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Abstract Although many studies have described the role
of periostin in various diseases, the function of the periostin
protein structures derived from alternative splicing and pro-
teinase cleavage at the C-terminal remain unknown. Further
experiments revealing the protein structures that are highly
related to diseases are essential to understand the function of
periostin in depth, which would accelerate its clinical appli-
cation by establishing new approaches for curing intractable
diseases. Furthermore, this understanding would enhance
our knowledge of novel functions of periostin related to
stemness and response to mechanical stress.

Keywords Periostin - fas 1 family - Matricellular protein -
Alternative splicing - Proteinase cleavage

Introduction

The number of periostin-related publications in PubMed has
recently reached more than 1000, and this number has been
increasing every year. The majority of publications corre-
spond to incurable diseases related to the heart, cancer, bone,
and immune system. Thus, detailed knowledge about peri-
ostin would provide opportunities to cure these diseases. In
this review, a new concept of periostin function is proposed,
called the “Periostin Switch”.
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Periostin gene

The gene structure including the genome structure
among vertebrates

Mouse or human periostin gene

The osteoblast-specific factor 2 gene, which is the original
name for periostin, was cloned using a subtraction library
from the mouse pre-osteoblastic cell line, MC3T3-E1, minus
the fibroblastic cell line, NIH3T3 [1]. The obtained gene
encoded 811 amino acids (aa), and this was the exon 17
deleted-type of periostin. Using this mouse-derived probe,
the full-length human periostin gene was cloned, which
encodes 836 aa (calculated MW 93331), whereas the mouse
full-length periostin gene encodes 838 aa (MW 93159) as
shown in Fig. 1. The prospective leader sequence encoding
a signal peptide is 24 aa for mouse periostin and 22 aa for
human periostin, indicating the same size for mature peri-
ostin, that is 814 aa with molecular weight around 90 kDa.
Comparison of amino acid sequences between the mouse
and human periostin shows 90% homology for the mature
form. The mouse periostin gene is located on chromosome
3, whereas the human gene exists on chromosome 13, with
both mouse and human genes consisting of 23 exons [2]. In
the periostin protein, four repeated domains including two
short highly conserved amino acid sequences (13 and 14 aa,
respectively) for one domain are found to be specific. This
protein structure termed as the fasl domain is conserved in
other proteins including fasciclin 1 in drosophila, figh3 in
humans and mice, Algal-CAM in Volvox, and MPB70 in
mycobacterium, indicating the presence of the fasciclin 1
family [3]. Drosophila fasciclin 1 functions in growth cone
guidance in the nervous system [4].
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Fig. 1 Structure of periostin gene and protein

Alternative splicing of the mouse or human periostin gene

The splice variants of periostin are found at the C-terminal
side in mice between exons 17 and 21. Initially, 3 isoforms
were found with deletion of one of 3 exons b, d, and f, which
correspond to exon 17, 20, and 21, respectively, in addition
to full-length periostin. TGF-B1 specifically induces splice
variants in periostin, fibronectin, and tenascin C. Upon treat-
ment with TGF-f1 in primary osteoblasts, a new band with a
smaller molecule is apparent and its amount increases with
increase in TGF-p1 concentration [3]. Moreover, myofibro-
blasts produce periostin, and also express the splice variants
of fibronectin and tenascin-C induced by TGF-f, suggesting
the presence of a functional complex involving these three
molecules. Han et al. [5] reported that TGF-p1 regulates the
expression of fibronectin isoforms and the splicing factor
SRp40, suggesting the involvement of a common splicing
system in the same cell and developmental stage, organized
by the same splicing factor. In a mouse model of myocardial
infarction (MI), the specific splice variant formed by the
deletion of exons b and e (exons 17 and 21) of the periostin
gene is preferentially expressed in the early stage of infarc-
tion [6]. The level of full length of periostin is increased
later towards scar formation. This splice variant with high
potential of secretion induces the phosphorylation of FAK,
which is downstream of integrin signaling, suggesting that
this variant is fundamentally located in the extracellular
matrix to induce cell migration and proliferation, whereas
the full-length periostin protein is hardly secreted and proba-
bly functions within the cell for fibrillogenesis in scar forma-
tion. Similarly, 3 days after mouse coronary ligation in MI,
two isoforms of tenascin-C, 220 and 280 kDa, were found
[7]; though tenascin-C deficient mice showed no significant
increase in rupture, decreased collagen positive area was
found after MI. Interestingly, tenascin-C expression during
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Ml is transiently upregulated, which peaks at day 5 and dis-
appears at day 28, indicating that the meshwork structure
of type I collagen formed with periostin, tenascin-C, and
fibronectin [8], is only temporarily present in the early stage
of MI. Morra et al. [9] found more splice variants of peri-
ostin in human tissues and tumors such as renal cell carci-
noma or non-small cell lung cancer [10]. They found five
additional splice patterns of variants in humans including
deletion of 2 exons (17 and 18 or 17 and 21), 3 exons (17,
18, and 19 or 17, 18, and 21), and 4 exons (17, 18, 19, and
21). Taken together, in humans, 8 splice variants and full-
length periostin have been investigated. Furthermore, a tis-
sue and disease specific periostin variant was described by
Litvin et al., which is mouse the periostin-like factor (PLF)
with the deletion of exon e (exon 21). In retinal neovascu-
larization, two splice variants (deletion of exon 17 or 21)
were reported to be specifically expressed [11]. Exon 17
functions in promoting both pre-retinal pathological neo-
vascularization and physiological revascularization in the
retina, whereas exon 21 also promotes pre-retinal pathologi-
cal neovascularization. In another case, one splice variant
termed PDL-POSTN with deletion of 3 exons, 17, 18, and
21, was shown to be predominantly expressed in the peri-
odontal ligament and found to function in cytodifferentia-
tion and mineralization with strong activation of the integrin
avp3-focal adhesion kinase (FAK) signaling pathway [12].
In patients with idiopathic pulmonary fibrosis (IPF), exon
21 is most likely to be spliced out [13].

