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Abstract. The results of our previous study demonstrated 
that activation of the Wnt/β‑catenin pathway increased the 
differentiation of mesenchymal stem cells (MSCs) into type II 
alveolar epithelial (AT II) cells; however, the specific mecha‑
nisms remain unclear. The present study aimed to evaluate the 
role of Wnt/β‑catenin‑p130/E2F transcription factor 4 (E2F4) 
in regulating the differentiation of mouse MSCs (mMSCs) 
into AT II cells, and to determine the specific mechanisms. 
mMSCs with p130 or E2F4 overexpression were constructed 
using lentiviral vectors. Differentiation of mMSCs into AT 
II cells was promoted using a modified coculture system 
with murine lung epithelial‑12 cells incubated in small 
airway growth medium for 7‑14 days. The differentiation 
efficiency was detected using immunofluorescence, western 

blot analysis and transmission electron microscopy. To detect 
the association between the canonical Wnt pathway and 
p130/E2F4, 4 mmol/l lithium chloride (LiCl) or 200 ng/ml 
Dickkopf‑related protein 1 (DKK‑1) was also added to the 
coculture system. Following differentiation, the cell cycle 
of mMSCs was evaluated using flow cytometry. The results 
of the present study demonstrated that surfactant protein C 
(SP‑C) protein expression was higher in the p130 overexpres‑
sion (MSC‑p130) and E2F4 overexpression (MSC‑E2F4) 
groups compared with the normal control mMSCs group 
following differentiation into AT II cells. Similar results for 
SP‑C protein expression and lamellar body‑like structures 
were also observed using immunofluorescence analysis and 
electron microscopy. Following the addition of LiCl into the 
coculture system for activation of the Wnt/β‑catenin signaling 
pathway, phosphorylated (p)‑p130/p130 was slightly decreased 
at 7 days and E2F4 was increased both at 7 and 14 days in 
mMSCs. Furthermore, the p‑p130/p130 ratio was significantly 
increased at 14 days and E2F4 was decreased both at 7 and 
14 days following DKK‑1‑mediated inhibition of the Wnt 
pathway. The results of the present study demonstrated that the 
numbers of cells in G1 and S phases were increased following 
activation of the Wnt pathway and decreased following Wnt 
pathway inhibition. However, the number of cells in G1 phase 
was increased following the differentiation of mMSCs over‑
expressing p130 or E2F4. Therefore, the results of the present 
study revealed that the canonical Wnt signaling pathway may 
affect the differentiation of MSCs into AT II cells via regu‑
lation of downstream p130/E2F4. The specific mechanisms 
may be associated with G1 phase extension in the cell cycle 
of MSCs.

Introduction

Mesenchymal stem cells (MSCs), exhibit a high degree of 
self‑renewal and multipotential differentiation, and are widely 
used in regenerative medicine (1,2). Further investigations 
into the molecular mechanisms underlying the therapeutic 
effects of MSCs may lead to increased clinical application 
of cell‑based therapy, and may aid in uncovering the MSC 
directional differentiation at the molecular level (3). These 
investigations require precise modulation of the signaling 
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pathways involved in MSC differentiation, in which the Wnt 
signaling pathway is one of the key players (4).

The canonical Wnt signaling pathway depends on the 
accumulation of β‑catenin, and is one of the fundamental 
pathways in cell proliferation and migration, cell fate determi‑
nation, polarization during embryonic development and tissue 
homeostasis (5). The canonical Wnt signaling pathway also 
exerts critical effects on the self‑renewal and differentiation 
of MSCs (6). Results of a previous study demonstrated that 
lithium chloride (LiCl), an antagonist of glycogen synthase 
kinase 3β (GSK 3β), reduces the degradation of β‑catenin 
through phosphorylation of GSK 3β at Ser9, subsequently acti‑
vating the canonical Wnt‑β‑catenin pathway (7). In addition, 
Dickkopf‑related protein 1 (DKK‑1), a member of the Dickkopf 
family, secretes proteins with two cysteine‑rich domains sepa‑
rated by a linker region. Thus, DKK‑1 antagonizes canonical 
Wnt signaling through inhibiting the interaction of low‑density 
lipoprotein receptor‑related proteins 5/6 with Wnt (8).

Results of a previous study demonstrated that bone 
marrow‑derived MSCs develop the immunophenotypic and 
ultrastructural characteristics of type II alveolar epithelial 
(AT II) cells when cocultured with lung tissue (9). Moreover, 
MSCs protect against hyperoxic lung injury through increasing 
the number of distal lung epithelial cells and alveolar differen‑
tiation, and decreasing self‑renewal (10).

