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1. Introduction

Adult human mesenchymal stem cells (MSCs) are of immense
value in the regenerative medicine as they have potential to un-
dergo self-renewal, produce trophic factors production and exhi-
bit multilineage differentiation such as osteogenic, chondrogenic,
adipogenic lineages [1,2]. These stem cells can be isolated from
bone marrow, adipose tissue, dental tissues, dermal tissues, cord
blood and various other tissues [2]. Although MSCs do not enjoy
complete immune privilege, however, allogenic MSCs exhibit low
immunogenicity with strong immunomodulation [2,3]. MSC— me-
diated immunomodulation is major histocompatibility complex
(MHC) - independent and it is carried out by numerous paracrine
factors, cytotoxic T lymphocytes (CD8+ T cells), natural Killer
(NK) cells and various other cells [3,4]. MSCs maintain homeos-
tasis as they work as a sensor and switcher of the immune sys-
tem i.e., they promote or suppress inflammatory processes when
the immune system is underactive or overactive, respectively [5].
Owing to their self-renewal, low immunogenicity, and multili-
neage differentiation ability, MSCs offer a promising therapeutic
approach in the field of regenerative medicine. One of the three
criteria established by the International Society for Cellular The-
rapy (ISCT) for MSCs identification is their in vitro differentiation
into osteoblasts, adipocytes, and chondrocytes [6]. In this context,
the core functions of MSCs are immunoregulation and osteogenic
differentiation, rendering them crucial cells for bone metabolism
and immune system as there exist complex interactions between
immune and skeletal systems [7]. On the one hand, T cells and B
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cells modulate the resorption and formation of bone by osteoclasts
and osteoblasts respectively via a variety of cytokines [7]. On the
other hand, MSCs regulate the T cell and B cell differentiation.
The process of osteoblast differentiation of MSCs involves several
intricate molecular pathways where a little aberration may result in
bone-related disorders. This paper aims at reviewing the analysis
of molecular pathways which control osteoblast differentiation of
MSCs.

2. Molecular Pathways of Osteoblastic Differentiation of
MSCs

Osteoblasts are derived from multipotent bone marrow MSCs
capable of giving rise to multilineage cells [8]. This differentia-
tion depends on the several molecular factors present in the mi-
croenvironment including proteins and pathways. Osteoblast
differentiation of bone marrow MSCs is mediated through several
signalling pathways including intracellular transcription factors
(TFs), growth factors especially transforming growth factor beta
(TGF-B), cytokines, and a variety of extracellular factors such as
hypoxia, exercise and vibration, radiation, drugs, diet, and peri-
vascular distribution of cells [8,9]. Molecular pathways involved
in the osteoblast differentiation of MSCs include wingless-related
integration site/beta-catenin (Wnt/B-catenin) pathway, bone mor-
phogenic proteins (BMPs), Hedgehog signalling pathway, Notch
signalling pathway, phosphatidylinositol 3-kinase/protein kinase
B (PI13K-Akt) signalling pathway, JAK-STAT signalling pathway,
microRNAs, Long Non-coding RNA, TGF-f signalling pathway,
RANKL signalling pathway, ECM, and HIFs (Figure 1) [9-11].
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Figure 1: Molecular Signaling Pathways Governing Osteoblast Differen-
tiation of Mesenchymal Stem Cells.

1. Wnat/g-catenin Signalling Pathway

The Wnt/B-catenin signalling plays a key role to maintain adult
bone homeostasis and carry out skeletal development (e.g., organ
development, injury repair, etc.) via cell determination, prolife-
ration and polarity [12]. In this signalling pathway, Wnt ligands
bind to the frizzled receptors and low-density lipoprotein recep-
tor-related proteins 5 and 6 (LRP5/6) co-receptors, stabilizing
B-catenin — one of the crucial TFs in Wnt/B-catenin signalling
pathway [12,13]. Accumulated B-catenin moves into the nucleus
and interacts with T-cell factor/lymphoid enhancer factor (TCF/
LEF) transcription factors to activate genes involved in osteoblast
differentiation, bone formation and self-renewal [14].

