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Abstract Osteoblasts and chondrocytes produce a large
number of extracellular matrix proteins to generate and
maintain the skeletal system. To cope with their functions
as secretory cells, these cells must acquire a considerable
capacity for protein synthesis and also the machinery for
the quality-control and transport of newly synthesized
secreted proteins. The unfolded protein response (UPR)
plays a crucial role during the differentiation of these cells
to achieve this goal. Unexpectedly, however, studies in the
past several years have revealed that the UPR has more
extensive functions in skeletal development than was ini-
tially assumed, and the UPR critically orchestrates many
facets of skeletal development and homeostasis. This
review focuses on recent findings on the functions of the
UPR in the differentiation of osteoblasts, chondrocytes, and
osteoclasts. These findings may have a substantial impact
on our understanding of bone metabolism and also on
establishing treatments for congenital and acquired skeletal
disorders.
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Abbreviations

ATF6 Activating transcription factor 6

BBF2H7 BBF2 human homolog on chromosome 7
BiP Immunoglobulin heavy chain-binding protein

bZIP Basic leucine-zipper

CHOP CCAAT/enhancer-binding protein homologous
protein

CREB cAMP response element-binding protein

elF2a Eukaryotic translation initiation factor-2

ERAD ER-associated degradation

ER Endoplasmic reticulum

IREla Inositol-requiring protein-1o
mEFs Mouse embryonic fibroblasts
OASIS Old astrocyte specifically induced substance

Ol Osteogenesis imperfecta

PERK Pancreatic ER kinase

RIDD Regulated IRE1-dependent decay of mRNA
TRACP  Tartrate-resistant acid phosphatase

TRAF2  TNF receptor-associated factor 2

UPR Unfolded protein response

XBP1 X-box binding protein 1

Introduction

The skeletal system is primarily composed of extracellular
matrix proteins and calcium phosphate. To develop and
maintain this system, osteoblasts and chondrocytes must
produce a large number of extracellular matrix proteins,
including collagens, noncollagenous proteins, proteogly-
cans, and glycoproteins. Therefore, these cells must
constantly cope with the burden of protein synthesis
overload and efficiently transport and secrete newly syn-
thesized proteins. Secreted proteins are synthesized and
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acquire their three-dimensional conformation in the endo-
plasmic reticulum (ER). To maintain the integrity of the
skeletal system, these proteins must be quality controlled,
and only properly folded proteins are secreted extracellu-
larly. The proteins that fail to acquire a proper
conformation accumulate in the ER lumen and ultimately
lead to a condition called ER stress [1-5]. In addition to
protein synthesis overload, various cellular stresses, such as
hypoxia, low glucose, intracellular calcium fluctuation, and
ultraviolet exposure, can damage the microenvironment of
the ER, resulting in an increased number of unfolded
proteins in the ER lumen and ER stress. Because prolonged
ER stress is harmful to cellular homeostasis, cells are
equipped with machinery called the unfolded protein
response (UPR) to comply with this undesirable condition.
The UPR is a highly conserved cellular mechanism, and
found in species from yeasts to humans [6]. In mammals,
there are three major branches of the UPR that function as
sensors for ER stress and transmit signals to downstream
signaling molecules and to the nucleus. Upon ER stress, the
UPR suppresses general protein synthesis, promotes the
degradation of unfolded proteins, and increases the
capacity of the ER to alleviate ER stress and recover the
functions of the ER. However, when the cellular stress
becomes unmanageable and irreversible, the UPR induces
apoptosis to circumvent the ensuing damage to the sur-
rounding milieu and cells [7].

The three major UPR branches are mediated by three
different classes of transmembrane proteins in the ER:
inositol-requiring protein-lo. (IREla), activating tran-
scription factor 6 (ATF6), and pancreatic ER kinase
(PERK). The functions of these molecules in the UPR
have been a subject of intensive study over the past
decade [1-5]. In accordance with the fundamental con-
tributions of the UPR in maintaining the ER and the
quality control of secreted proteins, studies over the past
decade have identified critical roles for the UPR in
secretory cells, particularly plasma cells [8, 9] and pan-
creatic B-cells [10, 11]. However, more recent studies
have revealed unexpected roles of the UPR that are
apparently not related to the conventional function of the
UPR in cells and tissues that are not specialized in pro-
ducing secretory proteins, including angiogenesis [12],
lipogenesis [13], the pathology of Huntington’s disease
[14], and the regulation of innate immunity [15], to name
a few examples.

In a similar vein, in addition to its function as an
adaptation mechanism against ER stress, the UPR in the
skeletal system was shown to be an essential regulator of
osteoblast and chondrocyte differentiation [16-19]. Fur-
thermore, recent studies have also suggested that the UPR
is important for the development of osteoclasts, which are
multinucleated cells responsible for bone resorption [20,
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21]. As both osteoblasts and chondrocytes have a highly
developed ER system, it is conceivable that the UPR works
to expand the protein synthesis capacity of these cells.
However, studies over the past decade have radically
changed our understanding of the functions of the UPR in
skeletal development and homeostasis. This review focuses
on current data on the molecular function of the UPR in the
regulation of the skeletal system and its impact on skeletal
disorders.

The three major branches of the UPR
The IREla axis

The branch of UPR mediated by IREla (encoded by Ernl)
is the most highly conserved and is present in species from
yeasts to mammals. IREla is a type-1 transmembrane
protein that harbors both a kinase domain and an endori-
bonuclease domain [2, 22]. Upon ER stress, the molecular
chaperone immunoglobulin heavy chain-binding protein
(BiP, also referred to as GRP78) dissociates from the
luminal domain of IREla and facilitates its homodimer-
ization and autophosphorylation. Autophosphorylation of
IREla leads to conformational changes and the activation
of the endoribonuclease domain. The activated endonu-
clease targets its substrate, Xbpl mRNA, and splices out 26
nucleotides, resulting in a translational frame shift that
yields the transcription factor XBP1s. The protein product
derived from the unspliced Xbp! mRNA (XBP1u) is highly
unstable, and its potential functions are not fully clarified
[23-25]. The kinase domain of IREla is involved in
recruiting TNF receptor-associated factor 2 (TRAF2),
which in turn activates JUN N-terminal kinase (JNK) [26].
The consequence of IRE1a-mediated JNK activation is not
fully understood; however, past studies have suggested that
it may be involved in the regulation of autophagy [27, 28]
and the promotion of apoptosis [29]. Although Xbpl
mRNA is the preferred substrate for the IREla endori-
bonuclease, under certain conditions, various other mRNAs
are also targeted and degraded by the IREla endoribonu-
clease, a mechanism termed regulated IREI-dependent
decay of mRNA (RIDD) [30, 31]. RIDD was originally
reported to be involved in the degradation of mRNAs
encoding membrane-bound and secreted proteins, thereby
reducing the protein synthesis overload [32, 33]. Further-
more, recent studies have shown that RIDD has roles in the
regulation of lipid metabolism [13, 34], protection against
liver damage [35], and adaptive and innate immunity [36—
38]. Whereas, under overt ER stress conditions, RIDD
promotes apoptosis by degrading mRNAs encoding pro-
survival factors and micro-RNAs targeting pro-apoptotic
factors [39, 40]. How the activity of RIDD is regulated is
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not fully understood and will be one of the focuses of
research in this field [30].