Results of our previous study demonstrated that exogenous 
addition of Wnt3a or LiCl activated the canonical Wnt/β‑catenin 
pathway, and differentiation of MSCs into AT II cells was 
promoted using a modified coculture system with murine lung 
epithelial‑12 (MLE‑12) cells incubated in small airway growth 
medium (SAGM) in vitro. However, DKK‑1‑mediated inhibi‑
tion of the canonical Wnt pathway reduced the expression 
of AT II‑associated markers (11). Moreover, the downstream 
molecular mechanism by which the canonical Wnt signaling 
pathway regulates the differentiation of MSCs into AT II cells 
during mitosis remains unclear.

In the majority of cell lines, checkpoints that regulate cell 
cycle progression and cell differentiation occur in the G1/G0 
phase. p130, as a member of the retinoblastoma gene product 
(pRb) family, forms a repressor complex with the transcription 
repressor E2F4, initiating the G1 to S phase transformation in the 
cell cycle, or maintaining cell cycle arrest in G0/G1 phase (12). 
Activation of the Wnt/β‑catenin pathway in mouse MSCs 
(mMSCs) was associated with the accumulation of β‑catenin 
and pRb family members during MSC cycle progression (13). 
In addition, results of our previous study revealed that p130 or 
E2F4 overexpression in mMSCs improved osteogenesis, and 
inhibited adipogenesis and chondrogenesis through regulating 
the G1 phase (14). However, whether the directional differen‑
tiation of MSCs and activation of Wnt/β‑catenin resulted from 
the p130/E2F4 pathway remains to be fully elucidated.

Thus, we hypothesized that activation of the canonical 
Wnt/β‑catenin signaling pathway in MSCs may affect the 
p130/E2F4 pathway through regulating the cell cycle and 
participating in the differentiation into AT II cells.

Materials and methods

Mesenchymal stem cell transduction and culture. Bone 
marrow‑derived mMSCs of C57BL/6 mice were purchased 

from Cyagen Biosciences, Inc. These MSCs were isolated 
from the bone marrow of the femurs of C57BL/6 mice. They 
were uniformly positive for CD29, CD44, and Sca‑1 antigens 
and negative for CD117 and CD31 antigens, and possessed 
the potential to differentiate into osteocytes, adipocytes, and 
chondrocytes, as demonstrated in the instructions provided 
by the supplier. The transduction of mMSCs using lentiviral 
vectors has been described in our previous study (14). Following 
transduction, mMSCs tagged with green fluorescent protein 
(GFP), p130 or E2F4 with GFP; namely, normal control mMSCs 
(MSC‑NC), MSCs overexpressing p130 (MSC‑p130) or MSCs 
overexpressing E2F3 (MSC‑E2F4), were cultured in Dulbecco's 
modified Eagle's medium/nutrient mixture F‑12 (DMEM/F12; 
Wisent, Inc.) containing 10% foetal bovine serum (FBS; Wisent, 
Inc.) and 1% antibiotic‑antimycotic solution (streptomycin, 
penicillin and amphotericin B; Wisent, Inc.). Following incuba‑
tion at 37˚C in a humidified atmosphere with 5% CO2, cells at 
passages 6‑10 were used for in vitro experiments. MLE‑12 cells 
purchased from Xiangfbio Ltd. were cultured in DMEM/F12 
with 2% FBS and 1% antibiotic‑antimycotic solution (Wisent, 
Inc.) in a humidified 5% CO2 incubator at 37˚C.