Other vertebral periostin genes

First, zebrafish periostin gene was cloned and found to
encode 782 aa in total and contain the conserved fourfold-
repeated fas 1 domain, but a c-terminal repeat sequence (5
or 6 repeats of 13 aa for one) was newly found as char-
acteristic to fish periostin [13]. Similarly in medaka fish,
medaka periostin-a and -b were cloned [15], in which the
published medaka periostin-a gene was shorter; after a
3'RACE experiment, additional 24 amino acids at the C-ter-
minal were obtained in medaka periostin-a (Fig. 2), which
also includes one amino acid correction (from V to A at
the C-terminal in ref. 15). Thus, the full length of medaka
periostin-a is 824 aa, whereas that of medaka periostin-b is
719 aa as shown in Fig. 2. Next, the Xenopus periostin gene
from Xenopus laevis was reported, encoding 794 aa in total
length [16], with the conserved EMI and fas 1 domains.
Interestingly, the neighboring genes of the periostin gene in
the genome are well conserved among medaka, mice, and
humans as shown in Fig. 3, demonstrating the presence of
genes like SAMAD9, ALGS, ExoSC8, Fam48a, and TRPCA4.
In medaka, the periostin-a gene is highly similar to mouse
and human periostin.
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Fig. 2 Amino acid alignment of medaka periostin Upper lane shows periostin-b, and lower lane shows periostin-a

Transcriptional regulation
Transactivator and cis-element

Initially, before generating a knock-out mouse, periostin
was only characterized by its specific expression pattern in
bone-related tissues like periodontal ligament and perios-
teum. To investigate the function of periostin, one method
was to investigate its transcriptional regulation, resulting in
the bone-specific expression, which led to the discovery of
the bHLH transcription factor, twist [17]. Twist binds to the
promoter of periostin, consistent with the similar expression
pattern of twist and periostin in calvarial bones or periodon-
tal ligaments with downregulation due to occlusal hypofunc-
tion [18]. Twist behaves as a negative regulator of osteoblast
differentiation in vitro; therefore, cells overexpressing Twist
remain in an undifferentiated osteoprogenitor-like state, and
cells expressing Twist-antisense progress to more differenti-
ated, mature osteoblasts [19]. In vivo, Twist suppresses the
activity of Runx2 to regulate bone formation as identified by
generating twist-1 and -2 deficient mice [20]. In embryonic
heart development, BMP-2 induced the expression of twist
and periostin in valvulogenesis [21], and Twist 1 affects the
expression of periostin in endocardial cushion cells [22].
Moreover, in humans, Twist 2 binds the promoter of peri-
ostin, and its binding affinity is stronger than that for Twist

1, which was observed in Setleis Syndrome, a rare autosomal
recessive disease characterized as abnormal facial develop-
ment [23].

