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The bone morphogenetic proteins (BMPs) are a group of potent morphogens
which are critical for the patterning, development, and function of the central
nervous system. The appropriate function of the BMP pathway depends on its
interaction with other signaling pathways involved in neural differentiation, leading
to synergistic or antagonistic effects and ultimately favorable biological outcomes.
These opposite or cooperative effects are observed when BMP interacts with
fibroblast growth factor (FGF), cytokines, Notch, Sonic Hedgehog (Shh), and Wnt
pathways to regulate the impact of BMP-induced signaling in neural differentiation.
Herein, we review the cross-talk between BMP signaling and the prominent signaling
pathways involved in neural differentiation, emphasizing the underlying basic molecular
mechanisms regarding the process of neural differentiation. Knowing these cross-
talks can help us to develop new approaches in regenerative medicine and stem
cell based therapy. Recently, cell therapy has received significant attention as
a promising treatment for traumatic or neurodegenerative diseases. Therefore, it
is important to know the signaling pathways involved in stem cell differentiation
toward neural cells. Our better insight into the cross-talk of signaling pathways

Abbreviations: AKT, Protein kinase B; APC, adenomatous polyposis coli; bHLH, basic helix–loop–helix; BMPs, Bone
morphogenetic proteins; CBT, Cell-based therapy; ChCh, Churchill; CKIα, Casein kinase 1; CNTF, Ciliary neurotrophic
factor; CT-1, Cardiotrophin-1; Emx, empty spiracles homeobox; FGF, Fibroblast growth factor; Fz, Frizzled; GCPs, Granule
cell precursors; GSK3β, Glycogen synthase kinase 3β; Hes, Hairy and enhancer-of-split; JAK, Janus kinase; LIF, Leukemia
inhibitory factor; MAPK, Mitogen activated protein kinase; MS, Multiple sclerosis; Msx, Msh homeobox; NICD, Notch
intracellular domain; NPCs, Neural progenitor cells; PI3K, Phosphatidylinositol 3-kinase; Ptch, Patched; RTKs, Receptor
tyrosine kinase; SCI, Spinal cord injury; Shh, Sonic Hedgehog; Sip1, Smad-interacting protein1; SMAD, A gene similar
to mother against decapentaplegic (Mad) Drosophila gene and Sea C. elegans; Smo, Transmembrane protein smoothened;
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during neural development would improve neural differentiation within in vitro tissue
engineering approaches and pre-clinical practices and develop futuristic therapeutic
strategies for patients with neurological disease.

Keywords: bone morphogenetic proteins (BMPs), cytokines, FGF, Sonic hedgehog (Shh), Wnt, cell therapy,
nerodegenerative diseases, regenerative medicine

INTRODUCTION

The development of neurons is amulti-stage process that initiates
early in embryogenesis that depends on several neural inducing
factors (Marchal et al., 2009). The most important signaling
pathways in neural differentiation include bone morphogenetic
proteins (BMPs), fibroblast growth factor (FGF), cytokines,
Notch, Sonic Hedgehog (Shh), and Wnt/β-catenin. BMPs
are members of the transforming growth factor β (TGF-β)
superfamily (Wang et al., 2014). They were discovered in the
1960s by Urist, who stated that their action in the demineralized
bone matrix could persuade ectopic formation of bone (Rahman
et al., 2015). The human genome contains more than 20 types
of heterodimer or homodimer BMPs. According to the sequence
homology of their amino acids, structures, and functions, they
are divided into four separate subfamilies: (1) BMP2 and 4;
(2) BMP5, 6, 7, 8a, and 8b; (3) BMP9 and 10; and (4) BMP12,
13, 14 (Bal et al., 2020). BMPs are involved in biological activities
such as embryogenesis (epidermal induction and inhibiting
ectodermal fate), developmental processes (cell proliferation,
differentiation, and apoptosis), and also the maintenance of
adult tissue homeostasis (Wang et al., 2014; Biniazan et al.,
2021). BMPs genes are highly conserved which have had
similar functions from fruit flies to humans. One of the best
reasons for understanding the evolutionary conservation of
BMP is the role of this signaling in neural induction and
subsequent patterning of neuroectoderm (Mizutani and Bier,
2008). Besides, BMP family members play important roles
in CNS development from neural induction to patterning of
the nervous system. BMP ligands and receptors are present
throughout the embryonic brain, adult brain, and spinal cord
with diverse expression patterns within discrete regions of the
CNS (Eixarch et al., 2018; Hart and Karimi-Abdolrezaee, 2020).
BMP-2, -4, -5, -6, and -7, are expressed in the cerebral cortex,
hippocampus, cerebellum, and brainstem during development
(Helm et al., 2000). These BMPs are also expressed in neurons,
astrocytes, oligodendrocytes, and ependymal cells of the adult
brain (Hart and Karimi-Abdolrezaee, 2020). BMP-6, -12, and -
14 are also expressed in midbrain dopaminergic neurons during
development. BMP-9 plays a crucial role in cholinergic neurons’
specification, and BMP13 is expressed at the edge of the neural
plate that participated in neural development (Helm et al.,
2000; Hanel and Hensey, 2006; Meyers and Kessler, 2017). Yan
et al. (2012) reported that low-level BMP-10 could be found in
neurons of uninjured rats. It has been shown that transcripts
for BMP-8a are present in the hippocampus while BMP-8b
is expressed in hypothalamic nuclei regulating energy balance
and thermogenesis (Mehler et al., 1997; Whittle et al., 2012).
There is a BMP-sensitive window during neural commitment.

A single BMP type can induce distinctive roles at embryonic
development stages and microenvironment situations (Spatio-
temporal effects). For instance, BMP 7, BMP-2, and BMP-4
induce astrocyte differentiation from neuroepithelial cells. In
other conditions, these BMPs can also increase the number of
neurons (Meyers and Kessler, 2017).

The BMPs exert their cellular response through two types
of receptors: type I (BRIa, BRIb, ActRIa, and ActRIb) and
Type II (BRII, ActRII, and ActRIIb); both types are serine and
threonine protein kinases (Bandyopadhyay et al., 2013). The
receptors affinities for either Type I or II receptors vary among
different BMP ligands. For instance, BMP2 and BMP4 bind
equally to BMPR1a and BMPR1b, but BMP7 binds less efficiently
to BMPR1a. BMP6/7 can bind to BMPR1a, BMPR1b and
Act-R1; and BMP14 binds to BMPR1b (Hart and Karimi-
Abdolrezaee, 2020). The binding of BMP ligands to the type
II receptor phosphorylates type I receptor, which consequently
increases phosphorylated specific receptor-regulated Smad [a
gene similar tomother against decapentaplegic (Mad)Drosophila
gene and Sea C. elengans; R-Smads], including Smad1, Smad5,
or Smad8. Phosphorylated R-Smads and Smad4 (a co-Smad for
the BMP) modulate transcription of BMP downstream target
genes by translocation into the nucleus. In addition to the
Smad-dependent canonical pathway, the BMP signaling pathway
plays an essential role in cell proliferation and differentiation
in a Smad-independent manner (non-canonical) through TAK1,
MKK3, and p38 mitogen activated protein kinase (MAPK;
Miyazono et al., 2010; Bandyopadhyay et al., 2013). The BMP
signaling pathway is modulated at the cellular or cytoplasmic
level during neural induction. Target genes, signal transducers,
and BMP ligands can inhibit this pathway at various cascade
levels. BMP antagonists including Chordin, Noggin, follistatin,
Gremlin, and Cerberus physically bind to BMPs and mask
the critical epitopes in ligand-receptor interactions that prevent
BPMs from binding to their receptors (Bandyopadhyay et al.,
2013; Salazar et al., 2016). Inhibitors of BMP signaling have
various binding affinities for different BMP ligands. For example,
noggin, follistatin, and chordin, the first known neural inducers
act by suppressing BMP signaling required for neural formation
and patterning of the embryonic axis (Meyers and Kessler, 2017).
Among all the physiological antagonists, Noggin is the most
widely studied in the nervous system. Noggin binds with high
affinity to BMPs such as BMP2, BMP4, BMP5, and BMP7; but
cannot inhibit BMP6, BMP9, BMP10, and BMP11. Cerebrus also
binds BMP2, BMP4, and BMP7 (Bond et al., 2012; Eixarch et al.,
2018; Figure 1).

Developmental studies demonstrated that the BMPs induce
either neurogenesis or glial differentiation, depending on stages
of embryonic development, the source of cells, and the age

Frontiers in Molecular Neuroscience | www.frontiersin.org 2 March 2022 | Volume 15 | Article 827275

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Manzari-Tavakoli et al. The Cross-Talk of BMP With Other Signalings

FIGURE 1 | The BMP signaling pathways. (1) The BMP Smad-dependent (canonical) pathway: BMPs bind type II receptor and constitutively active type I receptor,
which trans-phosphorylate and activate Smad1/5/8 (R-Smads). Phosphorylated Smad1/5/8 binds with Smad4, which translocate to the nucleus and regulate BMP
downstream target genes. (2) The BMP Smad-independent (non-canonical) pathway: BMPs ligands activate the non-canonical pathway through TAK1, MKK3, and
p38 mitogen activated protein kinase (MAPK). (3) BMP antagonists (Noggin) bind to BMPs ligands and prevent BPMs from binding to their receptors.

of the target cells. In the initial steps of the early stages of
nervous system development, inhibition of BMP is essential
to create the neuroectoderm. However, higher levels of BMP
signaling are vital for induction of neural crest, migration of
neural cells, and spinal cord patterning at later steps. At late
stages, BMP encourages astroglial commitment and prevents
neuronal and oligodendroglia lineage differentiation (Gámez
et al., 2013). Cell source is another indicator parameter of the
role of BMPs in nervous system fate. For instance, BMPs appear
to induce neuronal differentiation of ventricular zone progenitor
cells, while they stimulate differentiation of subventricular zone
progenitors to astrocytic lineage (Finley et al., 1999; Gomes
et al., 2003). As an age parameter example, in adult brains,
BMP signaling encourages the fate of astroglia while blocking
the differentiation of oligodendrocytes as myeline producers
and neurons (Meyers and Kessler, 2017). Recent findings have
shown that neural development is more complex than only

simply inhibiting BMP signaling. Therefore, considering several
signaling pathways participate in the specification of neural
differentiation will improve the preclinical studies for developing
neural cells in vitro.

