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Abstract Hyperhomocysteinemia has been shown to
increase the incidence of osteoporosis and osteoporotic
fractures. Endoplasmic reticulum (ER) stress was recently
shown to be associated with apoptosis in several types of
cells. In this study, we determined the effect of homocys-
teine (Hcy) on the apoptosis of osteoblastic cells and
investigated whether ER stress participates in Hcy-induced
osteoblast apoptosis. Human osteoblastic cells were incu-
bated with Hey. Hey dose-dependently decreased cell via-
bility and increased apoptosis in osteoblastic cells.
Osteoblastic cells are more susceptible to Hcy-mediated
cell death than other cell types. Expression of cleaved
caspase-3 was significantly increased by Hcy, and pre-
treatment with caspase-3 inhibitor rescued the cell viability
by Hcy. Hcy treatment led to an increase in release of
mitochondrial cytochrome c. It also triggered ER stress by
increased expression of glucose-regulated protein 78, ino-
sitol-requiring transmembrane kinase and endonuclease 1o
(IRE-1a), spliced X-box binding protein, activating tran-
scription factor 4, and C/EBP homologous protein. Silenc-
ing IRE-1u expression by small interfering RNA effectively
suppressed Hcy-induced apoptosis of osteoblastic cells. Our
results suggest that hyperhomocysteinemia induces apop-
totic cell death in osteoblasts via ER stress.
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List of abbreviations

IRE-1« Inositol-requiring transmembrane kinase and
endonuclease 1o

sXBP-1 Spliced X-box binding protein

ATF4 Activating transcription factor 4

Bax Bcl-2-associated X protein
Bcl-2 B-cell lymphoma 2

CHOP C/EBP homologous protein
ER Endoplasmic reticulum

FLS Fibroblast-like synoviocytes
GRP78 Glucose-regulated protein 78
Hcy Homocysteine

HUVECs Human umbilical vein endothelial cells
PERK PKR-like ER-associated kinase

UPR Unfolded protein response
Introduction

Osteoporosis is a skeletal disease characterized by low bone
mass and microarchitectural deterioration of bone tissue,
which results in increased bone fragility and susceptibility
to fracture [1, 2]. An imbalance between bone resorption by
osteoclasts and bone formation by osteoblasts is the main
mechanism leading to osteoporosis and bone fragility [2]. In
postmenopausal and glucocorticoid-induced osteoporosis,
increased apoptosis of osteoblasts is observed and the rate
of apoptosis of osteoblasts determines, in part, the amount
of bone and its microarchitecture [3, 4]. Osteoporosis is a
highly prevalent disease and results in massive costs both to
the individual and to society through associated fragility
fractures [1, 5]. Therefore, it is important to understand the
risk factors and the pathogenic mechanisms of osteoporosis
and to establish a preventive strategy.
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Homocysteine (Hcy) is a sulfur-containing amino acid
that plays pivotal roles in the metabolism of methionine, the
biosynthesis of nucleic acids, protein methylation, and the
biosynthesis of neurotransmitters and phospholipids [6].
Severe hyperhomocysteinemia is found in patients with
homocysteinuria, an inherited disorder of amino acid
metabolism, and is associated with osteoporosis and car-
diovascular disease at a very young age [7, 8]. It has been
reported that elevated serum Hcy level is associated with
low bone mineral density and increased risk of fracture in
longitudinal observational studies [9, 10]. Hcy-lowering
treatment, such as folate and vitamin B ,, reduces the risk of
hip fracture [11]. Animal studies have shown a shift of bone
metabolism towards bone resorption and a significant
reduction of bone quality in hyperhomocysteinemic animals
[12, 13]. Therefore, Hcy is now considered a risk factor for
osteoporosis as well as cardiovascular diseases [14].

