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Abstract
So far no evidence is available as to whether TGFβ and Wnt signaling pathways cooperatively modulate dopaminergic differ-
entiation of the adult stem cells. To investigate the interaction between the two pathways in early dopaminergic differentiation, we
cultured the newly introduced unrestricted somatic stem cells (USSCs) in neuron differentiation media followed by treatments
with inducers and inhibitors of Wnt and TGF beta pathways either alone or in combinations. Our results showed that the level of
Nurr-1 as a marker for dopaminergic neuron precursors and that of the nuclear β-catenin as the key effector of the active Wnt
pathway were significantly elevated following the treatment with either TGFβ or BIO (the Wnt pathway inducer). Conversely,
Nurr-1 expression was significantly reduced following the combined treatments with SB431542 (the TGFβ inhibitor) plus BIO
or with TGFβ plus Dkk1 (the specific Wnt inhibitor). Nuclear β-catenin was also significantly reduced following combined
treatments with SB431542 plus either BIO or TGFβ. Altogether, our results imply that Wnt and TGFβ signaling pathways
cooperatively ensure the early dopaminergic differentiation of the USSC adult stem cells.
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Introduction

There is increasing evidence for the involvement of signaling
pathways like transforming growth factor beta (TGFβ) and
Wnt in differentiation and maintenance of the embryonic mid-
brain dopaminergic (DA) neurons (Andersson et al. 2013;
Angbohang et al. 2016; Dastjerdi et al. 2012; Dun et al. 2012;
Falk et al. 2008; Fujimori et al. 2017; Galli et al. 2014;
Gollamudi et al. 2012; Hegarty et al. 2014; Kashima and Hata
2017; Massey et al. 2018; Massey et al. 2019; Meyers and
Kessler 2017; Ribeiro et al. 2011; Roussa et al. 2009; Roussa
et al. 2006; Song et al. 2018; Stephano et al. 2018; Tesseur et al.

2017; Zhang et al. 2015). Wnt ligands including Wnt3a, Wnt1,
and Wnt5a play important roles in development of dopaminer-
gic phenotype (Andersson et al. 2013); Wnt1 and Wnt3a regu-
late the proliferation of dopaminergic precursors, and Wnt5a
regulates differentiation of Nurr-1 precursor cells to tyrosine
hydroxylase (TH) cells (Castelo-Branco et al. 2003). Both β
catenin-dependent canonical (main) and β catenin-independent
non-canonical Wnt pathways play important roles in develop-
ment of DA neurons (Andersson et al. 2013). Due to the
crosstalk between Wnt and other signaling pathways and also
its complexity, controversies on the role of Wnt pathway in
proliferation/differentiation of stem cells exist (Prakash and
Wurst 2006). One important Wnt interacting pathway is the
TGFβ pathway reported to be active in stem cell niches and
essential for the maintenance and differentiation of neural stem
cells both in vitro and in vivo (Falk et al. 2008). Increasing
evidence indicates that transforming growth factor beta
(TGFβ) is involved in differentiation and maintenance of mid-
brain dopaminergic neurons (Gadue et al. 2006; Hegarty et al.
2014; Kashima and Hata 2017; Li et al. 2006; Nishita et al.
2000; Roussa et al. 2009; Roussa et al. 2006; Tesseur et al.
2017; Zhang et al. 2015; Zhou et al. 2004). Members of the
TGFβ family bind to the complex receptors including type I
and II receptor serine/threonine kinases. Type II receptor acti-
vates type I receptor which then phosphorylates Smads 2/3 that
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oligomerizes with Smad 4 leading their translocation to the
nucleus where the transcription of the TGFβ target genes are
triggered (Shi and Massague 2003). Moreover, TGFβ is known
to synergistically interact with other growth factors and thus in-
crease migration, proliferation, differentiation, and survival of
dopaminergic neurons (Roussa et al. 2006). Cai et al. (2013) also
showed that the interaction between Wnt, TGFβ, and BMP
pathways induces the embryonic stem cells towards dopaminer-
gic differentiation (Cai et al. 2013).Wnt and TGFβ pathways are
also known to differentially regulate proliferation and differenti-
ation of mesenchymal stem cells (MSCs) towards non-neural
lineages such as cartilage, bone, and fat cells (Zhang et al.
2015; Zhou et al. 2004). For example, while activation of Wnt
and TGFβ pathways triggers the differentiation of MSCs to-
wards the chondrocytes, that towards the adipocytes and osteo-
cytes is inhibited (Zhang et al. 2015; Zhou et al. 2004). Despite
all the abovementioned evidence on the interaction betweenWnt
and TGF in dopaminergic differentiation of the embryonic stem
cells, limited knowledge however is available if they also interact
in neural differentiation of the adult stem cells. In the present
study, we therefore used the unrestricted somatic stem cells
(USSCs) as an experimental model to examine if Wnt and
TGFβ interaction enhances the dopaminergic potential of
USSCs. The activation of the Wnt pathway was performed by
using 6-bromoindirubin-3′-oxime (BIO) known to specifically
inhibit the β catenin degrading enzyme, glycogen synthase ki-
nase (GSK-3β) (Meijer et al. 2003). Wnt inhibition was per-
formed by using recombinant Dickkopf-1 (Dkk1) as the specific
Wnt inhibitor (Glinka et al. 1998). The activation and inhibition
of the TGFβ pathway were induced by the recombinant TGFβ
protein and the small molecule SB431542 (Inman et al. 2002),
respectively. Using combinations of treatments, we analyzed the
levels of Nurr-1 as a dopamineric neuron marker (Saucedo-
Cardenas et al. 1998) and nuclear β catenin as the key element
in the Wnt pathway. The results in this study indicate an interac-
tive cooperation between the two pathways towards dopaminer-
gic differentiation of the adult stem cell USSCs.

