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Abstract

Differentiation and optimal function of osteoblasts and osteoclasts are contingent on synthesis and maintenance of a healthy
proteome. Impaired and/or altered secretory capacity of these skeletal cells is a primary driver of most skeletal diseases. The
endoplasmic reticulum (ER) orchestrates the folding and maturation of membrane as well as secreted proteins at high rates
within a calcium rich and oxidative organellar niche. Three ER membrane proteins monitor fidelity of protein processing in
the ER and initiate an intricate signaling cascade known as the Unfolded Protein Response (UPR) to remediate accumula-
tion of misfolded proteins in its lumen, a condition referred to as ER stress. The UPR aids in fine-tuning, expanding and/
or modifying the cellular proteome, especially in specialized secretory cells, to match everchanging physiologic cues and
metabolic demands. Sustained activation of the UPR due to chronic ER stress, however, is known to hasten cell death and
drive pathophysiology of several diseases. A growing body of evidence suggests that ER stress and an aberrant UPR may
contribute to poor skeletal health and the development of osteoporosis. Small molecule therapeutics that target distinct
components of the UPR may therefore have implications for developing novel treatment modalities relevant to the skeleton.
This review summarizes the complexity of UPR actions in bone cells in the context of skeletal physiology and osteoporotic
bone loss, and highlights the need for future mechanistic studies to develop novel UPR therapeutics that mitigate adverse

skeletal outcomes.
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Introduction

The adult bone marrow stroma contains a heterogenous
subset of tissue resident skeletal stem/progenitor cells
(SSCs) that can self-renew and give rise to multiple lin-
eages that comprise the skeleton (osteoblasts, cartilage,
adipocytes, supporting stroma) [1-3]. Proliferation and
differentiation of SSCs of mesenchymal origin into bone
matrix-secreting osteoblasts is directed by the transcrip-
tion factors Runx2 and Osterix (Osx1) by integrating sig-
nals from bone morphogenetic protein (BMP), fibroblast
growth factor (FGF), Wnt, Notch, and Indian hedgehog
signaling pathways [4]. Osteoblasts are short-lived and
secrete multiple proteins (e.g., collagen, osteocalcin,
alkaline phosphatase) that make up the bone matrix. The

P4 Srividhya Iyer
Srividhya.lyer@cuanschutz.edu

Department of Orthopedics, University of Colorado

Anschutz Medical Campus, 12800 E 19th Ave,
Mailstop:8343, Aurora, CO 80045, USA

@ Springer

metamorphosis of SSCs into matrix-synthesizing cells
occurs with expansion of the ribosome-laden endoplasmic
reticulum (ER) early during differentiation [5], emphasiz-
ing the critical role of this organelle in the synthesis of
secretory and membrane proteins. Indeed, mature osteo-
blasts feature a profuse rough ER [6-9] that is leveraged
for correct processing of collagen and non-collagenous
proteins which comprise the bone matrix. Some osteo-
blasts embed in the bone matrix and differentiate into
osteocytes, which, unlike osteoblasts, are long-lived [10].
The osteocytes also secrete a variety of factors that con-
trol bone formation and erosion (resorption), mechanical
adaptation, and mineral homeostasis. [10, 11]. As part of
skeletal growth and remodeling, osteoclasts resorb carti-
laginous anlagen and bone matrix by secreting enormous
amounts of enzymes including collagenases, cathepsin
K, metalloproteases, and other hydrolytic enzymes [12].
The transcription factor nuclear factor of activated T cells
cytoplasmic 1 (NFATc1) orchestrates the differentiation
of osteoclasts from macrophages upon stimulation by the
cytokine receptor activator of NFkB ligand (RANKL)
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[12, 13]. Continued replacement of older, possibly dam-
aged, bone that is resorbed by osteoclasts with an equiva-
lent amount of new bone is essential for skeletal health
and structural integrity. The differentiation and activity
of osteoblasts and osteoclasts required for this skeletal
‘remodeling’ is reliant on the synthesis of a multitude of
membrane and secreted proteins.

Approximately, one-third of the eukaryotic proteome,
comprising membrane and secretory proteins, is routed
through the endoplasmic reticulum (ER). Folding of pro-
teins, especially membrane receptors with multiple domains,
requires exquisite spatial and temporal coordination [14].
The nascent polypeptides co-translationally enter the ER
lumen where they acquire their native 3D conformation. The
tubular network of the ER also serves as a site for lipid bio-
synthesis and an intercellular Ca*? reservoir. Its proximity
to the nucleus, mitochondria, Golgi processes and lysosomes
render it a critical scaffold for intraorganellar communica-
tion [15]. The ER hosts a multitude of molecular chaperones,
foldases, isomerases, and oxidoreductases with a distinctly
oxidative milieu that favors protein folding [14, 16]. The
ER resident enzymes (i) direct each nascently synthesized
polypeptide into folding intermediates which minimizes
their aggregation and misfolding (Fig. 1(a)) and (ii) medi-
ate posttranslational modifications such as glycosylation
and disulphide bond formation. Proteins that obtain their
functional conformation are directed to the Golgi bodies for
secretory processing (Fig. 1(b)). Precise structure is crucial
for optimal protein function; therefore, protein folding and
processing in the ER are subject to stringent quality control
mechanisms.

Proteins that fail to be properly processed in the ER are
recognized as misfolded and promptly directed for ER-asso-
ciated degradation (ERAD) (Fig. 1(c)) [17, 18]. ERAD com-
prises chaperones, enzymes, and an ER membrane transport
channel that ubiquitinate the misfolded client peptides as
they exit from the ER into cytosol to aid their rapid degrada-
tion. Fragments of the ER, containing protein aggregates that
are resistant to ERAD, can also be tagged with ER-specific
membrane factors and directed for autophagy (known as ER-
phagy) (Fig. 1(c)) [19]. Autophagy is a complex catabolic
process that mediates removal of damaged organelles, mis-
folded proteins, and aggregated proteins within the cell [20].