The endoplasmic reticulum (ER) is mainly recognized
as a protein-folding factory, responsible for the biosyn-
thesis, folding, assembly and modification of numerous
soluble proteins and membrane proteins. Disturbance in
the normal functions of the ER (ER stress) leads to an
evolutionarily conserved cell stress response, the unfolded
protein response (UPR), which is aimed initially at com-
pensating for damage but can eventually trigger cell death
if ER dysfunction is severe or prolonged [15]. ER stress
was shown to be involved in Hcy-induced apoptosis of
endothelial cells in atherosclerosis, hepatocytes in alco-
holic liver disease and neuronal cells in various neurode-
generative diseases [16—19]. Meanwhile, overexpression of
C/EBP homologous protein (CHOP), which appears as a
result of excessive ER stress, suppresses bone formation by
attenuating the function and differentiation of osteoblasts
or inducing apoptosis of osteoblasts [20, 21].

Therefore, we hypothesized that decreased bone mineral
density and increased risk of fracture by hyperhomocy-
steinemia is due to the decline of bone formation by Hcy-
induced apoptosis of osteoblasts and that ER stress is
involved in that process. In this study, we investigated the
ability of Hcy to induce apoptosis in osteoblastic cells in
vitro and examined the functional involvement of ER
stress.

Materials and methods
Reagents

The pan-caspase inhibitor, Z-VAD-fmk, was purchased
from Calbiochem (La Jolla, CA, USA); Hcy was purchased
from Sigma-Aldrich (St. Louis, MO, USA); antibodies
against B-cell lymphoma 2 (Bcl-2), Bcl-2-associated X
protein (Bax), CHOP, and activating transcription factor 4

(ATF4) were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Antibodies to cytochrome ¢ were also from
Santa Cruz Biotechnology. Antibodies against caspase-3,
glucose-regulated protein 78 (GRP78), inositol-requiring
transmembrane kinase and endonuclease 1o (IRE-1o) and
spliced X-box binding protein (sXBP-1) were purchased
from Abcam (Cambridge, UK).

Cell culture

This work was approved by the Institutional Review
Committee of the Catholic Medical Center, Catholic Uni-
versity of Korea. Informed consent for use of the isolated
cells was obtained from all patients and healthy controls.

The human osteosarcoma cell line, U20S, and the
human normal osteoblast cell line, HNOst, were purchased
from the Korean Cell Line Bank (Seoul, Korea) and
LONZA (Basel, Switzerland), respectively. These cell lines
were cultured in RPMI 1640 medium containing 10% fetal
calf serum (FCS) at 37°C in a humidified chamber of 5%
carbon dioxide (CO,).

The human umbilical vein endothelial cells (HUVECsS)
were isolated from normal-term umbilical cord vein by
collagenase digestion, and then grown to confluence in
75 cm? flasks containing M199 medium (Life Technolo-
gies) supplemented with 20% FCS, 100 U/ml penicillin,
100 pg/ml streptomycin, and 2 mM L-glutamine. Cultures
were kept at 37°C in a CO, incubator, and the medium was
changed every 2-3 days until confluence was reached.
HUVECs were passed with 0.2% collagenase and 0.02%
ethylenediaminetetraacetic acid (EDTA) (Life Technolo-
gies); cells from passages 2—3 were used in this study.

The fibroblast-like synoviocytes (FLS) were prepared
from the synovial tissues of patients with knee osteoar-
thritis who had undergone total joint replacement surgery.
The isolation of the FLS from the synovial tissues was
performed according to a procedure described previously
[22]. The purity of the cells was confirmed by flow
cytometry analysis (>95% CD90, <2% CD14, <1% CD3,
and <1% CD19 positive). FLS, from passages 3 through to
8, were used for each experiment.

