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ABSTRACT
PERK (eukaryotic translation initiation factor 2 alpha kinase 3) is an endoplasmic
reticulum (ER) resident transmembrane protein. In response to alterations of ER
homeostasis, PERK is activated to modulate specific mRNA translational upregulation as
well as transient repression of global protein synthesis through phosphorylating eIF2α at
serine 51. Loss-function mutations of PERK in humans and mice cause severe neonatal
development defects, including diabetes, growth retardation, exocrine pancreatic atrophy
and multiple skeletal dysplasias.
To investigate the physiological functions of PERK in regulation of mammalian
skeletal development, comprehensive analyses were carried out on tissue, cellular and
molecular levels in PERK-deficient mice and Perk-/- osteoblasts. Neonatal Perk-/- mice
are severely osteopenic, which is in part caused by multiple defects in osteoblasts (bone
forming cells), including a deficiency in the number of mature osteoblasts, impaired
osteoblast differentiation, and reduced secretion of type I collagen. Further studies
showed that compromised osteoblast differentiation and maturation in the absence of
PERK is associated with decreased expression of Runx2 and Osterix, two key regulators
of osteoblast development. Besides the differentiation defect, the low osteoblast mass
phenotype in Perk-/- mice is also caused by reduced osteoblast proliferation. Perk-/osteoblasts exhibit slow cell cycle progression along with reduced expression of key cell
cycle factors including cyclin D, cyclin E, cyclin A, Cdc2, and CDK2. In addition,
abnormal retention of procollagen I within the endoplasmic reticulum and reduced
mature collagen production are manifested in Perk-/- osteoblasts. The imperfect collagen
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biosynthesis in Perk-/- osteoblasts is coincident with compromised ATF6 and
IRE1/XBP1 UPR pathways. Normal osteoblast viability, normal global protein synthesis,
low procollagen synthesis rate and no upregulation of ER stress markers are observed in
Perk-/- osteoblasts, suggesting that the osteoblast defects are not due to persistent
activation of the classical unfolded protein response. In addition, normal expression and
activity of ATF4 seen in Perk-/- osteoblasts, together with its distinct role in controlling
collagen synthesis, suggests that ATF4 is not a major target of PERK in regulation of
osteoblast biology.
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Chapter 1

Introduction
Translational control and phosphorylation of eIF2α
α
Most genes need to be translated into proteins in order to carry out their functions. An
increasing number of studies have shown that translational control is an important
mechanism for regulating gene expression in response to developmental demand and
environmental stimuli (Proud, 2007). In general, translational control can be categorized
into two types: global regulation of all the mRNAs and regulation of specific mRNAs
without changing overall protein synthesis.
Global regulation mainly occurs at the level of translation initiation (Gebauer and
Hentze, 2004). Compared to translation elongation and termination stages, translation
initiation in eukaryotes is more complex and involves more than 25 regulatory factors
(Preiss and M, 2003; Sonenberg et al., 2000; Wickens et al., 2000). The first step of
translation initiation is formation of a ternary complex, which is comprised of
methionine-loaded initiator tRNA and GTP coupled initiation factor 2(eIF2-GTP). The
complex binds to the 40S ribosome subunit and eIF3 to form a 43S pre-initiation complex.
Then through interaction with the cap-binding complex, the 43S pre-initiation complex
binds to the 5' end of the mRNA and scans in a 5'→3' direction for the initiation codon
AUG. Once the initiation codon is recognized, eIF2-GTP is hydrolyzed to eIF2-GDP,
which is then released from the 43S complex and allows for the joining of 60S ribosomal
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subunit to form the catalytically competent 80S initiation complex. Recycling of eIF2GDP to eIF-GTP is a necessary step for assembling a new active ternary complex and
starting another cycle of translation initiation or translation re-initiation on the same
mRNA. This step is catalyzed by eIF2B, a guanine nucleotide exchanger factor. eIF2
consists of α, β and γ subunit. Phosphorylation of eIF2α subunit at Serine 51 reduces the
dissociation of eIF2B and consequently inhibits the exchange reaction, which results in
reduced formation of the active ternary complex (Sudhakar et al., 2000).
Upon acute pharmacological stimulations, extreme elevation of eIF2α[P]
represses global protein synthesis. However, in response to physiological stimuli,
moderate increase of eIF2α[P] has an opposite effect to induce translation of some
specific mRNAs without dramatic impact on global protein synthesis (Hinnebusch, 2000;
Hinnebusch, 2005; Lu et al., 2004; Vattem and Wek, 2004). Translational regulation of
yeast GCN4 mRNA is a good example. Gcn4 encodes a protein that acts as a
transcription activator to control amino acid biosynthesis, and contains four short open
reading frames (uORFs) upstream of the Gcn4 initiation codon. After translating the first
uORF, 60S ribosome releases from the initiation complex, and meanwhile, because of the
positive regulatory elements of the first uORF, 40S complex remains on the mRNA and
continues to scan toward 3’ direction for re-initiation. The fourth uORF contains a GCrich sequence surrounding its stop codon, which promotes dissociation of the entire
initiation complex so that few 40S ribosomes actually reach the GCN4 initiation codon.
Under normal conditions, there are adequate active ternary complexes, the fourth uORF
is efficiently translated and the translation of GCN4 is repressed. During amino-acid
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deprivation, level of phosphorylated eIF2α is increased due to the activation of GCN2, a
eIF2α kinase. The elevation in the phosphorylation of eIF2α leads to reduction of active
ternary complexes and consequently increases the number of 40S ribosome subunits that
can bypass the fourth uORF without reinitiation and get to Gcn4 coding AUG. Thus
translation of GCN4 is induced (Hinnebusch, 2005).
ATF4, the mammalian homolog of GCN4, can also be translationally upregulated in a similar mechanism. The expression of ATF4 can be induced by the
activation of PERK or GCN2 in response to ER stress or amino-acid starvation. Two
uOFRs exist in the 5’UTR of ATF4 mRNA. The 5' proximal uORF1 is a positive
regulatory element that promotes ribosome scanning and reinitiation at downstream
AUGs. When active ternary complexes are abundant in non-stressed cells, 40S ribosomes
reinitiate at uORF2, an inhibitory element that blocks ATF4 expression. During stress
conditions, phosphorylation of eIF2α and the accompanying reduction of active ternary
complexes slowdown the re-assembling of the translation initiation complex for reinitiation. Therefore, 40S ribosomes can scan through the inhibitory uORF2 and instead
reinitiate at the ATF4-coding region (Lu et al., 2004; Vattem and Wek, 2004). Most
recently, another mammalian transcriptional factor ATF5 is reported to share the same
translation regulation mechanism as ATF4 (Zhou et al., 2008), suggesting regulation of
phosphorylation level of eif2α, in addition to control global protein translation, may be a
common mechanism to modulate specific gene expression.
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Phosphorylation of Ser51eIF2α is catalyzed by the eIF2α kinase family, which is
highly conserved from yeast to human. In mammals, there are four eIF2α kinases, which
are activated under different stress conditions. Heme-regulated inhibitor (HRI),
specifically expressed in erythroid cells, is essential for translational regulation of alphaand beta-globins. Activation of HRI can be stimulated by heme depletion, osmotic stress,
oxidative stress, heat shock and proteasome inhibition (Han et al., 2005; Han et al., 2001;
Lu et al., 2001; Yerlikaya et al., 2008). Double-stranded RNA-dependent protein kinase
(PKR) is induced by interferon and activated in response to viral infection. By repressing
translation of both cellular and viral mRNAs, activation of PKR can efficiently inhibit
virus replication (Garcia et al., 2007; Williams, 1999). General control non-derepressible2 (GCN2) is activated by amino acid deficiency, serum deprivation, UV irradiation,
proteasome inhibition and viral infection (Berlanga et al., 2006; Deng et al., 2002;
Hinnebusch, 1994; Wek et al., 2006). PKR-like endoplasmic reticulum (ER) kinase
(PERK), the focus of this thesis, is activated by ER stress signals, such as accumulated
unfolded proteins and reduced calcium level in the ER (Liang et al., 2006; Wek and
Cavener, 2007).
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Unfolded Protein Response
PERK was first identified and characterized in mammals by Shi et al. and
Harding et al (Harding et al., 1999; Shi et al., 1998). By amino acid sequence homology
analysis, they found out that PERK contains a conserved eIF2α kinase domain as well as
a luminal domain that is similar to the ER-stress-sensing luminal domain of the ERresident kinase IRE1 (Fig. 1). Therefore, since then, the majority of the studies of PERK
have focused on its roles in unfolded protein response pathway upon ER stress stimuli.
Protein folding is an essential process for protein function at cell, tissue and whole
organism levels. The majority of secretary proteins and transmembrane proteins are
synthesized in the ER. Therefore, to ensure proper protein folding and response to
accumulated misfolded protein in the ER, sophisticated mechanisms have evolved. These
mechanisms include repression of global protein synthesis to reduce the load of the ER,
ER quality control to modulate protein folding by regulation of ER chaperones and
foldases, ER biogenesis to structurally expand the ER, and ER-associated protein
degradation (ERAD) to remove the irreparable misfolded proteins. In eukaryotic cells,
these mechanisms cumulatively are named as unfolded protein response (UPR). UPR is
activated by the alterations of ER homeostasis, such as depletion of ER calcium storage,
inhibition of protein glycosylation, imbalance of ER redox/antioxidant status and
increased synthesis of ER client proteins, which result in accumulation of misfolded
proteins in the ER. When the stress situation is too severe to be managed by the cells,
apoptosis is induced to eliminate the affected cells.
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Three sensors of UPR
To date three sensors of the UPR, PERK, inositol requiring-1 (IRE1), and
activating transcription factor 6 (ATF6) had been identified. These three factors are all
ER transmembrane proteins and their activation can be regulated by Bip/Grp78
(immunoglobulin heavy chain-biding protein/ glucose-regulated protein of molecular
weight of 78kDa) (Bertolotti et al., 2000; Liu et al., 2003; Ma et al., 2002a; Shen et al.,
2002a). BIP is an ER resident chaperone and binds to exposed hydrophobic patches on
protein folding intermediates to facilitate proper protein folding. Under non-stress
conditions, BIP binds to the ER luminal domains of PERK, ATF6 and IRE1 and prevents
their activation. In response to increased misfolded protein in the ER, BIP preferentially
binds to misfolded protein and consequently dissociates from the UPR sensors to promote
their activation.
Released from BIP, PERK dimerizes and activates kinase activity to
phosphorylate eIF2α at serine 51. As reviewed above, increased eIF2α phosphorylation
results in repression of global protein synthesis and translational up-regulation of
particular mRNAs that contains uORFs, such as ATF4 (Lu et al., 2004; Vattem and Wek,
2004). In vitro data had shown that ATF4 promotes transcription of a subset of genes
involved in ER quality control, redox homeostasis, amino acid metabolism and apoptosis
to promote cell survival or induce apoptosis if the stress is extreme (Harding et al., 2003).
However, expression profiling demonstrates that about 50% of the PERK-dependent
UPR targeted genes is ATF4 independent, suggesting that other mechanisms must exist
in the PERK-dependent UPR pathway. Recently, transcriptional factor NF-E2-related
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factor-2 (NRF2) had been proven to be another direct PERK substrate in vitro (Cullinan
and Diehl, 2004; Cullinan and Diehl, 2006; Cullinan et al., 2003). In non-stressed cells,
NRF2 is retained in the cytoplasm via association with kelch-like ECH-associated protein
1 (KEAP1). PERK-dependent phosphorylation triggers dissociation of NRF2/KEAP1
complexes and subsequent NRF2 nuclear import. The activated NRF2 regulates a set of
detoxifying and antioxidant genes to maintain normal glutathione levels and promote cell
survival under ER stress and oxidative stress. Therefore, we can not assume that all
PERK mutant phenotypes are due to loss regulation of eIF2α[P].
Meanwhile, dissociation of BIP permits oligomerization and auto-phosphorylation
of IRE1. Phosphorylation of IRE1 triggers its endoribonuclease activity to splice a 26bps
intron from X-box- binding protein 1(XBP1) mRNA. The form of XBP1 encoded in
spliced XBP1 mRNA (Xbp1-S) is a potent transactional activator and works to increase
expression of genes involved in ER quality control, ER biogenesis and ERAD (Calfon et
al., 2002; Tirasophon et al., 1998). Interestingly, the unspliced form of XBP1 (Xbp1-T)
acts a negative regulator of XBP1 signaling by a combination of inhibitory
heterodimerization with the spliced form XBP1 and competition for its binding sites
(Yoshida et al., 2006). Therefore, the ratio of Xbp1-S to Xbp1-T has been used as a
sensitive indicator of UPR response. Besides Xbp1, IRE1 can also promote cleavage of
the 28S ribosomal RNA to repress global translation (Iwawaki et al., 2001), as well as
some ER localized mRNAs to reduced loading of ER client proteins (Hollien and
Weissman, 2006; Lipson et al., 2008), suggesting IRE1 also plays important roles in
translational control.
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The bZIP transcription factor ATF6 is a type II transmembrane protein of the ER.
In contrast with PERK and IRE1, release of BIP allows ATF6 transport from ER to Golgi,
where it is cleaved by site-1 proteinase and sit-2 proteinase to be its mature form.
Thereafter, the mature form of ATF6 translocates from Golgi to nucleus and increases the
expression of the ER quality control genes (Adachi et al., 2008; Shen et al., 2002b; Wu et
al., 2007; Yamamoto et al., 2007; Yamamoto et al., 2004).
Interestingly, in response to ER stress stimuli, the reduced induction of UPR
downstream genes, such as Bip, Chop and Herp, although varies in degree, is found either
in Perk-/-, Atf6-/- or Ire1-/-MEFs, suggesting the three UPR sensors may have
overlapping functions (Wu et al., 2007). The overlapping functions can be partially
explained by the existence of a common cis-acting element, namely ER stress-response
element, recognized by both ATF6 and XBP1 (Yamamoto et al., 2004) or coexist of
ATF6, ATF4 and XBP1 response cis-acting elements in the promoter region of UPR
targeted genes (Ma and Hendershot, 2004). In addition, several studies have suggested
that cross-talk between ATF6, IRE1 and PERK pathways is possible. The transcriptional
activation of Xbp1 mRNA is at least partially regulated by ATF6 (Yoshida et al., 2001)
and PERK signaling (Calfon et al., 2002), while overexpression of Xbp1-S increases
transcription of Atf6 and Perk(Sriburi et al., 2007). Furthermore, ATF6 can form
heterodimer with XBP1, another bZIP transcriptional factor, to induce expression of ER
associated protein degradation components (Yamamoto et al., 2007). Most recently,
Adachi Y et al. reported that the duration of ATF6 activation upon ER stress was
shortened in Perk-/-MEFs, suggesting PERK signaling may also positively regulate
ATF6 signaling (Adachi et al., 2008).
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UPR and apoptosis
When the ER stress is far beyond the management of the affected cells, UPR
pathways also stimulate apoptosis signaling pathways. Activated by ER stress, IRE1
interacts with TNF receptor-associated factor 2 (TRAF2) and Apoptosis signal-regulating
kinase 1 (ASK1) resulting in activation of c-Jun N-terminal kinase (JNK) apoptotic
signaling pathway. Also, the association of IRE1 and TRAF2 releases procaspase 12
from TRAF2 and promotes its activation (Nishitoh, 2002; Yoneda, 2001). Activated
caspase 12 cleaves and activates procaspase 9 and consequently leads to activation of
caspase cascade. In addition, upon severe ER stress, proapoptotic Bcl2-related proteins,
Bak and Bax facilitate Ca2+ efflux into cytoplasm and subsequently activate ER-resident
procaspase 12 (Nakagawa and Yuan, 2000; Rao et al., 2002). Furthermore, CEBP
homologous protein (CHOP), a common downstream target of ATF6 and PERK/ATF4
pathways, is proposed to be a proapoptotic factor since it inhibits expression of antiapoptotic factor B-cell leukemia/lymphoma 2 (Bcl-2) (Ma et al., 2002b; McCullough et
al., 2001). MEFs derived from BCL2-antagonist/killer (Bak)/ Bcl2-associated X protein
(Bax) double knockout mice (Wei, 2001), caspase-12 -/- mice (Nakagawa, 2000) and
Chop-/- mice (McCullough et al., 2001) all show partial resistance to ER stress
stimulated apoptosis, further supporting their roles in regulation of ER stress induced cell
death.
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Physiological functions of the three UPR sensors
In most studies of UPR function, substantial elevated levels of ER misfolded
proteins are typically induced by treating cells with pharmacological agents including
dithiothreitol (DTT), which disrupts or prevents protein disulfide bond formation;
thapsigargin (Tg), an inhibitor of the ER Ca2+-dependent ATPase; or tunicamycin (Tm),
an inhibitor of protein glycosylation. While UPR induction by pharmacological agents
has proven very valuable for characterizing UPR pathways, physiological functions for
the UPR components in vivo are still not very well defined. Studies of human genetic
diseases and knockout mouse models revealed that UPR components play essential roles
in regulating dedicated secretory cell development and function.
IRE1 and ATF6
The IRE1 pathway is essential for mammalian development, since both Ire1α-/and Xbp1-/- mice are embryonic lethal. Moreover, both Ire1α-/- and Xbp1-/- B cells fail
to differentiate into antibody secreting plasma cells and both Ire1α-/- and Xbp1-/- mice
develop a hypoplastic fetal liver resulted from increased apoptosis in hepatocytes
(Reimold, 2001; Zhang et al., 2005). The liver rescued Xbp1-/- mice also display
abnormalities exclusively in exocrine pancreas and salivary gland that lead to early
postnatal lethality from impaired production of pancreatic digestive enzymes (Lee et al.,
2005). Recently, Lipson et al. reported that in response to transient exposure of high
glucose, inactivation of IRE1 signaling leads to decrease of insulin biosynthesis in
pancreatic β cells, and chronic exposure of β cells to high glucose causes rapid
degradation of insulin mRNA in a IRE1-dependent way (Lipson et al., 2006; Lipson et
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al., 2008). Deletion of Atf6α, the sole isoform responsible for transcriptional induction of
ER chaperones, in mice does not result in obvious development problems, but when
challenged with chronic ER stress, they display compromised organ function and survival
(Wu et al., 2007; Yamamoto et al., 2007).
PERK
Loss function mutation of PERK in humans causes Wolcott–Rallison syndrome
(WRS), a rare autosomal recessive disorder that is characterized by permanent neonatal
insulin-dependent diabetes, growth retardation and multiple skeletal dysphasia, including
epiphyseal dysplasia, bone fractures and later to osteoporosis (Delepine et al., 2000;
Wolcott and Rallison, 1972). To date, about 31 cases have been described in the literature,
with the majority coming from the Arabian Peninsula and vicinity where consanguinity is
relatively high (Biason-Lauber et al., 2002; Bin-Abbas et al., 2002; Bin-Abbas et al.,
2001; Brickwood et al., 2003; Durocher et al., 2006; Senee et al., 2004; Stoss et al., 1982).
Among the reported cases, the neonatal diabetes and skeletal abnormalities are the two
most frequently seen disorders.
To study the functions of PERK in mammalian development and physiology, our
laboratory (Zhang et al., 2002a) and others (Harding et al., 2001) have generated Perk
knockout mice, which duplicate all of the major defects seen in WRS patients. The Perk/- mice exhibit hyperglycemia by postnatal 3 weeks caused by significant reduction of
pancreatic β-cells mass (Harding, 2001; Zhang et al., 2002a). Further detailed
investigations revealed that impaired endocrine pancreas function is due to neonatal
defects in proliferation and differentiation of insulin secreting β-cells (Zhang et al., 2006).
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The Perk-/- mice also display exocrine pancreas atrophy associated with increased
oncotic cell death starting from postnatal 3 weeks (Iida et al., 2007). The growth
retardation in Perk-/- mice is manifested since postnatal 2 days and it is correlated with
the dramatically reduced level of circulating IGF-1derived from the liver (Li et al., 2003).
The skeletal dysplasias exhibited by Perk-/- mice include severe osteopenia, reduced
cortical bone, delayed mineralization, a marked deficiency of extracellular matrix (ECM)
in the hypertrophic region of the growth plate, abnormal intracellular accumulation of
type I procollagen and reduced mature type I collagen production in osteoblasts (Li et al.,
2003; Zhang et al., 2002a). All these observations clearly suggest that PERK plays
critical roles in regulating normal function and development of pancreas, liver and
skeleton.
The major defects in Perk-/- mice exist in the secretory cells, which are
considered to have high levels of ER client protein load. Distended ER filled with high
electron-dense materials is found in some of the Perk-/- pancreatic β-cells and osteoblasts
(Harding, 2001; Zhang et al., 2002a). In addition, Perk-/- MEFs displayed failure to
repress global protein synthesis and strong induction of ER stress response and apoptosis
when challenged with ER stress inducers (Harding et al., 2000b). Furthermore, eIF2α
knock-in mutant mice, where the phosphorylation site, Ser51, is replaced with a nonphosphorylatable Ala (Ser51Ala) also exhibit pancreatic beta cells deficiency, which is
accompanied by abnormal distension of the ER lumen, defective trafficking of proinsulin,
and a reduced number of insulin granules in beta cells (Scheuner et al., 2001; Scheuner et
al., 2005). Based upon these observations, a “UPR-ER stress” hypothesis has been
proposed. This model states that the major physiological role of PERK in secretory cells,
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such as pancreatic β cells, acinar cells and osteoblasts, is to control global protein
translation via regulating phosphorylation of eIF2α. Removal of PERK results in
oversynthesis of ER client proteins, which leads to substantial increase of misfolded
protein in the ER and subsequently activates UPR pathways and ER stress induced
apoptotic cell death.
However, some data observed from Perk-/- mice do not match the expectations of
this model. First, the global protein synthesis rate in Perk-/- islets and exocrine lobules is
comparable to WT controls (Iida et al., 2007; Zhang et al., 2006). Secondly, increased
expression of classical ER stress response genes is detected neither in Perk-/- pancreatic
insulin-secreting β-cells nor in acinar cells (Iida et al., 2007; Zhang et al., 2006). Finally,
the β-cell deficiency in neonatal Perk-/- mice is caused by defects both in differentiation
and proliferation, but not by apoptotic cell death (Zhang et al., 2006). All these data
contradict with the “UPR-ER stress” hypothesis, suggesting that alternative mechanisms
may exist.
Conditional deletion of Perk at various times in development indicates that PERK is
intrinsically required for development of β-cell mass during fetal and neonatal stages, but
is not required for maintenance of adult β-cell mass (Zhang et al., 2006). In contrast,
PERK is indispensable for exocrine pancreas development but is required postnatally to
maintain acinar cell viability (Iida et al., 2007). Furthermore, the differentiation and
function of B-lymphocytes (antibody-secreting cells) are normal in Perk-/- mice, unlike
Ire1α-/- and Xbp1-/- mice. These observations suggest that PERK has tissue-specific and
stage-specific functions that regulate mammalian development. So far, the cellular and
developmental basis of the severe skeletal defects in humans and mice deficient for
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PERK is still unknown. To address this question, in this thesis, I focus on studying the
physiological roles of PERK in skeletal development and osteoblast biology.
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The Skeletal System