XBP1s, which is derived from the spliced version of the
Xbpl transcript, is a member of the CREB/ATF basic
leucine-zipper (bZIP) family of transcription factors. The
conventional transcriptional targets of XBPls include
luminal ER protein chaperones, disulfide isomerases, gly-
cosylases, and components of the ER to Golgi network and
the ER-associated degradation (ERAD) pathway [41, 42].
Collectively, the IRElo-XBP1 pathway promotes the
removal and degradation of unfolded proteins and the
expansion of ER capacity, thereby maintaining the home-
ostasis of the functions and microenvironment of the ER [9,
43]. However, recent studies have revealed that the func-
tions of the IRE1a-XBP1 pathway are not limited to the
maintenance of the ER system but also include hepatic
lipogenesis [44], the innate immune response [45], hex-
osamine biosynthesis [46], the HIF-1o-mediated hypoxia
pathway [47], and cell differentiation [42, 48-50], sug-
gesting that the IREla-XBP1 pathway has diverse
functions that are not necessarily related to those in the
classical UPR. Corroborating the importance of this path-
way in vivo, mice lacking IREla or XBP1 are embryonic
lethal and die at approximately 9.5-11.5 dpc and 11.5-14.5
dpc, respectively [26, 51].

The PERK axis

PERK (encoded by the Eif2ak3 gene) is a type I trans-
membrane protein that is localized in the ER and contains a
protein kinase domain in its cytoplasmic tail. The disso-
ciation of BiP from the luminal domain promotes
dimerization and autophosphorylation. Activated PERK
directly phosphorylates the a-subunit of eukaryotic trans-
lation initiation factor-2 (elF2o), which results in an
attenuation of global protein synthesis by interfering with
5'-cap assembly [52]. In contrast to this general suppres-
sion of protein synthesis, the translation of activating
transcription factor 4 (ATF4), a transcription factor
belonging to the cAMP response element-binding protein
(CREB)/ATF family, is selectively promoted by the
phosphorylation of elF2a. The transcriptional targets of
ATF4 include the genes that are involved in amino acid
import, glutathione biosynthesis, and resistance to oxida-
tive stress [53]. Collectively, the UPR mediated by PERK
has two distinct roles; one is to alleviate the protein syn-
thesis overload under ER stress conditions, and the other is
to protect the cell from various endogenous and exogenous
stresses by increasing the production of ATF4 [54]. In
addition to these cytoprotective functions of PERK, ATF4
also induces the transcription of Ddit3 (encodes the
CCAAT/enhancer-binding protein homologous protein,
CHOP) [55], which is associated with ER stress-mediated

apoptosis [56]. Therefore, PERK not only promotes cell
survival, but also mediates programed cell death under
certain conditions. Of interest, CHOP induces the tran-
scription of Ppplri5a, which encodes an elF2a-directed
phosphatase GADD34. In turn, GADD34, along with
another elF2o-directed phosphatase CReP (encoded by
Ppplri5b), dephosphorylates elF2a and thereby forms a
negative feedback loop in regulating the level of elF2a
phosphorylation [57].

Mice lacking PERK are not embryonically lethal, indi-
cating that PERK is not necessarily essential for embryonic
development [11, 58]. However, these mice progressively
develop diabetes mellitus due to a loss of insulin-producing
pancreatic B-cells and exhibit growth retardation, indica-
tive of a potential role for PERK in skeletal development.

The ATF6 axis and the OASIS/ATF6 family genes

ATF6 is a type II transmembrane protein that contains a
bZIP transcription factor domain in its cytoplasmic
domain. Upon dissociation of BiP from its luminal domain,
ATF6 translocates from the ER to the Golgi and is cleaved
by site-1 and site-2 proteases (S1P and S2P, respectively)
[59, 60]. The cytoplasmic domain is released from the
Golgi membrane by S2P and moves into the nucleus where
it functions as a transcription factor to promote the
expression of genes that are involved in ER quality control,
including Hspa5 (encodes BiP) and XbplI. Mice lacking
ATFG6 develop normally and exhibit no apparent defects, at
least under unchallenged conditions [61, 62], indicating
that the contribution of ATF6 to the maintenance of the ER
homeostasis is relatively minor and can possibly be com-
pensated by XBP1.

Five transcription factors share structural homology
with ATF6: old astrocyte specifically induced substance
(OASIS, encoded by Creb311) [63], BBF2 human homolog
on chromosome 7 (BBF2H7, encoded by Creb3i3) [64],
Luman (encoded by Creb3) [65], CREBH (encoded by
Creb313) [66], and CREB4 (encoded by Creb3i4) [67]. All
are transmembrane proteins that are localized in the ER
and contain a bZIP transcription factor domain in their
cytoplasmic domain. Similar to ATF6, these proteins
translocate from the ER to the Golgi upon ER stress and are
processed by S1P and S2P. The released cytoplasmic
domain enters the nucleus to function as a transcription
factor. However, unlike ATF6, each of the family members
has a rather distinct and specific expression pattern, indi-
cating that each gene has tissue- or cell-specific functions.
As discussed in the present review, OASIS, BBF2H7, and
Luman are preferentially expressed in osteoblasts, chon-
drocytes, and immune cells, respectively, and exhibit
highly specialized functions in skeletal development [17,
21, 64].
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The UPR in osteoblast differentiation
and functions

Osteoblasts are derived from mesenchymal progenitor cells
that are also capable of differentiating into various cell
lineages, including chondrocytes, tenocytes, and adipo-
cytes. The cell fate decision into the osteoblast lineage is
determined by the expression of RUNX2, a member of the
Runt-containing family of transcription factors, followed
by that of Osterix, a zinc-finger-containing transcription
factor [68—73]. These two osteoblast-specific transcription
factors are indispensable for osteoblast differentiation, as
evidenced by a nearly complete loss of osteoblasts and
calcified tissues in mutant mice lacking either of these
transcription factors [74-76]. In more mature osteoblasts,
ATF4, one of the downstream targets of the PERK axis of
the UPR, plays critical roles in maintaining osteoblast
functions [77]. Mature osteoblasts produce a large number
of extracellular matrix proteins, such as type I collagen and
various noncollagenous proteins, to form osteoids.
Osteoids are the organic matrix of bone and serve as a
biological scaffold for calcium phosphate mineral (hy-
droxyapatite) deposition. Approximately 70 % of the bone
volume consists of hydroxyapatite, whereas the rest con-
sists of extracellular matrix proteins produced by
osteoblasts. To handle the burden of matrix protein pro-
duction, osteoblasts have a highly developed ER system,
similar to that observed in plasma cells and pancreatic 3
cells.

In humans, mutations in the COLIAI and COLIA2
genes often result in a failure to assemble the proper triple-
helix formation of type I procollagen and lead to domi-
nantly inherited forms of osteogenesis imperfecta (OI) [78-
82]. Although the possible involvement of the UPR in the
development of OI is not fully understood, the associated
ER stress in fibroblasts derived from patients with OI and
OI mice models suggest that the over-activated UPR is
causally related to the pathogenesis of OI [78, 83].

This section mainly describes three mediators of the
UPR (IREla, PERK, and OASIS, respectively) and their
potential roles in osteoblast differentiation, placing
emphasis on their functions that are not directly related to
the conventional functions of the UPR (Fig. 1).

The IRE1a-XBP1 pathway promotes Osterix
expression

Because the null mutation of Ernl (encodes IREla) leads
to embryonic lethality in mice (between 9.5 and 11.5 dpc)
[26], the initial study was performed using immortalized
mouse embryonic fibroblasts (mEFs) derived from
Eml™~ embryos and BMP2-induced osteoblastic
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differentiation assays in vitro [18, 84]. Recombinant
BMP2 is widely used to promote osteoblastic differenti-
ation in primary osteoblasts, mEFs, and stromal and
osteoblastic cell lines in vitro. BMP2-treated cells express
osteoblast-specific transcription factors and osteoblastic
extracellular proteins and ultimately form calcified matrix.
In wild-type mEFs, the expression of RUNX2 increases
approximately 24 h after BMP2 treatment, followed by
the induction of the transcripts for type I collagen, an
early marker of osteoblast differentiation. Subsequently,
the expression of the Osterix transcripts increases and
peaks at approximately 72 h after BMP2 treatment. The
levels of the total Xbpl, Xbpls, and Hspa5 transcripts
drastically increase at approximately 24 h and reach their
plateaus by 48 h after the treatment [18]. These obser-
vations indicate that the expression of RUNX2 is induced
in BMP-treated mEFs prior to the onset of ER stress,
whereas the expression of Osterix transcripts is promoted
after ER stress is triggered by the increase in matrix
protein synthesis.