Dermal fibroblasts were obtained from three healthy
controls during plastic surgery. Fibroblasts were grown
from explants in Dulbecco’s modified Eagle’s medium
(DMEM) at 37°C in 5% CO,. The cells were then centri-
fuged at 500g, resuspended in DMEM supplemented with
10% FCS, 2 mM glutamine, penicillin (100 U/ml) and
streptomycin (100 pg/ml), and plated in 25-cm? flasks. The
culture medium was replaced every 3 days. When cells
approached confluence, they were detached with trypsin,
passed after dilution 1:3 with fresh medium, and recultured
until use. Cells were housed at 37°C in a humidified
incubator with 5% COs,.
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Cell viability assay

Cell viability was determined by the crystal violet staining
method, as described previously with minor modification
[23]. In brief, osteoblastic cells (3.5 x 10* cells/well) were
plated onto 24-well plates in 1 ml of RPMI 1640 containing
10% fetal bovine serum (FBS) until cell density reached
70-80% confluence. Each type of cell was cultured with
serum-free medium for 6 h and switched to 0.5% FBS RPMI
1640 medium containing Hey (0, 0.5, 1.0, 2.5, and 5 mM).
The concentration of 0 mM Hcy was used as control. After
24 h, viable cells were stained by the crystal violet staining
method. Plates were washed four times with tap water. After
drying, cells were lysed with 1% sodium dodecyl sulfate
(SDS) solution, and dye uptake was measured at 550 nm using
a 96-well plate reader. Cell viability was calculated from
relative dye intensity compared with untreated samples.

Apoptosis assessment
Hoechst 33342 assay

The assay was performed as described previously [24]. Cells
were cultured in a 24-well plate. After incubation with Hey
(0, 0.5, 1.0, 2.5, and 5 mM), the cells were treated with
Hoechst 33342 (5 pg/ml) for 10 min at 37°C in the dark. The
samples were then analyzed by fluorescence microscopy
(excitation wavelength in the range of 450-500 nm).

TdT-mediated dUTP nick-end labeling (TUNEL) assay

The assay was performed using a Cell Death Detection
ELISAP™ kit (Roche Applied Science, Indianapolis, IN,
USA). The assay was performed as described previously
with minor modification [19]. Osteoblastic cells (1.5 x 10*
cells) grown in a chamber slide and treated with 0.5% FBS
media containing 5 mM Hcy for 24 h were fixed with 4%
formaldehyde in phosphate-buffered saline (PBS), washed
in PBS, and permeabilized by 0.2% Triton X-100. The
3’-nick ends were then labeled with fluorescein-12-dUTP
by incubating in terminal deoxynucleotidyl transferase buffer.
Specimens in which terminal deoxynucleotidyl transferase
was omitted served as a negative control, and a DNase-
treated specimen served as a positive control. Propidium
iodide (1 pg/ml) was used to counterstain the nuclei. At least
600 cells from three different fields were examined in each
experiment, and the cell death was expressed as a percentage
of TUNEL-positive cells.

Assay for cytochrome c release

Release of cytochrome ¢ from the mitochondria of osteo-
blastic cells into the cytosol was measured by immunoblotting
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as described previously with minor modifications [25]. Briefly,
following incubation with 2.5 mM Hcy for various times,
the cells were harvested by centrifugation and lysed, and the
soluble cytosolic fractions were obtained by centrifugation.
Aliquots of the cytosolic fractions containing equal amounts
of proteins were separated by 15% SDS-polyacrylamide
electrophoresis gel (SDS-PAGE) and cytochrome c release
was measured by immunoblotting with specific antibody.

Small interfering RNA (siRNA)-mediated silencing

The 21-nucleotide siRNA duplexes used in this study
(IREla siRNA(h), sc-40705; Santa Cruz Biotechnology)
were transfected with siRNA oligonucleotides using
LipofectamineTM 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s recommendations. U20S
were seeded at 2 x 10* cells/well with antibiotic-free
normal growth medium supplemented with FBS in 24-well
plates and allowed to reach approximately 50% confluence
on the day of transfection. Cells were transfected with
50-100 nM siRNA in Opti-MEM medium (Santa Cruz
Biotechnology) using Lipofectamine™ reagent (Invitro-
gen) according to the manufacturer’s transfection protocol.
Twenty-four hours after transfection, the cells were treated
with or without Hcy for the indicated time point (as
described in figure legends). Efficiency of siRNA was
measured by Western blot analysis.

