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To avoid excess accumulation of unfolded proteins in the
endoplasmic reticulum (ER), eukaryotic cells have signaling
pathways from the ER to the cytosol or nucleus. These pro-
cesses are collectively termed the ER stress response. Double
stranded RNA activated protein kinase (PKR)-like endoplas-
mic reticulum kinase (PERK) is a major transducer of the ER
stress response and directly phosphorylates eIF2�, resulting in
translational attenuation. Phosphorylated eIF2� specifically
promotes the translation of the transcription factor ATF4.
ATF4 plays important roles in osteoblast differentiation and
bone formation. Perk�/� mice are reported to exhibit severe
osteopenia, and the phenotypes observed in bone tissues are
very similar to those of Atf4�/� mice. However, the involve-
ment of the PERK-eIF2�-ATF4 signaling pathway in osteogen-
esis is unclear. Phosphorylated eIF2� and ATF4 protein levels
were attenuated in Perk�/� calvariae, and the gene expression
levels of osteocalcin (Ocn) and bone sialoprotein (Bsp), which
are targets for ATF4, were also down-regulated. Treatment of
wild-type primary osteoblasts with BMP2, which is required
for osteoblast differentiation, induced ER stress, leading to an
increase in ATF4 protein expression levels. In contrast, the
level of ATF4 in Perk�/� osteoblasts was severely diminished.
The results indicate that PERK signaling is required for ATF4
activation during osteoblast differentiation. Perk�/� osteo-
blasts exhibited decreased alkaline phosphatase activities and
delayed mineralized nodule formation relative to wild-type
cultures. These abnormalities were almost completely restored
by the introduction of ATF4 into Perk�/� osteoblasts. Taken
together, ER stress occurs during osteoblast differentiation
and activates the PERK-eIF2�-ATF4 signaling pathway fol-
lowed by the promotion of gene expression essential for osteo-
genesis, such as Ocn and Bsp.

The endoplasmic reticulum (ER)2 is a critical cellular com-
partment involved in the localization and folding of secreted
and transmembrane proteins (1, 2). A number of cellular
stress conditions lead to the accumulation of unfolded or mis-
folded proteins in the ER lumen, thereby representing a fun-
damental threat to cell viability. To avoid the excessive accu-
mulation of unfolded proteins in the ER, eukaryotic cells have
signaling pathways from the ER to the cytosol or nucleus.
This process is referred to as the unfolded protein response
(UPR) (3, 4). The UPR consists of the following three path-
ways: 1) suppression of protein translation to prevent the gen-
eration of more unfolded proteins; 2) facilitation of the refold-
ing of unfolded proteins by the induction of ER molecular
chaperones; and 3) activation of the ER-associated degrada-
tion to remove unfolded proteins that have accumulated in
the ER by the ubiquitin-proteasome pathway. If these strate-
gies fail, cells go into ER stress-induced apoptosis.
ER stress transducers have important roles in UPR signal

transduction. The three major transducers of the UPR are
PERK (PKR-like endoplasmic reticulum kinase) (5), IRE1 (in-
ositol-requiring 1) (6, 7), and ATF6 (activating transcription
factor 6) (8, 9). These three transducers sense the presence of
the unfolded proteins in the ER lumen and transduce signals
to the cytosol or nucleus. Activation of PERK leads to the
phosphorylation of the �-subunit of the eukaryotic initiation
factor 2 (eIF2�), which inhibits the assembly of the 80 S ribo-
some and inhibits protein synthesis (5, 10). In contrast to
most proteins, ATF4 (activating transcription factor 4) es-
capes translational attenuation by eIF2� phosphorylation be-
cause ATF4 has upstream open reading frames (ORFs) in its
5�-untranslated region. These upstream ORFs, which prevent
translation of the true ATF4 under normal conditions, are
bypassed only when eIF2� is phosphorylated, and therefore
ATF4 translation occurs (11, 12).
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ATF4 is a member of the cAMP-responsive element-binding
protein (CREB) family of basic zipper-containing proteins (13). A
transcriptional target of ATF4 is osteocalcin (Ocn), which is os-
teoblast-specific and amarker for the late stage of osteoblast dif-
ferentiation (14, 15). ATF4 is also required for preservingmature
osteoblast function including the synthesis of collagen, the most
abundant extracellular protein found in bones (16–18). Mice
that are ATF4-deficient exhibit a marked reduction or delay in
mineralization of bones including frontal and parietal bones,
clavicles, and long bones (16). These observations clearly demon-
strate that ATF4 is an essential transcription factor for osteoblast
terminal differentiation and bone formation.
Loss of functionmutations of Perk in humans andmice cause

