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Abstract

The bone remodelling process is closely related to bone health. Osteoblasts and os-
teoclasts participate in the bone remodelling process under the regulation of various
factors inside and outside. Excessive activation of osteoclasts or lack of function of
osteoblasts will cause occurrence and development of multiple bone-related diseases.
Ca?*/Calcineurin/NFAT signalling pathway regulates the growth and development of
many types of cells, such as cardiomyocyte differentiation, angiogenesis, chondrogen-
esis, myogenesis, bone development and regeneration, etc. Some evidences indicate
that this signalling pathway plays an extremely important role in bone formation and
bone pathophysiologic changes. This review discusses the role of Ca?*/Calcineurin/
NFAT signalling pathway in the process of osteogenic differentiation, as well as the
influence of regulating each component in this signalling pathway on the differentia-

tion and function of osteoblasts, whereby the relationship between Ca%*/Calcineurin/
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1 | INTRODUCTION

Skeletal system is continuously in the process of dynamic self-
renewal, during that old and damage bone is removed and new
bone is generated, this process is also called ‘bone remodelling’.
The bone remodelling process will last a lifetime to prevent the
accumulation of micro-damages in bone. Osteoclast-led bone re-
sorption and osteoblast-led bone formation are tightly coupled in
bone remodelling under various physiological and pathological
conditions and can be affected by a variety of inside and outside
factors such as hormones, cytokines, mechanical forces, magnetic
fields, etc.! Excessive activation or lack of function of osteoblasts

NFAT signalling pathway and osteoblastogenesis could be deeper understood.

and osteoclasts is involved in the occurrence and development of
various bone-related diseases, such as osteoporosis, osteopetrosis,
periodontitis, rheumatoid arthritis, rickets, tumours bone metasta-
ses, ankylosing spondylitis and Paget's disease.?”

Many signal cascades in cells are activated by the increase of
Ca?* concentration, including calcineurin/nuclear factor of activated
T cell (CaN/N FAT),® The Ca®*/calcineurin/nuclear factor of activated
T-cells (Ca%*/CaN/NFAT) signalling pathway was originally discov-
ered in T ceIIs,7’8 which regulates the initiation of T-cell immune
responses and genes expression of immune-related cytokines.7*8 In
subsequent studies, it was found that the Ca2*/CaN/NFAT signalling
pathway plays a more significant role in the regulation of cell growth
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and development, such as regulating cardiomyocyte differentiation,
chondrocyte differentiation, myocyte hypertrophy, angiogenesis,
myogenesis, skeletal development and regeneration, etc.8 Studies
have shown that the (Down syndrome critical region 1) DSCR1 gene
on chromosome 21 of patients with Down syndrome is overex-
pressed. DSCR1 gene is highly expressed in myocardium, striated
muscle, neuronal cells and T cells, etc., the peptide expressed by this
gene regulates CaN through competing with CaN to inhibit the CaN
signalling pathway.ié’17 The symptom of skeletal dysplasia in Down
syndrome patients is thought to be relevant to the overexpression
of the DSCR1 gene.’® Sun et al.* discovered that the level of bone
formation of mice lacking the CaN Aa subtype was observably re-
duced and the mice showed osteoporosis. In addition, some studies
reported that the activation of CaN was detected in the first batch
of bone cells developed at the foetal stagezo; acute and rapid bone
loss occurred after organ transplantation patients were treated
with CaN inhibitors®’; mice and rats were treated with equivalent
doses of calcineurin inhibitors, and increased bone resorption and
bone loss could also be observed.??3 A large number of studies
have shown that Ca2*/CaN/NFAT signalling pathway plays an ex-
tremely important role in affecting bone resorption, bone forma-
tion and bone physiopathological changes. Unlike the role of Ca%*/
CaN/NFAT signalling pathway in osteoclast differentiation and bone
resorption, which has been thoroughly discussed, the influence of
this signalling pathway on osteoblast differentiation still needs to
be thoroughly summarized and analysed, besides, the conclusions
reached by some studies are also contradictory. Therefore, this re-
view summarizes, analyses and discusses the recent studies on the
role of Ca%*/CaN/NFAT signalling pathway in osteoblast biology,
and summarized the different effects of a variety of compounds that
have a regulatory effect on the Ca?*/CaN/NFAT signalling pathway

in osteogenic differentiation.