Skeletal development and Osteopenia
Skeletal patterning and bone growth comprise the major development processes
of skeletal system. Skeletal patterning is mainly accomplished during embryonic
development, when mesenchymal cells migrate to the location of future skeleton and
form densely-packed cell condensation. Homeobox(HOX) genes, Paired Box (PAX)
genes, Bone morphogenetic proteins (BMPs) and antagonists of these proteins such as
Noggin play important roles in determining and regulating the location, number, size and
shape of the skeletal elements (Hall and Miyake, 1995). Once patterning of a given
skeletal element is finished, bone growth is started by coupling differentiation and
proliferation of skeletal cells. There are two types of bone development processes:
intramembranous ossification (for cranial flat bones) and endochondral ossification (for
axial and limb skeletons). During intramembranous ossification, mesenchymal cells
directly differentiate into bone forming cells, osteoblasts, and deposit bone matrix to form
ossification center and later the whole bone (Morriss-Kay, 2001). Most of the long bones
are formed by endochondral ossification, where mesenchymal cells differentiate into
chondrocytes and deposit cartilage matrix to sever as templates of future bones. Through
terminal hypertrophic differentiation, chondrocytes produce hypertrophic cartilage matrix,
vascular endothelial growth factor (VEGF), hypoxia-inducible factor 1(HIF-1) and
alkaline phosphatase, and subsequently promote the invasion of haemopoietic cells,
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osteoblasts and osteoclasts (bone resorbing cells). The osteoclasts degrade most of the
hypertrophic cartilage matrix leaving fragments that serve as a scaffolding for deposition
of bone matrix by the osteoblasts. In this way, the cartilaginous templates are eventually
replaced by bones (Bianco et al., 1998).
The bone growth during early development and the later regulation of bone mass is
determined by a balance between bone formation via osteoblasts and bone resorption via
osteoclasts (Deftos, 1998). In concert with overall somatic growth, the most rapid bone
growth occurs during the neonatal period, when both osteoblasts and osteoclasts are
highly active and bone formation exceeds bone resorption. During juvenile development,
the activities of osteoblast and osteoclast gradually decrease and reach a balance point at
the time of full growth of the skeleton. Thereafter, the bone resorption gradually
increases with advancing age while bone formation continually declines, resulting in
reduced bone mass. Thus, tight control of osteoblast activity and osteoclast activity is
critical for normal bone development and changes in these activities either direction will
lead to skeletal anomalies.
Osteopenia is a bone disease defined as decreased calcification, decreased density,
reduced bone mass and/or microarchitectural deterioration of skeletal structure that leads
to skeletal fragility. Osteopenia can result from: (a) failure to produce a skeleton of
optimal mass and strength during growth, (b) excessive bone resorption resulting in loss
of bone mass and (c) insufficient bone formation response to increased resorption during
bone remodeling (Raisz, 2005). These problems can be caused by primary defects in
bone cells or secondary defects due to failures in other organs (e.g. liver, pancreas, and
kidney) and/or imbalance in vitamin D3, calcium and phosphorus.
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Osteogensis transcriptional factors
Osteoblasts are derived from a precursor pool, which is mainly composed of
committed mesenchymal stem cells and preosteoblasts (Blair et al., 2007). The formation,
expansion, and maintenance of the osteoblast precursor pool determine the osteoblast
mass. The runt-related transcription factor 2 (Runx2)/Osterix signaling pathway is
essential for osteoblastic lineage commitment from mesenchymal progenitors (Ducy et al.,
1997; Nakashima et al., 2002). Runx2-/- mice display no signs of either endochondral or
intramembranous bone formation due to lack of osteoblast differentiation (Komori et al.,
1997). Moreover, both Runx2+/-mice and Runx2-II+/- (25% of total Runx2) mice are
osteopenic, further indicating the importance of Runx2 signaling in skeletal development
(Ducy et al., 1997; Xiao et al., 2005; Xiao et al., 2004). In addition to differentiation,
RUNX2 also regulates the expression of osteoblast markers by binding to the cis-acting
sequence (osteoblast specific element2, OSE2) presented in the promoter of type I
collagen (Col1), osteopontin (OPN), osteocalcin (OCN) and bone sialoprotein (BSP)
(Ducy et al., 1999; Frendo et al., 1998; Kern et al., 2001). Interestingly, overexpression of
Runx2 in mature osteoblasts using 2.3-kb Col1a1 promoter caused osteopenia due to
inhibition of osteoblast maturation and the transition from osteoblast to osteocyte
(Geoffroy et al., 2002; Liu et al., 2001). Together, these data suggest Runx2 mainly
functions in mesenchymal cells and preosteoblast to maintain a supply of osteoblast
precursors. In response to BMP2 stimulation in vitro, Runx2-/- calvarial cells fail to
acquire osteoblast phenotype. Instead, they differentiate into adipocytes and chondrocytes,
suggesting RUNX2 plays dual functions in osteogenesis (Kobayashi et al., 2000;
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Morriss-Kay, 2001). Furthermore, in Runx2-/- mice, expression of markers of
hypertrophic chondrocytes as well as hypertrophic cartilage mineralization is diminished
(Yoshida et al., 2004). Therefore, Runx2 has two distinct roles in endochondral
ossification. One is to induce osteoblast differentiation. The other is to stimulate
chondrocyte maturation.
Osterix is a member of Sp1 family transcription factors, containing three zincfinger DNA binding domains. Similar to Runx2-/- mice, Osterix-/- mice also show
complete lack of osteoblast differentiation and no signs of either intramembranous or
endochondral bone formation. Runx2 is expressed in Osterix mutant mice, while
expression of Osterix is absent in Run2-/- mice. Hence, Osterix is a downstream target of
Runx2 (Nakashima et al., 2002). In Osterix-/- mice, Runx2 positive preosteoblasts do not
deposit bone matrix and still express chondrocyte maker genes. Thus, RUNX2 directs
mesenchymal progenitors to form preosteoblasts, repressing their differentiation into
adipocytes and chondrocytes. OSTERIX cooperates with RUNX2 to further drive
preosteoblasts to form immature osteoblasts, completely abolishing the potential of
preosteoblasts to differentiate into chondrocytes.
ATF4 is a basic leucine-zipper transcription factor and belongs to ATF/CREB
family. ATF4 can recognize osteoblast specific element 1 (OSE1) in the promoter region
of osteoblast specific transcripts. Atf4-/- mice is osteopenic and the expression of Ocn and
Bsp is greatly reduced in Atf4-/- osteoblasts, suggesting ATF4 has a vital role in
osteoblast maturation. Phosphorylation of serine 251 by ribosomal serine/threonine
kinase 2 (RSK2) is required for the function of ATF4 in osteoblasts. Moreover, ATF4 is
important for synthesis of type I collagen through regulating genes involved in amino
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acid biosynthesis and import. A high protein diet greatly corrects Atf4−/− mice skeletal
defects and perinatal lethality (Elefteriou et al., 2006; Yang et al., 2004).
Modulated by RUNX2/OSTERIX and ATF4 signaling, mesenchymal progenitors
are first committed into osteochondrol progenitors, and then differentiated into
preosteoblasts and thereafter become mature osteoblasts (Fig. 2). During this process,
several osteoblasts specific genes are expressed at different stages. Runx2 is expressed in
the committed mesenchymal progenitors and expression of Osterix is initiated in
osteochondrol progenitors. Osteopontin is a marker of immature osteoblasts, while
alkaline phosphatase, type I Collagen, receptor activator of NFkappaB ligand, osteocalcin
and bone sialoprotein are specific markers of mature osteoblasts (Hughes et al., 2006;
Komori, 2006). Mammalian calvarial cells, a source of mesenchymal progenitors, can be
induced to differentiate into osteoblasts in vitro over a 20-day period, when cultured in
the presence of ascorbic acid and β-glycophosphate (Franceschi and Iyer, 1992;
Franceschi et al., 1994).

Collagen biosynthesis
Type I collagen is the major bone matrix protein secreted by osteoblasts, and its
importance to bone formation is underscored by skeletal defects caused by mutations in
the type I collagen gene in humans. Osteogenesis imperfecta (OI), a low bone mass
skeletal disorder, is caused by abnormal retention of mutant or improperly modified type
I procollagen in the endoplasmic reticulum (ER) and consequently reduced secretion of
mature collagen (Martin and Shapiro, 2007; Morello et al., 2006). The frequency of bone
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fracture is particularly high during perinatal and neonatal periods in OI patients and
osteogenesis imperfecta murine (oim) models demonstrating the importance of proper
osteoblast function and type I collagen synthesis to neonatal skeletal development
(Chipman et al., 1993; Forlino et al., 1999; Paterson et al., 1984).
Collagen molecules consist of three polypeptide chains, and each chain contains
at least one domain of repeating Gly-X-Y sequences, in which X and Y are usually
proline and hydroxyproline, respectively (van der Rest and Garrone, 1991). Collagens are
first synthesized as large precursor procollagens flanked with N- and C-propeptide
globular domains. The procollagen molecules are cotranslationally translocated into the
lumen of the ER, where quite a few molecular chaperones and enzymes participate in
their posttranslational modifications, folding and trimerization (Canty and Kadler, 2005;
Lamande and Bateman, 1999). Folding and disulphide bond formation of the Cpropeptides are the early crucial steps to ensure association between monomeric
procollagen chains and establish chain selectivity. Protein disulphide isomerase (PDI)
catalyzes the formation of intrachain disulphide bonds between C-propeptide domians
and ER chaperones: BIP and GRP94 assist the folding of C-propeptide. BIP synthesis is
specifically increased in the OI patients with C-propeptide mutations and stably binds
with the mutant molecules, which are rapidly degraded via ER associate protein
degradation system (Chessler and Byers, 1992; Chessler and Byers, 1993; Lamande and
Bateman, 1999). Thus, BIP may also be involved in quality control of misfolded
procollagen. Prolyl 4-hydroxylase (P4H) catalyzes hydroxylation of proline residues in
the procollagen, which is a key posttranslational modification essential for triple helix
formation. The full activity of P4H requires PDI as β subunit to stabilize the catalytic
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active α subunit, and ascorbic acid (vitamin C) is a cofactor. Inhibition of P4H activity
results in ER retention and delayed secretion of procollagen (Walmsley et al., 1999).
Moreover, P4H may also acts as a chaperone to prevent secretion of misfolded
procollagen triple molecules (Chessler and Byers, 1992). HSP47 is a collagen specific ER
chaperone and its synthesis is closely related to the amount of procollagen in the cells.
HSP47 has a broad binding specificity of different types of collagen, such as nascent
procollagen peptide, misfolded procollagen and proper folded triple procollagen helix.
This non-selective binding ability implies that HSP47 may have multiple functions in
procollagen synthesis. Deletion of Hsp47 by antisense oligonucleotide results in 30%
reduction of polysome-associated procollagen, suggesting HSP47 may have a role in
assisting translocation of procollagen into the ER (Sauk et al., 1994). Furthermore, Type I
procollagen in Hsp47-/-MEFs cells is aggregated in endoplasmic reticulum and deficient
in N-propeptide processing and fibrillogenesis (Ishida et al., 2006).
Once proper trimeric assembly is achieved, the procollagen molecules are
transported from the ER to the Golgi, where they aggregate laterally to form secretory
vesicles. After being transported into the extracellular space, the procollagens are
processed by N and C proteinases into mature collagens, which therein spontaneously
self-assemble into collagen fibrils (Myllyharju and Kivirikko, 2004).

Chapter 2

Method and Materials
Mouse Strains
Generation of Perk global knockout (Perk-/-) and floxed Perk allele strains had been
previously described (Zhang et al., 2002a). Briefly, Synthetic loxP sites were inserted in
intronic sequences flanking exons (exon 7, 8 and 9) encoding critical functional domains
of PERK to generate a floxed Perk strain. Then by crossing the floxed Perk strain with
EIIa-Cre transgenic mouse, a constitutively Cre expression strain(Lakso et al., 1996),
global Perk knockout mice were generated. To generate osteoblast specific conditional
Perk mutant mice (ObPerk-/-), heterozygous floxed Perk strain, which contains one
floxed Perk allele and one Perk null allele, was crossed with Col 2.3-Cre transgenic
mouse strain (Liu et al., 2004).
In order to isolate homogenous populations of osteoblasts for molecular and cellular
analysis, global Perk-/- mice were crossed with pOBCol3.6GFPtpz or
pOBCol2.3GFPemd transgenic strain, which specifically expresses a yellow variant of
green fluorescent protein GFP topaz (GFPtpz, Ex=514, Em=527) in preosteoblasts or
emerald green fluorescent protein (GFPemd, Ex=487, Em=509) in mature osteoblasts
respectively (Kalajzic et al., 2002a). These GFP proteins are mainly distributed within the
cytoplasm of osteoblasts.
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To evaluate the importance of eIF2α[P] in osteoblasts biology, molecular assays were
also performed in primary osteoblasts isolated from Gcn2-/- mice. The Gcn2-/- mice
were generated as previously described (Zhang et al., 2002b).
All strains were maintained at 25°C with 12-hour dark-light circle in the animal
housing facility. All mouse handling procedures were approved by the Institutional
Animal Care and Use Committee at the Pennsylvania State University.

Genotyping
Mouse tail samples 3-5mm in length (5-10mm) were digested in 0.5ml lysis buffer
(5mM EDTA, 0.2% SDS, 200mM NaCl, and 100mM Tris-HCl, pH8.5, with 1mg/ml
proteinase K) overnight at 55°C. Then DNA samples were precipitated by addition of
equal volume of isopropanol. Then the precipitated genomic DNA was transferred to a
new 1.5ml tube containing 0.5ml TE buffer (10mM Tris-HCl, 1.0mM EDTA, pH8.0) and
incubated at 55°C at least 15minuses to dissolve. 1µl DNA sample is used for a 15µl
volume PCR reaction.
To genotype Perk allele, a multiplex PCR reaction was designed with mixture of
equal concentrations of primers of mPERK.1229F (5’-CAT CCC CAT CAG CCT GTT
TG-3’), mPERK.568F (5’-CAC TCT GGC TTT CAC TCC TCA CAG-3’) and
mPERK.568R1 (5’-GTC TTA CAA AAA GGA GGA AGG TGG AA-3’) at final
concentration of 0.2µm. The resulted products are Perk null allele 800-bp, floxed Perk
allele 480-bp and Perk WT allele 300-bp.
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For genotyping Cre and GFP transgenes, the following primer pairs are used: Cre (5’CCT GGA AAA TGC TTC TGT CCG TTT G-3’ 5'-GAG TTG ATA GCT GGC TGG
TGG CAG ATG-3'), GFP (5’-TCA TCT GCA CCA CCG GCA AGC-3’, 5’-AGC AGG
ACC ATG TGA TCG CGC-3’).
The program for the PCR reactions is: 1 cycle of denaturation for 5 minutes at 94°C,
40 cycles of amplification (denaturation of templates for 30 seconds at 94°C, annealing of
primers for 45 seconds at 58°C, elongation for 60 seconds at 72°C), and 1 cycle of
extension for 10 minutes at 72°C. The PCR products were separated on 1.5% agarose gel
and analyzed using AlphaImager 1220 v.5.5 system.

