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Abstract

Different cellular and molecular mechanisms contribute to chondrocyte and osteo-
cyte development. Although vital roles of the mothers against decapentaplegic ho-
molog 4 (also called ‘SMAD4’) have been discussed in different cancers and stem
cell-related studies, there are a few reviews summarizing the roles of this protein in
the skeletal development and bone homeostasis. In order to fill this gap, we discuss
the critical roles of SMAD4 in the skeletal development. To this end, we review the
different signalling pathways and also how SMAD4 defines stem cell features. We
also elaborate how the epigenetic factors—ie DNA methylation, histone modifications
and noncoding RNAs—make a contribution to the chondrocyte and osteocyte de-
velopment. To better grasp the important roles of SMAD4 in the cartilage and bone
development, we also review the genotype-phenotype correlation in animal models.

This review helps us to understand the importance of the SMAD4 in the chondrocyte
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1 | INTRODUCTION

The formation of skeletal elements often follows a basic path that in-
volves different chondrogenic and osteogenic programmes.1 Among
these, a significant number of signalling pathways, eg SMAD family,
play roles. The term ‘SMAD’ was coined from a combination of a
gene name from Caenorhabditis elegans SMA ("small" worm pheno-
type) and MAD family ("mothers against decapentaplegic") of genes
in Drosophila melanogaster.? By considering their functions, eight
members of SMAD proteins are categorized into three main classes
including (i) receptor-regulated or regulatory SMADs (also known as
R-SMADs),ie SMADs 1, 2, 3, 5 and 8, (ii) common SMAD or co-SMAD
that only involves SMAD4 and (iii) inhibitory SMADs (I-SMADs) that
contain SMADé6 and SMADY (reviewed in Ref. [3]) (Figure 1).

and bone development and the potential applications for therapeutic goals.

chondrogenesis, epigenetic modulations, osteogenesis, signalling pathways, SMAD4

SMADs play the fundamental roles in cell signalling during the
skeletal development (from chondrocyte precursors to mature
osteocytes).®> However, the underlying molecular mechanisms
whereby the SMADs (especially SMAD4) exert their functions in
these procedures are yet unclear. SMAD4 was first investigated in
the context of transforming growth factor-p (TGF-p) family signal
transduction.* In general, by the time TGF-p upstream signals stim-
ulate cell signalling, SMAD4 interacts with R-SMADs (ie SMAD2/3)
and subsequently forms an oligomer complex that modulates the
expression of target genes.4 By interacting with SMAD1, 2, 3 and 5,
SMAD4 is actively involved in the intracellular signalling pathways
of all three types of TGF Iigands.5 Aberrant expression of SMAD4 af-
fects the normal TGF-p signalling and leads to the uncontrolled cell
growth and tumour induction in different tissues.”” This, therefore,
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shows the paramount importance of SMAD4 in cell growth and
development.

SMAD family has similar structures in general. They are composed
of two important conserved domains including N-terminal Mad ho-
mology domain-1 (MH1 domain) and the C-terminal Mad homology
domain 2 (MH2 domain).}® While DNA-binding activity is often at-
tributed to the MH1 domain, the MH2 domain fulfills some transcrip-
tional activities.!* These two domains are connected each other by a
linker region (a regulatory region in which the different phosphory-
lation signatures are located) that in turn changes the SMAD4 func-
tions? (Figure 1). R-SMADs have a short conserved pattern of two
serines separated by another amino acid (Ser-X-Ser). After phosphor-
ylation,13 this sequence activates R-SMADs, but this section is absent
in SMAD4 (Figure 1).

During the development, SMADs contribute to primitive streak
formation,** neural crest migration,'> gastrulation,* left-right asym-

1819 and morpho-

metry,?” self-renewal of hematopoietic stem cells
genesis of different tissues.?%?! These processes cover some aspects
of the chondrocyte and osteocyte development. Axiomatically, the
SMAD family—especially SMAD4—may play the important roles in
the skeletal development and tissue homeostasis. In order to show
how SMAD4 plays a role during the cartilage-to-bone development,
herein, we discuss the molecular mechanisms mediated by this pro-
tein. Furthermore, we put forth some information about the SMAD4
epigenetic regulations (eg noncoding RNAs, DNA methylation and
histone modifications) during the skeletal development. We also
discuss how the genotype-phenotype correlations of SMAD4 frame
our understanding about the complexities of concepts of the skeletal
development and also discuss the possible therapeutic applications
using this protein.

2 | SMAD4 MODULATES STEM CELL
FEATURES

Migratory neural crest cells follow different pathways to differen-
tiate into neurons, chondrocytes, bones and mesodermal cells.??
Therefore, every disrupted signalling pathway may change these cell
fates. As the most important precursor for cartilage and bone cells,
the mesenchymal stem cells (MSCs) are developmentally traced back

23,24 that makes cartilages, bone

to the ‘paraxial mesoderm’ structure
structures and tendons.

Park et al?® showed that SMAD4 regulates ‘lineage commitment’
of MSCs by modulating the retention of Taz in the nucleus during
the MSC differentiation. A reciprocal role of SMAD4 has been sug-
gested as a positive and negative factor in osteogenesis and adipo-
genesis of MSCs respectively. An interaction between the Taz and
runt-related transcription factor 2 (RUNX2) subsequently enhances
the transcriptional activities of RUNX22¢ that in turn increases os-
teogenesis. Furthermore, SMAD3/4 predominantly induces the
chondrogenesis of human bone marrow-derived MSCs.?’” This can
underscore the paramount importance of SMAD4 in inducing the
commitment of MSCs, so this explains why the decreased expres-
sion of SMAD4 slightly inhibits chondrogenesis and osteogenesis
in animal models. Avery et al. demonstrated that the quick differ-
entiation of human embryonic stem cells in response to the inhibi-
tion of TGF-p/Activin/Nodal receptor depended on the presence of
SMAD4.'? SMAD4 functions in the morphoregulatory networks in
turn determine the pattern of different limb bud mesenchymal lin-
eages and/or regulate the tissue differentiation.?® SMAD4 in fact
functions during the specification and aggregation of the SRY-box
transcription factor 9 (SOX9)-positive prechondrogenic progenitors

Linker Region

1 1
R-SMADs
i TR —
SMAD4 NHzmp-p-P-Pm COOH CO-SMADs
SMAD6/7 NH2 p-p-p-p-p-p-pm COOH I-SMADs

FIGURE 1 The structure of some important members of the SMAD family. The comparison between the three main classes of SMADs
including R-SMADs, co-SMAD and I-SMAD:s is depicted. The MH1 domain is shown by red and is absent in the -SMADs including SMADé6/7.
This section is linked to the MH2 region (Purple) by a linker region that can be subjected to phosphorylation. This state can change the
functions of putative SMADs. SMAD4 embraces nucleus export signal (NES) in its linker region. Additionally, SMAD2, SMAD3 and SMAD4
contain a nucleus localization signal (NLS) in their MH1 domain. C-terminal SS-X-S motifs are present in R-SMADs. The figure is redrawn

from Ref. [10,140]
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to promote their differentiation towards chondrogenesis.?® In sum,
SMADA4 is vital for the commitment and the proper differentiation
for the chondrocyte and osteocyte lineage formation.

SMAD4 plays the dual roles regarding ‘self-renewal.’ The
SMAD4 inhibition affects neither human embryonic stem cell self-
renewal nor the neuroectoderm formation,** although this protein
may play roles in the self-renewal of hematopoietic stem cells.*®*?
SMAD4 may exert its different roles in self-renewal of cells in a cell-
and tissue-specific manner.

SMAD4 also functions in ‘stem cell migration’ that is undertaken
in two different levels: in intracellular and in the cell population. In the
former, TGF-B1 not only promotes the formation of gap junctions in
chondrocytes via SMAD3/4 signalling pathways but also increases the
cartilage precursor cell differentiation and chondrocyte proliferation,
migration and metabolism.?? In cell population levels, the SMAD4/
TGF-p pathways promote cell migration, adhesion and cytoskeletal or-
ganization in different cells.® In fact, these pathways involved in cell
polarity are highly conserved whereby cells regulate the cytoskeletal
organization above and beyond the subcellular organelle localization to
facilitate cell proliferation and migration. SMAD4 regulates cell polarity
in t:hondrocytes31 that is a process changing theshape, size, migration
and orientation of the chondrocytes.

SMADA4 also plays in ‘stem cell maintenance’. The targeted ab-
lation of SMAD4 in the epidermis increases the p-catenin nuclear
localization and c-Myc activation that can deplete follicle stem cells.
These suggest a critical role of SMAD4 in the normal maintenance of
follicle stem cells.?? In osteoblasts, SMAD4 regulates hematopoietic
stem cell fate and maintenance in a stage-dependent manner.>®

There is a snippet of information about how SMAD4 plays in the
stem cell differentiation, maintenance and self-renewal in bone biol-
ogy; however, many aspects still need to be cleared in future studies

by considering the chondrocyte and osteocyte as the target cells.

3 | SMAD4 FUNCTIONS IN ANIMAL
SKELETAL DEVELOPMENT
Knockdown of SMAD4 in mice causes early embryonic death,3*%°
ie SMAD4’mouse die before E7.5 mainly due to extensive gastrula-
tion defects®* (Figure 2A). To assess postnatal complications, tissue-
specific SMAD4 knockout (KO) mice have been generated. The
SMAD4 dysregulation is correlated with different embryonic devel-
opmental disorders,¢ impairment in the skeletal muscle differentia-
tion and regeneration,®” deficiency in stem cell pluripotency® and
impaired nervous system development.39 Herein, we only discuss
those complications that are related to the skeletal development.
SMAD4 controls gene regulatory networks in early limb buds,
most of which play roles in the anterior limb bud mesenchyme.?®
SMAD4’mouse showed an impairment of cholesterol biosynthesis
in the limb bud,*® explaining why sonic hedgehog (SHH) signalling
is modulated in SMAD4-KO mice.*® The SMAD4 conditional de-
letion (SMAD4-cKO) impairs cartilage elements in limbs, verify-
ing that SMAD4 is necessary for the cartilage formation. Besides,

chondrocyte-specific SMAD4-KO mice manifest dwarfism and im-
paired growth plate organization*! (Figure 2B,C).