Differentiation of mMSCs into AT II cells. The coculture 
system for induced differentiation of mMSCs into AT II cells 
was described in our previous study (11). Briefly, mMSCs were 
indirectly cocultured with MLE‑12 cells in SAGM (Lonza 
Group, Ltd.). SAGM was supplemented with 0.5 mg/ml bovine 
serum albumin (BSA), 30 mg/ml bovine pituitary extract, 
0.5 mg/ml hydrocortisone, 0.5 ng/ml epithelial growth factor, 
0.5 mg/ml epinephrine, 5 mg/ml insulin, 6.5 ng/ml triiodo‑
thyronine, 10 mg/ml transferrin and 0.1 ng/ml retinoic acid. 
A total of 1x104 mMSCs in 1.5 ml DMEM/F12 supplemented 
with 10% FBS were seeded in each well of six‑well plates. 
Subsequently, Transwell inserts (0.4‑mm pore size, 4.5 cm2; 
Corning, Inc.) loaded with 1x104 MLE‑12 cells in 1 ml 
DMEM/F12 supplemented with 10% FBS were added to 
establish the coculture system. When mMSCs reached 80% 
confluence after 3 days incubation, the culture medium was 
replaced with SAGM. Following a further 7 or 14 days, the 
inserts were removed, and the mMSCs were harvested for 
subsequent analysis. All of the incubation steps above were 
at 37˚C in a humidified atmosphere with 5% CO2. To inves‑
tigate the role of canonical Wnt signaling in differentiation, 
4 mmol/l LiCl (Sigma‑Aldrich; Merck KGaA) or 200 ng/ml 
DKK‑1 (PeproTech, Inc.) was used to activate or inhibit the 
canonical Wnt pathway, respectively. LiCl or DKK‑1 were 
added in the cocultured conditions prior to the addition of 
SAGM, according to a previous study (11).

Immunofluorescent staining. To analyse the differentiation of 
mMSCs into AT II cells in vitro, immunofluorescent staining 
was performed. Briefly, following induced differentiation, 
mMSCs were fixed in 4% paraformaldehyde at 37˚C for 
30 min. Following lysis with 0.5% Triton X‑100 and blocking 
with 3% BSA (Roche Diagnostics) for 30 min at room temper‑
ature, cells were stained with surfactant protein C (SP‑C) 
primary antibodies (1:100, Santa Cruz Biotechnology, Inc. 
cat. no. sc‑13979) at 4˚C overnight. Cells were subsequently 
incubated with goat anti‑rabbit Alexa Fluor® 647 secondary 
antibodies (1:250; Abcam; cat. no. ab150079) in 2% BSA for 
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30 min at room temperature in the dark. Nuclei were stained 
with 4,6‑diamidino‑2‑phenylindole (DAPI; Beyotime Institute 
of Biotechnology) at room temperature for 5‑10 min. Images 
were captured using fluorescence microscopy (Olympus 
Corporation).

Transmission electron microscopy assay. Trypsin‑digested 
cells were rinsed in phosphate‑buffered saline (PBS) and 
pelleted using centrifugation. Cells were subsequently fixed 
in 1 ml PBS containing 2.5% glutaraldehyde and 1% osmium 
tetroxide at 4˚C overnight. Samples were dehydrated in 
gradient ethanol and embedded in an Araldite resin block at 
37, 42, and 60˚C for 24 h each. Ultrathin sections of 80 nm 
excised from the block were stained with uranyl acetate at 
room temperature for 3 min prior to imaging with a transmis‑
sion electron microscope (Hitachi H‑7650).

Protein expression of SP‑C and p130/E2F4 in MSCs. To 
analyse the expression of SP‑C, phosphorylated (p)‑p130, 
p130 and E2F4 in cells following differentiation, RIPA lysis 
buffer (Beyotime Institute of Biotechnology) was used to 
extract total protein lysates, followed by protein determina‑
tion using a BCA protein assay kit (Beyotime Institute of 
Biotechnology). Proteins were separated using 10% sodium 
dodecyl sulfate‑polyacrylamide gel electrophoresis (Beyotime 
Institute of Biotechnology) with the mass of protein loaded 
per lane of 100 µg and transferred onto PVDF membranes 
(MilliporeSigma). Following blocking in 5% BSA for 1 h 
at room temperature, membranes were incubated at 4˚C 
overnight with primary antibodies against SP‑C (1:1,500; 
Abcam; cat. no. ab90716), p‑p130 (1:1,000; Abcam; cat. 
no. ab76255), p130 (1:2,000; Abcam; cat. no. ab76234), E2F4 
(1:1,500; Proteintech; cat. no. 10923‑1‑AP) or β‑actin (1:4,000; 
Hangzhou HuaAn Biotechnology Co., Ltd. cat. no. M1210‑2). 
Following primary incubation, membranes were incubated 
with goat anti‑rabbit or goat anti‑mouse IgG conjugated with 
horseradish peroxidase (1:5,000; Zoonbio Biotechnology) 
for 1 h at room temperature. Protein bands were visualized 
using Pierce ECL western blotting substrate (Thermo Fisher 
Scientific, Inc.) and a chemiluminescence imaging system 
(Bioshine ChemiQ 4800 mini; Ouxiang). Protein expression 

was quantified using ImageJ software (National Institutes of 
Health, version 1.52a).

