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Abstract
Background: Pelvic floor dysfunction (PFD) is a spectrum of disorders including stress urinary
incontinence and pelvic organ prolapse. Transforming growth factor-β1 (TGF-β1) can induce
mesenchymal stem cells (MSCs) to differentiate into smooth muscle cells (SMCs). SMCs derived from
adipose-derived stem cells (ADSCs) can be used to repair damaged pelvic floor smooth muscle tissues,
which is of great interest for clinical applications using stem cell therapy for PFD. The Wnt/β-catenin
pathway acts as a decisive factor in the fate of stem cells.
Methods and Results: In this study, we used medium containing TGF-β1, TGF-β1 inhibitor LY2109761, or
Wnt/β-catenin inhibitor KYA1797K, to induce ADCSs to differentiate into SMCs in vitro to explore the
influence of TGF-β1 on the myogenic differentiation of ADCSs via the Wnt/β-catenin pathway. Results: 1)
TGF-β1 induces ADSC-derived SMCs to hyper-express the SMC markers including SMA-α, Desmin,
Calponin, and SMMHC ; 2) TGF-β1 activates the Wnt/β-catenin signaling pathway in ADSCs. After
blocking TGF-β1, the Wnt/β-catenin pathway and myogenic differentiation in cells were inhibited; 3) the
Wnt/β-catenin pathway is involved in the differentiation of ADSCs into SMCs. After differentiation
induction, the synchronized changes in the activation of Wnt/β-catenin signaling and the expression of
SMC-specific proteins showed a trend of simultaneous changes, and after the inhibition of the Wnt
pathway, the adult muscle differentiation was significantly inhibited.
Conclusions: We established a simpler and more efficient method for inducing ADSCs to differentiate into
SMCs using TGF-β1 and demonstrated that the Wnt/β-catenin signaling pathway is activated during this
process.

Introduction
Pelvic floor dysfunction (PFD) refers to a range of disorders caused by abnormalities or dysfunction of
muscles, ligaments, or nerves of the pelvic floor (Brandon et al.2009), and primarily includes stress
urinary incontinence (SUI) and pelvic organ prolapse (POP). Recently, PFD incidence has increased,
seriously impacting women's quality of life; according to a US study, SUI and POP affect 15%−17% and
3%−6% of women, respectively (Wilkins and Wu 2017). At present, surgery is the main clinical treatment
to restore the anatomy and function of damaged pelvic floor muscle, but the postoperative complications
are many, the recurrence rate is high, and the effect is not ideal. Therefore, tissue reconstruction using
smooth muscle replacement therapy has become a key research direction.
Mesenchymal stem cells (MSCs) have been widely used in tissue engineering, stem cell transplantation,
and immunotherapy (Wang et al.2017). Adipose-derived stem cells (ADSCs), a type of MSC, have been
widely studied since their discovery because of their advantages: convenient extraction of large
quantities, easy in vitro expansion, good genetic stability, low immunogenicity, and multi-directional
differentiation potential (Zuk et al.2001; Kolaparthy et al.2015; Levi et al.2013). Previous studies have
demonstrated that ADSCs can differentiate into SMCs under certain conditions (Salemi et al.2015;
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Rodríguez et al.2006). Hence, using ADSCs as seed cells to engineer smooth muscle tissue for PFD
treatment has great potential.
The Wnt/β-catenin pathway, which coordinates many biological processes, such as cellular localization,
cell proliferation, differentiation, and apoptosis, and tissue-specific homeostasis, is a signaling pathway
controlling embryonic development and adult homeostasis (Teo et al.2010; Petersen et al.2009). βcatenin is an endocytic signal transmitter in the Wnt pathway, and activated β-catenin induces myogenic
differentiation of rat MSCs (Shang et al.2007). Transforming growth factor (TGF)-β family proteins can
redirect differentiation of either fully differentiated or uncommitted cells along a specific spectrum
(Derynck et al.2007). Multiple studies have found that the addition of TGF-β1 to culture medium induces
myogenic differentiation of MSCs (Wang et al.2010; Chen et al.2004).
Although previous reports have demonstrated the capability of ADCSs to differentiate into SMCs, the
methods are complicated, and an abundance of target cells is difficult to obtain quickly. The underlying
mechanism to effectively induce ADCSs to differentiate into SMCs remains poorly understood. Therefore,
this study aimed to demonstrate a relatively simple method using TGF-β1 to induce ADCS differentiation
into SMCs, allowing a harvest of a bulk of cells. Additionally, to further refine the induction protocol from
adipose stem cells to smooth muscle cells, we explored whether specific activation of the Wnt/β-catenin
signaling pathway could modulate myogenic differentiation.