Differentiating neural cells from stem cells was one of the
first attempts to develop appropriate nerves in vitro. Some
studies have attempted to differentiate stem cells and progenitors
into different nervous system cellular subtypes, including
glial cells and neurons, which can be surgically transplanted
into vertebrates to participate in nervous system regeneration
(Chuang et al., 2015). Effort on the differentiation methods to
prepare specific cell types, including neurons and glial cells, is
one of the most critical steps toward regenerating injured neural
tissues. Treatment of traumatic or neurodegenerative diseases
has faced many challenges due to the low restoration capacity of
the neurons (Manzari-Tavakoli et al., 2020; Biniazan et al., 2021;
Jafari et al., 2021). Additionally, the shortcoming of available
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therapeutic approaches necessitates searching for emerging
regenerative approaches (Griffin and Bradke, 2020; Leibinger
et al., 2021). Cell-based therapy (CBT) is a promising therapeutic
approach to regenerating damaged tissues via differentiating
eligible cells to target cells, regulating the microenvironment of
injured sites, and promoting tissue reconstruction in a paracrine
manner (Babajani et al., 2020). However, applying stem cells
in neural regeneration requires accurate insight into neural
development pathways to recruit these signalings for inducing
the differentiation of stem cells to the desired cells in the damaged
tissue. This review focuses on the interaction or cross-talk
between BMP signaling and other prominent neural regulatory
components such as FGF, cytokines, Notch, Sonic Hedgehog
(Shh), and Wnt/β-catenin. Understanding these interactions
improves the prospects of stem cell biology and neuroscience
and increases our future insight into stem cell application in
regenerative medicine and clinical practice.

BMP AND FGF SIGNALING PATHWAY
CROSS-TALK IN NEURAL
DIFFERENTIATION

The FGF signaling pathway regulates the brain and spinal cord
neurogenesis (Oliveira et al., 2013). FGF signaling is an early
and essential factor in neural differentiation during embryonic
development and exerts its pivotal effect at the primitive
ectoderm stage (before gastrulation; Koshida et al., 2002; Linker
and Stern, 2004; Delaune et al., 2005; Stavridis et al., 2007;
Cohen et al., 2010). FGFs regulate metabolic functions, tissue
repair, and regeneration, frequently via triggering developmental
signaling pathways in adult tissues (Ornitz and Itoh, 2015).
The FGF protein family consists of 23 members with a crucial
role through different cascades (Oliveira et al., 2013). The
phylogenetic analysis suggests that FGF protein family members
can be arranged into seven subfamilies containing FGF1 (FGF1,
2), FGF4 (FGF4, 5, 6), FGF7 (FGF3, 7, 10, 22), FGF8 (FGF7,
17, 18), FGF9 (FGF9, 16, 20), and FGF15/19 (FGF15/19, 21, 23)
subfamily (Ornitz and Itoh, 2015). The FGF family members
such as FGF1, FGF2, and FGF4; but not FGF8b, can promote
neurogenesis of mouse embryonic stem cells (Oliveira et al.,
2013; Chuang et al., 2015). This protein family induces its
biological effect by activating FGF receptors (FGFR1–4), a
subfamily of cell surface receptor tyrosine kinase (RTKs). FGF
signal transduction can proceed via three central intracellular
cascades, including RAS-MAPK, phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT), and PLPCγ pathways (Böttcher
and Niehrs, 2005; Eswarakumar et al., 2005; Chuang et al.,
2015; Diez del Corral and Morales, 2017). In many experimental
models, inhibiting FGF activity suppressed neural induction
(Wilson et al., 2000; Koshida et al., 2002; Bertrand et al., 2003).

Appropriate cross-talk between BMP and FGF is mandatory
for proper neural development. In this way, activation of FGF
signaling synergizes with BMP inhibition to induce neural
markers (Linker and Stern, 2004; Meyers and Kessler, 2017).
Some researchers proposed that FGF signaling primarily exerts
its effect by repressing BMPs genes or genes/proteins involved

in the BMP signaling pathway (Wilson et al., 2000; Koshida
et al., 2002; Pera et al., 2003; Böttcher and Niehrs, 2005;
Delaune et al., 2005; Gaulden and Reiter, 2008). As shown in
Figure 2, a possible molecular mechanism for the neutralizing
effect of FGFs is the MAPK pathway converging on BMP
signaling via phosphorylation of the linker domain of Smad1
via Ras/MAPK (Kuroda et al., 2005; Reversade et al., 2005;
Fuentealba et al., 2007). The linker domain of Smad has
sequences of serine/threonine residues that receive modulatory
inputs from several intracellular kinase cascades, including
MAPK and glycogen synthase kinase 3β (GSK3β; Sapkota
et al., 2007). As previously mentioned, BMP receptors activate
Smad1 through carboxy-terminal phosphorylation, whereas
MAPKs catalyze inhibitory phosphorylation in the Smad1 linker
region (Gaulden and Reiter, 2008; Cohen et al., 2010; Itasaki and
Hoppler, 2010). Therefore, a double phosphorylationmechanism
is suggested as a molecular basis for the cross-talk between
BMP and FGF in neural induction (Koshida et al., 2002). This
feature explains BMP and FGF signaling pathway cross-talk that
prevents Smad nuclear translocation and attenuation of the BMP
signaling pathway. Evaluation of neural development in chick
epiblast cells showed that FGF3 induces neural fate in early
epiblast cells by suppressing BMP4 and BMP7 (Wilson et al.,
2000). In another study, FGF2 induced trans-differentiation of
neural progenitor cells (NPCs) into oligodendrocyte progenitor
cells (OPCs) via activating the MAPK pathway that consequently
inhibits BMP signaling at the Smad1 transcription factor level
(Bilican et al., 2008).

As another cross-talk between FGF and BMP, strong synergy
exists between the effects of chordin and Noggin as BMP
antagonists and FGF in neural differentiation. FGF pathway and
BMP antagonists can attenuate Smad1 activity that results in
neurogenesis induction but in different manners. While FGF
can induce the Smad1 linker region’s phosphorylation via the
MAPK pathway, BMP antagonists prevent the phosphorylation
of carboxy-terminal serines in Smad1 through inhibition of
BMP signaling (Figure 2; Pera et al., 2003). FGF2 works
in close cooperation with Noggin to induce neural fate in
developing Xenopus embryos (Wilson et al., 2000; Koshida
et al., 2002; Bertrand et al., 2003). Additional evidence
demonstrated that low amounts of FGF4 along with BMP
inhibitors can trans-differentiate epidermal cells into neural cells
(Marchal et al., 2009).

Neural induction in chicks also shows another cross-talk
between FGFs and BMP signaling. It is demonstrated that
FGFs promote a zinc finger transcriptional activator, Churchill
(ChCh), which is essential for expressing Smad-interacting
protein1 (Sip1) in the neural plate. As shown in Figure 2,
Sip1 binds and suppresses Smad1/5 mediated activation of target
genes, which in turn results in BMP signaling suppression
(Böttcher and Niehrs, 2005). Taken together, cross-talk of the
FGF signaling with BMP in neural differentiation is through
suppressing the expression of genes involved in the BMP
signaling pathway or inactivating molecules involved in the BMP
signaling pathway. The crucial role of Smad1 as an interface for
the integration of FGF and BMP signals is a critical clue for
improving differentiation methods of stem cells.
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FIGURE 2 | The cross-talk between BMP and FGF signaling pathways in neural differentiation. (1) BMP ligands activate the BMP receptors that result in Smad1
C-terminal phosphorylation and, consequently, Smad1 activation. C-terminal phosphorylated Smad1 inhibits neural fate. (2) Interaction of FGF ligands and tyrosine
kinases receptors can activate RAS-MAPK intracellular signaling that causes phosphorylation of Smad1 linker domain. Phosphorylation of Smad1 in the linker region
results in inhibition of Smad1. Inactivation of Smad1 due to FGF function induces neural fate in stem cells. (3) FGFs can also stimulate a zinc finger transcriptional
activator, Churchill (ChCh), which increases Sip1 expression. Sip1 suppresses BMP signaling that consequently induces neural fate. (4) There is a strong synergy
between the effects of BMP antagonists (Chordin and Noggin) and FGF in neural differentiation.

BMP AND CYTOKINES SIGNALING
PATHWAY CROSS-TALK IN NEURAL
DIFFERENTIATION

Interleukin-6 (IL-6) family members such as leukemia
inhibitory factor (LIF), cardiotrophin-1 (CT-1), and ciliary
neurotrophic factor (CNTF) are among the central neuropoietic
cytokines which regulate the proliferation, development, and
differentiation of neural stem cells in different stages of neural
development by recruiting the Janus kinase (JAK)-signal
transducer and activator of transcription (STAT) signaling
pathway (Bauer, 2009; Nicolas et al., 2013; Siveen et al., 2014;
Borsini et al., 2015). The JAK-STAT intracellular cascade

initiates by cytokine-mediated activation of cell membrane
receptors. Cytokines induce dimerization of glycoprotein130
(gp130), a multichain receptor complex on the cell membrane,
followed by JAK activation. Subsequently, JAK phosphorylates
the tyrosines of STAT monomers in the cytoplasm, which leads
to STATs dimerization. The pSTAT dimer translocates into the
nucleus and regulates the transcription of various target genes
(Figure 3; Nicolas et al., 2013).

Astrocyte differentiation greatly depends on
STAT3 activation and its binding to the promoter region
of the target gene (Kim et al., 2010; Wang et al., 2015). In
embryonic cortical precursor cells, activation of the CNTF
receptor triggers the differentiation of precursor cells into
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FIGURE 3 | The cross-talk between BMP and cytokines signaling pathway in neural differentiation. (1) The interaction of cytokines and JAK components results in
STAT3 phosphorylation and dimerization. Dimerized STAT3 is translocated into the nucleus, leading to astrocyte differentiation. (2) The synergistic effects between
cytokines and BMP signaling in astrocyte differentiation are exerted through two different pathways: (a) LIF induces STAT3, while BMP2 activates Smad1 through
their receptors. p300, a transcriptional coactivator, interacts with STAT3 and Smad1 resulting in the formation of STAT3/Smad1/p300 transcriptional complex and
promotion of astrocyte differentiation (Black arrows). (b) Cytokines (LIF), can create a booster para-regulatory pathway in which activated STAT3 increases the
expression of BMP2. The presence of BMP2 increases the activated Smad1 which induces astrogliogenesis (Red arrows).

astrocytes by activating JAK1, STAT1, and STAT3. It has been
shown that embryonic neurogenesis and neurite outgrowth were
enhanced in STAT3 knock-down mice, while astrogliogenesis
was inhibited (Bonni et al., 1997). The additional factors and
pathways seem to regulate astrogliogenesis. Almost all regulatory
mechanisms of astrocyte differentiation, such as BMPs, bFGF,
and Notch collaborate with the JAK-STAT pathway to modulate
the astrogliogenic process (He et al., 2005).