The target genes of the transcription factor XBPls
include Dnajc3, Dnajb9, Dnajbll, Edeml, Pdia6, and
Serpl [41], all of which encode proteins that reside in the
ER and have functions related to the maintenance of ER
functions. Given that mature osteoblasts must have a
highly developed ER system to sustain the production of
extracellular matrix proteins and that the processing of the
transcripts for Xbpl (and thus the activation of IREla)
occurs in BMP2-treated mEFs, the potential involvement
of the IREla-XBP1 pathway was investigated. mEFs
derived from IREla-deficient embryos (henceforth refer-
red to as Ernl~’~ mEFs) grew normally and did not show
any apparent defects under unchallenged conditions.
However, they failed to differentiate into the osteoblast
lineage when they were incubated with BMP2. Consis-
tently, the levels of the RUNX2, Osterix, type 1 collagen,
and osteocalcin transcripts were all significantly reduced
in the Ernl ™~ mEFs compared to those in the wild-type
mEFs. BMP2-treated wild-type mEFs transfected with
siRNAs against either the XBP1 or IREla transcripts
showed a significant decrease in the expression of the
osteoblastic genes, similar to the Ernl~’~ mEFs. How-
ever, gene silencing of the transcripts for TRAF2, a target
molecule of IREla kinase [26], showed no effects on the
expression of these genes. These data indicate that XBP1
and not TRAF2 is the molecule downstream of IREla
that is involved in the defective osteoblastic differentia-
tion in the Ernl~~ mEFs.

The failure of the Ernl "~ mEFs to differentiate into the
osteoblastic lineage can theoretically be explained by a
defect in expanding the capacity of the ER to meet the
protein synthesis demands during osteoblast
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Fig. 1 Schematic
representation of the UPR
signaling pathways involved in
osteoblast differentiation. The
black arrows indicate post-
translational modifications (e.g.,
phosphorylation, splicing, and
translocation). The red arrows
indicate transcriptional
regulation. Note that other
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differentiation. However, quite unexpectedly, additional
analyses revealed that XBP1s functions as a transcription
factor for one of the master regulators of osteoblast dif-
ferentiation, Osterix [75]. The promoter region of the Sp7
gene (encodes Osterix) has two potential binding sites for
XBP1s that are highly conserved across species. XBPls
binds to these sites and promotes Osterix transcription,
whereas it has no effects on RUNX2 transcription. The
forced expression of Osterix in Ernl "~ mEFs effectively
rescued the expression of alkaline phosphatase, a marker
for osteoblasts, in the BMP2-treated cells, suggesting that
the defective osteoblastic differentiation of Ernl '~ mEFs
is, at least in part, derived from the reduced expression of
Osterix. An analysis of the gene expression patterns in
BMP2-treated mEFs also fits with this idea, where the
expression of the XBPls transcripts precedes those of
Osterix. Notably, treatment with thapsigargin, a potent
chemical inducer of ER stress, alone was sufficient to
induce the transcription of the Osterix mRNA in wild-type
mEFs that were preincubated with BMP2 for 16 h [18].
This observation indicates that epigenetic factors may also
be involved in the transcriptional regulation of Osterix by
XBP1s. Due to the embryonic lethality of Ernl ™~ animals,
the physiological relevance and the contribution of the
IRE1a-XBP1 pathway to skeletal development remains to
be addressed.

PERK is required for the late-phase differentiation
of osteoblasts

PERK is highly expressed in the pancreas and skeletal
tissues in adult mice, indicating that PERK is functionally
involved in the regulation of the secretory cells in these
tissues. Mutations in the EIF2AK3 gene (encodes PERK)
cause a rare autosomal recessive disease, Wolcott—Rallison
syndrome [85], which is characterized by early onset dia-
betes, skeletal dysplasia, and growth retardation. A recent
study revealed an association between a haplotype in the
EIF2AK3 gene and a lower bone mineral density in
humans, suggesting a potential role for PERK in skeletal
homeostasis [86].

In mice, the systemic abrogation of the Eif2ak3 gene is
not embryonic lethal but leads to the progressive loss of
pancreatic P-cells (which secrete insulin) and, conse-
quently, diabetes mellitus [11, 58], as observed in patients
with Wolcott—Rallison syndrome. Eif2ak3™'~ mice also
exhibit growth retardation and severe osteopenia, which are
the other hallmarks of Wolcott—Rallison syndrome.
Detailed analyses of the skeletal defects showed that
Eif2ak3™"~ mice exhibit markedly reduced bone formation
activity, highlighted by lower bone mass, fewer osteo-
blasts, and reduced mineral deposition compared to the
wild-type animals [16]. The expression levels of the

@ Springer



2856

K. Horiuchi et al.

transcripts for the markers of mature osteoblasts, including
alkaline phosphatase, type I collagen, osteocalcin, and bone
sialoprotein, were all reduced in the skeletal tissues col-
lected from Eif2ak3™"~ mice compared to those from wild-
type mice. In contrast, there was no significant difference
in the transcript levels of osteopontin, an early marker of
osteoblast differentiation, in the skeletal tissues of
Eif2ak3™~ and wild-type mice, indicating that PERK is
required for the maturation or the late phase differentiation
of osteoblasts [16, 87]. These defects were also observed in
mutant mice in which PERK is specifically inactivated in
osteoblasts [16], indicating that the osteopenia in
Eif2ak3™"" mice was not secondary to the defects in other
tissues and that PERK functions in osteoblasts in a cell-
autonomous manner. The studies also showed that osteo-
blasts derived from Eif2ak3™'~ mice have less mature type
I collagen and more procollagen than those from the wild-
type mice, presumably due to an impairment in procollagen
processing and/or in the transport system in the ER-Golgi
secretory pathway. In support of the latter hypothesis,
electron microscopic analyses revealed grossly enlarged
ER in Eif2ak3 ~/~ mice, most likely due to the retention of
newly synthesized proteins in the ER lumen [58, 87].
Because PERK induces the transcription of A#f4 through
the phosphorylation of eIF2o [88] and A4~ mice
develop severe osteopenia [77], it is theoretically possible
that ATF4 is involved in the skeletal defects observed in
Eif2ak3™~ mice. ATF4 is a transcription factor that
belongs to the CREB protein family. ATF4 regulates the
transcription of osteoblastic genes, most importantly
osteocalcin, through its interaction with RUNX2 [89, 90]
and promotes amino acid transport and synthesis of type I
collagen in osteoblasts [89, 91]. ATF4 is also a substrate
for a growth factor-related kinase, RSK2, in osteoblasts.
RSK?2 is encoded by the RPS6KA3 gene, mutations in
which are causally related to Coffin—-Lowry Syndrome, an
X-linked mental retardation associated with various
skeletal anomalies in humans [92]. Mutant mice lacking
either RSK2 or ATF4 exhibit similar skeletal defects,
including reduced bone mass and bone formation rate, due
to impaired osteoblast differentiation and type I collagen
synthesis [77]. Taken together, these observations suggest
an intriguing idea that the skeletal phenotypes in both
Wolcott—Rallison syndrome and Coffin-Lowry Syndrome
may be the result of a failure to induce ATF4 activity,
where transcriptional induction is defective in Wolcott—
Rallison syndrome and the phosphorylation of ATF4 is
defective in Coffin—-Lowry Syndrome. However, the
potential involvement of ATF4 in the skeletal phenotype of
Eif2ak3™"~ mice remains somewhat controversial. Saito
et al. demonstrated that the PERK-elF20-ATF4 pathway
was indeed activated in BMP2-treated osteoblasts and that
the expression of ATF4 was significantly reduced in
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Eif2ak3™"~ osteoblasts compared to wild-type osteoblasts
[87]. In a similar vein, BMP-induced ATF4 expression was
significantly enhanced by salubrinal, a specific inhibitor of
elF2a phosphatases (which, in turn, enhances the activity
of elF2a) [93, 94]. However, Wei et al. analyzed the
expression of ATF4 in calvarial osteoblasts collected from
wild-type and Eif2ak3~"~ mice and did not observe chan-
ges in the expression or phosphorylation of ATF4 between
the two [16]. In support of this view, it has also been shown
that the expression of ATF4 in osteoblasts is dependent on
RUNX?2 [77]. To make the issue even more complicated, a
recent study suggests that ATF4 expression in osteoblasts
may not be as critical for skeletal development as these
studies had indicated (discussed in a later section) [95].
The reasons for these apparent discrepancies are currently
unclear; nevertheless, additional studies are warranted to
clarify the roles of the PERK-elF2a-ATF4 pathway in
skeletal development in vivo and to define the degree to
which the expression of ATF4 in osteoblasts is dependent
on the UPR mediated by the PERK axis.