Materials And Methods
This study was approved by the ethics committee of The Second Affiliated Hospital and Yuying Children’s
Hospital of Wenzhou Medical University (Wenzhou, China).

ADSC isolation culture and identification
Adipose tissue was obtained from patients undergoing liposuction and digested with an equal volume of
type I collagenase (GIBCO, USA) on a shaker at 37 °C for 45 min. Undigested tissue was removed with
100-mesh and 200-mesh screens; the remaining tissue was centrifuged at 1200 rpm for 5 min, and then
the final pellet resuspended in complete medium (CM, Cyagen, USA). The cells were seeded at 1×104/mL
density in culture flasks and incubated at 5% CO2 at 37 °C. The cells were passaged when they reached
80%–90% confluence, and third- to fifth-generation cells were used for subsequent experiments. The CM
was changed every three days. Differentiation of ADSCs was induced using Human Adipose-derived
Stem Cell Osteogenic Differentiation Medium (Cyagen), Chondrogenic Differentiation Medium (Cyagen),
Adipogenic Differentiation Medium (Cyagen) and detected by alizarin red, alizarin blue, and oil red O
staining.

Flow cytometry
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Third generation ADSCs were washed three times with phosphate buffer saline (PBS), adjusted to
1×106/mL, and incubated with PE anti-CD29 (Biolegend, USA), PE anti-CD31 (Biolegend), PE anti- CD44
(Biolegend), PE anti-CD45-, PE (Multi Sciences, China) and anti-CD90 (Biolegend). PE-coated non-specific
mouse IgG1 (Multi Sciences) was used as a negative control. Samples were processed with a flow
cytometer, and the data were analyzed with FlowJo v10 software.

Induction of differentiation of ADSCs into SMCs and Wnt/βcatenin pathway inhibition assay
Third generation ADSCs were inoculated into 6-well plates and reached 80% confluence. Cells were then
incubated in SMC-induction medium (5 ng/mL TGF-β1 (PeproTech, USA) in CM). Cells were cultured in
the induction medium over 12 days, and the medium was changed every 2 days. The evolution of cells
during induction was observed under the microscope. Proteins were extracted every three days (12 days
in total) and stored at -80°C, and the protein levels of the different time-period groups were compared by
western blotting.
The Wnt pathway was analyzed using TGF-β1 inhibitor LY2109761 (MCE, USA) or Wnt/β-catenin pathway
inhibitor KYA1797K (MCE, USA). Briefly, at 80% confluence of the cells, the medium was replaced with
SMC-induction medium supplemented with LY2109761 (10 μM) or KYA1797K (10 μM). An equal volume
of DMSO (Solarbio, China) was added to the control group. Ten days after incubation, the protein levels
were compared with those of the control and blank groups by western blotting.

Immunofluorescence
To authenticate that SMCs can be differentiated from ADSCs, immunofluorescence staining of
intracellular molecules was performed. After fixation in 4% paraformaldehyde for 15 min,
permeabilization with 0.5% Triton X-100 (dissolved in PBS) for 20 min, and blocking with 10% FBS for 30
min at 37 °C, the cells were incubated with antibodies including mouse anti-desmin (1:100, Abcam, USA),
mouse anti-α-SMA (1:100, Abcam), rabbit anti- SMMHC (1:100, Affinity, USA), or rabbit anti-calponin
(1:100, Affinity) at 4 °C overnight and then incubated with immunofluorescence-labeled secondary
antibodies (Affinity) for 2 h at 37 °C, protected from light. Nuclei were reverse dyed with DAPI (Beyotime
Biotechnology, China). We observed protein expression under a fluorescence microscope.