The cross-talk between IL-6 family members and BMPs
induces astrocyte development in primary fetal neural
progenitor and neuroepithelial cells in two ways: (1) formation
of STAT3/Smad1/p300 transcriptional complex; and (2) a
para-regulatory pathway between LIF and BMP2. In the
first mechanism, LIF activates STAT3, while BMP2 triggers
Smad1 through their specific receptors. As shown in Figure 3,
the collaborative signaling of LIF and BMP2 requires
bridging between STAT3 and Smad1, which is mediated by
histone acetyltransferase p300, a transcriptional coactivator.
p300 interacts with STAT3 and Smad1 through its own amino

and carboxyl terminus portions, respectively, resulting in
STAT3/Smad1/p300 transcriptional complex activation and
astrocytes creation. Therefore, LIF and BMP2 cooperatively
promote astrocyte differentiation (Nakashima et al.,
1999a,b). It has been shown that cross-talk of BMP7 with
LIF and IL-6 induce neuroepithelial cell differentiation to
astrocytes. Similar to BMP2, BMP7 induces the formation of
STAT3/Smad1/p300 transcription complex by p300-mediated
bridging (Yanagisawa et al., 2001). It was reported that
CT-1 was expressed in mouse fetal neuroepithelial cells,
which synergistically induced astrocyte differentiation with
BMP-2. Since CT-1 activates STAT3 (similar to LIF), it
is probable that CT-1 acts in a similar mechanism as LIF
(Ochiai et al., 2001). In the second mechanism, LIF forms
a booster para-regulatory pathway in which activation of
LIF/STAT3 induces the expression of BMP2 and the following
Smad1 activation that encourages astrogliogenesis. Besides,
this LIF-mediated upregulation of BMP2 forms the molecular
basis for cross-talk between cytokines and BMPs signaling
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FIGURE 4 | The cross-talk between BMP and Notch signaling pathways in neural differentiation. (1) The interaction of Notch ligands and single-pass
transmembrane receptors results in the proteolytic breakdown and release of the NICD. Translocation of NICD into cell nucleus activates the
CSL/RBP-Jk/CBF-1 transcription complex that increases the expression of Notch target genes. (2) In the absence of NICD, the co-repressor binds to the CSL
transcription factor and inhibits the transcription of target genes, while the interaction of NICD with CSL promotes the transcription of target genes. (3) The cross-talk
between BMP and Notch signaling in astrocytes differentiation is mediated via two distinctive ways: (a) BMP2 stimulation activates Smad1 that promotes the
recruiting of NICD intracellular domain. Activated NICD increases activation of the Hes-5 gene promoter. (3.b) BMP2 promotes Smad1 to interact efficiently with
NICD in presence of p300 and P/CAF that forms a transcription complex. This complex upregulates Hes-5, which inhibits proneural bHLH transcription factors such
as Mash-1 and neurogenin and increases astrocyte differentiation.

pathways, which enhances the formation of the astrogliogenic
transcription factor complex STAT3/Smad1/p300 (Figure 3;
Fukuda et al., 2007).

It seems that all of the IL-6 family cytokines, which
activate STAT3, potentially cooperate with BMPs to enhance
astrocyte differentiation. The complex creation of Smad1 and
STAT3 linked by p300 and para-regulatory pathways are
suggested astrocyte differentiation mechanisms.

BMP SIGNALING CROSS-TALK WITH
NOTCH SIGNALING PATHWAY IN NEURAL
DIFFERENTIATION

Notch signaling is critical for regulating polarity and glial
differentiation during early nervous system development
(Chuang et al., 2015; Borggrefe et al., 2016). Notch signaling
induces its effects through two distinctive pathways: canonical

and non-canonical (Layden and Martindale, 2014). Because
there is no acceptable data on the cross-talk of the non-canonical
pathway with BMP in the nervous system development, only the
canonical pathway is discussed. The Notch canonical pathway
has five ligands (Delta1, 3, 4, and Jagged 1, 2) that interact
with four different receptors (Notch1–4; Andersson et al., 2011;
Noisa et al., 2014; Zhao et al., 2014). As shown in Figure 4,
the binding of ligands, including Delta and Jagged, to the
single-pass transmembrane receptor leads to receptor proteolytic
breakdown and release of the Notch intracellular domain
(NICD). The released domain translocates into the nucleus,
activating the transcription complex named CSL/RBP-Jk/CBF-1.
In the absence of NICD, CSL inhibits transcription via binding
to the co-repressor complex, while the interaction of CSL and
NICD induces basic helix–loop–helix (bHLH) transcription
factors such as hairy and enhancer-of-split (Hes), Hey, Herp
target genes (Figure 4; Miyazono et al., 2005; Borggrefe et al.,
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2016). bHLH is a structural motif on some proteins which
is one of the most prominent superfamilies of dimerizing
transcription factors. Studies have shown the diverse functions
of bHLH in developmental processes in the nervous system,
sex determination, and muscles. Their function can be highly
regulated through two mechanisms: (1) dimerizing the subunits;
and (2) forming heterodimers with proteins containing bHLH
structure (Jones, 2004). Thus, Hes, Hey, and Herp genes can
regulate the bHLH transcription factors that are necessary to
induce downstream effects of Notch (Guo and Wang, 2009).
The members of the bHLH family can form homodimer and
heterodimer complexes which may cause neurogenesis or
gliogenesis fate (Iso et al., 2003). Hes and Hey genes are the
most prominent Notch downstream targets in vertebrates. Hes1,
Hes3, and Hes5, as members of the Hes family, are expressed
by embryonic neural stem cells that promote the generation
of astrocytes and inhibit premature neuronal differentiation
by suppressing proneural bHLH gene expressions such as
Mash1, neurogenin 2, and Math3 (Kageyama et al., 2006; Weber
et al., 2014). It has been reported that Hes1 and Hes5 inhibit
neurogenesis and persuade Muller glial differentiation in the
retina (Nakashima et al., 2001). As another Notch downstream
target, three Hey transcription factors: Hey1, Hey2, and
HeyL have been known. Hey1 and Hey2 negatively regulate
neuronal bHLH genes like Mash1 and Math3 and promote the
maintenance of neural precursor cells. Satow et al. (2001) has
demonstrated that over-expression of Hey2 promotes gliogenesis
while inhibiting neuronal development (Weber et al., 2014).

There is convincing evidence that Notch and BMP signaling
interact to regulate the neural development process (Blokzijl
et al., 2003; Borggrefe et al., 2016). Some studies have reported
that BMP induces Notch-related target genes such as Hes and
Hey family proteins in various cells, including neuroepithelial
and epithelial cells, suggesting possible cross-talk between these
developmental pathways (Weber et al., 2014). Nakashima et al.
(2001) demonstrated that anti-neurogenic effects of BMP2 were
achieved by expressing HES-5 genes in the neuroepithelial
cells that inhibit proneural bHLH transcription factors such as
Mash-1 and neurogenin, which subsequently leads to astrocyte
differentiation. Since the transcription of HES-5 is induced by
Notch as well as BMP2, there might be a signaling cross-talk
between the Notch and BMP signaling pathways (Nakashima
et al., 2001). Along with previous results, studies attempted
to discover the underlying mechanisms of cross-talk between
Notch and BMP for inhibiting neuronal fate and encouraging
astrocyte differentiation. As shown in Figure 4, BMP2 can
enhance Notch-induced transcriptional activation of Hes-5 in
mouse neuroepithelial cells. BMP2 stimulation increases the
recruiting of the NICD intracellular domain, which results in
enhanced activation of the Hes-5 gene promoter (Figure 4).
Additionally, BMP2 activates Smad1 that can only interact
efficiently with NICD in the presence of both p300 and
P/CAF to form a transcription complex. The formation of
this complex triggers BMP2-mediated enhancement of Notch-
induced Hes-5 expression. These interactions may suggest a
novel functional cross-talk between Notch signaling and BMP
signaling (Takizawa et al., 2003). Besides, some factors such

as Zinc finger protein 423 (ZFP423) boost the synergistic
interaction between BMP and Notch signaling by inducing
synergistic interaction between NICD and the SMAD complex
that causes upregulation of Hes5 gene (Masserdotti et al., 2010).

There are some studies on Notch and BMP interaction
in other systems. It has been shown that Notch regulates
transcription of Hes1 in cooperation with Smad3 as a
downstream factor of BMP signaling. Smad3 can affect the
promoter regions of Hes1 via direct interaction with NICD
(Blokzijl et al., 2003). Furthermore, Smad1 and NICD also
physically interact and cooperatively activate the transcription of
Hey1 (Itoh et al., 2004). Considering the role of these genes in
nervous system development, Notch and BMP pathways would
induce their cross-talk in a similar way to the other body systems
that can be evaluated in future studies. The cross-talk between
Notch and BMP is shown in Figure 4.

BMP SIGNALING CROSS-TALK WITH Shh
SIGNALING PATHWAY IN NEURAL
DIFFERENTIATION

Sonic Hedgehog (Shh) acts as a morphogenic factor in the
patterning and cell-fate specification of the central nervous
system. During the development of the mammalian CNS,
Shh regulates the proliferation, differentiation, and survival
of neural stem/progenitor cells (Komada, 2012). Shh induces
the specification of ventral neuron types and oligodendrocytes
from undifferentiated neural progenitors (Agius et al., 2004).
Shh acts through two different pathways: canonical and
non-canonical. Canonical pathway works through Patched
(Ptch) receptors/transmembrane protein smoothened (Smo)/Gli
proteins (Li et al., 2021). Since there is insufficient evidence
for cross-talk of the non-canonical pathway with BMP in the
nervous system, only the Shh canonical pathway cross-talk
with BMP is debated. As shown in Figure 5, the Shh ligand
binds Ptch1/Ptch2 12-transmembrane receptors that activate
their own signaling pathway by suppressing inhibitory effects
on transmembrane Smo protein. Consequently, activated Smo
triggers the Gli family members as zinc-finger transcription
factors. Consequent translocation of Gli proteins into the nucleus
results in the transcription of target genes involved in the
specification of neural cells, including HNF3β, patched, Nkx2.2,
and netrin-1 (Yam and Charron, 2013; Kong et al., 2015). BMPs
and Shh-related proteins may be coexpressed at some cell-cell
interaction sites and have conflicting activities in some neural
developmental processes. It has been demonstrated that Gli
members (Gli3 and Gli2 ) are co-expressed adjacent to many
expression sites of BMP, including the early ventral/posterior
sites of the mesoderm and the dorsal part of the neural tube (Liu
et al., 1998).

Many signaling factors have been implicated in regulating
dorsoventral (DV) patterning during embryonic CNS
development, among which BMP and Shh signalings play
essential roles. Shh factors are derived from the floor plate
and notochord, while BMPs are secreted from the ectoderm
and roof plate (Agius et al., 2004; Ulloa and Briscoe, 2007;
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FIGURE 5 | The cross-talk between BMP and Shh signaling pathways in neural differentiation. (1) The complex of Shh ligands and Patch receptors trigger Shh
signaling pathway by preventing inhibitory effects on Smo protein located within the membrane. (2) Smo activates the members of zinc-finger transcription factors
called the Gli family. (3) The translocation of Gli proteins into the nucleus increases the transcription of genes that participate in the specification of neural cells. (4)
BMPs can prevent the effects of Shh signaling by activating Smad5, which inhibits downstream agents of Shh such as Smo and Gli1. (5) TIEG-1, a BMP2 target
gene, can suppress Gli-mediated transcription of N-myc, a critical Shh target gene, that prevents proliferation and promotes differentiation of granule cell precursors.
(6) Smad1 interacts with C-terminally truncated Gli proteins and form a protein complex that contains Gli proteins which lead to neural differentiation.