Materials and Methods

Chemicals

Retinoic acid, IBMX (isobutylmethylxanthine), and bFGF (basic
fibroblast growth factor) were purchased from Sigma (UK).
Human recombinant TGFβ1 (used at final concentration 1
ng/ml) and SB431542 (used at final concentration 10 μM) were
purchased from Peprotech (Germany) and TOCRIS (Germany),
respectively. Dkk1 (used at final concentration 100 ng/ml) was
purchased from R&D systems (Germany). Nurr-1 and β catenin
antibodies were purchased from Santa Cruz (Germany) and
Sigma (Germany), respectively . FITC-conjugated secondary an-
tibody was purchased from Razi Biotech (Iran); DMEM, fetal

bovine serum (FBS), penicillin-streptomycin, trypsin, and EDTA
were obtained from Gibco (UK). 6-Bio was purchased from
Calbiochem (Germany). All other chemicals were purchased
from Merck (Germany).

USSC Isolation and Culture

Isolation, culture, and characterization of human USSCs were
performed as described by Kogler et al. (2004). Umbilical
cord vein of the informed consented mothers was considered
as a source of cord blood (CB) from which the mononuclear
cell fraction was separated by density centrifugation of a
Ficoll gradient. USSCs were successfully extracted at a rate
of 40% from cord blood samples, expanded in low glucose
DMEM supplemented with 20% FBS (control medium) in a
humidified incubator with 5% CO2 at 37 °C. Being 80% con-
fluent, the cells were passaged and replated after detachment
by 0.25% Trypsin-EDTA.

Neural Differentiation

Human USSCs were cultured at a density of 4000 cells/cm2

on coverslips and treated with neural induction medium con-
taining DMEM, 7.5% FBS, 1% penicillin/streptomycin,
20 ng/ml bFGF, 0.5 mM IBMX, 50 μM ascorbic acid, and
10 μM retinoic acid for up to 10 days (Khanghahi et al. 2014).
Culture medium was changed every 2–3 days.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde, permeabilized
with Triton X-100 (0.3%), and probed using primary antibod-
ies to Nurr-1 (1:200), β catenin (1/1000), and FITC-
conjugated secondary antibodies (1:60). The nuclei were de-
termined by using DAPI.