Perturbations in pH, oxygen tension, cellular redox, defi-
cits in glucose or energy , or increased demand for protein
synthesis can disrupt homeostasis and protein processing
within the ER [18, 21, 22]. Consequent accumulation of
unfolded proteins in its lumen, commonly referred to as ER
stress, activates an intricate signaling cascade in mamma-
lian cells known as the Unfolded Protein Response (UPR)
[23]. Depending on the intensity and duration of ER stress,
the UPR enforces an adaptive or apoptotic cellular pro-
gram [21, 23]. Here, we discuss how the UPR pathways aid

maintenance of a healthy proteome in skeletal cells and its
relevance in physiologic and pathologic settings. The lit-
erature on UPR biology is enormous. Select reviews have
been referenced for background on the UPR, which comprise
individual contributions.

UPR Mediated Oversight of ER Homeostasis

Three ER transmembrane proteins known as inositol-requir-
ing enzyme-1 (IRE1), activating transcription factor (ATF6),
and protein kinase RNA (PKR)-like ER kinase (PERK) serve
as ER stress sensors and initiate a sequalae of interconnected
signaling pathways comprising the UPR [24]. The mam-
malian genome encodes two isoforms of IRE1 and ATF6
[25, 26]. IREla, ATF6a and ATFp isoforms are ubiquitously
expressed. IRE1p expression has been described in epithelial
cells lining the intestine and other mucosal surfaces, but not
in the skeleton. The alpha isoforms of IRE1 and ATF6 have
been studied extensively in the context of the UPR and ER
stress, including in the skeleton, and are discussed further
in this review.

In response to ER stress, activation of the UPR transduc-
ers can occur either via direct binding of unfolded proteins
to their luminal domain, or misfolding-induced dissocia-
tion of the ER chaperone BiP/Grp78 (detailed mechanisms
reviewed in [27]). To mitigate the protein processing over-
load in the ER, two distinct cellular responses are initiated
as part of the UPR program- (i) the global suppression of
protein synthesis and (ii) transcriptional upregulation of
genes that augment folding capacity of the ER, antioxidant
responses, and misfolded protein clearance by ERAD and
autophagy. Failure to resolve ER stress by these adaptive
measures leads to excessive/continued activation of the UPR
sensors, which in turn leads to cell death. A brief description
of the how signaling transduction by the UPR follows. For
detailed reviews on mechanisms that underlie UPR activa-
tion please refer to reviews by Hetz and colleagues [21, 23,
24, 28].

Adaptive UPR

PERK is a typel transmembrane protein with serine/threo-
nine kinase activity in its cytosolic domain [21, 24, 28]. In
response to ER stress, PERK oligomerizes and activates by
autophosphorylation (Fig. 1(d)). Activated PERK represses
global protein synthesis by phosphorylating the o subunit of
eukaryotic initiation factor 2 (e[F2a) at serine 51, an event
that presumably reduces protein processing loads in stressed
cells. The e[F2afy heterotrimer complexes with guanosine-
5'-triphosphate (GTP)and mediates initiation of translation
[29, 30]. Phosphorylation of elF2a limits the levels of active
elF2-GTP complex and attenuates global translation. Phos-
phorylated (p)-elF2a also initiates an adaptive remodeling
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Fig.1 Surveillance of protein processing by the UPR. (a) Secre-
tory and membrane proteins co-translationally enter the ER and are
acted upon by ER chaperones such as BiP. (b) Proteins that attain a
functional conformation are trafficked via the Golgi processes (c)
Misfolded proteins are directed for either proteasomal or lysosomal
degradation via ERAD or autophagy, respectively. (d, e, f) PERK,
IRE1 and ATF6 monitor protein processing and initiate the UPR in
response to accumulation of misfolded proteins in the ER stress. (d)
Upon stress, PERK oligomerizes and gets activated by autophospho-
rylation. Active PERK phosphorylates elF2a and attenuates protein
synthesis leading to selective translation of ATF4. ATF4 stimulates
of amino acid synthesis, antioxidant genes, autophagy, and expression
of Gadd34 and CHOP. GADD34 restores protein synthesis by revers-
ing elF2a phosphorylation. If ER stress persists, ATF4/ CHOP sign-

of the proteome via selective translation of mRNAs harbor-
ing short upstream open reading frames [21, 23, 24]. The
transcription factor ATF4 is predominant among the genes
upregulated [31]. ATF4 activates the expression of genes
that regulate antioxidant response, autophagy, and amino
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aling triggers apoptotic program. (¢) The RNase activity of the active
IRE1 dimer splices XBP1 mRNA in response to ER stress. Spliced
XBP1 (XBPls) encodes a transcription factor that augments expres-
sion of ER chaperones and ERAD components. Degradation of ER
targeted mRNAs by IRE (RIDD) reduces protein processing loads.
Hyperactivated IRE1 can associate with TRAF2 and ASK proteins to
initiate JNK and caspase mediated inflammation and apoptotic pro-
grams. RIDD mediated decay of TXNIP miRNA can lead to sterile
inflammation and apoptosis. (f) ATF6, proteolytically activated upon
translocation to the Golgi processes, release a bZIP transcription fac-
tor that induces expression of BiP, XBP1 and genes involved in ER
proteostasis. The apoptotic outputs are highlighted in red. Figure cre-
ated with Biorender.com

acid metabolism [32]. The transience of p-elF2a-induced
translational arrest is ensured by ATF4-dependent upreg-
ulation of growth-arrest DNA damage-inducible protein
(GADD34). GADD34 encodes the regulatory subunit of
protein phosphatase 1 (PP1) that dephosphorylates p-elF2a,
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which in turn restores protein synthesis and attenuates ATF4
translation [33]. In addition to PERK, three other kinases
(general control non-depressible protein 2 (GCN2), heme-
regulated elF2a kinase (HRI) and PKR), can stimulate
p-elF2a mediated proteome remodeling, and collectively
comprise the Integrated Stress Response (ISR) [21, 24]. The
ISR kinases can be triggered by varied stimuli including
nutrient deprivation, hypoxia, osmotic or heat shocks, viral
infections, and oxidative stress.