2 | OSTEOBLASTOGENESIS AND RELATED
SIGNALLING PATHWAYS

Osteoblasts are mainly derived from bone marrow mesenchymal
stromal cells (BMSCs). BMSCs have the ability to differentiate into
osteoblasts, adipocytes and chondrocytes, many transcription fac-
tors participate in the process of inducing BMSCs to differenti-
ate into osteoblasts, such as runt-related transcription factor 2
(RUNX2), B-catenin and osteoblast-specific transcription factor
(Osterix), etc.?* After BMSCs are induced to differentiate into osteo-
blasts, they can secrete an uncalcified bone precursor composed of
type | collagen, which is osteoid.?® Subsequently, mature osteoblasts
secrete vesicles, and the alkaline phosphatase (ALP) in the vesicles
combines with calcium ions to form hydroxyapatite, thereby osteoid
calcification is achieved. The cytoplasm of osteoblasts embedded in
the osteoid reduces and the osteoblasts then transform into osteo-
cytes.26 In addition to the bone formation function, osteoblasts can

also secrete a variety of cytokines and meet the needs of various

physiological and pathological changes in autocrine and paracrine
manners.2?’

The differentiation of BMSCs into osteoblasts is regulated by
a variety of signalling pathways, such as wingless-type MMTV in-
tegration site (Wnt), transforming growth factor-p/bone morpho-
genetic protein (TGF-B/BMP), Hedgehogs and fibroblasts growth
factor (FGF) signalling pathways.?® TGF-p/BMP increase the expres-
sion of RUNX2 by activating Smad and mitogen-activated protein
kinase (MAPK) signalling pathways.”'31 The active fragments of
Hedgehogs can bind to the G protein-coupled receptor Smoothened
(Smo), and also caused the increase of RUNX2 expression level by
activating Smad.?®%2 FGF binds to its receptor to cause receptor di-
merization, and promotes osteogenic differentiation by activating
its downstream signalling pathways such as MAPK, JNK, PKC and
PI3K.%% In BMSCs, Wnt protein transmits signals through canoni-
cal and non-canonical pathways.34 The canonical Wnt signalling
pathway is mediated by p-catenin. Under unstimulated condition,
B-catenin in the cytoplasm is phosphorylated by the complex of
glycogen synthase kinase-3p (GSK-3), adenomatous polyposis coli
(APC) and Axin, and together form a degradation complex. The com-
plex will be further ubiquitinated and degraded by the proteasome
system. Wnt protein binds to Frizzled and low-density lipoprotein
receptor related protein 5/6 (LRP5/6) receptors complex, causing
inhibition of GSK-3p activity, allowing p-catenin to be released as
a monomer and accumulate in the cytoplasm.>>%¢ Then B-catenin
translocates to the nucleus and induces the expression of its target
genes such as RUNX2 and PPARy.24 The non-canonical Wnt signal-
ling pathway also plays an important role in the recruitment, mainte-
nance and differentiation of BMSCs, the Ca%*/CaN/NFAT pathway
has been shown to be activated by the non-canonical Wnt signalling
pathway during the differentiation of BMSCs into osteoblasts.®”-3?
The secreted glycoprotein Wnt functions in the form of autocrine or
paracrine. Frizzled on the cell membrane belongs to the G protein-
coupled receptor, its N-terminal can bind to the Wnt protein, and
then cause the activation of PLCy, activated PLCy increases inosi-
tol 1,4,5-triphosphate (IP3) level, and then promotes the release of
Ca?* from ER into the cytoplasm by activating the IP3 receptor, and
activates CaN by activating CaM to promote the nuclear translo-
cation of NFAT.%”4° BMSCs also express calcium-sensing receptor
(CaSR), which activates PLCy in response to increase in extracel-
lular Ca%* concentration, thereby producing IP3, promoting the re-
lease of Ca?* from ER and causing the increase in intracellular Ca?*
concentration.*! Stromal interaction molecule 1 (STIM1) can sense
the changes in the concentration of Ca?* in ER. When Ca®* in ER is
depleted, STIM1 aggregates and interact with the Orail protein on
the cell membrane to open the store-operated Ca?* (SOC) channel
4243 which further contributes to the ac-
tivation of CaN and NFAT nuclear translocation. NFAT and Osterix

form transcriptional complexes in the nucleus, which subsequently

and accelerate Ca®* influx,

trigger bone morphogenetic protein-2 (BMP-2),** alpha-1 type |
collagen (Colla1),*® osteopontin (OPN), ALP, osteocalcin (OCN) and
other osteogenic-related genes transcription and then promote



REN ET AL.

osteogenic differentiation.*® Figure 1 exhibits the process of os-
teoblasts differentiation, which Ca2*/CaN/NFAT signalling pathway

involved in.