several neonatal developmental defects, including diabetes,
growth retardation, andmultiple skeletal dysplasia (19–23).
Analyses on bone tissues revealed that Perk�/� mice show severe
osteopenia, which is caused by a deficiency in the number of ma-
ture osteoblasts and impaired osteoblast differentiation. The
phenotypes observed in bone tissues of Perk�/� mice are very
similar to those ofAtf4�/� mice. As mentioned, ATF4 is a trans-
lational target of activated PERK. Consequently, it is possible that
bone phenotypes in Perk�/� mice are due to the loss of ATF4
activity, which is involved in osteoblast terminal differentiation
and bone formation. Furthermore, a previous report showed that
ER stress occurs during osteoblast differentiation (24), indicating
that the PERK-eIF2�-ATF4 pathwaymay be involved in bone
formation or osteoblast differentiationmediated by ER stress. In
this study, we examined whether ATF4 expression and function
are influenced by the loss of Perk in vivo and in vitro and confirm
that ER stress during osteoblast differentiation activates PERK-
eIF2�-ATF4 signaling followed by the promotion of gene expres-
sion essential for osteogenesis such asOcn and bone sialoprotein
(Bsp).

EXPERIMENTAL PROCEDURES

Mice and Cell Cultures—Perk�/� mice were generated as
described previously (25). Primary cultured osteoblasts were
prepared from the calvariae of postnatal day 4 (P4) wild-type
(WT) and Perk�/� mice. The calvariae were digested with
0.1% collagenase (Wako) and 0.2% dispase (Invitrogen). Pri-
mary osteoblasts were grown in � modified Eagle’s medium
supplemented with 10% fetal calf serum at a density of 1.5 �
105 cells/well in 12-well plates. The medium was changed ev-
ery 3 days and on the day of the assays to create identical con-
ditions in each dish. We used thapsigargin (TG) (1 �M)
(Wako) as an ER stressor for the indicated times and bone
morphogenetic protein 2 (BMP2) (100 ng/ml) (Sigma) for
osteoblast maturation (26).
RT-PCR—Total RNA was isolated from calvariae using an

RNeasy mini kit (Qiagen) according to the manufacturer’s
protocol. First-strand cDNA was synthesized in a 20-�l reac-
tion volume using a random primer (Takara) and Moloney
murine leukemia virus reverse transcriptase (Invitrogen). PCR
was performed in a total volume of 30 �l containing 0.8 �M of
each primer, 0.2 mM dNTPs, 3 units of Taq polymerase, and
10� PCR buffer (Stratagene) using each specific primer set
(Table 1). The PCR products were resolved by electrophoresis
using a 4.8% acrylamide gel.

Quantitative Real-time PCR—Total RNA was isolated from
calvariae using an RNeasy mini kit (Qiagen) according to the
manufacturer’s protocol. First-strand cDNA was synthesized
in a 20-�l reaction volume using a random primer (Takara)
and Moloney murine leukemia virus reverse transcriptase
(Invitrogen). Real-time quantitative RT-PCR reactions were
run on an ABI Prism 7000 sequence detection system (Ap-
plied Biosystems) using the GoTaq quantitative PCR master

TABLE 1
Quantitative real-time PCR and RT-PCR were performed using each
specific primer set
fwd, forward; rev, reverse.
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mix (Promega). Relative mRNA levels of all genes were first
normalized to the levels of �-actin and then normalized to the
average of WT levels. The primer sequences for the tran-
scripts quantified by this method are shown (Table 1).
Western Blotting—For Western blotting, proteins were ex-

tracted from calvariae using a cell extraction buffer containing
10% SDS, 0.5 M EDTA at pH 8.0, 100 mM methionine, and a
protease inhibitor mixture (MBL International). The lysates
were incubated on ice for 45 min. After centrifugation at
16,000 � g for 15 min, the soluble proteins in the extracts
were quantified. Samples were loaded onto sodium dodecyl
sulfate-polyacrylamide gels. Protein-equivalent samples were
subjected to Western blotting. The following antibodies were
used: anti-�-actin (Sigma; 1:3000), anti-procollagen type I
(Santa Cruz Biotechnology; 1:500), anti-OCN (Santa Cruz
Biotechnology; 1:1000), anti-BSP (COSMO BIO; 1:1000), anti-
ATF4 (Santa Cruz Biotechnology; 1:1000), anti-phospho-
eIF2� (StressGen; 1:1000), anti-eIF2� (Cell Signaling; 1:1000),
anti-phospho-PERK (Cell Signaling; 1:500), anti-PERK (Santa
Cruz Biotechnology; 1:500), anti-phospho-GCN2 (Cell Signal-
ing; 1:500), and anti-phospho-PKR (Millipore; 1:500).
Alizarin Red and Alkaline Phosphatase Staining—For the