IRE1 is the most evolutionarily conserved arm of the UPR
[21, 24]. Akin to PERK, ER stress induces oligomerization
and autophosphorylation of IRE1 (Fig. 1(e)). Once activated,
the cytosolic endoribonuclease (RNAse) domain of IRE1
exerts three distinct signaling outputs [21, 24]. IRE1 medi-
ates excision of 26 nucleotides from the mRNA encoding
X-Box binding protein (XBP1). This non-canonical splic-
ing shifts the open reading frame of mRNA during transla-
tion, generating a spliced variant of XBP1 mRNA (XBP1s).
XBP1s encodes a basic leucine zipper (bZIP) transcription
factor that regulates the expression of genes involved in pro-
tein translocation into the ER, its folding and trafficking to
Golgi vesicles, ERAD, and lipid synthesis [34]. The RNAse
activity of IRE1 also degrades select mRNA substrates that
enter the ER in a cell type-dependent manner [35]. This
process, termed Regulated IRE1-Dependent Decay (RIDD),
is thought to alleviate the load of protein folding akin to
p-eIF2a. IRE1 can also function as a signaling scaffold by
associating with adaptor proteins such as TRAF2, apoptosis
signal-regulating kinase 1 (ASK1) and Nck to mediate cross-
talk with JUN N-terminal kinase (JNK), mitogen activated
protein kinase (MAPK) and NFkB stress response pathways
[21, 24].

ATF6 constitutes the third arm of the UPR [21, 24]. This
type 2 transmembrane protein contains a bZIP transcrip-
tion factor in its cytosolic domain. Upon ER stress, ATF6
translocates to the Golgi where it is cleaved by S1P and
S2P proteases to release an active ATF6 transcription fac-
tor domain that localizes to the nucleus (Fig. 1(f)). ATF6
stimulates expression of XBP1, a subset of ER chaperones
including BiP, and reinforces ERAD [18, 21]. At the protein
level, ATF6 and XBP1s can form homo or heterodimers and
induce expression of an overlapping but distinct set of genes
that participate in protein processing and Golgi apparatus
biogenesis to expand the secretory capacity of the cells [18,
21].

Terminal UPR

Failure to restore ER proteostasis by the ‘adaptive UPR’
program hastens cell death. If ER stress remains irremedi-
able, sustained activation of the PERK and IRE1 axes can
modulate several factors that participate in and/or engage
pro-apoptotic outputs. Persistent activation of PERK can

upregulate expression of the transcription factor CCAAT/
enhancer-binding protein homologous protein (CHOP)
downstream of ATF4 (Fig. 1(d)) [21, 24, 28]. CHOP inhib-
its expression of anti-apoptotic B-cell lymphoma-2 (BCL-
2) protein. CHOP also upregulates pro-apoptotic Bcl-2
Interacting Mediator of cell death (BIM) protein as well
as the death receptor 5 (DRS5)/caspase-8 axis. Persistent
GADD34 and CHOP activity increases oxidative stress and
proteotoxicity within the cells, sensitizing them to apoptosis.
Prolonged phosphorylation of IRE1 induces its assembly as
a higher order oligomer that attenuates XBP1 splicing and
favors RIDD activity [21]. This switch in IRE1 substrate
preference limits the availability of ER chaperones and pro-
tein processing factors, and dampens a major pro-survival
avenue. Unmitigated ER stress can also expand the cellular
RIDD clientele to include miRNAs that repress thioredoxin-
interacting protein (TXNIP) and caspase-2, thus initiating
sterile inflammation and apoptosis (Fig. 1(e)) [21]. In some
cellular systems, however, caspase-2 is dispensable for ER
stress-mediated apoptosis [36]. Chronic ER stress also pro-
motes assembly of IRE1/TRAF2 complexes that stimulate
proapoptotic JNK signaling. In some studies, IRE1 has been
shown to elicit mitochondrial apoptosis by complexing with
BCL2 associated X (BAX) and BCL2 antagonist/killer 1
(BAK) via its cytosolic domain [37]. Notably, BAX-inhibi-
tor 1 (BI-1) attenuates the proapoptotic activity of IRE1 by
direct interaction, presumably by competing for a similar
binding site. Unresolved ER stress and dysregulation of the
UPR are extensively and causally implicated in the patho-
physiology of obesity, diabetes, cancer, immune diseases and
neurodegenerative disorders [21, 24].

Crosstalk within the UPR

Some level of connectivity exits between various outputs
of the UPR to pace cellular responses to ER stress. For
instance, in the adaptive phase of the UPR, PERK can stimu-
late ATF6 expression and processing to augment recovery
from stress [38]. The unspliced XBP1 transcript can attenu-
ate XBP1s and ATF6 levels, limiting the duration of the
adaptive phase [39, 40]. Recent RNA-seq and ribosome pro-
filing demonstrate that PERK can repress the cytoprotective
genes induced by XBP1s and ATF6 [41]. PERK can also
attenuate the adaptive IRE1/XBP1s response and initiate
apoptosis via the phosphatase RNA polymerase II-associ-
ated protein 2 (RPAP2), which reverses IRE1 phosphoryla-
tion [42]. These observations support a model wherein the
activities of various UPR outputs seamlessly integrate as
the response to ER stress progresses, and coordinate a cell-
survival versus apoptotic fate [43].
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Non-Canonical Attributes of the UPR