Cell cycle analysis. Cells were centrifuged at 1,500 rpm and 
washed twice with ice‑cold PBS. Cells were fixed with 70% 
ethanol and incubated at 4˚C for 30 min. Following fixation, 
cells were incubated with RNase A (20 µg/ml) for 30 min 
at 37˚C, and stained with propidium iodide (50 µg/ml; BD 
Biosciences) for 30 min at room temperature in the dark. Cell 
cycle analysis was conducted using a BD FACS flow cytometer 
(BD Biosciences) (14).

Statistical analysis. Data are presented as the mean ± standard 
deviation. Statistical analyses were performed using GraphPad 
Prism 8 (GraphPad Software, Inc.). If the data were normally 
distributed, comparisons among multiple groups were 
performed using one‑way ANOVA followed by Bonferroni's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Overexpression of p130 or E2F4 promotes the differentiation 
of mMSCs into AT II cells. SP‑C protein was analysed to detect 
the differentiation of mMSCs into AT II cells after 7 and 
14 days. Results of the present study demonstrated that SP‑C 
protein expression in the MSC‑p130 and MSC‑E2F4 groups 
was significantly higher than in the MSC‑NC group (Fig. 1).

Immunofluorescence staining was also performed at 7 
and 14 days following the differentiation of mMSCs. Red 
fluorescence was indicative of SP‑C‑positive cells, and these 
were present in both MSC‑p130 and MSC‑E2F4 groups. The 
numbers of SP‑C‑positive cells and DAPI‑SP‑C double‑positive 
cells (blue and red fusion) in the MSC‑p130 and MSC‑E2F4 
groups were higher than that in the MSC‑NC group (Fig. 2A).

In addition, at 7 and 14 days following differentiation, 
the morphology of numerous mMSCs diversified from 
fusiform fibroblasts to paving‑like epithelial structures. The 
ultrastructure of the cells was further observed using electron 
microscopy. Increased levels of vacuolization were observed 
in the cytoplasm and the vicinity of the membrane in the 

Figure 1. SP‑C expression following induced differentiation of MSC‑p130 and MSC‑E2F4 into type II alveolar epithelial cells in vitro (n=3). ***P<0.001, 

****P<0.0001 vs. MSC‑NC group. MSCs, mouse mesenchymal stem cells; MSC‑p130, MSCs overexpressing p130; MSC‑E2F4, MSCs overexpressing E2F 
transcription factor 4; NC, normal control; SP‑C, surfactant protein C.
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MSC‑p130 and MSC‑E2F4 groups. A small number of char‑
acteristic organelles of AT II‑lamellar bodies were observed, 
while there were fewer vacuoles or lamellar structures present 
in the control group (Fig. 2B).

Activation of the canonical Wnt signaling pathway promotes 
the differentiation of mMSCs into AT II cells. In our previous 
study (11), dose‑dependent assays using LiCl activation (0.4, 1 
or 4 mmol/l) and DKK‑1 inhibition were used to modulate the 
canonical Wnt pathway in mMSCs. Based on the aforemen‑
tioned findings, 4 mmol/l LiCl, which activated β‑catenin to 
the maximum extent, and 200 ng/ml DKK‑1, which effectively 
inhibited the Wnt signaling pathway, were used in the differ‑
entiation experiments of the present study. Compared with 
the control group, LiCl‑mediated activation of the canonical 
Wnt pathway significantly promoted the expression of SP‑C 
in mMSCs, while the expression of SP‑C was significantly 
decreased following treatment with DKK‑1 (Fig. 3A and B) at 
7 and 14 days following differentiation.

Activation of the canonical Wnt signaling pathway increases 
p130/E2F4 expression during mMSC differentiation into 
AT II cells. To verify whether the differentiation of MSC‑p130 
and MSC‑E2F4 groups into AT II cells was associated with 
activation of the canonical Wnt signaling pathway, the expres‑
sion levels of p130 and E2F4 were detected. Results of the 
present study demonstrated that the phosphorylation level of 

p130, which was shown by p‑p130/p130, was slightly decreased 
following LiCl activation at 7 days (Fig. 3A) while significantly 
increased following treatment with DKK‑1 at 14 days after 
differentiation of mMSCs (Fig. 3B). Moreover, the expres‑
sion level of E2F4 was increased following LiCl activation, 
compared with the control group but was inhibited following 
treatment with DKK‑1 at 7 days after differentiation (Fig. 3A). 
Comparable results of E2F4 were also found at 14 days after 
differentiation of mMSCs in each group (Fig. 3B).