mineralization analysis, primary osteoblasts were stimulated
by ascorbic acid (50 �g/ml), �-glycerophosphate (2 mM), and
BMP2 (100 ng/ml) for 4 days. Alizarin red and alkaline phos-
phatase (ALP) staining were performed according to standard
protocols. To quantify matrix mineralization, alizarin red-
stained cultures were incubated with cetylpyridinium chloride
(100 mM). The absorbance of the released alizarin red was
measured at 570 nm. ALP activities were measured using the
LabAssay ALP kit (Wako).
Morphological Analysis—For histological analysis, tibias

were fixed in 10% formalin and then decalcified with 10%
EDTA. Hematoxylin-eosin staining was performed using par-
affin sections (6-�m) according to standard protocols. The
thickness of cortical bones was measured in three sections of
cortical bones. Tartrate-resistant acid phosphatase (Trap)
staining was performed using a kit (Sigma). The number of
Trap-positive cells was counted in three sections of a tibia.
Electron Microscopy—For histological analysis, tibiae were

fixed in 2.5% glutaraldehyde, decalcified in a 10% EDTA-Na2
solution, and post-fixed in 2% osmium tetroxide. The tibiae
were visualized using a JEM-1200EX electron microscope
(JEOL) operating at 80 kV.
Luciferase Assay—Reporter plasmids of p657 mOG2-Luc

(where mOG2 is mouse osteocalcin gene 2), p6 OSE2-Luc,
and p4 OSE1-Luc were kindly gifted from Guozhi Xiao (Uni-
versity of Pittsburgh). Osteoblasts were grown to 80% conflu-
ence in 24-well plates and then transfected with the Lipo-
fectamine 2000 reagent according to the manufacturer’s
protocol (Invitrogen). Cells were transfected with a reporter
plasmid (0.2 �g) carrying the firefly luciferase gene and the
reference plasmid pRL-SV40 (0.02 �g) carrying the Renilla
luciferase gene under the control of the SV40 enhancer and
promoter (Promega). The cells were also transfected with a
protein expression plasmid (0.2 �g) (pcDNA 3.1 (�); Invitro-
gen). After 30 h, the cells were lysed in 200 �l of Passive Lysis
buffer (Promega). Cells were treated with TG (1 �M) for 12 h

to induce ER stress and with BMP2 (100 ng/ml) for 48 h for
osteoblast maturation before harvesting. The firefly and Re-
nilla luciferase activities were measured in 10-�l cell lysates
using a Dual-Luciferase reporter assay system (Promega) and
a luminometer (Berthold Technologies). The relative lucifer-
ase activities were defined as the ratio of firefly luciferase ac-
tivity to that of Renilla luciferase activity. The values were
averaged from quadruplicate determinations in three inde-
pendent experiments.
Statistic—Data are presented as the mean � S.D. The sta-

tistical significance of differences was evaluated using the Stu-
dent’s t test.

RESULTS

Osteopenia in Perk�/� Mice—Bone formation was impaired
in the long and flat bones of Perk�/� mice skeletons, indicat-
ing that both intramembranous and endochondral ossifica-
tion were defective. In particular, cortical bones in long bones
were much thinner than those of WT mice (Fig. 1, A and B).
The expression of PERK has been reported to be high in bone
tissues (25). We examined what types of cells express PERK
using primary cultures of osteoblasts and osteoclasts. High
levels of PerkmRNA were expressed in primary osteoblasts;
however, in osteoclasts, this was not the case (Fig. 1, G and
H). Electron microscopic analysis using ultrathin sections of
long bones (femur) revealed that the osteoblasts of Perk�/�

mice have abnormally enlarged rough ER with materials re-
tained in the lumen (Fig. 1C). In addition, primary cultured
osteoblasts prepared from Perk�/� calvariae exhibited an
even more pronounced elevation of procollagen type I levels
in the cytosol when compared with WT littermates (Fig. 1D).
This finding suggests that the materials observed in the ab-
normally enlarged rough ER of Perk�/� mice correspond to
unprocessed procollagen, and there is a reduction in the ma-
ture type I collagen secretion from the ER to extracellular re-
gions. The number of Trap-positive cells of osteoclasts was
not significantly different when compared with the WT mice
(Fig. 1, E and F). These results suggest that osteopenia in the
osseous tissues of Perk�/� mice may primarily be caused by
osteoblast dysfunction.
Downstream Gene and Protein Expression of PERK in Bone