As the intricacies of UPR biology are uncovered, it has
become increasingly apparent that the role of UPR trans-
ducers extends beyond mere oversight of protein folding in
the ER. Several studies demonstrate that the UPR is also
potently induced in response to altered ER membrane lipid
composition, referred to as ‘lipid bilayer stress’ [44]. Cell
membrane receptor signaling, such as mTOR, protein kinase
A (PKA) and toll-like receptor (TLR) signaling have been
shown to engage IRE1 activity even in the absence of protein
folding stress [21]. Recent studies have uncovered the role of
IRE1 and PERK as a hub for inter-organellar crosstalk that
regulates cytoskeleton remodeling and mitochondrial bioen-
ergetics [21, 43]. Profiling of XBP1s targets in multiple tis-
sues has uncovered a novel requirement of this transcription
factor in modulating cell differentiation, hypoxia response,
neuronal plasticity, angiogenesis, lipid metabolism, and glu-
cose metabolism that is independent of ER stress [24, 45].
Indeed, the ability of the UPR to integrate varied and often
dichotomous (i.e. adaptive and apoptotic) outputs renders it
an ideal signaling framework to buffer physiologic fluctua-
tions and facilitate cellular homeostasis [46].

UPR In Skeletal Health

Many studies have reported a critical role of ER stress in
cartilage biology [47]. The UPR has been implicated as a
core mechanism in genetic skeletal diseases (GSDs). GSDs
are a diverse and complex group of growth plate disorders
resulting from mutations in genes encoding cartilaginous
proteins such as cartilage oligomeric matrix protein, matri-
lin-3, and collagen types II and X. These studies have been
summarized by Briggs and colleagues [48] and Rellmann
and Dreier [49]. ER stress has also been implicated as a
driver of articular cartilage degeneration in osteoarthritis
in recent studies reviewed by Hughes and colleagues [50].
The most compelling proof that the UPR is important in
osteoblast biology comes from the finding that patients with
Wolcott-Rallison syndrome, who lack a functional PERK
protein, exhibit skeletal dysplasia in addition to early onset
of diabetes, growth retardation, cognitive defects, and early
mortality [51]. One study described association of a haplo-
type of the Eif2ak3 gene (encoding PERK) with low bone
mineral density in separate cohorts of Amish and Mexican
American subjects [52]. Patients with hypomorphic muta-
tions in S1P protease or missense mutations in S2P protease,
which disrupt its ability to cleave and activate ATF6 (in
addition to other substrates), exhibit either skeletal dysplasia
or a recessive form of osteogenesis imperfecta, respectively
[53]. However, proteolytic activation of additional substrates
such as sterol regulatory element-binding protein (SREBP)
by these proteases precludes attributing the poor skeletal
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outcomes solely to the ATF6 substrate. Our query of UPR
transducers in the Musculoskeletal Knowledge Portal (MSK-
KP) [54] showed that variants in XBP1 were associated
with heel bone mineral density (also known as estimated
bone mineral density). These and other studies, reviewed
by Horiuchi and colleagues [47], suggest that osteoblasts
and osteoclasts rely on the UPR to actively regulate cell
differentiation in addition to normalizing ER homeostasis.
The following sections highlight salient features of the UPR
in osteoblast and osteoclast biology and its implications to
skeletal physiology.

Regulation of Osteoblast Biology by the UPR

All three axes of the UPR are robustly activated in response
to osteogenic induction by BMP-2 in cell culture studies,
and parallel the expression of Runx2, Osx1/Sp7, collagen
(Collal) and osteocalcin (Ocn) genes [55-57]. A daily
pulse-treatment with tunicamycin or thapsigargin, chemi-
cals that induce ER stress by inhibiting N-glycosylation of
proteins and raising cytosolic Ca*? levels [58], stimulates
the UPR and augmented the osteogenic expression profile
[56, 59, 60]. Continued exposure to these UPR inducers,
however, reduces cell viability and elicits apoptotic pro-
grams [59, 61]. Iyer et al. [62] reported that pharmacologic
induction of UPR in cultures of primary osteoblastic cells, as
well as in osteoblast (UAMS-32) and osteocyte (MLO-Y4)
cell lines, increases RANKL expression. Indeed, administra-
tion of tunicamycin to mice elevated the UPR and RANKL
expression in cortical bone and augmented bone resorption.
Collectively, these studies demonstrate that mild ER stress
aids osteogenic differentiation and extracellular matrix syn-
thesis, but protracted ER stress hastens cell death.

The pro-osteogenic role of the UPR in osteoblast biol-
ogy is further reinforced by evidence from genetic murine
models. Akin to clinical subjects, mice with germline dele-
tion of Eif2ak3 (Perk™") exhibit low bone mass, albeit in
backgrounds of system-wide tissue dysfunction and general
poor health [63]. Furthermore, osteoblasts in Perk™" mice
have defective collagen-processing capacity and a distended
ER (a morphologic indicator of ER stress [58]), and exhibit
reduced mineralization in cell cultures. Germline deletion
of the Atf4 gene also reduces murine bone mass. Mecha-
nistically, ribosomal S6 kinase 2 (RSK2) is also a critical
activator of ATF4 in osteoblasts and favors synthesis of col-
lagen type I secondary to cellular import of amino acid [64].
Therefore, additional studies are warranted to conclusively
establish a pro-osteogenic role for PERK in vivo.