While SMAD4 inactivation may not change the early distribution
of SOX9 in the limb bud, it disrupts the formation of SOX9-positive
digit ray primordia. These processes are associated with exten-
sive chondrogenesis and osteogenesis. SMAD4 is required for the
normal development of anterior and posterior digit ray primordia.
SMAD4-affected SOX9 expression affects the downstream gene
expression and development, so it causes general loss of tissue or-
ganization as well as the redirection of mutant cells to nonspecific
connective tissue*? (Figure 2D,E). In essence, SMAD4 is necessary
to stimulating the formation of the SOX9-positive digit ray primordia
and promoting the aggregation and chondrogenic differentiation of
all limb skeletal elements. However, SMAD4 may be necessary for
the early steps of cartilage formation independent of SOX9 expres-
sion,*® verifying the tissue-specific SMAD4 regulation.

SMAD4 is abundantly expressed in prehypertrophic and hy-
pertrophic chondrocytes. Any gene perturbation in chondrocytes
may result in a dwarfism phenotype with a haphazardly arranged
growth plate featured by the expanded resting zone of chondro-
cytes, lowered chondrocyte proliferation, quickening hypertrophic
differentiation, increased apoptosis and ectopic bone collars in
the perichondrium (Figure 2F,G). Moreover, decreased expression
of Indian hedgehog/parathyroid hormone-related protein (Ihh/
PTHrP) signalling-related molecules was observed in SMAD4 mu-
tant mice.*! Deficient mice also manifest stunted limbs (ie hindlimb
or forelimb) along with a substantially reduced expression of the
chondrocyte differentiation markers such as Col2al, Col2a2 and
Acan in humerus at mid-to-late gestation** (Figure 2H). The most
important manifestation was the absence of stylopod elements and
failure of chondrocyte hypertrophy in the humerus** (Figure 2G).
The expression of Col10al, Panx3 and RUNX2 was decreased in
SMAD4 ™" mice.**

In animal models, SMAD4-inactivating mutations cause dwarf-
ism and spontaneous fractures (Figure 2I). SMAD4 controls the
maturation of skeletal collagen and osteoblast survival. This protein
is also necessary for matrix-forming responses. Although affected
bones in SMAD4%4 mice show fully differentiated osteoblast mark-
ers, they did not have multiple collagen-processing enzymes, partic-
ularly lysyl oxidase that is regulated by SMAD4 and RUNX2.

In addition to impaired chondrocytes and osteocytes, the
SMAD4 depletion impresses the scleroaxis and coordinated ten-
don elongation, eg SMAD4S5cxCre mice develop a joint contracture
that is stochastic in the direction and is exacerbated with age*
(Figure 2J-L). This can substantiate the vital roles of SMAD4 in the
initiation and fixation of the chondrocyte and bone development.

The SMAD4 morphant zebrafish manifests severely impaired
growth and notochord defects in comparison with SMAD2/3a/3b
morphants. These severe phenotypes were imputed to the pleio-
tropic permissive functions of SMAD4.*¢ This study also showed
that SMAD4 morphant caused a more severe phenotype in the
spinal cord (compared with other SMAD genes), verifying its im-
portant roles in neurogenesis, chondrogenesis and osteogenesis
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FIGURE 2 SMAD4 mutations cause some important manifestations in animal models. (A) The entire deletion of SMAD4 (SMAD4%/%)
causes failure in gastrulation in putative mice. The wild-type (WT) and the mutated models of mouse embryos at E6.5 are shown. The
mutation changes the epiblast (epi) epithelium and visceral endoderm (ve) section in affected mouse models. The figure is from Ref. [141].
(B) Bright-field images of WT and SMAD4Y*M embryos at E14.5 reveal the short paddle-like limb morphology in affected individuals. This
morphology is extendable to both forelimb and hindlimb. The figure is from Ref. [28]. (C) The Skeletal phenotype of SMAD4 /F; Osx1-Cre
mice confirms the dwarfism and impaired extended osteogenesis. The figure is from Ref. [142]. (D) Cyp26b1 marks the phalanx-forming
regions of all developing digit primordia in WT, while almost no differential expression is detectable in SMAD4%2 forelimb buds at E12.25.
(E) The similar pattern was detected regarding the SOX9 expression in limb region at E12.25. The figures are from Ref. [28]. (F) The impaired
and short skeletal development of the SMAD4 mutant mouse model. (G) Skeleton staining affirms such a hypothesis. In this figure, arrows,
arrowheads and un-notched arrows delineate humerus, radius and ulna respectively. The figure is from Ref. [44]. (H) The collagen type

Il distribution (green fluorescence) at E16.5 is shown in WT and mutant mouse models. In WT, collagen type Il shows all developing limb
skeletal elements, while in SMAD4Y* forelimb buds, a thin signal of collagen type Il antibodies was detected (arrowheads). No boundary
elements for fingers or other advanced structures were detected in the mutant model. (I) The three-dimensional mouse computerized
tomography scan showed the skeletal structures of 4-week-old mouse models and highlighted the underdeveloped and hypomineralized
sections as well as severe hypomineralization of the craniofacial and axial skeleton in a mutant mouse model. The figure is from Ref. [45]. (J)
SMAD4 mutant mouse displays forelimb abduction (black arrowhead) in comparison with the WT littermates. The figure is from Ref. [45]. (K)
GFP-labelled tendons in SMAD4°%“"® mutant showed thinner tendons than control at P5. This figure is from Ref. [45]. (L) SMAD4°*™ [imb
skeletons show some abnormality in chondrogenesis and osteogenesis in addition to the tendons. The figure is from Ref. [45]. (M, N) The
SMAD4 morphants manifest a shortened body due to the BMP inhibition, as the most severe form of manifestation. The SMAD4 mutants
showed anterior truncation along with the crooked shortened body axis and absence of floorplate. The figure is from Ref. [46]. All figures
were used with registered permission.
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(Figure 2M,N). Besides, Sun et al. showed that SMAD4 along
with other proteins initiate a positive feedback loop of BMP sig-
nalling within the embryo that led to the normal dorsoventral

patterning.*’

4 | SMAD4 REGULATES APOPTOSIS

The importance of the cell-programmed death or apoptosis in skel-
etal tissues and its functional relationship with the chondrocyte
and osteocyte development has been thoroughly investigated.*®4’
Osteogenic lineage cells (eg osteoblasts and osteocytes) in addition
to the osteoclastic cells are influenced by apoptosis.*”>° There is a
controversy regarding the roles of SMAD4 in apoptosis; although
some studies attribute the apoptotic roles to this protein, recent in-
vestigations ascribe an apoptotic inhibitory function to this protein.
For instance, SMAD4 contributes to follicular atresia by suppressing
granulosa cell apoptosis.”?

TGF-p induces the SMAD4-dependent epithelial-to-mesenchymal
transition followed by apoptosis in colorectal cancer cells.??
Regarding the skeletal development, the protective roles of SMAD4
against apoptosis have been identified,>® eg the depletion of SMAD4
in chondrocytes resulted in a higher rate of apoptosis and ectopic
bone collars in perichondrium that disorganizes growth plate carti-
lage.*! In other words, the SMAD4-mediated TGF-p signalling path-
way suppresses the chondrocyte hypertrophic differentiation and
maintains the normal organization of chondrocytes in growth plate.41
Likewise, osteoblasts overexpressing SMAD4 show increased apop-
tosis. SMADA4 plays an important function by regulating osteoblast/
osteocyte viability and bone homeostasis.’* Apoptosis is essential for
the differentiation and bone homeostasis,> ie osteoblast apoptosis
promotes the osteoclastogenesis and bone resorption, which is a vital
process for bone homeostasis. Enhancing osteoblast or osteocyte vi-
ability sets the stage for protection against osteoporosis, ie SMAD4
is essential for recovery from pathological bone conditions.>*>¢
Osteoclast-specific SMAD4-cKO mice exhibited reduced bone mass
with increased osteoclast formation.>”

Yang et al. showed that chondrocyte-specific SMAD4-cKO in-
creased apoptosis.58 The SMAD4 inhibition in osteoarthritis has
also been documented,”’ revealing the protective roles of SMAD4
against apoptosis and its pivotal roles in inducing the chondrocyte
differentiation and proliferation.

5 | SMAD4 FUNCTIONS THROUGH
DIFFERENT SIGNALLING PATHWAYS
5.1 | TGF-p signalling axis

TGF-p needs the SMAD family to function normally, and it stimulates

a variety of physiological processes such as tissue repair, cell growth,

cell differentiation and cell proliferation.®®¢* TGF-p activates two

types of receptors including the activin receptor-like kinase 1 (ALK1)
and ALK5. TGF-p stimulates (using ALK1) or inhibits (via ALK5) the
migration and proliferation of endothelial cells.?

Seven TGF-f superfamily type | receptors (are also known as
ALKSs) have been identified so far. ALK1, 2, 3 and 6 contribute to
signalling by activating the SMAD1, 5 or 8.°> On the other hand,
ALK4, 5 and 7 transduce signals by phosphorylating the SMAD2/3.42
TGF-p binds to constitutive active type | and Il receptors that are
followed by the phosphorylation of R-SMADs. A complex of two
R-SMADs and SMAD4 is formed that shuttles to the nucleus to
regulate the expression of target genes (Figure 3). In chondro-
cytes and other endothelial cells, TGF-p handles signalling using
ALK1, in which SMAD1/4/5/8 axis is activated. TGF-f signalling via
ALK1 leads to different gene activation and cellular responses than
ALKS signalling.