Tissues of Perk�/� Mice—To examine whether the expression
of ATF4 is influenced by the loss of Perk, we examined the
expression of Atf4mRNA and ATF4 protein levels in bone
tissues. Although the Atf4mRNA levels in Perk�/� bones
were comparable with those of the WT mice (Fig. 1I), trans-
lated ATF4 levels were markedly reduced, with levels of only
35% when compared with WT mice (Fig. 1J). Ocn and Bsp,
which are targets of ATF4, were also significantly reduced at
the transcriptional and translational levels (Fig. 1, I and J),
indicating that ATF4 and its downstream targets are impaired
in Perk�/� mice. Up-regulated ATF4 protein in response to
ER stress is known to promote the expression of genes that
are associated with amino acid import and metabolism,
such as asparagine synthase (Asns) and glycine transporter
1 (Glyt1) (27). The levels of these genes were also slightly
reduced in Perk�/� bone tissues when compared with the
levels observed in WT mice (Fig. 1I). Levels of phosphory-
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lated eIF2� should be equally reduced if the decrease in the
levels of expression of ATF4 target genes is due to a defect
of PERK-ATF4 signaling. Although the total amount of
eIF2� did not change, the level of phosphorylated eIF2�

was significantly reduced (Fig. 1J). Taken together, these
results suggest that the expression of eIF2�, ATF4, and the
downstream targets of ATF4 are influenced by the PERK
deficiency in bone tissues.

FIGURE 1. Morphological changes in bone tissues and gene expression in Perk�/� mice. A, hematoxylin-eosin staining of femurs in P4 wild-type (WT)
and Perk�/� (�/�) mice. Right panels are a higher magnification of the boxed areas in the left panels. Scale bars, 100 �m (left), 20 �m (right). B, the panel
shows the quantification of the thickness of cortical bones. Note that the cortical bone of Perk�/� mice is extremely thin (mean � S.D., n � 3, ***, p � 0.001;
Student’s t test). C, electron microscopy images of osteoblasts in femur cortical bones of P4 WT (upper) and Perk�/� (lower) mice. In Perk�/� osteoblasts, the
rough ER was abnormally expanded. Scale bar, 1 �m. D, Western blotting analysis of procollagen Type I in primary osteoblasts prepared from WT and
Perk�/� calvariae. E, Trap staining of femurs in P4 WT (top) and Perk�/� (bottom) mice. Scale bar, 100 �m. F, the number of osteoclasts did not significantly
change in Perk�/� mice when compared with WT mice. G, quantitative real-time PCR (QRT-PCR) analysis of Perk in primary osteoblasts and osteoclasts pre-
pared from P4 WT mice calvariae. Primary osteoblasts showed high levels of Perk mRNA expression, whereas osteoclasts did not show high expression lev-
els. H, RT-PCR analysis of type I collagen (a marker of osteoblast) and Trap (a marker of osteoclast) in primary osteoblasts and osteoclasts prepared from P4
WT mice calvariae. I, QRT-PCR analysis using mRNA extracted from P4 WT and Perk�/� calvariae. The expression levels of Ocn, Bsp, Asns, and Glyt1 mRNAs
were suppressed in Perk�/� calvariae. J, Western blotting using proteins extracted from P4 WT and Perk�/� calvariae. The expression levels of ATF4, OCN,
BSP, and phosphorylated eIF2� proteins were suppressed in Perk�/� calvariae. The lower panel shows the quantitative analysis of the protein expression
levels (mean � S.D., n � 3, **, p � 0.01; ***, p � 0.001; Student’s t test).