To further elucidate the effects of the canonical Wnt 
signaling pathway on the differentiation of MSC‑p130 and 
MSC‑E2F4 groups into AT II cells, SP‑C expression was 
examined during differentiation using western blotting. The 
expression levels of SP‑C in the DKK‑1 + MSC‑p130 group 
were significantly higher than that in the DKK‑1 + MSC‑NC 
group at 7 days following differentiation. Moreover, there 
was no significant change in SP‑C expression in the DKK‑1 + 
MSC‑E2F4 group (Fig. S1). Comparable results were observed 
among the three groups at 14 days after differentiation 
(Fig. S1). These results suggested that overexpression of p130, 
but not E2F4, may improve the differentiation of mMSCs into 
AT II cells, while the canonical Wnt signaling pathway was 
inhibited.

Overexpression of p130 or E2F4 prolongs the G1 phase of 
mMSCs during differentiation into AT II cells. To determine 
whether the differentiation of MSC‑p130 and MSC‑E2F4 

Figure 2. Effects of p130 or E2F4 overexpression on the differentiation of mMSCs into AT II cells in vitro. (A) Immunofluorescence staining was used to detect 
the differentiation of mMSCs. SP‑C‑positive cells are red. The nuclei stained with DAPI are blue. Representative images at 7 and 14 days after the induced 
differentiation of mMSCs (magnification, x500; scale bar, 50 µm). (B) Morphological changes in mMSCs following differentiation into AT II cells under a 
transmission electron microscope. Typical ultrastructure images of mMSCs after 7 and 14 days of differentiation driven by coculture with murine lung epithe‑
lial‑12 cells and small airway growth medium were observed as lamellar body‑like structures and vacuoles [magnification, x2,000 (top row) or x5,000 (bottom 
row); scale bar, 1.0 µm (top row) or 0.4 µm (bottom row); arrows, lamellar body‑like structures; triangles, vacuoles]. AT II cells, type II alveolar epithelial cells; 
DAPI, 4,6‑diamidino‑2‑phenylindole; E2F4, E2F transcription factor 4; mMSCs, mouse mesenchymal stem cells; MSC‑p130, MSCs overexpressing p130; 
MSC‑E2F4, MSCs overexpressing E2F4; NC, normal control; SP‑C, surfactant protein C.
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groups was associated with regulation of the cell cycle, 
cell cycle stages were detected using flow cytometry. The 
proportion of G1‑phase cells in the MSC‑p130 group was 
30.54±0.02% at 7 days following differentiation, which was 
significantly higher than that in the MSC‑NC group. Moreover, 
the proportion of S‑phase cells significantly decreased, and 
the proportion of G2/M‑phase cells significantly increased 
in the MSC‑p130 group, compared with the MSC‑NC group 
(Fig. 4A). In addition, compared with those in the MSC‑NC 
group, the G1 and G2/M phases in the MSC‑E2F4 group were 
also significantly delayed, and the proportion of cells in S phase 
was significantly reduced (Fig. 4A). Comparable trends were 
also observed at 14 days following differentiation of mMSCs in 
each group. Compared with the control group, the proportion 
of cells in the G1 and G2/M phases in the MSC‑p130 group was 
significantly increased, and the proportion of cells in S phase 
was significantly decreased (Fig. 4B). Comparable trends were 
observed in the MSC‑E2F4 group (Fig. 4B).

Activation of the canonical Wnt signaling pathway prolongs 
the G1 + S phase of mMSCs during differentiation into 
AT II cells. To further evaluate whether the cell cycle was asso‑
ciated with the canonical Wnt signaling pathway‑mediated 
differentiation of mMSCs into AT II cells, changes in the cell 
cycle in mMSCs were detected using flow cytometry. The 

proportion of cells in the G2/M phase in the LiCl group was 
0.29±0.04% at 7 days following differentiation of mMSCs, 
which was significantly lower than that in the control group 
(2.61±0.28%). In addition, DKK‑1 significantly increased the 
proportion of cells in the G2/M phase in mMSCs at 7 days 
following differentiation (Fig. 5A). Comparable results were 
observed at 14 days following the differentiation of mMSCs. 
Compared with the control group, the proportion of cells in the 
G2/M phase was significantly decreased in the LiCl group, and 
significantly increased in the DKK‑1 group (Fig. 5B).