Quantification Method of the Intensities of Nuclear β Catenin
and Nurr-1

The stained nuclei of at least 50–70 cells in each group
from at least 3 repeats of experiments were quantified.
Using the image J program, the intensities were mea-
sured as the following steps: The images were firstly
turned into 8-bit type. In the blue channel, the Image
Adjust>Threshold was chosen to “select” the nuclei.
Then, the nuclei in red were marked in ROI by choos-
ing Edit>Selection>Create Selection>and added each to
t h e ROI Manage r. To Ana lyze t h e da t a>Se t
Measurements was selected where the “Grey value” re-
fers to the intensity. Then, the same selected cells in the
blue channel were also marked in the green channel.
Finally, through the Analyze>Measure, the intensities
of the nuclei in the green channel were measured and
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the ratio to that of the blue channel was calculated. All
values are expressed as mean ± standard error of the
mean (SEM). Statistical analysis was performed for the
ratios between different groups using ANOVA by Prism
8.0 (GraphPad Software).

RNA Isolation and RT-PCR

Total cellular RNA was isolated from USSCs using
RNX-plus (Fermentas, Germany) according to the man-
ufacturer’s instructions. cDNA was synthesized using
2 μg RNA, oligo dT-primer, and reverse transcriptase
(Cinagen, Iran). cDNAs were used as templates in po-
lymerase chain reactions (PCR) in a thermocycler PCR
machine using a PCR reaction mixture (Qiagen,
Germany) with primer pairs according to the following
program: 30 cycles at 95 °C/15″, 59°C/25″, and 72 °C/
25″. PCR products were run on 1.5% agarose gel con-
taining the red safe and visualized under the U.V. The
primer sequences were as follows: Nurr-1 forward: 5-
AATGCGTTCGTGGCTTTGG-3, Nurr-1 reverse: 5-
AGTTCCTTTGAA GTGCTTGGG-3. GAPDH forward:
5′CCA GGT GGT CTC CTC TGA CTT CAA CAG-3′.
GAPDH reverse: 5′AGG GTC TCT CTC TTC CTC
TTG TGC TCT-3′. Amplicon sizes for Nurr-1 and
GAPDH were 405 and 226 bps, respectively.

Results

USSCs Acquire Neuronal Fate in Neural Differentiation
Media

As we previously showed (Dastjerdi et al. 2012),
USSCs show fibroblast-like morphologies in the control
media containing low glucose DMEM supplemented
with 20% FBS (Fig. 1a). Following 3 days of culture
in neuronal differentiation media (containing FBS,
DMEM, ascorbic acid, retinoic acid, bFGF, and
IBMX), these cells acquired neuronal phenotypes
consisting of the elongated cells with neurites (Fig. 1b).

Wnt Canonical Pathway Is Activated by 6-BIO in USSCs

In order to activate the Wnt pathway in USSCs, these
were treated with 6-BIO (a specific GSK-3β inhibitor),
followed by immunofluorescence analysis of β-catenin
expression pattern. As shown in Fig. 2, while the ex-
pression of β–catenin in the cells of the control group
was mainly cytoplasmic (Fig. 2a, g), it was weakly lo-
calized in the nucleus in those treated with the neural
differentiation medium (0.7188 ± 0.06309; Fig. 2c, g).
This expression though was greatly enhanced after the

treatment with 2 μM BIO (1.345 ± 0.0415; Fig. 2e, g),
suggesting that 6-BIO activates the Wnt canonical
pathway.