Western blotting
Total protein was harvested from the cells using RIPA (Beyotime Biotechnology). Equivalent proteins were
separated by 6%–10% SDS-PAGE and transfected onto PVDF membranes. The protein-transfected PVDF
membranes were blocked with TBST (Tris buffered saline with Tween) containing 5% skim milk for 90
min, then incubated with primary antibody on a shaker at 4 °C overnight, followed by incubation with
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horseradish peroxidase-conjugated anti-rabbit IgG (1:5000, Solarbio) for 45 min. The primary antibodies
were rabbit monoclonal β-catenin (1:10000, Abcam), calponin (1:2000, Affinity), α-SMA (1:500, Affinity),
desmin (1:500, Affinity), SMMHC (1:1000, Affinity), or GAPDH (1:3000, Affinity). Protein expression was
assessed using ECL reagent (Affinity). Quorum relative protein expression intensity was determined by
optical density using ImageJ software.

Statistical analysis
All data are represented as mean ± standard deviation (SD) from three independently conducted
experiments (unless otherwise noted). Differences between the experimental and control groups were
determined using one-way ANOVA. P <0.05 indicated statistical significance. Statistical tests were
performed by utilizing the GraphPad Prism 8 software.

Results

Culture and identification of ADSCs
Alizarin red, alizarin blue, and oil red O staining experiments showed that ADSCs could be inductively
differentiated into osteoblasts, adipose cells, and chondroblasts (Figure 1(b–d)). In addition, the results
by flow cytometry showed that ADSCs were significantly high in expression of CD29, CD90, and CD44,
whereas CD31 and CD45 were negative, indicating that our extracts from adipose tissue were pure ADSCs
without contamination by endothelial cells and leukocytes (Figure 1(e)).

ADSCs produce a smooth muscle layer-like phenotype
after TGF-β1 induction
Cells were sampled during induction to observe their morphology. Uninduced ADSCs appeared as
fibroblast-like spindle cells. After induction, the cells became slightly longer and flatter than before and
grew in a "peak and valley" pattern (Figure 3(a)). The uninduced ADSCs already expressed α-SMA (Figure
2 (5)), none stained positively for the SMC markers desmin, calponin, and SMMHC, and the expression of
α-SMA, desmin, calponin, and SMMHC were all significantly increased after 1 week of induction culture
(Figure 2).

Wnt/β-catenin participates in regulating differentiation of
ADSCs into SMCs
To investigate whether the Wnt/β-catenin signal is involved in smooth muscle cell differentiation from
ADSCs, we used western blotting to detect the levels of β-catenin, and SMC-specific proteins. The
expression of β-catenin increased significantly from day 3 forward and remained at a consistent level.
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Levels of α-SMA and desmin began increasing significantly on day 3 and remained high, while expression
of mid- and late-stage SMC-specific proteins calponin and SMMHC occurred from days 6−9 (Figure 3b).
Therefore, the expression pattern of Wnt/β-catenin pathway proteins during differentiation corresponded
to the SMC-specific markers. The above findings showed that TGF-β1 contributed to the differentiation of
ADSCs into SMCs via the Wnt/β-catenin pathway.

