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Abstract

The differentiation of mesenchymal stem cells (MSCs) into type II alveolar epithelial (AT II) cells in vivo

and in vitro, is critical for reepithelization and recovery in acute lung injury (ALI), but the mechanisms 

responsible for differentiation are unclear. In the present study, we investigated the role of the canonical 

wnt pathway in the differentiation of mouse bone marrow–derived MSCs (mMSCs) into AT II cells. Using 

a modified co-culture system with murine lung epithelial-12 (MLE-12) cells and small airway growth 

media (SAGM) to efficiently drive mMSCs differentiation, we found that GSK 3  and -catenin in the 

canonical wnt pathway were up-regulated during differentiation. The levels of surfactant protein (SP) C, 

SPB and SPD, the specific markers of AT II cells, correspondingly increased in mMSCs when Wnt3a or LiCl 

was added to the co-culture system to activate wnt/ -catenin signaling. The expression of these factors 

was depressed to some extent by inhibiting the pathway with the addition of DKK 1. The differentiation 

rate of mMSCs also depends on their abilities to accumulate and survive in inflammatory tissue. Our 

results suggested that the activation of wnt/ -catenin signaling promoted mMSCs migration towards ALI 

mouse-derived-lung tissue in a Transwell assay, and ameliorated the cell death and the reduction of 

Bcl-2/Bax induced by H2O2, which simultaneously caused reduced GSK 3  and -catenin in mMSCs. 

These data supports a potential mechanism for the differentiation of mMSCs into AT II cells involving 

canonical wnt pathway activation, which may be significant to their application in ALI. 
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Introduction

Type II alveolar epithelial cells (AT II cells) with cuboidal morphous, make up 60% of the total alveolar 

epithelial cells. Characterized by their synthesis and secretion of alveolar surfactant to reduce surface 

tension and prevent collapse of the alveoli, and by their ability to differentiate into the type I alveolar 

epithelial cells (AT I cells) to serve as progenitor cells for reepithelization of impaired alveoli, AT II cells are 

significant in both physiological and pathological conditions (Matthay et al., 2005). The repair and 

regeneration of injured AT II cells is therefore critical for the recovery of patients with acute lung injury 

(ALI), in which diffuse damage to the alveolar epithelial barrier leads to a mortality as high as 34-44 

percent (Phua et al., 2009).  

Mesenchymal stem cells (MSCs) with multipotent capacity into three lineages, proliferation potential, 

and migration ability to injured or inflammatory sites were found recently to be able to alleviate 

pathological impairment, promote rehabilitation of alveolar epithelium, inhibit inflammatory response, 

even improve survival in several ALI models after systematic or intratracheal administration (Lee et al., 

2009; Gupta et al., 2007; Ortiz et al., 2003; Zhao et al., 2008). Recently, the possibility of differentiation of 

MSCs into AT II cells in vitro and in vivo, which mediated the advantage of MSCs in maintaining the 

integrity of alveolar epithelium in ALI has been brought forward (Serikov et al., 2007; Berger et al., 2006; 

Ma et al., 2011; Rojas et al., 2005). However, the engraftment and differentiation rate of MSCs in injured 

lungs were limited (Ortiz et al., 2003). The therapeutic effects of MSC-based treatments could potentially be 

improved with elucidation of the mechanisms underlying the engraftment and differentiation of MSCs in 

injured lung tissue, which remain unclear. 



The wnt signaling pathway, as we know, is one of the fundamental pathways in cell proliferation, cell 

polarity and fate determination during embryonic development and tissue homeostasis (Logan and Nusse, 

2004). The canonical wnt pathway, which depends on the accumulation of -catenin, is the most critical 

and widely studied wnt signaling cascades. Briefly, in absence of wnt ligands, cytoplasmic -catenin is 

phosphorylated by glycogen synthase kinase 3  (GSK 3 ) and casein kinase 1 (CK1) belonging to the Axin 

complex. Phosphorylated -catenin is subsequently recognized by -Trcp, an E3 ubiquitin ligase subunit, 

resulting in ubiquitination and proteasomal degradation of -catenin (MacDonald et al., 2009). Canonical 

wnt signaling is activated when wnt ligands, such as wnt 1, 2, or 3a, bind to the co-receptors of Frizzled (Fz) 

and low-density lipoprotein receptor related protein (LRP) 5 or 6. This binding results in the inhibition of 

the Axin complex and GSK 3 , leading to the dephosphorylation and stabilization of -catenin in 

cytoplasm and its translocation into nucleus, where to regulate the target gene expression (Gordon and 

Nusse, 2006). 

Several recent studies have shown that wnts and their downstream canonical signaling have critical 

effects on the self-renewal and differentiation of MSCs, which express a number of ligands, receptors and 

inhibitors of this pathway (Etheridge et al., 2004). Canonical wnt signaling seems to play different roles in 

the differentiation of MSCs, depending on the specific wnt ligands and receptors involved, the target cells 

and the developmental stage (Ling et al., 2009). Some investigations have suggested that activation of 

wnt/ -catenin signaling by wnt ligands, small molecule disturbance or genetic mutations could inhibit 

adipogenesis but stimulate osteoblastogenesis of MSCs (Qiu et al., 2007; Cawthorn et al., 2011; Gwak et al., 

2011; Shen et al., 2011), however some other studies found that canonical wnt signaling suppressed 

osteogenic differentiation (Cho et al., 2006; Boland et al., 2004). Except for during their mesenchymal 



differentiation, other studies found that canonical wnt signaling promoted neuronal differentiation of 

MSCs (Kondo et al., 2011) or negatively regulated their differentiation into hepatocytes (Ke et al., 2008). It 

has also been recently noted that the canonical wnt pathway has an inhibitory influence on the 

differentiation of MSCs into airway epithelial cells (Wang et al., 2009), suggesting that canonical wnt 

signaling may have a critical effect on the differentiation of MSCs into AT II cells. The aims of our study 

were to explore the role of canonical wnt signaling in the differentiation of MSCs into AT II cells in a 

modified co-culture system, and to examine the ability of mMSCs to migrate through Tranwell inserts to 

injured lung tissue and survive under cytotoxic conditions induced by oxidative stress in vitro. The latter 

two properties can promote the localization and survival of MSCs in impaired lung tissue, thus indirectly 

influencing the differentiation of MSCs into AT II cells. 