Western blot analysis

Osteoblastic cells were incubated for various times and in
different concentrations of Hcy. After incubation, the cells
were harvested and lysed in 50 pl lysis buffer [20 mM
Tris(hydroxymethyl)aminomethane hydrochloride pH 7.5;
0.5 M sodium chloride; 1 mM EDTA; 1 mM ethylene
glycol tetraacetic acid (EGTA); 0.25% Triton X-100;
protease inhibitor cocktail; 2 mM phenylmethylsulphonic
fluoride; 1 mM dithiothreitol] and the resulting lysate was
cleared by centrifugation. Protein concentrations were then
determined with the Bradford method (Bio-Rad, Hercules,
CA, USA). Fifty pg of proteins were resolved on SDS-
PAGE (12% for Bcl-2, Bax, and CHOP, 10% for GRP78
and ATF4, 14% for caspase-3) and transferred onto a
nitrocellulose membrane. The membrane was blocked by
1 h incubation at room temperature with PBS containing
5% skimmed milk and 0.1% Tween-20, and then incubated
for 2 h at room temperature with primary antibodies spe-
cific for Bcl-2, Bax, GRP78, CHOP, ATF4, and cleaved
caspase-3 in the blocking buffer. The membrane was
incubated subsequently with horseradish peroxidase
(HRP)-conjugated anti-rabbit IgG (1:2,500 dilution) and
HRP-conjugated anti-mouse IgG (1:5,000) visualized by a
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chemiluminescence system (ECL; Amersham, Freiburg,
Germany). Fuji X-ray film (Fuji Co.) with cassette closure
times was used to obtain adequate exposure and to visu-
alize bands.

Statistics

Statistical comparisons were performed with Student’s
t test or Mann—Whitney U test to compare non-parametric
data for statistical significance. Percentage comparisons
were performed using the chi-squared test. A p-value <0.05
was considered significant.

Results
Effect of Hcy on apoptosis of osteoblastic cells

U20S cells treated with Hecy for 24 h disclosed a con-
centration-dependent reduction of cell viability. To exam-
ine the effect of Hcy on apoptotic death of osteoblastic
cells, we performed the Hoechst 33342 staining assay of
Hcy-treated U20S cells. Hey induced the appearance of
Hoechst staining-positive cells, which exhibited the mor-
phological features of decreased size with highly con-
densed and fragmented nuclei (Fig. 1a). In contrast, very
few Hoechst staining-positive cells were observed in the
control cells. This result was confirmed with TUNEL assay
and experiments using HNOst cells produced equivalent
results (Fig. 1a). Osteoblastic cells were cultured with
different concentrations of Hcy. There was a significant
tendency that the rate of apoptotic cell death of osteoblastic
cells increased with the higher concentration of Hcy
(Fig. 1b). Apoptosis of osteoblastic cells also increased
with longer exposure to Hcy (Fig. 1c). These data
demonstrate that Hcy induced apoptosis in osteoblastic
cells in dose- and time-dependent manner.

Susceptibility of osteoblastic cells to Hcy

We compared the susceptibility of osteoblastic cells to Hcy
with other cells. HNOst cells, HUVECs, human dermal
fibroblasts, and human FLS were cultured in the presence
of Hey for 24 h. The viability of HNOst cells and HUVECs
declined depending on Hcy concentration (Fig. 2a, b),
while human dermal fibroblasts and human FLS survived
the toxic effect of Hcy with little change of viability
(Fig. 2c, d). Viability of HNOst and HUVEC decreased
from 2.5 mM Hcy. (Fig. 2a, b). These data suggest that
osteoblastic cells are more susceptible to Hcy-mediated
cell death than other cell types.