FIGURE 2. The PERK-eIF2�-ATF4 signaling pathway was impaired in Perk�/� osteoblasts treated with BMP2. A, QRT-PCR analysis of Bip mRNA in pri-
mary osteoblasts prepared from P4 WT and Perk�/� calvariae. The osteoblasts were treated with BMP2 (100 ng/ml) for the indicated times. The expression
levels of Bip mRNA were almost equal in WT and Perk�/� osteoblasts. B, RT-PCR analysis of Xbp1 in primary osteoblasts prepared from P4 WT and Perk�/� cal-
variae. The osteoblasts were treated with BMP2 (100 ng/ml) for the indicated times. The expression levels of unspliced forms of Xbp1 mRNA (uXbp1) and
spliced forms of Xbp1 mRNA (sXbp1) mRNA were essentially equal in WT and Perk�/� osteoblasts. Lower panels show the quantitative analysis of the mRNA
expression levels (mean � S.D. n � 3, ***, p � 0.001; Student’s t test). C, QRT-PCR analysis of Asns mRNA in primary osteoblasts prepared from P4 WT and
Perk�/� calvariae treated with BMP2 for the indicated times. The expression levels of Asns were suppressed in Perk�/� osteoblasts. D, Western blotting anal-
ysis of primary osteoblasts prepared from P4 WT and Perk�/� calvariae. The osteoblasts were treated with BMP2 (100 ng/ml) for the indicated times. The
expression levels of ATF4, phosphorylated eIF2�, OCN, and BSP proteins were gradually up-regulated after treatment with BMP2 in WT primary osteoblasts.
In contrast, the induction of these proteins was severely inhibited in Perk�/� primary osteoblasts. The lower panel shows the quantitative analysis of the
protein expression levels (mean � S.D., n � 3, **, p � 0.01, ***, p � 0.001; Student’s t test).
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The PERK-eIF2�-ATF4 Pathway Is Activated by BMP2—
We previously reported that treatment of immature osteo-
blasts with BMP2, which is required for osteoblast differentia-
tion and bone formation, induces mild ER stress (24). To
confirm this, the expression of ER stress markers when primary
calvarial osteoblasts were treated with BMP2 was examined.
BipmRNA was gradually up-regulated, and spliced forms of
X-box-binding protein 1 (Xbp1) mRNA were also detected in
both WT and Perk�/� osteoblasts (Fig. 2, A and B), indicating
that ER stress actually occurs after treatment with BMP2, and
normal UPR signaling is activated in response to ER stress
induced by BMP2 in both WT and Perk�/� cells. In contrast,
the level of Asns was slightly reduced in Perk�/� osteoblasts
under these conditions (Fig. 2C). We then investigated
whether the PERK-eIF2�-ATF4 pathway is activated by
BMP2. In the WT osteoblasts, treatment with BMP2 caused
phosphorylation of eIF2�, and ATF4 protein levels were also
elevated (Fig. 2D). In contrast, eIF2� and ATF4 were not acti-
vated in Perk�/� osteoblasts (Fig. 2D). OCN and BSP, which
are downstream of ATF4, were up-regulated in WT cells but

not in Perk�/� cells (Fig. 2D). Other protein kinases such as
PKR and GCN2 are known to couple distinct upstream stress
signals to eIF2� phosphorylation (28, 29). Activation of the
eIF2�-ATF4 pathway in Perk�/� osteoblasts after treatment
with BMP2 may be due to other kinases. Consequently, phos-
phorylated levels of PKR and GCN2 were measured. Phos-
phorylated PKR and GCN2 were at comparable levels in both
WT and Perk�/� osteoblasts (Fig. 2D). These data indicate
that treatment of calvarial osteoblasts with BMP2 induces ER
stress followed by the activation of the PERK-eIF2�-ATF4
pathway, and the signaling promotes the expression of ATF4
targets, OCN and BSP, which are mature osteoblast markers.
In contrast, this signaling pathway is impaired in Perk�/�

osteoblasts.
Alternatively, we analyzed whether the expression of OCN

and BSP is increased in an ER stress-dependent manner.
Treatment with the ER stressor TG, an inhibitor of ER Ca2�-
ATPase, rapidly induced BipmRNA and spliced forms of
Xbp1mRNA (Fig. 3A). At the same time, ATF4 translation
was promoted, and protein levels of its downstream targets,

FIGURE 3. Impaired activation of the PERK-eIF2�-ATF4 pathway by ER stress in Perk�/� osteoblasts. A, RT-PCR analysis of UPR-related genes in pri-
mary osteoblasts prepared from P4 WT and Perk�/� calvariae. The osteoblasts were exposed to thapsigargin (TG; 1 �M), which is an ER stressor, for the indi-
cated times. The expression levels of Bip and spliced forms of Xbp1 mRNA (sXbp1) were almost equal in WT and Perk�/� osteoblasts. The lower panel shows
the quantitative analysis of the mRNA expression levels (mean � S.D., n � 3, ***, p � 0.001; Student’s t test). uXbp1, unspliced forms of Xbp1 mRNA. B, West-
ern blotting analysis of primary osteoblasts prepared from P4 WT and Perk�/� calvariae. The osteoblasts were exposed to TG (1 �M) for the indicated times.
The expression levels of ATF4, OCN, BSP, and phosphorylated eIF2� proteins were suppressed in Perk�/� osteoblasts when compared with WT osteoblasts.
The lower panel shows the quantitative analysis of the protein expression levels (mean � S.D., n � 3, *, p � 0.05, **, p � 0.01, ***, p � 0.001; Student’s t test).
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OCN and BSP, were significantly increased in WT osteoblasts
but not in Perk�/� cells (Fig. 3B). Taken together, ER stress
may be sufficient for the up-regulation of mature osteoblast
markers mediated by ATF4 translation, but loss of Perk elimi-
nates induction of ATF4 target osteoblast markers by ER
stress or BMP2.
Loss of Perk Causes a Decrease in the Promoter Activities of