Materials and methods 

Cell culture 

Mouse MSCs (mMSCs), isolated from bone marrow of C57BL/6 mice, were obtained from Cyagen 

Biosciences Inc. (China). Identification of the cells according to the cell surface phenotypes and 

multipotency was performed by the supplier. The cell surface phenotypes were CD34+, CD44+, CD29+, 

SCA-1+ and CD117-, characterized by fluorescence-activated cell sorting (FACS) analysis (Fig. 1A), and the 

cells had the potential for differentiation along the adipogenic, osteogenic, and chondrogenic lineages as 

determined by staining with oil red-O, alizarian red or alcian blue respectively, following culture in 
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adipogenic , osteogenic or chondrogenic differentiation media (Cyagen Biosciences Inc., China) for two to 

three weeks (Wu et al., 2011; Yang et al., 2011) (Fig. 1C-E), thus verifying their identity as mesenchymal 

stem cells. Murine lung epithelial (MLE)-12 cells, purchased from American Type Culture Collection 

(ATCC, USA), and the mMSCs were cultured in Dulbecco's modified Eagle media/nutrient mixture F-12 

(DMEM/F12) 1:1 mixture (Thermo Scientific Hyclone, USA) supplemented with 2% (for MLE-12 cells) or 

10% (for mMSCs) fetal bovine serum (FBS, Wisent Inc. Canada), 100 U/ml penicillin and 100 g/ml 

streptomycin (Thermo Scientific Hyclone) in a humidified 5% CO2 incubator at 37°C.  

The differentiation of mMSCs into AT II cells 

The differentiation of mMSCs into AT II cells was induced by indirectly co-culturing mMSCs with 

MLE-12 cells and/or by adding small airway growth media, which consisted of small airway epithelial 

basal media and supplements including 0.5 mg/ml bovine serum albumin, 30 g/ml bovine pituitary 

extract, 0.5 g/ml hydrocortisone, 0.5 ng/ml epithelial growth factor, 0.5 g/ml epinephrine, 5 g/ml 

insulin, 6.5 ng/ml triiodothyronine, 10 g/ml transferring and 0.1 ng/ml retinoic acid (SAGM, Lonza 

Group Ltd., Swizerland). Briefly, 1×104 mMSCs in 1.5 ml DMEM/F12 supplemented with 10% FBS were 

seeded in each well of 6-well cell culture plates. Subsequently, Transwell inserts (0.4 m pore zise, 4.5 cm2,

Corning, Inc., USA) loaded with 1×104 MLE-12 cells in 1 ml DMEM/F12 supplemented with 10% FBS were 

added to some of the wells to establish the co-culture system. After mMSCs reaching 80% confluence three 

days later, the culture media was replaced with SAGM in a portion of the wells with mMSCs alone and 

with co-culture. After another 7 days, we removed the inserts and harvested mMSCs for western blotting, 

quantitative real-time PCR (qRT-PCR) and electron microscopy analysis. To investigate the role of 
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canonical wnt signaling in the differentiation, 150 ng/ml Wnt3a (Pepro Tech, Inc., USA), 4 mmol/L lithium 

chloride (LiCl, Sigma, USA) or 200 ng/ml DKK 1 (Pepro Tech, Inc.) was used to activate or inhibit the 

canonical wnt pathway in the co-cultured conditions.  

Cell proliferation and viability assay 

The proliferation and viability of mMSCs were measured using a modified 3-(4, 

5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium (MTT, Sigma) assay. Briefly, 1×103 mMSCs in 100 l

DMEM/F12 supplemented with 2% FBS were seeded into flat-bottomed 96-well culture plates. To 

determine the influence of canonical wnt signaling on the proliferation and viability under conditions of 

oxidative stress with hydrogen peroxide (H2O2, Sigma), mMSCs at 30-40% confluence (for proliferation 

assay) or 75-85% confluence (for survival in H2O2-treatment), were exposed to various concentrations of 

Wnt3a or LiCl in DMEM/F12 supplemented with 2% FBS for the indicated time in absence or presence of 

H2O2. After removing the media, MTT solution (5 mg/ml in phosphate buffer saline (PBS)) was added to 

the cells, which were then incubated at 37°C for 4 hours. The resulting formazan was then solubilized in 

150 l dimethyl sulfoxide (DMSO, Sigma) and quantified by measuring absorbance at 570 nm (630 nm as a 

reference).

Cell migration assay 

The migration of mMSCs was determined through Transwell migration assay. Transwell inserts (6.5 

mm diameter and 8 m pore size, Corning, Inc.) were loaded with 1×104 mMSCs in 200 l serum-free 

DMEM/F12 containing various concentration of Wnt3a, LiCl or DKK 1, and either 600 l conditioned 



media of lung tissue obtained from normal or ALI mice or 600 l DMEM/F12 supplemented with 10% 

FBS was added in the lower chambers. The ALI mice were induced with intratracheal instillation of 2 

mg/kg Lipopolysaccharides (LPS, Sigma) according to our previous research (Liu et al., 2012). Male 

C57BL/6 mice between 6 and 8 weeks of age were used in this study, which was approved by the local 

Institutional Animal Care and Use Committee. Then, the mice were sacrificed after 24 hours, and the lung 

tissue subsequently cut into small pieces was removed. The cells were allowed to migrate in a humidified 

CO2 incubator at 37°C for 10 hours and the resulting migratory cells were detected with crystal violet 

(Beyotime Institute of Biotechnology, China). Briefly, after removing the cells remaining on the upper 

surface of the filter with cotton swabs, the cells that migrated to the lower surface were stained with 

crystal violet for 20 minutes, and the average number of cells that migrated was determined by 

counting the stained cells in five fields under a microscope (×200). 