MicroCT Analysis
Mouse tibia and vertebrae were isolated from P1.5 and P10 mice and preserved in 70%
ethanol at RT. The proximal tibia and L1 vertebra were scanned in a µCT 40 MicroCT
system at 6 µm resolution (Scanco Medical AG, Southeastern, PA). Three dimensional
quantitative histomorphometry analyses and imaging of bone structure were done on the
trabecular structures of L1 vertebrae with µCT Evaluation Program v4.4A (Scanco
Medical AG, Southeastern, PA). For vertebral trabecular bone analysis, the middle region
of the L1 vertebrae was selected. The parameters measured were based on the
internationally accepted standard for the presentation of histomorphometric data(Parfitt et
al., 1987). Trabecular bone volume (BV/TV) is the volume of bone tissue expressed as a
percentage of the total tissue volume of the bone. Trabecular number (TbN) reflects the
number of trabeculae that a line through the bone would hit per mm of its length.
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Trabecular thickness (Tb.Th) is the thickness of trabeculae. Trabecular separation (Tb.Sp.)
is the distance between trabeculae. Bone Surface Density (BS/BV) is the surface area of
the trabeculae (BS) in relation to the total volume (BV) of bone. Structural Model Index
(SMI) reflects the curvature of the structure, meaning how much the trabecular elements
are bulging out. SMI normally ranges from 0-3, with 0 totally plate like structure and 3
rod like structure (Hildebrand et al., 1999).

Histomorphometry, Histological and Immunocytochemistry Analysis

Mineral apposition rate
For measurement of mineral apposition rate (MAR), mice were injected
intraperitoneally with calcein (25 mg/kg body weight) at P3 and P8 and sacrificed at P10.
Femurs were isolated, fixed and embedded in methyl methacrylate resin and cut into
10µm thin sections. MAR was determined by measuring the distance between these two
fluorochrome labels, using fluorescence microscopy (Parfitt et al., 1987).

Cryosectioning of bone tissue
For histological analysis, 5µm-femur bone cryo-sections from P4-P12 animals were
prepared as described previously (Jiang et al., 2005). Briefly, mouse long bones were free
of soft tissues and fixed in freshly prepared 4% paraformaldehyde (1xPBS, PH7.4) for 2
days. Then the bones were decalcified in daily changes of 14% (w/v) EDTA water
solution (pH 7.1) for 4 days. The bones were then incubated in 30% sucrose in PBS for 1
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day. All processes of fixation, decalcification, and cryoprotection were performed at 4°C
under gentle agitation. The bone samples then were immersed in frozen embedding
medium (Thermo Shandon, Pittsburgh, PA) and Snap-Freezed using Gentle Jane system
(Instrumedics Inc.; Hackensack, NJ). The frozen bone samples were wrapped in a square
of aluminum foil and stored at –80°C. Cryosectioning was performed on a Leica
CM1900 Cryostat (D-69226; Leica, Inc., Nussloch, Germany) equipped with a CryoJane
Frozen Sectioning Kit (Instrumedics Inc.; Hackensack, NJ). The bone slides were air
dried in the dark and kept in slides box at –20°C before examination and staining.

Von Kossa staining
Bone sections on slides were rinsed twice with 1xPBS and then added 5% silver
nitrate solution. Staining was developed using a Stratalinker UV Crosslinker (Stratagene,
La Jolla, CA): 2 cycles on Auto-crosslink (1200Joules X 100) or until satisfactory
staining intensity was seen. After development, the slides were washed with 1X PBS
twice and then mounted with 50% glycerol. GFP fluorescence images and Von kossa
staining images of femur sections were sequentially captured.

Immunocytochemistry
Immunocytochemistry of primary osteoblasts was carried out according to
standard protocol. Primary osteoblasts grown in chamber slides were fixed in freshly
prepared 4% paraformaldehyde (1xPBS, PH7.4) for 10minuses at RT. Then the slides
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were washed twice in 1X PBS for 5 minutes. The cells were permeabilized in 0.2%
Triton X-100/ 1X PBS for 10 minutes on Gyrotory shaker-Model G2 (x100 rpm) and
washed twice in 1X PBS for 5 minutes. For antigen retrieval, the slides were treated in
10mM citric buffer (pH 6.0) at 95°C for 10minutes, cooled to room temperature, washed
in 1X PBS for 10 minutes, and blocked in 5% horse serum (GIBCO BRL Cat# 16050122, Invitrogen Corporation, Carlsbad, CA) / 1X PBS for at least 1 hour. Then the slides
were incubated with primary antibody in the blocking solution or 1x PBS at 4°C
overnight. After incubation of primary antibodies, the slides were washed with 1xPBS
three times for 5 minutes. Then the slides were incubated with appropriated secondary
antibodies at a 1:500 dilution in 1xPBS at RT in the dark for 1hour. The slides were
washed in 1X PBS three times for 5 minutes in dark, and then mounted with the
SlowFade Light Antifade (Molecular Probes Cat# S-24636, Invitrogen Corporation,
Carlsbad, CA) and cover-slipped.
The primary antibodies used were rabbit anti-type I Collagen (1:25-50,
Rockland Immunochemicals Inc. Gilbertsville, PA), mouse anti-PDI (1:50, Assay
Designs, Inc., Ann Arbor, Michigan), goat anti-type I procollagen and rabbit anti-HSP47
(1:25, Santa Cruz Biotechnology, Inc. Santa Cruz, CA) and appropriate secondary
antibodies conjugated with either Alexa Fluor 488 or 555 dyes (Invitrogen Corporation,
Carlsbad, CA). Nuclei were stained with DAPI (Invitrogen Corporation, Carlsbad, CA).
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Imaging and software analysis
All fluorescence and optical images were captured with a Nikon Eclipse E1000
microscope. Bone parameters, including cortical bone mineral apposition rate, number of
GFP positive mature osteoblasts, GFP intensity per osteoblast, bone surface in primary
spongiosa, number of osteocyte per cortical bone area and number of TUNEL positive
cells, were measured using the Image Pro Plus software (Phase 3 Imaging Systems). The
background brightness and contrast were kept equivalent for all images that were directly
compared so as not to distort apparent differences. For all histomorphometric analyses,
the results from five mice of each genotype are shown.

Cellular assays

Primary osteoblast culture
Mouse calvarial osteoblast cells were isolated from P5 mice by sequential collagenase
digestions as described previously (Kalajzic et al., 2002a). Briefly, after removal of
sutures, calvariae were subjected to four sequential 15-minute digestions in 4ml 1x HBSS
enzyme solution containing 0.05% trypsin (Invitrogen Corporation, Carlsbad, CA) and
0.1% collagenase P (Boehringer Mannheim, Mannheim, Germany) at 37°C on a rocking
platform at 100rpm. Cells from the 2-4 digestions were pooled, centrifuged at 800g for 10
minuses and then resuspended with DMEM containing 10% FCS and cultured in T25
flasks. Twenty-four hours later, medium was exchanged and 3 days later cultures were
fed again. After one week of culture, the calvarial cells were replated at 1× 105 cells/well
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in 12 well plates. After another week of culture, differentiation was induced with αMEM
medium supplemented with 10% FCS, 50 µg/ml ascorbic acid and 4 mM βglycerophosphate.

BrdU incorporation assay
For the in vivo proliferation assay, P10 mice were injected intraperitoneally with
60mg BrdU (Sigma, St. Louis, MO)/kg body weight. Mice were sacrificed 3 hours after
injection and primary calvarial cells were isolated as mentioned above. Calvarial cells
from fraction 2 to 5 were pooled and fixed in 4% phosphate-buffered paraformaldehyde
for 10 minuses at room temperature. Then the fixed cells were resuspended in 30µl 1x
PBS, evenly spread onto the slides and air-dried overnight at room temperature. BrdU
incorporation was detected using combination of rabbit anti-GFP-FTIC (#ab6662-100,
1:1000, Abcam, Cambridge, MA) and mouse anti-BrdU (#M0744, 1:25; DAKO,
Carpinteria, CA) according to standard protocol mentioned above, except that the
samples were treated with 2N HCl for 10 minuses at RT instead of doing antigen retrieval.
For the in vitro proliferation, after the first week of culture in T25 flasks, primary
calvarial cells were replated at 5× 104 /chamber in a 4 well chamber slides. After 24
hours, the cells were incubated with 10mM BrdU for 3 hours and then BrdU
incorporation was examined as described above.
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Cell cycle profile assay of synchronized osteoblasts by deprivation of serum
For the cell cycle profile assay, after the first week of culture in T25 flasks, calvarial
cells were plated at 1× 105 cells/well in 6 well plates. One day later, culture medium was
changed to serum free DMEM. After serum-starvation for 72hours, the osteoblasts were
re-fed with DMEM 30% FCS. Then cells were collected at 0, 8 and 24-h time points and
fixed with ice cold 70% ethanol at -20°C overnight. The fixed cells were suspended in
propidium iodide (PI) staining solution (40ug/ml PI, 100ug/ml Rnase A) and incubated at
37°C for 30 minuses. Single cell suspension was achieved by filtering through a 35µm
filter. Flow cytometry was run on an XL-MCL flow cytometer (Beckman-Coulter, Miami
Lakes, FL). Cell cycle profile was analyzed with Mcycle (Phoenix Flow, San Diego,
CA).

FACS sorting
For FACS sorting, single cell suspensions from day 7 and 14 days osteoblast
cultures were prepared as described previously (Kalajzic et al., 2005). Briefly, 7-day-old
cultures were digested using 0.2% collagenase, 0.2% hyalouronidase, 2.5% trypsin for 510 minuses at 37°C. Trypsin was inactivated by addition of 4 volumes of DMEM, 10%
FCS followed by centrifugation at 4 °C. Cells were resuspended in cold 1xPBS.
Following a second centrifugation cells were resuspended in 1x PBS 2% FCS and filtered
through a 45-µm filter. Cells grown for 14 days were digested using a 0.2% collagenase,
0.2% hyalouronidase, 2.5% trypsin for 30 minuses at 37°C. Enzymes were neutralized
using DMEM, 10% FCS, and cells were centrifuged and prepared as described above.
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FACS was done on an influx V-GS Cytometry Workbench (Cytopedia) using Spigot
software. Fluorescence was excited at 488 nm and emission was collected using 525nm
band-pass filter. FACs sorted cells were collected into cold DMEM, 30% FCS media.

TUNEL assay
TdT-mediated dUTP Nick-End Labeling (TUNEL, In Situ Cell Death Detection
Kit, TMR red from Roche Applied Science, Indianapolis, IN) was performed following
the manufacturer’s protocol. Primary osteoblasts grown in the chamber slides were fixed
in 4% freshly prepared 4% paraformaldehyde (1xPBS, PH7.4) for 10minuses at RT. Then
the slides were washed twice in 1X PBS for 5 minutes. The slides were placed in a
permeabilization solution containing 0.1% Triton X-100 and 0.1% sodium citrate for 2
min on ice. Subsequently, the slides were incubated with the TUNEL reaction mixture
that contains the enzyme (TdT) and fluorescent label (TMR red-conjugated nucleotides)
in a humidified chamber for 1 hr at 37C in the dark. After washing with PBS, the slides
were mounted with 50% glycerin in PBS and ready for imaging.

Caspase 3 assay
Cultured primary osteoblasts were homogenized in 1x Lysis Buffer (EnzoLyte
AMC Caspase-3 Assay Kit; AnaSpec Corporate, San Jose, CA) and centrifuged at
12,000g at 4°C for 10 minutes. The supernatant was transferred to a fresh tube, and 100µl
was used for the subsequent assay. The Reaction Mix contained Component A (Caspase-
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3 substrate), E (DTT), and D (Assay Buffer) in the ratio suggested by the manufacturer’s
protocol. In a 96-well black plate, 50µl of Reaction Mix and 100µl sample were mixed,
and the kinetic reaction was monitored using microplate fluorescence reader (FLx 800,
Bio-Tek Instruments inc., Winooski, VT ) at Em 460nm/Ex 360nm, every minute over
120 minutes at 37°C. The Caspase 3 activity was normalized to the protein concentration.

Lactate dehydrogenase (LDH) assay
Culture medium was collected from primary osteoblast cultures. Meanwhile,
primary osteoblasts were lysized with RIPA buffer (1% Nonidet P40, 0.5% sodium
deoxycholate, 0.1% SDS, 1×PBS, pH 8.0) containing 1× protease and phosphatase
inhibitor cocktails (Sigma, St. Louis, MO) and the DNA concentration was determined
by Pico green dsDNA reagent (Invitrogen Corporation, Carlsbad, CA). 100µl medium
was mixed with 100µl LDH-P reagent (RAICHEM, #85125) and incubated in 30°C in
the individual wells of a 96-place microtiter plate. The time-dependent decrease of the
absorbance at 340 nm was measured on a microtiter plate spectrophotometer
(SpectraMAX, Molecular Devices, Sunnyvale, CA). The slope of the linear line of the
kinetic curve was referred as LDH activity. The LDH activity then was normalized to the
total DNA content of the cells from the original wells.
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Measurement of GFP and alkaline phosphatase (ALP) content
Cellular protein of osteoblasts was extracted with RIPA buffer (1% Nonidet P40,
0.5% sodium deoxycholate, 0.1% SDS, 1×PBS, pH 8.0) containing 1× protease and
phosphatase inhibitor cocktails (Sigma, St. Louis, MO) and the protein concentration was
determined by Bio-Rad protein assay reagent. GFP intensity was measured (Ex=485,
Em=530) in 100µl of protein extract using microplate fluorescence reader (FLx 800, BioTek Instruments inc., Winooski, Vermont).
Alkaline phosphatase (ALP) activity was determined using standard pnitrophenolate protocol (Dimai et al., 1998). 1µl of protein samples was incubated in a
total volume of 0.2 mL assay solution containing 10 mmol/L PNPP (Sigma,), 10 mmol/L
L-phenylalanine and 1 mmol/L MgCl2 in 150 mmol/L Na2CO3 buffer (pH 10.3) in the
individual wells of a 96-place microtiter plate. The time-dependent increase of the
absorbance at 405 nm was measured on a microtiter plate spectrophotometer. ALP
activity was calculated as dynamic curves for units per microgram of total protein, where
1 U is defined by the conversion of 1 µmol substrate to produce per minute at room
temperature (25 °C).

Measurement of Bone Specific Tartrate-Resistant Acid Phosphatase Activity
Long bones of neonatal mice of both genotypes were freed of soft tissue and
incubated overnight in 1xPBS containing 0.01% sodium azide, at 4 °C (1.5 mL/bone), to
remove the marrow and contaminating serum. Each sample was then transferred to a
extract solution (Triton X-100, 0.01% sodium azide, 25 mmol/L NaHCO3, pH 7.4) for a
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72 h extraction at 4 °C (250µl/bone). The extracts were then centrifuged to remove
insoluble materials, and TRAP activity was determined in each extract using a modified
p-nitrophenolate protocol (Janckila et al., 2001; Nakanishi et al., 2000; Nakanishi et al.,
1998). For measuring total TRAP activity, fifty microliters of bone extract was incubated
in a total volume of 150 µl of assay buffer consisting of 10 mM pNPP, 100 mM Na
acetate buffer (pH 6.1), 50 mM Na tartrate and 23u/ml heparin. For measuring sodium
fluoride resistant TRAP activity, bone extract was incubated in the assay buffer with
45mM Sodium Fluoride. Both reactions were carried out for 1 h at 37°C and stopped by
addition of 50 µl 3 M NaOH. Absorbance was measured at 405 nm in a microtiter plate
spectrophotometer (SpectraMAX, Molecular Devices, Sunnyvale, CA). TRAP activity
was calculated as dynamic curves for units per microgram of total protein, where 1 U is
defined by the conversion of 1 µmol substrate to produce per minute at 37 °C. The bone
specific TRAP (sodium fluoride sensitive TRAP) activity was calculated by subtracting
the sodium fluoride resistant TRAP activity from the total TRAP activity.

RNA Assays

RNA extraction
Long bones (femurs and tibias) from P10 mice were freed of soft tissues and bone
marrow, and then homogenized using a Polytron homogenizer in Qiazol lysis reagent
(QIAGEN inc. Valencia, CA). RNA samples of long bones, osteoblast culture and sorted
osteoblasts were prepared using RNeasy Mini kit (QIAGEN inc. Valencia, CA),
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following the manufacturer’s instructions. Concentration of RNA samples was measured
using RiboGreen RNA quantification kit (Invitrogen Corporation, Carlsbad, CA),
following the manufacturer’s instructions.

Reverse transcription
Reverse transcription (RT) was carried out using M-MLV reverse transcriptase, buffer
and Random Primers (Promega, Madison, WI) according to the manufacturer’s protocol.
For a 25 µl RT reaction, 0.5-2µg of total RNA sample were mixed with 1 µl random
primers and RNAse free water in a total volume of 16.75 µl and incubated at 70°C for 5
minutes. Then 5 µl 5x RT buffer, 1.25 µl dNTP, and 1 µl MMLV reverse transcriptase
were added to the same tube on ice, followed by incubation at 37°C for 75minuses. The
cDNA samples were diluted with 200µl nuclease free water and used immediately or
stored at -20°C for qPCR reaction.

Realtime quantitative PCR analysis
Realtime quantitative PCR was carried out using qPCR Core Kit for SYBR Green I (RTSN10-05, Eurogentec, San Diego, CA). One real-time PCR reaction (30µl) contained 3µl
cDNA (diluted), 10. 5µl ddH2O, 17.5µl 2x realtime reaction buffer and 4µl of primers (a
mixture of both forward and reverse primers at 2µM). Reactions were run with ABI
Prism 7000 Sequence Detection System and analyzed using ABI Prism 7000 SDS
Software (Applied Biosystems, Foster City, CA). The PCR program is 50°C (2 min),
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95°C (10 min), 40 cycles of 95°C (15 sec), 60°C (1 min). Following the PCR,
dissociation curve is run and analyzed to ensure the specificity of the PCR product. For
all the used primers, only one single amplicon peak is detected. Relative mRNA levels of
all tested genes were normalized to those of β-actin and/or α-tubulin and were expressed
as means (bars) ±SEM (error bars) of the relative amount compared to the average
expression level of WT samples. Primer pairs used were shown in Table 1.