Transcriptional intermediary factor 1y (TIFly; also called
Ectodermin/PTC/RFG7/TRIM33) is a transcriptional cofactor com-
peting with SMAD2/3 to bind with SMAD4%3; however, its functions
in chondrogenesis and osteogenesis yet are still blanketed in mys-
tery. TIF1ly regulates the TGF-p signalling pathway by controlling
SMAD4.%® TIF1y influences the stability of SMAD4 by promoting
its degradation through the ubiquitin proteasome in humans. TIF1ly
serves as a RING-finger ubiquitin ligase for SMAD4, and the impli-
cated monoubiquitination performed by TIF1y stimulates its nuclear
export and suppresses the formation of SMAD nuclear complexes.®*
Therefore, TIF1ly deficiency causes the SMAD4 nuclear localiza-
tion. An inverse relationship exists between the levels of TIF1ly and
SMADA4 in the pancreatic cells.®®> TIF1ly mediates the differentiation
responses, while SMAD4 modulates the antiproliferative responses
in connection with SMAD2/3%%; however, its roles in the skeletal de-
velopment still need further clarification.

SMAD3/4 complex promotes the transcription of SNAI1 pro-
tein and reduces the expression of the epithelial junction protein E-
cadherin in the SMAD4-dependent pathway. E-cadherin is essential
for the normal development of the skeletal structures.®®

Similarly, TGF-p exerts its functions through SMAD4, especially
by stimulating the downstream gene expression, eg RUNX2, DLX5,
MSX2, OSX and SOX9.%” As depicted in Figure 4, the downstream
genes can, in turn, contribute to the skeletal development. In es-
sence, TGF-p plays multiple roles in chondrogenesis, mesenchymal
condensation, chondrocyte proliferation, extracellular matrix depo-
sition and terminal differentiation.®®

Using SMAD4, TGF-B sets stages for the normal development
of chondrogenesis from MSCs; in other words, TGF-f stimulates the
expression of N-cadherin, so enhancing cell adhesion and causing
cell condensation during chondrogenesis. N-cadherin promotes the
expression of ACAN and COL2A1, a process that can be attributed
to the direct stimulation by TGF-p or the upregulation of SOX9 as
a downstream gene (Figure 4). SOX9 plays as an enhancer for the
COL2A1 promoter.! SMAD4 is critical for the TGF-p-driven upregu-
69 (

lation of N-cadherin®” (Figure 4), and so, TGF-p promotes the initial

stages of chondrogenesis.
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FIGURE 3 TGF-B/SMAD and BMP signalling in skeletal development. TGF-fs and also BMPs bind to their specific cell membrane
receptors (receptor types Il) and recruit receptor types |. Upon binding, TGF-BRs phosphorylate the downstream R-SMADs, while BMPRs
phosphorylate the SMAD1/5/8, as a different group of R- SMADs. By binding to co-SMADs—SMAD4, R-SMADs form a complex and as a
transcription factor activates the downstream TGF-p and BMP-responsive gene expression that are playing important roles in the skeletal
development. I-SMADs, ie SMAD6/7, negatively regulate TGF-/SMAD signalling. The figure is redrawn from Ref. [143]

5.2 | Bone morphogenic protein

As important growth factors, BMPs contribute to the chondrocyte-
to-osteocyte and craniofacial development. BMP ligands bind to
type || BMP receptors (BMPRII), subsequently followed by recruit-
ing type | BMP receptors (BMPRI) to form a heterogeneous te-
tramer. BMPRII phosphorylates itself in addition to the BMPRI in
the tetramer. These events give rise to transduce signals into the
cytoplasm by activating the SMAD-dependent pathway (as canoni-
cal BMP signalling) or the SMAD-independent pathway (as non-
canonical BMP signalling).70 In the former, BMPRI phosphorylates
SMADI1, 5 or 8, which forms transactivator with SMAD4 to acti-
vate the transcription of downstream target genes (Figure 3). In the
SMAD-independent pathway, the signal is transferred through the
phosphorylation of p38, Erk or JNK.

Three major classes of BMPRIs have been identified—including
ALK2, ALK3 and ALK6—that directly stimulate the intracellular
BMP signalling (Figure 3). BMP signalling is controlled in both in-
tracellular and extracellular manners. While in the former, SAMD4
interacts with SMADG6 or 7 to exert its inhibitory roles, in an extra-

cellular manner, secreted antagonists (eg Noggin) play the central

roles. These antagonists contribute to chondrogenesis, osteogen-
esis and joint formation during the embryonic development. BMP-
SMADA4 signalling is essential for cell proliferation in the anterior
palatal mesenchyme’* and also for the osteogenesis in the posterior
palatal mesenchyme.”*”2 Any perturbation of Bmprila in palatal mes-
enchyme may result in cleft palate manifestation. In fact, the en-
hanced BMP-SMAD4 signalling gave rise to premature osteogenic
differentiation in palatal mesenchyme“; however, in the Osr2-creKI-
SMAD4"f mice, complete cleft palates with the compromised cell
proliferation and osteogenesis were observed.”® This can under-
score that the regulation of the BMP-SMAD4 axis was more compli-
cated than previously thought.

BMP-SMAD4 signalling also regulates mesenchymal conden-
sation during the skeletal development, probably utilizing a SOX9-
independent mechanism*3; therefore, further investigations should
be conducted to show how downstream modulators contribute to
BMP-SMAD4 signalling in precartilaginous mesenchymal conden-
sation. It has been also elaborated that BMP signalling promotes
the osteoblast differentiation through both SMAD4- and mTORC1-
dependent mechanisms,”* suggesting that the interactions between

BMP-SMAD4 and other modulators are somehow complicated.
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the osteochondroprogenitor cells that in turn can be committed to being differentiated into osteogenic or chondrogenic cell lineages. TGF-f/
SMAD4 plays roles from MSCs to osteocytes and endochondral ossification. EndMT: endothelial-to-mesenchymal transition; BMP, bone
morphogenetic protein; N-CAM, neural cell adhesion molecule; Ihh, Indian hedgehog; VEGF, vascular endothelial growth factor; RUNX2/3:
runt-related transcription factor 2/3; TGF-g, transforming growth factor-p; SOX: SRY (sex-determining region Y)-box. The figure is redrawn
from Ref. [144,145]

BMP2/SMAD4 promotes the expression of several downstream In a nutshell, BMPs through SMAD4 can (i) control the chon-
mineralization-related genes but does not contribute to the subse- drogenesis, osteogenesis and joint formation during the embryonic
quent activation of protein anabolism.”* development, (ii) regulate cell proliferation and osteogenesis in pal-

Moreover, two phases of high BMP activity are required for the atal mesenchyme, (iii) regulate premature osteogenic and osteoblast
normal limb bud development. Using a mouse model, BMP has been differentiation, eg in palatal mesenchyme, (iv) regulate precartilagi-
verified to activate Grem1 expression via SMAD4. Grem1 is a critical nous mesenchymal condensation and (v) modulate the expression of

node in the SHH/GREM1/FGF feedback signalling axis.”” different downstream mineralization-related genes.
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5.3 | Wntsignalling pathways
TGF-p and Wnt signalling pathways are interrelated in most cells
and tissues. As one of the important regulators in different devel-
opmental processes, especially in the skeletal development, the Wnt
family contains at least 22 cysteine-rich, secreted glycoproteins. Of
these, Wnt-4, -5a, -5b and -14, along with the secreted frizzled re-
lated protein (a Wnt antagonist), are often expressed in the develop-
ing skeleton. While Wnt-4 inhibits the initiation of chondrogenesis
and promotes the terminal chondrocyte differentiation, Wnt-5a/5b
stimulates early chondrogenesis and suppresses the terminal differ-
entiation. Wnt-14 serves at the initial steps of the joint development.
Wt signalling pathways are mainly categorized into two different
pathways including the B-catenin-dependent pathway or canonical
Whnt/p-catenin signalling, and the p-catenin-independent pathway
or noncanonical one. The canonical Wnt/p-catenin signalling is pro-
moted by binding Wnts to the Frzb/co-receptor (lipoprotein receptor-
related protein-LRP-5/6) complex, resulting in some conformational
changes in the downstream molecule complex that mainly consists of

dishevelled, Axin, glycogen synthase kinase 3p (GSK3p) and p-catenin

(Figure 5). GSK3 phosphorylates the linker regions of SMAD4 and in-
activates TGF-p signalling.”® Besides, SMAD4 promotes the expression
of frizzled-4 (FZD4) and activates FZD4-dependent Wnt signalling in
granulosa cells®l; however, this pathway is still unclear in the skeletal
development. Interestingly, TGF-B/SMAD4 and Wnt signalling path-
ways modulate apoptosis. Du et al. suggested that the apoptotic roles
of SMAD4 are due to the maintained expression of FZD4 at both the
transcriptional and post-transcriptional level mainly through a com-
plex regulatory network.>! In essence, by phosphorylation of SMAD4,
GSK3p not only controls TGF-p signalling but also regulates the expres-
sion of FZD4. Additionally, the competitive recruitment of p-catenin
with SMAD4 modulates the balance between proliferation and matrix
synthesis in osteoblasts.””