3 | CAZ'/CAN/NFAT SIGNALLING

PATHWAY IN OSTEOBLASTOGENESIS
3.1 | Ca®'/CaN/NFAT signalling pathway

Increased intracellular concentration of Ca®* can activate CaN by
interacting with calmodulin (CaM).*’” CaM is dumbbell-shaped, its
C-terminus and N-terminus each contain a globular domain, and
the two globular domains are connected by a flexible helical joint
region. Each globular domain of CaM has a pair of Ca?* binding se-
quences, and after binding Ca®',a hydrophobic surface is exposed.*®
This hydrophobic surface can bind to a variety of CaM target pro-
teins, including CaN. CaN is widely expressed in brain, lung, skeletal
muscle, heart valve, myocardium, kidney, spleen, bone and other

48-50

tissues, it is a type of serine/threonine phosphatase, and is a

heterodimer, which is structurally composed of catalytic subunits
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ability, CnA contains multiple domains, the more important of which
are the phosphatase domain (catalytic domain), CnB binding domain,
CaM binding domain and the self-inhibitory domain. The CaM bind-
ing domain can combine with the hydrophobic surface of CaM, and
then be regulated by CaM.! Under static state, the self-inhibition
zone covers the phosphatase domain. After Ca?* binding CnB and
CaM/CaM binding CnA, the conformation of CaN alters, the inhibi-
tory zone separates itself from the phosphatase domain, causing
CaN to be activated.>® Activated CaN can dephosphorylate multi-
ple substrates, including NFAT.** NFAT contains a few domains, the
regulatory domain of which are highly phosphorylated under the
inactive state, which covers the nuclear localization sequence and
makes the NFAT protein to remain in the cytoplasm.>! Activated
CaN dephosphorylates the serine residues of NFAT regulatory do-
main, and changes the conformation of NFAT protein, exposing the
nuclear localization sequence, which promotes its transfer from the
cytoplasm to the nucleus, then NFAT acts as a transcription factor
in the nucleus to further cause NFAT-dependent genes transcrip-
tion.?>*>5 NFAT1-4 in the NFAT gene family are regulated by CaN
and play an irreplaceable role in a variety of biological processes.®>
Figure 2 shows a schematic diagram of the Ca%*/CaN/NFAT signal-
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FIGURE 1 Concise schematic diagram of Ca2*/CaN/NFAT signalling pathway involved in the process of osteoblast differentiation. The
combination of Wnt and the N-terminal of Frizzled causes the activation of PLCy and increases the level of IP3, which in turn activates the
IP3 receptor to promote the release of Ca?* from ER into the cytoplasm, and activates CaN by CaM to promote the nuclear translocation

of NFAT. CaSR activates PLCy in response to an increase in the extracellular Ca?*

concentration to cause an elevation in the intracellular

Ca®* concentration. In addition, the storage depletion of Ca%* in ER can also lead to Ca®* influx through Orai1/STIM1. L-VGCC and NCX all

regulate Ca?*

influx, which further results in the activation of the Ca?*/CaN/NFAT signalling pathway. NFAT and Osterix form transcription

complexes, which in turn, trigger the transcription of osteoblast-related genes
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FIGURE 2 Brief schematic diagram of Ca2+/CaN/NFAT signalling pathway. Each globular domain of CaM has a pair of Ca* binding
sequences, CaM exposes a hydrophobic surface after binding Ca?*. CaN is composed of catalytic subunit (CnA) and regulatory subunit
(CnB). CnBis capable to bind Ca?*, CnA contains phosphatase domain (catalytic domain), CnB binding domain, CaM binding domain and
autoinhibitory domain, the CaM binding domain can be combined with the hydrophobic surface of CaM and be regulated by it. In the resting
state, autoinhibitory domain covers the phosphatase domain, the binding of Ca?* with CnB and CaM/CaM with CnA make autoinhibitory
domain separate itself from phosphatase domain, and CaN is then activated. Activated CaN dephosphorylates the serine residues of the
NFAT regulatory domain, exposing the nuclear localization sequence, thereby promoting its transfer from the cytoplasm to the nucleus, and
acting as a transcription factor in the nucleus to further cause the transcription of NFAT-dependent genes

3.2 | Ca® in osteoblastogenesis

Ca? participates in a variety of signal transduction processes in
cells. It can act as a secondary messenger or as a result of ion channel
activation, affecting a variety of cell activities.”” Ca®* released dur-
ing bone resorption will increase the local concentration of extracel-
lular Ca?*, which functions as a coupling factor between osteoclasts
and osteoblasts to chemoattractant the migration of osteoblasts
through CaSR.>8-%! Ca?" plays an important role in the process of
osteogenic differentiation. During dentinogenesis, it involves the
influx of extracellular Ca%* and the release of Ca* from the intracel-
lular Ca?* storage.%?