OASIS/CREB3L1, a homologue of ATF6, promotes
the transcription of Collal

ATF6 is induced by BMP2 in an osteoblastic cell line,
MC3T3-El, in a RUNX2-dependent manner and promotes
the transcription of osteocalcin and the calcification of the
extracellular matrix [96]. However, mice lacking ATF6 did
not display any apparent developmental defects and grew
normally, at least under unchallenged conditions [61].
ATF6 plays an important role in optimizing ER functions
by inducing genes that protect against chronic ER stress.
Accordingly, mice lacking ATF6 are more sensitive to
chemically induced ER stress than wild-type mice, due to
an impaired adaptation to chronic ER stress [61]. There-
fore, additional analyses of A#f6’~ mice under both
unchallenged and challenged conditions may be necessary
to uncover the potential role of ATF6 in skeletal devel-
opment and homeostasis.

OASIS (encoded by Creb3ll) is a membrane-bound
transcription factor that shares structural similarities with
ATF6. OASIS was originally identified as a molecule that
is highly upregulated in astrocytes after long passages in
culture (hence the name OASIS, old astrocyte specifically
induced substance). In mice, high levels of OASIS
expression are present in astrocytes, the digestive tract,
salivary glands, and skeletal tissues. In bone, OASIS is
specifically expressed in osteoblasts, but not in osteocytes
or osteoclasts, suggesting that OASIS has an osteoblast-
specific role in skeletal development. Mice lacking OASIS
(Creb311™"~ mice) were not embryonic lethal, but exhib-
ited growth retardation and often developed spontaneous
fractures in the long bones [17]. X-rays and micro-CT
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analyses revealed that the Creb311™'~ mice exhibit severe
osteopenia. Consistently, the mutant mice had markedly
lower bone mineral density, lower bone volume, and a
reduced bone formation rate compared to the wild-type
controls. A gene expression analysis revealed that the
expression levels of the transcripts for type I collagen
(Collal and Colla2) were significantly lower in the bone
tissue from the Creb311 ™'~ mice compared to the wild-type
mice, whereas there were no significant changes in the
expression levels of the transcripts for RUNX2 or Osterix.
Similarly, the loss of OASIS did not affect the expression
of other UPR-related genes, including Hspa5, Ddit3, Atf4,
Xbpl, P4hb (encodes PDI), Dnajb9 (encodes ERdj4), or
Edeml, in the calvaria. These observations indicate that
OASIS is not involved in the regulation of osteoblast dif-
ferentiation and does not affect the other branches of the
UPR. The diminished expression of type I collagen in
skeletal tissues in the Creb311™"~ mice led the authors to
ask whether OASIS was involved in the transcriptional
regulation of type I collagen in osteoblasts [17]. A
nucleotide sequence analysis of the promoter region of the
Collal gene uncovered an unfolded protein response ele-
ment (TGACGTGG)-like sequence (CGACGTGG), which
resembles the conventional binding motif of OASIS, in the
osteoblast-specific regulatory region (—2.3 kbp) [97].
Luciferase reporter assays and chromatin immunoprecipi-
tation experiments confirmed that OASIS binds to this
putative binding motif and promotes the transcription of
Collal. These results indicate that OASIS functions as a
major transcription factor for type I collagen in osteoblasts
and that the loss of OASIS in osteoblasts results in severe
osteopenia due to impaired collagen production. Notably, a
recent study identified siblings with a homozygous deletion
in the CREB3LI gene who exhibited severe osteopenia,
thus linking CREB3LI to a previously unknown form of a
recessive Ol in humans [98, 99]. This finding underscores
that OASIS is an essential and indispensable regulator of
the skeletal system in humans.

As observed in Eij?ak37/ ~ mice, osteoblasts from
Creb311™~ mice also exhibited grossly enlarged ERs,
which were not identified in osteocytes or chondrocytes
[17]. Because the reduced production of type I collagen
(due to reduced transcription) in Creb311 "~ mice does not
theoretically result in the expansion of the ER lumen in
osteoblasts, this observation indicates that OASIS has other
functions in addition to regulating collagen production and
could potentially regulate transport in the ER-Golgi
secretory pathway. In agreement with this idea, a study
showed that the introduction of human OASIS (CREB3L1)
to Drosophila and human cells promoted the expression of
secretory pathway-related genes in these cells [100]. This
observation indicates that the functions of OASIS are
highly conserved across species and that mouse OASIS is

also involved in the transcriptional regulation of the genes
that regulate the secretory pathway. In addition, it is also
worth noting that the introduction of a transgene consisting
of a 2.3 kbp osteoblast-specific type I collagen promoter
and the coding sequence for the Creb3ll gene into Cre-
b311™~ mice was able to fully rescue the osteopenia and
also the impaired production of type I collagen and the
dilation of the ER [101]. This result strongly suggests that
OASIS functions in a cell-autonomous manner to maintain
osteoblast functions. However, quite unexpectedly, the
growth retardation (lower body weight and shorter body
length) observed in the Creb311™'~ mice was not rescued
by the introduction of the transgene. Notably, the serum
levels of growth hormone and insulin-like growth factor-1
were both decreased in the Creb311™"~ mice compared to
the wild-type mice, and the levels of these hormones were
not recovered by the forced expression of OASIS in
osteoblasts using the transgene. These results pose an
intriguing hypothesis that the OASIS expressed in cells
outside the bone, most likely the pituitary gland, where
these hormones are produced, indirectly regulates skeletal
growth by producing secretory factors. At any rate, these
observations suggest that OASIS has diverse and critical
functions in regulating skeletal development and postnatal
growth.