The noncanonical Wnt pathway is also important in the skeletal
development, although there is some controversy about the roles of
this pathway in vertebrates. Different intercellular signalling mole-
cules play roles such as inositol triphosphate-intercellular calcium,
mitogen-activated protein kinases (MAPKs) and G-protein RhoA/
Rho-associated kinase. MAPK activated by TGF-p functions as an
effector mediating SMAD4-independent TGF-f signalling during the
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FIGURE 5 The schematic representation of the Wnt/p-catenin pathway in skeletal development. Upon ligation Wnts to their specific
receptors that contain the frizzled proteins (FZD4) and LRP5/6, the cytoplasmic protein dishevelled is promoted to induce the inhibition of
GSKS3B. Then, as a transcription factor, p-catenin binds to the TCF/LEF transcription factors and leads to the transcription of downstream
target genes. Competitive recruitment of p-catenin by SMADA4 controls the balance between proliferation and matrix synthesis of
osteoblasts. SMAD4 lacking can put the availability of f-catenin on increase to transactivate Tcf/Lef, hence enhancing ‘proliferation’ in
response to canonical Wnt signalling. The figure is redrawn from Ref. [77]
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tooth and palate development.”®

TGF-p induces the expression of a
downstream noncoding RNA (miR-155) and promotes the promoter
activity through SMAD4. Aberrant expression of miR-155 substan-
tially decreases RhoA protein and disorganizes the tight junction for-
mation’? in breast cancer cells. An interaction that exists between
TGF-p/SMAD4 and RhoA may be extended to bone biology.
SMAD4 can target SFRP2, which is a Wnt inhibitor. SFRP2 is
downregulated in the SMAD4Y“¢ forelimb buds like other Wnt an-
tagonists such as DKK1 or WIF1.8° The inhibition of Wnt signalling
in limb buds of SMAD4 mutant shows a direct and/or indirect regu-

lation system accomplished by SMADA4.

5.4 | Runt-related transcription factor 2
RUNX2 stimulates the early commitment of MSCs to the osteochon-
drogenic progenitors81 and controls the expression of osteoblast
markers such as osteocalcin, osteopontin, bone sialoprotein, colla-
genase 3, osteoprotegerin and «1(l) and «1(ll) collagens.®%8% Thanks
to the stimulation of the Indian hedgehog (Ihh), RUNX2" osteo-
progenitors are developed into chondrocytes84 (Figure 4). RUNX2
directly targets Ihh that is expressed in prehypertrophic chondro-
cytes and is necessary for chondrocyte hypertrophy. Furthermore,
the RUNX transcription factors, eg RUNX2 and RUNXS3, control
and orchestrate the chondrocyte hypertrophic differentiation and
proliferation.®°

The RUNX2 is regulated in the transcription, translational and
post-translational levels. Yan et al. showed that SMADA4 regulates the
chondrocyte hypertrophy by upregulating RUNX2 during the skele-
tal development.** SMAD4 also interacts with RUNX2 to induce the
expression of other osteoblast genes. For example, RUNX2 directly
regulates COL10A1 that is a hypertrophic chondrocyte-specific
marker. On the other hand, SMAD4 promotes RUNX2 degradation
in a ubiquitin proteasome-dependent manner, a process that may af-
fect the osteoblast differentiation. In essence, SMAD4 controls the
functions and the expression of RUNX2 and also other osteoblast
genes in a feedback loop. Upon external stimulation, the cytoskele-
ton regulates the activation of SMAD4/RUNX2 signalling in MSCs,

t.86 Therefore, inhib-

so canin turn impress the stem cell commitmen
iting RUNX2 and SMAD4, eg using RNA interference, is a powerful

approach to prevent or treat heterotopic ossification.®”

5.5 | Notch signalling

Notch signalling is vital for the normal embryonic development, co-
ordinated tissue homeostasis and stem cell maintenance.®® Notch
functions on chondrogenesis using both CSL (CBF1, suppressor of
hairless, Lag-1)-dependent and CSL-independent mechanisms.8??°
Upon activation, Notch signalling controls a balance between the
chondrogenic proliferation and differentiation at the early stages
of somite compartmentalization and the long bone develop-

t.89

men Notch promotes the final differentiation of the osteoblast

progenitors but seems to have no obvious effects on mature os-
teoblasts.”* It also inhibits the chondrogenic differentiation by
suppressing the activity of COL2A1 promoter and the expression
of SOX9.”2 Notch regulates cartilage link protein 1 (Crtl1) as a tar-
get of SOX9.7% In osteoblasts, Notch signalling plays a dual role to
either suppress or induce the osteoblastic differentiation. Notch
signalling has been demonstrated in vivo to inhibit the osteoblastic
differentiation by suppressing both early and late differentiation
markers as in collagen type 1, RUNX2, alkaline phosphatase and
osteocalcin.”*%°

SMAD4 helps to keep the cerebrovascular endothelial cell-
pericyte interactions stable by modulating the transcription of N-
cadherin by affecting its promoter. This mechanism links TGF-p/
SMAD4 and Notch signalling and maintains cerebral vascular in-
tegrity.96 The thrust of these results is that SMADs form a complex
with Notch intracellular domain and CSL. TGF-$/BMPs improve the
recruitment of the complex to the CSL-binding site to transactivate
the N-cadherin promoter.”® A reciprocal interaction exists between
SMAD4 and Notch signalling pathway, eg downregulation of Notch1
and c-MYC in SMAD4-deficient hematopoietic mice can enrich he-
matopoietic stem ceIIslS; however, these functions are still needed

to be clearly shown in bone biology.

6 | SMAD4 CAN BE CONTROLLED
EPIGENETICALLY

6.1 | Noncoding RNAs

Noncoding RNAs take part in the skeletal development.! Although
a variety of noncoding RNAs have been identified so far, the discov-
ery of microRNAs (called miRNAs or miRs) and later long noncoding
RNAs (IncRNAs) revolutionized our knowledge of these critical func-
tions of these molecules in the skeletal development.””?® MiRNAs
(~22 nucleotides) encourage the destruction or inhibit the transla-
tion of target mRNAs, so playing a vital role in the developmental
and physiological processes.»?8101

Overexpression of miR-483 downregulates SMAD4.1°2 MiRNA
profiling of developing human cartilage of limb revealed that this
miRNA is expressed at high levels in chondrocytes that were in the
proliferation and differentiation stages. MiR-483 is downregulated
in hypertrophic chondrocytes, indicating its possible roles in regu-
lating the hypertrophic differentiation.

MiR-29b regulates homeostasis of chondrogenesis and enhances
the hypertrophic phenotype. In fact, this miRNA is a fundamental
regulator of the chondrocyte phenotype from murine marrow-
derived MSCs, and it is a target for articular cartilage repair.1°® While
the expression of miR-29b was at a low level during the early chon-
drogenic development, it increased during chondrogenic hypertro-
phy. SMAD4 contributes to the TGF-B-regulated transcriptional
upregulation of miR-29 in senescent mouse embryonic fibroblasts;
however, this signalling pathway remains to be discovered in the

skeletal development.1%
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MiR-224 directly regulates SMAD4 and results in the inhibition
of osteoblast differentiation.'®> Besides, TGF-p1/SMADA4 signalling
affects the osteoclast differentiation by regulating miR-155 expres-
sion, and using miR-155 as a therapeutic target for osteoclast-related
disorders has shown a lot of promise.'°® MiR-144-3p also inhibits
the osteogenic differentiation of bone MSCs by suppressing SMAD4
expression.107

Furthermore, miR-146a may make a contribution to osteoar-
thritis by increasing the VEGF levels and by suppressing SMAD4
in cartilage cells.”® This miRNA participates in human chondrocyte
apoptosis caused by mechanical injury.}®® Osteoporosis is a preva-
lent disease that threatens patients’ quality of life, particularly elderly
patients. The upregulation of miR-146a decreases the SMAD4 ex-
pression in osteoporosis patients.’®? Similarly, by targeting SMAD4,
miR-449c-5p has been suggested as a novel inhibitory regulator of
the osteogenic differentiation in valve interstitial cells. This miRNA
also is a new therapeutic agent for calcific aortic valve disease.°
Xie et al. demonstrated that antagomiR-1323 therapy may boost
fracture healing in a rat model of femoral fracture. This miR-1323
negatively controls BMP4 and SMAD4 expression in human atro-
phic nonunion fractures, supporting that miR-1323/BMP4 and miR-
1323/SMAD4 are a novel therapeutic target for atrophic nonunion
fractures.’? Although the different roles of miRNAs and their func-
tions on SMAD4 have been documented, profiling miRNA is highly

recommended during the chondrocytes-to-osteocyte development.

6.2 | Longnoncoding RNAs
IncRNAs (with a total length of >200 nt) play different roles during
the development of different organs. In general, plenty of IncRNAs
have been identified to take part in chondrogenesis and osteogen-
esis.b2 For example, INcRNA UCA1 stimulates the chondrogenic
differentiation from MSCs through miRNA-145-5p/SMADS5 and
miRNA-124-3p/SMAD4.1*3

IncRNA DANCR promotes the chondrogenic differentiation in sy-
novial MSCs by stimulating the miR-1305/SMAD4 axis.}'* As the ex-
pression of DANCR increases, it results in the decreased expression of
miR-1305 that in turn negatively regulates the expression of SMADA4.

IncRNA MALAT1 regulates the osteogenic differentiation via three
key mechanisms: firstly, MALAT1 modulates Osterix overexpression in
human MSCs and subsequently binds to and inhibits miR-143 in order
to induce the osteogenic differentiation. Secondly, MALAT1 functions
as a sponge for miR-204 and boosts the expression of SMAD4. These
trigger the bone formation and subsequent mineralization. MiR-204
functions as a positive regulator of the osteogenic differentiation of
human aortic valve interstitial cells.**® Thirdly, using osteosarcoma cell
models, MALAT1 has been identified to promote metastasis and prolif-
eration by inducing miR-144-3p, which in turn targets SMAD4.1%6

IncRNA AWPPH stimulates cell proliferation, autophagy and
migration, and inhibits apoptosis in bladder cancer by suppressing
SMADA4.1Y This IncRNA upregulates RUNX2 and in turn contributes to

the development of nontraumatic osteonecrosis of the femoral head.**®

While AWPPH is downregulated in osteoporosis, in normal tissues, it
regulates the balance between type | collagen a1 and a2 ratio,*'? which
is vital for the osteocyte maturation and bone homeostasis.