Bond et al., 2012; He and Lu, 2013). It seems BMP and Shh
signals have antagonistic functions in controlling cell fate along
the dorsoventral axis of the neural tube. Shh has been suggested
as a ‘‘ventralizing’’ factor that induces ventral neuronal types,
whereas BMPs along with Wnts are known as ‘‘dorsalizing’’
factors of the neural tube (Ulloa and Briscoe, 2007; He and
Lu, 2013). It has been reported that Shh signaling can suppress
the dorsalizing effects of BMP signaling and induce ventral
patterning of the spinal cord (Bond et al., 2012). On the other
hand, exposure to high BMP levels blocks the Shh-induced
ventralizition, which appears to differentiate motor neurons
(Liem et al., 1995). The mechanisms that determine how DV

patterning responds to BMPs or Shh depend on the cross-talk
between these pathways (Bitgood and McMahon, 1995). In
this regard, it has been reported that BMP signaling affects
some genes that participate in Shh signaling pathway. Exposure
of neural cells to BMPs block the Shh-mediated induction of
HNF3β and Ptc ventral marker genes that are supposed to be
induced by the direct effect of Shh signaling (Liem et al., 2000).
Moreover, it has been proposed that Smads are sequestered
in a protein complex that contains Gli proteins. It has been
suggested that there is a physiologically relevant interaction
between C-terminally truncated Gli proteins and Smads.
Therefore, Shh and BMP signalings act closely in neural cell
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development, which may be at the level of a transcriptional
regulatory complex containing both Smad and Gli proteins
(Figure 5; Liu et al., 1998).

Besides the mutual effects of Shh and BMP on DV
patterning, these signalings can induce single-cell specification
through their cross-talk effect. It is demonstrated that Shh and
BMP signaling pathways regulate oligodendrocyte progenitor’s
(OPC) differentiation toward oligodendroglial and astrocytic,
respectively (Wu et al., 2012). The mechanism of the antagonistic
effects of BMP4 and Shh on OPC differentiation to glial
cells lineage is related to differences in nuclear chromatin.
Shh activates histone deacetylase1 (Hdac) and promotes
oligodendrocyte differentiation by increasing the peripheral
compaction of chromatins related to astrocyte generation. In
contrast, BMP decreases Hdac activity and mainly triggers the
transcription of genes that encourage astrocyte differentiation
(Wu et al., 2012). In primary cultures, BMP2 and BMP4 can
inhibit the proliferative effects of Shh via phosphorylation of
Smad5, which allows granule cell precursors (GCPs) to exit
from the cell cycle and enter the differentiation program. This
inhibitory effect may be conducted through the suppressive
impact of BMP on transcriptional factors of Shh such as Smo
and Gli1, allowing granule neuron differentiation (Rios et al.,
2004). In addition, the BMP2 target gene, TGF-β inducible
early gene-1 (TIEG-1), inhibits Gli-mediated transcription of
N-myc, a crucial target of Shh in GCPs, thereby preventing
proliferation and promoting differentiation (Figure 5; Álvarez-
Rodríguez et al., 2007). It has also been reported that Shh and
BMP interaction regulates GABAergic interneuron development
from dorsal telencephalic progenitors. BMPs typically limit
interneuron generation by dorsal telencephalic progenitors, but
Shh may promote interneuron generation by antagonizing BMP
(Gulacsi and Lillien, 2003). Collectively, Shh and BMP signalings
cross-talk essentially participates in appropriate DV patterning as
well as differentiation of progenitor cells towards glial cell lineage
and neurons.

BMP SIGNALING CROSS-TALK WITH Wnt
SIGNALING PATHWAY IN NEURAL
DIFFERENTIATION

Wnt family is a highly conserved signaling pathway withmultiple
functions in nervous system development, including neural
tube formation, dorsal root ganglia neurons differentiation,
and midbrain development (Kléber and Sommer, 2004; Kasai
et al., 2005; Faigle and Song, 2013; Zhang et al., 2015). In
nervous system development, Wnt signaling exerts its activities
via two distinctive pathways: canonical (β-catenin dependent),
or non-canonical (Inestrosa and Varela-Nallar, 2014). Currently,
there is no evidence of the cross-talk of non-canonical Wnt
with BMP signaling and the researchers focus on the canonical
pathway.

In the absence of Wnt ligands, the destruction complex
of axin, adenomatous polyposis coli (APC), casein kinase
1(CKIα), and GSK3 is functional. In the intact form of the
destruction complex, GSK3 displays enzymatic activity that leads

to phosphorylation of β-catenin and resultant degradation by
the proteasome system. As shown in Figure 6, binding of Wnt
ligand to their cell surface receptors, including the Frizzled (Fz)
family and LRP5/6, causes recruitment of axin and disheveled
as cytoplasmic components of Wnt signaling. This phenomenon
dissociates the destructive complex which results in inhibition of
GSK-3 activity and stabilization of β-catenin. β-catenin enters the
nucleus and activates T-cell factor/lymphoid enhancer-binding
factor (TCF/LEF) transcription factors to regulate the expression
of Wnt target genes involved in neural fate determination such
as neurogenin 1, C-myc, empty spiracles homeobox (Emx)2, and
Msh homeobox (Msx)2 (Guo and Wang, 2009; Ulloa and Martí,
2010; Zhang et al., 2015). Moreover, several studies have been
reported that BMPs are the indirect target of wnt signaling, which
inhibits BMPs expression and activates neural development
(Baker et al., 1999; Wessely et al., 2001; Haegele et al., 2003).

Many studies focused on the role of Wnt signaling in
adult neurogenesis. Activation of the Wnt signaling pathway
enhances hippocampal neurogenesis and the differentiation of
NPCs into mature neurons in Alzheimer’s disease (Oh et al.,
2015). It has been shown that NeuroD1, a pro-neurogenic
bHLH transcription factor, is a downstream mediator of Wnt
signaling, which induces neuronal differentiation (Faigle and
Song, 2013). In the other study, it has been reported that Wnt
signaling enhanced cortical NPCs differentiation into neurons.
The β-catenin/TCF complex directly regulates neurogenin 1,
a gene that participates in cortical neuronal differentiation
(Hirabayashi et al., 2004). Besides substantial evidence for the
role of Wnt/β-catenin in controlling neurogenesis by promoting
neuronal differentiation, some studies have demonstrated that
the Wnt/β-catenin pathway can participate in the proliferation
of neural progenitor cells (Zechner et al., 2003; Faigle and Song,
2013). Therefore, it seems that β-catenin may affect proliferation,
differentiation, or both, depending on the presence of other
signaling cascades (Otero et al., 2004).

There is cross-talk between Wnt and BMPs signalings in
nervous system development through functional implications
in many processes. BMP and Wnt signalings synergistically or
antagonistically interact at three levels: First, BMP and Wnt
regulate ligand production crucial for creating intracellular
response of these morphogens during embryonic development.
Second, the occurrence of cytoplasmic interactions between
components of BMP/Wnt pathways. Third, they share some
target genes in the nucleus (Ille et al., 2007). Their relationship
varies based on the cellular context, tissue type, and development
stage. Thus, the antagonistic or synergistic relation of BMPs
and Wnts signaling elements regulate patterning and cell lineage
commitment (Kléber et al., 2005; Guo and Wang, 2009; Itasaki
and Hoppler, 2010; Bertacchi et al., 2015).

Wnt and BMP can intricately regulate each other through
synergistic signaling and feedback systems during nervous
system development (Itasaki and Hoppler, 2010). As the first
mechanism, the absence or presence of Wnt ligands control
the cross-talk between these two signaling pathways. In the
absence of Wnt ligands, GSK3 phosphorylates Smad1 at specific
sites in the linker region which causes the degradation of
Smad1 and consequent inhibition of BMP signaling. However,
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FIGURE 6 | The cross-talk between BMP and Wnt signaling pathways in neural differentiation. (1) Wnt signaling initiation results from the interaction of Wnt ligand
with the N-terminal extra-cellular cysteine-rich domain of a Frizzled (Fz) family receptor that activates disheveled. (2) Activated disheveled changes the destructive
protein complex containing axin, APC, GSK3, and CKIα, resulting in GSK3 suppression. (3) Normally, the destructive complex inhibits β-catenin via the degrading
effects of GSK3. Wnt-induced alteration of this complex increases the stability of β-catenin. (4) Stabilized β-catenin is translocated into the nucleus and activates
TCF/LEF transcription factors that regulate the expression of Wnt target genes such as neurogenin 1, Emx2, and Max2, which induce neural fate determination. (5)
Probable mechanisms for synergistic effects of Wnt and BMP: (a) Wnt inhibits GSK3 phosphorylation effects on specific sites of Smad1 in the linker region that
stabilizes Smad1 and enhances BMP signaling. (b) Smads can directly collaborate with the β-catenin/TCF/LEF transcription complex that synergistically regulates
the transcription of target genes such as neurogenin 1, Emx2, and Max2. (6) In the absence of any ligands, Smad1 binds and inhibits disheveled-1. The presence of
BMP2 increases phosphorylated Smad1, which increases the inhibitory interaction between disheveled-1 and Smad1 that finally suppresses Wnt signaling pathway.

in the presence of Wnt8 ligands which interact with their
receptors, GSK3 is inhibited. Consequently, the BMP receptor
activates Smad1 at least a few hours longer, compared to the
presence of active GSK3; thus Wnt8 can enhance the effects
of BMP by inhibiting GSK3 and stabilizing Smad1 (Fuentealba
et al., 2007; Itasaki and Hoppler, 2010). It has been shown
that Wnt and BMP signaling collaborate by the creation of
the Smad/β-catenin/Lef1 complex during neural development
(Guo and Wang, 2009). Additionally, it has been reported
that members of the BMP family can regulate Wnt signaling

in which Smad4 directly collaborates with β-catenin/TCF/Lef
and synergistically regulates transcription that forms different
gradients along the rostral/caudal or medial/lateral axes of
the dorsal telencephalon (Kléber and Sommer, 2004). In this
way, it has been reported that transcriptional targets of Smad
and TCF/LEF-binding sites were juxtaposed, indicating that
the two pathways may induce cooperative activity to regulate
their downstream effectors, including Emx2, Msx2, and c-myc
(Feigenson et al., 2011). It has been shown that synergistic
Wnt/BMP signaling activity represses the differentiation of
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neural crest stem cells (NCSCs) and maintains multipotency
in NCSCs. It seems that the homeodomain factor Msx2 might
be implicated because Msx2 expression is modulated by
synergistic Wnt/BMP signaling in embryonic stem cells and
inhibits differentiation of migratory cranial neural crest cells.
Another transcription factor, Sox10, promotes multipotency
maintenance, which is continuously expressed in NCSCs treated
with Wnt1 plus BMP2 (Kléber et al., 2005).

On the other hand, Wnt and BMP signaling can antagonize
different processes, such as neural and neuroepithelial cell
development (Feigenson et al., 2011). For example, BMP
antagonizes Wnt signaling-induced proliferation in spinal cord
neuroepithelial cells andWnt suppresses BMP-induced neuronal
differentiation. Thus, reciprocal inhibitory interaction between
Wnt and BMP signalings controls the equilibrium between
differentiation and proliferation (Ille et al., 2007). A probable
mechanism for antagonistic effects of Wnt and BMP at the
cytoplasmic level is disheveled-1/Smad1 direct interaction. In the
lack of external Wnt and BMP ligands, disheveled-1 binds to
Smad1. In the condition of cell stimulation with both Wnt3a and
BMP2, phosphorylated Smad1 is generated that further increases
the interaction between disheveled-1 and Smad1. Therefore, the
Wnt3a-dependent stabilization of β-catenin is weakened, which
is a possible mechanism of Wnt pathway inhibition by BMP
signals (Itasaki and Hoppler, 2010). Direct interaction of β-
catenin with inhibitory Smad is another cross-talk way between
Wnt and BMP/TGF signaling (Itasaki and Hoppler, 2010).