Activation of caspase-3 in Hcy-induced apoptosis
of osteoblastic cells

The caspase family of cysteine proteases is implicated in the
programmed cell death of numerous cell types. Caspase-3 is
afinal component of the caspase cascade leading to cell death
[26]. Thus, we examined active caspase-3 in Hcy-treated
osteoblastic cells. Hey increased the cleaved active form of
caspase-3 (Fig. 3a). Pretreatment of U20S cells with
z-DEVD-fmk, a caspase-3 inhibitor, efficiently suppressed
the Hey-induced cell death (Fig. 3b). These data indicate that
Hcy induced apoptotic cell death in osteoblastic cells, and
activation of caspase-3 is involved in the process.

Apoptosis via mitochondrial pathway

Cytochrome ¢, an apoptogenic protein, is released from
activated mitochondria into the cytosol and is crucial for
activating the caspase cascades of cell degradation [27]. To
determine whether Hcy-induced apoptosis occurred via the
mitochondrial pathway, we examined cytochrome c release
in U20S cells. Release of cytochrome ¢ was observed,
which was dependent on Hcy concentration (Fig. 4a).
Cytochrome c release was observed as early as 5 h after
treatment with Hcy and peaked at 24 h and then decreased
(Fig. 4a). Cytochrome c release from mitochondria into
cytosol is controlled by Bcl-2 family members [28]. Bax,
the pro-apoptotic members, can form pores or interact with
pore-forming proteins at the level of the mitochondrial
membrane, a function that is antagonized by Bcl-2 [28, 29].
We investigated the expression of Bax and Bcl-2 protein by
Western blot analysis in Hcy-treated U20S cells. The
expressions of Bcl-2 were down-regulated and the levels of
Bax were up-regulated to the Hcy concentration of 2.5 mM
and the ratio of Bax and Bcl-2 expression indicates a shift
toward pro-apoptosis (Fig. 4b). These results suggest Hcy
induces apoptotic cell death in osteoblastic cells via
mitochondrial pathway.

Involvement of ER stress of Hey-induced apoptosis

Hcy activated ER stress in hepatocyte, neuron, and vas-
cular endothelial cells and excessive ER stress could
induce apoptosis [16, 19, 30]. To investigate the involve-
ment of ER stress in Hcy-induced cell death in osteoblastic
cells, we examined the expression of ER stress-associated
molecules. Hey induced the expression of GRP78, IRE-1q,
sXBP-1, ATF4 and CHOP monitored by Western blot
analysis (Fig. 5a).

The IRE-1a branch of the UPR has an essential role in
defending cells and tissues against the lethal conse-
quences of ER stress [31, 32]. Thus, when the IRE-1«
branch is silenced in these organisms, they become more
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Fig. 1 Effect of homocysteine
(Hcy) on apoptosis of
osteoblastic cells. A U20S cells
were cultured in the absence
(a) or presence (b) of 2.5 mM
Hcy for 24 h, and assayed by
the Hoechst 33342 staining
method. The arrow indicates
Hoechst 33342 staining-positive
cells with nuclei condensation
and fragmentation. This result
was confirmed with TUNEL
assay (c, d). Experiments using
HNOst cells under the same
conditions produced equivalent
results (e, f). B HNOst cells
were cultured in the presence of
Hcy (0, 2.5 or 5 mM) for 24 h,
and apoptotic cells were
quantified. The apoptosis by
Hcy was statistically significant
(*p < 0.05 vs 0 mM). C HNOst
cells were cultured in the
presence of Hcy 0.5 mM for 12,
24, 48 and 72 h, and apoptotic
cells were measured at the
indicated time. The apoptosis by
Hcy was statistically significant
(*p < 0.05 vs control). Data
shown in B and C are the
mean + SD percentages