In the transcriptional regulation of the periostin gene dur-
ing embryogenesis, an evolutionarily conserved Y'Y 1-bind-
ing 37-bp region within a 304-bp periostin core enhancer is
found between —2509 and —2205 of the promoter, which is
capable of regulating the simultaneous novel tissue-specific
periostin expression in the cardiac outflow-tract cushion
mesenchyme and Schwann cell lineages [24]. Although
YY1 is known to be both a transcriptional repressor and/
or activator and has been shown to physically interact with
more than a dozen proteins, it could be acting as a novel
SMAD-interacting protein that represses SMAD transcrip-
tional activities in a gene-specific manner, and therefore,
regulates cell differentiation induced by the TGF-f super-
family pathways [25]. A tag-single nucleotide polymorphism
(SNP) based on an association method revealed that several
SNPs of periostin were associated with bone mineral density
or vertebral fractures [26]. The most significant polymor-
phism site located at —2327 bp upstream of periostin, binds
to CDX1 (caudal type homeobox 1), which is a member
of the caudal-related homeobox transcription factor family,
encoding a DNA-binding protein that regulates intestine-
specific gene expression and enterocyte differentiation, and
direct interaction between CDX1 and Hoxa-7 affects skeletal
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formation [27]. Fibrous dysplasia is a benign bone disease
characterized by high expression of c-Fos/c-Jun, and trans-
genic mice overexpressing c-fos, which develop sclerotic
lesions, induce periostin expression [28], consistently with
the fact that there are two potential binding sites for c-Fos/
AP-1 in the periostin promoter [17].

Factors inducing periostin expression
Originally, periostin was identified as a TGF-p inducible
gene, indicating that its expression including the patterns

of splice variants was increased in a TGF-f-dose depend-
ent manner, and specifically the expression of the lowest
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neuron-specific multidomain protein

molecule derived from the splice variant was significantly
increased in the mouse pre-osteoblast cell line, MC3T3-El
[3], suggesting that TGF- itself induces the splice vari-
ation. In the human periodontal ligament, treatment with
TGF-p1 significantly increases periostin mRNA levels,
which are blocked by a focal adhesion kinase (FAK) inhibi-
tor [29]. Concurrently, the Th2 cytokines, IL-4 and IL-13,
enhance the expression and secretion of periostin in lung
fibroblasts [30], atopic dermatitis (AD), and bronchial
asthma [31]. In the human embryonic lung fibroblast cell
line, MRCS, 3 periostin bands were detected at 84, 80, and
78 kDa, derived from alternative splicing and generated
by the deletion of exons 17, 18, 19, and 21, that of exons
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17, 18, and 21, and that of exons 17 and 21, respectively.
Interestingly in comparison with other matricellular proteins
like fibronectin and tenascin-C, IL-4 and IL-13 can domi-
nantly induce splice variants of periostin but not those of
fibronectin and tenascin-C, whereas TGF-p induces splice
variants of all 3 genes [30]. IL-4 and IL-13 can enhance
periostin expression more effectively compared to TGF-f.
In an animal model of asthma, epithelial cell-derived peri-
ostin activates TGF-f or sensitizes against TGF-f signaling
[32], resulting in collagen gel elasticity in asthma. This new
function of periostin for activation of TGF-f signaling is
coincident with the action of M2 macrophages. Consider-
ing macrophages, M2 macrophages are induced by the T
helper 2 (Th2) cytokines, IL-4 and IL-13, distinct from the
interferon-y (IFN-y)-mediated classical activation required
for M1 macrophages [33]. In glioblastoma (GBM), which
is the most common malignant brain tumor, glioma stem
cells (GSCs) contribute to GBM tumor growth through peri-
ostin that is expressed in GSCs enriched in the perivascular
niche, and recruit tumor-associated macrophages (TAMs),
characterized as M2 macrophages [34, 35]. These TAMs are
mainly monocyte-derived macrophages from the peripheral
blood, and periostin maintains the M2 subtype of TAMs to
accelerate tumor growth by promoting cancer cell survival
in GBMs [34]. Similarly, hypoxia enhances the recruitment
of TAMs, and polarizes these macrophages toward the M2
subtype by increasing the expression of M-CSFR in mac-
rophages and that of TGF-f in glioma cells [36]. In injury
of the central nervous system, the same action of periostin
is observed; periostin expression is predominantly induced
at the scar-forming pericytes in the spinal cord injury to pro-
mote the migration of macrophages for scar formation [37].
Taken together, these results indicate that the Th2 cytokines,
IL-4 and IL-13, upregulate the periostin expression as well
as activation of M2 macrophages, and periostin then recruits
these macrophages for tissue repair or tumor growth.