Transmission electron microscopy assay 

Trypsinized cells were rinsed in PBS and pelleted by centrifugation. The cells were then fixed in 2.5% 

glutaraldehyde in 1 ml PBS and post-fixed in 1% osmium tetroxide followed by three washes with PBS. 

Samples were subsequently dehydrated in a graded ethanol series and embedded in Araldite resin blocks. 

Ultra-thin sections cut from the blocks were stained with uranyl acetate and lead citrate prior to imaging 

with a transmission electron microscope (JEM-1011, JEOL Ltd., Japan). 

Western immunoblot analysis 

RIPA lysis buffer (Beyotime Institute of Biotechnology) supplemented with 1 mmol/L PMSF, 1 



mmol/L NaF and 1 mmol/L Na3VO4 and nuclear protein extraction kit (Beyotime Institute of 

Biotechnology) were used to extract total protein, plasma protein, and nucleoprotein from cells or lung 

tissue in according to the manufacturer’s instructions. Protein was separated by 10 or 12% sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then electro-transferred to PVDF membranes 

(Millipore, USA). The membranes were blocked for 1 hour at room temperature in tris-buffered saline (TBS) 

at PH 7.4 containing 0.1% Tween 20 and 5% bovine serum albumin, then incubated at 4°C overnight with 

primary antibodies against phosphorylated GSK 3  (Ser9), -catenin (Cell Signaling Technology, USA), 

pro-surfactant protein C (pro-SPC) (Millipore), wnt3a (R&D System, USA), total GSK 3 , Bax, Bcl-2 and 

-actin (Santa Cruz Biotechnology, Inc., USA) respectively, and subsequently incubated for 1 hour at room 

temperature with a horseradish peroxidase-conjugated secondary antibody (Zhongshan Golden Bridge 

Biotechnology Co., Ltd., China). Immunoreactive bands were then detected with chemiluminescence 

reagents (Thermo Scientific, USA).  

Quantitative real-time polymerase chain reaction 

The expression level of surfactant protein (SP) B, SPC, SPD and aquaporin (AQP) 5 mRNA in mMSCs 

were analysed via qRT-PCR. Firstly, total RNA was extracted from the cells using 1 ml TRIzol reagent 

(Takara Bio, Inc., Japan) for each well of the six-well culture plates followed by phase separation according 

to the manufacturer’s instructions. RNA was precipitated by adding an equal volume of isopropanol to the 

collected aqueous phase. Next, 2 g total RNA was reverse transcribed to yield single-stranded cDNAs 

using Rever Tra Ace®qPCR RT Kit (Toyobo Co., Ltd., Japan) according to the manufacturer’s instructions. 

The qRT-PCR reaction was performed using THUNDERBIRD SYBR®qPCR Mix (Toyobo Co., Ltd.) and the 



ABI Prism 7300 Sequence Detection System (Applied Biosystems, USA). Each sample was analyzed in 

triplicate with forty PCR cycles, each of which consisted of a denaturation step at 95°C for 15 seconds, an 

annealing step at 56°C for 20 seconds, and an extension step at 72°C for 40 seconds. The primer sequences 

used for PCR amplification in our study were designed based on the sequences of the genomic clones  and 

are as follows: 

5’-CTGCTTCCTACCCTCTGCTG-3’  (forward) SPB (175bp: NM_147779)

5’-CTTGGCACAGGTCATTAGCTC-3’  (reverse) 

5’-CATCGTTGTGTATGACTACCA-3’  (forward) SPC (137bp: NM_011359) 

5’-CCTGGAAGTTCTGGAGTTTTCT-3’  (reverse) 

5’-CCTGACAAACAGAGGTGCATT-3’  (forward) SPD (75bp: NM_009160) 

5’-GAGAAAGGGCAGCATGTCAG-3’  (reverse) 

5’-AGAAGGAGGTGTGTTCAGTTGC-3’  (forward) AQP5 (220bp: NM_009701) 

5’-GCCAGAGTAATGGCCGGAT-3’  (reverse) 

5’-TATGTCGTGGAGTCTACTGGT-3’  (forward) GAPDH (149bp: NM_008084) 

5’-GAGTTGTCATATTTCTCGTGG-3’  (reverse) 

Statistical analysis 

Data was presented as Mean ± standard deviation (SD). Comparison among groups was performed by 

the analysis of variance (ANOVA) followed by Tukey’s test. P values less than 0.05 were considered as 

statistically significant.  



Results

Morphological changes in mMSCs differentiated into AT II cells 

Under normal culture conditions, mMSCs had a typical fibroblast-like spindle appearance (Fig. 2A).

After 10 days of differentiation driven by co-culture with MLE-12 cells and/or adding SAGM, some 

mMSCs presented epithelia-like cobblestone cell morphology (Fig. 2B). In further ultrastructural 

observations with transmission electron microscopy, lamellar body-like structures, a typical organelles of 

AT II cells, and numerous vacuoles were found within the cytoplasm and near the cell surface of mMSCs 

differentiated by co-culture plus SAGM, but not in control cells. However, the lamellar bodies were quite 

rare in differentiated mMSCs (Fig. 2C-E).