The UPR in cartilage development
and chondrocytes

Most of the long bones are formed through endochondral
ossification, a process by which calcified cartilage molds
are replaced with bone [69, 72, 102, 103]. The contribution
of membranous ossification, by which mesenchymal cells
directly differentiate into osteoblasts and form bone, is
comparably minor, at least during embryonic skeletal
development. Endochondral ossification is responsible for
forming the templates for future bones and also for the
longitudinal growth of long bones during embryogenesis
and postnatal development. Endochondral bone formation
commences with the condensation of mesenchymal cells,
which subsequently form the cartilage. At the early stage of
endochondral ossification, SOX9, a transcription factor of
the family of SRY-related high mobility group box of
proteins, plays an indispensable role in directing these
undifferentiated cells into the chondrocyte lineage [104,
105]. At a later stage, SOX9, along with transcription
factors in its family, SOX5 and SOX6, regulates the pro-
duction of chondrocyte-specific extracellular matrix
proteins, including type II collagen and the proteoglycan
aggrecan [105]. The primitive cartilage enlarges as the
chondrocytes proliferate and deposit extracellular matrix
proteins. The chondrocytes in the center of the cartilage
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further differentiate into hypertrophic chondrocytes and
promote the mineralization of their surrounding matrix.
The calcified cartilage matrix is subsequently invaded by
blood vessels, osteoclasts and osteoblasts and is finally
replaced by bone matrix and hydroxyapatite. Not surpris-
ingly, these processes are spatially and temporarily
regulated by highly complex signaling pathways mediated
by various secreted factors, including PTHrP, IThh, BMPs/
GDFs, and FGF [69, 102, 103].

Recent studies have shown that ER stress may be
involved in the pathology of chondrodysplasia and
osteoarthritis in humans [106, 107]. There are more than
300 different types of chondrodysplasia, which clearly
demonstrates its highly heterogeneous nature [107].
Mutations in the genes encoding extracellular matrix pro-
teins can also lead to chondrodysplasia, and there are
several studies showing a causal relationship between ER
stress and the pathogenesis of chondrodysplasia caused by
mutations in the extracellular matrix proteins [80, 108—
111]. Studies have also shown that the factors that are
involved in the development of osteoarthritis, such as
biomechanical stimuli, IL-1f3, and nitric oxide, can also
induce the UPR in chondrocytes in vitro [112, 113] and that
the UPR is activated in the cartilage tissues of osteoarthritis
patients [112, 114]. Accordingly, mice lacking CHOP
exhibited less severe cartilage degradation compared to
wild-type animals in a knee osteoarthritis mouse model
[115], indicating that the UPR mediated by CHOP exac-
erbates osteoarthritis. However, the precise roles of the
UPR in the development of osteoarthritis in humans remain
to be elucidated.

This section mainly describes two branches of the UPR
(mediated by IRElo and BBF2H7) and ATF4, as well as
their roles in chondrocyte differentiation (Fig. 2). Although
it is not yet clear to what extent the activity of ATF4 is
dependent on the PERK-elF2a pathway in chondrocytes, a
discussion on ATF4 is included in this section because of
its important functions in skeletal development.

XBP1 expression in chondrocytes has a minor
impact on skeletal development

The potential roles of the IRE1a-XBP1 pathway in carti-
lage development were studied using mutant mice in which
XBP1 was specifically deleted in cartilage tissues under the
control of a Col2al promoter [116]. The mutant mice did
not exhibit any obvious developmental or growth defects
compared with their littermate control mice; however, they
had shorter long bones (a decrease of approximately 13 %)
at 2 weeks of age compared to wild-type mice. The dif-
ference in the length of the long bones was transient and
resolved by 7 weeks of age. A histological analysis
revealed that the mutant mice had a shorter hypertrophic
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zone and a delay in the formation of the secondary ossifi-
cation center at 2 weeks of age. The lack of XBP1 in the
growth plate also resulted in a moderate decrease in the
proliferation of chondrocytes in the proliferating zone, as
evaluated by bromodeoxyuridine labeling. In contrast,
there were no significant differences in the expression
levels of the transcripts for chondrocyte proliferation
markers or UPR-related genes. Furthermore, the abrogation
of XBP1 in a mouse model of metaphyseal chondrodys-
plasia type Schmid, a skeletal disorder caused by
autosomal dominant mutations in COLIOAI in humans
(which results in ER stress in chondrocytes), did not
aggravate the skeletal defects observed in these mice [108,
117]. These observations suggest that the expression of
XBP1 in chondrocytes has a relatively minor contribution
to cartilage development, even when ER stress is enhanced
with a mutated collagen gene [118]. Given that the IRE1a-
XBP1 pathway is implicated in the pathology of
osteoarthritis [114, 119], it will be of interest to evaluate
the roles of XBP1 in joint destruction and arthritis using
animal models.

BBF2H7/CREB3L2 is critical for transport vesicle
formation and chondrocyte proliferation

BBF2H7 (encoded by Creb3I2I) is a membrane-bound
transcription factor that shares structural homology with
ATF6 and OASIS [64, 120]. The gene was originally iden-
tified as a novel gene that fuses with the FUS gene in low-
grade fibromyxoid sarcoma, a rare malignant soft tissue
tumor [120]. The chimeric FUS/CREB3L2 gene is specific
for this tumor and may be involved in its pathogenesis [121].
In mice, the transcripts for BBF2H7 are expressed in a rel-
atively wide variety of tissues, including the heart, lung,
liver, kidney, adrenal gland, bladder, cerebrum, ovary,
spleen, testis, and prostate; however, they are most highly
expressed in the proliferating zone of the growth plate [19,
64]. Accordingly, the -cartilage-specific expression of
BBF2H7 is mediated by one of the master regulators of
chondrogenesis, the SOX9 transcription factor [122].

Mice lacking BBF2H7 (Creb3127'~ mice) were not
embryonic lethal, but they were significantly smaller than
their wild-type littermates, and they died of dyspnea shortly
after birth [19]. Whole-mount skeletal staining using ali-
zarin red and alcian blue showed that the Creb312~'~ mice
had highly under-developed skeletal systems, which were
highlighted by short limbs and a severely reduced cartilage
matrix. Histologically, the Creb312~'~ mice exhibited a
structurally disorganized growth plate characterized by a
lack of columnar structure and a decrease in the size of the
proliferating zone. Most importantly, the chondrocytes in
the proliferating zone of the Creb312~'~ mice displayed a
grossly enlarged ER caused by the accumulation of
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Fig. 2 Schematic
representation of the UPR
signaling pathways involved in
chondrocyte differentiation. The
black arrows indicate post-
translational modifications (e.g.,
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aggregates of type II collagen and cartilage oligomeric
matrix protein, a noncollagenous extracellular matrix pro-
tein. These observations indicate that the chondrodysplasia
in the Creb312~'~ mice was not due to the reduced pro-
duction of cartilage matrix proteins, but was derived from a
defect in the export of the matrix proteins from the ER to
the Golgi apparatus. A differential gene expression analysis
revealed that the expression of various genes that are
related to the secretory pathway was decreased in the
chondrocytes collected from the Creb312~'~ mice com-
pared to those from the wild-type controls. Among these
genes, the expression of Sec23a, which encodes one of the
components of the coat protein II (COPII) complex, was
the most significantly reduced in chondrocytes lacking
BBF2H7. The COPII complex, which consists of four
protein subunits (SEC13, SEC31, SEC24, and SEC23A),
mediates vesicle budding from the ER and forms COPII
vesicles that transport the proteins synthesized in the ER to
the Golgi apparatus. A nucleotide sequence analysis
revealed that the promoter region of the Sec23a gene
contains a cAMP response element-like sequence
(TAACGTAA). BBF2H7 specifically binds to this motif
and promotes the transcription of Sec23a, indicating that
BBF2H?7 regulates COPII vesicle formation by promoting
Sec23a transcription. An in vitro chondrocyte differentia-
tion model showed that the forced expression of SEC23A
effectively recovered the defective cartilage matrix for-
mation in the Creb3I27'~ mesenchymal cells, similar to

reintroducing BBF2H7. The result strongly suggests that
the BBF2H7-SEC23A pathway is critically involved in
cartilage development through the formation of the COPII
vesicles.