BIO Induces the Differentiation of USSCs Towards
Dopaminergic Fate

In order to investigate if BIO triggers the dopaminergic
differentiation of USSCs, the spatial expression of Nurr-
1 protein (as one of the dopaminergic differentiation
markers) was investigated in neurally induced USSCs
treated with BIO for 3 days compared to the untreated
and neurally induced cells. As shown in Fig. 3, the
expression of Nurr-1 was significantly increased after
the t rea tment wi th 2 μM BIO (1.036 ± 0.053;
Fig. 3e, g) compared to the control (0.058 ± 0.004;

Fig. 1 Photomicrographs of USSCs: (a) Control, (b) following 3 days of
culture in neuron differentiation media containing FBS, DMEM, ascorbic
acid, retinoic acid, bFGF, and IBMX which results in elongated cells
differentiating towards the neuronal phenotype. Scale bar 100 μm
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Fig. 2 Immunofluorescence photomicrographs of β-catenin expression
in USSC cells treated with either the neuron differentiation media, BIO,
or both for 24 h. The expression of β–catenin in the control group (a) is
mainly cytoplasmic and no nuclear staining is seen, whereas in neural
differentiation medium treated group (c) is localized in the nucleus though
not strong. Following the treatment with Bio together with the neural

differentiation medium (e), it is robustly enhanced in the nucleus, indi-
cating that Bio activates the Wnt signaling pathway. The nuclei were
localized by using DAPI (b, d, f). Quantification of the intensities of
the β catenin nucleus staining (g) showed that Bio enhanced the intensity
for almost 1.5-folds compared to the neural differentiation medium-
treated group. ***p < 0.001. Scale bar 100 μm

Fig. 3 Immunofluorescense of
Nurr-1 expression in USSCs fol-
lowing treatment with Bio. While
there is a weak nuclear expression
of Nurr-1 in the control cells (a),
more is present in those treated
with the differentiation media (c)
and significantly enhanced in
those treated with Bio 2 μM in the
presence of differentiation medi-
um (e). The nuclei were localized
by using DAPI (b, d, f).
Quantification of the intensities of
the Nurr-1 nuclei staining (g)
showed that Bio enhanced the in-
tensity of Nurr-1 significantly
compared to those in the neural
differentiation medium-treated
and the control groups.
***p < 0.001. Scale bar 100 μm
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Fig. 3a, g) and the differentiation media alone treated
cells (0.739 ± 0.015; Fig. 3c, g), indicating that 6-BIO
enhances the differentiation of USSCs towards the do-
paminergic phenotype.

Activation of TGFβ Pathway in USSCs Triggers Their
Differentiation Towards the Dopaminergic Fate

We examined the intensity of Nurr-1 protein expression as a
dopaminergic differentiation marker in USSCs treated with
the recombinant TGFβ1 either alone or together with its spe-
cific inhibitor SB431542. As shown in Fig. 4, Nurr-1 expres-
sion in the neurally induced USSCs (0.73 ± 0.015; Fig. 4b, i)
was significantly enhanced after the TGFβ1 treatment (0.97 ±
0.022; Fig. 4c, i) as compared to the control untreated group
(0.058 ± 0.004; Fig. 4a, i). Conversely, treatment with the
SB431542 alone (0.7173 ± 0.04013; Fig. 4d, i) or together
with TGFβ1 (0.7641 ± 0.02397; Fig. 4e, i) significantly re-
duced the expression of Nurr-1 compared to that in the
TGFβ1-treated cells (0.97 ± 0.022; Fig. 4c, i). Altogether,
these results indicate that the differentiation of USSCs into
Nurr-1-positive neurons is triggered by TGFβ1 since it is
antagonized by the inhibitor of TGFβ1, SB431542.

Wnt Inhibition Reduced Nurr-1 Gene Expression
Induced by Recombinant TGFβ

To investigate if inhibition of Wnt signaling pathways affects
TGFβ induction of Nurr-1 gene as a marker of dopaminergic
differentiation in USSCs, Dkk1 as a specific Wnt inhibitor was
used. While Nurr-1was expressed in groups of the control, neu-
ral differentiation media, and TGFβ1-treated USSCs, it was
abolished after treatment with Dkk1 either alone or together with
TGFβ (Fig. 5), suggesting that the active Wnt is required for
TGFβ induction of dopaminergic differentiation.