37

Table 1. Primer sequence information of realtime quantitative RT-PCR

Gene
Actin
Alp
Asns
Atf6
a-Tubulin
Bip
Bsp
Canx
Chop
Col1a1
Col2a1
Dmp1
Ero1l
Gfp
Glyt11
Grp94
Hsp47
Ire1
Mmp9
Ocn
Opg
Opn
Osterix
P4ha
Phex
Rank
Rankl
Runx2
Sars1
Slc3a2
Slc7a5
Sox9
Wars
Xbp1-S
Xbp1-T

Forward primer
GCCCTGAGGCTCTTTTCC
CATGTGATGGCGTATGCCTC
GCTCAGAGTGCCTGCAGTCC
GGATCATCAGCGGAACCAA
CCTGGAACCCACGGTCATC
ACCCTTACTCGGGCCAAATT
GACCAGTGTTGGCACCCAG
CCTCCATCTCCAAAGGTCACC
CCAACAGAGGTCACACGCAC
CACCCTCAAGAGCCTGAGTC
TTCCACTTCAGCTATGGCGAT
TTCCAGGGTGTCTCCCACTC
ATACAGTCCCCCGATGCTGA
GCAAAGACCCCAACGAGAAG
GGCACTGAACGCAAGAGTCTG
GACCTTCGGGTTCGTCAGAG
AAACATCTGGCAGGACTGGG
TGGCCCCAATAATGACCATG
AAAACCTCCAACCTCACGGA
GCCTTCATGTCCAAGCAGGA
GAGCAGCTTCGTGCCTTGAT
CACCTCTCACATGAAGAGCGG
CCAGCCTCTGGCTATGCAAA
GGCGGATGCAACATATCACC
TTGTCTAGTCAAAGGCGAGCC
ACGGAATCAGATGTGGTCTGC
CCTGATGAAAGGAGGGAGCA
GGAGCTCGGCGGAGTAGTTC
GGGACAGAGAGGCCGAGAAC
CCTGCTGTTGACCAGCTCCT
GAGTGTGGCATTGGCTTCG
TCCAGCAAGAACAAGCCACA
ATATCCAGTGCCTCATCCCG
CTGAGTCCGAATCAGGTGCAG
TGGCCGGGTCTGCTGAGTCCG

Reverse primer
TGCCACAGGATTCCATACCC
GGCACAGTGGTCAAGGTTGG
GCACTCAGACACTGCACGGA
TGCAACGACTCAGGGATGG
AAGAGCTGGCGGTAGGTGC
AGAGCGGAACAGGTCCATGT
TGTCTGCTGAAACCCGTTCAG
ACCCTGACAGAGACCCTCTGTC
TGACTGGAATCTGGAGAGCGA
GTTCGGGCTGATGTACCAGT
GACGTTAGCGGTGTTGGGAG
TGCACGTGATCCCTGTGTTC
AGCGCTTTGATGGGATTCTG
TCACGAACTCCAGCAGGACC
CATCCCTTTGGCACCTTTTC
TCGGCTTTTACCCAGGTCCT
TGCCTTGTTCTTGTCGATGG
CAAGGCACTTGATTTGCGAAG
GCTTCTCTCCCATCATCTGGG
GCGCCGGAGTCTGTTCACTA
CGCTCGATTTGCAGGTCTTT
CAGGGATGACATCGAGGGAC
AGGAAATGAGTGAGGGAAGGGT
TGTGGTTCGTACTGTCCCCC
CCCCTCGACACCCTTTCTC
GCAGAACGATGAGACTGGGC
TGGAATTCAGAATTGCCCGA
CTGTGGTTACCGTCATGGCC
AACACCTGCTCTGTCCACGG
GCCAGTGGCATTCAAAAACC
GCAGAATCCACTTGGGCTTG
TGCAGATGCGGGTACTGGT
GGTTTAGGATGGCCGATCCT
GTCCATGGGAAGATGTTCTGG
GTCCATGGGAAGATGTTCTGG
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Protein Assays

Protein extraction
Protein extraction of long bones was carried as described previously (Zhang et al.,
2002a). Briefly, mouse long bones (tibia and femur) were isolated and free of bone
marrow and connective soft tissues. The bone tissue was homogenized using a Polytron
homogenizer in bone lysis buffer, which contained 9 M urea, 0.02% Triton X-100, 0.1 M
DTT, 5% trichloroacetic acid, 1x protease inhibitor cocktail for tissues and cells (Sigma,
St. Louis, MO), 1x phosphatase inhibitor cocktail I (Sigma, St. Louis, MO), and 2 mM Nethylmaleimide. After incubated in the lysis buffer at 4°C for 2 days, bone samples was
centrifuged 12000rpm for 10minuses at 4°C and bone protein samples were collected
from supernatants.

Cellular protein of osteoblasts was extracted with RIPA buffer (1% Nonidet P40,
0.5% sodium deoxycholate, 0.1% SDS, 1×PBS, pH 8.0) containing 1× protease and
phosphatase inhibitor cocktails (Sigma, St. Louis, MO).

Protein concentration was determined by Bio-Rad protein assay reagent with standard
protein BSA samples.

Immunoblot
For reducing condition, 20-30ug protein samples were denatured in Laemmli sample
buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 25% glycerol, 0.01% Bromophenol Blue) at
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100°C for 10minuses and then electrophoresized on 4-15% pre-casted SDS PAGE gels
(Bio-Rad, Hercules, CA). For nonreducing conditions, protein samples were diluted with
native sample buffer (62.5 mM Tris-HCl, pH 6.8, 40% glycerol, 0.01% Bromophenol
Blue) and then electrophoresized on 5% pre-cast SDS PAGE gels (Bio-Rad, Hercules,
CA). The BioRad Transblot semi-dry transfer system or Mini Trans-Blot Cell system was
used to transfer protein samples to Hybond ECL membranes (GE Healthcare, Piscataway,
NJ). Then the Membranes were blocked for one hour at room temperature in Chemicon
Blocking Solution (Chemicon International, Temecula, CA) diluted 1:4 in TBS + 0.1%
Tween-20 (TBST). Incubation of primary antibodies (usually 1:200 dilution) was carried
out at 4°C overnight with gentle agitation. After incubation with primary antibodies, the
membranes were washed three times for 5 minutes in TBST. Horseradish peroxidase
conjugated secondary antibodies were diluted 1:2000 in Chemicon Blocking Solution and
incubated with the blots for one hour at room temperature with gentle agitation.
Membranes were washed three times for 5 minutes in TBST. Immunoreactive signals
were detected using the ECL Plus kit (GE Healthcare, Piscataway, NJ) on a Storm 860
Phosphorimager (GE Healthcare, Piscataway, NJ). Signal quantification was measured
using ImageQuant 5.1 software (GE Healthcare, Piscataway, NJ). Protein levels were
normalized to the housekeeping proteins alpha-tubulin or beta-actin.

Rabbit polyclonal antibodies (CTSK, Cdk2, Cdc2, cyclin A, cyclin D1, cyclin E,
Runx2, ATF4), mouse monoclonal antibodies (tubulin and actin) were purchased from
Santa Cruz Biotechnology, Inc.( Santa Cruz, CA). The other primary antibodies included
rabbit anti-collagen I (Rockland Immunochemicals Inc. Gilbertsville, PA), rabbit anti-
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phospo-Ser251 ATF4 (Gift from Dr. Gerard Karsenty), mouse anti-α-tubulin (Sigma, St.
Louis, MO), mouse anti BM28 (BD transduction laboratory, Lexington, KY). Secondary
antibodies were horseradish peroxidase-conjugated anti-mouse, anti-rabbit and anti-goat
(Sigma, St. Louis, MO).

[35S]Met/Cys Incorporation assay
Primary osteoblasts were cultured in differentiation medium for 48hrs and then were
deprived of methionine and cysteine (Met/Cys) for 30 minutes at 37°C in Met/Cys-free
DMEM, 10% dialyzed FBS. The cells were then labeled with [35S] Met/Cys (500
µCi/ml) at 37°C for 0, 15, 30 minutes. The reaction was stopped by the addition of
concentrated non-radioactive Met/Cys solution (0.1 M each). After washed twice with
PBS, the cells were lysized in RIPA buffer.
For the total protein synthesis assay, the protein lyses were trichloroacetic acid
(TCA)-precipitated using ProteoPrep Protein Precipitation Kit (Sigma, St. Louis, MO).
Precipitates were washed with 20% ice cold acetone, air-dried for 20minuses and then
dissolved in 2-D protein buffer (30mM Tris, 7M urea, 2M thiourea, 4% CHAPS). The
resident radioactivity was measured by scintillation counting and normalized to total
protein content.
For the collagen synthesis assay, 0.3ml protein lyses were firstly pre-cleared with
20µl of protein A/G PLUS agarose beads (Santa Cruz Biotechnology, Inc. Santa Cruz,
CA, Cat# sc-2003) at 4 °C for one hour. Then the samples were incubated with anticollagen antibody (1:60, Rockland Immunochemicals Inc. Gilbertsville, PA) at 4 °C
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under rotary agitation for 2 hours and thereafter 20µl of protein A/G PLUS agarose beads
were added and incubation was continued overnight. The samples were centrifuged at
300g for 1 minute to precipitate the antibody-agarose beads. The supernatants were
discarded and the beads were washed twice with RIPA buffer and dissolved in 40µl
Laemmli sample buffer. The resident radioactivity was measured by scintillation
counting and normalized to total input protein content.

Statistics
Statistical analysis was performed using student t-test and P values are shown in
the figure legends. P < 0.05 was accepted as significant. Error bars represent the standard
error of mean (SEM).

Chapter 3

Results
Perk-/- mice are neonatal osteopenia.
PERK global knockout mice generated by our laboratory show very similar early
development defects as seen in Wolcott–Rallison syndrome (WRS) patients, such as
diabetes, growth retardation, hepatic failure and multiple skeletal dysphasia (Li et al.,
2003; Zhang et al., 2002a; Zhang et al., 2006). Perk-/- mice become hypoinsulinaemic
and hyperglycemic around postnatal day 21 and the diabetic phenotype is caused by
severe defects in pancreatic β-cell proliferation, differentiation and glucose-stimulated
insulin secretion (Zhang et al., 2006). Starting from postnatal day 2, Perk-/- mice exhibit
growth retardation with a 4-fold reduction of growth rate during the first three postnatal
weeks. The dwarfism is correlated with dramatic reduction of circulating liver IGF-1
level in Perk-/- mice beginning at postnatal day 5 (Li et al., 2003). Meanwhile, during the
first three postnatal weeks, Perk-/- mice also displayed multiple skeletal dysplasias, such
as reduced mineralization in flat bones (skull), long bones (ulna and radius) and vertebrae,
and abnormal compact bone formation (Zhang et al., 2002a). Since both insulin and IGF1 can positively regulate skeletal development (Schwartz, 2003; Sjogren et al., 2002;
Yakar et al., 2002), it is reasonable to believe that the skeletal abnormalities in Perk-/mice could be caused by both cell autonomous defects in bone cells and metabolic
defects. In order to minimize the effects of complicated metabolic problems, in this thesis,
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I focused on studying skeletal defects of Perk-/- mice during their first two postnatal
weeks.
To characterize the structural and architectural defects of the skeleton of Perk-/- mice,
the first lumbar vertebrae (L1) and the proximal end of tibias of neonatal mice were
analyzed using micro-computed tomography (µCT) by Xiaoyi Sheng, a former graduate
student in Dr. Cavener’s lab. We analyzed bones from mice at postnatal day 1.5 (P1.5), a
time point before onset of growth retardation and still within the measurement limit of
µCT, and postnatal day 10 when diabetes does not occur and we can obtain enough bone
tissue for molecular assays. Compared to wild type (WT) littermates, Perk-/- mice
showed a remarkable reduction of bone density in both the cortical and trabecular region
of bones (Fig. 3, A, B, C, D, G and H), and a delayed formation of secondary ossification
centers in the proximal tibia (Fig. 3, E and F).
Three dimensional histomorphometric analysis of L1 vertebrae trabeculae of day 1.5
and day 10 mice revealed a significant reduction of bone volume (~55%-74%), trabecular
number (~31%-33%) and trabecular thickness (~16%-36%) in Perk-/- mice (Fig. 3, I-K),
whereas significant increase was seen in trabecular separation (~49%-59%) and bone
surface density (~29%-73%) (Fig. 3, L and M). The structure model index increased
approximately two-fold in Perk-/- (Fig. 3 N) suggesting the trabeculae in Perk-/- mice are
rod-like structures, which is different with the normal plate-like structure seen in WT
trabeculae. Collectively, these data show that Perk-/- mice manifest severe osteopenia
during the early neonatal stage.
Our laboratory also generated a pancreatic beta cell specific Perk transgenic mouse
using rat insulin promoter (Rip-Perk) and crossed it into global Perk-/- mice to get β-cell
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rescued Perk-/- mice (βPerk;PKO). These mice do not become diabetic and their growth
retardation and low bone mass phenotypes are also greatly reversed after juvenile stage
(Li et al., 2003) (Xiaoyi Sheng’s master thesis). However, during neonatal period (0 to 3
weeks), βPerk; PKO mice still display growth retardation (Li et al., 2003) and osteopenia
as revealed by µCT (Xiaoyi Sheng’s unpublished preliminary data). Moreover, these
mice have identical osteoblast defects as global Perk-/- mice (data not shown). These
findings suggests that insulin deficiency inhibits the recovery of bone defects in Perk-/mice at late postnatal period, but is not a major cause of the bone defects during neonatal
period. Dr. Yulin Li, a former graduate student in Cavener’s lab, generated liver specific
Perk transgenic mice using albumin promoter Perk (Alb-Perk). Although the function of
PERK had been shown to be restored in the liver, Alb-Perk global Perk-/- mice remain
growth retardation at both neonatal and juvenile stages (Yulin Li’s Ph.D. Thesis). Based
upon all these observations, we speculate intrinsic defects in bone cells are the major
contributing factors for the neonatal osteopenia in Perk -/- mice.

Deficiency of PERK impairs osteoclast activity in vivo.
Mammalian skeletal development and maintenance of bone mass are regulated by a
balance between bone formation by osteoblasts and bone-resorption by osteoclasts.
During neonatal period, both osteoblast and osteoclast activity are at a very high level to
support rapid bone growth and any small change in either direction will dramatically
impact skeletal development (Deftos, 1998). The pathogenesis of osteopenia could be
caused by increased osteoclast activity or decreased osteoblast activity or a complication
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of both. To investigate the cellular basis of the osteopenia in Perk-/- mice, gene
expression of osteoclast markers in total long bone of P10 Perk-/- and control WT mice
was determined by realtime quantitative RT-PCR. As shown in Fig. 4, expression of
tartrate-resistant acid phosphatase (Trap) and cathepsin K (Ctsk) and matrix
metallopeptidase 9 (Mmp9), three important enzymes for osteoclast bone resorption
activity, were all diminished in Perk-/- mice to about 55% of wild type mice (Fig. 4 A).
The decreased mRNA levels of Trap and Ctsk were correlated with significant 50%
reduction of TRAP enzyme activity in bone extracts (Fig. 4 B) and 40 to 50% decrease of
CTSK protein level (Fig. 4 C) in total bone protein from Perk-/- neonatal mice, indicating
osteoclast activity was compromised in Perk-/- mice.
The differentiation of osteoclasts is tightly regulated by RANK/RANKL/OPG
signaling. RANKL secreted by osteoblasts binds to its receptor, RANK, on the surface of
pre-osteoblast cells, inducing their differentiation. Osteoprotegerin (OPG) produced
mainly by osteoblasts and stromal cells inhibits RANK/RANKL interaction by
competitively binding of RANKL and, therefore, prevents osteoclast differentiation and
activation(Caetano-Lopes et al., 2007). To further investigate the possible cause leading
to the decreased osteoclast activity in Perk-/- mice, mRNA expression of Rank, Rankl
and Opg were examined in Perk-/- mice bone tissue by realtime quantitative RT-PCR.
The results showed that expression levels of Rank and Opg were equivalent to WT
controls, while the level of Rankl was significantly reduced by about 30% (Fig. 4A).
Furthermore, to investigate the cell-autonomous role of PERK in osteoclast, osteoclast
specific Perk-/- mice (CD11b Perk-/-)were generated by crossing floxp Perk mice with
CD11b-cre transgenic strain, which expresses cre recombinase in the osteoclast lineage
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(Ferron and Vacher, 2005). CD11b Perk-/- mice do not exhibit obvious development
problems. As revealed by realtime quantitative RT-PCR using total long bone RNA,
reduction of osteoclast markers was not detected in these mice and expression of Rankl in
osteoblasts was normal (Data was not shown in this thesis). Thus, the impaired osteoclast
activity in global Perk-/- mice is most likely due to the reduced expression of the
osteoblast-derived Rankl.

Deficiency of PERK reduced bone formation activity in vivo.
Since osteoclast activity in Perk-/- mice is decreased instead of elevated, the low bone
mass phenotype in these mice is more likely to be a low turnover osteopenia that is
caused by defects in osteoblasts.
To evaluate osteoblast bone forming activity in vivo, cortical bone mineralization
apposition rate (MAR) was measured in tibia following sequential calcein injections. The
MAR of Perk-/- mice was substantially reduced to 2.90±0.28 µm/day, which was about
50% of WT control (5.87±0.77µm/day) at age of 10 days (Fig. 5 D and E). Consistent
with attenuated mineralization apposition rate in vivo, in vitro cultured Perk-/- calvarial
osteoblasts formed smaller and much fewer mineralized bone nodules after 28 days of
differentiation culture as detected by Von Kossa staining (see Fig. 8 A the far right
panel). Collectively, these data show that Perk-/- mice manifest severe osteopenia during
the early neonatal stage, which is associated with reduced osteoblast bone formation
activity.
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Deficiency of PERK reduced osteoblast mass.
There are two possibilities that could cause reduced bone formation in Perk-/- mice.
One may be due to decreased osteoblasts number, the other could be caused by functional
defects in Perk-/- osteoblasts. To identify and quantify osteoblasts in bone tissue, a
fluorescent osteoblast-specific marker transgene (Col2.3GFPemd) was genetically
introduced into the background of Perk KO and wild type mice. By imaging and
analyzing the primary spongiosa of the femur from neonatal P4 mice of both genotypes
(Fig. 5A), we found that the number of GFP-positive osteoblasts in Perk-/- mice was
23.30±1.05 cells per mm of bone surface and reduced by 39% compared to Perk+/+ mice,
which was 38.17±3.71 cells per mm of bone surface (Fig. 5 B). Moreover, the
Col2.3GFPemd signal intensity within each osteoblast was significantly reduced in
neonatal Perk-/- mice (761.32±9.65 AU/osteoblast) compared to WT (821.70±10.32
AU/osteoblast, Fig. 5 C), suggesting that Perk-/- osteoblasts are less mature than WT.