Markers of AT II cells expressed by differentiated mMSCs 

The gene transcription levels of SPC, the key marker specific to type II alveolar epithelial cells, SPB and 

SPD, were measured by qRT-PCR, and protein expression for pro-SPC was evaluated through western 

blotting. To examine the possibility of mMSCs differentiating into AT I cells, we analyzed the mRNA 

expression of the AQP5, a marker of AT I cells, through qRT-PCR. We found that the expression of pro-SPC 

protein, and of SPB, SPC, SPD mRNA in mMSCs was significantly elevated after their differentiation by 

either co-culture or SAGM (#P<0.05, ##P<0.01). Compared to these two individual methods of 

differentiation, a more significant enhancement in mMSCs expression of the epithelial cell factors was 

observed when they were exposed to co-culture and SAGM in combination (*, P<0.05; **, P<0.01) 

(Fig. 2F, G), leading us to choose the combined condition for our further experiments. AQP5 mRNA 



increased in mMSCs after co-culture with or without SAGM, but no significant difference was observed 

between these two conditions (Fig. 2G).

Regulation of the canonical wnt pathway in mMSCs by Wnt3a, LiCl or DKK 1  

In our study, the activators Wnt3a and LiCl and the inhibitor DKK 1 were used to modulate the 

canonical wnt pathway in mMSCs. The expression levels of phosphorylated GSK 3  (Ser9), total GSK 3

and nuclear -catenin were evaluated by western blotting analysis after incubation of mMSCs with 15, 50, 

150 or 300 ng/ml Wnt3a, or 0.4, 1 or 4 mmol/L LiCl, or 200 ng/ml DKK 1 alone or along with 150 ng/ml 

Wnt3a in DMEM/F12 media with 10% FBS for 1 day. Our data suggested that both p-GSK 3  (Ser9)/total 

GSK 3  and nuclear -catenin accumulation were enhanced in a concentration-dependent manner with 

increasing concentrations of Wnt3a or LiCl, while their levels remained unchanged or decreased when 

DKK 1 was added to the media with or without Wnt3a. Based on the finding,  150 ng/ml Wnt3a and 4 

mmol/L LiCl, which activated wnt/ -catenin signaling to a maximum extent, and 200 ng/ml DKK 1 

which effectively inhibited the activation of the signaling were employed in our subsequent experiments 

(#P<0.05, ##P<0.01) (Fig. 3A, B).

Canonical wnt pathway activation during the differentiation of mMSCs into AT II cells  

Western blot analysis demonstrated an up-regulation of phosphorylated GSK 3  (Ser 9)/total GSK 3

in cytoplasm and nuclear -catenin after 10 days of differentiation (#P<0.05). Adding 4 mmol/L LiCl or 150 

ng/ml Wnt3a to the differentiated system caused further activation of the wnt pathway, while adding 200 

ng/ml DKK 1 reversed the activation (*P<0.05) (Fig. 3C).



Activation of the canonical wnt pathway promoted mMSCs differentiation into AT II cells 

To investigate the role of canonical wnt signaling in the differentiation of mMSCs into AT II cells, we 

supplemented the co-culture system plus SAGM condition with 4 mmol/L LiCl, 150 ng/ml Wnt3a or 200 

ng/ml DKK 1. After 10 days of cultures, the SPB, SPC and SPD mRNA levels in the mMSCs were 

significantly elevated in both the LiCl and Wnt3a-supplemented groups, and the SPC and SPD mRNA 

were significantly reduced by DKK 1 incubation (*P<0.05, **P<0.01) (Fig. 4B). Additionally, 

supplementation with 150 ng/ml Wnt3a increased the AQP5 mRNA in the mMSCs compared to the 

co-cultured mMSCs without supplementation (**P<0.01) (Fig. 4B).

Activation of the canonical wnt pathway increased mMSCs proliferation 

The effect of canonical wnt pathway activation on mMSCs proliferation was evaluated by MTT assay 

following separate incubation of mMSCs with increasing concentrations of Wnt3a (5-200 ng/ml), or LiCl 

(0.25-5 mmol/L) for 36 hours or 72 hours. We observed a concentration-dependent increase in proliferation 

of mMSCs incubated with increasing concentrations of LiCl or Wnt3a for 72 hours, with a maximum 

proliferative increase of 132% at 1 mmol/L LiCl and 127% at 150 ng/ml Wnt3a (#P<0.05, ## P<0.01) (Fig. 

5A, B). However, there was no significant difference in proliferation between the mMSCs treated with LiCl 

or Wnt3a for 36 hours and the corresponding control group (Fig. 5A, B).

Effect of cellular toxicity from oxidative stress on viability and canonical wnt signaling in mMSCs 

H2O2 was used to induce oxidative stress in the present study. Increasing H2O2 concentrations (0.05, 0.1, 



0.2, 0.3 and 0.4 mmol/L) reduced the viability of mMSCs in a concentration-dependent manner (#P<0.05, 

## P<0.01) (Fig. 6A). The minimum concentration of H2O2 that significantly inhibited viability, 0.1 mmol/L 

in growth media (P<0.05), was chosen for subsequent experiments. Bax is a pro-apoptotic factor critical for 

the increased permeability of mitochondrial membranes and the release of cytochrome C that activates 

caspase 9, and Bcl-2 can inhibit the effect of Bax. The balance between these two proteins determines the 

survival or death of a cell (Hotchkiss et al., 2009). As assessed by western blotting analysis, exposure of 

mMSCs to 0.1 or 0.2 mmol/L H2O2 significantly reduced Bcl-2 protein levels, resulting in a decreased 

Bcl-2/Bax ratio in these cells (#P<0.05, ## P<0.01) (Fig. 6B). The evaluation of canonical wnt signaling 

proteins by western blotting showed that H2O2 treatment significantly reduced the phosphorylation of 

GSK 3  (Ser9) and the accumulation of -catenin (#P<0.05, ## P<0.01) (Fig. 6B).