In addition to the agonistic and antagonistic interaction of
BMP andWnt signaling, they can act as upstream or downstream
effectors for each other. Wnt signaling can act upstream of
BMP and upregulate its pathway in some developmental systems,
such as neurogenesis and astrogliogenesis. Conversely, BMP
may upregulate and act upstream of Wnt signaling in biological
functions such as neural crest delamination and dorsal/ventral
patterning (Fuentealba et al., 2007). In this line, it has been
reported that neurons are generated at the earlier neural stages,
while most glial cells are produced later. Wnt signaling triggers
astroglial differentiation through stimulation of BMPs expression
in neuronal cells. Hence, the cooperation of two signalings may
play a critical role in neurogenesis and gliogenesis of CNS (Kasai
et al., 2005). Another study also showed that Wnt signaling
upregulates BMPs that cause inhibition of oligodendroglial
differentiation at the neural stem cell stage. It is indicated
that both BMP4 and Wnt3a are necessary for inhibiting the
specification of OPCs (Feigenson et al., 2011). Thus, the BMP
signaling pathway is essential for the Wnt signaling pathway to
inhibit OPC differentiation, proposing that Wnt signals reside
upstream of BMP (Feigenson et al., 2011). Interchangeably, some
studies have shown that BMP can be upstream of Wnt. It has
been demonstrated that BMP signals act upstream of Wnt/β-
catenin signals to control Olig3 expression. The transcription
factor Olig3 is expressed in neural progenitor cells, essential
for the proper development of dorsal interneurons. So Wnt/β-
catenin and BMP signals cooperate to control dorsal neurons’
specification in the spinal cord (Zechner et al., 2007). Overall,
it seems that even though BMP is the main patterning factor,
Wnt signaling also takes part in the neural specification in the

spinal cord, both by modulating BMP signaling and activating
the expression of specific proneural genes.

CONCLUSION

Several signaling pathways regulate nervous system development
during different stages of fetus formation. These signaling
pathways cooperate in a synergistic or antagonistic manner that
forms various signaling cross-talks. BMPs pathway as a pivotal
signaling in neural development interacts with other signaling,
including FGF, cytokines, Notch, Shh, and Wnt/β-catenin.
FGF can increase neural differentiation by inhibiting Smads,
a downstream protein in BMP signaling, mainly by inserting
phosphorylations in inhibitory regions of Smads. On the other
hand, cytokines increase astrogenesis in a synergistic manner
with BMPs that include enhancing transcription complex and/or
a para-regulatory pathway. Similarly, Notch cooperates with
BMPs to increase gliogenesis based on the expression pattern
of bHLH family members. Besides, Shh and Wnt increase
neural differentiation by affecting Smads and/or downstream
proteins of BMP signaling. In view of the complex interaction
among different cellular pathways, considering the cooperation
mechanisms of the BMP pathway with the other signalings can
improve the pre-clinical and translational experience of using
stem cells as a regenerative agent in treating nervous system
damages; an issue which requires further investigation in the
future studies.

AUTHOR CONTRIBUTIONS

AM-T, AB, and HN: conceptualization. AM-T and AB:
investigation and writing—original draft preparation. AM-T,
AB, MF, and MH: writing—review and editing. MF: drawing
figures. HN and SB: supervision. All authors contributed to the
article and approved the submitted version.

FUNDING

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.
Research reported in this publication was supported by Vice-
Chancellor’s in Research Affairs of Shahid Beheshti University
of Medical Sciences, Tehran, Iran and the National Institutes for
Medical Research Development (NIMAD), Tehran, Iran, under
award number (963951).

ACKNOWLEDGMENTS

We would like to thank Dr. F. Safaeinejad, Dr. F. Biniazan,
and Dr. T. Tayebi in the Department of Pharmacology, Shahid
Beheshti University of Medical Sciences, Tehran, Iran.

SUPPLEMENTARY MATERIALS

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2022.827275/full#supplementary-material.

Frontiers in Molecular Neuroscience | www.frontiersin.org 12 March 2022 | Volume 15 | Article 827275

https://www.frontiersin.org/articles/10.3389/fnmol.2022.827275/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2022.827275/full#supplementary-material
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Manzari-Tavakoli et al. The Cross-Talk of BMP With Other Signalings

REFERENCES

Agius, E., Soukkarieh, C., Danesin, C., Kan, P., Takebayashi, H., Soula, C.,
et al. (2004). Converse control of oligodendrocyte and astrocyte lineage
development by Sonic hedgehog in the chick spinal cord. Dev. Biol. 270,
308–321. doi: 10.1016/j.ydbio.2004.02.015

Álvarez-Rodríguez, R., Barzi, M., Berenguer, J., and Pons, S. (2007). Bone
morphogenetic protein 2 opposes Shh-mediated proliferation in cerebellar
granule cells through a TIEG-1-based regulation of Nmyc. J. Biol. Chem. 282,
37170–37180. doi: 10.1074/jbc.M705414200

Andersson, E. R., Sandberg, R., and Lendahl, U. (2011). Notch signaling:
simplicity in design, versatility in function. Development 138, 3593–3612.
doi: 10.1242/dev.063610

Babajani, A., Soltani, P., Jamshidi, E., Farjoo, M. H., and Niknejad, H. (2020).
Recent advances on drug-loaded mesenchymal stem cells with anti-neoplastic
agents for targeted treatment of cancer. Front. Bioeng. Biotechnol. 8:748.
doi: 10.3389/fbioe.2020.00748

Baker, J. C., Beddington, R. S., and Harland, R. M. (1999). Wnt signaling in
Xenopus embryos inhibits bmp4 expression and activates neural development.
Genes Dev. 13, 3149–3159. doi: 10.1101/gad.13.23.3149

Bal, Z., Kushioka, J., Kodama, J., Kaito, T., Yoshikawa, H., Korkusuz, P., et al.
(2020). BMP and TGFSS use and release in bone regeneration. Turk. J. Med.
Sci. 50, 1707–1722. doi: 10.3906/sag-2003-127

Bandyopadhyay, A., Yadav, P. S., and Prashar, P. (2013). BMP signaling in
development and diseases: a pharmacological perspective. Biochem. Pharmacol.
85, 857–864. doi: 10.1016/j.bcp.2013.01.004

Bauer, S. (2009). Cytokine control of adult neural stem cells. Ann. N Y Acad. Sci.
1153, 48–56. doi: 10.1111/j.1749-6632.2009.03986.x

Bertacchi, M., Pandolfini, L., D’onofrio, M., Brandi, R., and Cremisi, F.
(2015). The double inhibition of endogenously produced BMP and W
nt factors synergistically triggers dorsal telencephalic differentiation
of mouse ES cells. Dev. Neurobiol. 75, 66–79. doi: 10.1002/dneu.
22209

Bertrand, V., Hudson, C., Caillol, D., Popovici, C., and Lemaire, P. (2003).
Neural tissue in ascidian embryos is induced by FGF9/16/20, acting via
a combination of maternal GATA and Ets transcription factors. Cell 115,
615–627. doi: 10.1016/s0092-8674(03)00928-0

Bilican, B., Fiore-Heriche, C., Compston, A., Allen, N. D., and Chandran, S.
(2008). Induction of Olig2+ precursors by FGF involves BMP signalling
blockade at the Smad level. PLoS One 3:e2863. doi: 10.1371/journal.pone.
0002863

Biniazan, F., Manzari-Tavakoli, A., Safaeinejad, F., Moghimi, A., Rajaei, F.,
and Niknejad, H. (2021). The differentiation effect of bone morphogenetic
protein (BMP) on human amniotic epithelial stem cells to express ectodermal
lineage markers. Cell Tissue Res. 383, 751–763. doi: 10.1007/s00441-020-
03280-z

Bitgood, M. J., and McMahon, A. P. (1995). Hedgehog and Bmp genes are
coexpressed at many diverse sites of cell-cell interaction in the mouse embryo.
Dev. Biol. 172, 126–138. doi: 10.1006/dbio.1995.0010

Blokzijl, A., Dahlqvist, C., Reissmann, E., Falk, A., Moliner, A., Lendahl, U., et al.
(2003). Cross-talk between the Notch and TGF-β signaling pathways mediated
by interaction of the Notch intracellular domain with Smad3. J. Cell Biol. 163,
723–728. doi: 10.1083/jcb.200305112

Bond, A. M., Bhalala, O. G., and Kessler, J. A. (2012). The dynamic role of
bone morphogenetic proteins in neural stem cell fate and maturation. Dev.
Neurobiol. 72, 1068–1084. doi: 10.1002/dneu.22022

Bonni, A., Sun, Y., Nadal-Vicens, M., Bhatt, A., Frank, D. A., Rozovsky, I.,
et al. (1997). Regulation of gliogenesis in the central nervous system by the
JAK-STAT signaling pathway. Science 278, 477–483. doi: 10.1126/science.278.
5337.477

Borggrefe, T., Lauth, M., Zwijsen, A., Huylebroeck, D., Oswald, F., and
Giaimo, B. D. (2016). The Notch intracellular domain integrates signals from
Wnt, Hedgehog, TGFβ/BMP and hypoxia pathways. Biochim. Biophys. Acta
1863, 303–313. doi: 10.1016/j.bbamcr.2015.11.020

Borsini, A., Zunszain, P. A., Thuret, S., and Pariante, C. M.
(2015). The role of inflammatory cytokines as key modulators of
neurogenesis. Trends Neurosci. 38, 145–157. doi: 10.1016/j.tins.
2014.12.006

Böttcher, R. T., and Niehrs, C. (2005). Fibroblast growth factor signaling during
early vertebrate development. Endocr. Rev. 26, 63–77. doi: 10.1210/er.2003-
0040

Chuang, J. H., Tung, L. C., and Lin, Y. (2015). Neural differentiation from
embryonic stem cells in vitro: an overview of the signaling pathways. World
J. Stem Cells 7, 437–447. doi: 10.4252/wjsc.v7.i2.437

Cohen, M. A., Itsykson, P., and Reubinoff, B. E. (2010). The role of FGF-signaling
in early neural specification of human embryonic stem cells. Dev. Biol. 340,
450–458. doi: 10.1016/j.ydbio.2010.01.030

Delaune, E., Lemaire, P., and Kodjabachian, L. (2005). Neural induction in
Xenopus requires early FGF signalling in addition to BMP inhibition.
Development 132, 299–310. doi: 10.1242/dev.01582

Diez del Corral, R., and Morales, A. V. (2017). The multiple roles of FGF signaling
in the developing spinal cord. Front. Cell Dev. Biol. 5:58. doi: 10.3389/fcell.2017.
00058

Eixarch, H., Calvo-Barreiro, L., Montalban, X., and Espejo, C. (2018). Bone
morphogenetic proteins inmultiple sclerosis: role in neuroinflammation. Brain
Behav. Immun. 68, 1–10. doi: 10.1016/j.bbi.2017.02.019

Eswarakumar, V., Lax, I., and Schlessinger, J. (2005). Cellular signaling by
fibroblast growth factor receptors. Cytokine Growth Factor Rev. 16, 139–149.
doi: 10.1016/j.cytogfr.2005.01.001

Faigle, R., and Song, H. (2013). Signaling mechanisms regulating adult neural stem
cells and neurogenesis. Biochim. Biophys. Acta 1830, 2435–2448. doi: 10.1016/j.
bbagen.2012.09.002

Feigenson, K., Reid, M., See, J., Crenshaw III, E. B., and Grinspan, J. B.
(2011). Canonical Wnt signalling requires the BMP pathway to inhibit
oligodendrocyte maturation. ASN Neuro 3:AN20110004. doi: 10.1042/AN201
10004

Finley, M. F., Devata, S., and Huettner, J. E. (1999). BMP-4 inhibits neural
differentiation of murine embryonic stem cells. J. Neurobiol. 40, 271–287.