PERK is required for normal osteoblast differentiation and maturation.
The decrease in osteoblast mass in Perk-/- mice could result from deficient osteoblast
differentiation, decreased proliferation and increased cell death. First, I evaluated the
osteoblast differentiation process in vivo, by analyzing the mRNA expression of key
markers of osteoblast development in long bone tissue of P10 Perk-/- and control WT
mice. As displayed in Fig. 6, expression of mature osteoblast markers including alkaline
phosphatase (Alp, Fig. 6 A), type I Collagen (Col1a1, Fig. 6B), receptor activator of
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NFkappaB ligand (Rankl, Fig. 6 C), osteocalcin (Ocn) (Fig. 6 D) and bone sialoprotein
(Bsp, Fig. 6 E) were significantly down-regulated in Perk-/- mutants to 60-70% of wildtype, while expression of osteopontin (Opn, Fig. 6 F), an early osteoblast marker, was
unchanged relative to wildtype littermate control mice. Expression levels of Osterix and
Runx2 were reduced by about 15% on average in Perk-/- mice but were not significantly
different from wild type (Fig. 6, G and H). These data suggests that in the absence of
PERK osteoblast differentiation is defective.
Since fully mature osteoblasts will further differentiate into osteocytes, I speculated
that impaired osteoblast differentiation in Perk-/- mice should also affect osteocyte
formation. As revealed by realtime quantitative RT-PCR( Fig. 7), expression of osteocyte
marker genes: dentin matrix protein 1(Dmp1) and phosphate-regulating gene with
homology to endopeptidases on the X chromosome (Phex) in Perk-/- bone tissue was
significantly reduced to about 50-60% of WT (Fig. 7, A and B). Moreover, histological
analysis showed that the number of osteocytes in cortical bone was slightly but
significantly decreased in Perk-/- mice (443.5±24.1 / mm2 vs. 514.0±22.7 in WT, Fig. 7
C). Thus, the reduced expression of osteocyte markers is due in part to fewer osteocytes
in Perk-/- mice and these defects of osteocytes indicate differentiation of mature
osteoblasts in Perk-/- mice is compromised.

To further study the role of PERK in regulation of osteoblast differentiation, primary
calvarial osteoblasts from transgenic Col2.3-GFPemd Perk+/+ and Perk-/- mice were
cultured in osteoblast differentiation medium and the differentiation of these cells was
monitored by imaging Col2.3-GFP signals in culture and by assessing the cellular content
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of GFP and ALP in total protein extracts every 4 days over a 20-day period. Mature Perk/- osteoblasts, as marked by the expression of the Col2.3GFP, appeared later and were
fewer in number compared to WT controls during the 20-day period (Fig. 8 A).
Expression levels of both the transgenic osteoblast marker Col2.3GFP (Fig. 8 B) and the
endogenous osteoblast differentiation marker ALP (Fig. 8 C) were dramatically lower in
Perk-/- cells, suggesting impaired or delayed osteoblast differentiation. Consistent with
these observations, the mRNA expression of mature osteoblast markers: type I collagen,
osteocalcin and bone sialoprotein were substantially reduced at all time points in the
Perk-/- primary calvarial osteoblast cultures over the 20-day time course (Fig. 8 D-F).
In vivo data suggest that reduced gene expression of osteoblast markers in Perk
mutant long bones may result from decreased osteoblast number and impaired osteoblast
maturation (Fig. 5, B and C). To evaluate the relative maturation of Perk-/- osteoblasts,
two transgenes Col3.6GFPtpz, first expressed in preosteoblasts, and Col2.3GFPemd,
restricted to mature osteoblasts (Kalajzic et al., 2002a), were introduced separately into
global Perk-/- mice. Presumptive preosteoblasts (day 7 culture) and mature osteoblasts
(day 14 culture) were isolated from each strain via FACS achieving purity greater than
95%. The expression profile of osteoblast markers in the purified osteoblast fractions was
analyzed by realtime quantitative RT-PCR. As expected, loss of Perk resulted in a
33%~50% decrease in the expression of osteoblast markers (Alp, Col1a1, Ocn and Bsp)
at preosteoblasts (Fig. 9, A) and an 18~25% reduction in these transcripts in mature
osteoblasts (Fig. 9, B). Opn, the early osteoblast marker, was down regulated in
preosteoblasts, but not in mature osteoblasts. Furthermore, expression levels of the
transgenic preosteoblast marker Col3.6GFP and mature osteoblast marker Col2.3GFP

50
were both decreased by 40% (Fig. 9 C). These data confirm that both differentiation and
maturation of osteoblasts are impaired in the absence of PERK.
The reduced mRNA levels of mature osteoblast markers could be a result of either
decreased transcription or increased mRNA degradation. To test the later issue,
degradation of mRNA of Col1a1, Ocn and Alp was assessed in Perk+/+ and Perk-/osteoblasts treated with 10µg/ml actinomycin D, an inhibitor of mRNA transcription. The
results revealed that the stability of these transcripts in Perk-/- osteoblasts was
comparable to that of control WT samples (Data are not shown in this thesis). Thus, the
downregulation of mRNA levels of these osteoblast markers in Perk-/- osteoblasts likely
occurred at transcriptional level.

Runx2 and Osterix are suppressed in Perk-/- osteoblasts.
To determine if the delayed osteoblast differentiation in Perk-/- mice is caused by
misregulation of key osteoblast differentiation factors, the mRNA expression of Runx2
and Osterix were examined during the differentiation of cultured primary calvarial
osteoblasts and in FACS purified preosteoblasts and mature osteoblasts. The expression
of Runx2 in Perk-/- culture from day 0 to day 8 was reduced by 20-35% compared to WT
control and the difference became more evident at days 12-20 (Fig. 10 A). A similar
reduction was seen in Osterix mRNA in Perk-/- culture (Fig. 10 B). Down-regulation of
Runx2 was further confirmed at the protein level in day 0 culture samples, which
displayed a 44% reduction in Perk-/- cells (Fig. 10, D and E). Furthermore, in purified
preosteoblasts, mRNA levels of Runx2 and Osterix were 52% and 46% of WT, whereas
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in mature osteoblast, their levels were the same as WT (Fig. 10 C), suggesting PERK is
not required to maintain normal levels of Runx2 and Osterix in mature osteoblasts.
Runx2/osterix signaling plays dual roles in regulation of osteogenesis. On one hand it
specifically upregulates expression of osteoblast lineage markers; on the other hand, it
prevents multipotent or pluripotent mesenchymal progenitors from differentiating into
other bone component cells, such as chondrocytes, myoblasts and adipocytes (Kobayashi
et al., 2000; Morriss-Kay, 2001). To test if the suppression of Runx2/Osterix signaling in
Perk-/- calvarial cells alters the differentiation potential of mesenchymal progenitors,
mRNA expression profiles of cell type specific markers of chondrocyte, myoblast and
adipocyte were analyzed by realtime quantitative RT-PCR. As the data revealed, in wildtype calvarial osteoblast cultures, mRNA levels of sex determining region Y box 9 (Sox9),
an essential transcription factor for chondrogenic lineage commitment, rapidly decreased
by 80% from day 0 to day 4, whereas the decline of Sox9 in Perk-/- calvarial osteoblast
cultures was significantly reduced and delayed (Fig. 11 A). Consequently, the expression
of type II collagen (Col2a1), a chondrocyte specific marker, was higher in Perk-/cultures than WT at all time points after day 4 (Fig. 11 B). Meanwhile, the expression of
myoblast marker myogenic differentiation 1 (MyoD) and adipocyte marker fatty acid
binding protein 4 (Fabp4) was the same as WT controls (Data not shown). Taken
together, these data suggest in the absence of PERK an osteogenesis defect occurs in
osteochondral bi-potent stage and a disproportionate number of progenitor cells, instead
of becoming osteoblasts, retain a strong potential to commit into chondrocytes.
In order to explore the possible links between Perk and Runx2, I next tested if
activation of PERK will upregulate the expression of Runx2. Primary calvarial
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osteoblasts of both genotypes were treated with DTT (10mM) or thapsigargin (Tg, 1uM),
two commonly used pharmacological reagents that activate PERK by disruption of ER
redox homeostasis or depletion of ER Ca2+. Realtime quantitative RT-PCR analysis
revealed that after 3-hour DTT treatment, mRNA level of Runx2 had a 1.46 fold increase
in WT, while the induction in Perk-/- culture was significantly diminished (Fig. 12, A). A
very similar result was observed in Tg treatment, though the upregulation of Runx2
mRNA in WT was slightly lower than DTT treatment (1.31 fold of non-treated controls)
(Fig. 12, B). Thus, activation of PERK triggered by alterations of ER homeostasis can
induce expression of Runx2 mRNA.

ATF4 is not a major downstream target of PERK in regulation of
osteoblast biology.
ATF4, a basic-leucine zipper transcriptional factor essential for osteoblast
maturation, had been shown to be translationally upregulated upon acute ER stress
response in a PERK dependent manner (Lu et al., 2004; Vattem and Wek, 2004). To
assess if loss of Perk can affect expression of ATF4 in vivo, immunoblots and realtime
quantitative RT-PCR were carried out to examine the expression levels of ATF4 and its
downstream transcripts in Perk-/- osteoblasts or bone tissues. The results demonstrated
that in the absence of Perk, protein levels of both total ATF4 and its osteoblastic active
form (phospo-Ser251 ATF4) were comparable to WT controls (Fig. 13 A). Recent studies
had shown that ATF4 regulates osteoblast differentiation and function by controlling a set
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of genes involved in amino acid metabolism (Elefteriou et al., 2006; Harding et al., 2003).
Consistent with these findings, mRNA levels of the ATF4 downstream transcripts, such
as asparagine synthetase (Asns), glycine transporter 1 (Glyt1), seryl-aminoacyl-tRNA
synthetase (Sars), solute carrier family 3 member 2 (Slc3a2), solute carrier family 7
member 5 (Slc7a5) and tryptophanyl-tRNA synthetase (Wars), were significantly
decreased in Atf4-/- mice bone tissue to about 40-60% of the WT controls (Fig. 13 C). In
contrast, expression of these genes in Perk-/- long bones were either unchanged, as for
Sars, Slc3a2 and Wars, or significantly increased by about 30%, such as Asns, Glyt1 and
Slc7a5, when compared to WT mice (Fig. 13 C). Furthermore, immunoblot of total long
bone extracts revealed that ATF4 deficiency resulted in reduced levels of type I
procollagen (Fig. 13 B), which was opposite phenotype of Perk-/- mice (see Fig. 16 A).
Finally, the induction of Runx2 expression under DTT or Tg treatment in Atf4-/osteoblasts was comparable to WT (Fig.12). Thus, collectively, these data suggested that
osteoblast defects in Perk-/- mice do not result from reduced expression and activity of
ATF4.

PERK positively regulates osteoblast proliferation.
To investigate a possible defect in cell proliferation, Perk KO and WT mice carrying
Col3.6GFPtpz transgene were injected with BrdU 3 hours prior to being sacrificed, and
then primary calvarial cells were isolated by sequential collagenase digestion and
prepared for immunohistochemistry. BrdU positive cells, which reflects the cells at S
phase, were categorized into three cell populations: all cells, osteoprogenitors

54
(Col3.6GFPtpz negative cells), and preosteoblasts /osteoblasts (Col3.6GFPtpz positive
cells). BrdU incorporation rates were 8.65± 0.27%, 9.77±0.36% and 7.04±0.58% in the
three populations of WT mice, respectively. While BrdU incorporation rates in Perk-/mice were 3.87±0.71%, 7.56±0.81%, 2.94±0.34%, respectively, suggesting Perk-/- mice
had significantly fewer proliferating cells compared to wild type at all these three
populations (Fig. 14 A). To exclude the possibility that decreased osteoblast proliferation
is due to secondary metabolic problems in vivo, such as low serum IGF1 and insulin
levels (Li et al., 2003; Zhang et al., 2002a; Zhang et al., 2006), proliferation of calvarial
Perk-/- osteoblasts was examined in vitro. The population of BrdU positive cells in
cultured Perk-/- calvarial osteoblasts was decreased to 57% and 67% of WT in preconfluence (day 0) and post-confluence cultures (day 7) respectively (Fig. 14 B).
Furthermore, cell cycle profiles of synchronized serum-induced osteoblasts revealed that
the number of cells in S and G2/M phases at both the 8-hour and 24h time points were
significantly fewer in Perk-/- osteoblasts, whereas the number of Perk-/- cells in G1
phase was significantly elevated compared to WT (Fig. 14 C). Collectively, these results
reflect that cell cycle progression of osteoblast is retarded in the absence of PERK.
To explore the molecular basis underlying cell cycle attenuation in Perk-/osteoblasts, protein levels of cell cycle regulatory factors were examined in protein
extracts of synchronized serum-induced osteoblasts at 0-, 12-, 24-, 36- and 48-hour time
points (Fig. 14 D). Both the basal and induced expression of positive regulators of G1/S
phases, such as cyclin D1, cyclin E, Cyclin-dependent kinase 2 (CDK2) and
minichromosome maintenance deficient 2 (BM28), and cell division cycle 2 (CDC2,
G1/S and G2/M) were dramatically reduced in Perk-/- samples, whereas, the reduced
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expression of cyclin A (G1/S and G2/M) was not seen until 24hrs. In addition, the levels
of Cyclin-dependent kinase 4 (CDK4, G1/S), cell cycle inhibitors p16 and p21 of Perk-/osteoblasts were comparable to WT (Fig. 14 D, and data not shown). These observations
coincided with the decreased cell populations in S and G2/M phases.

Perk-/- osteoblasts have normal viability.
In addition to differentiation and proliferation defects, a reduction in the number of
osteoblasts in Perk-/- mice may also be caused by increased cell death. The appearance of
abnormally high intracellular level of type I procollagen and distended ER in Perk-/osteoblasts (Fig. 16B) raised the possibility that osteoblasts in Perk-/- mice may be prone
to ER stress-induced cell death. To determine if the abnormal ER retention of procollagen
in Perk-/- induced an ER stress response, mRNA expression profiles of ER stress markers
were analyzed in total long bone. Unexpectedly, the expression level of the classic ER
stress markers was either unchanged, as seen for the spliced form X-box binding protein
1 (Xbp1-S), ratio of Xbp1-S to total form of Xbp1 (Xbp1-T) and Chop, or the expression
was significantly decreased by about 16%, as seen for Bip and Xbp1-T mRNA (Fig. 15
D). Next, TUNEL assay was done to measure cell death in primary osteoblasts in vitro at
day 0. As shown in Fig. 15 A, population of death cells in both WT and KO was less than
1%, and there was no significant different between WT and KO. Two more sensitive cell
death assays, caspase 3 activity assay and lactate dehydrogenase activity assay, were then
performed in primary osteoblast cultures every 4 days over 24 days of in vitro
differentiation. Consistently, results of both assays revealed that there were no significant
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differences between Perk-/- and WT osteoblasts in cell viability (Fig. 15, B and C).
Therefore, reduced osteoblast mass in Perk-/- mice does not result from dramatic increase
of cell death.

ER retention of type I procollagen in Perk-/- osteoblasts.
Decreased mineralization apposition, reduced cortical bone thickness (Fig. 5 A and B;
Fig. 5, D and E) and abnormal bone matrix formation in Perk-/- mice (Zhang et al.,
2002a), prompted us to look at the protein level of type I collagen, the most abundant
bone matrix protein synthesized by osteoblasts. Immunoblots using type I collagen antiserum, which recognizes both procollagen and mature collagen forms, revealed that the
level of mature type I collagen was decreased in Perk-/- bone tissue, while the level of
procollagen was about 3-5 fold more than WT (Fig. 16 A). A similar observation was
also seen in primary Perk-/- osteoblasts (Fig. 17A left panel), suggesting defects exist in
intracellular procollagen processing. Moreover, the electrophoretic migration of Perk-/procollagen molecules was slower than that of WT (Fig. 17A and Fig.18 A-B, indicated
by double asterisks), indicating they have a greater extent of post-translational
modification. This over-modified procollagen is seen in OI patients’ fibroblasts and
osteoblasts, where mutant procollagen is retained in the ER and secretion is delayed
(Forlino et al., 1999).
To pinpoint the intracellular localization of type I procollagen in Perk-/- osteoblasts,
double immunostaining of type I collagen and protein disulfide isomerase (PDI), an ER
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luminal chaperone, was performed in freshly isolated calvarial osteoblasts from 10-dayold mice. A fraction of mutant osteoblasts with a frequency of 1.57±0.11% (n=3 of Perk/- mice) displayed intensive collagen staining that was co-localized with PDI (Fig. 16,
B1-B3: indicated by arrows), indicating that the procollagens were accumulated in the
ER. This abnormal collagen staining was never seen in WT osteoblasts (Fig. 16 B4-B6).
To further investigate the ER traffic of procollagen in Perk-/- osteoblasts,
immunocytochemistry using antibodies that against type I procollagen and heat-shock
protein of 47 KDa (HSP47), a collagen specific ER chaperone, was carried out in primary
calvarial osteoblasts grown in the absence or presence of ascorbic acid, which facilitates
procollagen proline hydroxylation, folding and intracellular traffic. In both WT and
mutant cells, procollagen aggregated in the ER and co-localized with HSP47 when
cultured in ascorbate free medium (Fig. 16, C3 and C9 panel). Two hours after addition
of ascorbic acid at final concentration of 50ug/ml, procollagen signal reduced
dramatically and almost completely disappeared in the ER of WT cells (Fig. 16, C4-C6
panel). In contrast, a substantial number of Perk-/- osteoblasts still exhibited a very high
level of procollagen that co-localized with the ER marker, suggesting that trafficking of
procollagen beyond the ER was slowed down in Perk-/- osteoblasts.

There are four possibilities that could lead to the procollagen ER retention
problem in Perk-/- osteoblasts. Firstly, it may be caused by oversynthesis of procollagen
into the ER. Secondly, it may be caused by general defects in secretary pathway, which
could affect the transport of procollagen triple helix from ER to extracellular space.
Thirdly, failure of ER-associated protein degradation system could result in accumulation
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of misfolded procollagen in the ER. Finally, impaired ER folding capacity could lead to
imperfect folding of procollagen triple helix and therein the ER retention of misfolded
procollagen.

Normal global protein synthesis and decreased procollagen synthesis in
Perk-/- osteoblasts.
PERK dependent phosphorylation of eIF2α level can lead to transient repression of
global protein synthesis upon acute ER stress stimulation in vitro (Harding et al., 1999).
It had been speculated that loss of PERK leads to uncontrolled global protein synthesis in
major secretary cell types, such as pancreatic β cells and osteoblasts, and thereby, causes
overload of secretory proteins within the ER. Immunoblot assay showed that level of
phosphorylated eIF2α was substantially reduced in Perk-/- osteoblast, suggesting PERK
is a dominant eIF2α kinase in osteoblasts that control eIF2α[P] levels (Fig. 17 A). To test
whether or not global protein synthesis is normal, the incorporation rate of [S35 ]
Methionine/Cysteine into total protein was measured in primary osteoblasts. The result
revealed that global protein synthesis rate of Perk-/- osteoblasts was very similar to that
of WT osteoblasts (Fig. 17, B and C). To further test whether or not procollagen synthesis
is specifically increased in Perk-/- osteoblast, procollagen molecules were
immunoprecipitated from [S35 ]Methionine/Cysteine labeled total protein and synthesis
rate of procollagen was analyzed by both eletrophoresis and scintillation counting (Fig.
17, D and E). It was revealed that compared to WT, procollagen systhesis in Perk-/osteoblast was significantly reduced. The deceased procollagen synthesis could be
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corelated with the decreased mRNA level in Perk-/- osteoblasts (Fig. 9). Thus, the
hypothesis that ablation of PERK leads to uncontrolled protein synthesis is not true.
To test if the reduced eIF2α[P] is sufficient to cause the abnormal accumulation of
type I procollagen, protein level of procollagen was assessed in the osteoblasts lacking
Gcn2, another eIF2α Kinase. As shown in Fig. 17 A right panel, Gcn2-/- osteoblasts have
substantially reduced levels of eIF2α[P] as seen in Perk-/- osteoblasts (Fig. 17A, left
panel) but do not exhibit abnormal accumulation of type I procollagen. Therefore, this
procollagen defect is a unique PERK-dependent phenotype and not solely dependent
upon the levels of eIF2α[P].