A

Apoptotic cells (%) m

30

24

—m——y
B 24h
*
05 1 25
Hey (mM)

sensitive to agents that perturb protein folding in the ER
[32]. To examine the functional significance of Hcy-
induced IRE-lo upregulation, we employed the siRNA
duplex against IRE-1oo mRNA. U20S cells were transfected
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Hcy. Immunoblot analysis demonstrated that transfection
of siRNA against IRE-1o resulted in a suppression of
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in U20S cells as
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Fig. 2 Susceptibility of several
types of cells to Hcy. HNOst
cells (a), HUVECs (b), human
dermal fibroblasts (¢), and
human FLS (d) were cultured in
various concentration of Hcy (0,
0.5, 1.0, 2.5, and 5 mM) in fixed
exposure time of 24 h. Cell
viability was measured by the
crystal violet staining method. 0
Data shown are the mean + SD
percentages. *p < 0.05 vs
untreated control
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Fig. 3 Activation of caspase-3 A
in Hey-induced apoptosis of
osteoblastic cells. a U20S cells
incubated with various
concentration of Hcy (0, 0.5,
1.0, 2.5, and 5 mM) for 24 h
(left panel) and 2.5 mM for

Hey (mM)
0 05 1

2.5

e —— e Cleaved caspase-3
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Cell viability (%) O
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w
o
T
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0 5 10 24 (hours)
S Clcaved caspase-3

——  3-actin

N . B 40
indicated times (5, 10, 24, and

48 h) (right panel). Whole-cell
extracts from U20S cells were
separated on 14% SDS-PAGE
and immunoblotted using
monoclonal antibody against
anti-procaspase 3 and anti-
cleaved caspase-3. b U20S cells
preincubated with the 5 uM
zVAD-fmk for 1 h were treated
with 2.5 mM Hcy for 24 h. Cell
death was assayed by the
Hoechst 33342 fluorescent
staining method. Data shown
are the mean + SD percentages.
*p < 0.01 vs 2.5 mM Hcy-
treated control

30 |

20

Apoptotic cell death (%)

Control

compared to cells transfected with control siRNA
(Fig. 5b). We then examined the effect of inhibiting IRE-
la on Hcy-induced apoptosis of osteoblastic cells by
TUNEL assay. Silencing IRE-la expression by siRNA
effectively suppressed Hcy-induced cell death of osteoblastic

-
Hey

Hecy z-DEVD-fmk

+
z-DEVD-fmk

cells (Fig. 5c¢). These results together suggest that Hcy
activated the ER stress, which leads to apoptotic cell death
in osteoblastic cells and Hcy-induced cell death is medi-
ated by a signal transduction pathway involving ER-resi-
dent kinase IRE-1c.
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Fig. 4 Hcy-induced apoptosis A Hey (mM) Hecy 2.5mM
via mitochondrial pathway. 0 05 1 25 0 5 10 24 (hours)

a U20S cells were incubated

with various concentration of

Hcy (0, 0.5, 1.0, 2.5, and 5 mM)

for 24 h (left panel) and 2.5 mM

for indicated times (5, 10, 24, 4 -
and 48 h) (right panel) and their
cytosolic fractions were
isolated. Cytochrome ¢ content
of each was measured by
immunoblotting. Band intensity
determined by densitometry and
presented as the ratio after Hcy |
treatment relative to that at 0 05 1
baseline. b U20S cells were

Relative Density
(Folds of Control)
r

. : X Hey (mM)
incubated with various
concentration of Hcy (0, 0.5, B Hey (mM)

1.0, 2.5, and 5 mM) for 24 h
and Bcl-2 and Bax expression
were measured by Western blot
analysis. The data represent the
mean of three independent
experiments with an SD bar

0 05 1 25

Discussion

The careful balance between bone deposition and resorp-
tion is crucial for the proper maintenance of bone mass [4].
Bone loss occurs when osteoblastic bone formation
uncouples from osteoclastic bone resorption. This imbal-
ance results in part from accelerated apoptosis and dys-
function of osteoblasts which are influenced by various
signals, and inverse relationship between osteoblast apop-
tosis and bone formation was confirmed in an animal study
[33]. This phenomenon is also observed clinically in the
main causes of osteoporosis—aging, postmenopause and
glucocorticoid treatment. In rheumatoid arthritis (RA),
bone loss is caused in part by impairing bone formation via
induction of osteoblast apoptosis, which is mediated by
pathogenic key cytokines, interleukin-1 and tumor necrosis
factor alpha (TNF-u) [34].