To sum up, a graphical representation to illustrate the 
molecular mechanism of MSCs differentiation into AT II cells 
was shown in Fig. 6.

Discussion

MSCs exhibit potential in tissue repair, and in the treatment 
of cardiovascular, pulmonary and renal diseases. However, 
the clinical application of MSCs remains limited to phase 
2a clinical trials for acute respiratory distress syndrome 
(ARDS) (15). Large‑scale clinical research demonstrating the 
therapeutic value of MSCs is lacking, due to complexities in 
the directional differentiation of MSCs (16‑18).

In the present study, a coculture system of mMSCs and 
MLE‑12 cells combined with SAGM was established in vitro, 

Figure 3. Effects of the canonical Wnt signaling pathway on the expression levels of p130/E2F4 in mMSCs during differentiation into type II alveolar epithelial 
cells in vitro. (A) SP‑C, p130 and E2F4 expression was evaluated in mMSCs at 7 days after coculturing with MLE‑12 cells and SAGM supplemented with 
4 mM LiCl or 200 ng/ml DKK‑1 (n=3). (B) SP‑C, p130 and E2F4 expression was evaluated in mMSCs at 14 days after coculturing with MLE‑12 cells and 
SAGM supplemented with 4 mM LiCl or 200 ng/ml DKK‑1 (n=3). **P<0.01 vs. Control group (mMSCs co‑cultured with MLE‑12 cells and SAGM), ***P<0.001 
vs. Control group, ****P<0.0001 vs. Control group. DKK‑1, Dickkopf‑related protein 1; E2F4, E2F transcription factor 4; LiCl, lithium chloride; mMSCs, mouse 
mesenchymal stem cells; p‑, phosphorylated; SAGM, small airway growth medium; SP‑C, surfactant protein C; ns, not significant.
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and the Wnt signaling pathway in mMSCs was specifically 
activated or inhibited. Subsequently, the directed differentia‑
tion of mMSCs was observed, and the role of the canonical 
Wnt signaling pathway in the cell cycle of mMSCs during 
differentiation into AT II cells was detected. Moreover, the 
association between the canonical Wnt signaling pathway 
and p130/E2F4 during the differentiation of mMSCs was also 
identified, to establish a downstream molecular mechanism 
during the directed differentiation into AT II cells. To the 
best of our knowledge, the present study was the first to assess 
the directional differentiation of mMSCs into AT II cells via 
regulation of p130/E2F4 and the canonical Wnt pathway.

Results of the present study demonstrated that overex‑
pression of p130 or E2F4 promoted the differentiation of 
mMSCs into AT II cells, and Wnt signaling pathway‑mediated 
differentiation may be associated with changes in the G1 + S 
phase. Moreover, results of the present study demonstrated that 
regulation of the canonical Wnt signaling pathway specifically 
regulated the expression of p130 and E2F4 in mMSCs during 
differentiation, and the canonical Wnt signaling pathway 

promoted the differentiation of mMSCs into AT II cells via 
regulating p130/E2F4. The specific underlying mechanisms 
may be associated with a prolonged G1 phase in mMSCs 
(Fig. 6).

The Wnt signaling pathway is a fundamental regulatory 
pathway in the development, differentiation and other physi‑
ological functions of cells and organisms (5). According to 
different transduction signals, the Wnt pathway is classified 
into canonical and noncanonical pathways (19). The canonical 
Wnt pathway, which is also referred to as the Wnt/β‑catenin 
pathway, plays important regulatory roles in numerous 
biological processes, such as cell proliferation, differentia‑
tion and embryonic development. It is highly conserved in 
the whole evolutionary process of cells (19). Previous studies 
demonstrated that both canonical and noncanonical Wnt 
signaling pathways are involved in the regulation of mMSC 
differentiation (11,20,21). Results of our previous study 
demonstrated that activation of the canonical or nonca‑
nonical Wnt signaling pathway improved the differentiation 
of MSCs into AT II cells in lipopolysaccharide‑induced 