Germline deletion of Irela (encoding IRE1) causes
embryonic lethality [65]. One in vitro study reported that
overexpression of IRE1 repressed osteoblastogenesis [66].
In contrast, studies in MC3T3-E1 cells demonstrate that
IRE1/XBP1s and ATF6 promote transcription of Osx/ and
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Ocn, respectively [56, 57]. Curiously, deletion of XBP1s
in Col2-Cre expressing cells (Col2-Cre marks osteogenic
and chondrogenic cells [67]) led to a mild delay in miner-
alization of endochondral bones during development. No
additional embryonic or postnatal skeletal defects were
reported, suggesting that additional regulatory mechanisms
likely offset requirement for the IRE/XBP1s/Osx1 axis
in vivo. ATF6~'~ mice are viable; however, the contribu-
tion of this ER stress sensor in osteoblast biology has not
yet been investigated directly [47]. Nonetheless, mice with
ablation of S1P protease in osteoblasts exhibited vertebral
and hindlimb defects [68]. It is also noteworthy that OASIS
(O1d Astrocyte Specifically Induced Substance), a bZIP ER
resident transcription factor that shares structural similarity
with ATF®6, is highly expressed in osteoblasts [47]. Curi-
ously, abrogation of OASIS inhibited bone formation and
fracture healing in mice [69]. This study has implications for
a favorable role of the UPR in skeletal repair. Nonetheless,
a lack of comprehensive genetic studies precludes conclud-
ing that IRE1 and ATF®6 signaling contribute to osteogenic
differentiation in vivo.

Regulation of Bone Resorption by the UPR

A critical role of the UPR in regulating osteoclast activ-
ity is also emerging from several studies. IRE1/XBP1s and
PERK/ATF4 axes have been reported to upregulate NFkB
transcription during RANKL-induced osteoclast differentia-
tion of bone marrow derived macrophages [70, 71]. Indeed,
bone mass is augmented or reduced, respectively, in mice
with conditional deletion of Irela or overexpression of Atf4
in osteoclasts [70]. These findings raise the possibility of
cooperative signaling between IRE1 and PERK axes dur-
ing osteoclast differentiation. Additionally, PERK signaling
can also support osteoclast activity by upregulating MAPK
signaling, autophagy, F-actin ring formation, and expression
of the osteoclast markers TRAP, MMP9, and Cathepsin K
[72]. Overexpression of ATF6 in bone marrow macrophages
has been shown to induce NFATc1 and CHOP transcripts
and to augment genesis and activity of osteoclasts, in part
by stimulating autophagy [73] (discussed in detail in the
next section). These findings suggest that UPR signaling can
augment osteoclast differentiation and activity. Nonetheless,
the in vivo roles of PERK and ATF6 in osteoclast biology
have not yet been addressed directly.

Protracted phosphorylation of e[F2a, chemically induced
by salubrinal [74], suppresses RANKL-induced osteoclast
differentiation and activity [75, 76]. Salubrinal is an inhibi-
tor of PP1, downstream of PERK and ISR kinases [74].
Salubrinal repressed NFATc1 expression in preosteoclasts,
which was attributed at least in part to an overall reduc-
tion in translation efficiencies [75]. Additionally, salubri-
nal also inhibited migration and adhesion of osteoclasts by

downregulating Racl GTPase activity [76].This finding may
be attributed to prolonged inhibition of protein synthesis and
an altered osteoclast proteome that likely impedes several
aspects of osteoclastogenesis. Additional findings from these
studies are discussed in the next section in the context of
relevance to alleviating osteoporotic bone loss.

Taken together, these studies demonstrate that the UPR
can modulate the commitment into osteoblast and osteo-
clast lineages in response to physiologic cues and patho-
logic insults. Engagement of homeostatic processes within
the ER by the UPR fine-tune and expand their secretome
during differentiation, thereby aiding their optimal func-
tion. In contrast, a maladaptive UPR has been implicated in
the occurrence of skeletal dysplasia (reviewed in [48, 49]),
osteosarcoma [77], osteoarthritis (reviewed in [50]), rheu-
matoid arthritis (reviewed in [78, 79]) and systemic lupus
erythematosus (reviewed in [79]), and osteoporotic bone
loss.

UPR in the Pathogenesis of Osteoporosis

Osteoporosis is a skeletal disorder characterized by defi-
cits in bone mass, compromised skeletal microarchitecture,
and/or altered matrix composition that increases the risk of
fracture [80-82]. Disruption of skeletal remodeling due to
deficits in bone formation relative to resorption eventually
lead to a net negative bone balance. Bone loss starts as early
as the third decade of an individual’s life, irrespective of
their sex and race [81, 83]. The US prevalence of osteopo-
rosis and osteopenia in individuals > 50 years of age in 2010
was 10.3% and 43.9% with a predicted upward trend [83,
84]. In addition to advancing age, other prevalent factors
such as estrogen withdrawal at menopause in women [81],
therapeutic use of glucocorticoids [85, 86], and incidence
of diabetes [87] are known to accelerate the development of
osteoporosis. Findings that implicate the emerging contribu-
tion of the UPR to skeletal involution in these settings are
summarized in this section.

Aging

Age-related osteoporosis, an inexorable companion of lon-
gevity (as described in [81]), poses an enormous health-
care burden. One in 3 men and 1 in 5 women aged 50 years
and older are projected to suffer an osteoporotic fracture in
their lifetime [82]. A profound decline in bone formation
and increased cortical porosity are key drivers of skeletal
deterioration in the elderly [81, 82]. This trend will likely
increase with increased life expectancy. Accumulation of
senescent SSCs and osteocytes, osteoblast/osteocyte apop-
tosis, and increased resorption have been identified as core
processes that underlie bone fragility.
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Hino et al. [88] first noted that the osteoblasts from osteo-
porotic patients had a reduction in ER molecular chaperones,
BiP and PDI (protein-disulfide isomerase) expression, and
KDEL immunostaining in bone biopsies. The KDEL pep-
tide sequence is critical for retention of proteins to the ER,
including ER-resident chaperones, [89] and its reduction
suggests deficits in secretory protein synthesis and/or pro-
tein folding capacity of aged osteoblasts. Osteocyte cultures
obtained from aged (24—26 months) C57BL/6 J mice exhib-
ited an increase in ATF4, XBP1s and CHOP transcripts [90].
The response to fluid flow stimuli, as determined by Cox2
expression and nitric oxide production, was also greatly
diminished, suggesting that elevated UPR in osteocytes may
underlie the deficits in responding to mechanical stimuli that
occurs with aging.