SEC23A-deficient mice have recently been documented
[123]; however, because the mutant mice were embryonic
lethal at midgestation (11.5-12.5 dpc), the skeletal defects
observed in Creb312~'~ mice were not reproduced in this
study. Nevertheless, an analysis of the SEC23A-deficient
cells and embryos showed that loss of SEC23A results in
impaired collagen secretion and cartilage matrix formation,
similar to that observed in BBF2H7-deficient mice and
cells. Furthermore, a single amino acid substitution in the
SEC23A gene is associated with Craniolenticulosutural
dysplasia in humans, an autosomal recessive syndrome
characterized by late-closing fontanels, sutural cataracts,
facial dysmorphisms, and skeletal defects [124]. Skin
fibroblasts collected from patients with this disorder
showed a highly dilated ER lumen, similar to that observed
in BBF2H7-deficient cells [19]. Taken together, these
observations further endorse the idea that the BBF2H7-
SEC23A pathway functions as one of the master regulators
of cartilage matrix secretion during skeletal development.

An analysis of the Creb312~'~ mice demonstrated that
BBF2H7 plays an indispensable role in cartilage matrix
production by promoting the transcription of Sec23a and,
thereby, COPII vesicle formation. However, an additional
study unexpectedly revealed an unconventional role for
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BBF2H7 in regulating chondrocyte proliferation [125]. As
with other members of the ATF6/OASIS family genes,
BBF2H?7 is transported from the ER to Golgi upon ER
stress. BBF2H7 is subsequently cleaved in the Golgi, and
in a manner similar to that of the other members of the
ATF6/OASIS family of proteins, the N-terminal fragment
(which contains the bZIP domain) translocates into the
nucleus and functions as a transcription factor. The fate and
the potential biological functions of the C-terminal frag-
ment, however, remained overlooked and unaddressed.
Surprisingly, Saito et al. found that the C-terminal frag-
ment of BBF2H7 is released to the extracellular space and
directly binds to Indian hedgehog (encoded by Ihh) and its
receptor Patched-1 (encoded by Prchl) [125]. THH is
synthesized by early hypertrophic chondrocytes and stim-
ulates chondrocyte proliferation and the production of
parathyroid hormone-related peptide (PTHrP). PTHrP, in
turn, acts on proliferating chondrocytes to keep them from
differentiating into hypertrophic chondrocytes and,
thereby, indirectly suppresses the production of IHH. Thus,
the IHH-PTHrP pathway forms a negative-feedback
mechanism that is crucial for determining the length of the
long bones [69, 72, 102, 103]. Notably, the binding of the
C-terminal fragment of BBF2H7 to IHH and PTCHI
stimulates hedgehog signaling by facilitating the interac-
tion between IHH and PTCHI and enhances cell
proliferation. In fact, the number of cells in the prolifer-
ating zone is significantly lower in Creb3127"~ mice than in
wild-type mice, which is mainly due to decreased chon-
drocyte proliferation in the proliferating zone [125]. Taken
together, these two studies elegantly demonstrate that the
N-terminal and C-terminal ends of the cleaved products
from BBF2H7 have indispensable and unique roles in
skeletal development; the former is to promote the for-
mation of transport vesicles and the latter is to promote
chondrocyte proliferation.

Interestingly, the aforementioned low-grade fibromyxoid
sarcoma also exhibits a fusion gene of FUS and CREB3LI
(encodes OASIS), although this presentation is much rarer
than cases with the typical FUS-CREB3L2 (encodes
BBF2H?7) fusion gene [126]. This observation may indicate
that, while the functions of CREB3LI and CREB3L2 are
widely different from one another during skeletal develop-
ment, they may contribute in a similar fashion to the
tumorigenesis of this rare form of soft-tissue tumor.

ATF4 regulates chondrocyte proliferation
and differentiation

As described in the previous section, ATF4 has been implicated
as a crucial regulator of osteoblast differentiation by promoting
the expression of osteoblast-specific genes and collagen syn-
thesis [77, 89]. Interestingly, ATF4 is also expressed in
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proliferative and prehypertrophic chondrocytes, and, as indi-
cated by its expression pattern, an analysis of A4~ mice
showed that ATF4 is also critically involved in the regulation of
chondrocyte differentiation and proliferation [127]. A4~
mice exhibit delayed ossification and low bone mass as well as
dwarfism and short limbs [77], which suggests that endo-
chondral ossification is defective in these mice. The study by
Wang et al. showed that the A4~ mice have reduced chon-
drocyte proliferation and delayed hypertrophic mineralization
and that ATF4 functions as an essential transcription factor for
Ihh in chondrocytes [127]. Reactivation of hedgehog signaling
by purmorphamine, an agonist for Smoothened, a key com-
ponent of the hedgehog signaling pathway [128], was able to
rescue the limb defects in the A#f4 "~ embryos, suggesting that
the dwarfism in the Azf4~"~ mice was derived from suppressed
Ihh expression due to the lack of ATF4 in chondrocytes. Sur-
prisingly, an additional study using a mutant mouse model in
which ATF4 is specifically expressed in chondrocytes under the
control of a Col2al promoter in A#f4~~ mice (Aff4 "~ Col2al-
Atf4 mice) showed that the expression of ATF4 in chondrocytes
is sufficient to rescue the developmental and skeletal growth
defects inAzf47/ ~ mice [95]. Although this observation does not
necessarily negate the autonomous functions of ATF4 in
osteoblasts, the data suggest that the activity of ATF4 in
chondrocytes can indirectly regulate osteoblast activity and
bone mass through the production of IHH. A study showing that
chondrocyte-specific abrogation of the /hh gene resulted in a
continuous loss of trabecular bone further supports the idea that
chondrocyte-derived IHH is critically involved in the mainte-
nance of bone mass by promoting osteoblast activity [129].

As UPR-related genes are induced during chondrogen-
esis [19], it is likely that PERK is also activated during that
process and enhances the transcription of Azf4, at least to
some degree. However, little is currently known about the
mechanism by which the transcription of A#f4 is regulated
in chondrocytes and whether it is dependent on or inde-
pendent of PERK activity. Although Eif2ak3™~ mice are
defective in both membranous and endochondral ossifica-
tion and exhibit growth retardation [58, 87], the potential
contribution of PERK to chondrocyte differentiation has
not been extensively investigated. Further study is war-
ranted to elucidate the contribution of the UPR branch
mediated by the PERK axis, or lack of it, to the tran-
scriptional activation of A#4 during chondrocyte
differentiation.

The UPR in osteoclastogenesis

Osteoclasts are the only cells that are capable of bone
resorption in vivo and, therefore, exhibit highly specialized
functions [130-132]. The progenitor cells of osteoclasts are
derived from monocytes and macrophage lineage cells. It is
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conceivable that bone-forming osteoblasts and cartilage-
forming chondrocytes undergo ER stress during skeletal
formation, and the roles of the UPR in these cells have
been widely investigated; however, there are only a few
studies in the literature that explore the potential contri-
bution of the UPR to osteoclastogenesis. Osteoclast
progenitor cells express the receptor activator of NFkB
(RANK) on the cell surface, which functions as a receptor
for RANK ligand (RANKL), a membrane-bound ligand
expressed on osteoblasts and osteocytes. Therefore, cell-
cell interactions between osteoclast precursors and osteo-
blasts/osteocytes is deemed essential for the binding of
RANK and RANKL. Upon the binding of the ligand,
RANK recruits adapter proteins, such as TRAF6, and
activates various signaling molecules, including MAP
kinases and NFkB. The intracellular signaling elicited by
RANK ultimately induces the expression of NFATcI, the
master transcriptional regulator of osteoclastogenesis,
through the signaling cascades mediated by NFxB and
c-Fos [133]. To function as a transcription factor, NFATc1
must be dephosphorylated by the serine/threonine phos-
phatase Calcineurin, which is a downstream target of the
Ca*"-calmodulin pathway. NFATcl dephosphorylation
reveals its nuclear-localization signal and allows it to
translocate to the nucleus. Activated RANK also induces
Ca”* oscillations, which are mediated by phospholipase Cy
(PLCY) and inositol trisphosphate receptors (IP3Rs), Ca”*-
channels located in the membrane of the ER [134]. The
activation of Calcineurin, which is dependent on Ca’*-
calmodulin signaling, is elicited by the outflow of Ca®"
from the ER. NFATcI binds to the promotor of the Nfatcl
gene and stimulates its own transcription in a positive-
feedback manner. The robust induction of NFATc1 induces
the expression of osteoclast-specific genes in osteoclast
precursors, resulting in the formation of mature, multinu-
cleated osteoclasts [135, 136].

