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ABSTRACT: This study show for the first time that calbindin-D28k can prevent glucocorticoid-induced bone
cell death. The anti-apoptotic effect of calbindin-D28k involves inhibition of glucocorticoid induced caspase 3
activation as well as ERK activation.

Introduction: Recent studies have indicated that deleterious effects of glucocorticoids on bone involve increased
apoptosis of osteocytes and osteoblasts. Because the calcium-binding protein calbindin-D28k has been reported to be
anti-apoptotic in different cell types and in response to a variety of insults, we investigated whether calbindin-D28k
could protect against glucocorticoid-induced cell death in bone cells.
Materials and Methods: Apoptosis was induced by addition of dexamethasone (dex; 10�6 M) for 6 h to MLO-Y4
osteocytic cells as well as to osteoblastic cells. Apoptosis percentage was determined by examining the nuclear
morphology of transfected cells. Caspase 3 activity was evaluated in bone cells and in vitro. SELDI mass
spectrometry (MS) was used to examine calbindin-D28k-caspase 3 interaction. Phosphorylation of calbindin-D28k was
examined by 32P incorporation as well as by MALDI-TOF MS. ERK activation was determined by Western blot.
Results: The pro-apoptotic effect of dex in MLO-Y4 cells was completely inhibited in cells transfected with
calbindin-D28k cDNA (5.6% apoptosis in calbindin-D28k transfected cells compared with 16.2% apoptosis in
vector-transfected cells, p � 0.05). Similar results were observed in osteoblastic cells. We found that dex-induced
apoptosis in bone cells was accompanied by an increase in caspase 3 activity. This increase in caspase 3 activity was
inhibited in the presence of calbindin-D28k. In vitro assays indicated a concentration-dependent inhibition of caspase
3 by calbindin-D28k (Ki � 0.22 �M). Calbindin-D28k was found to inhibit caspase 3 specifically because the activity
of other caspases was unaffected by calbindin-D28k. The anti-apoptotic effect of calbindin-D28k in response to dex
was also reproducibly associated with an increase in the phosphorylation of ERK 1 and 2, suggesting that
calbindin-D28k affects more than one signal in the glucocorticoid-induced apoptotic pathway.
Conclusion: Calbindin-D28k, a natural non-oncogenic protein, could be an important target in the therapeutic
intervention of glucocorticoid-induced osteoporosis.
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INTRODUCTION

GLUCOCORTICOIDS ADMINISTERED therapeutically have
both anti-inflammatory and immunosuppressive ef-

fects. Glucocorticoids are used in the treatment of autoim-
mune, pulmonary, and gastrointestinal disorders, as well as
in transplantation. A frequent side effect of long-term glu-
cocorticoid therapy is reduction in bone density involving
cortical and cancellous bone of the axial skeleton.(1–3) Ad-
verse effects of excessive cortisol have been known for over

60 years.(4) Bone loss resulting from glucocorticoid therapy
is a relatively common disorder. It is the third most preva-
lent form of osteoporosis after postmenopausal and senile
osteoporosis.(2) Glucocorticoid-induced reduction in bone
density has been proposed to be caused by diminished
intestinal calcium absorption, increased renal clearance of
calcium, and sex steroid deficiency.(1,3,5,6) Studies in mice
and humans, as well as in vitro experiments, strongly sug-
gest that the deleterious effects of glucocorticoids on the
skeleton are also caused by direct effects on bone cells.(7–10)

Glucocorticoid excess can promote osteoclasts survival, in-
hibit recruitment and activity of osteoblasts, and cause ap-
optosis of osteoblasts and osteocytes, resulting in a signif-
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icant reduction in bone formation.(7–10) Increased osteocyte
apoptosis has been suggested to lead to accumulation of
bone microdamage and to increase bone fragility, resulting
in the collapse of the femoral head.(7,11) Thus, the decrease
in bone formation resulting from glucocorticoid treatment is
associated with suppression of osteoblastogenesis and in-
duction of apoptosis in osteoblasts and osteocytes.