Fuentealba, L. C., Eivers, E., Ikeda, A., Hurtado, C., Kuroda, H., Pera, E. M.,
et al. (2007). Integrating patterning signals: Wnt/GSK3 regulates the duration
of the BMP/Smad1 signal. Cell 131, 980–993. doi: 10.1016/j.cell.2007.
09.027

Fukuda, S., Abematsu, M., Mori, H., Yanagisawa, M., Kagawa, T., Nakashima, K.,
et al. (2007). Potentiation of astrogliogenesis by STAT3-mediated activation
of bone morphogenetic protein-Smad signaling in neural stem cells.Mol. Cell.
Biol. 27, 4931–4937. doi: 10.1128/MCB.02435-06

Gámez, B., Rodriguez-Carballo, E., and Ventura, F. (2013). BMP signaling in
telencephalic neural cell specification and maturation. Front. Cell. Neurosci.
7:87. doi: 10.3389/fncel.2013.00087

Gaulden, J., and Reiter, J. F. (2008). Neur-ons and neur-offs: regulators of neural
induction in vertebrate embryos and embryonic stem cells. Hum. Mol. Genet.
17, R60–R66. doi: 10.1093/hmg/ddn119

Gomes, W. A., Mehler, M. F., and Kessler, J. A. (2003). Transgenic overexpression
of BMP4 increases astroglial and decreases oligodendroglial lineage
commitment. Dev. Biol. 255, 164–177. doi: 10.1016/s0012-1606(02)00037-4

Griffin, J. M., and Bradke, F. (2020). Therapeutic repair for spinal cord injury:
combinatory approaches to address a multifaceted problem. EMBO Mol. Med.
12:e11505. doi: 10.15252/emmm.201911505

Gulacsi, A., and Lillien, L. (2003). Sonic hedgehog and bone morphogenetic
protein regulate interneuron development from dorsal telencephalic
progenitors in vitro. J. Neurosci. 23, 9862–9872. doi: 10.1523/JNEUROSCI.
23-30-09862.2003

Guo, X., and Wang, X.-F. (2009). Signaling cross-talk between TGF-β/BMP and
other pathways. Cell Res. 19, 71–88. doi: 10.1038/cr.2008.302

Haegele, L., Ingold, B., Naumann, H., Tabatabai, G., Ledermann, B., and
Brandner, S. (2003).Wnt signalling inhibits neural differentiation of embryonic
stem cells by controlling bone morphogenetic protein expression. Mol. Cell.
Neurosci. 24, 696–708. doi: 10.1016/s1044-7431(03)00232-x

Hanel, M. L., and Hensey, C. (2006). Eye and neural defects associated with loss of
GDF6. BMC Dev. Biol. 6:43. doi: 10.1186/1471-213X-6-43

Hart, C. G., and Karimi-Abdolrezaee, S. (2020). Bone morphogenetic proteins:
new insights into their roles and mechanisms in CNS development, pathology
and repair. Exp. Neurol. 334:113455. doi: 10.1016/j.expneurol.2020.113455

He, F., Ge, W., Martinowich, K., Becker-Catania, S., Coskun, V., Zhu, W., et al.
(2005). A positive autoregulatory loop of Jak-STAT signaling controls the onset
of astrogliogenesis. Nat. Neurosci. 8, 616–625. doi: 10.1038/nn1440

Frontiers in Molecular Neuroscience | www.frontiersin.org 13 March 2022 | Volume 15 | Article 827275

https://doi.org/10.1016/j.ydbio.2004.02.015
https://doi.org/10.1074/jbc.M705414200
https://doi.org/10.1242/dev.063610
https://doi.org/10.3389/fbioe.2020.00748
https://doi.org/10.1101/gad.13.23.3149
https://doi.org/10.3906/sag-2003-127
https://doi.org/10.1016/j.bcp.2013.01.004
https://doi.org/10.1111/j.1749-6632.2009.03986.x
https://doi.org/10.1002/dneu.22209
https://doi.org/10.1002/dneu.22209
https://doi.org/10.1016/s0092-8674(03)00928-0
https://doi.org/10.1371/journal.pone.0002863
https://doi.org/10.1371/journal.pone.0002863
https://doi.org/10.1007/s00441-020-03280-z
https://doi.org/10.1007/s00441-020-03280-z
https://doi.org/10.1006/dbio.1995.0010
https://doi.org/10.1083/jcb.200305112
https://doi.org/10.1002/dneu.22022
https://doi.org/10.1126/science.278.5337.477
https://doi.org/10.1126/science.278.5337.477
https://doi.org/10.1016/j.bbamcr.2015.11.020
https://doi.org/10.1016/j.tins.2014.12.006
https://doi.org/10.1016/j.tins.2014.12.006
https://doi.org/10.1210/er.2003-0040
https://doi.org/10.1210/er.2003-0040
https://doi.org/10.4252/wjsc.v7.i2.437
https://doi.org/10.1016/j.ydbio.2010.01.030
https://doi.org/10.1242/dev.01582
https://doi.org/10.3389/fcell.2017.00058
https://doi.org/10.3389/fcell.2017.00058
https://doi.org/10.1016/j.bbi.2017.02.019
https://doi.org/10.1016/j.cytogfr.2005.01.001
https://doi.org/10.1016/j.bbagen.2012.09.002
https://doi.org/10.1016/j.bbagen.2012.09.002
https://doi.org/10.1042/AN20110004
https://doi.org/10.1042/AN20110004
https://doi.org/10.1016/j.cell.2007.09.027
https://doi.org/10.1016/j.cell.2007.09.027
https://doi.org/10.1128/MCB.02435-06
https://doi.org/10.3389/fncel.2013.00087
https://doi.org/10.1093/hmg/ddn119
https://doi.org/10.1016/s0012-1606(02)00037-4
https://doi.org/10.15252/emmm.201911505
https://doi.org/10.1523/JNEUROSCI.23-30-09862.2003
https://doi.org/10.1523/JNEUROSCI.23-30-09862.2003
https://doi.org/10.1038/cr.2008.302
https://doi.org/10.1016/s1044-7431(03)00232-x
https://doi.org/10.1186/1471-213X-6-43
https://doi.org/10.1016/j.expneurol.2020.113455
https://doi.org/10.1038/nn1440
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Manzari-Tavakoli et al. The Cross-Talk of BMP With Other Signalings

He, L., and Lu, Q. R. (2013). Coordinated control of oligodendrocyte development
by extrinsic and intrinsic signaling cues. Neurosci. Bull. 29, 129–143.
doi: 10.1007/s12264-013-1318-y

Helm, G. A., Alden, T. D., Sheehan, J. P., and Kallmes, D. (2000).
Bone morphogenetic proteins and bone morphogenetic protein gene
therapy in neurological surgery: a review. Neurosurgery 46, 1213–1222.
doi: 10.1097/00006123-200005000-00038

Hirabayashi, Y., Itoh, Y., Tabata, H., Nakajima, K., Akiyama, T., Masuyama, N.,
et al. (2004). The Wnt/β-catenin pathway directs neuronal differentiation of
cortical neural precursor cells. Development 131, 2791–2801. doi: 10.1242/dev.
01165

Ille, F., Atanasoski, S., Falk, S., Ittner, L. M., Märki, D., Büchmann-Møller, S.,
et al. (2007). Wnt/BMP signal integration regulates the balance between
proliferation and differentiation of neuroepithelial cells in the dorsal spinal
cord. Dev. Biol. 304, 394–408. doi: 10.1016/j.ydbio.2006.12.045

Inestrosa, N. C., and Varela-Nallar, L. (2014). Wnt signaling in the nervous system
and in Alzheimer’s disease. J. Mol. Cell Biol. 6, 64–74. doi: 10.1093/jmcb/mjt051

Iso, T., Kedes, L., and Hamamori, Y. (2003). HES and HERP families: multiple
effectors of the Notch signaling pathway. J. Cell. Physiol. 194, 237–255.
doi: 10.1002/jcp.10208

Itasaki, N., and Hoppler, S. (2010). Crosstalk between Wnt and bone
morphogenic protein signaling: a turbulent relationship. Dev. Dyn. 239, 16–33.
doi: 10.1002/dvdy.22009

Itoh, F., Itoh, S., Goumans, M. J., Valdimarsdottir, G., Iso, T., Dotto, G. P., et al.
(2004). Synergy and antagonism between Notch and BMP receptor signaling
pathways in endothelial cells. EMBO J. 23, 541–551. doi: 10.1038/sj.emboj.
7600065

Jafari, A., Babajani, A., and Rezaei-Tavirani, M. (2021). Multiple sclerosis
biomarker discoveries by proteomics and metabolomics approaches. Biomark.
Insights 16:11772719211013352. doi: 10.1177/11772719211013352

Jones, S. (2004). An overview of the basic helix-loop-helix proteins. Genome Biol.
5:226. doi: 10.1186/gb-2004-5-6-226

Kageyama, R., Hatakeyama, J., and Ohtsuka, T. (2006). ‘‘Roles of Hes bHLH
factors in neural development,’’ in Transcription Factors in the Nervous System:
Development, Brain Function and Diseases (Hoboken, NJ: Wiley), 3–22.