Fragility of the aged bone is attributed, in part, to
increases in advanced glycation end products (AGEs) that
can alter collagen crosslinks [91]. AGEs are generated by
non-enzymatic reaction between a reactive carbonyl group
of a reducing sugar and amines on lipids or proteins. Many
studies using human and mouse cell-lines have shown that
exposure to AGEs inhibits osteoblastic differentiation and
promotes apoptosis [60, 92-95]. Tanaka et al. [60] first
reported that bone marrow-derived ST2 cells, induced to
differentiate with BMP-2 and exposed to AGEs for 7 days
(glycated bovine serum albumin), exhibited a reduction in
IREI and ATF6 activity concomitant with suppression of
osteogenic transcripts. This suggests that AGEs impair pro-
osteogenic actions of the UPR transducers. In another study,
one hour exposure to glycolaldehyde (an AGE intermediate)
induced dissociation of IRE1 from BiP in calvaria-derived
MC3T3-El osteoblasts and stimulated IRE1-pJNK/p38
signaling [95]. The divergent response of IRE1 signaling in
these two studies [60, 95] might be attributed to temporal
engagement of distinct IRE1 outputs. Protracted ER stress
in the first study [60] likely repressed osteogenic outputs
whereas an acute insult in the second study [95] stimulated
the pro-apoptotic axis. Different concentrations and types of
the AGE reagents used in the two studies also may have con-
tributed to distinct responses. Despite the differences, both
studies noted an increase in PERK signaling [60, 95]. Curi-
ously, however, neither silencing Perk or CHOP mitigated
the adverse effects of AGEs on differentiation or cell viabil-
ity, respectively. Additional studies are needed to determine
if IRE, and not PERK signaling, is causal in AGEs-associ-
ated osteoblast dysfunction with aging in vivo. Nonetheless,
these studies support the notion that AGEs in the aged bone
matrix may elicit ER stress in osteoblastic cells.

Illness or recovery from injury often involves long periods
of immobility in the aged and can lead to bone loss. Hind-
limb immobilization in mice (via tail suspension) induced
ER dilation in osteoblasts, concurrent with apoptosis [75].
Furthermore, osteoblast cultures obtained from the bone
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marrow of these tail-suspended mice had reduced p-elF2a,
but elevated CHOP and RANKL protein levels. Administra-
tion of salubrinal, however, normalized unloading-induced
reduction in osteoblast number and viability. Salubrinal also
attenuated disuse-related resorption by inhibiting NFATc1
mediated osteoclastogenesis [75]. These findings suggest
that bone loss in limb immobilization may in part be attrib-
uted to ER stress.

The evidence of UPR dysregulation in the context of skel-
etal aging as such is currently scarce. However, multiple
studies described in subsequent sections show that ER stress
is induced in the skeleton in the context of other settings
that coexist in the elderly, including menopausal estrogen
withdrawal, glucocorticoid excess, and diabetes.

Glucocorticoid-Related Osteoporosis

Long-term glucocorticoid (GC) therapy is prescribed for
several conditions, including rheumatoid arthritis, asthma,
organ transplantation, and as a component of cancer chemo-
therapy. Use of GCs is associated with a 30-50% increase
in fracture risk in adult and pediatric populations [86]. Col-
lapse of the femoral head due to disrupted blood supply is
a debilitating sequalae that develops in 5-40% of patients
prescribed GCs [85]. This condition is known as ischemic
necrosis, avascular necrosis, or osteonecrosis. Osteonecrosis
accounts for 10% of total hip replacement surgeries in the
US and 2.8%—10% across Canadian, Swedish, and Austral-
ian registries [96, 97].

Bone biopsies from patients and preclinical models of GC
excess present low bone formation and elevated resorption as
well as femoral head edema [98—100]. Unfavorable skeletal
outcomes associated with GCs are attributed partly to osteo-
blast and osteocyte apoptosis [98, 99]. Treatment with dexa-
methasone, an in vitro paradigm of GC excess [101], acti-
vates all 3 UPR transducers, and increases p-elF2a, BiP, and
CHOP levels concomitant with induction of proapoptotic
signaling in MC3T3-E1 cells [102, 103]. Treatment with
either salubrinal [61] or 4-phenyl butyric acid (4-PBA, a
chemical chaperone that aids protein folding and alleviates
ER stress [103, 104]), or silencing of CHOP [102] rescued
the GC-induced apoptosis in osteoblastic cells. Together
these studies support the concept that elevated UPR and
subsequent CHOP-induced apoptosis of osteoblasts and/or
osteocytes may contribute to GC-related bone fragility.