Apoptosis, a term that defines the biological process of
programmed cell death, is characterized by morphological
alterations including condensation and fragmentation of nu-
clear chromatin, cytoplasmic contraction, and plasma mem-
brane blebs.(12) A cascade of cysteine proteases known as
caspases is important in effecting the apoptotic process. The
caspases are synthesized as proenzymes and are activated
through autocatalysis or a caspase cascade. Once caspases
are activated, they contribute to apoptosis by cleaving an
ever-increasing list of cellular target proteins. Caspase 3 is
a key mediator of apoptosis and is a common downstream
effector of multiple apoptotic signaling pathways.(13) The
involvement of caspase 3 activation in glucocorticoid-
induced apoptosis of thymocytes is known and has been
suggested to be involved in glucocorticoid-induced bone
cell apoptosis.(14,15)

The calcium-binding protein, calbindin-D28k, originally
thought to function primarily as a facilitator of calcium
diffusion in intestine and kidney, has been reported to be
present in many other tissues including bone, pancreas, and
brain and to play an important role in protecting against
apoptotic cell death.(16,17) In earlier studies, the anti-
apoptotic property of calbindin-D28k was suggested to be
because of its ability to buffer calcium and therefore to
inhibit calcium-dependent cytotoxic events.(18–22) In more
recent studies, calbindin-D28k was found to protect against
TNF-induced apoptosis of osteoblasts.(23) The mechanism
involved inhibition of caspase 3 activity.(23) The importance
of calbindin-D28k is that, besides the inhibitor of apoptotic
proteins (IAPs),(24) calbindin-D28k is the only other known
natural, non-oncogenic inhibitor of caspase 3.

In this study, we present evidence for the first time that
calbindin-D28k can prevent glucocorticoid-induced osteo-
blastic and osteocytic cell apoptosis. The mechanism of that
protection is at least partially because of calbindin-D28k’s
ability to inhibit endogenous caspase 3 activity. Calbindin-
D28k was found to inhibit caspase 3, but not other caspases.
We also found that the anti-apoptotic effect of calbindin-
D28k involves activation of extracellular signal regulated
kinase (ERK) 1 and 2. These findings have important im-
plications for the therapeutic intervention of glucocorticoid-
induced osteoporosis.

MATERIALS AND METHODS

Calbindin-D28k was purified from rat kidney as previ-
ously described.(25) Purified bovine calbindin-D9k, calmod-
ulin, dexamethasone (dex), collagenase, type 1 collagen
solution (C8919), total ERK1/2 antibody (M7927), and
phosphorylated ERK1/2 antibody (M8159) were purchased
from Sigma (St Louis, MO, USA). The secondary anti-
mouse and anti-rabbit antibodies conjugated with horserad-
ish peroxidase were purchased from Santa Cruz Biotech-

nology (Santa Cruz, CA, USA). All caspases, caspase
inhibitors, caspase substrates, and caspase assay buffers
were obtained from Biomol Research Laboratories (Ply-
mouth Meeting, PA, USA). Purified protein kinase C
(PKC), phosphotidylserine, and PKC phosphorylation assay
dilution buffer II were purchased from Upstate Biotechnol-
ogy (Lake Placid, NY, USA). [�-32P]ATP (3,000 Ci/mM)
was obtained from DuPont-NEN (Boston, MA, USA). Pu-
rified calf intestinal alkaline phosphatase was purchased
from New England BioLabs (Beverly, MA, USA). Lipo-
fectamine, MIRUS TransIT-LT1, and ECL reagents were
purchased from Life Technologies (Carlsbad, CA, USA),
Mirus Corp. (Madison, WI, USA), and Perkin Elmer Life
Science (Boston, MA, USA), respectively. The enhanced
green fluorescent protein (Clontech Laboratories, Palo Alto,
CA, USA), containing the SV40 large T antigen nuclear
localization sequence(26) attached to the carboxyl terminus,
was provided by Dr Charles O’Brien (University of Arkan-
sas for Medical Sciences, Little Rock, AR, USA). PKC
inhibitor Gö6850 and mitogen-activated protein kinase ki-
nase (MEK)1/2 inhibitor UO126 were purchased from Cell
Signaling (Beverly, MA, USA) and Calbiochem (San Di-
ego, CA, USA), respectively. Phenol red-free �-MEM,
DMEM/F12, phenol red-free DMEM, FBS, bovine calf
serum, and PSN antibiotic mixture were purchased from
GIBCO Invitrogen Corp. (Carlsbad, CA, USA). Trypsin,
sequencing grade, was from Roche Diagnostics (Mannheim,
Germany). Phosphothreonine and phosphoserine antibodies
were obtained from Sigma.