L-type voltage gated Ca®* channel (L-VGCC) participates in the
proliferation of human BMSCs, MC3T3-E1 osteoblasts and human
periodontal ligament cells (hPDLCs), and mediates extracellular
Ca?" induced BMP-2 signalling pathway activation and mineraliza-
tion.837¢% It exhibits L-VGCC dependence in the process of osteo-
genic differentiation of hPDLCs induced by Ca?*, and the inhibitor of
L-VGCC nifedipine inhibits its osteogenic differentiation.®®

The Na*/Ca®" exchanger (NCX) mediates Ca?* flowing into the
cells mainly through reverse exchange,®® and plays its role on the

surface of osteoblasts, regulates the concentration of Ca?"in osteo-
blasts and promote bone matrix mineralization.?”¢”

The CaSR belonging to the G protein-coupled receptors can
sense the extracellular Ca?* concentration and instantaneously mo-
bilize intracellular Ca?* flux.®® Previous studies have shown that CaSR
signals mediate the osteogenic differentiation of BMSCs in vitro and
bone formation in vivo, and CaSR agonists can promote the prolifer-
ation, differentiation and matrix mineralization of osteoblasts.*1¢%70
In addition, Ca®" influx caused by mechanically sensitive channels
also promotes osteogenic differentiation’?; Orail gene knockout
leads to impaired osteoblast differentiation and mineralization.*®

Overexpression of Pannexin 3, which is the Ca?* channel of ER,
can increase the intracellular Ca®* concentration to promote osteo-
genic differentiation,’? and the depletion of Ca?" in the ER induced
by IP3 causes STIM1 to accumulate at the junction of the ER and
cell membrane, STIM1 interacts with Orail protein and activates
the SOC channel, causing Ca?* influx,”® this process has also been
demonstrated to take a part in dental pulp cells (DPCs) osteogenic
differentiation and mineralization.>”7*

In addition, in the process of Ca®* regulating osteogenic differ-

entiation, there are also crosstalks between various Ca?* channels.
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Cell

For example, Ca®* can affect the proliferation and differentiation of
osteoblasts through the mutual adjustment between CaSR-L-VGCC
and SOC channel.”’

When supplemented with Ca?* (1.8-7.8 mM) in the culture me-
dium of BMSCs, the cells exhibited larger area and circumference,
as well as enhanced proliferation ability.®* Extracellular 10-15 mM
Ca®* stimulation can cause the activation of downstream MAPK
signalling pathways through Ca®* influx, thereby promoting the ex-
pression of osteogenic differentiation-related genes such as FGF-2,
BMP-2, OPN, OCN and RUNX2.”>""7 The study by An et al. revealed
that higher concentrations (5.4-16.2 mM) of Ca?* did not affect the
proliferation of DPCs, and did increase the mRNA levels of OCN
and OPN, and enhanced their mineralization ability, but the mRNA
levels of ALP and COL1A2 in cells decreased, ALP activity was also
inhibited.”® When the extracellular Ca?* concentration increases
to 50 mM, it will hinder the normal adhesion of cells.”? Therefore,
proper concentration of Ca?* treatment can enhance osteogenic
differentiation and mineralization, but excessively high concentra-
tions of Ca?* may disrupt Ca?* homeostasis and cause abnormal cell

function.

3.3 | Calmodulin in osteoblastogenesis

Calmodulin is regulated by intracellular Ca?* and activates a vari-
ety of downstream target proteins after binding Ca?*. It is precisely
because there are many types of CaM downstream target proteins,
the cell functions that CaM participates in are also diverse, such as
inflammation, metabolism, apoptosis and so on.2° Conversely, CaM
can also affect intracellular Ca®* flux by regulating Ca?* channels,
such as through IP3R and P/Q type calcium channel.}® CaM partici-
pates in the process of parathyroid hormone (PTH) and vitamin D3
in regulating osteoblast differentiation through Ca? signals,81 and
Smad1 in the BMP signalling pathway can directly bind to CaM, so
that the activity of Smad1 is increased, thereby promoting osteo-
genic differentiation.®? Trifluoperazine, a CaM inhibitor, is demon-
strated to inhibit the osteogenic differentiation of MC3T3-E1 cells
and bone formation in mice, and has a dose-dependent inhibitory

effect on the activity of ALP in rat skul| 8384

3.4 | Calcineurin in osteoblastogenesis

The calcium-sensitive protein CaM can activate calcineurin under
the condition of low and continuously increasing intracellular Ca?*
concentration.®> The activation of CaN can affect a variety of physi-
ological and pathological processes by dephosphorylating various
downstream proteins, such as T cell activation, vesicle transport,
cell growth and apoptosis and so on. Sun et al. considered that CaN
stimulated osteoclast differentiation, whilst inhibiting its bone re-
sorption function, they reported that CaN-deficient mice showed
reduced osteoclastogenesis and increased osteoclast bone resorp-
tion activity, these two effects offset the changes in bone mass in