Mature, activated osteoclasts release hydrogen ions to
absorb the mineralized bone matrix and secrete proteases to
degrade the bone matrix proteins. Because the production
of increased amounts of these enzymes could potentially
lead to ER stress, it was initially assumed that the UPR was
activated towards the end of and not during osteoclast
differentiation. However, in contrast to this assumption, the
UPR is transiently induced during osteoclast differentiation
and subsides as osteoclastogenesis proceeds [20, 21]. An
in vitro osteoclast formation assay showed that all three
major branches of the UPR are activated in BMMs and in
an osteoclast precursor-like cell line, RAW264.7 cells,
2-3 days after RANKL stimulation, suggesting that ER
stress occurs during osteoclastogenesis and that the UPR is
involved in the regulation of osteoclastogenesis.

This section mainly describes two branches of the UPR
(mediated by IREla and Luman, respectively) and ATF4,

as well as their roles in osteoclast differentiation (Fig. 3).
As is the case for chondrocytes, to what extent the activity
of ATF4 is mediated by the PERK-elF20 pathway in
osteoclasts is not fully understood. Nevertheless, a dis-
cussion on ATF4 is included in this section because the
PERK axis of the UPR is also activated during osteoclas-
togenesis [20].

The IRE1a-XBP1 pathway mediates NFATcl
expression

The crucial roles of the IRE1a-XBP1 pathway in osteo-
clastogenesis have recently been reported [20]. The
splicing of Xbpl transcripts and translocation of XBPls
into the nucleus are transiently induced in BMMs 2-3 days
after RANKL stimulation. Pharmacological inhibition of
the IRE1a endonuclease or gene silencing of the transcripts
for Ernl or Xbpl markedly suppressed osteoclastogenesis.
Accordingly, the mutant mice in which bone marrow cells
are devoid of IREla showed an increase in bone mass due
to decreased osteoclastic bone resorption. Notably, two
UPR element-like sequences (GGAAG) [42] flank the
tandem NFATcl-binding motifs in the promoter region of
the Nfatcl gene. Chromatin immunoprecipitation and
luciferase reporter experiments have confirmed that XBP1s
binds to these UPR element-like sequences and enhances
the transcription of Nfatcl. These data suggest that the
IRE1o-XBP1 pathway functions as a positive regulator of
osteoclastogenesis by enhancing the transcription of Nfatcl
in osteoclast precursors. In contrast to osteoblasts and
chondrocytes, osteoclasts do not produce significant
amounts of secreted proteins during differentiation; there-
fore, it was assumed that ER stress is triggered by a
stimulus other than the over-production of secreted pro-
teins. It is known that the ER is a major store for Ca®"
within cells, and fluctuations in ER Ca’" levels can disturb
the microenvironment of the ER lumen and result in ER
stress [137, 138]. As mentioned above, activated RANK
induces Ca”" outflow from the ER and induces Ca®"
oscillations during osteoclastogenesis. It is thus conceiv-
able that ER stress is induced by RANK signaling-
mediated Ca®" oscillations. Our observations suggested
that this is in fact the case [20]. The induction of Ca’*
outflow from the ER by ATP, an agonist for the phos-
pholipase  C-coupled P2Y receptor [139, 140],
concomitantly induced ER stress in an osteoclast precur-
sor-like cell line, RAW?264.7 cells. Furthermore, the
processing of Xbpl transcripts, which reflects the degree of
ER stress, was significantly reduced in osteoclast precur-
sors lacking the calcium channels [P3R1 and two compared
to that in wild-type cells. These observations indicate that
the Ca®" outflow from ER triggered by RANK signaling is,
at least in part, responsible for triggering ER stress during
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Fig. 3 Schematic
representation of the UPR
signaling pathways involved in
osteoclast differentiation. The
black arrows indicate post-
translational modifications (e.g.,
phosphorylation, splicing, and
translocation). The red arrows
indicate transcriptional
regulation. Note that other

cellular stresses other than Ca®* IRE1a
influx may also be involved in
triggering ER stress. N-Luman
N-terminal fragment of Luman

Xbp1

XBP1s
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osteoclastogenesis. Taken together, these data suggest that
Ca”* outflow from the ER during osteoclastogenesis has a
dual role in activating NFATcl; one as an activator of
NFATc] through the Ca*"-calmodulin pathway and the
other as a transcriptional activator of the Nfatcl gene
through the IRE1a-XBP1 pathway.

ATF4 functions as a transcription factor for Nfatcl

Among the other UPR-related molecules, ATF4 is also criti-
cally involved in the regulation of osteoclastogenesis. ATF4 is
a transcription factor that is critically involved in the devel-
opment of osteoblasts and chondrocytes, as highlighted by the
severely hampered skeletal formation in Aff4~~ mice [77,
127] (and as discussed in former sections). Interestingly,
ATF4 induces the expression of NFATcl by directly
enhancing the transcription of the Nfatcl gene. Accordingly,
osteoclast precursors lacking ATF4 are defective in forming
multinucleated osteoclasts, even when they are cultured with a
high concentration of RANKL in vitro (up to 200 ng/ml)
[141]. A histological analysis revealed that Azf4 "~ mice have
fewer tartrate-resistant acid phosphatase (TRACP)-positive
osteoclasts than wild-type controls. Furthermore, a transgenic
mouse line that expresses ATF4 under the control of an Acp5
(encodes TRACP) promoter exhibits severe bone loss due to
increased osteoclastic bone resorption. Although the transla-
tion of A#f4 is efficiently activated by the PERK-elF2a
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pathway, it was shown that the expression of ATF4 is mainly
regulated by the CSFIR (the receptor for CSF1, also known as
c-fms)-PI3K-AKT signaling pathway in osteoclast precur-
sors. However, given that the transcription of A#f4 is enhanced
in a manner similar to that of other UPR-related genes [20] and
that osteoclast activity is reduced in mice lacking PERK [16],
it is possible that the expression of ATF4 is, at least in part,
regulated by ER stress during osteoclast differentiation.

In addition to the pro-osteoclastogenic effects of ATF4
[141], pharmacological inhibition of elF2o phosphatase by
Salubrinal and Guanabenz has been shown to suppress
osteoclastogenesis through reducing NFATcl expression
[142—-144]. Because increased phosphorylation of elF2o
theoretically leads to enhanced ATF4 activity, these studies
implicate that the PERK-elF2a pathway exhibits opposing
effects on NFATcl expression and osteoclastogenesis.
Further studies are required to resolve the apparent dis-
crepancies and to elucidate to what degree the PERK-
mediated UPR affects the activities of elF2o and ATF4 in
osteoclast precursors following RANKL stimulation.