Inhibition of Wnt/β-catenin blocked differentiation of
ADSCs into SMCs
To explore whether Wnt/β-catenin is essential for the differentiation of ADSCs into SMCs, we measured
the levels of the key Wnt pathway marker, β-catenin, in the presence of the TGF-β1 inhibitor LY2109761 or
the Wnt/β-catenin-specific inhibitor KYA1797K. We also determined the specific proteins associated with
SMCs, including α-SMA, calponin, desmin, and SMMHC. Pharmacological inhibition of TGF-β1 and Wnt
pathways significantly downregulated β-catenin expression, triggering a further decrease in SMC-specific
protein levels (Figure 4), compared to non-inhibitor-treated controls.
As shown in Figure 5, we hypothesize that TGF-β1 activates the Wnt pathway, triggers the accumulation
of β-catenin in the cytoplasm that transfers to the nucleus, and promotes the differentiation of ADSCs to
SMCs, while the addition of pathway inhibitors reduces this differentiation.

Discussion
In this study, we directly compared the expression of β-catenin and SMC marker proteins between
undifferentiated ADSCs and TGF-β1-induced ADSCs. We also compared the expression of β-catenin and
SMC marker proteins after addition of LY2109761 or KYA1797K, and found that TGF-β1 can specifically
stimulate the differentiation of ADSCs into SMCs by activating the Wnt/β-catenin signaling pathway. We
successfully established ADSC-derived SMCs in vitro, which may be used in reconstruction of pelvic floor
muscles.
TGF-β1 is a multifunctional protein, which is engaged in a diverse range of biological processes,
including cell growth, differentiation, and migration (Derynck et al.2007). It has been demonstrated that
TGF-β1 can induce the differentiation of MSCs into SMCs (Kurpinski et al.2010; Narita et al.2008; Wang
et al.2010). Previously, it has been established that TGF-β1 enhances the gene transcription and protein
level of myocardin in ADSCs. Myocardin acts like a cofactor for blood serum response factor and has a
significant effect on the performance of SMC-specific genes (Chen et al.2002; Du et al.2003; Wang et
al.2003).
The Wnt/β-catenin signaling pathway is highly evolutionarily conserved and is involved in the control of
cell proliferation, differentiation, apoptosis, and cellular localization during embryonic
development(Petersen and Reddien 2009). Recently, it has been indicated that the Wnt/β-catenin pathway
plays a key part in MSC differentiation. For example, Sun et al. found that IL-1β promotes angiogenesis in
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human lung-derived MSCs through upregulation of β-catenin (Sun et al.2016). In addition, studies on
pulmonary fibrosis have shown that Wnt/β-catenin signaling can induce fibroblast differentiation from
MSCs (Sun et al.2014). However, several investigations have suggested that downregulation of the Wnt/
β-catenin pathway can be critical to MSC differentiation into mature osteoblasts (van der Horst et
al.2005). Our experimental studies revealed that activation of Wnt/β-catenin pathway facilitated the
differentiation of SMCs from ADSCs.
Measurements of SMC protein expression in our study partly confirmed other results that investigated the
differentiation of human MSCs into SMCs (Dahal et al.2020; Abolhasani et al.2020). SMC markers
regulate or are directly involved in the contraction of SMCs. For example, α-SMA, a key SMC early
differentiation marker (Beamish et al.2010), is involved in vasoconstriction and blood pressure
homeostasis (Xu et al.2019), and inhibition of α-SMA leads to decreased cellular motility and
myofibroblast contraction (Rockey et al.2013) during wound healing in vivo. Desmin, a general myogenic
marker, is a key subunit of the intermediate filament in cardiac, skeletal, and smooth muscles (Paulin et
al.2004). Calponin is an intermediate marker that combines with actin to regulate SMC
contraction(Andersson et al.2004), and SMMHC, the most well-established SMC marker, acts as an
ATPase and exerts force along actin filaments(Babu et al.2004).
In recent years, ADSCs have gained wide application in reconstructive and plastic surgery. ADSCs have
multi-directional differentiation potential and can be artificially induced into smooth muscle cells, bone
cells, chondrocytes, and adipocytes (Rodríguez et al.2006; van Zoelen et al.2016; Dzobo et al.2016; Chen
et al.2020). ADSCs have significant advantages, such as less invasive collection, high proliferative
capacity, excellent regenerative ability, and multiplicity of differentiation potential, as well as, extremely
low immunogenicity, making them particularly suitable for tissue engineering and gene therapy. In
addition, many studies have shown that ADSCs can differentiate into SMCs, which have promising
applications in the treatment of diseases and injuries of muscle tissues and organs such as the blood
vessels, bladder, and ureters(Lin et al.2020; Pokrywczynska et al.2018; Zhao et al.2016). The
immunofluorescence and western blotting data showed increased expression in the major Wnt/β-catenin
signaling proteins and SMC developmental markers after 12 days of induction, which to some extent
confirmed the previous study(Jiang et al.2019). Adding TGF-β1 and Wnt/β-catenin pathway inhibitors to
the SMC-induction medium significantly suppressed activation of β-catenin, as well as lowered protein
levels of SMC marker at later stages, further confirming the association between TGF-β1 and the Wnt/βcatenin pathway in the differentiation of ADSCs to SMCs.