Regarding bone regeneration, Wnt genes found in MSCs,
osteoblasts and osteocytes, turn on canonical and non-canoni-
cal pathways which, in turn, enhance osteoblast differentiation
of MSCs [15]. Wntl gene suppresses adipocyte differentiation
of MSCs through canonical pathway, increasing the osteoblast
differentiation. Wnt3A enhances osteoblast formation through
both canonical and non-canonical pathways. Wnt4 contributes to
osteoblast differentiation and hinders inflammation and remode-
ling via canonical pathway. Wnt5A enhances both osteoblast and
osteoclast formation through activation and suppression of cano-
nical pathway. Similarly, other members of Wnt gene family are
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involved in bone homeostasis. Therefore, hyperactivity or hypoac-
tivity of this signalling pathway leads to sclerosteosis or osteopo-
rosis, respectively [16].

Apart from bone homeostasis, Wnt/p-catenin signalling pathway is
essential for adult tissue homeostasis. However, abnormal activa-
tion of this pathway leads to the development of various diseases
of heart, lungs, liver, nervous system and metabolism, and tumours
via pathological mechanisms involving cell differentiation, proli-
feration, inflammation and fibrosis [17]. Aberrant activation of
the Wnt/B-catenin pathway results in various cardiovascular ab-
normalities such as congenital heart defects, cardiac hypertrophy,
diabetic cardiomyopathy, arrhythmias, and fibrosis [18]. Dysre-
gulation of Wnt/ B-catenin pathway also contributes to alcoholic
liver disease, non-alcoholic fatty liver disease (ALD), (NAFLD),
hepatocellular cancer (HCC), cholangiocarcinoma (CCA) and he-
patoblastoma (HB) [19].

Imbalance of Wnt/p-catenin signalling pathway enhances metasta-
sis of non-small cell lung cancer, pathogenesis of chronic obstruc-
tive pulmonary disease (COPD) and idiopathic pulmonary fibrosis
(IPF), silicosis, bronchopulmonary dysplasia (BPD) and lung in-
juries associated with hyperoxia [14, 20]. Defective Wnt/B-catenin
pathway is associated with neurodegenerative diseases e.g., Par-
kinson’s disease (PD), Alzheimer’s, ischemic stroke, Huntington’s
disease (HD), schizophrenia, and multiple sclerosis and amyotro-
phic lateral sclerosis — a class of motor neuron disease (MND)
[21]. Similarly, dysfunction of this pathway paves way for the de-
velopment of several metabolic disorders and cancers. Wnt ligands
are involved in the processes essential for the development and
progression of type 2 diabetes (T2DM) and its complications [22].
Therefore, dysregulation of the Wnt/B-catenin signalling pathway
is also associated with the development of T2DM.

2. BMP and Smad-Dependant Signalling Pathway:

Along with multifunctional growth factors, bone morphogene-
tic proteins (BMPs) play a key role in osteoblast differentiation.
Bone tissue is continuously destroyed and reformed via osteoclast
(derived from hematopoietic precursors) and osteoblast (derived
from mesenchymal cells) activity. Therefore, a precise balance is
required between the osteoclast and osteoblast activities to main-
tain bone microarchitecture and function. Several growth factors
contribute to bone homeostasis. BMPs belonging to the TGF-§ su-
perfamily play a pivotal role in bone formation [23]. Researchers
have identified 12 different BMP ligands as well as they produced
recombinant human BMPs (rhBMPs) — approved for therapeutic
purposes especially in orthopaedic and dental applications [24].
For instance, rhBMP-2 is being used in the field of maxillofacial
surgery as it works as a potent osteoinductive growth factor in
bone formation [25]. Additionally, due to its osteogenetic poten-
tial, FDA has approved rhBMP-2 for tibial shaft repair and spinal
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fusion surgery [26]. BMP signalling begins with the binding of
BMP ligands to receptors on MSCs, resulting in phosphorylation
and activation of Smad proteins. Activated Smads translocate to
the nucleus where they regulate the transcription of osteogenic ge-
nes such as Runx2, Osterix and several other TFs [27]. Dysregu-
lation of this pathway is associated with bone disorders in humans
e.g., osteoporosis, enthesopathy, tooth decay, acromelic dyspla-
sia, cardiospondylocarpofacial syndrome and Marfan syndrome
[28-30]. Impaired BMP and Smad-dependant signalling pathway
also paves way for several types of cancers e.g., HCC, colorectal
cancer, breast cancer, renal cell carcinoma (RCC), ovarian cancer,
glioma, and many others [31]. Similarly, dysregulation of BMP
pathway results in various cardiovascular diseases e.g., pulmonary
arterial hypertension (PAH), atherosclerosis, cardiac defects and
hereditary hemorrhagic telangiectasia (HHT) [32].