Proliferation

mice. They also observed decreased osteoblast differentiation and
severe osteoporosis in mice lacking the CaN catalytic subunit, and
after TAT sequence was used to introduce CnA into mouse embry-
onic osteoblast precursor cells (MC3T3-E1 cells), the expression
of osteogenic marker genes RUNX2, ALP, bone sialoprotein (BSP)

1. concluded that os-

and OCN increased significantly, so Sun et a
teoporosis in CaN-deficient mice is caused by defects in bone for-
mation. However, Yeo et al. disagree with the above views, they
believed that the regulation of CaN signalling pathway in mice not
only affected the differentiation of BMSCs into osteoblasts but also
affected the physiological status of endothelial progenitor cells, im-
mune cells, chondrocytes and adipocytes, and all these changes may
interfere with osteogenic differentiation. Therefore, Yeo et al.! con-
structed mice model that lacked the CaN regulatory subunit only in
osteoblasts, and noticed that the levels of ALP, OCN, and collagen |
(Coll I) in vivo rose, osteogenic differentiation degree elevated and
bone mass increased. Yeo et al. claimed that low concentrations of
cyclosporin A (CsA) (less than 1 pM in vitro, less than 35.5 nM in
vivo) could increase the expression of Fos-related antigen-2 (Fra-
2), and Fra-2 acted as a transcription factor to promote OCN and
alpha-2 type | collagen (Colla2) transcription, thereby promoting
osteogenic differentiation and bone formation.®®®” However, high
concentrations of CsA (more than 1 pM in vitro and in vivo) inhibited
osteogenic differentiation and bone formation.®® Similar to the ef-
fect of CsA, low concentrations of FK506 (less thanl uM in vitro)
promoted osteogenic differentiation,®® whilst even in the presence
of BMP-2, high concentrations of FK506 could reduce the expres-
sion of Collal and BSP and other osteogenic-related genes in vivo
and in vitro, then inhibited osteogenic differentiation, and this ef-
fect was thought to be exerted by inhibiting the formation of the
NFAT-Osterix-DNA complex.** Sun et al. and Yeo et al., respectively,
studied two different subunits of CaN and came to diametrically op-
posite conclusions. Amongst them, the loss or gain experiments of
CnA function in the study of Sun et al. is systemic, whilst the re-
search of Yeo et al. is limited to regulate CnB in mice osteoblasts.
Therefore, specifically knockdown or overexpression of CnA in oste-
oblasts in vivo is necessary, so that it can further analyse its specific
influence on osteoblast differentiation. Moreover, when investigat-
ing the influence of CaN inhibitors on osteogenic differentiation, re-
searchers used a wide range of CaN inhibitors (from 1 nM to 25 uM)
and agreed that high concentrations of CaN inhibitors suppressed
osteogenic differentiation, and low concentrations of CaN inhibitors
accelerated osteogenic differentiation, but this concentration range
of the CaN inhibitor coincides with their concentration that induces
osteoblast apoptosis,89 and it is reported that Endothelin-1 (ET-1) ac-
tivated CaN signalling pathway when acting as an anti-apoptotic fac-
tor for osteoblasts.”® Therefore, the exact conclusions and specific
mechanisms of CaN inhibitors regulating osteoblast differentiation
need to be further studied. It is worth noting that many studies have
also mentioned the influence of osteoblast function when they re-
ported that osteoblast differentiation is regulated by CaN signalling
pathway, and they all claimed that the impacts on osteoblast func-
tion are the same as those on osteoblast differentiation, but they did
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not first culture mature osteoblasts and then regulate CaN signalling
pathway, instead, they directly analysed the changes in osteoblast
function through the mineralization level of osteoblasts whose dif-
ferentiation degree has been altered. Therefore, the conclusions
about the regulation of osteoblast function by CaN signalling path-
way is not precise.