Periostin protein

Domains in association with other extracellular
molecules

Periostin has a protein structure composed of an amino-
terminal EMI domain, a tandem repeat of 4 fas 1 domains,
and a carboxyl-terminal domain including a heparin-bind-
ing site at its C-terminal end (Fig. 1); therefore, we char-
acterized it as a member of the fasciclin 1 family based on
these typical fas 1 domains. Fasciclin 1 is a GPI-anchored
Drosophila protein functioning in axon growth guidance,
containing four tandem fas 1 domains composed of about
150 aa residues each, which are not related to any other

protein domain of the known structures [38]. In humans,
fas 1 domains are found in figh3 [39] and stabilins [40] as
well as in periostin. Periostin and figh3 are most similar
and share uninterrupted tandem repeats of 4 fas 1 domains.
Interestingly, mutations in fas 1 domains of human Pigh3
result in corneal dystrophy due to deposition of insoluble
protein aggregates in the cornea [41]. The EMI domain,
which is a small module rich in cysteine residues that is
found in the EMILIN family, is a site for protein—protein
interaction [42] and can bind to fibronectin [43], whereas
tenascin-C binds to the fas 1 domain [8]. For collagen
cross-linking in fibrillogenesis, upon the interaction of
periostin with fibronectin and tenascin-C, the association
of periostin with BMP-1, a metalloproteinase for diges-
tion, followed by activation of lysyl oxidase (LOX) for
the formation of covalent cross-links in collagen and elas-
tic fibers, is essential [44]. In addition to activation of
LOX, BMP-1 functions in processing the C-propeptides
of procollagens types I-1II to yield the major fibrous
components of vertebrate ECM, and that of NH,-terimal
globular domains and C-propeptides of types of V and XI
procollagen chains, to yield monomers that control the
diameters of collage type I and II fibrils by its incorpora-
tion [45]. Furthermore, BMP-1 processes the precursors
of laminin 5 (y2) and collagen type VII, both of which are
involved in securing the epidermis to the underlying der-
mis. Consistently, in wound healing models, at the base-
ment membrane, periostin is associated with laminin y2,
and this association enhances BMP-1-mediated proteolytic
cleavage of the laminin y2 long form to produce its short
from [46]. Regarding the importance of BMP-1 in broader
fields, BMP-1 mutation on human chromosome 8p21 or
BMP-1 deficient mice show some dentin defects and alveo-
lar bone loss, which have shown to be causal in the devel-
opment of osteogenesis imperfecta (OI) type XIII [47, 48],
and a similarly abnormal alveolar bone loss is observed in
periostin deficient mice [49]. Recently, it was indicated
that periodontal ligament cells contribute to alveolar bone
formation, and it is appealing that periostin is a key factor
expressed in the stem-like cells of both periodontal liga-
ments and alveolar bones. As for LOX, in bone metastasis,
increased stiffness of ECM on bones by the action of LOX
is sensed by cancer cells, which in turn focus their activi-
ties towards invasion, and drive them to migrate to distant
metastatic sites [50, 51]. In lung cancer, lysyl hydroxylase
2 that catalyzes the hydroxylation of lysine residues in
the telopeptides of fibrillar collagens leading to collagen
cross-links enhances metastatic propensity by generating
stiffer tumor stroma by collagen cross-linking [52]. Thus,
periostin is possibly involved in bone metastasis through
the activation of BMP-1 and LOX actions.
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Proteinase digestion