3. Hedgehog Signalling Pathway:

Hedgehog (Hh) proteins play a key role in the regulation of mus-
culoskeletal development and bone homeostasis [33]. This signal-
ling pathway involves a series of Hh ligands, patched (Ptch) and
smoothened (Smo) receptors, signalling regulators (e.g., SUFU)
and transcription factors (glioma-associated oncogene) [34, 35].
Binding of Hh ligands to Ptch receptors relieves inhibition of Smo
receptors, resulting in the activation of Gli TFs which, in turn, mo-
dulate the expression of target genes (i.e., osteogenic genes), there-
by promoting osteogenic differentiation of stem cells [36].

Hedgehog signalling pathway plays a crucial role in the differen-
tiation and proliferation of chondrocytes and osteocytes. There-
fore, mutation in the genes involved in this signalling pathway
or its dysregulation results in various genetic diseases e.g., ho-
loprosencephaly (HPE), Greig cephalopolysyndactyly syndrome
(GCPS), brachydactyly, acrocapitofemoral dysplasia, Joubert syn-
drome, Meckel syndrome, Pallister-Hall syndrome, osteoporosis,
PD, Alzheimer’s disease and many others [33, 37]. Bone-related
diseases due to aberrations Hh signalling pathway include Wer-
ner’s syndrome, acheiropodia, Laurin-Sandlow syndrome, poly-
dactyly and syndactyly [38]. Additionally, aberrant activation of
the Hh signalling pathway leads to neoplastic transformations, tu-
morigenesis (e.g., cancer of colon, liver, prostate, breast, ovary,
brain and skin) and development of chemoresistance [39].

4. Notch Signalling Pathway:

Notch is a transmembrane receptor, and it mediates cell-cell in-
teractions and regulates osteogenesis [40]. Interaction between
Notch receptors (e.g., Notchl) and ligands (e.g., Jagged and Delta)
triggers proteolytic cleavage to release Notch intracellular domain
(NICD). Then, NICD travels to the nucleus and forms a transcrip-
tional complex with CSL (CBF-1/suppressor of hairless/Lagl)
and RBP-Jkappa (RBP-Jk), promoting the expression of Hes and
Hey family genes that influence osteoblast differentiation [40,
41]. Hence, the Notch signalling pathway potentially enhances
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osteoblast differentiation, promoting bone formation.

In a transgenic mouse model, osteoblast-specific overexpression
of NICD results in osteosclerotic bone and mutations affecting
Notch signalling via y-secretase are associated with the develop-
ment of age-related osteoporosis [41, 42]. In other words, aberrant
Notch signalling leads to various cancerous and non-cancerous
conditions. Notch signalling associated non-cancerous conditions
which are caused by gene mutations include Alagille syndrome,
spondylocostal dysostosis, Hajdu-Cheney disease, Adams-Oli-
ver syndrome, bicuspid aortic valve disease, schizophrenia and
left ventricular cardiomyopathy [41, 43]. Notch signalling asso-
ciated non-cancerous conditions which are caused by factors other
than gene mutations include PAH, non-alcoholic steatohepatitis
(NASH), osteoarthritis (OA), graft versus host disease (GVHD),
multiple sclerosis, pancreatitis, Duchene muscular atrophy, and
Klippel Feil syndrome [41].