Nuclear Localization of β-Catenin Requires
the Activation of Both Wnt and TGFβ Pathways

To further investigate if both Wnt and TGFβ pathways coop-
eratively are involved in neural differentiation of USSCs, cells
were treated with the Wnt activator, 6-BIO, together with
TGFβ or its inhibitor SB431542 and analyzed the nuclear
localization of β-catenin. The nuclear localization of β-
catenin in USSCs was significantly enhanced by using either
BIO (1.345 ± 0.0415; Fig. 6c, m) or the recombinant TGFβ
(1.39 ± 0.03; Fig. 6e, m). The intensity was however

Fig. 4 Nurr-1 localization in USSCs treated with neural differentiation
media alone (a) or combined with TGFβ1 (c), SB431542 alone (e), or
combined with TGFβ1 (g). As shown, while Nurr1 is weakly expressed
in the neural differentiation media-treated group alone (a), it is increased
after TGFβ1 treatment (c). Conversely, in the presence of SB431542
either alone (e) or combined with TGFβ1 (g), Nurr1 expression is

significantly decreased. The localizations of the nuclei were determined
by using DAPI (b, d, f, h). Quantification of the intensities of the Nurr-1
nuclei staining (i) showed that treatment with SB either alone or together
with TGFβ1 reduced the intensity of Nurr-1 staining significantly com-
pared to that in the TGFβ1-treated group. Scale bar 100 μm
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significantly reduced following treatment with SB431542 ei-
ther alone (0.102 ± 0.027; Fig. 6g, m), or together with BIO
(0.74 ± 0.02; Fig. 6i, m) or TGFβ (0.8 ± 0.016; Fig. 6k, m),
indicating that nuclear transfer ofβ-catenin requires the active
Wnt and TGFβ pathways.

Discussion

In recent years, stem cell-based therapies for neural regenera-
tion have become a special interest of many research studies.
Among various sources of stem cells, the cord blood-derived
unrestricted somatic stem cells (USSCs) could be considered
as a proper candidate for autologous transplantation.
Unraveling the mechanisms that regulate their differentiation
is essential prior to clinical trials. Our present study reveals for
the first time that Wnt and TGFβ pathways cooperatively
regulate neural differentiation of USSCs towards the dopami-
nergic fate. First, we showed that each of the Wnt or TGFβ
pathways had its own neural inducing potency. Treatment of
USSCs with BIO as the specific activator of the Wnt pathway
enhanced the nuclear localization of Nurr-1 and β catenin,
also been confirmed in our previously published article
(Dastjerdi et al. 2012). That 6-BIO enhances neuronal induc-
tion via β-catenin entry to the nuclei has also been shown by
other researchers using other cell types. For example, Sato
et al. (2004) used mouse embryonic stem cells and showed
the neural inducing potency of 6-BIO (Sato et al. 2004).

We further showed that not only the Wnt pathway but also
TGFβ triggered the dopaminergic differentiation of the USSC
adult stem cells. Treatment with the TGFβ inhibitor
SB431542 significantly reduced the nuclear localization of
Nurr-1. The inducing effect of TGFβ towards the

dopaminergic fate has been also evidenced by other re-
searchers in the adult midbrain neurons (Roussa et al. 2009;
Tesseur et al. 2017).

In the present study, we have also shown for the first time
that the presence of both Wnt and TGFβ is required to ensure
the dopaminergic differentiation of USSCs; inhibition of one
reduced the differentiation potency of the other; treatment
with a combined treatment of BIO and TGFβ inhibitor
SB43154 or with that of TGFβ and the Wnt inhibitor Dkk1
reduced the Nurr-1 expression induced by either TGFβ or
BIO. This positive cooperative interaction between TGFβ
and Wnt has also been evidenced elsewhere, for example,
during embryonic development, e.g., in the Spemann organiz-
er (Nishita et al. 2000), in the non-lens ectoderm next to the
retina (Grocott et al. 2011), in the embryonic stem cells (Cai
et al. 2013; Song et al. 2018), and in non-neural cells (Zhang
et al. 2015; Zhou et al. 2004).

