Wnt signaling in
vivo.

In conclusion, we have revealed the regulation of TLR4 onWnt signaling in bone marrow
derived MSCs and their function in determining the proliferation and differentiation of MSCs.
These finding provide new data to understand the role of TLR4 in regulating MSC fates and
the underlying molecular mechanisms. These data also provide new insight in developing new
therapy using MSCs by modulating TLR4 signaling activity.

Supporting Information
S1 Fig. Identification of bone marrow derived MSCs from wild type mice. The flow cyto-
metric analysis shows that the cultured cells are CD29 (B) and CD44 (C) positive. The cells are
also CD31 (D) and CD45 (E) negative.
(TIF)

S2 Fig. LPS treatment increases TLR4 expression in MSCs. (A) The mRNA expression of
TLR4 in MSCs was upregulated after 1000 ng/ml LPS treated for 3 days as detected by real-
time PCR analysis. (B, C) The protein level of TLR4 is increased by LPS treatment as detected
by western blotting analysis. Data are from three independent experiments and presented as
mean ± SEM. �P<0.05, ��P<0.01.
(TIF)

S3 Fig. (A) PCR identification of TLR4 KO mice. Genomic DNAs were extracted from tails of
the mouse and were analyzed by PCR using the following primers: wild-type TLR4 primer
(5'ATATGCATGATCAACACCACAG 3' and 5' TTTCCATTGCTGCCCTATAG 3'), mutant
TLR4 primer (5'GCAAGTTTCTATATGCATTCTC 3' and 5' CCTCCATTTCCAATAGG-
TAG 3'). The 140 bp band is the mutant TLR4 (lane 2 to 4), while the 390 bp band represented
the wild-type genotype of TLR4 (lane 5 to 7). (B-E) Characteristic of bone marrow derived
MSCs from TLR4 KOmice. The cultured cells are CD29+ (B), CD44+ (C), CD31 -(D), and
CD45 -(E).
(TIF)

S4 Fig. TLR4 deletion eliminates the effect of LPS on MSC cytokine production. TLR4-/-
MSCs were treated by 1000 ng/ml LPS for 3 days, the mRNA ecpression of IL-1β (A) and IL-6
(B) were detected by real-time PCR. No change was found in both of IL-1β and IL-6 mRNA
expression. Data are from three independent experiments and presented as mean ± SEM.
(TIF)

S5 Fig. (A, B)Wnt3a and Wnt5a siRNA transfection effectively silence Wnt3a andWnt5a
expression. MSCs were transfected with Wnt3a and Wnt5a siRNA respectively. The mRNA
expression of Wnt3a (A) and Wnt5a (B) was detected by real-time PCR 2 and 4 days after
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transfection. Data are from three independent experiments and presented as mean ± SEM.
��P<0.01. (C-F) Effects of Wnt3a and Wnt5a silence on LPS-induced cytokine production in
MSCs. Wild type MSCs were transfected with Wnt3a (C, D) or Wnt5a (E, F) siRNA respec-
tively, the mRNA expression of IL-1β and IL-6 was then detected by real-time PCR. Data are
from three independent experiments and presented as mean ± SEM. ��P<0.01.
(TIF)

S6 Fig. (A, B) Representative images of EdU incorporation as detected 6 days after LPS treat-
ment in Wnt3a andWnt5a silence cells. Scale bar: 50 μm. (C, D) Representative images of aliz-
arin red staining as detected 15 days after LPS treatment. Scale bar: 100 μm.
(TIF)
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