Activation of canonical wnt pathway protected mMSCs from oxidative stress induced injury 

To determine the influence of canonical wnt signaling on the H2O2-induced loss of mMSCs viability, 

mMSCs were preincubated with 1 or 4 mmol/L LiCl or 50 or 150 ng/ml Wnt3a. It was found that Wnt3a 

treatment offered significant protection against cell death induced by the incubation of mMSCs with 

0.1mmol/L H2O2 for 24h (*P<0.05, **P<0.01) (Fig. 6C). Correspondingly, the decreased Bcl-2/Bax ratio in 

the H2O2-treated mMSCs was reversed by activation of the canonical wnt pathway. Conversely, adding 

DKK 1 to MSC culture media slightly enhanced the negative effect of H2O2 on the Bcl-2/Bax ratio (Fig. 6D).

Activation of the canonical wnt pathway promoted migration of mMSCs  

Treatment of mMSCs with 0.4, 1, or 4 mmol/L LiCl or 15, 50, or 150 ng/ml Wnt3a promoted their 



migration to the lower chambers containing a higher concentration of FBS. Treatment with 1 or 4 mmol/L 

LiCl and 50, 150 ng/ml Wnt3a significantly increased migration with a maximum increment of 166% 

compared to the untreated condition (**P<0.01) (Fig. 7A, C-F). We subsequently examined mMSCs 

migration to conditioned media from lung tissue obtained from normal or ALI mice in the lower chambers 

of the Transwell inserts and the influence of canonical wnt pathway activation on this process. We found 

that ALI lung tissue attracted more mMSCs than the normal lung tissue (*P<0.05), and incubation with 4 

mmol/L LiCl or 150 ng/ml Wnt3a further enhanced the migration of mMSCs ( P<0.05) (Fig. 7B, G-K).

Higher levels of wnt ligands in lung tissue of ALI mice activated the canonical wnt pathway in mMSCs 

To explore the levels of wnt ligands in normal or inflammatory lung tissue, wnt3a expression in lung 

tissue was analyzed via western blotting. We found a significantly higher expression of wnt3a in ALI 

mouse-derived lung tissue than in normal ones (#P<0.05) (Fig. 8A). We then examined canonical wnt 

signaling activity in mMSCs incubated with conditioned media from normal or ALI mouse-derived lung 

tissue for 1 hour. The results showed that the nuclear accumulation of -catenin was significantly elevated 

in mMSCs incubated with injured lung tissue compared to mMSCs incubated with normal ones (## P<0.01)

(Fig. 8B).

Discussion

With the capacity of multilineage differentiation, MSCs have been considered one of the most likely 

sources of endogenous tissue repair. Their efficacy in the repair of ALI has been described in several 



studies (Lee et al., 2009; Gupta et al., 2007; Ortiz et al., 2003; Zhao et al., 2008). AT II cells can either secrete 

surfactant proteins to inhibit collapse of the alveoli or differentiate into type I alveolar epithelial cells for 

reepithelization of the injured lung tissue (Matthay et al., 2005). Thus, promoting the repair and 

regeneration of AT II cells is important for recovery from ALI. The differentiation of MSCs into AT II cells 

in ALI animals and in some in vitro conditions (Serikov et al., 2007; Berger et al., 2006; Ma et al., 2011; Rojas 

et al., 2005) are possible approaches for AT II cell restoration, but little is known about the detailed 

mechanisms underlying this process. In our study, we found that the canonical wnt signaling pathway was 

involved in the differentiation of mMSCs into AT II cells in vitro, and activation of this pathway with 

Wnt3a or LiCl favored the differentiation of MSCs into AT II cells in a co-culture system.  

Co-culture is an effective method to drive the differentiation of stem cells (Denham et al., 2006; Van 

Vranken et al., 2005). The cells co-cultured with stem cells may spontaneously release humoral factors that 

provide localized, essential stimuli required for stem cell differentiation. Popov and colleagues (Popov et 

al., 2007) co-cultured MSCs with human lung epithelial lines A-549 cells resulting in endodermal 

differentiation of the MSCs. Using MLE-12 cell extracts to induce embryonic stem cell differentiation into 

AT II cells, Qin et al. (Qin et al., 2005) suggested that MLE-12 cells may supply appropriate environmental 

factors necessary for the differentiation process. In the present study, we established a co-culture system 

with mMSCs and MLE-12 cells separated by a Transwell insert. After 10 days of co-culture, the expression 

of SPC, SPB and SPD, which are specific functional markers of AT II cells, was increased in mMSCs as 

detected by western blotting or qRT-PCR. SAGM, a specific media for pulmonary epithelial cells, was 

utilized in several previous studies of the differentiation of MSCs or embryonic stem cells into AT II cells 

(Lin et al., 2010; Berger et al., 2006; Ma et al., 2011; Rippon et al., 2004; Rippon et al., 2006; 



Samadikuchaksaraei and Bishop, 2007). In our study, we also found that mMSCs incubated with SAGM for 

7 days expressed AT II cell markers. Furthermore, adding SAGM into our co-culture system resulted in 

more significant expression of AT II cells markers and more evident formation of lamellar bodies, 

suggesting that a combination of the two approaches is a more efficient way to drive MSCs differentiation 

into AT II cells leading us to choose this condition for our subsequent experiments. Additionally, an 

increase in the AT I cell marker AQP5 mRNA observed in co-cultured cells with or without SAGM 

suggested that mMSCs or AT II cells differentiated from mMSCs might be able to differentiate into AT I

cells under the co-culture conditions.  

Elucidation of the mechanisms underlying the differentiation of mMSCs into AT II cells may contribute 

to the development of ALI therapy. The canonical wnt pathway is a fundamental regulatory pathway in 

the development, differentiation and other physiological functions of cells and organisms (Logan and 

Nusse, 2004). Many ligands and receptors belonging to this pathway are expressed in MSCs and can 

influence the biological functions of MSCs including their proliferation, migration and fate decision (Ling 

et al., 2009). Therefore, we hypothesized that canonical wnt signaling pathway played an important role in 

the differentiation of MSCs into AT II cells. Wnt signaling is regulated and influenced by several related 

activators and inhibitors. Both Wnt3a, a classical ligand for the canonical wnt pathway and LiCl, an 

antagonist of GSK 3 , that down-regulates the GSK 3 -mediated degradation of -catenin through 

phosphorylation of GSK 3  at Ser9 (Mercado-Gomez et al., 2008; Sasaki et al., 2006), were used in several 

previous studies to activate canonical wnt signaling pathway (Shang et al., 2007; Neth et al., 2006). 