Normal function of secretary pathway in Perk-/- osteoblasts.
General defects in the secretory pathway, such as blockage of ER to Golgi
transport, could be another reason that causes ER retention of procollagen. To evaluate
the function of the secretory pathway, ascorbic acid induced procollagen processing and
secretion was measured in primary osteoblasts. In the absence of ascorbic acid, most of
procollagen remains in the ER and fails to be processed into mature collagen (Fig. 18 A
and B, the first two lanes). Consistent with the previous observations, after addition of
50ug/ml ascorbic acid for 24 h (Fig. 18A) and 48h (Fig. 18B), the level of procollagen in
Perk-/- osteoblasts was significantly higher than WT samples. However, a comparable
amount of mature collagen was presented in both mutant and wild type osteoblasts (Fig.
18, A, B and C), indicating that in Perk-/- osteoblasts, proper folded procollagen triple
helix could be normally transported from the ER through Golgi to extracellular space and

60
processed into mature collagen. This finding suggests that the function of secretory
pathway in Perk-/- osteoblasts is normal.

Increased procollagen degradation in Perk-/- osteoblasts.
As an important part of ER quality control, irreparable misfolded proteins in the
ER are removed by the ER-associated protein degradation (ERAD) pathway. Failure in
ERAD can lead to accumulation of misfolded protein in the ER. To examine ERAD
function in Perk-/- osteoblasts, procollagen degradation rate was estimated in primary
osteoblasts over an 8-hour treatment of cyclohexamide (a final concentration of 50µg/ml).
At each tested time point, the level of procollagen in Perk-/- osteoblasts was higher than
that in Wild type osteoblasts (Fig. 19 A). However, when the procollagen degradation
rate of Perk-/- osteoblasts was plotted as a function of time of cyclohexamide treatment
(Fig. 19, B and C), it was significantly increased by about 1 fold (KO 0.237±0.049 vs.
WT 0.099±0.019). Thus, ERAD function in Perk-/- osteoblasts is elevated instead of
compromised.

Impaired procollagen folding in Perk-/- osteoblasts.
The intracellular retention of Procollagen within the ER after ascorbate treatment
(Fig. 16 and 18) and elevated procollagen degradation (Fig. 19), could be indications of
accumulation of misfolded procollagen in the ER. To assess the folding status of
procollagen in Perk-/- osteoblasts, total protein samples from primary osteoblasts were
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electrophoresed in SDS-PAGE under non-reducing condition and immunobloted with
type I collagen anti-serum. Under non-reducing condition, the interchain disulfide bonds
are retained and procollagen trimer helix migrates as a high molecular weight band
(>200KDa), whereas misfolded procollagen remains in a monomer form due to lack of
interchain disulfide bonds and migrates as a low molecular weight band (~90KDa). As
demonstrated in Fig. 20 A, an increase of monomeric form of procollagen was detected in
Perk-/- osteoblasts (Fig. 20 A, left lane), suggesting folding of procollagen is impaired in
the absence of PERK. Furthermore, osteoblasts lacking Gcn2, another eIF2α kinase, do
not exhibit an increase in misfolded procollagen (Fig. 20 A middle lane), suggesting the
reduced eIF2α[P] is not sufficient to cause the procollagen folding defect.

Misregulation of procollagen biosynthesis enzymes in Perk-/- osteoblasts.
To figure out the potential molecular mechanism that underlies the procollagen
folding defect, expression of key factors involved in procollagen processing were
assessed in Perk-/- osteoblasts and bone tissue. The results showed that in either Perk-/osteoblasts or bone tissue, expression levels of P4ha, a key enzyme for procollagen
proline hydroxylation, ER chaperones: Bip, Grp94, Hsp47, and foldases: PDI, and Ero1l,
which are critical for disulfide bond formation and protein folding, were all somewhat
reduced at mRNA level, protein level or both (Fig. 20, B, C, and D). Misregulation of
these ER proteins implies the ER folding capacity is compromised in the absence of
PERK.
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To test if improvement of ER folding capacity will relieve the procollagen ER
retention defect, procollagen processing was evaluated in the primary osteoblasts treated
with a chemical chaperone, Tauroursodeoxycholic acid (TuDCA), at a final concentration
of 500ug/ml. Immunoblots and realtime quantitative RT-PCR assays revealed that the
TuDCA treatment largely reversed the ER accumulated procollagen in Perk-/- osteoblasts
without changing the mRNA level of collagen (Fig. 21, A and B). Interestingly, TuDCA
treatment resulted in reduced mature collagen level in both genotypes as well (Fig. 21A),
suggesting TuDCA may either facilitate procollagen disposal or repress procollagen
translation.

Compromised unfolded protein response signaling in Perk-/- osteoblasts.
Acute ER stress models in embryonic fibroblasts had shown that enhancement of ER
folding capacity could be achieved by activation of ATF6 and IRE1/XBP1 pathways,
which work independently and/or cooperately to upregulate of ER chaperones, foldases
and ERAD components (Adachi et al., 2008; Yamamoto et al., 2007; Yamamoto et al.,
2004). To test if the reduction of ER chaperones in Perk-/- osteoblasts could be related to
failure of UPR signaling, mRNA levels of Atf6, Ire1 and Xbp1 were measured in FACs
purified osteoblasts. The data revealed that the basal expression of all these UPR genes
was diminished by 20-30% (Fig. 22 A). Furthermore, with the stimulation of Tg, mRNA
levels of the Atf6, Ire1, Xbp1 and its spliced form were significantly increased by
1.36±0.08 fold, 1.41±0.07 fold, 1.98±0.19 fold and 15.37±2.64 fold respectively in WT
osteoblasts; while, the transcriptional induction of these genes was reduced (0.93±0.07,
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0.93±0.16, 1.05±0.11, 6.12±1.68 respectively) in Perk-/- osteoblasts (Fig. 22, B to E).
Comparable results were also seen when the ratio of spliced form of Xbp1 mRNA to its
total form (a more sensitive UPR indicator) was determined (WT: 6.53±0.27 vs. KO:
3.98 ±1.08, Fig. 22 F). These data suggest that unfolded protein response signaling in
Perk-/- osteoblasts is compromised, which may lead to the reduction of ER chaperones.
To justify the importance of UPR pathways in osteoblast differentiation, mRNA
expression profile of UPR components over the 20-day period of osteoblast
differentiation was examined using realtime quantitative RT-PCR. Consistent with
previous observations, the mRNA levels of UPR sensors: Perk, Atf6 and Ire1, their
downstream targets: Xbp1, Bip, Grp94 and Canx, and collagen specific factors: Hsp47
and P4ha were reduced in Perk-/- osteoblasts at most of the time points, especially after
day 8 (Fig 23. A to K). The patterns of reduced expression of these genes were similar to
the pattern of Col1a1 gene expression in Perk-/- osteoblasts (Fig 23. L). Meanwhile, in
WT cultures, the expression of these genes including Col1a1 increased gradually over the
time period of differentiation. Furthermore, in WT cultures, compared to day 0, mRNA
expression of Col1a1 was initially induced at day 4 (Fig. 23 L) and the increase of
mRNA levels of Perk, Hsp47 and P4ha was first seen at day 8 (Fig 23 A, G and H).
Whereas, compared to day 0, the mRNA expression of Atf6, Ire1 and their downstream
transcripts: Xbp1, Bip, Grp94 and Canx, did not elevate until day 12 (Fig. 23 B-F and IK). These findings imply that (1) the increase in the UPR gene expression may be a
response to the increase of Col1a1 expression and PERK may be a more proximal sensor
than ATF6 and IRE1, and (2) PERK may regulate both basal and induced expression of
ATF6 and IRE1 pathways in osteoblasts.
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Molecular defects in osteoblast specific Perk-/- mice.
To identify cell autonomous functions of PERK in osteoblasts, Perk expression was
specifically ablated in osteoblasts (ObPerk-/-) by crossing heterozygous (flox/-) Perk
strain, which carries one floxed allele and one null allele, to the Col12.3-Cre deletor
strain that expresses the Cre recombinase in mature osteoblasts. The efficiency of Cremediated deletion in ObPerk-/- osteoblasts at day 10 was estimated to be about 70%
(Fig.24 A). The incomplete deletion could result from failure of Cre to be expressed or
insufficient Cre activity in some of the osteoblasts. Nonetheless, real-time quantitative
RT-PCR revealed that ObPerk-/- mice had a significant 13-25% reduction of alkaline
phosphatase, type I collagen and osteocalcin in long bone at day10 (Fig. 24 B). These
genes were also reduced in bone tissue of global Perk-/- mice (Fig. 6, A, B and D) but to
a greater extent than that seen for the osteoblast specific knockout, which is consistent
with the incomplete deletion of Perk seen in the osteoblasts of the ObPerk-/- mice. The
mRNA levels of mature osteoblast markers were normal in Col12.3Cre homozygous
(flox/flox) Perk strain, further supporting this speculation (Data not shown). In addition,
bone tissue of ObPerk-/- mice also exhibited abnormal accumulation of procollagen and
reduction of mature collagen (Fig. 24 C), another feature molecular defect seen in global
Perk-/- mice (Fig. 16A). These findings indicate that PERK plays a cell autonomous role
in regulation of osteoblast maturation and collagen processing.
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Figures and Legends
A

B

Figure 1. Schematic diagram of structure and activation of PERK.
(A) Structure of PERK protein shows the ER luminal domain, transmembrane
domain (TM) and cytoplasmic eIF2α kinase domain. (B) Activation of PERK is triggered
by ER signalings, such as loading of ER client proteins and ER calcium stores. Activated
PERK phosphorylates eIF2α at serine 51 and results in either repression of global protein
synthesis upon extreme ER stress situation or induced translation of specific mRNA in
response to moderate physiological stimuli.
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Figure 2. Transcriptional regulation of osteoblasts differentiation and expression of
osteoblasts markers.
Differentiation of osteoblasts from mesenchymal progenitors is regulated by
osteoblasts specific transcriptional factors: RUNX2, OSTERIX and ATF4. During the
osteoblasts differentiation, osteoblast markers, such as osteopontin (OPN), alkaline
phosphatase (Alp), type I collagen (Col1a1), receptor activator of NFkappaB ligand
(Rankl), osteocalcin (Ocn), and bone sialoprotein (Bsp) are initially expressed at different
stages.
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Figure 3. MicroCT analysis shows that PERK KO mice exhibit neonatal osteopenia.
Micro-CT images of 2 day old (A, B, C, D, G, H) and 18 day old (E and F) mouse
bones. A, C, E and G show WT mice bones and B, D, F and H are Perk-/-mice bones. (A
and B) Longitudinal cross section of proximal tibias shows a remarkable reduction in
trabecular bone mineralization and cortical bone thickness in Perk-/- mouse. (E and F)
The epiphysis and metaphysis of proximal tibias reveal delayed formation of the
secondary ossification center (the structure indicated by arrow) in Perk-/- mice. (C and D
) L1 vertebral body and their trabecular structure (G and H) show severe reduction of
trabecular bone in Perk-/- mice.
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Figure 3. MicroCT analysis shows that PERK KO mice exhibit neonatal osteopenia.
(Continued).
I to N are 3D quantitative histomorphometric data of vertebral trabecular bone of
day1.5 (n=7 of each genotype) and day 10 old mice (n=3 of each genotype)): (I)
Trabecular volume (BV/TV; %), P value of day 1.5 samples (P1.5) and day 10 samples
(P10) were 0.0063 and 0.00012, respectively. (J) Trabecular number (TbN; /mm), P1.5
=0.02, P10 =0.004. (K) Trabecular thickness (Tb.Th; mm), P1.5 =0.029, P10 =0.002. (L)
Trabecular Separation (Tb.Sp; mm), P1.5 =0.0034, P10 =0.0008; (M) Bone Surface
Density (BS/BV; 1/mm), P1.5 =0.013, P10 =0.0065. (N) Structural Model Index (SMI) P1.5
=0.0019, P10 =0.0001. The definitions of bone parameters are described in the Materials
and Methods section. Black bars = WT mice and white bars = Perk-/- mice. Scale bar: 1mm.
Error bars represent ± SEM. Asterisks indicate that Perk-/- mice are significantly
different from WT mice at P<0.05.
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Figure 4. Reduced mRNA expression level of osteoclast markers and osteoclast activity
in neonatal Perk-/- mice lone bones.
(A) Real-time quantitative RT-PCR of total long bone RNA from day10 mice (n =
6 of each genotype). The results include osteoclast markers: tartrate-resistant acidic
phosphatase (Trap), cathepsin K (Ctsk) and matrix metallopeptidase 9 (Mmp9), osteoclast
differentiation regulatory factors: osteoprotegerin (Opg), receptor activator of NFkappaB
(Rank), receptor activator of NFkappaB ligand (Rankl). Student T-test P values of these
genes were 0.0009, 0.0004, 0.0002, 0.8171, 0.7388 and 0.0414, respectively. (B) Bone
tartrate-resistant acid phosphatase activity in neonatal Perk-/- mice (n=22 of each
genotype). P value was 0.019. (C) Cathepsin K protein level in P5 and P9 Perk-/- mice
bone tissue. Error bars represent ±SEM. Asterisks indicate that Perk-/- mice are
significantly different from WT mice at P<0.05.

70

A
Primary spongiosa (PS)
PS

PS

Perk+/+
Primary spongiosa (PS)

CB

CB

Perk-/-

Perk+/+

Perk-/-

Figure 5. Histological analysis of Perk-/- femur reveals reduced osteoblast numbers and
impaired osteoblast activity.
(A) Fluorescence images of day 4 Col2.3GFPemd Perk-/- and Perk+/+ litter mate
control femur sections and their primary spongiosa region. Mature osteoblasts were
illustrated as green fluorescence (Col2.3GFP positive) cells. Primary spongiosa region
(PS) and cortical bone area (CB) were indicated by white dash arrows.

71

B

C

45

Col2.3GFP intensity
arbitrary unit

number / mm

Osteoblast number
40
35
30

*

25

900

*

800
700
600
500

20

400

15

300

10

200

5

100

0

0

WT

Perk-/-

D

WT

Perk-/-

E
MAR

MAR
um/day

7
6
5
4

*

3
P

2
1
0

WT

Perk-/-

Figure 5. Histological analysis of Perk-/- femur reveals reduced osteoblast numbers and
impaired osteoblast activity (Continued).
(B, C) Quantified parameters of primary spongiosa from day 4 Perk-/- and WT
mice: (B) Number of Col2.3 GFP positive mature osteoblast per bone perimeter. P=0.025
(C) Expression of Col2.3GFP per mature osteoblasts. P=0.002. (D) Fluorescence images
of day 10 Perk-/- and WT litter mate control mice femur sections after double calcein
injection. Mineral apposition rate (MAR) was determined by measuring the distance
between these two calcein labels in green fluorescence (the distance indicated by red up
down arrows) (E) Quantification data of cortical bone mineralization apposition rate
(MAR) of day10 mice (n=4 of each genotype, P=0.0043). Error bars represent ±SEM.
Asterisks indicate where Perk-/- mice are significantly different from WT mice at
P<0.05.
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Figure 6. Reduced mRNA expression level of osteoblast markers in neonatal Perk-/- mice
lone bones.
Real-time quantitative PCR (qPCR) of total long bone RNA from day10 mice (n
= 6 of each genotype). The results include osteoblast markers: (A) alkaline phosphatase
(Alp), (B) type I collagen (Col1a1), (C) receptor activator of NFkappaB ligand (Rankl),
(D) osteocalcin (Ocn), (E) bone sialoprotein (Bsp), (F) osteopontin (Opn), and osteoblast
specific transcriptional factors (G) Osterix and (H) Runx2. Student T-test P values of
these genes were 0.0003, 0.0027, 0.0414, 0.0169, 0.0036, 0.8781, 0.0703 and 0.2126,
respectively. Error bars represent ±SEM. Asterisks indicate where Perk-/- mice are
significantly different from WT mice at P<0.05.
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Figure 7. Reduced mRNA expression level of osteocyte markers and osteocyte number in
neonatal Perk-/- long bones.
Real-time quantitative PCR (qPCR) of total long bone RNA from day10 mice (n
= 6 of each genotype). The results show osteocyte markers: (A) dentin matrix protein 1
(Dmp1) and (B) phosphate-regulating gene with homology to endopeptidases on the X
chromosome (Phex). Student T-test P values of these genes were 0.0037 and 0.0445,
respectively. (C) Number of osteocyte per mm2 cortical bone area from day10 mice (n=4
of each genotype, P=0.040). The relative mRNA level was demonstrated as relative
expression normalized to the average expression level of WT samples. Error bars
represent ±SEM. Asterisks indicate where Perk-/- mice are significantly different from
WT mice at P<0.05.
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Figure 8. Perk-/- calvarial osteoblasts showed impaired differentiation.
Primary calvarial osteoblasts isolated from P4 Perk+/+ and Perk-/- mice were grown in osteoblast
differentiation medium for 20 days. A: fluorescence images of Col2.3GFP positive mature osteoblasts (green
color cells) from day 8 to day 20 calvarial cell cultures (Magnification of 40X). The far right panels are
images of Von Kossa staining of day 28 calvarial cell cultures. Mineralization nodules (MN) were stained as
dark spots and indicated by red dash arrows. B. Quantification of Col2.3GFPemd signal during 20 days
differentiation period (Ex=480, Em=530).C, Quantification of cellular alkaline phosphatase activity during 20
days differentiation period. (D to H) Time serial expression profile of total RNA from day 0 to day20
osteoblast cultures. The bars demonstrated as relative expression normalized to the average expression level of
WT cultures at day0 (black bars = WT samples and white bars = Perk-/- samples). The results include
osteoblast markers: Col1a1(D), Ocn (E) and Bsp (F). Results represent at least 3 independent experiments.
Error bars represent ±SEM. Asterisks indicate where Perk-/- mice are significantly different from WT