Kasai, M., Satoh, K., and Akiyama, T. (2005). Wnt signaling regulates the
sequential onset of neurogenesis and gliogenesis via induction of BMPs. Genes
Cells 10, 777–783. doi: 10.1111/j.1365-2443.2005.00876.x

Kim, Y. H., Chung, J. I., Woo, H. G., Jung, Y. S., Lee, S. H., Moon, C. H., et al.
(2010). Differential regulation of proliferation and differentiation in neural
precursor cells by the Jak pathway. Stem cells 28, 1816–1828. doi: 10.1002/stem.
511

Kléber, M., Lee, H.-Y., Wurdak, H., Buchstaller, J., Riccomagno, M. M.,
Ittner, L. M., et al. (2005). Neural crest stem cell maintenance by combinatorial
Wnt and BMP signaling. J. Cell Biol. 169, 309–320. doi: 10.1083/jcb.200411095

Kléber, M., and Sommer, L. (2004). Wnt signaling and the regulation of stem cell
function. Curr. Opin. Cell Biol. 16, 681–687. doi: 10.1016/j.ceb.2004.08.006

Komada, M. (2012). Sonic hedgehog signaling coordinates the proliferation and
differentiation of neural stem/progenitor cells by regulating cell cycle kinetics
during development of the neocortex. Congenit. Anom. (Kyoto) 52, 72–77.
doi: 10.1111/j.1741-4520.2012.00368.x

Kong, J. H., Yang, L., Dessaud, E., Chuang, K., Moore, D. M., Rohatgi, R., et al.
(2015). Notch activity modulates the responsiveness of neural progenitors to
sonic hedgehog signaling. Dev. Cell 33, 373–387. doi: 10.1016/j.devcel.2015.03.
005

Koshida, S., Shinya, M., Nikaido, M., Ueno, N., Schulte-Merker, S., Kuroiwa, A.,
et al. (2002). Inhibition of BMP activity by the FGF signal promotes posterior
neural development in zebrafish. Dev. Biol. 244, 9–20. doi: 10.1006/dbio.2002.
0581

Kuroda, H., Fuentealba, L., Ikeda, A., Reversade, B., and De Robertis, E. (2005).
Default neural induction: neuralization of dissociatedXenopus cells is mediated
by Ras/MAPK activation. Genes Dev. 19, 1022–1027. doi: 10.1101/gad.13
06605

Layden, M. J., and Martindale, M. Q. (2014). Non-canonical notch signaling
represents an ancestral mechanism to regulate neural differentiation. Evodevo
5:30. doi: 10.1186/2041-9139-5-30

Leibinger, M., Zeitler, C., Gobrecht, P., Andreadaki, A., Gisselmann, G., and
Fischer, D. (2021). Transneuronal delivery of hyper-interleukin-6 enables

functional recovery after severe spinal cord injury in mice. Nat. Commun.
12:391. doi: 10.1038/s41467-020-20112-4

Li, X., Li, Y., Li, S., Li, H., Yang, C., and Lin, J. (2021). The role of Shh signalling
pathway in central nervous system development and related diseases. Cell
Biochem. Funct. 39, 180–189. doi: 10.1002/cbf.3582

Liem, K., Jessell, T. M., and Briscoe, J. (2000). Regulation of the neural patterning
activity of sonic hedgehog by secreted BMP inhibitors expressed by notochord
and somites. Development 127, 4855–4866. doi: 10.1242/dev.127.22.4855

Liem, K. F., Jr., Tremml, G., Roelink, H., and Jessell, T. M. (1995). Dorsal
differentiation of neural plate cells induced by BMP-mediated signals from
epidermal ectoderm. Cell 82, 969–979. doi: 10.1016/0092-8674(95)90276-7

Linker, C., and Stern, C. D. (2004). Neural induction requires BMP inhibition
only as a late step and involves signals other than FGF and Wnt antagonists.
Development 131, 5671–5681. doi: 10.1242/dev.01445

Liu, F., Massagué, J., and i Altaba, A. R. (1998). Carboxy-terminally truncated
Gli3 proteins associate with Smads. Nat. Genet. 20, 325–326. doi: 10.10
38/3793

Manzari-Tavakoli, A., Tarasi, R., Sedghi, R.,Moghimi, A., andNiknejad, H. (2020).
Fabrication of nanochitosan incorporated polypyrrole/alginate conducting
scaffold for neural tissue engineering. Sci. Rep. 10:22012. doi: 10.1038/s41598-
020-78650-2

Marchal, L., Luxardi, G., Thomé, V., and Kodjabachian, L. (2009). BMP inhibition
initiates neural induction via FGF signaling and Zic genes. Proc. Natl. Acad. Sci.
U S A 106, 17437–17442. doi: 10.1073/pnas.0906352106

Masserdotti, G., Badaloni, A., Green, Y. S., Croci, L., Barili, V., Bergamini, G.,
et al. (2010). ZFP423 coordinates Notch and bone morphogenetic protein
signaling, selectively up-regulating Hes5 gene expression. J. Biol. Chem. 285,
30814–30824. doi: 10.1074/jbc.M110.142869

Mehler, M. F., Mabie, P. C., Zhang, D., and Kessler, J. A. (1997). Bone
morphogenetic proteins in the nervous system. Trends Neurosci. 20, 309–317.
doi: 10.1016/s0166-2236(96)01046-6

Meyers, E. A., and Kessler, J. A. (2017). TGF-β family signaling in neural
and neuronal differentiation, development and function. Cold Spring Harb.
Perspect. Biol. 9:a022244. doi: 10.1101/cshperspect.a022244

Miyazono, K., Kamiya, Y., and Morikawa, M. (2010). Bone morphogenetic
protein receptors and signal transduction. J. Biochem. 147, 35–51.
doi: 10.1093/jb/mvp148

Miyazono, K., Maeda, S., and Imamura, T. (2005). BMP receptor signaling:
transcriptional targets, regulation of signals and signaling cross-talk. Cytokine
Growth Factor Rev. 16, 251–263. doi: 10.1016/j.cytogfr.2005.01.009

Mizutani, C. M., and Bier, E. (2008). EvoD/Vo: the origins of BMP signalling in
the neuroectoderm. Nat. Rev. Genet. 9, 663–677. doi: 10.1038/nrg2417

Nakashima, K., Takizawa, T., Ochiai, W., Yanagisawa, M., Hisatsune, T.,
Nakafuku, M., et al. (2001). BMP2-mediated alteration in the developmental
pathway of fetal mouse brain cells from neurogenesis to astrocytogenesis. Proc.
Natl. Acad. Sci. U S A 98, 5868–5873. doi: 10.1073/pnas.101109698

Nakashima, K., Yanagisawa, M., Arakawa, H., Kimura, N., Hisatsune, T.,
Kawabata, M., et al. (1999a). Synergistic signaling in fetal brain by STAT3-
Smad1 complex bridged by p300. Science 284, 479–482. doi: 10.1126/science.
284.5413.479

Nakashima, K., Yanagisawa, M., Arakawa, H., and Taga, T. (1999b). Astrocyte
differentiation mediated by LIF in cooperation with BMP2. FEBS Lett. 457,
43–46. doi: 10.1016/s0014-5793(99)00997-7

Nicolas, C. S., Amici, M., Bortolotto, Z. A., Doherty, A., Csaba, Z., Fafouri, A., et al.
(2013). The role of JAK-STAT signaling within the CNS. JAKSTAT 2:e22925.
doi: 10.4161/jkst.22925

Noisa, P., Lund, C., Kanduri, K., Lund, R., Lähdesmäki, H., Lahesmaa, R.,
et al. (2014). Notch signaling regulates neural crest differentiation from
human pluripotent stem cells. J. Cell Sci. 127, 2083–2094. doi: 10.1242/jcs.
145755

Ochiai, W., Yanagisawa, M., Takizawa, T., Nakashima, K., and Taga, T. (2001).
Astrocyte differentiation of fetal neuroepithelial cells involving cardiotrophin-
1-induced activation of STAT3. Cytokine 14, 264–271. doi: 10.1006/cyto.2001.
0883

Oh, S. H., Kim, H. N., Park, H.-J., Shin, J. Y., and Lee, P. H. (2015). Mesenchymal
stem cells increase hippocampal neurogenesis and neuronal differentiation by
enhancing the Wnt signaling pathway in an Alzheimer’s disease model. Cell
Transplant. 24, 1097–1109. doi: 10.3727/096368914X679237

Frontiers in Molecular Neuroscience | www.frontiersin.org 14 March 2022 | Volume 15 | Article 827275

https://doi.org/10.1007/s12264-013-1318-y
https://doi.org/10.1097/00006123-200005000-00038
https://doi.org/10.1242/dev.01165
https://doi.org/10.1242/dev.01165
https://doi.org/10.1016/j.ydbio.2006.12.045
https://doi.org/10.1093/jmcb/mjt051
https://doi.org/10.1002/jcp.10208
https://doi.org/10.1002/dvdy.22009
https://doi.org/10.1038/sj.emboj.7600065
https://doi.org/10.1038/sj.emboj.7600065
https://doi.org/10.1177/11772719211013352
https://doi.org/10.1186/gb-2004-5-6-226
https://doi.org/10.1111/j.1365-2443.2005.00876.x
https://doi.org/10.1002/stem.511
https://doi.org/10.1002/stem.511
https://doi.org/10.1083/jcb.200411095
https://doi.org/10.1016/j.ceb.2004.08.006
https://doi.org/10.1111/j.1741-4520.2012.00368.x
https://doi.org/10.1016/j.devcel.2015.03.005
https://doi.org/10.1016/j.devcel.2015.03.005
https://doi.org/10.1006/dbio.2002.0581
https://doi.org/10.1006/dbio.2002.0581
https://doi.org/10.1101/gad.1306605
https://doi.org/10.1101/gad.1306605
https://doi.org/10.1186/2041-9139-5-30
https://doi.org/10.1038/s41467-020-20112-4
https://doi.org/10.1002/cbf.3582
https://doi.org/10.1242/dev.127.22.4855
https://doi.org/10.1016/0092-8674(95)90276-7
https://doi.org/10.1242/dev.01445
https://doi.org/10.1038/3793
https://doi.org/10.1038/3793
https://doi.org/10.1038/s41598-020-78650-2
https://doi.org/10.1038/s41598-020-78650-2
https://doi.org/10.1073/pnas.0906352106
https://doi.org/10.1074/jbc.M110.142869
https://doi.org/10.1016/s0166-2236(96)01046-6
https://doi.org/10.1101/cshperspect.a022244
https://doi.org/10.1093/jb/mvp148
https://doi.org/10.1016/j.cytogfr.2005.01.009
https://doi.org/10.1038/nrg2417
https://doi.org/10.1073/pnas.101109698
https://doi.org/10.1126/science.284.5413.479
https://doi.org/10.1126/science.284.5413.479
https://doi.org/10.1016/s0014-5793(99)00997-7
https://doi.org/10.4161/jkst.22925
https://doi.org/10.1242/jcs.145755
https://doi.org/10.1242/jcs.145755
https://doi.org/10.1006/cyto.2001.0883
https://doi.org/10.1006/cyto.2001.0883
https://doi.org/10.3727/096368914X679237
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


Manzari-Tavakoli et al. The Cross-Talk of BMP With Other Signalings

Oliveira, S. L., Pillat, M. M., Cheffer, A., Lameu, C., Schwindt, T. T., and Ulrich, H.
(2013). Functions of neurotrophins and growth factors in neurogenesis and
brain repair. Cytometry A 83, 76–89. doi: 10.1002/cyto.a.22161

Ornitz, D. M., and Itoh, N. (2015). The fibroblast growth factor signaling pathway.
Wiley Interdiscip. Rev. Dev. Biol. 4, 215–266. doi: 10.1002/wdev.176