Besides, INcRNA MFAT1 controls Tgfbr2/ SMAD4 expression
by sponging miR-135a-5p that gives rise to the TGF-§ pathway ac-
tivation in skeletal muscle fibrosis. This provides a novel-promising
therapeutic option against skeletal muscle fibrosis.*?® Silencing
MFAT1 attenuated the expression of TGFBR2 and SMAD4 through
miR-135a.

6.3 | DNA methylation

DNA methylation is one of the important molecular mechanisms
whereby the skeletal development is controlled. For instance,
Aitchison et al. attributed the low expression of SMAD4 to its promot-
er's methylation status in advanced prostate cancer. This suggested
that SMAD4 is regulated by DNA methylation.'?! Interestingly, the
downregulation of SMAD4 caused by promoter methylation can, in
turn, bring about the impairment of TGF-p signalling. This process is
often observed in the growth suppression of Barrett's oesophageal
epithelium metaplasia.122 There is actually little to no information
about the methylation status of the SMAD4 during embryogenesis,
chondrogenesis and osteogenesis.

6.4 | Histone modifications
During the skeletal development, histone modifications regulate or
even boost gene expression. For example, overexpression of histone
deacetylase 4 (HDAC4) inhibits the expression of several down-
stream genes related to the TGF-f signalling pathway such as BMPé,
SMAD4, SMADé, inhibitor of DNA binding 1 and TGF-$2. HDAC4 con-
trols SMAD4 expression by inducing the deacetylation of histone
H3 in promoter regions.!?> SMAD3/SMAD4 complex cooperates
with the HDACs to modulate the androgen receptor acetylation,'?*
a process that is vital for the bone development and homeostasis
(reviewed in Ref. [125,126]).

Long et al showed that ‘Histone SUMOylation’ represses SMAD4

127 and regulates its stability. SUMOylation of

transcriptional activity
SMADA4 is necessary for allowing this protein to bind other transcrip-
tional factors such as DAXX,'?® which inhibits SMAD4-mediated
transcriptional activity by direct interaction with the sumoylated
SMADA4, so indirectly regulates TGF- signalling.

The conversion into MSCs via the endothelial-to-mesenchymal
transition can be triggered in chondrocytes. SIRT1 inhibits the TGF-
B-induced endothelial-to-mesenchymal transition (that can protect
against fibrosis) by the deacetylation of SMAD4.1?? The upregulation
of SIRT7 increases the expression of E-cadherin, while decreases
the expression of mesenchymal markers. Besides, overexpression of
SIRT7 also decreases the level of acetylated SMAD4 in oral squa-
mous cell carcinoma cells.**® These studies introduce a good starting
point for future investigations.
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7 | CONCLUSIONS AND FEATURE
PERSPECTIVES

The skeletal development is a complex procedure in which different
signalling pathways play roles. More recently, some important steps
have been taken forward to investigate this process, although there
is a long journey to pave. Although some investigations have been
conducted to show how SMAD4 functions during the bone develop-
ment, some aspects are still needed to be unveiled.

In this review, we discussed why SMADA4 is critical for the skele-
tal development and bone homeostasis; however, there is a snippet
of information about the functions of this protein during the skele-
tal development. Herein, we summarized some fundamental findings
to show the molecular mechanisms whereby SMAD4 contributes
to chondrogenesis and osteogenesis. Assuredly, in the future, more
investigations can remove the veil of ignorance and answer to some
open-ended questions; for example, exosomes, membrane-bound
extracellular vesicles that carry the specific molecules,**! contribute
to the skeletal development1 and bone repairl32'134; however, little is
known about how exosomal SMAD4 or even related miRNAs and In-
cRNAs play roles during the skeletal development. Besides, it has been
identified that taking medicines can also affect the expression and
function of SMAD4, eg some studies discovered that valproic acid in-
hibited the SMAD4 expression by monoubiquitination in prostate car-
cinoma.'®> By inducing apoptosis, valproic acid decreases the number
of chondrocytes.'® In fact, the monoubiquitination of SMAD4 may
interfere with normal embryogenesis, chondrogenesis and osteogen-
esis; however, it is still unclear how other medicines can affect this
process. Likewise, it is not crystal clear how other noncoding RNAs,
eg piwiRNA, circRNA, as well as environmental modulators, affect the
skeletal development and how SMAD4 functions during these events.
In fact, the expression profile of miRNAs and IncRNAs during different
stages of the skeletal development can somehow show how SMAD4
contributes to the development. Also, little is known about the poten-
tial therapeutic applications of SMAD4 in human diseases and bone
fractures. As discussed, some alternations such as phosphorylation,
methylation, and ubiquitination may play important roles in regulating
SMAD4 activities and functions; however, we do not know exactly
how such alternations take part in the chondrocyte and bone develop-
ment, bone repair and human bone-related disorders.

Moreover, SMAD4 has been recently employed as a therapeu-
tic target in a variety of diseases such as pancreatic adenocarci-

137 138 4nd fibrosis'®?; however, we do

noma cells,™’ colorectal cancer
not know whether this protein can be used as a therapeutic agent/
target for cartilage- and bone-related disorders or not. We believe
that the future investigations can answer these kinds of questions.
Additionally, there are plenty of reports demonstrating that SMAD4
bestows some features to the putative stem cells, proposing that
SMAD4 and other members of this family may potentially be used to
reprogram the stem cells. This can in turn provide valuable informa-
tion about the biological aspects of bone biology, which will pave the

way to utilize this for therapeutic purposes.

ACKNOWLEDGMENTS
This work was supported by Tarbiat Modares University.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Katayoon Pakravan: Writing - review & editing. Ehsan Razmara:
Conceptualization; Visualization; Writing - original draft; Writing
- review & editing. Bashdar Mahmud Hussen: Writing - review
& editing. Fatemeh Sattarikia: Writing - review & editing. Majid
Sadeghizadeh: Writing - review & editing. Sadegh Babashah:

Conceptualization; Supervision; Writing - review & editing.

DATA AVAILABLE STATEMENT
The paper is exempt from data sharing.

ORCID

Sadegh Babashah "= https://orcid.org/0000-0001-7066-0918

REFERENCES

1. RazmarakE, Bitaraf A, Yousefi H, et al. Non-coding RNAs in cartilage
development: an updated review. Int J Mol Sci. 2019;20(18):4475.

2. Schnaper HW, Hayashida T, Poncelet A-C. It'sa Smad world:
regulation of TGF-f signaling in the kidney. J Am Soc Nephrol.
2002;13(4):1126-1128.

3. Miyazawa K, Miyazono K. Regulation of TGF-f family sig-
naling by inhibitory Smads. Cold Spring Harb Perspect Biol.
2017;9(3):a022095.

4. ltoh S, Itoh F, Goumans MJ, ten Dijke P. Signaling of transform-
ing growth factor-p family members through Smad proteins. Eur J
Biochem. 2000;267(24):6954-6967.

5. Miyaki M, Kuroki T. Role of Smad4 (DPC4) inactivation in human
cancer. Biochem Biophys Res Commun. 2003;306(4):799-804.

6. Bardeesy N, Cheng K-H, Berger JH, et al. Smad4 is dispensable for
normal pancreas development yet critical in progression and tumor
biology of pancreas cancer. Genes Dev. 2006;20(22):3130-3146.

7. Xu X, Brodie SG, Yang X, et al. Haploid loss of the tumor suppres-
sor Smad4/Dpc4 initiates gastric polyposis and cancer in mice.
Oncogene. 2000;19(15):1868-1874.

8. Rasti A, Madjd Z, Saeednejad Zanjani L, et al. SMAD4 expression
in renal cell carcinomas correlates with a stem-cell phenotype and
poor clinical outcomes. Front Oncol. 2021;11:1114.

9. Rasti A, Madjd Z, Saeednejad Zanjani L, Babashah S, Abolhasani
M, Asgari M, Mehrazma M. Increased expression of SMAD4 a key
transcription factor in TGFf signaling pathway in Renal cancer
spheres with stem cell/mesenchymal properties Presenter Author.
Front Oncol. 2021;11(581172). https://www.frontiersin.org/artic
les/10.3389/fonc.2021.581172/full

10. Samanta D, Datta PK. Alterations in the Smad pathway in human
cancers. Front Biosci. 2012;17:1281.

11. Miyazono K, Kamiya Y, Morikawa M. Bone morphogenetic protein
receptors and signal transduction, J Biochem. 2009;147(1):35-51.
https://academic.oup.com/jb/article/147/1/35/752057

12. Massagué J, Seoane J, Wotton D. Smad transcription factors.
Genes Dev. 2005;19(23):2783-2810.

13. Chaikuad A, Bullock AN. Structural basis of intracellular TGF-$
signaling: receptors and smads. Cold Spring Harb Perspect Biol.
2016;8(11):a022111.


https://orcid.org/0000-0001-7066-0918
https://orcid.org/0000-0001-7066-0918
https://www.frontiersin.org/articles/10.3389/fonc.2021.581172/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.581172/full
https://academic.oup.com/jb/article/147/1/35/752057

il—Wl LEY

14.
15.
16.
17.

18.

19.
20.
21.
22.
23.
24.
25.

26.

27.
28.

29.
30.
31.
32.
33.

34.

PAKRAVAN ET AL.

Xu J, Gruber PJ, Chien KR. SMAD4 is essential for human
cardiac mesodermal precursor cell formation. Stem Cells.
2019;37(2):216-225.

FattahiF,StuderL, TomishimaMJ.Neuralcrestcellsfromdual SMAD
inhibition. Curr Protoc Stem Cell Biol. 2015;33(1):1H.9.1-1H.9.9.
Howell M, Inman GJ, Hill CS. A novel Xenopus Smad-interacting
forkhead transcription factor (XFast-3) cooperates with
XFast-1 in regulating gastrulation movements. Development.
2002;129(12):2823-2834.