3.5 | Nuclear factor of activated T cell in
osteoblastogenesis

In the inactive state, NFAT protein localizes in the cytoplasm due to
the hyperphosphorylation of its N-terminal regulatory domain. After
Ca?* activates CaN through CaM, CaN dephosphorylates NFAT
and exposes the nuclear localization sequence to cause its nuclear
translocation.”® In the nucleus, NFAT acts as a transcription factor
to promote the transcription of target genes and NFATc1 itself. It
can be inferred that in the Ca?*/CaN/NFAT pathway, CaN not only
regulates the dephosphorylation and nuclear translocation of NFAT
but also enhances its expression; therefore, NFAT as a transcription
factor can cause its own self-amplification effect.’® Some previous
studies reported that CaN/NFAT had a positive regulatory effect on
osteogenic differentiation, and confirmed that the overexpression
of NFAT in vivo and in vitro could promote osteogenic differentia-
tion,* after expressing the constitutively active variant of NFATc1
in osteoblasts in mice, the mice showed increased bone mass.”?
Similarly, mice lacking NFAT had reduced bone formation and low
bone mass,* the inactivation of NFATc1 and NFATc2 markedly in-
hibited the differentiation and function of osteoblasts.”

Besides, the promoter of the Fra-2 gene contains three poten-
tial NFAT consensus sequences, and the combination of NFAT with
Fra-2 will cause the negative regulation of Fra-2,%° Yeo et al. found
NFATc1 silencing increased the expression of Fra-2, then promoted
OCN and Colla2 transcription, and accelerated osteoblastogenesis
and bone formation.2%®” Similar to this conclusion, Choo et al.”*
found that the activity of ALP in the osteoblast cell line expressing
constitutively active NFATc1 was inhibited, and the protein levels
of Osterix and OCN were also reduced. Other studies have exhib-
ited that in the SaOS-2 human osteosarcoma cell line, NFATc1 in-
hibits bone formation by negatively regulating oestrogen receptor «
(ERa).”® At present, there are still disagreements on the role of NFAT
in the process of osteogenic differentiation, but these studies uti-
lized different treatment methods for NFAT. In in vivo experiments,
the constitutive expression or knockout of NFAT in some studies is
not limited in the osteoblasts, but systemic. It is known that NFAT
regulates a variety of physiological and pathological processes of
cells, amongst them, the immune response can also have a certain
effect on bone formation. Therefore, these conclusions may be not
that accurate. However, the contrary conclusions drawn from the
overexpression or knockout of NFAT in in vitro experiments still
need to be further verified, and it is also necessary to determine
whether it is affected by different types of osteoblast precursor
cells, which are used and different transfection methods.

4 | DIVERSE CA?*/CAN/NFAT SIGNALLING
PATHWAY MODULATING COMPOUNDS,
WHICH REGULATE OSTEOGENIC
DIFFERENTIATION

Decreased differentiation or dysfunction of osteoblasts will lead to a
variety of skeletal diseases. The Ca%*/CaN/NFAT signalling pathway
has been shown to be closely related with the physiological activities
of osteoblasts. We have summarized compounds that have a regula-
tory effect on this signalling pathway and at the same time modulate
osteoblastogenesis, aiming to provide new ideas for the exploration
of treatment options for osteogenesis-related diseases. Table 1 ex-
hibits the effect of compounds regulating Ca2*/CaN/NFAT signalling

pathway on the differentiation of osteoblasts.

41 | KMUP-1

Xanthine derivative KMUP-1 (7-[2-[4-(2-chlorophenyl)piperazinyl]
ethyl]-1,3-dimethylxanthine) can inhibit phosphodiesterase (PDE)
activity, Liou et al. found that 5-10 uM KMUP-1 can induce osteo-
genic differentiation of BMSCs and MC3T3-E1 cells and promote
mineralization.”® For the time being, there is no research showing
the effect of KMUP-1 on Ca®* signal in BMSCs, MC3T3-E1 cells
or osteoblasts, but Liou et al.”” detected that 10 pM KMUP-1 in
RAW264.7 cells suppressed the RANKL-induced Ca?* oscillation and
Ca?* signal activation.

4.2 | Zinc

Zinc is essential in the process of skeletal development, 1-50 uM
zinc has been shown to inhibit osteoblast apoptosis and promote
the proliferation and differentiation of osteoblasts,”® and adding
zinc (25-200 mg/dl) to the cultured chicken embryo tibia has been
demonstrated to lead to a concentration-dependent increase in
tibial ALP activity and an increase in the level of bone formation,”’
physiological concentrations of zinc (25-200 mg/dl) have also been
shown to increase bone resorption in tibia of chicken embryos.100
Similarly, the effect of zinc on Ca?* in osteoblast-related cells has not
been exhibited, but it has been demonstrated that 10-30 pM zinc
inhibited the increase in Ca®* concentration in BMMs induced by