Figure 4. Effects of p130 or E2F4 overexpression on the cell cycle of mMSCs during differentiation into AT II cells in vitro. (A) Changes in the cell cycle at 
7 days following differentiation of MSC‑p130 or MSC‑E2F4 into AT II cells (n=3). ****P<0.0001 vs. MSC‑NC group. (B) Changes in the cell cycle at 14 days 
following differentiation of MSC‑p130 or MSC‑E2F4 into AT II cells (n=3). ****P<0.0001 vs. MSC‑NC group. AT II cells, type II alveolar epithelial cells; 
E2F4, E2F transcription factor 4; mMSCs, mouse mesenchymal stem cells; MSC‑p130, MSCs overexpressing p130; MSC‑E2F4, MSCs overexpressing E2F4; 
NC, normal control.
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ARDS mice (22). Results of the present study also confirmed 
that regulation of the canonical Wnt signaling pathway 
specifically regulated the differentiation of MSCs into AT 
II cells. Cell cycle changes detected using flow cytometry 
also revealed that the differentiation of mMSCs into AT II 
cells regulated by the canonical Wnt signaling pathway may 
be associated with the delay of the G1 + S phase. Notably, 
associated literature is lacking at present, and further inves‑
tigations are required.

p130 plays a role in regulating mitosis, and is an impor‑
tant nuclear transcription factor that initiates the cell cycle 
and promotes cell differentiation. E2F4, which interacts with 
p130, is involved in regulation of the cell cycle, from G1 to 
S phase transformation (12). Capasso et al (23) revealed that 
the inactivation of retinoblastoma proteins (Rb1 or Rb2/p130) 
delayed the onset of the last cell division and impaired the 
terminal adipocyte differentiation of MSCs. Petrov et al (13) 
confirmed that the Wnt/β‑catenin and pRb signaling path‑
ways interact and form a common p130/Gsk3β/β‑catenin 

complex during MSC cycle progression. Moreover, results of 
a previous study demonstrated that levels of p130 and E2F4 in 
MSCs treated with LiCl were also increased. The p130/E2F4 
complex in MSCs was associated with β‑catenin, which was 
co‑precipitated from the extracts of asynchronously growing 
or synchronized at G0/G1‑ and S‑phase cells. These results are 
consistent with those of the present study. However, the effects 
of the canonical Wnt and p130/E2F4 pathways on the differen‑
tiation of MSCs into AT II cells remain unclear. Results of the 
present study demonstrated that the canonical Wnt signaling 
pathway impacted the differentiation of mMSCs into AT II 
cells through regulating p130/E2F4. The specific underlying 
mechanism may be associated with a prolonged G1 phase in 
mMSCs. In addition, results of a previous study demonstrated 
that mMSCs overexpressing p130 or E2F4 promoted osteo‑
genesis, and inhibited adipogenesis and chondrogenesis. The 
specific underlying mechanism was associated with regulation 
of the G1 phase (14). These results are comparable with those 
of the present study.

Figure 5. Effects of the canonical Wnt signaling pathway on the cell cycle of mMSCs during differentiation into AT II cells in vitro. (A) Changes in the cell 
cycle at 7 days of mMSCs differentiating into AT II cells in groups treated with 4 mM LiCl or 200 ng/ml DKK‑1, respectively (n=3). (B) Changes in the cell 
cycle at 14 days of mMSCs differentiating into AT II cells in groups treated with 4 mM LiCl or 200 ng/ml DKK‑1, respectively (n=3). ****P<0.0001 vs. control 
group (mMSCs co‑cultured with MLE‑12 cells and small airway growth medium). AT II cells, type II alveolar epithelial cells; DKK‑1, Dickkopf‑related 
protein 1; E2F4, E2F transcription factor 4; LiCl, lithium chloride; mMSCs, mouse mesenchymal stem cells.
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AT II cells synthesize and secrete alveolar surfactant, and 
differentiate into type I alveolar epithelial cells. They act as 
progenitor cells for re‑epithelialization of injured alveoli (24). 
The repair and regeneration of injured AT II cells are there‑
fore critical for patients with acute and chronic pulmonary 
diseases (25,26). MSCs exhibit potential as therapeutic sources 
for tissue repair. Results of previous studies demonstrated that 
MSCs differentiate into AT II cells in vivo and in vitro (27,28). 
Moreover, murine bone marrow‑derived MSCs and human 
bone marrow‑derived MSCs, with common cell surface 
markers CD105+ and CD45‑ (29), possess similar characteristics, 
including differentiation into alveolar epithelial cells, alleviation 
of inflammation, and improvement of pathological impairment 
both in vivo and in vitro (30‑33). Results of a previous study 
demonstrated that regulation of the canonical and noncanonical 
Wnt signaling pathways promoted MSC‑mediated protection 
against epithelial impairment in ARDS mice (22). Moreover, 
results of the present study revealed that changes in the cell cycle 
may play a role in the therapeutic effects of MSC differentia‑
tion, specifically in repairing lung injuries. Regulating cell cycle 
changes in MSCs may contribute to further development of their 
clinical application for the treatment of pulmonary diseases.