Chang H, Zwijsen A, Vogel H, Huylebroeck D, Matzuk MM.
Smad5 is essential for left-right asymmetry in mice. Dev Biol.
2000;219(1):71-78.

KarlssonG, BlankU,Moody JL,etal. Smad4iscriticalforself-renewal
of hematopoietic stem cells. J Exp Med. 2007;204(3):467-474.
Avery S, Zafarana G, Gokhale PJ, Andrews PW. The role of SMAD4
in human embryonic stem cell self-renewal and stem cell fate. Stem
Cells. 2010;28(5):863-873.

Li J, Huang X, Xu X, et al. SMAD4-mediated WNT signaling con-
trols the fate of cranial neural crest cells during tooth morphogen-
esis. Development. 2011;138(10):1977-1989.

Zhao J, Lee M, Smith S, Warburton D. Abrogation of Smad3 and
Smad2 or of Smad4 gene expression positively regulates murine
embryonic lung branching morphogenesis in culture. Dev Biol.
1998;194(2):182-195.

Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal
transitions in development and disease. Cell. 2009;139(5):871-890.
Royer-Pokora B, Busch M, Beier M, et al. Wilms tumor cells with
WT1 mutations have characteristic features of mesenchymal stem
cells and express molecular markers of paraxial mesoderm. Hum
Mol Genet. 2010;19(9):1651-1668.

Isaac J, Nassif A, Asselin A, et al. Involvement of neural crest and
paraxial mesoderm in oral mucosal development and healing.
Biomaterials. 2018;172:41-53.

Park JS, Kim M, Song N-J, et al. A reciprocal role of the Smad4-Taz
axis in osteogenesis and adipogenesis of mesenchymal stem cells.
Stem Cells. 2019;37(3):368-381.

Byun MR, Jeong H, Bae SJ, Kim AR, Hwang ES, Hong J-H. TAZ is
required for the osteogenic and anti-adipogenic activities of kae-
mpferol. Bone. 2012;50(1):364-372.

de Kroon LMG, Narcisi R, van den Akker GGH, et al. SMAD3 and
SMAD4 have a more dominant role than SMAD2 in TGFf-induced
chondrogenic differentiation of bone marrow-derived mesenchy-
mal stem cells. Sci Rep. 2017;7(1):1-13.

Bénazet J-D, Pignatti E, Nugent A, Unal E, Laurent F, Zeller R.
Smad4 is required to induce digit ray primordia and to initiate the
aggregation and differentiation of chondrogenic progenitors in
mouse limb buds. Development. 2012;139(22):4250-4260.

Wang Q, Zhou C, Li X, et al. TGF-p1 promotes gap junctions for-
mation in chondrocytes via Smad3/Smad4 signalling. Cell Prolif.
2019;52(2):e12544.

Sasaki A, Masuda Y, Ohta Y, Ikeda K, Watanabe K. Filamin associ-
ates with Smads and regulates transforming growth factor-p sig-
naling. J Biol Chem. 2001;276(21):17871-17877.

Whitaker AT, Berthet E, Cantu A, Laird DJ, Alliston T. Smad4 reg-
ulates growth plate matrix production and chondrocyte polarity.
Biol Open. 2017;6(3):358-364.

Yang L, Wang L, Yang X. Disruption of Smad4 in mouse epi-
dermis leads to depletion of follicle stem cells. Mol Biol Cell.
2009;20(3):882-890.

Kook S-H, Yun C-Y, Sim H-J, et al. Smad4 in osteoblasts exerts a
differential impact on HSC fate depending on osteoblast matura-
tion stage. Leukemia. 2016;30(10):2039-2046.

Sirard C, De La Pompa JL, Elia A, et al. The tumor suppressor gene
Smad4/Dpc4 is required for gastrulation and later for anterior de-
velopment of the mouse embryo. Genes Dev. 1998;12(1):107-119.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Nie X, Deng C-X, Wang Q, Jiao K. Disruption of Smad4 in neural
crest cells leads to mid-gestation death with pharyngeal arch, cra-
niofacial and cardiac defects. Dev Biol. 2008;316(2):417-430.
Wandzioch E, Zaret KS. Dynamic signaling network for the spec-
ification of embryonic pancreas and liver progenitors. Science.
2009;324(5935):1707-1710.

Lee K-P, Shin YJ, Panda AC, et al. miR-431 promotes differentia-
tion and regeneration of old skeletal muscle by targeting Smad4.
Genes Dev. 2015;29(15):1605-1617.

Boissart C, Nissan X, Giraud-Triboult K, Peschanski M, Benchoua
A. miR-125 potentiates early neural specification of human embry-
onic stem cells. Development. 2012;139(7):1247-1257.

Zhou Y-X, Zhao M, Li D, et al. Cerebellar deficits and hyperactivity
in mice lacking Smad4. J Biol Chem. 2003;278(43):42313-42320.
Gamart J. SMAD4: A Multifunctional Regulator of Limb Bud Initiation
and Outgrowth. Switzerland: University of Basel; 2017.

Zhang J, Tan X, Li W, et al. Smad4 is required for the normal organi-
zation of the cartilage growth plate. Dev Biol. 2005;284(2):311-322.
Laurent F. Identification of cis-regulatory modules in mouse embry-
onic limb buds and heart using endogenous epitope-tagged transcrip-
tion factors. Switzerland: University of Basel; 2014.

Lim J, Tu X, Choi K, Akiyama H, Mishina Y, Long F. BMP-Smad4
signaling is required for precartilaginous mesenchymal conden-
sation independent of Sox9 in the mouse. Dev Biol. 2015;400(1):
132-138.

Yan J, Li J, Hu J, et al. Smad4 deficiency impairs chondrocyte hy-
pertrophy via the Runx2 transcription factor in mouse skeletal de-
velopment. J Biol Chem. 2018;293(24):9162-9175.

Schlesinger SY, Seo S, Pryce BA, et al. Loss of Smad4 in the scler-
axis cell lineage results in postnatal joint contracture. Dev Biol.
2021;470:108-120.

Casari A, Schiavone M, Facchinello N, et al. A Smad3 transgenic
reporter reveals TGF-beta control of zebrafish spinal cord devel-
opment. Dev Biol. 2014;396(1):81-93.

Sun'Y, Tseng W-C, Fan X, Ball R, Dougan ST. Extraembryonic sig-
nals under the control of MGA, Max, and Smad4 are required for
dorsoventral patterning. Dev Cell. 2014;28(3):322-334.

Cardoso L, Herman BC, Verborgt O, Laudier D, Majeska RJ,
Schaffler MB. Osteocyte apoptosis controls activation of intra-
cortical resorption in response to bone fatigue. J Bone Miner Res.
2009;24(4):597-605.

Jilka RL, Noble B, Weinstein RS. Osteocyte apoptosis. Bone.
2013;54(2):264-271.

Hughes DE, Wright KR, Uy HL, et al. Bisphosphonates promote
apoptosis in murine osteoclasts in vitro and in vivo. J Bone Miner
Res. 1995;10(10):1478-1487.

Du X, Li Q, Yang L, Liu L, Cao Q, Li Q. SMAD4 activates Wnt sig-
naling pathway to inhibit granulosa cell apoptosis. Cell Death Dis.
2020;11(5):1-14.

Siraj AK, Pratheeshkumar P, Divya SP, et al. TGFg-induced SMAD4-
dependent apoptosis proceeded by EMT in CRC. Mol Cancer Ther.
2019;18(7):1312-1322.

LiJ, Huang J, Dai L, et al. miR-146a, an IL-1p responsive miRNA, in-
duces vascular endothelial growth factor and chondrocyte apop-
tosis by targeting Smad4. Arthritis Res Ther. 2012;14(2):1-13.
Moon YJ, Yun C-Y, Choi H, et al. Smad4 controls bone homeostasis
through regulation of osteoblast/osteocyte viability. Exp Mol Med.
2016;48(9):e256.

Hyzy SL, Olivares-Navarrete R, Schwartz Z, Boyan BD. BMP2
induces osteoblast apoptosis in a maturation state and noggin-
dependent manner. J Cell Biochem. 2012;113(10):3236-3245.
Mann V, Huber C, Kogianni G, Jones D, Noble B. The influence
of mechanical stimulation on osteocyte apoptosis and bone via-
bility in human trabecular bone. J Musculoskelet Neuronal Interact.
2006;6(4):408.



PAKRAVAN ET AL.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Morita M, Yoshida S, IwasakiR, et al. Smad4 is required to inhibit os-
teoclastogenesis and maintain bone mass. Sci Rep. 2016;6(1):1-11.
Yang SM, Hou ZH, Yang G, et al. Chondrocyte-specific Smad4
gene conditional knockout results in hearing loss and inner ear
malformation in mice. Dev Dyn. 2009;238(8):1897-1908.

Pountos |, Giannoudis PV. Modulation of cartilage's response
to injury: can chondrocyte apoptosis be reversed? Injury.
2017;48(12):2657-2669.

Bitarafan F, Razmara E, Khodaeian M, et al. Three Novel
Variants identified in FBN1 and TGFBR2 in seven Iranian fam-
ilies with suspected Marfan syndrome. Mol Genet Genomic Med.
2020;8(8):e1274.

Bitaraf A, Razmara E, Bakhshinejad B, et al. The oncogenic and
tumor suppressive roles of RNA-binding proteins in human can-
cers. J Cell Physiol. 2021;236(9):6200-6224.

Dudas M, Nagy A, Laping NJ, Moustakas A, Kaartinen V. Tgf-$3-
induced palatal fusion is mediated by Alk-5/Smad pathway. Dev
Biol. 2004;266(1):96-108.