RANKL, and 30-100 pm zinc inhibited the CaN activity of BMMs. 101

4.3 | Cyanidin

Cyanidin found in fruits and vegetables is a natural anthocyanin.
Some previous studies have found that 50-200 pM cyanidin accel-
erated the proliferation, osteogenic differentiation and mineraliza-
tion of MC3T3-E1 cells.}?21%% |n rat pancreatic p cells, 80-300 pM
cyanidin activates type | voltage-dependent Ca?* channel (VDCC)
to promote Ca2+ influx, thereby increasing the intracellular Ca%*
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concentration, the intracellular Ca?* level increased the highest
level when treated with 100 pM cyanidin.'®® Similarly, 1-100 pg/mi
cyanidin activates P2Y receptor-mediated PLC in rat pheochromo-
cytoma (PC12) cells and causes Ca?" influx,10¢ Toshiya et al. claimed
that 10 pM cyanidin could increase the level of intracellular cAMP
by inhibiting PDE activity of the mouse C2C12 myoblasts, thereby
promoting the elevation of intracellular Ca®* concentration.'”
However, in colon carcinoma cells, cyanidin inhibited the increase

108 and cyanidin at

2+

in intracellular Ca* level caused by neurotensin,
concentrations of 5-10 pM reduced the increase in intracellular Ca
concentration of RAW264.7 cells induced by RANKL.1%?

4.4 | Harpagoside

Harpagoside is an iridoid glycoside extracted from harpagophy-
tum procumbens var. sublobatum. Harpagide at concentrations of
0.032-4 pM promotes the osteogenic differentiation and mineraliza-
tion of MC3T3-E1 cells in a concentration-dependent manner.*1%*!
Kim et al.**? found that 100 M Harpagoside inhibits the activation
of Syk, Btk and PLCy2 induced by RANKL in BMMs, further attenu-

ates intracellular Ca®* oscillations and reduces Ca®" level.

4.5 | Artesunate

Artesunate (ART) is a derivative of artemisinin, which has anti-
viral, anti-tumour and anti-malaria functions. Zeng et al.'*® ob-
served that 2.5-10 pM ART inhibited the expression of DKK1 in
hBMSCs and increased the protein levels of cyclin D1, B-catenin
and c-myc in a dose-dependent manner, thereby promoting the
process of osteogenic differentiation. Zeng et al.''* proved that
12.5 uM ART inhibited the activation of PLCy1 and the increase
of Ca?" level induced by LPS in RAW264.7 cells, and also reduced
the protein expression of the catalytic subunit of CaN. However,
it is also reported that in airway smooth muscle cells (ASMCs),
1.5 and 2.0 mM ART significantly increased the intracellular Ca?*
concentration,® Alzoubi et al.'*¢ also reported that the treatment
of 15 pug/ml ART can significantly increase the intracellular Ca%
level of erythrocytes, Wu et al.!'” found that human umbilical vein
endothelial cells (HUVECs) cultured in Hanks solution containing
Ca?* rapidly increased intracellular Ca?* concentration under the

treatment of 16-32 pM ART.

4.6 | Apocynin

The inhibitor of NADPH oxidase, apocynin, is a kind of methoxy-
substituted catechol. When MC3T3-E1 cells are exposed to antimy-
cin A and resulting in excessive ROS production, 0.01-1 pM apocynin
can scavenge ROS, protect MC3T3-E1 cells and promote their os-
teogenic differentiation.*'® In BMMs, apocynin reduces Ca?* influx
by blocking Ca?* channels except the two pore channel 2 (TPC2) and

inositol 1,4,5-triphosphate receptor 1 (IP3R1), causing reduction of

intracellular Ca%* concentration.!*’

4.7 | Amyloid p peptide

Alzheimer's disease is characterized by the loss of synapses and neu-
rons in the elderly, and the accumulation of amyloid § peptide (Ap)
is its hallmark. Research by Yang et al.’?% showed that 0.5-10 uM
Ap can activate the Wnt signalling pathway by binding to LRP5/6 in
MC3T3-E1 cells, thereby promoting osteogenic differentiation. Ap
induces synaptic dysfunction by activating N-methyl-D-aspartate
receptors (NMDARs) to increase intracellular Ca?* levels and acti-
vate related downstream signals.121 Besides, Li et al.'?? also found
that 1-5 pM AB increased intracellular Ca?* levels and activated the
Ca®* signalling pathway during the process of inducing osteoclast
differentiation and bone resorption in BMMs,

48 | KN-93

In osteoblast precursor cells, after Ca?* binds to CaM, CaM activates
a variety of target proteins, including calmodulin-dependent protein
kinase (CaMK). Choi et al. demonstrated that CaMKII participated
in osteogenic differentiation of C2C12 mouse pre-myoblast cell line
induced by BMP-4, and in the process of osteoblastogenesis, KN-93
(2 mM), the inhibitor of CaMKII, blocked the osteogenic differen-
tiation process of C2C12 cells induced by BMP-4.1% Similarly, the
research by Shin et al.'?* reported that 10 pM KN-93 inhibited the
osteogenic differentiation and mineral deposition of h(MSCs.