Otero, J. J., Fu, W., Kan, L., Cuadra, A. E., and Kessler, J. A. (2004). β-
Catenin signaling is required for neural differentiation of embryonic stem cells.
Development 131, 3545–3557. doi: 10.1242/dev.01218

Pera, E. M., Ikeda, A., Eivers, E., and De Robertis, E. M. (2003). Integration of IGF,
FGF and anti-BMP signals via Smad1 phosphorylation in neural induction.
Genes Dev. 17, 3023–3028. doi: 10.1101/gad.1153603

Rahman, M. S., Akhtar, N., Jamil, H. M., Banik, R. S., and Asaduzzaman, S. M.
(2015). TGF-β/BMP signaling and other molecular events: regulation
of osteoblastogenesis and bone formation. Bone Res. 3:15005.
doi: 10.1038/boneres.2015.5

Reversade, B., Kuroda, H., Lee, H., Mays, A., and De Robertis, E. M. (2005).
Depletion of Bmp2, Bmp4, Bmp7 and Spemann organizer signals induces
massive brain formation in Xenopus embryos. Development 132, 3381–3392.
doi: 10.1242/dev.01901

Rios, I., Alvarez-Rodríguez, R., Martí, E., and Pons, S. (2004). Bmp2 antagonizes
sonic hedgehog-mediated proliferation of cerebellar granule neurones through
Smad5 signalling. Development 131, 3159–3168. doi: 10.1242/dev.01188

Salazar, V. S., Gamer, L. W., and Rosen, V. (2016). BMP signalling in
skeletal development, disease and repair. Nat. Rev. Endocrinol. 12, 203–221.
doi: 10.1038/nrendo.2016.12

Sapkota, G., Alarcón, C., Spagnoli, F.M., Brivanlou, A. H., andMassagué, J. (2007).
Balancing BMP signaling through integrated inputs into the Smad1 linker.Mol.
Cell 25, 441–454. doi: 10.1016/j.molcel.2007.01.006

Satow, T., Bae, S.-K., Inoue, T., Inoue, C., Miyoshi, G., Tomita, K., et al. (2001).
The basic helix-loop-helix gene hesr2 promotes gliogenesis in mouse retina.
J. Neurosci. 21, 1265–1273. doi: 10.1523/JNEUROSCI.21-04-01265.2001

Siveen, K. S., Sikka, S., Surana, R., Dai, X., Zhang, J., Kumar, A. P., et al. (2014).
Targeting the STAT3 signaling pathway in cancer: role of synthetic and natural
inhibitors. Biochim. Biophys. Acta 1845, 136–154. doi: 10.1016/j.bbcan.2013.12.
005

Stavridis, M. P., Lunn, J. S., Collins, B. J., and Storey, K. G. (2007). A discrete
period of FGF-induced Erk1/2 signalling is required for vertebrate neural
specification. Development 134, 2889–2894. doi: 10.1242/dev.02858

Takizawa, T., Ochiai, W., Nakashima, K., and Taga, T. (2003). Enhanced gene
activation by Notch and BMP signaling cross-talk. Nucleic Acids Res. 31,
5723–5731. doi: 10.1093/nar/gkg778

Ulloa, F., and Briscoe, J. (2007). Morphogens and the control of cell proliferation
and patterning in the spinal cord. Cell Cycle 6, 2640–2649. doi: 10.4161/cc.6.21.
4822

Ulloa, F., and Martí, E. (2010). Wnt won the war: antagonistic role of Wnt over
Shh controls dorso-ventral patterning of the vertebrate neural tube. Dev. Dyn.
239, 69–76. doi: 10.1002/dvdy.22058

Wang, R. N., Green, J., Wang, Z., Deng, Y., Qiao, M., Peabody, M., et al. (2014).
Bone morphogenetic protein (BMP) signaling in development and human
diseases. Genes Dis. 1, 87–105. doi: 10.1016/j.gendis.2014.07.005

Wang, T., Yuan, W., Liu, Y., Zhang, Y., Wang, Z., Zhou, X., et al. (2015). The
role of the JAK-STAT pathway in neural stem cells, neural progenitor cells
and reactive astrocytes after spinal cord injury. Biomed. Rep. 3, 141–146.
doi: 10.3892/br.2014.401

Weber, D., Wiese, C., and Gessler, M. (2014). Hey bHLH transcription
factors. Curr. Top. Dev. Biol. 110, 285–315. doi: 10.1016/B978-0-12-405943-6.
00008-7

Wessely, O., Agius, E., Oelgeschläger, M., Pera, E. M., and De Robertis, E. (2001).
Neural induction in the absence of mesoderm: β-catenin-dependent expression

of secreted BMP antagonists at the blastula stage in Xenopus. Dev. Biol. 234,
161–173. doi: 10.1006/dbio.2001.0258

Whittle, A. J., Carobbio, S., Martins, L., Slawik, M., Hondares, E., Vázquez, M. J.,
et al. (2012). BMP8B increases brown adipose tissue thermogenesis through
both central and peripheral actions. Cell 149, 871–885. doi: 10.1016/j.cell.2012.
02.066

Wilson, S. I., Graziano, E., Harland, R., Jessell, T. M., and Edlund, T. (2000). An
early requirement for FGF signalling in the acquisition of neural cell fate in the
chick embryo. Curr. Biol. 10, 421–429. doi: 10.1016/s0960-9822(00)00431-0

Wu, M., Hernandez, M., Shen, S., Sabo, J. K., Kelkar, D., Wang, J., et al.
(2012). Differential modulation of the oligodendrocyte transcriptome by sonic
hedgehog and bone morphogenetic protein 4 via opposing effects on histone
acetylation. J. Neurosci. 32, 6651–6664. doi: 10.1523/JNEUROSCI.4876-11.
2012

Yam, P. T., and Charron, F. (2013). Signaling mechanisms of non-conventional
axon guidance cues: the Shh, BMP and Wnt morphogens. Curr. Opin.
Neurobiol. 23, 965–973. doi: 10.1016/j.conb.2013.09.002

Yan, Y., Gong, P., Jin, W., Xu, J., Wu, X., Xu, T., et al. (2012). The cell-specific
upregulation of bone morphogenetic protein-10 (BMP-10) in a model of rat
cortical brain injury. J. Mol. Histol. 43, 543–552. doi: 10.1007/s10735-012-
9431-1

Yanagisawa, M., Nakashima, K., Takizawa, T., Ochiai, W., Arakawa, H., and
Taga, T. (2001). Signaling crosstalk underlying synergistic induction of
astrocyte differentiation by BMPs and IL-6 family of cytokines. FEBS Lett. 489,
139–143. doi: 10.1016/s0014-5793(01)02095-6

Zechner, D., Fujita, Y., Hülsken, J., Müller, T., Walther, I., Taketo, M. M.,
et al. (2003). β-Catenin signals regulate cell growth and the balance between
progenitor cell expansion and differentiation in the nervous system. Dev. Biol.
258, 406–418. doi: 10.1016/s0012-1606(03)00123-4

Zechner, D., Müller, T., Wende, H., Walther, I., Taketo, M. M., Crenshaw, E. B.,
et al. (2007). Bmp and Wnt/β-catenin signals control expression of the
transcription factor Olig3 and the specification of spinal cord neurons. Dev.
Biol. 303, 181–190. doi: 10.1016/j.ydbio.2006.10.045

Zhang, H.,Wang, J., Deng, F., Huang, E., Yan, Z.,Wang, Z., et al. (2015). Canonical
Wnt signaling acts synergistically on BMP9-induced osteo/odontoblastic
differentiation of stem cells of dental apical papilla (SCAPs). Biomaterials 39,
145–154. doi: 10.1016/j.biomaterials.2014.11.007

Zhao, H.-B., Qi, S.-N., Dong, J.-Z., Ha, X.-Q., Li, X.-Y., Zhang, Q.-W., et al. (2014).
Salidroside induces neuronal differentiation of mouse mesenchymal stem cells
through Notch and BMP signaling pathways. Food Chem. Toxicol. 71, 60–67.
doi: 10.1016/j.fct.2014.05.031

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022Manzari-Tavakoli, Babajani, Farjoo, Hajinasrollah, Bahrami and
Niknejad. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 March 2022 | Volume 15 | Article 827275

https://doi.org/10.1002/cyto.a.22161
https://doi.org/10.1002/wdev.176
https://doi.org/10.1242/dev.01218
https://doi.org/10.1101/gad.1153603
https://doi.org/10.1038/boneres.2015.5
https://doi.org/10.1242/dev.01901
https://doi.org/10.1242/dev.01188
https://doi.org/10.1038/nrendo.2016.12
https://doi.org/10.1016/j.molcel.2007.01.006
https://doi.org/10.1523/JNEUROSCI.21-04-01265.2001
https://doi.org/10.1016/j.bbcan.2013.12.005
https://doi.org/10.1016/j.bbcan.2013.12.005
https://doi.org/10.1242/dev.02858
https://doi.org/10.1093/nar/gkg778
https://doi.org/10.4161/cc.6.21.4822
https://doi.org/10.4161/cc.6.21.4822
https://doi.org/10.1002/dvdy.22058
https://doi.org/10.1016/j.gendis.2014.07.005
https://doi.org/10.3892/br.2014.401
https://doi.org/10.1016/B978-0-12-405943-6.00008-7
https://doi.org/10.1016/B978-0-12-405943-6.00008-7
https://doi.org/10.1006/dbio.2001.0258
https://doi.org/10.1016/j.cell.2012.02.066
https://doi.org/10.1016/j.cell.2012.02.066
https://doi.org/10.1016/s0960-9822(00)00431-0
https://doi.org/10.1523/JNEUROSCI.4876-11.2012
https://doi.org/10.1523/JNEUROSCI.4876-11.2012
https://doi.org/10.1016/j.conb.2013.09.002
https://doi.org/10.1007/s10735-012-9431-1
https://doi.org/10.1007/s10735-012-9431-1
https://doi.org/10.1016/s0014-5793(01)02095-6
https://doi.org/10.1016/s0012-1606(03)00123-4
https://doi.org/10.1016/j.ydbio.2006.10.045
https://doi.org/10.1016/j.biomaterials.2014.11.007
https://doi.org/10.1016/j.fct.2014.05.031
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	The Cross-Talks Among Bone Morphogenetic Protein (BMP) Signaling and Other Prominent Pathways Involved in Neural Differentiation
	INTRODUCTION
	BMP AND FGF SIGNALING PATHWAY CROSS-TALK IN NEURAL DIFFERENTIATION
	BMP AND CYTOKINES SIGNALING PATHWAY CROSS-TALK IN NEURAL DIFFERENTIATION
	BMP SIGNALING CROSS-TALK WITH NOTCH SIGNALING PATHWAY IN NEURAL DIFFERENTIATION
	BMP SIGNALING CROSS-TALK WITH Shh SIGNALING PATHWAY IN NEURAL DIFFERENTIATION
	BMP SIGNALING CROSS-TALK WITH Wnt SIGNALING PATHWAY IN NEURAL DIFFERENTIATION
	CONCLUSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	SUPPLEMENTARY MATERIALS
	REFERENCES