He W, Dorn DC, Erdjument-Bromage H, Tempst P, Moore MA,
Massague J. Hematopoiesis controlled by distinct TIF1ly and
Smad4 branches of the TGFp pathway. Cell. 2006;125(5):929-941.
Agricola E, Randall RA, Gaarenstroom T, Dupont S, Hill CS.
Recruitment of TIF1y to chromatin viaits PHD finger-bromodomain
activates its ubiquitin ligase and transcriptional repressor activi-
ties. Mol Cell. 2011;43(1):85-96.

Vincent DF, Gout J, Chuvin N, et al. Tifly suppresses murine pan-
creatic tumoral transformation by a Smad4-independent pathway.
Am J Pathol. 2012;180(6):2214-2221.

Razmara E, Bitaraf A, Karimi B, Babashah S. Functions of the SNAI
family in chondrocyte-to-osteocyte development. Ann N Y Acad
Sci. 2021;1503(1):5-22.

Gersbach CA, Byers BA, Pavlath GK, Garcia AJ. Runx2/
Cbfal stimulates transdifferentiation of primary skeletal myo-
blasts into a mineralizing osteoblastic phenotype. Exp Cell Res.
2004;300(2):406-417.

Goldring MB, Tsuchimochi K, ljiri K. The control of chondrogene-
sis. J Cell Biochem. 2006;97(1):33-44.

Kang Ya'an, Ling J, Suzuki R, et al. SMADA4 regulates cell motility
through transcription of N-cadherin in human pancreatic ductal
epithelium. PLoS One. 2014;9(9):e107948.

Winbanks CE, Chen JL, Qian H, et al. The bone morphogenetic
protein axis is a positive regulator of skeletal muscle mass. J Cell
Biol. 2013;203(2):345-357.

Li N, Liu J, Liu H, et al. Altered BMP-Smad4 signaling causes com-
plete cleft palate by disturbing osteogenesis in palatal mesen-
chyme. J Mol Histol. 2021;52(1):45-61.

Yuan G, Zhan Y, Gou X, Chen Y, Yang G. TGF-p signaling inhibits
canonical BMP signaling pathway during palate development. Cell
Tissue Res. 2018;371(2):283-291.

Parada C, Li J, Iwata J, Suzuki A, Chai Y. CTGF mediates Smad-
dependent transforming growth factor B signaling to regulate
mesenchymal cell proliferation during palate development. Mol
Cell Biol. 2013;33(17):3482-3493.

Karner CM, Lee S-Y, Long F. Bmp induces osteoblast differenti-
ation through both Smad4 and mTORC1 signaling. Mol Cell Biol.
2017;37(4):e00253-16. https://www.ncbi.nlm.nih.gov/pmc/artic
les/PMC5288572/

Zuniga A, Laurent F, Lopez-Rios J, Klasen C, Matt N, Zeller R.
Conserved cis-regulatory regions in a large genomic landscape
control SHH and BMP-regulated Gremlinl expression in mouse
limb buds. BMC Dev Biol. 2012;12(1):1-15.

Demagny H, De Robertis EM. Point mutations in the tumor
suppressor Smad4/DPC4 enhance its phosphorylation by
GSK3 and reversibly inactivate TGF-p signaling. Mol Cell Oncol.
2016;3(1):e1025181.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Wi LEYH

Salazar VS, Zarkadis N, Huang L, et al. Postnatal ablation of os-
teoblast Smad4 enhances proliferative responses to canoni-
cal Wnt signaling through interactions with p-catenin. J Cell Sci.
2013;126(24):5598-5609.

Xu X, Han J, Ito Y, Bringas P Jr, Deng C, Chai Y. Ectodermal Smad4
and p38 MAPK are functionally redundant in mediating TGF-p/
BMP signaling during tooth and palate development. Dev Cell.
2008;15(2):322-329.

Kong W, Yang H, He L, et al. MicroRNA-155 is regulated by the trans-
forming growth factor p/Smad pathway and contributes to epithe-
lial cell plasticity by targeting RhoA. Mol Cell Biol. 2008;28(22):6773.
Hayashi K, Spencer TE. WNT pathways in the neonatal ovine
uterus: potential specification of endometrial gland morphogen-
esis by SFRP2. Biol Reprod. 2006,74(4):721-733.

Schroeder TM, Jensen ED, Westendorf JJ. Runx2: a master orga-
nizer of gene transcription in developing and maturing osteoblasts.
Birth Defects Res C Embryo Today Rev. 2005;75(3):213-225.

Cohen MM Jr. Biology of RUNX2 and cleidocranial dysplasia. J
Craniofac Surg. 2013;24(1):130-133.

Ryoo H-M, Wang X-P. Control of tooth morphogenesis by Runx2.
Crit Rev Eukaryot Gene Expr. 2006;16(2):143-154.

Komori T. Regulation of osteoblast differentiation by Runx2. Adv
Exp Med Biol. 2009;658:43-49.

Kim E-J, Cho S-W, Shin J-O, Lee M-J, Kim K-S, Jung H-S. Ihh and
Runx2/Runx3 signaling interact to coordinate early chondrogene-
sis: a mouse model. PLoS One. 2013;8(2):e55296.

Zhang G, Liu W, Wang R, et al. The role of tantalum nanoparticles
in bone regeneration involves the BMP2/Smad4/Runx2 signaling
pathway. Int J Nanomed. 2020;15:2419.

Xue T, Mao Z, Lin L, et al. Non-virus-mediated transfer of siRNAs
against Runx2 and Smad4 inhibit heterotopic ossification in rats.
Gene Ther. 2010;17(3):370-379.

Siebel C, Lendahl U. Notch signaling in development, tissue ho-
meostasis, and disease. Physiol Rev. 2017;97(4):1235-1294.
Zanotti S, Canalis E. Notch suppresses nuclear factor of activated
T cells (NFAT) transactivation and Nfatc1 expression in chondro-
cytes. Endocrinology. 2013;154(2):762-772.

Ghafouri-Fard S, Glassy MC, Abak A, Hussen BM, Niazi V, Taheri
M. The interaction between miRNAs/IncRNAs and Notch pathway
in human disorders. Biomed Pharmacother. 2021;138:111496.
Hilton MJ, Tu X, Wu X, et al. Notch signaling maintains bone mar-
row mesenchymal progenitors by suppressing osteoblast differen-
tiation. Nat Med. 2008;14(3):306-314.

Chew LJ, Gallo V. The Yin and Yang of Sox proteins: activa-
tion and repression in development and disease. J Neurosci Res.
2009;87(15):3277-3287.

Kang JS, Kawakami'Y, Bekku Y, Ninomiya Y, Belmonte JCI, Oohashi
T. Molecular cloning and developmental expression of a hyaluro-
nan and proteoglycan link protein gene, crtl1/hapinil, in zebrafish.
Zoolog Sci. 2008;25(9):912-918.

Yavropoulou MP, Yovos JG. The role of Notch signaling in bone
development and disease. Hormones. 2014;13(1):24-37.

Nobta M, Tsukazaki T, Shibata Y, et al. Critical regulation of
bone morphogenetic protein-induced osteoblastic differentia-
tion by Deltal/Jaggedl-activated Notchl signaling. J Biol Chem.
2005;280(16):15842-15848.

Li F, Lan YU, Wang Y, et al. Endothelial Smad4 maintains cerebro-
vascular integrity by activating N-cadherin through cooperation
with Notch. Dev Cell. 2011;20(3):291-302.

Poursheikhani A, Bahmanpour Z, Razmara E, et al. Non-coding
RNAs underlying chemoresistance in gastric cancer. Cell Oncol.
2020;43(6):961-988.

Razmara E, Salehi M, Aslani S, et al. Graves’ disease: introduc-
ing new genetic and epigenetic contributors. J Mol Endocrinol.
2021;66(2):R33-R55.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5288572/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5288572/

il—Wl LEY

99.

100.
101.
102.
103.
104.
105.
106.

107.

108.
109.
110.

111.

112.

113.
114.
115.

116.
117.

118.

PAKRAVAN ET AL.

Tahmouresi F, Razmara E, Pakravan K, et al. Upregulation of the
long noncoding RNAs DSCAM-AS1 and MANCR is a potential
diagnostic marker for breast carcinoma. Biotechnol Appl Biochem.
2020.

Maminezhad H, Ghanadian S, Pakravan K, et al. A panel of six-
circulating miRNA signature in serum and its potential diagnostic
value in colorectal cancer. Life Sci. 2020;258:118226.

Mahgoub EO, Razmara E, Bitaraf A, et al. Advances of exo-
some isolation techniques in lung cancer. Mol Biol Rep.
2020;47(9):7229-7251.

Anderson BA, McAlinden A. miR-483 targets SMAD4 to suppress
chondrogenic differentiation of human mesenchymal stem cells. J
Orthop Res. 2017;35(11):2369-2377.

Zhao C, Miao Y, Cao Z, et al. MicroRNA-29b regulates hypertrophy
of murine mesenchymal stem cells induced toward chondrogene-
sis. J Cell Biochem. 2019;120(5):8742-8753.

Lyu G, Guan Y, Zhang C, et al. TGF-p signaling alters H4K20me3
status via miR-29 and contributes to cellular senescence and car-
diac aging. Nat Commun. 2018;9(1):1-13.

Luo Y, Cao X, Chen J, Gu J, Zhao J, Sun J. MicroRNA-224 sup-
presses osteoblast differentiation by inhibiting SMAD4. J Cell
Physiol. 2018;233(10):6929-6937.

Zhao H, Zhang J, Shao H, et al. Transforming growth factor p1/
Smad4 signaling affects osteoclast differentiation via regulation
of miR-155 expression. Mol Cells. 2017;40(3):211.

Lu J, Zhang H, Yu P, et al. Role of miR-144-3p and its target gene
in regulating osteogenic differentiation of rat bone marrow mes-
enchymal stem cells in vitro. Nan Fang Yi Ke Da Xue Xue Bao.
2018;38(9):1083-1088.