MSCs have potential to differentiate into alveolar epithelial 
cells in vitro and in vivo. Different media containing epithelial 
differentiation inducers or matrix were tested in vitro to prove 
MSCs differentiation into specific epithelial tissue‑related 
properties (34,35). Recently, Zeng et al (36) proved that 
overexpression of Fork head box protein M1 facilitates MSCs 
differentiation into AT II cells in vitro using the co‑culture 
system combined with SAGM. Besides, Perng et al (37) demon‑
strated that the addition of transforming growth factor‑β1 and 
extracellular matrix collagen are required to facilitate MSCs 
differentiation into lung epithelial‑like cells in vitro. And 
Chanda et al (38) established an organoid model in Matrigel 
mixed with MTEC/plus media to study stem cell behavior and 
intercellular communication between lung resident MSCs and 
AT II with age‑related phenotypes, revealing that young MSCs 
formed normal 3D structures with both young and aged AT II 
cells, but aged L‑MSCs developed abnormal, loose structures 
with AT II cells. In addition, different models were also used 
to prove the therapeutic effects of MSCs by differentiation 
into AT II cells in vivo. Recently, Shao et al (39) found that 
overexpression of CXCR7 promoted differentiation of MSCs 
into AT II cells and enhanced the ability of MSCs to modulate 
the inflammatory response in phosgene‑induced ALI. And 
Huang et al (40) demonstrated that MSCs possess the differ‑
entiation potential into AT II cells, as a primary mechanism 
through which MSCs exert a therapeutic effect, specifically 
within a microenvironment of injury of pulmonary fibrosis.

Surfactant protein is a specific protein in the lung, which 
is divided into four subtypes; namely, SP‑A, ‑B, ‑C and ‑D. 
SP‑A and SP‑D directly interact with pathogens and allergens, 
stimulate immune cells, and influence cytokine and chemokine 
profiles during the host defense response. In addition, SP‑B and 
SP‑C play critical roles in reducing the surface tension of the 
lung, and in the regulation of intracellular processes required 
for the production of surfactant and for the maintenance of 
AT II cell function (41). SP‑C mRNA is limited to lung tissue 
and is detectable in isolated AT II cells. Compared with SP‑C 
mRNA, SP‑A, SP‑B and SP‑D are mainly present in type II 
cells and Clara cells (42).

Notably, the present study exhibits numerous limitations. 
Results of the present study demonstrated that changes in 
the cell cycle were not synchronized between canonical Wnt 
pathway activation and p130/E2F4 overexpression during the 
differentiation of mMSCs into AT II cells. This may be due 
to the complex crosstalk that occurs during cell signaling, 
making it difficult to target specific factors. Moreover, 
further investigations are required to determine the interac‑
tion between β‑catenin and p130 during the differentiation of 
MSCs into AT II cells, including specific cell cycle changes 
and interaction domains. In addition, p130 and E2F4 on Day 7 
and Day 14 in the MSC‑NC, MSC‑p130 and MSC‑E2F4 groups 
after induced differentiation is required to further determine 
the effects of overexpression of p130 or E2F4. However, results 
of our previous study demonstrated that lentivirus‑mediated 
p130 or E2F4 transduction is stable and efficient, even after 20 
passages of mMSCs (14). A further limitation of the present 
study included the low magnification used during fluores‑
cence microscopy, which may lead to bias during fluorescent 
counting. However, the protein expression levels of SP‑C veri‑
fied the increased levels of differentiation.

Figure 6. Graphical representation of the mechanisms underlying MSC 
differentiation into AT II cells. APC, adenomatous polyposis coli; AT II cells, 
type II alveolar epithelial cells; Dvl, disheveled; E2F4, E2F transcription factor 
4; GSK 3β, glycogen synthase kinase 3β; LRP5/6, lipoprotein receptor‑related 
proteins 5/6; MSCs, mesenchymal stem cells; P, phosphorylation.
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In conclusion, results of the present study demonstrated 
that the canonical Wnt signaling pathway may impact the 
differentiation of MSCs into AT II cells through regulating 
downstream p130/E2F4. The specific underlying mechanism 
may be associated with regulation of the cell cycle. Results 
of the present study may provide a novel theoretical basis for 
promoting the differentiation of MSCs into AT II cells for the 
treatment of pulmonary diseases.
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