OSE1 Mediated by ATF4—Two osteoblast-specific cis-acting
elements are present in the Ocn promoter (14, 15). One of
these elements is OSE2, which is the binding site for Runx2
(30, 31). OSE1 is the second cis-acting element and the bind-
ing site for ATF4 (Fig. 4A) (14, 15). To confirm that the de-
crease in OcnmRNA in Perk�/� osteoblasts is due to ATF4
dysfunction, we performed reporter assays using a reporter
gene (OG2) carrying a 670-bp promoter of Ocn that includes
both OSE1 and OSE2. The reporter activities of OG2 were

significantly up-regulated by the treatment of WT calvarial
osteoblasts with BMP2, whereas in Perk�/� cells, the activities
were significantly reduced (Fig. 4B). The OG2 reporter activi-
ties were examined when cells were exposed to the ER stres-
sor, TG. The reporter activities were significantly increased
following the treatment of WT cells with TG, whereas the
activities showed no increase in Perk�/� cells (Fig. 4C). When
cells were transfected with the ATF4 expression vector, the
reporter activities in Perk�/� cells increased to the levels in
WT cells that were treated with TG. However, the other
CREB/ATF family members, ATF6, Old Astrocyte Specifically
Induced Substance (OASIS), and BBF2H7 (32), could not re-
store the reporter activities (Fig. 4C).
To demonstrate that PERK signaling directly acts on the

OSE1 of OG2, we used reporter genes carrying either the
OG2 deleted OSE2 sequence (OG2-OSE1) or the OG2 de-
leted OSE1 sequence (OG2-OSE2). Treatment of WT calvar-
ial osteoblasts with TG promoted the reporter activities of
OG2-OSE1 but not the activities of OG2-OSE2 in WT osteo-
blasts (Fig. 4D). The OG2-OSE1 reporter activities were not
promoted by the treatment of Perk�/� osteoblasts with TG.
The activities were restored by the introduction of ATF4 in
Perk�/� cells. In contrast, ATF4 expression could not pro-
mote the reporter activities of OG2-OSE2 in Perk�/� cells
(Fig. 4D). These results indicate that the reduction of the Ocn
promoter activities in Perk�/� osteoblasts is due to the im-
paired activation of the OSE1 site mediated by ATF4.
ATF4 Restores the Osteoblastic Function in Perk�/�

Osteoblasts—Perk�/� osteoblast cultures showed delayed
mineralized nodule formation and a decrease in alkaline
phosphatase activity after treatment with BMP2, as reported
previously (23) (Fig. 5, B and C). We examined whether these
abnormalities were recovered by the introduction of ATF4.
The protein levels of OCN and BSP were up-regulated follow-
ing treatment with BMP2 in WT osteoblasts but did not
increase in Perk�/� osteoblasts (Fig. 5A). Infection of Perk�/�

cells with an adenovirus expressing ATF4 recovered the ex-
pression levels of OCN and BSP (Fig. 5A). Mineralized nodule
formation and alkaline phosphatase activity after treatment
with BMP2 were delayed in Perk�/� osteoblasts when com-
pared with WT osteoblasts (Fig. 5, B and C). The delayed
mineralized nodule formation and reduction in alkaline phos-
phatase activities were almost completely restored by the in-
troduction of ATF4 into Perk�/� osteoblasts (Fig. 5, B and C).
These results indicate that osteoblastic dysfunction in
Perk�/� osteoblasts is because of the impaired activation of
ATF4 and its downstream signaling targets.