Conclusion
In summary, we established a simpler and more efficient method for inducing ADSCs to differentiate into
SMCs using TGF-β1. Additionally, we demonstrated that the Wnt/β-catenin signaling pathway is activated
during this process. This method is more convenient and efficient for obtaining SMCs on a large-scale
and provides a potential resource for pelvic floor muscle reconstruction in treatment of PFD.
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Figure 1
The cultivation of ADSCs and the identification of their differentiation ability. ADSCs were cultured to the
third generation (a), and Alizarin Red staining (b), Oil Red O staining (c) and Alizarin Blue staining (d)
were used to evaluate the differentiation of ADSCs into osteoblasts, adipose cells and chondroblasts.
Flow cytometry analysis of molecular surface antigen markers (e) showed that CD31 and CD45 were
Page 13/17

negative, CD29, CD44, and CD90 were positive, and PE-bound non-specific mouse IgG1 was used as a
negative control.

Figure 2
ADSCs were induced to produce SMC marker proteins, calponin (2- 4), desmin (6-8), SMMHC (10-12) and
α-SMA (14-16) positive expression, and non-induced ADSCs were used as negative controls (1,5,9,13), the
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cells ex- press a little α-SMA before induction (5), and the rest of the proteins are negative (1,9,13). The
nucleus was stained with DAPI.

Figure 3
The role of Wnt/β-catenin in ADSCs SMC differentiation. After 14 days of culture, the cells were observed
under a microscope. Compared with the non-induced cells (a-DEF), the cells were still spindle-shaped
after TGF- β1 induction, but they were slightly longer and flatter, showing "peak-to-valley" growth (a-ABC).
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Western blotting detects the expression levels of β-catenin protein in the experimental group and the
control group, and simultaneously detects the protein expression levels of α-SMA, desmin, SMMHC, and
calponin (b). GAPDH was used as an internal reference. Use ImageJ software to ana- lyze the band
intensity. All results represent the mean ± standard deviation of three independent experiments (n = 3).
With one-way analysis of variance test, there is a significant difference compared with the 0d group (∗p
<0:05).

Figure 4
Blocking TGF-β1/Wnt/β-catenin inhibits the differentiation of ADSCs into SMC. TGF-β1 and Wnt/βcatenin inhibitor drugs were added respectively. After 10 days of induction, the level of β-catenin, a key
protein of the Wnt pathway, decreased, and the expression of α-SMA, desmin, calponin, and SMMHC at
the protein level decreased. All results represent the mean ± standard deviation of three independent
experiments (n = 3). ∗: There is a significant difference between the TGF-β1 group and the blank group,
∗∗: There is a significant difference between the TGF-β1 group and the addition of inhibitory drugs, p
<0:05.
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Figure 5
The Wnt /β-catenin pathway can be activated by TGF-β1, and β- catenin accumulates in the cytoplasm
and transfers to the nucleus, thereby promoting the differentiation of ADSCs and producing SMC-related
proteins. β- catenin inhibitor LY2109761 and Wnt / β-catenin pathway inhibitor KYA1797K block Wnt / βcatenin signaling and inhibit differentiation.
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