4.9 | Trifluoperazine

Trifluoperazine (TFP) can inhibit the activity of CaM and further re-
strain the activation of CaMKII. 10 pM TFP inhibits osteogenic dif-
ferentiation, and also shows the ability to reduce the formation and
mineralization of osteoblasts in the calvarial model of mouse pups.&®
Komoda et al.®* also confirmed the inhibitory effect of TFP on ALP
activity in rat calvaria and its inhibitory effect on the proliferation
and osteogenic differentiation of MC3T3-E1 cells in vitro.

410 | Cyclosporin A and FK506

Cyclosporin A and FK506 are CaN inhibitors and are widely used to
reduce rejection reaction after organ transplantation. Low concen-
trations of CsA (less than 1 pM in vitro and 35.5 nM in vivo) have
been shown to increase the expression of Fra-2 to promote the tran-
scription of osteogenic genes, thereby promoting osteogenic differ-
entiation.%®” High concentrations of CsA (more than 1 pM in vitro
and in vivo) inhibit osteogenic differentiation and bone formation.®
Similarly, low concentrations of FK506 (less than 1 pM in vitro)
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promote osteogenic differentiation,®8 whilst high concentrations of
FK506 can also reduce BMP-2 induced osteogenic differentiation
both in vivo and in vitro.*> The osteoinhibitory effect of high con-
centration of CsA and FK506 is believed to be exerted by inhibiting
the formation of NFAT-Osterix-DNA complex.

5 | SUMMARY AND OUTLOOK

A variety of existing evidences indicate that the Ca?*’CaN/NFAT sig-
nalling pathway, which is an extremely important part of growth and
development, is inextricably linked to bone formation. The regula-
tion of each components in the signal pathway, such as activation,
inhibition, overexpression, silencing, etc., often resulting in changes
in the process of osteoblast differentiation in vivo and in vitro. In the
process of osteoblast differentiation, the non-canonical Wnt path-
way triggers the activation of Ca%*/CaN/NFAT signalling pathway,
then NFAT and Osterix form transcription complexes to induce the
expression of downstream osteogenic-related genes. Some research
teams studied the effect of CaN on osteogenic differentiation by
means of gene deletion or gain-of-function but came to diametri-
cally opposite conclusions. The most important differences in the
experimental methods of these teams lie in the different CaN subu-
nits they target, and whether the intervention is limited to osteo-
blasts. In addition, the osteogenic function of NFAT has also been
questioned, some studies claimed that it acted as a transcription
factor to promote the expression of osteoblast-related genes, whilst
some other studies believed that NFAT inhibited the differentiation
of osteoblasts by inhibiting Fra-2. Most researchers agreed that low-
concentration CaN inhibitors promoted osteogenic differentiation,
and high-concentration CaN inhibitors suppressed the process of
osteogenic differentiation, but no specific limit of the concentration
of CaN inhibitor and the actual mechanism were given to explain
the reason. In connection with the study of CaN inhibitors in osteo-
clasts, we speculate that immunophilin should also be included in the
analysis of its influence on osteogenic differentiation.

A variety of existing compounds have the ability to promote or
inhibit osteogenic differentiation, whilst regulating the Ca?*/CaN/
NFAT signalling pathway. However, we have found that some com-
pounds positively regulate Cca? signal and promote osteogenic dif-
ferentiation, whilst some compounds negatively regulate Ca®* signal
and promotes osteogenic differentiation as well. The reason for this
paradox may lie in the different types of cells used in these studies
for Ca?* signal and the ability to regulate osteogenic differentiation,
and the different application concentrations of the compounds, or
the signalling pathway involved in the compounds driving osteogenic
differentiation is not Ca2*/CaN/NFAT but other signalling pathways.
The information we have collected and summarized can be used to
investigate the relationship between the Ca%*/CaN/NFAT signalling
pathway and osteogenic differentiation as well as providing some
ideas for exploring better treatment options for regulating bone
formation-related diseases, and these remaining uncertain mecha-

nisms require further research.

Proliferation

Over the years, the relationship between Ca2*/CaN/NFAT sig-
nalling pathway and bone metabolism has been explored in many
ways, this signalling pathway has a wide range of effects on cell fate,
and the mechanisms involved are far-reaching. There are still many
unknown or unexplained relationships between Ca?*/CaN/NFAT
signalling pathway and osteoblastogenesis, further exploration in
this field is needed to broaden the way for the study of bone forma-

tion regulation and bone-related diseases development.
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