DISCUSSION

Perk�/� mice showed severe osteopenia involving de-
creases in cortical and trabecular bone thickness, and these
findings are similar to a previous report (23). Wei et al. (23)
speculated that osteopenia in Perk�/� mice is caused by a de-
ficiency in the number of mature osteoblasts, impaired osteo-
blast differentiation, and reduced type I collagen secretion. In
this report, a decrease in the expression levels of mature os-
teoblast markers OCN and BSP was observed in Perk�/�

osteoblast. In addition, collagen secretion and alkaline phospha-

FIGURE 4. The activation of the OSE1 promoter region mediated by
ATF4 is inhibited in Perk�/� osteoblasts. A, scheme of the promoter re-
gion of mouse OG2 (Ocn promoter) that includes the OSE2 (Runx2 binding
site) and OSE1 (ATF4 binding site) regions. B, reporter assays using the OG2
promoter. Primary osteoblasts were transfected with the OG2 reporter con-
struct and treated with or without BMP2 (100 ng/ml). In Perk�/� osteoblasts
treated with BMP2, the reporter activities were reduced when compared
with WT osteoblasts. Data are presented as the ratio of firefly luciferase ac-
tivities to Renilla luciferase activities (mean � S.D., n � 3, *, p � 0.05, ***,
p � 0.001; Student’s t test). C, reporter assays using OG2 promoter and indi-
cated constructs. The reporter activities were observed to increase upon
exposure to TG (1 �M) in WT primary osteoblasts but not in Perk�/� osteo-
blasts. Note that the reporter activities increased significantly when ATF4
was introduced to Perk�/� osteoblasts. The introduction of other CREB/ATF
family members did not induce the reporter activities (mean � S.D., n � 3,
**, p � 0.01; Student’s t test). D, reporter assays using OG2-OSE1 and OG2-
OSE2. The reporter activities of WT primary osteoblasts transfected with the
OG2-OSE1 reporter were induced by exposure to TG (1 �M) but not with
OSE2 (mean � S.D., n � 3, *, p � 0.05, **, p � 0.01; Student’s t test). OASIS
(Old Astrocyte Specifically Induced Substance).
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tase activities were reduced in Perk�/� osteoblasts. Taken
together, late phase maturation of osteoblasts is impaired in
Perk�/� mice. Atf4�/� mice also exhibit severe osteopenia
involving impaired osteoblast differentiation (16), and these
findings are very similar to those observed for Perk�/� mice.
ATF4 is a downstream molecule and a translational target of
PERK. This signaling pathway plays an important role in the
recovery of damaged cells exposed to ER stress. The observed
similarity in the bone tissue or osteoblast phenotypes in both
mice suggests that the PERK-ATF4 signaling pathway is asso-
ciated with bone formation or osteoblast differentiation. In
this study, the impact of the PERK-eIF2�-ATF4 signaling

pathway on osteoblast biology was examined. We obtained
significant data that indicated that this signaling pathway is
involved in osteoblast biology as follows. 1) ATF4 protein lev-
els were reduced in Perk�/� calvariae. 2) Targets of ATF4,
OCN, and BSP, were down-regulated after treatment with
BMP2 in Perk�/� primary calvarial cultures. 3) OSE1-depen-
dent Ocn reporter activities in Perk�/� osteoblasts were lower
when compared with WT osteoblasts. This reduction in re-
porter activities was restored by the introduction of ATF4. 4)
Reduction of ALP activities and mineralization in Perk�/�

osteoblasts were restored by the introduction of ATF4. These
findings support the notion that the PERK-eIF2�-ATF4 sig-

FIGURE 5. The PERK-eIF2�-ATF4 pathway is involved in osteoblast differentiation. A, Western blotting of primary osteoblasts infected with adenovirus
expressing ATF4. The expression levels of OCN and BSP were restored by the introduction of ATF4 to Perk�/� osteoblasts. mock is an empty vector. B, min-
eralization nodule formation in WT and Perk�/� osteoblasts. WT and Perk�/� primary osteoblasts were treated with BMP2 for 0 or 4 days, and cells were
stained with alizarin red for visualizing mineralization. The delayed mineralized nodule formation in Perk�/� osteoblasts was restored by the infection with
an adenovirus expressing ATF4. The lower panel shows the quantitative analysis of alizarin red staining (mean � S.D., n � 4, *, p � 0.05, **, p � 0.01; Stu-
dent’s t test). C, alkaline phosphatase activity in WT and Perk�/� primary osteoblasts. Cells were stained with 5-bromo-4-chloro-3-indolyl phosphate for
measuring ALP activities. Although ALP activities were reduced in Perk�/� osteoblasts, they were restored by the introduction of ATF4 into Perk�/� osteo-
blasts. The lower panel shows the quantitative analysis of ALP activities (mean � S.D., n � 4, **, p � 0.01, ***, p � 0.001; Student’s t test). D, proposed model
for the induction of ATF4 target osteoblast markers mediated by the PERK-eIF2�-ATF4 pathway during osteoblast differentiation.
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naling pathway plays a role in BMP2-induced osteoblast dif-
ferentiation and osteogenesis in culture (Fig. 5D).
In a previous report, ATF4 was found to be normally ex-