On the contrary to this positive cooperation, there is
evidence elsewhere suggesting that TGF beta antagonizes
the Wnt pathway via interactions with other pathways
(Angbohang et al. 2016; Cai et al. 2013; Falk et al.
2008). As an example, Cai et al. (2013) used the induced
pluripotent stem cells (iPSCs) and showed that inhibition
of TGFβ resulted in upregulation of Wnt signaling only if
the BMP was constitutively inhibited. This agonistic ver-
sus antagonistic interactions between the two pathways
under the same biological context could be explained by
the limited available pool of Smads 2/3/4 which may alter
the type of interaction between the two pathways (Nishita
et al. 2000). Indeed, according to our preliminary result,
the cytoplasmic level of co-immunoprecipitated Smads 2/3
and β-catenin was reduced drastically following the TGFβ
treatment (data not shown), suggesting that TGFβ might
have used the Smads 2/3 to transfer β-catenin to the nu-
cleus. In other words, Smads 2/3 and β-catenin might have
physically interacted with each other leading to their entry
to the nucleus and as a result of the crosstalks between the
two pathways. Agonizing/antagonizing the Wnt and other
related pathways by TGFβ via regulation of Smads has
also been evidenced by other researchers using different
cell types. For example, Jian et al. (2006) showed that
TGF-β1 induced a Smad3-dependent nuclear translocation
of β-catenin and led to proliferation of the bone marrow-
derived adult human mesenchymal stem cells (Jian et al.
2006). Calvo-Sanchez et al. (2019) showed that for
growth/rest switching in hair follicle stem cells, β-catenin
interacts with Smad4 in a BMP/TGFβ receptor-dependent
context and both proteins act synergistically to activate
TGFβ receptor (Endoglin) promoter transcription (Calvo-
Sanchez et al. 2019). Also, Zhang et al. (2019) showed that
Wnt/β-catenin signaling activation under the ischemic in-
jury may be related to the TGFβ/Smad3 signaling pathway
(Zhang et al. 2019). Chawla and Ghosh (2018) showed that

Fig. 5 RT-PCR analysis of Nurr-1 expression in USSCs treated with
media alone (control), neuron differentiation media, recombinant
TGFβ1 alone, or together with Dkk1 as a Wnt-specific inhibitor. Nurr-1
expression is abolished after treatment with Dkk1 either alone or together
with TGFβ
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TGFβ/Smad and Wnt/β-catenin signaling pathways are
involved in differentiation of dermal fibroblasts to
myofibroblasts during the scar formation (Chawla and
Ghosh 2018). All these evidence highlight the interaction
between β-catenin and Smads during the stem cell differ-
entiation, specifically in our case the adult neural stem
cells.

In summary, our study points at the positive interaction
between the TGFβ and Wnt pathways to ensure the dopami-
nergic differentiation of USSCs. Thus, inhibition of one atten-
uates the inducing effect of the other, and the presence of both
is required to fulfill the adult stem cell dopaminergic
differentiation.
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Fig. 6 Spatial expression pattern of β-catenin following simultaneous
activation/inhibition of Wnt and TGFβ pathways. a In USSCs treated
with the neural differentiationmedia, the expression ofβ-catenin is main-
ly localized in cytoplasm, but weakly in the nucleus. Treatment with
either BIO (c) or TGF β1 (e) however leads to a confined expression of
β-catenin in the nucleus. After treatment with the neural differentiation
media and SB431542 alone (g), or combined with BIO (i) or TGFβ (k), a

reduction in nuclear β-catenin expression is seen. The localizations of the
nuclei were determined by using DAPI (b, d, f, h, l). Quantification of the
intensities ofβ-catenin nuclei staining (m) showed that treatment with SB
alone or together with either TGFβ1 or BIO reduced the intensity of
stainings significantly compared to the TGFβ1- or BIO-treated groups.
Scale bar 100 μm
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