mice at P<0.05.
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Figure 9. Perk-/- osteoblasts showed compromised maturation.
(A, B) Realtime quantitative RT-PCR of total RNA of purifed osteoblast from
day7 and day 14 osteoblast cultures (black bars = WT samples and white bars = Perk-/samples). The results show osteoblast markers: Alp, Col1a1, Ocn, Bsp and Opn. (A)
Expression profile of preosteoblast FACS sorted as Col3.6GFPtpz positive cells from day
7 cultures (n=3 of each genotype). Student T-test P values of these genes were 0.000002,
0.013464, 0.003429, 0.049219 and 0.026036, respectively. (B) Expression profile of
preosteoblast FACS sorted as Col2.3GFPemd positive cells from day 14 cultures (n=3 of
each genotype). Student T-test P values of these genes were 0.06232, 0.26360, 0.02146,
0.00027 and 0.02500, respectively. (C) Expression of transgenic osteoblast specific
markers Col3.6GFPtpz and Col2.3GFPemd in FACS sorted osteoblasts from day 7 and
day 14 cultures, respectively (n=3 of each genotype). Student T-test P values of these
genes were 0.007 and 0.012, respectively. The relative mRNA level is expressed as
relative expression normalized to the average expression level of WT samples. Error bars
represent ±SEM. Asterisks indicate where Perk-/- mice are significantly different from
WT mice at P<0.05.
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(A, B) Time cause of mRNA expression profile of Runx2 and Osterix from day 0
to day20 osteoblast cultures (black bars = WT samples and white bars = Perk-/- samples). (C)
mRNA expression of Runx2 and Osterix in purified preosteoblasts (n=3 of each
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Runx2 protein expression (n= 6 of each genotype, P=0.0005). The relative mRNA level
was demonstrated as relative expression normalized to the average expression level of
WT samples. Error bars represent ±SEM. Asterisks indicate that Perk-/- mice are
significantly different with WT mice at P<0.05.
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Figure 12 Differential expression of Runx2 in Perk-/- osteoblasts treated with DTT and
thapsigargin.
(A) Real-time quantitative RT-PCR analysis of WT (n=22), Perk−/− (n=14) and
Atf4-/- (n=8) osteoblasts treated with 1mM DTT for 3h. Fold change of mRNA levels of
Runx2 were determined by normalizing expression level of treatment samples to that of
non-treated controls. P values of Perk-/- samples vs. WT (Pperk) and Atf4-/- vs. WT (Patf4)
were 0.0062 and 0.4808 respectively. (B) Real-time quantitative RT-PCR analysis of WT
(n=15), Perk−/− (n=7) and Atf4-/- (n=4) osteoblasts treated with 1µM Thapsigargin (Tg)
for 3h. Pperk = 0.0002 and Patf4=0.8399. Fold change of mRNA level of Runx2 were
determined by normalizing expression level of treatment samples to that of non-treated
controls. Asterisks indicate that Perk-/- samples are significantly different with WT
samples at P<0.05.
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Figure 13 Normal expression and activity of ATF4 in Perk-/- osteoblasts.
(A) Immunoblots of total ATF4 protein in primary calvaria cells at day 0 culture from both
genotypes (top panel) and phospo-Ser251 ATF4 protein in total long bone extracts from day 10 mice
from both genotypes. Results represent 2 independent experiments. Levels of ATF4 and P-ATF4 were
examined relative to either actin or tubulin and the quantitative data is shown under each band. (B)
Immunoblots of type I procollagen in total long bone extracts from day 10 WT and Atf4-/- mice. (C)
mRMA expression profile of ATF4 regulated amino acid metabolism genes in total long bones RNA
from day 10 mice of WT (n=8), Atf4-/- (n=3) and Perk-/- (n=5). The tested genes included asparagine
synthase (Asns), glycine transporter 1 (Glyt1), seryl-aminoacyl-tRNA synthetase (Sars), solute carrier
family 3 member 2 (Slc3a2), solute carrier family 7 member 5 (Slc7a5) and tryptophanyl-tRNA
synthetase (Wars). P values of these genes of Atf4-/- samples were 0.0067, 0.0095, 0.0161, 0.0006,
0.0027 and 0.0152, respectively. P values of these genes of Perk-/- samples were 0.0230, 0.0033,
0.2482, 0.4142, 0.0051 and 0.3281, respectively. Error bars represent ±SEM. Asterisks indicate where
Perk-/- mice or Atf4-/- are significantly different from WT mice at P<0.05.
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Figure 14. PERK controls osteoblast proliferation.
(A) In vivo BrdU incorporation assay of calvaria cells from day 10 Col3.6GFPtpz Perk-/- mice and WT
littermates (n =3 of each genotype). The numbers of BrdU-positive osteoblasts were recorded in three
populations: total cells, osteoprogenitors (Col3.6GFPtpz negative cells) and preosteoblasts/osteoblasts
(Col3.6GFPtpz positive cells). P values of these three popoluations were 0.00000000055, 0.023631473 and
0.000508157, respectively. (B) In vitro BrdU incorporation assay of primary calvaria osteoblasts before (day 0)
and after 7-day differentiation culture (n =3 of each genotype). The numbers of BrdU-positive osteoblasts were
counted in total cell culture. P values of day 0 and day 7 samples were 0.000335 and 0.000064, respectively.
Error bars represent ±SEM. (C) FACs cell cycle profile of synchronized serum-induced osteoblasts at 0 hour, 8
hour and 24 hour time points (n =3 of each genotype). Student T-Test P values of 8 hrs and 24 hrs samples of G1,
S and G2 phases populations were 0.012, 0.004, 0.036, 0.000, 0.040 and 0.002, respectively. Asterisks indicate
that Perk-/- mice are significantly different from WT mice at P<0.05. (D) Immunoblot analysis of cell cycle
markers in synchronized serum-induced osteoblasts at 0, 12, 24, 36 and 48hour time points. Levels of cyclin D1,
CDK4, cyclin E, CDK 2, BM28, cyclin A and cdc2 were examined relative to actin and the quantitative data is
shown under each band. Results represent at least 3 independent experiments.
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Figure 15. Perk-/- osteoblasts have normal viability.
(A) TUNEL assay in primary calvaria cells day 0 culture of both genotypes (n= 2
of each genotype, P=0.48). (B) Caspase 3 activity assay in primary calvaria cells day 0 to
day 24 culture of both genotypes (n=4, 3, 6, 6, 2, 4 of each genotype for each time point).
T-test P values of each time point are 0.41, 0.99, 0.71, 0.54, 0.48, 0.10. (C) Medium
LDH assay in primary calvaria cells day 0 to day 29 culture of both genotype. LDH
activity is normallized to total DNA content from each well. (n= 2 of each genotype). Ttest P values of each time point are 0.32, 0.19, 0.23, 0.07, 0.00, 0.01. (D) mRNA
expression of ER stress markers in total bone RNA from day 10 Perk-/- mice and WT
littermates. (n =5 of each genotype). The tested ER stress markers included X-box
binding protein 1 (Xbp1) spliced form (Xbp1-S), total form (Xbp1-T) and ratio of spliced
form to total form (Xbp1-S/T), ER chaperone Bip/Grp78 and transcription factor C/EBP
homologous protein (Chop). P values of thes genes were 0.114, 0.008, 0.699, 0.012 and
0.355, respectively. Error bars represent ±SEM. Asterisks indicate where Perk-/- mice are
significantly different from WT mice at P<0.05. NS. means no statistically significant
difference is found between Perk-/- mice and WT mice.
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(A) Immunoblot analysis of type I procollagen and mature collagen from total
long bone protein from day10 mice. Levels of procollagen and mature collagen were
determined relative to tubulin and the quantitative data is shown under each band. (B)

Immunofluorescence images of distribution of type I collagen (Col1,green) and ER
chaperone protein disulphide isomerase (PDI, red) in calvarial osteoblasts from day 10
Perk-/- mice (B1-3) and WT littermates(B4-6). Nuclei was stained by DAPI(blue-purple).
Co-localization of type I collagen (green) and PDI (red) resulted in yellow color. FunkER
cell was pointed in B1-3 by arrow to outline the co-localization of two proteins.
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Figure 16. Abnormal attenuation of type I procollagen in the ER of Perk-/- osteoblasts
(Continued).
(C) Subcellular localization of procollagen was revealed by immunoflurescence
staining in Perk-/- (C7-12)and WT (C1-6) primary calvarial cell culture in the present
(C4-6 and C10-12)or absent (C1-3 and C7-9)of ascorbic acid treatment. Co-localization
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nicely co-localized with HSP47 in both genotypes (C3, C9). After 2hrs of ascorbic acid
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ER of WT cells (C4: indicated by arrows), but intensive procollagen signals were still
detected in a fraction of Perk-/- cells (C10-12: indicated by arrows).
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Figure 17. Global protein and procollagen synthesis in Perk-/- osteoblasts.
(A) Immunoblot assay of collagen and phospo-Ser51 eIF2α in wild type, Perk-/- and Gcn2-/-calvaria
osteoblast day 21 cultures. Levels of procollagen, mature collagen and phospo-Ser51 eIF2α were determined relative
to tubulin and the quantitative data is shown under each band. Single asterisk (*) denotes the normal migrating
procollagen band and double asterisks (**) denotes the slower-migrating procollagen band. (B) Radiograph of total
TCA-precipitated protein of [S35 ]Methionine/Cysteine incorporated samples of 0’minuses, 15minuses and
30minuses on 4-15% SDS PAGE gel. Total protein 10µg was loaded into each lane. (C) Global protein synthesis was
quantified by scintillation counting. Radioactivity of TCA-precipitated protein was normalized to the protein content.
(D) Radiograph of immunoprecipitated type I procollagen samples after 15minuses and 30minuses [S35 ]
Methionine/Cysteine incorporation on 5% SDS PAGE gel. IP sample from equal amount of input was loaded to each
lane. (E) Procollagen synthesis was quantified by scintillation counting. Radioactivity of procollagen was normalized
to the input protein content.The results represent three independent experiments.
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Figure 18. Procollagen processing in Perk-/- osteoblasts after addition of ascorbate.
(A) Immunoblot assay of tyep I procollagen(PROCOL1) and mature
collagen(COL1) in primary calvaria osteoblasts of both genotypes in the absence of
ascorbic acid (AC) or in the presence of AC for 24 hrs. (B) Immunoblot assay of type I
procollagen(PROCOL1) and mature collagen(COL1) in primary calvaria osteoblasts of
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asterisk (*) denotes the normal migrating procollagen band and double asterisks (**)
denotes the slower-migrating procollagen band. (C) Quantification data of A and B.
Levels of procollagen and mature collagen were normalized to tubulin level. Student ttest P-values of procollagen level at 0h, 24h and 48h are 0.015, 0.039, 0.045 respectively.
Student t-test P-values of mature collagen level at 24h and 48h are 0.33, 0.28,
respectively. The results represent three independent experiments. Asterisks indicate that
Perk-/- samples are significantly different with WT samples at P<0.05.
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Figure 19. Procollagen degradation in Perk-/- osteoblasts
(A) Immunoblot assay of type I procollagen in primary calvaria osteoblasts of
both genotypes after 50ug/ml cyclohexamide treatment for 0hrs, 1hrs, 2hrs, 4hrs, 6hrs
and 8hrs. (B) Levels of procollagen were normalized to the level of tubulin and plotted
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represents degradation rate of procollagen. (B) Degradation rate of procollagen in
osteoblasts from both genome types. The data summarized from 3 independent
experiments was shown and student t- test P value was 0.046. Asterisks indicate that
Perk-/- samples are significantly different from WT samples at P<0.05.
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(A) Immunoblot assay of type I procollagen in primary calvaria osteoblasts of WT, Perk-/- and
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trimer helix and monomer was indicated by arrows. (B) Realtime quantitative RT-PCR of total RNA
of purifed osteoblasts from day7(n=3 of each genotype). The results show ER markers: Prolyl-4Hydroxylase a (P4ha), ER chaperones Bip/Grp78 (Bip), glucose-regulated protein of 94 kDa (Grp94),
endoplasmic oxidoreductin-1-like protein (Ero1L), heat shock protein 47 (Hsp47), calnexin (Canx).
Student T-test P values of these genes were 0.004, 0.045, NA, 0.127, 0.082 and 0.744, respectively.
(C) Immunoblot assay of type I procollagen processing involved ER chaperones in long bone tissue
from P9 mice of both genotypes. Levels of procollagen, mature collagen and Protein disulfate
isomerase (PDI), BIP, HSP47 and GRP94 were determined relative to tubulin and the quantitative data
is shown under each band. The data represents results from 3 independent experiments. (D) Relative
mRNA expression levels of ER charperones in bone tissue from day10 mice (n = 6 of each genotype).
Student T-test P values of these genes were 0.0121, 0.0008, 0.0743, 0.0116 and 0.7850, respectively.
Asterisks indicate that Perk-/- samples are significantly different from WT samples at P<0.05.
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Figure 21. Tauroursodeoxycholic acid (TuDCA) treatment relieves the ER accumulated
procollagen in Perk-/- osteoblast.
(A) Immunoblot assay of type I collagen in primary calvaria osteoblasts of both
genotypes grown in osteoblast differentiation medium with 500ug/ml TuDCA for 21
days. (B) mRNA expression of type I collagen in primary osteoblasts after TuDCA
treatment. The data represents results from 3 independent experiments.
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Figure 22. Compromised unfolded protein response signaling in Perk-/- osteoblast.
(A) Realtime quantitative RT-PCR of total RNA of purified osteoblasts from day7 (n=3 of
each genotype). The results show the relative mRNA expression of unfolded protein response
effectors: activating transcription factor 6 (Atf6), inositol requiring-1 (Ire1) and X-box binding protein
1 (Xbp1) spliced form (Xbp1-S), total form (Xbp1-T) and ratio of spliced form to total form (Xbp1S/T). Student T-test P values of these genes were 0.006, 0.119, 0.097, 0.132 and 0.852, respectively.
(B-F) Primary calvarial osteoblasts of both genotypes (n=2 to 6 of each genotype) were treated with
1uM Thapsigargin (Tg) for 3h. Fold change of mRNA level of UPR effectors were determined by
normalizing expression level of Tg treated samples to that of non-treated controls. Student T-test P
values of these genes were 0.033, 0.032, 0.031, 0.006 and 0.024, respectively. Asterisks indicate that
Perk-/- samples are significantly different with WT samples at P<0.05.
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Figure 23. mRNA expression profile of UPR components from day 0 to day20 osteoblast cultures
The results include UPR components: Perk (A), Atf6 (B), Ire1 (C), Xbp1-T (D), Xbp1-S (E), Xbp1-S/T (F),
Hsp47 (G), P4ha (H), Bip (I), Grp94 (J) and Canx (K), and osteoblast marker Col1a1 (L). Except (F),
the bars demonstrated as relative expression normalized to the average expression level of WT cultures at day 0.
In (F), the bars displays as the ratio of mRNA level of Xbp1-S to Xbp1-T . Arrows indicate the first time

point when the increased mRNA expression was detected in WT samples.
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Figure 24. Molecular phenotypes of osteoblast specific ObPerk-/- mice long bones.
(A) Estimated deletion efficiency in FACS purified Col2.3 GFP positive ObPerk/- ostetoblast by genotyping PCR. (B) Realtime quantitative RT-PCR of total long bone
RNA from day10 mice (n=7 of each genotype). The results show relative expression of
osteoblast markers: alkaline phosphatase (Alp), type I collagen (Col1a1) and osteocalcin
(Ocn). The relative mRNA level was demonstrated as relative expression normalized to
the average expression level of WT samples. Student T-test P values of these genes were
0.0289, 0.0415 and 0.0003, respectively. Error bars represent ±SEM. Asterisks indicate
that Perk-/- mice are significantly different from WT mice at P<0.05. (C) Immunoblot
analysis of procollagen from total long bone protein from day10 mice. Levels of
procollagen and mature collagen were determined relative to tubulin and the quantitative data is
shown under each band. Results represent at least 3 independent experiments.
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Figure 25. Proposed model of PERK regulation of osteoblast biology

Chapter 4

Discussion
PERK regulates neonatal skeletal development.
Neonatal Perk-/- mice exhibit severe osteopenia manifested as decreased cortical
bone thickness and mineral apposition rate and correlated changes in the spongiosa
including reduced trabecular bone volume, number and thickness. Perk-/- mice exhibit
several other defects including diabetes and growth retardation (Li et al., 2003; Zhang et
al., 2002a) that could indirectly cause the skeletal defects, however, several lines of
evidence suggest that intrinsic defects in the development of the skeletal systems underlie
the gross skeletal dysplasias in Perk-/- mice. First, the osteopenic phenotype in Perk-/mice is evident at birth, prior to the onset of diabetes and growth retardation. Secondly,
rescue of diabetes in Perk-/- mice using Rip-Perk transgene does not relieve the neonatal
bone defects. Thirdly, a complete deficiency of IGF-1 does not result in the same severe
bone defects (Bikle et al., 2001). Lastly, Perk-/- osteoblasts defects are also found in both
primary calvarial osteoblast culture and the Col2.3Cre osteoblast specific Perk-/- mice.

PERK acts cell-autonomously in osteoblasts.
Within the skeletal system, osteoblasts have the most profound influence over
neonatal skeletal development, and consequently I investigated whether abnormalities in
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osteoblast development and function may underlie the severe osteopenia in Perk-/- mice.
The results demonstrated that Perk-/- mice have reduced bone formation secondary to
combined defects of osteoblast differentiation, proliferation and procollagen biosynthesis.
Furthermore, the defects of osteoblast differentiation and proliferation were seen
both in vivo and in vitro culture. In addition, the significant reduction of mature
osteoblast markers and the abnormal ER retention of type I procollagen were also
detected in bone tissues of osteoblast specific Perk-/- mice, supporting the hypothesis that
PERK functions cell-autonomously in osteoblasts. Compared to global Perk-/- mice, the
bone defects in Ob Perk-/- were milder. This could be due to incomplete (only 70%) or
delayed deletion of the Perk gene as dictated by the expression of the Cre recombinase
under the heterologous control of the collagen-I promoter. Col2.3Cre is initially
expressed in mature osteoblasts stage, while PERK plays important roles in regulating
differentiation and proliferation of osteoprogenitors and preosteoblasts. I speculate that
the Cre-mediated deletion of the Perk gene does not occur efficiently enough during fetal
and neonatal development to completely recapitulate the more severe skeletal phenotype
of global Perk-/- mice. Similarly, in the insulin-secreting β-cells, our laboratory has
shown that Perk must be efficiently ablated prior to embryonic day 13.5 in order to
disrupt their normal development and proliferation resulting in neonatal diabetes (Zhang
et al., 2006). Moreover, the relative mRNA expression levels of osteoblast markers in Ob
Perk-/- mice bone tissue were very similar to those of purified mature Perk-/- osteoblasts,
confirming that PERK has intrinsic functions in modulating osteoblast maturation. To
further investigate the cell-autonomous roles of PERK in osteoblasts, Dr. Barbara
McGrath from our laboratory is generating an osteoblast specific Perk transgene using
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Col3.6 promoter, which will initiate PERK expression in preosteoblasts. The ability of
this transgene to rescue the skeletal defects of Perk-/- mice will be examined.