JinL, Zhao J, Jing W, et al. Role of miR-146a in human chondrocyte
apoptosis in response to mechanical pressure injury in vitro. Int J
Mol Med. 2014;34(2):451-463.

Kuang W, Zheng L, Xu X, et al. Dysregulation of the miR-146a-
Smad4 axis impairs osteogenesis of bone mesenchymal stem cells
under inflammation. Bone Research. 2017;5(1):1-9.

Xu R, Zhao M, Yang Y, et al. MicroRNA-449c-5p inhibits osteo-
genic differentiation of human VICs through Smad4-mediated
pathway. Sci Rep. 2017;7(1):1-12.

Xie H, Liu M, Jin Y, Lin H, Zhang Y, Zheng S. miR-1323 suppresses
bone mesenchymal stromal cell osteogenesis and fracture heal-
ing via inhibiting BMP4/SMAD4 signaling. J Orthop Surg Res.
2020;15(1):1-13.

Ghafouri-Fard S, Shirvani-Farsani Z, Hussen BM, Taheri M. The
critical roles of IncRNAs in the development of osteosarcoma.
Biomed Pharmacother. 2021;135:111217.

Shu T, He L, Wang X, et al. Long noncoding RNA UCA1 promotes
chondrogenic differentiation of human bone marrow mesenchy-
mal stem cells via miRNA-145-5p/SMAD5 and miRNA-124-3p/
SMAD4 axis. Biochem Biophys Res Commun. 2019;514(1):316-322.
Zhang L, Sun X, Chen S, et al. Long noncoding RNA DANCR reg-
ulates miR-1305-Smad 4 axis to promote chondrogenic differenti-
ation of human synovium-derived mesenchymal stem cells. Biosci
Rep. 2017;37(4):BSR20170347.

Xiao X, Zhou T, Guo S, et al. LncRNA MALAT1 sponges miR-
204 to promote osteoblast differentiation of human aortic
valve interstitial cells through up-regulating Smad4. Int J Cardiol.
2017;243:404-412.

Wang Y, Zhang Y, Yang T, et al. Long non-coding RNA MALAT1 for
promoting metastasis and proliferation by acting as a ceRNA of
miR-144-3p in osteosarcoma cells. Oncotarget. 2017;8(35):59417.

Zhu F, Zhang X, Yu Q, et al. LncRNA AWPPH inhibits SMAD4
via EZH2 to regulate bladder cancer progression. J Cell Biochem.
2018;119(6):4496-4505.

Chen X, Li J, Liang D, Zhang L, Wang Q. LncRNA AWPPH partici-
pates in the development of non-traumatic osteonecrosis of femo-
ral head by upregulating Runx2. Exp Ther Med. 2020;19(1):153-159.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Qian G, Yu Y, Dong Y, Hong Y, Wang M. LncRNA AWPPH is down-
regulated in osteoporosis and regulates type | collagen al and a2
ratio. Arch Physiol Biochem 2020;1-5. https://www.tandfonline.
com/doi/abs/10.1080/13813455.2020.1767150?journalCod
e=iarp20. [Epub ahead of print].

Lin J, Yang X, Liu S, et al. Long non-coding RNA MFAT1 promotes
skeletal muscle fibrosis by modulating the miR-135a-5p-Tgfbr2/
Smad4 axis as a ceRNA. J Cell Mol Med. 2021;25(9):4420-4433.
Aitchison AA, Veerakumarasivam A, Vias M, et al. Promoter meth-
ylation correlates with reduced Smad4 expression in advanced
prostate cancer. Prostate. 2008;68(6):661-674.

Onwuegbusi BA, Aitchison A, Chin S-F, et al. Impaired transform-
ing growth factor B signalling in Barrett’s carcinogenesis due to
frequent SMADA4 inactivation. Gut. 2006;55(6):764-774.

Yu S-L, Lee DC, Son JW, Park CG, Lee HY, Kang J. Histone
deacetylase 4 mediates SMAD family member 4 deacetylation and
induces 5-fluorouracil resistance in breast cancer cells. Oncol Rep.
2013;30(3):1293-1300.

Kang H-Y, Huang K-E, Chang SY, Ma W-L, Lin W-J, Chang C.
Differential modulation of androgen receptor-mediated trans-
activation by Smad3 and tumor suppressor Smad4. J Biol Chem.
2002;277(46):43749-43756.

Bellido T, Jilka RL, Boyce BF, et al. Regulation of interleukin-6,
osteoclastogenesis, and bone mass by androgens. The role of the
androgen receptor. J Clin Investig. 1995;95(6):2886-2895.
Matsumoto T, Shiina H, Kawano H, Sato T, Kato S. Androgen re-
ceptor functions in male and female physiology. J Steroid Biochem
Mol Biol. 2008;109(3-5):236-241.

Long J, Wang G, He D, Liu F. Repression of Smad4 transcriptional
activity by SUMO modification. Biochem J. 2004;379(1):23-29.
Chang C-C, Lin D-Y, Fang H-I, Chen R-H, Shih H-M. Daxx mediates
the small ubiquitin-like modifier-dependent transcriptional repres-
sion of Smad4. J Biol Chem. 2005;280(11):10164-10173.

Li Z, Wang F, Zha S, Cao Q, Sheng J, Chen S. SIRT1 inhibits
TGF-p-induced endothelial-mesenchymal transition in human
endothelial cells with Smad4 deacetylation. J Cell Physiol.
2018;233(11):9007-9014.

Li W, Zhu D, Qin S. SIRT7 suppresses the epithelial-to-
mesenchymal transition in oral squamous cell carcinoma metas-
tasis by promoting SMAD4 deacetylation. J Exp Clin Cancer Res.
2018;37(1):1-11.

Ghaffari-Makhmalbaf P, Sayyad M, Pakravan K, et al
Docosahexaenoic acid reverses the promoting effects of breast
tumor cell-derived exosomes on endothelial cell migration and an-
giogenesis. Life Sci. 2021;264:118719.

Liu Y, Ma Y, Zhang J, Yuan Y, Wang J. Exosomes: a novel thera-
peutic agent for cartilage and bone tissue regeneration. Dose
Response. 2019;17(4):1559325819892702.

Lu J, Wang Q-Y, Sheng J-G. Exosomes in the repair of bone de-
fects: next-generation therapeutic tools for the treatment of non-
union. Biomed Res Int. 2019;2019:1-11.

Pourakbari R, Khodadadi M, Aghebati-Maleki A, Aghebati-Maleki
L, Yousefi M. The potential of exosomes in the therapy of the car-
tilage and bone complications; emphasis on osteoarthritis. Life Sci.
2019;236:116861.

Lan X, Lu G, Yuan C, etal. Valproic acid (VPA) inhibits the epithelial-
mesenchymal transition in prostate carcinoma via the dual sup-
pression of SMADA4. J Cancer Res Clin Oncol. 2016;142(1):177-185.
Fan H-C, Wang S-Y, Peng Y-J, Lee H-S. Valproic acid impacts the
growth of growth plate chondrocytes. Int J Environ Res Public
Health. 2020;17(10):3675.

Duda DG, Sunamura M, Lefter LP, et al. Restoration of SMAD4 by
gene therapy reverses the invasive phenotype in pancreatic ade-
nocarcinoma cells. Oncogene. 2003;22(44):6857-6864.

Mei Z, Shao YW, Lin P, et al. SMAD4 and NF1 mutations as po-
tential biomarkers for poor prognosis to cetuximab-based therapy


https://www.tandfonline.com/doi/abs/10.1080/13813455.2020.1767150?journalCode=iarp20
https://www.tandfonline.com/doi/abs/10.1080/13813455.2020.1767150?journalCode=iarp20
https://www.tandfonline.com/doi/abs/10.1080/13813455.2020.1767150?journalCode=iarp20

PAKRAVAN ET AL.

Wi LEYJj

139.

140.

141.

142.

in Chinese metastatic colorectal cancer patients. BMC Cancer.
2018;18(1):1-7.

Xue M, Gong S, Dai J, Chen G, Hu J. The treatment of fibrosis of
joint synovium and frozen shoulder by Smad4 gene silencing in
rats. PLoS One. 2016;11(6):e0158093.

Miyazono K, Kamiya Y, Morikawa M. Bone morphogenetic protein
receptors and signal transduction. J Biochem. 2010;147(1):35-51.
Chu GC, Dunn NR, Anderson DC, Oxburgh L, Robertson EJ.
Differential requirements for Smad4 in TGFf-dependent pat-
terning of the early mouse embryo. Development. 2004;131(15):
3501-3512.

Salazar VS, Zarkadis N, Huang L, et al. Embryonic ablation of os-
teoblast Smad4 interrupts matrix synthesis in response to canon-
ical wnt signaling and 2 causes an osteogenesis imperfecta-like
phenotype. J Cell Sci. 2013;126(Pt 21):4974-4984.

143.

144.

145.

Attisano L, Wrana JL. Signal transduction by the TGF-f superfam-
ily. Science. 2002;296(5573):1646-1647.

Green JD, Tollemar V, Dougherty M, et al. Multifaceted signaling
regulators of chondrogenesis: implications in cartilage regenera-
tion and tissue engineering. Genes Dis. 2015;2(4):307-327.

Chan WCW, Tan Z, To MKT, Chan D. Regulation and role of tran-
scription factors in osteogenesis. Int J Mol Sci. 2021;22(11):5445.

How to cite this article: Pakravan K, Razmara E, Mahmud
Hussen B, Sattarikia F, Sadeghizadeh M, Babashah S. SMAD4
contributes to chondrocyte and osteocyte development. J
Cell Mol Med. 2022;26:1-15. d0i:10.1111/jcmm.17080



https://doi.org/10.1111/jcmm.17080