Luman/CREB3 regulates the cell-cell fusion
of osteoclast precursors

Luman (encoded by Creb3) is a transmembrane tran-
scription factor that belongs to the ATF6/OASIS family of
proteins. It is highly expressed in trigeminal ganglion
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neurons and monocytes. Like other members of this gene
family, Luman resides in the ER and is transferred to the
Golgi apparatus upon ER stress. Luman is proteolytically
cleaved in the Golgi apparatus to release an N-terminal
fragment, which subsequently translocates into the nucleus
and functions as a transcription factor [62, 145]. The first
line of evidence of the potential involvement of Luman in
osteoclastogenesis came from a study to identify the
binding partners for Luman using a yeast-two-hybrid
analysis [146]. In this study, DC-STAMP, a molecule
implicated in cell-to-cell fusion during osteoclast and
giant cell development [147], was found to form a com-
plex with Luman [146]. The formation of the Lumen-DC-
STAMP complex renders Luman resistant to proteolytic
cleavage (and thereby inhibits the release of the cyto-
plasmic domain of Lumen) and presumably suppresses the
transcription mediated by Luman [21, 146]. Similar to the
splicing of Xbpl transcripts, Luman is induced and acti-
vated 24-48 h after RANKL stimulation, further
corroborating the idea that the UPR is triggered in the
early stage of osteoclastogenesis [20]. The promoter
region of the Dcstamp gene contains two cAMP response
element-like binding sites, which are potential binding
motifs for Luman. A luciferase reporter assay and gel shift
assay showed that Luman binds to these sites and pro-
motes the transcription of Decstamp. shRNA-mediated
gene silencing of the Luman transcripts in BMMs sig-
nificantly suppressed the expression of the Dcstamp
transcripts, but not the Nfatcl transcripts. Accordingly, the
BMMs transfected with shRNAs against the Luman tran-
scripts failed to form multinucleated osteoclasts but were
able to differentiate into TRACP-positive mononucleated
osteoclasts when they were incubated in the presence of
CSF1 and RANKL. These data show that Luman has a
dual function in regulating DC-STAMP activity: one is to
function as a transcription factor to induce DC-STAMP
expression and the other is to stabilize DC-STAMP pro-
teins by forming a complex [21]. In contrast, Luman does
not appear to participate in the regulation of osteoclast
differentiation per se, as evidenced by the unaltered
expression levels of Nfatcl transcripts in Dcstamp-sup-
pressed BMMs. While it is strongly indicated that Luman
is involved in the fusion of osteoclast precursors, it is not
clear to what extent Luman contributes to the transcrip-
tional regulation of Dcstamp under physiological
conditions, given that c-Fos and NFATcl are also shown
to drive the transcription of Dcstamp [148]. Nevertheless,
because the defect in forming multinucleated osteoclasts
does not have a profound impact on overall osteoclastic
bone resorption in vivo [147], it is possible that a lack of
Luman has a minor impact on skeletal development and
bone homeostasis. The generation of Luman-deficient
mice will help to address these issues.

Non-cell-autonomous contribution of the UPR
to the regulation of osteoclast differentiation

In addition to the cell-autonomous participation of the UPR
in osteoclastogenesis through the IRElo-XBP1 pathway,
Luman, and ATF4, there are only a few studies that suggest
a non-cell-autonomous contribution of the UPR to osteo-
clast differentiation [84, 149]. Comparative gene
expression analyses using the transcripts from BMP2-
treated wild-type and Ernl ™"~ mEFs (which lack IREla)
identified Pthlr (encodes parathyroid hormone 1 receptor,
PTHIR) as a candidate target gene for XBP1s [84]. The
expression of Pthlr transcripts is induced in wild-type
mEFs after BMP2 treatment; however, the increase in
Pthlr transcripts was markedly suppressed in Ernl ™"~
mEFs. Chromatin immunoprecipitation experiments and
luciferase reporter assays showed that XBP1s binds to the
promoter of the Pthir gene and promotes the transcription
of Pthir. BMP2-treated mEFs transfected with an siRNA
against Xbpl transcripts are less sensitive to parathyroid
hormone (PTH) and, thus, expressed fewer RANKL tran-
scripts upon stimulation with PTH, a potent inducer of
RANKL in osteoblasts and stromal cells [150], compared
to wild-type mEFs. Consequently, mEFs transfected with
siRNAs against either Ernl or Xbpl transcripts were
incapable of supporting PTH-mediated osteoclastogenesis
due to the impaired expression of RANKL. Similarly, a
different study showed that multiple myeloma cells
enhance the expression of RANKL in bone marrow stromal
cells in an XPPl-dependent manner, thus supporting
osteoclast formation in multiple myeloma bone lesions
[149]. The study did not identify the pathway that triggers
XBPl1s expression in stromal cells or the mechanism by
which XBPIls regulates the expression of RANKL. Nev-
ertheless, these studies show that osteoclastogenesis can be
indirectly regulated by the UPR in a non-cell-autonomous
manner.

Conclusions and future directions

Studies over the past decade have clearly shown that the
UPR is a critical regulator of skeletal development and
homeostasis (some of the most important findings are
summarized in Table 1). From an evolutionary biology
perspective, the UPR must have developed to handle ER
stress and recover cellular functions as the need for pro-
ducing extracellular matrix proteins and secreted proteins
increase. Therefore, it is quite intriguing that the UPR
machinery in mammals (and possibly in other vertebrates)
has acquired functions that are apparently unrelated to the
conventional roles of the UPR. In the case of the skeletal
system, osteoblasts, chondrocytes, and osteoclasts all have
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Table 1 UPR-related molecules and their suggested functions in skeletal development

Functions

XBP1 Promotes the transcription of Sp7 (encodes Osterix) [18], Nfatcl [20], and Pthilr (encodes parathyroid hormone 1 receptor)

[84]

Directly or indirectly regulates the expression of RANKL [149]
Potentially regulates longitudinal bone growth [116]

ATF4 Interacts with RUNX?2 and promotes the transcription of osteoblastic genes, including Bglap (encodes osteocalcin) [89-91]
Regulates chondrocyte proliferation through promoting the transcription of Ihh [127]
Promotes the transcription of Nfatcl [141]

OASIS/CREBL1  Promotes the transcription of Collal [17]
Potentially regulates the production of growth hormone and insulin-like growth factor-1 [101]

BBF2H7/ Promotes the transcription of Sec23a [19]

CREB3L2 Regulates chondrocyte proliferation through activating hedgehog signaling [125]

Luman/CREB3 Forms a complex with DC-STAMP [21, 146]
Promotes the transcription of Dcstamp [21]

elF2a Suppresses NFATc1 expression [142-144]

adopted the UPR in such a way that it not only functions
passively to normalize the ER homeostasis upon ER stress
but also actively regulates cell differentiation and matura-
tion. It is thus tempting to speculate that these cells use ER
stress as a temporal and spatial cue to determine when to
promote the expression of a certain set of genes during
differentiation.

In addition to the physiological roles of the UPR in
skeletal development and homeostasis, we still do not
fully understand how the UPR contributes to the patho-
genesis of skeletal diseases, including osteoarthritis,
osteoporosis, congenital skeletal disorders, and bone
metastasis, or whether the UPR could be a molecular
target for these disorders. Nevertheless, because over-ac-
tivated UPR signaling is often associated with certain
types of skeletal disorders, such as osteoarthritis [112,
114] and OI [78, 83], pharmacological suppression of
UPR signaling could potentially alleviate the symptoms of
these disorders. Furthermore, it would also be interesting
to investigate whether the UPR is involved in the
pathology of bone tumors, such as osteosarcoma and
chondrosarcoma. Because these tumors often produce an
unusually large amount of extracellular matrix, it is likely
that these tumors are equipped with a secretory system
that is highly resistant to protein synthesis overload and
various cellular stresses. Therefore, the branches of the
UPR could be a therapeutic target in these tumors, as is
the case for immunoglobulin-producing myeloma [151-
153]. Deepening our understanding of the network
between skeletal homeostasis and the UPR will provide
important biological insights into skeletal metabolism, as
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well as the basis for therapeutic interventions for skeletal
disorders.
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