Hyperhomocysteinemia is known to be associated with
osteoporosis and is a predictive factor for osteoporotic
fracture [9, 10]. To date, the mechanism of Hcy in bone
metabolism remains not fully understood. Our data showed
Hcy induced apoptotic cell death in osteoblastic cells and
was signaled through cytochrome ¢ and caspase-3. This
effect was dependent on Hcy concentration and exposure
time and was inhibited by caspase-3-specific inhibitor. This
result is consistent with previous reports using endothelial
cells and bone marrow stromal cells [19, 25]. Subse-
quently, we demonstrated that osteoblastic cells and
endothelial cells were more susceptible to Hcy-mediated
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cell death than other cell types in vitro, which is compat-
ible with the clinical observation that homocysteinuria,
a genetically inherited disease caused by a deficiency of
cystathionine f-synthase (CBS), manifests characteristic
clinical features of osteoporosis and premature athero-
sclerosis [7].

Not only could Hcy enhance endothelial apoptosis via
upregulation of Fas-mediated pathway or stimulating
mitochondrial pathway by oxidative stress [25, 35] but Hcy
also induces apoptotic cell death in endothelial cells through
activation of the ER stress response [19]. In effect, Hcy
induced ER stress in hepatocytes, as well as neuronal cells,
leading to apoptosis [16, 18] and a mouse model of CBS
deficiency exhibited strong biological phenotypes, ER stress
in the liver and kidney as well as osteoporosis [13]. We
showed that along with apoptosis induction, increased
expression of ER stress-associated molecules like IRE-1¢,
sXBP-1, GRP78 and ATF4 was observed in Hcy-treated
osteoblastic cells in a dose- and time-dependent manner,
which suggests activation of UPR in Hcy-treated osteo-
blastic cells. Severe and prolonged ER dysfunction in oste-
oblasts stirred by Hcy could initiate apoptosis [36]. Three
known proapoptotic pathways emanating from the ER are
mediated by IRE-1a, caspase-12, and protein kinase RNA-
like ER-associated kinase (PERK)/CHOP, respectively.

Under ER stress, activated IRE-1a can bind c-Jun-N-ter-
minal kinase (JNK) and recruit cytosolic adapter TNF
receptor-associated factor 2 protein (TRAF2) to the ER
membrane. TRAF2 activates the apoptosis-signaling kinase 1
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Fig. 5 Involvement of ER A Hey (mM) Hcy 2.5mM
stress of Hcy-induced apoptosis.
a U20S cells incubated with 0 0.5 1 2.5 5 0 5 10 24 48  (hours)

various concentration of Hcy (0,

0.5, 1.0, 2.5, and 5 mM) for

24 h (left panel) and 2.5 mM for
indicated times (5, 10, 24, and

48 h) (right panel). Whole-cell
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separated on SDS-PAGE for
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Western blot analysis using
antibodies specific to GRP7S,
IRE-1o, sXBP-1, ATF4, and
CHOP. b U20S cells were
transfected with control siRNA
or a specific IRE-1a siRNA.
Twenty-four hours later, the
cells were treated with 2.5 mM B
Hcy for 24 h. Whole-cell lysates
were then subjected to Western
blot analysis. ¢ Apoptotic cell
death was determined by
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(ASK1), a mitogen activated protein kinase kinase kinase.
Activated ASK1 leads to activation of the JNK protein kinase
and mitochondria/Apaf1-dependent caspase activation [37].
In addition, caspase-12 may be activated by IRE-1«, which
may recruit caspase-12 through TRAF2 [38]. We showed that
Hcy-enhanced expression of IRE-1o and inhibition of IRE-1a
expression by siRNA resulted in an effective suppression of
apoptotic cell death by Hcy. This result demonstrated that
Hcy-induced apoptosis of osteoblastic cells is mediated by a
signal transduction pathway through ER-resident kinase IRE-
lo.. Although activity of INK was not examined in our study, it

has been reported that Hey-induced IRE-1« activation causes
a rapid and sustained activation of JNK protein kinases in
endothelial cells [39] and that activation of JNK protein
kinases were not induced by knockdown of IRE-1a [40].
Considering persistent JNK activation is associated with
apoptotic cell death [41], it is speculated that the protective
effect of IRE-1u silencing from Hcy-induced apoptotic cell
death of osteoblastic cells is attributable partly to interruption
of IRE-1a-mediated JNK activation.