Alternately, DKK 1 has been shown to negatively regulate canonical wnt signaling by binding to wnt 

co-receptors LRP 5/6 and preventing the interaction of wnt proteins and their receptors (Mao et al., 2002; 



Zorn, 2001). In accordance with previous findings (Karow et al., 2009; Shang et al., 2007), our results 

showed that the activity of the canonical wnt pathway in mMSCs, as reflected by the phosphorylation of 

GSK3  and the nuclear accumulation of -catenin was modulated by exogenous Wnt3a, LiCl or DKK 1, 

and cell proliferation was promoted by incubation with Wnt3a and LiCl for 72 hours in a dose dependent 

manner.

Canonical wnt signaling seems have diverse effects on the differentiation of MSCs in different studies. 

Some investigators have insisted that wnt/ -catenin signaling stimulated proliferation while 

simultaneously maintaining the stemness of stem cells and their undifferentiated state (Ling et al., 2009; 

Karow et al., 2009). For example, activation of the canonical wnt pathway suppressed adipocytogenesis of 

MSCs in several studies (Ross et al., 2000; Moldes et al., 2003). Shen L et al. (Shen et al., 2011) found that the 

small molecule wnt mimetic SB-216763 inhibited the adipocytogenesis of human MSCs, in contrast, while 

the knockdown of -catenin conversely resulted in spontaneous adipocytogenesis in hMSCs. Similar 

negative effects of canonical wnt signaling were also shown in chondrocyte (Hartmann and Tabin, 2000) 

and hepatocyte differentiation (Ke et al., 2008) of MSCs. However, a positive role for wnt/ -catenin 

signaling in the differentiation of MSCs has been demonstrated by other studies (Zhu et al., 2009; 

Cawthorn et al., 2011; Gwak et al., 2011; Qiu et al., 2007; Shen et al., 2011; Yang et al., 2011). These 

conflicting results may be attributable to the different lineages of the target cells being studied. Some 

studies showed that up-regulation of wnt/ -catenin signaling inhibited adipogenesis while stimulating 

osteoblastogenesis in MSCs (Yang et al., 2011; Cawthorn et al., 2011; Gwak et al., 2011; Qiu et al., 2007; Shen 

et al., 2011). Zhu et al. (Zhu et al., 2009) found that the transfection of Wnt3a promoted the expression of 

genes related to neurogenesis in MSCs. In addition to the target cell type, the developmental stage of the 



target cells may be another factor that differentially affects differentiation. Interestingly, some investigators 

have found that canonical wnt signaling stimulated the differentiation of MSCs once they were committed 

to the osteogenic lineage; however, wnt signaling negatively regulated lineage specification in early 

osteogenesis and in the terminal differentiation to mature osteoblasts from MSCs (de Boer et al., 2004; 

Eijken et al., 2008).  

The expression of a wide range of wnts and frizzled receptors, as well as disheveled protein and DKK, 

in embryonic and adult lung tissue suggests that the wnt pathway is involved in physiological and 

pathological processes of the lung, including cell fate decisions and differentiation during lung 

development (Pongracz and Stockley, 2006). Studies using a conditional knockout of -catenin revealed 

that disruption of canonical wnt signaling resulted in decreased branching morphogenesis (Mucenski et al., 

2003; Mucenski et al., 2005). The canonical wnt pathway also participates in cancer, inflammation and 

repair of lung tissue (Pongracz and Stockley, 2006). It can therefore be hypothesized that canonical wnt 

signaling directs the differentiation of MSCs into pulmonary cells. In our study, we found that canonical 

wnt signaling was activated during the differentiation of mMSCs into AT II cells, as reflected by the 

up-regulation of phosphorylated GSK3  and the accumulation of -catenin. Furthermore, the enhanced 

signaling provided by Wnt3a or LiCl supplementation increased the expression of specific markers of AT II 

cells, whereas blocking the pathway via DKK 1 treatment reduced the expression of the relevant markers to 

some extent. Therefore, we concluded that activation of canonical wnt signaling promoted mMSCs 

differentiation into AT II cells in our in vitro co-cultured system. However, we noted that the inhibitory 

effect that blocking signaling with DKK 1 had on differentiation was modest. This may be because of the 

complex crosstalk between cell signaling. The downstream signaling of canonical wnt pathway is also 



modulated by other signaling such as PI3K/Akt pathway, making it difficult to completely block their 

activity by only targeting signaling upstream in the canonical wnt pathway. 

The biological functions of MSCs, including anti-inflammatory, differentiation into specialized cell 

types and mediating the repair of injured tissue, are based on their concentration and localization in the 

injured or inflammatory sites. Many studies have highlighted the ability of MSCs, following their systemic 

or localized administration, to migrate and home to the inflammatory, traumatized, ischemic and 

tumorous tissues (Chapel et al., 2003; Chen et al., 2001; Devine et al., 2003; Kollar et al., 2009; Mahmood et 

al., 2003; Park et al., 2011; Rochefort et al., 2005), and to specifically colonize the injured, rather than the 

intact locus (Barbash et al., 2003). Likewise, several studies have observed enhanced recruitment of 

transplanted MSCs to the injured lung tissue in ALI mice compared to the recruitment observed in normal 

control mice (Xu et al., 2007; Yamada et al., 2004). In mice with bleomycin-induced lung injury and fibrosis, 

Ortiz et al (Ortiz et al., 2003) found a 23-fold increase in pulmonary engraftment of intravenously delivered 

MSCs compared to control mice. Although remaining poorly defined, potential molecular mechanisms 

driving the migration of MSCs have been put forth by several investigators. Many chemokines and growth 

factors may be involved in this process (Li et al., 2007; Kollar et al., 2009; Ponte et al., 2007), including the 

most widely studied cell derived factor-1  (SDF-1 ), which is locally produced by inflammatory tissue and 

interacts with its cellular receptor CXCR4, which is expressed on MSCs (Zhuang et al., 2009; Wang et al., 

2008). A role for canonical wnt signaling in the migration of MSCs has been shown by other studies 

recently (Karow et al., 2009; Neth et al., 2006; Shang et al., 2007). In agreement with these studies, the result 

presented here showed that activation of the canonical wnt pathway by incubating mMSCs with Wnt3a or 

LiCl significantly increased their migration through Transwell inserts when growth media containing 10% 



fetal bovine serum was present in the lower chambers.  