Initially, 4 days after induction of myocardial infarction
(MI), proteolytic cleavage was found at the C-terminal site,
indicating one major lower band, using an antibody recog-
nizing the first fas 1 domain at the N-terminal site but not
by an antibody recognizing the C-terminal end of periostin,
indicating that at least one site in the C-terminal domain
was digested by a proteinase; after 28 days of MI, multiple
bands were observed. Similarly, in a model of lung injury
by bleomycin administration, several bands were found
because of the proteolytic cleavage of periostin [53]. The
possible proteinase cleavage sites are shown in Fig. 4. What
is the function of this shorter periostin protein? The first
candidate to determine the action of the shorter periostin
is the commercial recombinant periostin provided by Bio
Vender, because this recombinant molecule has deleted 167
aa at the C-terminal site, which mainly consists of the EMI
domain and the four fas 1 domains but does not have almost
the entire C-terminal region. In an interesting experiment
for collagen I gene expression induced by periostin in air-
way fibroblasts, this recombinant periostin could not induce
collagen I gene expression even though periostin itself can
induce it, suggesting that the C-terminal region functions to
enhance collagen I gene expression with the activation of
TGF-p by periostin [32]. Recombinant periostin markedly
induces the elastic modules of gels formed by type I colla-
gen because addition of recombinant periostin generates a
more densely cross-linked gel. In another model of fibrosis
in bronchial asthma, the C-terminal region-deleted periostin
shows much stronger binding to fibronectin and tenascin-C
[30]. Originally, Kii et al. [8] reported that the cleavage of
the C-terminal end of periostin is essential for binding to
tenascin-C. These 3 reports suggest that the truncated form
of periostin with the deleted C-terminal region, tightly binds
to fibronectin and tenascin-C for enhanced cross-linking of
type I collagen. Furthermore, the EMI domain of periostin
is essential for its multimerization, which facilitates the col-
lagen cross-link through formation of a meshwork structure
with fibronectin and tenascin-C [8]. Accordingly, recom-
binant periostin easily enters the dimeric form [30]. In the
analysis of the medaka periostin gene with long or short

Fig. 4 Five candidates for the

-

periostin molecules, the short periostin, periostin-b with 719
aa, shows negative regulation in osteoblast differentiation,
whereas the long periostin, periostin-a, behaves in a posi-
tive manner for osteoblast differentiation (data not shown).
Taken together, a new action of periostin termed as a “Peri-
ostin Switch” is proposed as shown in Fig. 5, indicating that
in the early stage of periostin expression, it behaves as a
positive regulator of cell proliferation, movement, and col-
lagen production, and after cleavage of the C-terminal site,
the action of periostin changes to collagen cross-linking.

Heparin binding site

What constitutes the C-terminal end of periostin? We
found an arginine-rich heparin-binding site at this end,
and observed that periostin protein could be purified using
a heparin column [54]. Fibronectin contains two heparin-
binding sites, the high-affinity heparin II binding domain
located at the C-terminal site is thought to interact with cell
surface glycosaminoglycans to facilitate cell adhesion and
spreading, and also plays an important role in matrix assem-
bly, whereas the heparin I domain is also involved in matrix
assembly, and in particular, fibronectin self-assembly [55].
Assembly of dimeric fibronectin into the extracellular matrix
involves multiple consecutive binding interactions with inte-
grin receptors, with itself, and with matrix components such
as type I collagen [56].
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Fig. 5 Periostin Switch: the mechanistic view of periostin functions
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Elastin fiber formation

In fibrillogenesis, elastin fiber formation, in which extracel-
lular short fibulins, fibulin-3, -4, and -5 are components of
the elastic fiber/microfibril system and are implicated in the
formation and homeostasis of elastic tissues, has properties
similar to collagen fiber formation; (a) lox interaction, (b)
integrin signaling, (c) heparin binding, (d) proteinase diges-
tion, and (e) multimerization [57]. Thus, the periostin-like
action is possibly utilized in this system. Among fibulins,
fibulin-4 can work on proper elastogenesis in interaction
with LOX that is an elastin-cross-linking enzyme [58],
and these fibulins form multimers, indicating that fibulin-4
behaves like periostin in elastin fiber formation, whereas
fibulin-5 binds to human umbilical vein endothelial cells
in an RGD-dependent manner via integrins, indicating that
fibulin-5 behaves like fibronectin. Moreover, both fibulins
may bind cell surface-located heparin sulfate [57]. Taken
together, these observations indicate that fibulin-4 and -5 are
utilized in the formation of elastin fibers instead of periostin
and fibronectin. Thus, knowledge of elastin fiber formation
is very useful to understand the mechanism of collagen fiber
formation.

v-glutamyl-carboxylase

Modification of glutamic acid residues to y-carboxyglutamic
acid (Gla) is a post-translational modification catalyzed by
the vitamin K-dependent enzyme, y-glutamylcarboxylase.
The most abundant Gla-containing protein secreted by bone
marrow-derived mesenchymal stromal cells is periostin, in
which the fas 1 domain is carboxylated [59]. Since only
12 vitamin K-dependent Gla-containing proteins such as

osteocalcin and matrix Gla protein, which play a pivotal
role in bone development and repair, have been identified in
humans, periostin and Bigh3 are the 13th and 14th of these
proteins, respectively. Periostin was found to be abundantly
deposited in bone nodules, in areas where osteoblastic cells
are tightly embedded in the mineralized extracellular matrix,
suggesting that the Gla residues on periostin might provide
hydroxyapatite binding properties that have an important
structural role.