PERK controls osteoblast differentiation via influencing Runx2 signaling.
PERK plays an important role in the differentiation of osteoblasts as revealed by
analysis of gene expression patterns and changes in the development of extracellular
matrix. Specifically, the expression of mature osteoblast markers Alp, type I collagen,
Ocn, Bsp and Rankl was reduced in Perk-/- osteoblasts in vivo and in vitro, whereas Opn,
an early osteoblast marker, was normally expressed thus implying defects exist in
osteoblast differentiation and/or maturation. Furthermore, the impaired differentiation of
both osteoclasts and osteocytes in vivo are correlated with the differentiation defects in
Perk-/- osteoblasts.
ATF4, an osteoblast specific transcription factor, had been shown to be essential for
osteoblast differentiation/maturation and function through regulation of collagen
synthesis and amino acid import (Elefteriou et al., 2006; Yang et al., 2004). Under
conditions of acute ER stress in vitro, ATF4 is translationally up-regulated via PERK
dependent phosphorylation of eIF2α and is claimed to be major downstream target of
PERK regulation (Harding et al., 2000a). Based on these findings, it has been proposed
that the bone defects in Perk-/- mice could be resulted from reduction of ATF4. However,
in bone tissue of Perk-/- mice, both total ATF4 protein and its osteoblastic active form
were normally expressed as well as its downstream amino acid metabolism genes.
Moreover, synthesis of procollagen was reduced in Atf4-/- osteoblasts in contrast to Perk-
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/- osteoblasts. Therefore, other factors instead of ATF4 are likely to be downstream of
PERK-dependent regulation of osteoblast development and function.
NRF2 is another direct substrate of PERK besides eIF2α. Nrf2-/- mice have normal
growth and development. Nrf2-/- fibroblasts and liver cells have impaired oxidative stress
responses (Chan and Kwong, 2000; Leung et al., 2003). However, no skeletal defects had
been reported in the Nrf2-/- mice so far. Furthermore, NRF2 has been shown to
negatively regulate cellular differentiation via inhibiting the Runx2-dependent
transcriptional activity in osteoblasts (Hinoi et al., 2006). Thus, it is unlikely that the
positive roles of PERK in regulation of osteoblast differentiation act through NRF2.

Runx2 and its transcriptional target Osterix are essential transcriptional factors for
osteoblast lineage commitment (Ducy et al., 1997; Nakashima et al., 2002). The
importance of Runx2 signaling in skeletal development can be revealed by the
development of severe to mild osteopenia in heterozygous of total Runx2 (50% ) and
heterozygous of type II Runx2 (25%) mice (Ducy et al., 1997; Xiao et al., 2005; Xiao et
al., 2004). Therefore, the reduced expression of Runx2 and Osterix in Perk-/- mice could
hinder the ability of mesenchymal stem cells to commit to the osteoblast lineage. RUNX2
has two cooperative functions in osteogenesis: to induce osteoblast specific genes
expression and to repress differentiation of other cell types, such as chondrocytes and
adipocytes via inhibition of their specific commitment factors Sox9 and peroxisome
proliferator-activated receptors γ (PPARγ), respectively (Komori, 2006). Relatively high
levels of the chondrocyte lineage markers Sox9 and Col2a1 were seen in Perk-/osteoblast culture, and no changes of adipocyte specific markers were observed
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suggesting that the differentiation defect occurs first in the osteochondral progenitor
lineage. A similar abnormal expression of chondrocyte marker genes was also reported in
Osterix knockout mice (Nakashima et al., 2002) and SATB2 -/- mice, where Runx2
transcription activity is impaired (Dobreva et al., 2006). Furthermore, positive regulation
of Runx2 expression by PERK can be reinforced by the PERK dependent induction of
Runx2 under conditions that perturb ER homeostasis. Hence, I speculate that PERK may
be a key regulator of RUNX2 and OSTERIX. The decreased expression of Runx2 in the
absence of PERK and the resulting reduction of Osterix could prevent the differentiation
of osteoblasts from osteochondrol progenitors. These progenitors would then remain at a
bi-potent stage with an increased likelihood to differentiate into chondrocytes.
In fact, in contrast to having increased chondrocyte differentiation, Perk-/- mice
displayed significant reduced number of proliferating and hypertrophic chondrocytes (Li
et al., 2003). Chondrocytes, another secretary cell type, shares the same origin as
osteoblasts. Thus, I speculate disruption of PERK may also cause intrinsic defects in
chondrocyte proliferation and differentiation. It has been reported that Runx2 is also
essential for terminal hypertrophic differentiation of chondrocyte through induction of
Indian hedgehog (Yoshida et al., 2004). Interestingly, associated with the abnormal
formation of hypertrophy zone of growth plate of Perk-/- mice, the expression of Runx2
was found to be decreased in primary Perk-/- chondrocytes culture (Xiaoyi Sheng’s
thesis). This data further confirms the positive role of PERK in regulation of Runx2
expression.
The molecular mechanism underling how PERK regulates Runx2 expression is still
unclear. It is likely that PERK indirectly regulates Runx2 expression by coupling
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osteogenic signaling pathways, such as BMPs (bone morphogenetic protein) and
PI3K/Akt (phosphatidylinositol 3-kinase and Akt serine/threonine kinase) signalings.
BMP signaling regulates RUNX2-dependent induction of the osteoblast phenotype via
activation of PI3K/Akt signaling (Ghosh-Choudhury et al., 2002; Phimphilai et al., 2006).
Deficiency of Akt1 in osteoblasts results in diminished RUNX2 DNA binding and
RUNX2-dependent transcripts, including Runx2 itself (Fujita et al., 2004; Kawamura et
al., 2007). Furthermore, recent study had showed that induction of the PI3K/Akt pathway
is compromised in Perk-/- mouse embryonic fibroblasts (MEFs) in response to
thapsigargin (Kazemi et al., 2007). In light of these data, I speculate that BMP/PI3K/Akt
pathway may be involved in PERK-dependent regulation of Runx2. It will be very helpful
to examine the phosphorylation level of AKT in Perk-/- osteoblasts.
Alternatively, PERK may regulate Runx2 at translation level. It is known that
activation of PERK could elevate translation of specific genes containing small upstream
open reading frames (uORFs) within their 5' UTR regions via inducing phosphorylation
of eIF2 α (Lu et al., 2004; Vattem and Wek, 2004). The mRNA of Runx2 type II isoform
contains five uORFs in its 5’ UTR and, more importantly, translational control of Runx2
expression does exist in osteoblasts (Sudhakar et al., 2001; Xiao et al., 2003). Thus, there
is a possibility that PERK may modulate translation of Runx2 mRNA.
Finally, PERK may regulate Runx2 expression through control of p53 degradation.
The rationale for this hypothesis is that (1) overactivation of p53 in mice results in
reduced Runx2 expression and defective osteoblast proliferation and differentiation
(Lengner et al., 2006); (2) PERK mediates the proteasomal degradation of p53 in
response to ER stress stimuli in MEFs (Baltzis et al., 2007). Therefore, it is possible that
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deficiency of PERK may slowdown proteasomal degradation of p53 and lead to elevation
of p53 protein level. This could then inhibit cell cycle progression and represses Runx2
expression.

PERK positively regulates osteoblast proliferation.
Correlated with the reduced differentiation, Perk-/- osteoblasts exhibited reduced
proliferation both in mice and in primary calvarial osteoblast cultures. Reduced osteoblast
proliferation in the absence of PERK was associated with a delay of entry into the S
phase of the cell cycle and reduced expression of cell cycle promoting factors, including
cyclin D1, cyclin E and CDk2 (G1/S), BM28 (S), Cyclin A and CDC2 (G1/S andG2/M).
Cyclin D is the most critical factor for initiating G1-phase progression by acting as a
sensor of mitogenic signals and physiological stress (Sherr and Roberts, 1999). I
speculate that PERK may act a mediator for some mitogenic signals to regulate Cyclin D
level. One potential candidate is c-Myc signaling. The transcription factor c-Myc
promotes cell proliferation via inducing the expression of D type cyclins (Mateyak et al.,
1999). In normal cells, the expression of c-Myc genes is under tight control of growth
factor signals (Amati et al., 1998). My preliminary studies revealed that in response to
serum stimulation and depletion of ER calcium stores, the induction of c-Myc was
diminished in Perk-/- osteoblasts. Therefore, c-Myc signaling may be impaired in Perk-/osteoblasts resulting in reduction of Cyclin D and therein proliferation.
Another potential pathway may be PI3K/Akt signaling, which plays a key role in cell
proliferation (Liang and Slingerland, 2003). In response to mitogens, activation of
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PI3K/Akt signaling not only inhibits GSK-3β- dependent proteolytic degradation of
Cyclin D and c-Myc, but also promotes transcriptional activation of Cyclin D and c-Myc
genes (Ahmed et al., 1997; Chen and Sytkowski, 2001; Perez-Roger et al., 1997; Vlach et
al., 1996). If, behaving like Perk-/- MEFs, Perk-/- osteoblasts also have defective
PI3K/Akt pathway, cell cycle progression will be affected.
Alternatively, translation of Cyclin D mRNA may be repressed in Perk-/- osteoblast.
Translational inhibition of Cyclin D could be triggered in response to acute ER stress
stimulation via the eIF2α phosphorylation dependent pathway or the chronic ER stress
via eIF2α phosphorylation independent pathway (Hamanaka et al., 2005; Raven et al.,
2007). The fact that a decreased proliferation rate has also been found in vitro cultured
osteoblasts from oim mice and OI patients (Fedarko et al., 1995), suggests abnormal
retention of procollagen in the endoplasmic reticulum could cause defective proliferation.
Hence, it is possible that the inhibition of Cyclin D mRNA translation is caused by the
persistent stress signals generated from the aggregated procollagen either through the
eIF2α phosphorylation dependent pathway by activating other eIF2α kinases, or via an
unknown eIF2α phosphorylation independent pathway. The first step to test this
hypothesis would be assessment of the protein synthesis rate of Cyclin D in Perk-/osteoblasts.
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PERK is required for normal type I procollagen biosynthesis via modulating ER
function.
Besides differentiation and proliferation, PERK also impacts osteoblast function as
revealed by reduced mineral apposition in Perk-/- mice, abnormal cortical bone matrix
formation and impaired mineral nodule formation in cultured primary Perk-/- osteoblasts.
The abnormal bone matrix formation was correlated with reduced production of mature
collagen and abnormal ER retention of procollagen in Perk-/- osteoblasts. Moreover, as a
consequence of ER retention, the overmodification of procollagen in Perk-/- osteoblasts,
although does not necessarily affect secretion, it may change the mechanical property of
the collagen fibrils and therein cause bad bone quality.
Type I collagen is also a major matrix protein of dermal fibroblasts. Preliminary
studies using Perk-/- dermal fibroblasts revealed that procollagen was normally secreted
in these cells and there was overmodification in both cellular and secreted forms of
procollagen, which was more likely caused by a delay in helix folding, and less likely due
to a delay in chain association (Personal communication with Dr. Joan Marini from
NIH/NICHD). These results are consistent with my observations in Perk-/- osteoblasts,
further confirming that PERK is essential for normal procollagen biosynthesis.
Further investigations revealed that the ER retention of type I procollagen in Perk-/osteoblasts is likely not because of oversynthesis, general defects in ER to Golgi
transportation, nor compromised ERAD function. The observations of increased amount
of misfolded procollagen and reduced expression of ER foldases and chaperones
involving in both procollagen biosynthesis and general ER quality control, strongly
suggest ER dysfunction in Perk-/- osteoblasts is one of the major causes, if not all,
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leading to the imperfect procollagen processing. Supporting this hypothesis is the finding
that TuDCA treatment can greatly reverse the procollagen ER retention problem. It may
be helpful to understand the procollagen defect by further investigation of how TuDCA
functions to “rescue”.
In response to increased loading of ER cargo proteins, ATF6 and IRE1/XBP1, two
unfolded protein response sensors, are activated to induce transcription of ER quality
control genes and consequently enhance ER function (Harding et al., 1999; Tirasophon et
al., 1998; Yoshida et al., 1998). Expression of Perk, Atf6, Ire1, Xbp1, spliced form Xbp1
and the ratio of Xbp1-S/Xbp1-T were found to be increased over the time period of
osteoblasts differentiation in vitro, suggesting they may play important physiological
roles in osteogenesis. I speculate that the activation of these UPR pathways occurs to
meet the demand of increasing biosynthesis of bone matrix proteins in osteoblasts during
differentiation and maturation. Associated with the diminished expression of ER
chaperones, basal expression of Atf6, Ire1 and Xbp1 in Perk-/- osteoblasts is reduced, as
is their induction in response to UPR stimuli. Therefore, I propose the ER dysfunction in
Perk-/- osteoblast may be caused by the impaired UPR signaling in these cells.
Among Atf6, Ire1 and Xbp1, Atf6, which showed the most significant reduction in
Perk-/- osteoblasts, is of particular interest. ATF6 not only involves in transcription
regulation and activation of Xbp1 (Yoshida et al., 2001), but also physically
heterodimerizes with XBP1 to induce expression of ER quality control genes (Yamamoto
et al., 2007). Hence, it is possible that the reduction of Ire1 and Xbp1 is a consequence of
low Atf6 expression. PERK is one the three UPR sensors. The existence of cross-talk
between PERK and the other two UPR sensors, ATF6 and IRE1, has been established,

103
but is still not well defined. In response to tunicamycin stimulated ER stress,
transcriptional induction of Xbp1 is reduced in Perk-/- MEFs (Calfon et al., 2002).
Moreover, PERK is required to sustain ATF6 activation upon ER stress in MEFs (Adachi
et al., 2008). These findings are consistent with my observation in Perk-/- osteoblasts,
suggesting PERK could somehow modulate ATF6 and XBP1 signaling pathways. To
assess the importance of ATF6 and IRE1/XBP1 signaling pathways in developing of the
ER defects in Perk-/- osteoblasts, rescue effects by transgenic overexpression of Atf6 and
Xbp1 in these cells should be investigated. In addition, it may be helpful to study the
phenotypes in Atf6-/- and Xbp1-/- osteoblasts.

Perk-/- osteoblasts do not display activation of canonical ER stress response.
According to “UPR-ER stress” hypothesis, loss of PERK should result in
oversynthesis of ER client proteins, activation of ER stress signaling and apoptotic cell
death. Abnormal ER retention of procollagen does appear in Perk-/- osteoblasts.
However, further detailed investigations revealed that Perk-/- osteoblasts actually have
reduced procollagen translation as well as a normal global protein synthesis rate. In
addition, the typical markers of ER stress signaling, such as Bip, Chop and Xbp1, were
not induced in Perk-/- osteoblast despite the highly abnormal accumulation of
procollagen in the ER. Furthermore, there was no evidence of increased ER stress
induced apoptosis and cell death in Perk-/- osteoblasts. In fact, all the observations from
Perk-/- osteoblasts strongly suggest UPR signaling is compromised, instead of being
induced. Similarly, in Perk-/- insulin-secreting β-cells, proinsulin over accumulates in the
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ER yet does not result in the persistent activation of the IRE1 and ATF6 arms of the
unfolded protein response (Zhang et al., 2006). Moreover, Perk-/- acinar cells also
display no signs of activating ER stress signaling (Iida et al., 2007). Taken all these
together, I think this hypothesis at least does not apply for Perk mutant pancreatic β cells,
acinar cells and osteoblasts.
Mutations in the type I collagen gene (osteogenesis imperfecta) also result in
abnormal accumulation of type I procollagen in the ER and severe osteopenia (Kojima et
al., 1998). Activation of the unfolded protein response and ER stress induced apoptosis
has been found in osteoblasts from some OI patients and OI mice (Forlino et al., 2007;
Lamande et al., 1995; Lisse et al., 2008). Other molecular and cellular consequences of
the osteogenesis imperfecta are distinct from what we have shown in Perk-/- mice. For
example the non-lethal oim exhibits normal type I collagen mRNA levels, normal MAR,
increased osteoblast number and elevated bone resorption (Kalajzic et al., 2002b), unlike
Perk-/- mice. This suggests that a major perturbation of ER functions do not necessarily
impact bone development in the same manner.

Summary
In summary, PERK deficiency in the mouse lead to severe neonatal osteopenia.
Osteopenia in Perk-/- mice is mainly due to decreased mature osteoblast number,
defective osteoblast differentiation, proliferation and reduced type I collagen secretion.
Loss of Perk results in compromised osteoblast differentiation and maturation, which is
associated with decreased expression of Runx2 and Osterix. Besides defective
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differentiation, decreased osteoblast proliferation potential, which is related to decreased
expression of Cyclins and CDKs, is another contributing factor for reduced osteoblast
number in Perk mutant mice. Disruption of PERK also leads to abnormal ER retention of
procollagen and defective procollagen biosynthesis, which is accompanied with
diminished ER quality control genes and impaired UPR signaling.
The molecular mechanism underlying how PERK carries out its roles in osteoblasts
is still unclear and probably is not simply due to the reduction of eIF2α[P]. This is
concluded because the Gcn2-/- osteoblasts have low levels of eIF2α[P] as seen in Perk-/osteoblasts, but do not develop the same defects. This difference could be related to the
different signals that separately activate these two eIF2α kinases. It is well known that
besides the loading and folding status of ER proteins, PERK also responds to changes in
ER calcium levels (Liang et al., 2006). Many osteogenic signals and mitogenic signals
can modulate the intracellular calcium level (Chaudhary and Avioli, 1998; Jorgensen,
2005; Katz et al., 2006; Shimegi, 1996), which could possibly activate PERK via
changing ER Ca2+ stores. Thus, I hypothesize that PERK may function as a common
mediator of osteogenic, mitogenic and ER signalings to regulate osteoblast differentiation,
proliferation and ER function (Fig. 25). In addition, PERK may play parallel roles in
controlling these three aspects of osteoblast biology or have one major function that
affects the others. For example, the ER retention of procollagen and reduced secretion of
mature collagen, which is caused by ER dysfunction, could affect osteoblast
differentiation and proliferation. The formation of the extracellular collagenous matrix is
required for initiating osteoblast differentiation via the collagen integrin receptor
signaling pathway (Franceschi and Iyer, 1992; Franceschi et al., 1994; Harada et al., 1991;
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Jikko et al., 1999; Xiao et al., 2002). Therefore, the reduced collagen secretion in Perk-/osteoblasts may have a negative impact on their differentiation. Meanwhile, the
overaccumulated procollagen within the ER could lead to decreased cyclin D expression
and subsequent proliferation (Fedarko et al., 1995). While, the reduced proliferation
could delay the process of mesenchymal condensation, in which the establishment of
cell-cell interactions is essential for initiation of osteoblast differentiation (Dunlop and
Hall, 1995; Hall and Miyake, 1995).

Future Work
Continuation of this thesis study, differentiation, proliferation and functional defects
of Perk-/- osteoblasts will need to be further investigated. To verify whether or not Runx2,
Cyclin D, Atf6 and Ire1 are major targets of PERK in regulation of osteoblast biology,
transgenic rescue strategies will be applied. To find out the possible compromised
signaling pathways in Perk-/- osteoblasts, microarray could be performed using FACS
purified preosteoblasts and mature osteoblasts. To detect the genes that may only change
at translational level, polysome profile analysis in Perk-/- osteoblasts could be also
carried out. In addition, to specify the role of PERK in controlling osteoblast proliferation,
cell cycle progression and the expression of cell cycle regulators could be monitored in
both WT and Perk-/- osteoblasts arrested in different cell cycle stages using mimosine
(late G1), hydroxyurea (S phase), or nocodazole (mitosis). To further explore the roles of
PERK in procollagen biosynthesis, the posttranslational modifications of procollagen
isolated from Perk-/- osteoblasts could be analyzed by HPLC and the kinetics of
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procollagen triple helix formation and denaturation could be evaluated using Circular
Dichroism spectra.
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