To model the in vivo migration of mMSCs to injured lung tissue, we established an in vitro migration 

system with conditioned media from lung tissue from normal or LPS treated ALI mice in the lower 

chambers of Transwell inserts (Xu et al., 2007). The results showed that injured lung tissue attracted more 

mMSCs through the Transwell membranes than normal lung tissue. Furthermore, the migration of mMSCs 

to injured lung tissue was significantly enhanced when the cells were incubated with Wnt3a or LiCl. Thus, 

canonical wnt signaling appears critical in regulating the pulmonary recruitment of MSCs in ALI models. 

Recently, a relationship between wnt/ -catenin signaling and SDF-1 /CXCR4 was observed. The 

exposure of rat spinal cord neural progenitors or metastatic cancer cells to SDF-1  resulted in -catenin 

stabilization, while silencing CXCR4 signaling inhibited the activation of wnt/ -catenin signaling (Wang et 

al., 2008; Luo et al., 2006; Wang et al., 2011; Wang and Ma, 2007). Based on these findings, the activity of 

wnt/ -catenin signaling, as a possible downstream effector of SDF-1 /CXCR4, may be a potential 

mechanism in regulating cell migration, but further confirmation is needed.  

Several factors negatively influence the survival of transplanted MSCs in complex in vivo situations. In 

some studies, cell numbers in the target tissue decreased rapidly after administration (Muller-Ehmsen et al., 

2006; Mei et al., 2007) . Mei et al. (Mei et al., 2007) found that approximately 47% of injected MSCs remained 

in the lung tissue of ALI mice 15 minutes after administration, but less than 8% of cells remained 3 days 

later. Low survival of grafted MSCs limits their transdifferentiation and effects on target tissue repair 

(Copland et al., 2009). The production of oxidants, which occurs in inflammed lung tissue and is also a 

causative factor in lung injury (Ward, 2010), is detrimental to MSCs transplanted in vivo and triggers their 

apoptosis (Yang et al., 2008). In our study, the dose-dependent damage of mMSCs by in vitro H2O2



treatment confirmed these findings. In a study of MSCs injured by aspirin treatment, Deng et al. (Deng et al., 

2009) noted the down-regulation of wnt/ -catenin signaling, and other studies showed that the activation 

of canonical wnt signaling improved survival and blocked apoptosis in cells subjected to injury-causing 

conditions (Chen et al., 2001; Almeida et al., 2005). However little is known about the role that canonical 

wnt signaling plays in MSCs under conditions of oxidative stress. In our study, we detected 

down-regulation of canonical wnt signaling in mMSCs treated with H2O2, and canonical wnt signaling 

protected mMSCs against damage, as reflected by the survival and Bcl-2/Bax ratio of mMSCs preincubated 

with or without Wnt3a or LiCl prior to H2O2 treatment. Additionally, to exclude the possibility that the 

increased cell number in the Wnt3a- or LiCl-treated group is due to the pro-proliferation effect of 

wnt/ -catenin signaling, we compared the proliferation of mMSCs treated with different concentrations of 

Wnt3a or LiCl for 36 hours, which was the same incubation time that was used in the H2O2 test. No 

significant difference was detected among these treatment groups, leading to the conclusion that the 

protection of mMSCs against H2O2 is mediated through an anti-apoptotic rather than pro-proliferative 

effect of canonical wnt signaling.  

In conclusion, the results presented here demonstrated that activation of the canonical wnt pathway 

promoted the differentiation of mMSCs in co-culture with MLE-12 cells and SAGM into AT II cells, while 

also enhancing their proliferation, protecting them against oxidative stress-induced apoptosis and 

inducing their migration towards injured lung tissue. The latter two processes contribute to accumulation 

and survival of transplanted mMSCs in the target lung tissue, thus promoting the transdifferentiation and 

therapeutic effects of MSCs. Combining these findings with the observations that wnt3a expression is 

augmented in ALI mouse-derived lung tissue and that canonical wnt signaling is highly activated in 



mMSCs incubated with injured lung tissue, we conclude that the activation of canonical wnt signaling 

contributes to the differentiation of MSCs into AT II cells, and may need to be considered in the application 

of MSCs to ALI treatment, although the mechanism still needs to be explored in further detail.  
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Figure legends 

Fig. 1 Identification of MSCs isolated from bone marrow of C57BL/6 mice. Cell surface markers of mMSCs 

including CD117, CD44, CD29, CD34 and SCA-1 were analyzed with flow cytometry (A). Morphology of 

mMSCs at the seventh passage (B, ×100), and multilineage differentiation capacities of mMSCs, including 

adipogenic differentiation stained with oil red-O (C, ×200), osteogenic differentiation stained with alizarian 

red (D, ×200), and chondrogenic differentiation stained with alcian Blue (E, ×200) were observed with 

microscope.