Biochemical indices of the UPR in the context of GC
excess have not been investigated in vivo. Nonetheless, salu-
brinal attenuated the low bone mass and bone formation
phenotypes associated with exogenous GC in mice [61],
implicating ER stress as a possible mediator of adverse skel-
etal outcomes. The bone sparing effects of salubrinal were
attributed to alleviation of osteoblast and osteocyte apopto-
sis in this study. However, inhibitory effects of salubrinal
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on bone resorption [75, 76] in GC excess cannot be ruled
out. Akin to this study, Liu et al. [105] reported beneficial
effects of salubrinal in a surgical model of ischemic oste-
onecrosis in mice. Increased resorption, together with low
bone formation, leads to rapid loss of subchondral bone in
early phases of osteonecrosis [100]. Salubrinal normalized
the excess bone resorption by attenuating NFATc1 signaling
in osteoclasts and increased osteoblast numbers in the oste-
onecrotic femoral head [105]. Additional in vivo evidence
implicating PERK as a mediator of the adverse effects of
GCs on the skeleton comes from another study wherein rats
were treated with methylprednisolone to induce osteonecro-
sis [106]. Administration of the Perk inhibitor GSK2656157
protected development of osteonecrosis in rats despite treat-
ment with methylprednisolone. However, the beneficial
effects of GSK2656157 may, in part, be due to inhibition of
receptor-interacting protein kinase 1 (RIPK1) [107], which
has been implicated in the pathology of osteonecrosis [108].
Since the histomorphometric indices of bone turnover were
not reported in this study [106], the in vivo cellular targets
of GSK2656157 remain unclear. Notably, salubrinal and
GSK2656157 also preserved vascularity of the subchondral
bone in addition to the bone sparing effects [105, 106]. This
latter observation suggests that elevated PERK activity in
more than one cell type, including the endothelial cells,
may contribute to the pathogenesis of osteonecrosis. Thus,
additional studies are warranted to clarify the contribution
of PERK in mediating adverse effects of GCs. Of note, the
role of IREI and ATF6 signaling in GC-induced osteopo-
rosis and osteonecrosis has not yet been explored in vivo or
in vitro.

Post-Menopausal Osteoporosis

Most women experience a window of accelerated loss of
bone mass and skeletal strength during menopause, when
estrogen levels decline substantially following cessation of
gonadal function. In multiple population studies, the inci-
dence of fragility fractures in women is at least twice that of
men, especially 50 years of age onwards [109-111]. Acute
loss of estrogen increases bone resorption as well as forma-
tion, but the former outpaces the latter resulting in net loss
of bone [109, 112].

Estrogens restrain resorption by inhibiting differentiation
and promoting premature apoptosis of osteoclast progenitors
[112, 113]. Inhibition of elF2a activity, using salubrinal,
prevented bone resorption and loss of cancellous bone in
estrogen-deficient mice [76]. An altered osteoclast pro-
teome due to prolonged translational arrest by salubrinal
(see the section Regulation of bone resorption by the UPR),
may underlie the deficits in differentiation and migration of
osteoclasts in this study. Another study reported increased
expression of the Golgi protease S1P in the osteoclasts of

ovariectomized mice by immunostaining the femur sections
[73]. Furthermore, deletion of S1P in LysM-Cre express-
ing macrophages abrogated ATF6 activity, as well as the
ovariectomy-induced increase in osteoclast number, and pre-
served cancellous bone mass. Pharmacologic inhibition of
S1P by PF429242 also prevented ovariectomy-induced bone
loss. Mechanistically, S1P contributes to ATF6 and SREBP
2 (SREBP2) maturation by proteolytic cleavage. SREBP2
is a transcription factor that can promote autophagy [114].
The authors [73] demonstrated that CHOP, induced by
ATF6 in conjunction with SREBP2, stimulated autophagy
in osteoclasts. Induction of autophagy is critical for bone
resorption by osteoclasts [115]. Specifically, synergistic
binding of CHOP and SREBP2 at the LC3 promoter stimu-
lates its transcription [73]. LC3 is an essential component
of the autophagosome and mediates actin ring formation,
bone resorption, and release of cathepsin K by osteoclasts
[116, 117]. These findings suggest that antiresorptive effects
of estrogens on bone may result, at least in part, from sup-
pression of e[F2a and ATF6 signaling in osteoclasts. None-
theless, additional studies are warranted to delineate the
molecular sequalae underlying estrogen-related induction
of the UPR in osteoclasts.

Increased osteoblast and osteocyte apoptosis associated
with estrogen deficiency may also contribute to osteoporo-
sis [109, 112]. Substantial evidence suggests that estrogen
maintains osteoblast viability, in part, by modulating ER
stress responses. Guo et al. [118] reported that estradiol pro-
tected MC3T3-E1 osteoblasts against thapsigargin-induced
apoptosis by increasing recruitment of transcription factor
TFII-I to the BiP promoter and stimulating its transcription
[118]. The authors implicate BiP in conferring protection to
ER stress induced cell death. In addition to aiding protein
folding, BiP can confer protection from apoptosis by com-
plexing with procaspases or binding proapoptotic BCL-2-in-
teracting killer (BIK) [119]. The latter interaction sequesters
BIK to the ER and relieves the inhibition on BCL-2, leading
to suppression of Ca*? release from the ER. Immunostaining
bone biopsies obtained from post-menopausal osteoporotic
subjects revealed that expression of ER molecular chaper-
ones, BiP and PDI (Protein-disulfide isomerase), was down
regulated in osteoblasts [88]. Furthermore, administration
of BiX, a selective activator of BiP, protected ovariectomy-
induced loss of BMD in mice [88]. Li and colleagues
[76] reported that osteoblasts from ovariectomized mice
exhibited dilated ER in electron micrographs, concurrent
with reduction in autophagosomes. In addition to elevated
p-eIF2a and CHOP levels, cultures of bone marrow-derived
osteoblasts from estrogen-deficient mice had reduced p62
and LC3I to LCII conversion [76]. These findings substan-
tiate the notion that autophagy was also compromised in
addition to UPR dysregulation. Salubrinal normalized the
aberrant UPR and improved autophagy in osteoblasts of
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estrogen-deficient mice. Collectively, these studies sug-
gest that correcting ER proteostasis may prolong osteoblast
lifespan in the setting of estrogen withdrawal, and alleviate
postmenopausal bone loss.

Estrogens restrain expression of pro-osteoclastogenic
factors by cells of the osteoblast lineage, but the evidence
of their being direct targets of estrogen is lacking [120].
Studies described above have not investigated if excessive
UPR contributes to the altered osteoblast and/or osteocyte
secretome that is associated with estrogen depletion. In sup-
port of this concept, elevated UPR can stimulate production
of RANKL by osteoblasts and osteocytes [62]. Future work
aiming to elucidate the underlying molecular mechanisms
may yield critical insights toward optimizing therapeutics
for osteoporosis.