pressed along with its downstream amino acid metabolism
genes in Perk�/� bone tissues (23). The report concluded that
osteoblast defects in Perk�/� mice were not due to abnormal
expression or activity of ATF4. This conclusion contrasts the
results presented in this study. The reasons for this discrep-
ancy are unclear; however, there are several important experi-
mental differences between the previous reports and this re-
port. One important point is that in the previous study, the
mRNA was extracted from long bones for measuring the ex-
pression levels of ATF4 downstream genes. Although bone
tissues were devoid of soft tissue and bone marrow, as set out
under “Materials and Methods” in the previous study, it is
possible that some types of cells other than those derived
from bone tissues may have been present in the samples used
(23). Thus, if such samples were used in experiments, it is
possible that the results are affected. We have examined the
expression of ATF4 and downstream genes in detail as fol-
lows. 1) We checked the expression of ATF4 and downstream
genes that ATF4 regulates using calvarial bone tissues that did
not include any other tissues or cells except bone cells such as
osteoblasts, osteocytes, and osteoclasts. 2) We also checked
the expression of these genes using primary cultured osteo-
blasts treated with BMP2. 3) The expression levels of these
genes were subjected to quantitative analysis. The data
showed that ATF4 protein levels were significantly reduced
both in Perk�/� bone tissues and in primary osteoblasts and
that downstream gene expression was also affected. It is un-
known whether the expression levels of ATF4 downstream
genes were negligibly down-regulated even if the levels of
ATF4 expression significantly decreased in Perk�/� bones.
Asns is an ATF4 downstream target under ER stress condi-
tions. The expression levels of this gene are also affected un-
der conditions without ER stress by other transcription fac-
tors such as CAAT/enhancer-binding protein � (C/EBP�)
(33). Therefore, even if the expression of ATF4 is low in
Perk�/� cells, a second pathway may maintain the expression
levels of such genes in bone tissues or osteoblasts under con-
ditions where ER stress is absent.
To activate the PERK-eIF2�-ATF4 pathway, ER stress in

osteoblasts is required. As shown in the present study, treat-
ment of cranial immature osteoblasts with BMP2 induces
mild ER stress involving the facilitation of osteogenesis. When
immature osteoblasts are differentiating into mature forms,
osteoblasts produce abundant proteins, and some of these
proteins would transiently accumulate in the ER. Thus, it is
possible that ER stress in osteoblasts treated with BMP2 is
associated with a high demand for synthesis and secretion of
bone matrix proteins. However, it is unknown whether ER
stress actually occurs in differentiating osteoblasts and during
osteogenesis in vivo. Additionally, the role of PERK-eIF2�-
ATF4 signaling in osteobiology and osteogenesis in vivo is not
clearly defined. Further examination is required to clarify the
significance of ER stress signaling, including the PERK path-
way, on bone formation.

Perk�/� osteoblasts have abnormally enlarged rough ER
with materials contained within the lumen. Wei et al. (23)
demonstrated that type I collagen is accumulated in the ER.
From these findings, they speculated that type I collagen is
not secreted to the extracellular space, leading to the suppres-
sion of bone matrix formation. The same findings were ob-
served in the present study. Therefore, loss of PERK function
leads to impaired protein folding in the ER or transport of the
secreted materials from the ER to the Golgi body. This dys-
function disturbs the secretion of the bone matrix. There are
no reports showing that Atf4�/� osteoblasts display morpho-
logical changes to the ER. Thus, it is possible that the abnor-
mal expansion of the rough ER in the Perk�/� osteoblasts is
independent of the impaired ATF4 pathway and may be
caused by the down-regulation of other downstream mole-
cules of PERK.
In conclusion, ER stress is induced during osteoblast differ-

entiation and activates the PERK-eIF2�-ATF4 pathway.
Translationally up-regulated ATF4 downstream of PERK fa-
cilitates OSE1-site dependent gene expression followed by the
promotion of osteogenesis. Specific activation of the PERK-
eIF2�-ATF4 pathway may represent therapeutic strategies
against bone diseases such as osteogenesis imperfecta. To de-
velop these strategies, a detailed understanding of the ATF4
targets and the importance of bone formation by this signal-
ing pathway in vivo is necessary.
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