5. PI3K-Akt Signalling Pathway:

Phosphoinositide 3-kinase (PI13K) and Akt (protein kinase B) si-
gnalling pathways are also involved in osteoblast differentiation.
Activation of PI3K leads to phosphorylation and activation of
Akt, which regulates downstream targets involved in osteogenic
gene expression, cell growth, proliferation and cell survival [44].
Dysregulation of the PI3K/Akt pathway leads to the occurrence of
several conditions including cancer. For example, hyperactivation
of this signalling pathway contributes to uncontrolled cell proli-
feration, evasion of apoptosis, and enhanced metastatic potential
[45,46]. Dysregulation of this pathway leads to the development
of osteoporosis [47], osteosarcoma [48] and Paget’s disease of
bone [49]. Additionally, hyperactive PI3K/Akt pathway leads to
the development of atherosclerotic plaques and subsequent car-
diovascular events [50]. Conversely, hypoactivation of the PI3K/
Akt signalling pathway has been implicated in neurodegenerative
disorders such as Alzheimer’s disease [51].

6. JAK-STAT Signalling Pathway:

This signalling pathway works through Janus kinases, signal trans-
ducer and activator of transcription, cytokine receptors and seve-
ral growth factors. Therefore, it is called as JAK-STAT signalling
pathway that is involved in the bone homeostasis including regu-
lation of osteoblasts and osteoclasts (differentiation and prolifera-
tion), tissue regeneration and angiogenesis in addition to modu-
lation and migration of osteoclasts [52]. Activated Jaks phospho-
rylate STAT elements, leading to dimerization and translocation
into the nucleus where STAT dimers regulate target genes involved
in cellular processes. When it comes to the osteoblast differentia-
tion of MSCs, activated STAT elements promote the expression of
osteogenic genes e.g., Runx2, Osterix and osteocalcin [53]. Dys-
regulation in JAK-STAT signalling pathway induces cancers and
immune diseases e.g., myeloproliferative neoplasms [54]. What
about other pathways?
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7. MicroRNAs:

As the name indicates, microRNAs (miRNAs) are small non-co-
ding RNAs that regulate gene expression at the post-transcrip-
tional level. Recently, miRNAs have emerged as key regulators
of osteoblastic differentiation, influencing various aspects of this
process MSCs. Several miRNAs have been identified as critical re-
gulators of osteoblast differentiation as they affect proliferation, li-
neage commitment, and mineralization. The miR-29 family (miR-
29a, miR-29b, and miR-29c¢) is known to suppress osteogenesis
by targeting inhibitors of Wnt signalling and extracellular matrix
components [55]. miR-34a has been identified as a negative regu-
lator of osteoblast differentiation by targeting several osteogenic
transcription factors, including Runx2 and Sath2 [56]. miR-133
inhibits osteoblast differentiation by targeting Runx2, one of the
major regulators of osteogenesis [56]. miR-2861 is involved in
promoting osteoblast differentiation by targeting histone deacety-
lase 5 (HDACS), which suppresses Runx2 activity [57]. miR-21
is implicated in promoting osteoblast differentiation by targeting
Smad7 — one of the potentially negative regulators of BMP signal-
ling [58]. Specifically, upregulation of miR-21 enhances BMP si-
gnalling and stimulates osteogenesis. Dysregulation of miRNAs
expression may alter biological processes which may lead to the
occurrence of various diseases, cancers and acquisition of metas-
tasis. As far as cancers are concerned, altered miRNAs expression
has been reported in primary bone tumours e.g., osteosarcoma
(0OS), chondrosarcoma (CS) and Ewing’s sarcoma [59, 60]. Simi-
larly, aberrant miRNAs expression has also been identified in other
musculoskeletal disorders including osteoporosis, osteoarthritis,
rheumatoid arthritis and osteogenesis imperfecta [60, 61]. These
diseases are usually attributed to the upregulation or downregu-
lation of miRNAs. Deregulation of miRNAs has been reported in
multiple myeloma (MM) [62]. Therefore, future therapeutics may
target the inhibition or activation of certain miRNAs expression
[60].

8. Long Non-Coding RNA

Long noncoding RNAs (IncRNAs) have gained significant atten-
tion in recent years as they are considered as a crucial layer of
biological regulators in several processes, including regulation of
gene expression and osteoblast differentiation from MSCs. Cha-
racteristically, IncRNAs are a class of transcripts having more than
200 nucleotides and devoid of protein-coding potential, howe-
ver, they influence gene expression through diverse mechanisms
such as chromatin remodeling, transcriptional regulation, and
post-transcriptional modifications [63].