Diabetes

Diabetes mellitus (DM) is characterized by poor glycemic
control due to either inadequate insulin production by the
pancreatic p-cells (type 1 diabetes; TIDM) or failure to
compensate for insulin resistance (type 2 diabetes; T2DM).
Despite clear differences in disease etiology, ER stress
and UPR dysregulation have emerged as one of the shared
and pivotal contributors to the pathogenesis of TIDM and
T2DM [121-124]. A collapse of ER proteostasis is a signifi-
cant contributor of insulin misfolding and p-cell dysfunction
in TIDM [121, 125]. In the context of T2DM, overwhelm-
ing evidence suggests that a combination of inflammation
and ER stress, triggered in response to systemic increase in
glucose and free fatty acid, are key drivers of insulin resist-
ance [123, 124].

Given the increased prevalence of diabetes, poor bone
health and a higher risk of fracture in diabetics have become
significant clinical concerns in recent years [126, 127].
Delayed union and non-union are more frequent in diabetic
patients who experience a fracture. Patients with TIDM
or T2DM have low levels of osteocalcin, a marker of bone
formation, suggesting that osteogenic deficits contribute in
part to the skeletal fragility [128]. Multiple in vitro stud-
ies have demonstrated the adverse effects of hyperglyce-
mia on osteoblast maturation and expression of osteocalcin
[129-131]. Liu et al. [132] reported that high glucose stimu-
lated expression of the proapoptotic CHOP in cultured cal-
varial osteoblasts. In the same study, femoral sections from
streptozotocin-injected rats, which mimic T1D, exhibited
increased CHOP immunostaining in osteoblasts compared
to non-diabetic controls. Mice overexpressing CHOP under
the control of the human osteocalcin promoter had reduced
bone formation secondary to increased osteoblast apopto-
sis [133]. Collectively, these studies suggest that low bone
mass in TIDM may, in part, be attributed to CHOP-mediated
osteoblast apoptosis.
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Obesity increases the predisposition to develop T2D
in part by eliciting ER stress [21, 122]. Additionally, the
detrimental effects of obesity on the skeleton and associ-
ated fracture risk are increasingly appreciated [134—137].
Adipocytic skewing of the bone marrow resident SSCs is
thought to contribute to skeletal fragility. In support of this
notion, SSCs isolated from the bone marrow of obese mice
and individuals with BMI> 35 both exhibited a preferential
shift toward an adipocytic transcriptome concomitant with
senescence, as determined by increased intracellular ROS
and senescence-associated marker f-galactosidase activ-
ity [138—140]. An independent study by Ulum et al. [141]
demonstrated that SSCs obtained from individuals with
high BMI had elevated expression of ATF4 and CHOP tran-
scripts, concurrent with the suppressed osteogenic response.
Although XBP1 mRNA showed a trend to decrease in this
study, it was not statistically significant. Moreover, the
treatment with ER stress attenuating chemical chaperones,
TUDCA and 4-PBA [104], alleviated the osteogenic deficits
of SSCs obtained from high-BMI individuals by partially
normalizing the UPR. Thus, an aberrant UPR in SSCs may
drive some of the osteogenic deficits in diabetes-related skel-
etal fragility and fracture repair.

Hyperglycemia also fosters increased production of AGEs
in the collagenous bone matrix of DM patients [142]. AGE
accumulation makes the bone brittle and contributes to its
fragility. The occurrence of AGEs within fracture callus
noted by Khajuria et al. [143] may contribute to delayed
ossification and healing in obese mice. In agreement with
this possibility, high glucose exacerbated the adverse effects
of AGEs on osteocalcin expression and osteoblast differen-
tiation of MC3T3-E1 cells [144]. However, the combinato-
rial effects of glucose and AGEs on the UPR within the
osteogenic lineage have not been investigated to date.

Conclusions and Perspective

The ability of the UPR to affect diametrically opposite cel-
lular outcomes- survival versus cell death- solidifies its role
as a critical determinant of cell fate in many tissues. The
studies described in this review favor extending this concept
to the skeleton. Nonetheless, a comprehensive understanding
of UPR biology of the skeleton is lacking. Several studies,
referenced herein, have deduced the molecular underpin-
nings of ER stress sensors in osteoblast and osteoclast dif-
ferentiation using cell culture systems. As a natural pro-
gression, verifying their relevance to skeletal physiology
in vivo is essential. Parsing the contribution of distinct UPR
sensors and their crosstalk in skeletal physiology in vivo
is a critical first step to addressing UPR dysregulation in
skeletal pathologies. The PERK axis has been investigated
extensively in osteoporotic paradigms, albeit via p-elF2a.
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However, the role of ER stress in causation of bone loss is
equivocal, as e[F2a also integrates other stress responses
that may be affected with osteoporosis. The possibility of
crosstalk (either antagonistic or complementary) between
various UPR transducers in mediating skeletal health is
another aspect that requires further research.

Over the past decade, the UPR has gained prominence as
a druggable target for several pathologies, including neuro-
degenerative diseases, metabolic disorders, and cancer [74,
145]. Salubrinal and chemical chaperones are reported to
have alleviated adverse skeletal outcomes in rodent models
[61, 75,76, 105, 106, 146—-150]. There has been a surge in
identification of small molecule compounds that target spe-
cific aspects of the UPR interactome [74, 145]. These mol-
ecules offer improved pharmacokinetics, are well tolerated
by mice, and in preclinical studies show promise in curbing
the terminal signaling associated with several diseases. Opti-
mizing these therapeutics as treatment modalities for skeletal
diseases provides the impetus to gain a greater understand-
ing of UPR biology as it pertains to skeletal physiology and
pathology.
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