Another main signaling pathway is that activation of
PERK leads to the phosphorylation of eukaryotic initiation
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factor 2 alpha, which suppresses translation initiation of
most cellular proteins but promotes translation initiation of
ATF4, leading to transcription of the ATF4 downstream
target CHOP [42]. Expression of CHOP is highly sensitive
to ER stress condition [43]. CHOP was expressed signifi-
cantly after 24-h exposure time in Hcy-treated osteoteob-
lastic cells. CHOP, also known as growth-arrest- and
DNA-damage-inducible gene 153, contributes to apoptosis
induction by down-regulating anti-apoptotic factor, Bcl-2.
We also confirmed decreased expression of Bcl-2 together
with upregulation of Bax, a pro-apoptotic factor (Fig. 4b).
In the study of CHOP knockout mice, the epithelial cells of
kidney resisted apoptotic cell death in spite of functional
impairment under ER stress [43], confirming that induction
of CHOP is an important element of the switch from pro-
survival to pro-death signaling.

It has been reported that ER stress-associated molecules
might have a significant role in function and differentiation
of osteoblasts. ATF4, one of the major ER stress markers has
been reported to regulate the onset of osteoblast differenti-
ation, type I collagen synthesis, osteoblast-specific gene
expression, and osteoblast terminal differentiation, and
ATF4 knockout mice have reduced bone mass through-
out life [44]. PERK knockout mice exhibited skeletal
defects including deficient mineralization, osteoporosis, and
abnormal compact bone development, which are associated
with defects in the rough endoplasmic reticulum [45]. In
contrast, osteoporosis and deficient bone mineralization
occur during osteogenesis imperfecta, which is a disease
where misfolded mutant procollagen binds to GRP78 and
activates the UPR [46]. Therefore, a proper balance of UPR
activation may be required for optimal osteoblast function
and modulation of ER stress would be beneficial to prevent
bone loss in some conditions.

High plasma levels of Hcy are commonly observed in
patients with RA [47] and Hcy was also present in synovial
fluid, with a mean concentration significantly higher in RA
patients [48]. Hcy upregulates expression of GRP78 in
endothelial cells [49]. GRP78, an ER molecular chaperone,
was overexpressed in cells in the hypervascular synovium
of patients with RA, which indicates that rheumatoid
synovium is under condition of ER stress [50]. The prob-
ability is that increased Hcy in the synovial fluid induces
ER stress or exacerbates the process in the synovial tissue
and surrounding bone tissue. The ER-associated degrada-
tion system is an important processing system for ER
homeostasis by eliminating unfolded proteins through the
ubiquitin—proteasome system [51]. Synoviolin, an E3
ubiquitin ligase, was highly expressed in the rheumatoid
synovial cells and that makes synovial cells resist the
excessive ER stress by eliminating unfolded proteins and
acquire the aggressive activity [52]. On the other hand,
osteoblasts are susceptible to ER stress leading to

@ Springer

apoptosis, which could eventually contribute to the devel-
opment of periarticular osteoporosis.

Our data demonstrated the ability of Hcy to induce
apoptosis in osteoblastic cells and the functional involve-
ment of ER stress in that process. It is especially notable
that osteoblasts are more susceptible to Hcy-induced
apoptotic cell death, unlike other cell types. This result
suggests that Hcy induces ER stress in osteoblastic cells,
which are vulnerable to ER stress, leading to apoptotic cell
death. These findings help understanding the mechanisms
that Hcy reduces bone formation and subsequently
increases the risk of fracture and establishing the thera-
peutic strategy of attenuating Hcy-induced ER stress.
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