As far as osteoblast differentiation is concerned, IncRNAs play a
key role they modulate the activity of key transcription factors and
signalling pathways [64]. For instance, HOX transcript antisense
RNA (HOTAIR) is a IncRNA that influences osteogenic differen-
tiation by recruiting polycomb repressive complex 2 (PRC2) to
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specific gene loci, thus altering histone modification patterns and
gene expression profiles associated with osteogenesis [65]. Mo-
reover, interaction between IncRNAs miRNAs helps osteoblast
differentiation of MSC, bone homeostasis and bone regeneration
[66]. Dysregulation of IncRNAs (e.g., H19) leads to the develop-
ment of various musculoskeletal disorders such as Li-Fraumeni
syndrome - associated osteosarcoma, breast and lung cancers [67].

9. Transforming Growth Factor-Beta (TGF-$) Pathway

The TGF-B pathway is essential for osteoblast differentiation, a
vital process in bone formation regulation cell proliferation in
autocrine fashion [23]. TGF-B attaches to specific receptors on
osteoprogenitor cells, provoking a series of intracellular signaling
events primarily involving Smad proteins. Once activated, Smad?2
and Smad3 form a complex with Smad4 and move into the nucleus,
where they regulate the expression of key genes associated with
osteoblast differentiation, including Runx2, Osterix, and collagen
type 1 [68]. Additionally, TGF-B also interacts with other signa-
ling pathways, such as Wnt and mitogen-activated protein kinase
(MAPK), resulting in further osteoblast maturation and function.
Disruption of the TGF-p pathway can result in poor bone healing
and conditions like osteoporosis [69].

10. Receptor Activator of Nuclear Factor Kappa-B Ligand
(RANKL) Signalling Pathway

The RANKL pathway plays a crucial role in osteoblast differen-
tiation and bone remodeling. Produced by osteoblasts and other
cell types, RANKL binds to its receptor RANK on osteoclast pre-
cursors, promoting their maturation into mature osteoclasts, which
are vital for bone resorption [70]. Simultaneously, RANKL also
affects osteoblasts by enhancing their maturation and survival.
When RANKL binds to RANK, it activates signaling pathways in-
volving NF-xB and MAPK, which boost the expression of critical
transcription factors like Runx2 and Osterix that drive osteoblast
differentiation [71]. Disruption of the RANKL pathway can result
in bone disorders such as osteoporosis, characterized by excessive
bone resorption [71].

11. Extracellular Matrix (ECM) Interactions

Interactions with the ECM are essential for osteoblast differen-
tiation and functionality. The ECM creates a dynamic microen-
vironment that shapes osteoblast behavior through various bio-
chemical and mechanical signals. Key components like collagen,
fibronectin, and laminin not only provide structural support but
also actively participate in cell signaling. Integrins, which are re-
ceptors on the cell surface, facilitate the adhesion of osteoblasts
to the ECM, initiating intracellular signaling pathways that drive
osteogenic differentiation. For example, the interaction between
integrins and ECM proteins activates focal adhesion kinase (FAK)
and triggers subsequent pathways, including MAPK and Wnt si-
gnaling, which are crucial for expressing important osteogenic
markers e.g., Runx2 and Osterix [72]. Disruptions in these ECM
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interactions can hinder osteoblast function and contribute to bone
diseases (e.g., osteoporosis), affecting the vital role of ECM in
maintaining skeletal health and integrity [73].

12. Hypoxia-Induced Factors (HIFs)

The HIFs are crucial in regulating osteoblast differentiation in
low-oxygen environments. Under hypoxic conditions, HIF-1o and
HIF-20 become stabilized and move to the nucleus, where they
turn on various target genes mediating osteogenesis [74]. These
factors boost the transcription of key osteogenic markers, inclu-
ding Runx2, Osterix, and bone morphogenetic proteins (BMPs),
thereby facilitating the differentiation of mesenchymal stem cells
into osteoblasts [75]. The interaction between HIFs and other
signaling pathways, such as Wnt and Notch, further refines the
osteoblast differentiation process. Thus, disruption of HIF signa-
ling can result in impaired bone development and healing, indica-
ting the significance of hypoxia in skeletal biology.