Fig. 2 Morphological changes and expression of specific markers of alveolar epithelial cells in mMSCs 

differentiated into AT II cells. Under microscope, mMSCs in normal culture condition showed a typical  

fibroblast-like spindle appearance (A , ×200), and after 10 days of differentiation driven by co-culture with 

MLE-12 cells and SAGM, some mMSCs presented epithelia-like cobblestone cell morphology (arrowheads) 

(B, ×200). Typical ultrastructure image of mMSCs in normal culture condition(C) or after 10 days of 

differentiation driven by co-culture with MLE-12 cells and SAGM were observed using transmission 

electron microscope (D: low-power magnification, E: high-power magnification; arrowheads: lamellar 

body-like structures, triangles: vacuoles). The expression of pro-SPC protein (F), and levels of SPB, SPC, 

SPD and AQP5 mRNA (G) in mMSCs in normal condition or after differentiation into AT II cells were 

evaluated using western blotting and qRT-PCR. (n=3; #P<0.05, ##P<0.01 vs control; *P<0.05, **P<0.01 vs

co-culture+ SAGM-; P<0.05, P<0.01 vs SAGM+ co-culture-) 



Fig. 3 Modulation of canonical wnt signaling in mMSCs with or without supplementation of LiCl, Wnt3a 

or DKK 1 in normal or differentiation conditions. The phosphorylased GSK 3  (ser9) and total GSK 3  in 

cytoplasm and nuclear accumulation of -catenin in mMSCs cultured in 10% FBS-DMEM/F12 media 

added with certain concentrations of LiCl (A), Wnt3a/DKK 1 (B) for 1 day or in mMSCs co-cultured with 

MLE-12 cells and SAGM with supplementation of 4mM LiCl, 150 ng/ml Wnt3a or 200 ng/ml DKK 1 (C)

were evaluated through western blotting. (n=3; #P<0.05, ## P<0.01 vs control, *P<0.05 vs co-culture and 

SAGM+, LiCl-, Wnt3a-, DKK 1-) 

Fig. 4 The effect of canonical wnt pathway on the expression of specific markers of alveolar epithelial cells 

in mMSCs differentiating into AT II cells. The expression of pro-SPC protein (A) and SPB, SPC, SPD and 

AQP5 mRNA in mMSCs after 10 days of differentiation driven by co-culture with MLE-12 cells plus SAGM 

with supplementation of 4 mmol/L LiCl, 150 ng/ml Wnt3a or 200 ng/ml DKK 1(B), were evaluated with 

western blotting and qRT-PCR. (n=3; #P<0.05, ##P<0.01 vs control; *P<0.05, **P<0.01 vs co-culture+, 

SAGM+, LiCl-, Wnt3a-, DKK 1-) 

Fig. 5 The role of Wnt3a or LiCl in the proliferation of mMSCs. The proliferation of mMSCs was evaluated 

using MTT assay after incubation in 2%FBS-DMEM/F12 media supplemented with increasing 

concentrations of LiCl (A) or Wnt3a (B) for 36h or 72h. (n=4; #P<0.05 vs control, ## P<0.01 vs control) 

Fig. 6 Role of canonical wnt pathway in the H2O2-induced cellular toxicity of mMSCs. The viability of 

mMSCs after treatment with increasing concentrations of H2O2 supplemented in 2%FBS-DMEM/F12 



growth media for 24 hours was determined using MTT assay (A, n=4). The expression of phosphorylased 

GSK 3  (ser9), total GSK 3 , -catenin, Bcl-2 and Bax in mMSCs with 0.05, 0.1 or 0.2 mmol/L H2O2

treatment for 24 hours were analyzed using western blotting (B, n=3). The effect of pretreatment mMSCs 

with Wnt3a or LiCl for 12 hours on the mMSCs survival (C, n=4), and the expression of Bcl-2, Bax, 

phosphorylased GSK 3  (ser9), total GSK 3  and -catenin (D, n=3), influenced by 0.1 mmol/L H2O2 for 24 

hours, were analyzed using MTT assay and western blotting. (#P<0.05 vs control, ##P<0.01 vs control, 

*P<0.05 vs H2O2 Vh)

Fig. 7 Role of canonical wnt pathway in migration of mMSCs. The migration ability of mMSCs incubated in 

serum-free DMEM/F12 media supplemented with certain concentrations of LiCl, Wnt3a or DKK 1 was 

examined using Transwell migration assay. Serum-free DMEM/F12 media (control) or 

10%FBS-DMEM/F12 media (10%FBS-GM) (A, n=4, ## P<0.01 vs control, **P<0.01 vs 10%FBS-GM Vh), or 

conditioned media from normal (NL-GM) or ALI mice-derived lung tissue (ALIL-GM), (B, n=3, #P<0.05, 

##P<0.01 vs control, *P<0.05, **P<0.01 vs NL-GM, P<0.05 vs ALIL-GM) was added in the lower chambers 

of Transwell inserts to attract the migration of mMSCs. The migrated cells on the lower surface of 

Transwell inserts after treatment with various conditions, including control (C), 10%FBS-GM Vh (D),

10%FBS-GM + 4 mmol/L LiCl (E) or 10%FBS-GM + 150 ng/ml Wnt 3a (F), NL-GM (G), ALIL-GM Vh (H),

ALIL-GM + LiCl 4 mmol/L (I), ALIL-GM + Wnt 3a 150 ng/ml (J) and ALIL-GM + DKK 1 200 ng/ml (K),

were stained with crystal violet and observed under microscope, ×200.  



Fig. 8 The level of wnt ligand in lung tissue of normal or ALI mice and the effects of the lung tissue on the 

activity of canonical wnt signaling in mMSCs. The expression of Wnt3a in normal or ALI mouse-derived 

lung tissue (A), and the phosphorylased GSK 3  (ser9) and total GSK 3  in cytoplasm and -catenin 

accumulation in nucleus of mMSCs incubated in conditioned media from normal or ALI mouse-derived 

lung tissue for 1 hour (B) were evaluated through western blotting analysis. (n=3; #P<0.05, ##P<0.01 vs

normal lung tissue)  


