Periostin paralogue, TGFB1 (figh3)

Generally, the expression pattern between periostin and the
periostin paralogue, TGFB1 (figh3) is different. However,
in bone cells, periostin and Pigh3 are expressed in both oste-
oblasts and osteoclasts in vitro [60], suggesting that both
genes possibly act co-operatively in bone formation.

Periostin action
Periostin action in stemness

Periostin is recognized as an important molecule in severe
diseases such as scar formation in myocardial infarction,
fibrosis in asthma, cancer cell migration [61], and oth-
ers are shown in Fig. 6. Recently, interesting reports have
appeared regarding periostin action in stem cell biology.
In hematopoietic stem cells (HSC), Khurana et al. [62]
reported that periostin via interaction with integrin-av,
regulates HSC maintenance in the bone marrow niche,
and Tanaka et al. [63] reported that periostin from stro-
mal cells supports both normal hematopoietic progenitor

Fig. 6 Periostin and associated N\
diseases Ophthalmology Dermatology
Proliferative diabetic retinopathy Atopic dermatitis
Proliferative vitreoretinopathy Anti-scarring
Age-related macular degeneration Scleroderma
Corneal dystroph;
ystrophy Y,
. .
Priostin \
Respiratory . Otolaryngology
Bronchial asthma induced by Integrins Eosinophilic otitis media
Airway inflammation IL-4,1L-13, TGF B1/3 oL, awp3, owps, Allergic rhinitis
Lung fibrosis FGF 1, angiotensin II, a6p4, ompB2, Chronic rhinosinusitis
BMP-2, PDGF Y,
downstream signals
FAK, PI3K, Akt, ERK,
NF-kB, STAT-3 Tumor invasion/ metastasis/
angiogenesis/ cell proliferation
Others Cholangiocarcinoma

Acute myocardial infarction

IgG4-Related Sclerosing Sialadenitis

Bone Marrow Fibrosis

Pancreatic cancer
Breast cancer

Prostate cancer
Malignant melanoma
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cells and leukemia-initiating cells. It is also reported that
periostin is associated with a matricellular protein, CCN3
(NOV), and that a functional relationship is found in the
periodontal ligament [64]. In this regard, CCN3 functions
as a regulator of human HSC or hematopoietic progenitor
cells as demonstrated by the loss of CCN3, which dimin-
ishes the functional capacity of the primitive hematopoi-
etic compartment [65], and in mice, CCN3 functions in the
maintenance of HSCs [66], suggesting an intrinsic activity
of periostin together with CCN3 for maintaining stemness.
Moreover, Notch signaling is involved in this stem sys-
tem, and periostin—Notchl and periostin—CCN3 interac-
tions suggest the involvement of periostin—CCN3—-Notch
in stemness. In another type of stem cells, periostin is
secreted from mesenchymal stem cells to support tendon
formation [67], characterized by the overexpression of
periostin.

Periostin in mechanical stress

From its initial naming as periostin derived from periosteum
and periodontal ligament, this protein has been expected to
be mechanical stress-sensitive [3], because the periosteum
on bone and periodontal ligament in teeth, or in the lately
found cardiac valves [68] are very sensitive to mechanical
stress for tissue regeneration and development; however, no
direct evidence of stress sensitivity has been reported. It is
presumed that periostin is more functional in humans but
not in other animal models because humans walks upright,
which induces severe mechanical stress. Interestingly, a
report has described a signal-linking mechanical stress with
the upregulation of periostin expression; Rosselli-Murai
et al. [69] found that both periostin and mammalian target of
rapamycin (mTOR) are coordinately upregulated with ten-
sion forces during wound healing to induce cell proliferation
and migration, indicating that the same signal derived from
tendon forces activates the expression of both periostin and
mTOR, after which periostin enhances the mTOR signals.
In addition, the mTOR signal activates osteoclast differentia-
tion for the initiation of bone remodeling [70], which reason-
ably suggests that periostin functions in the maintenance of
bone mass during bone remodeling [8]. A potential candi-
date signal for mMTOR and periostin activation is neuronal
nitric oxide synthase (nNOS). In overload-induced skeletal
muscle hypertrophy in mice, nNOS is transiently activated
within 3 min of overload, which then activates the transient
receptor potential cation channel, subfamily V member 1
(TRPV 1), resulting increased intracellular Ca*>* concentra-
tion that subsequently triggers mTOR activation [71].

Acknowledgements I thank my collaborators involved in the peri-
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