3. Osteoblastic MSCs and Therapeutic Medicine
Owing to their multipotency, immunomodulation, broad secretory
profile and self-renewal capacity, MSCs reap significant impor-
tance in regenerative medicine and therapeutics extending across
several medical disciplines. Clinical trials and ongoing research
aim at exploring applications of osteoblast MSCs in various condi-
tions such as bone regeneration and repair, orthopaedic disorders
and systemic disorders. Properties of MSCs like trans-differentia-
tion, cell-fusion, mitochondrial transfer, release of microvesicles
or exosomes indicate their potential for regenerative medicine and
therapeutics [76]. Implications of MSCs in modern technologies
like bioprinting, scaffolds and organoid models have shown pro-
mising outcomes [77]. In osteoporosis, bone formation is reduced,
and fat accumulation is increased due to reduced capacity of MSCs
to differentiate into osteoblasts and enhanced differentiation into
adipocytes [78]. In other words, MSCs differentiation shifts from
osteoblast to adipocytes, resulting in the development of osteopo-
rosis. Current treatment options for osteoporosis are based on the
drug-based agents that suppress bone resorption and enhance bone
anabolism e.g., bisphosphonates, denosumab, teriparatide and ro-
mosozumab [78]. With the advent of cell-based therapy, MSCs
have garnered a focus on osteoporosis treatment. In this context,
both allogenic and autologous MSCs transplantation has shown
promising outcomes in animal models [79]. Recently, Amasoud
et al. [80] studied and reported that tankyrase inhibitor XAV-939
is a powerful up-regulator of osteoblast differentiation of human
MSCs (hMSCs) that stipulates that it can be an effective therapeu-
tic modality to treat the conditions associated with low bone for-
mation such as osteoporosis. Tankyrase, a polymerase, regulates
Whnt signalling pathway and subsequent osteoblast differentiation
of MSCs [80]. AlMuraiki et al. [81] studied Fedratinib, a JAK2
inhibitor, and reported that it blocks the differentiation of hMSC-
TERT cells into osteoblasts. Therefore, the Food and Drug Autho-
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rity (FDA) has approved Fedratinib for the treatment of myelo-
fibrosis — a myeloproliferative neoplasm [82]. In another study, Al-
Muraikhi et al. [83] identified ruxolitinib as a JAK-STAT pathway
inhibitor leading to the inhibition of osteoblast differentiation and
matrix mineralization of MSCs. Hence, it is evident that inhibi-
tors of JAK-STAT pathway may be considered in future for the
therapeutic purposes against the conditions caused by aggravated
osteoblast differentiation and mineralization. Similarly, inhibition
of Hh signalling pathway with Smoothened antagonist has shown
reduced osteoblast differentiation of hMSCs and ectopic bone for-
mation — maybe a novel therapeutic option for conditions with hy-
peractive osteoblast activities and ectopic bone formation [84]. In
a study, the researchers identified a potent y-secretase and Notch
signalling inhibitor (LY411575) which led to the suppression of
processes involved in the osteoblast differentiation of AMSCs [85].
Therefore, Notch pathway inhibitors can be implicated in thera-
peutic efforts against the conditions with hyperactive osteoblast
differentiation of MSCs e.g., Kaposi’s sarcoma, MM, glioblastoma
and many other cancers [86]. However, one thing that must not
be ignored is that y-secretase inhibitor regulates both osteoblast
and osteoclast differentiation, warranting a precise and extremely
careful implication of this agent in regenerative medicine and the-
rapeutics.

4. Conclusion

Osteoblastic differentiation of MSCs is an extremely regulated
process controlled by different molecular pathways that interact in
a well-coordinated manner to enhance bone formation. Therefore,
dysregulation or disruption of these pathways may result in skele-
tal disorders. In future, trials on the elucidation of the intricate mo-
lecular mechanisms governing osteoblast differentiation will pave
the way for novel therapeutic approaches aimed at enhancing bone
regeneration and treating various bone diseases.
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