Cell culture

The murine long bone–derived osteocytic cell line
MLO-Y4 was provided by Dr L Bonewald (University of
Texas Health Center at San Antonio, San Antonio, TX,
USA). Cells were cultured in phenol red-free �-MEM sup-
plemented with 5% FBS, 5% bovine calf serum, and 100
U/ml penicillin. Cells were plated on type 1 collagen–
coated plates as previously described.(27) UMR-106 osteo-
blastic cells were cultured in DMEM/F12 supplemented
with 10% FBS and 100 U/ml penicillin. Primary bone cells
isolated from neonatal murine calvaria (2- to 5-day-old
C57BL/6 mice), totally digested with collagenase as previ-
ously described,(28) were cultured in phenol red-free
DMEM supplemented with 10% FBS and 100 U/ml peni-
cillin.

Transient transfection of cells

Transient transfection of MLO-Y4 cells and UMR cells
was carried out in 12-well culture plates using lipo-
fectamine. Primary bone cells were transfected in 12-well
plates using Mirus TransIT-LT1. Cells (0.1 � 106/well)
were transfected with 2 �g of the expression vector pREP4
(Invitrogen) or pREP4-calbindin-D28k, together with the
expression vector for nuclear green fluorescent protein. The
calbindin-D28k expression plasmids were prepared as de-
scribed before.(23) In the experiments evaluating the require-
ment of BAD phosphorylation for calbindin-D28k action, 0.2
�g of the wildtype BAD or AAA mutant BAD (dominant
negative BAD in which serine 112, 136, and 155 were all
mutated to alanine) cloned into a pcDNA3-HA vector was
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cotransfected with pREP4 or pREP4-calbindin-D28k and the
expression vector for nuclear green fluorescent protein.
Wildtype BAD and dominant negative BAD expression
vectors were provided by X-M Zhou (Apoptosis Technol-
ogy, Cambridge, MA, USA).(29) After 48 h, apoptosis was
induced by addition of 10�6 M dex and quantified as indi-
cated below.

Quantification of apoptotic cells

Apoptotic cells were quantified by nuclear fragmentation
assay and trypan blue staining. The percentage of bone cells
exhibiting trypan blue staining has previously been shown
to correlate with the percentage of apoptotic cells.(14,23,30)

MLO-Y4 cells or UMR-106 cells were plated on chamber
slides and transfected with the expression vectors pREP4
alone or pREP4-calbindin-D28k together with the expression
vector for nuclear green fluorescent protein. Forty-eight
hours after transfection, cells were exposed to 10�6 M dex
for 6 h. Subsequently, cells were fixed, mounted, and ex-
amined under Olympus confocal laser scanning microscope.
Confocal fluorescent images were obtained using an argon
laser of 488 nm wavelength and a 530-nm-long pass barrier
filter. The percentage of apoptosis was determined by ex-
amining the nuclear morphology of �100 transfected (flu-
orescent) cells. Primary osteoblasts transfected with the
expression vectors pREP4 alone or pREP4-calbindin-D28k

were treated with 10�6 M dex for 6 h, and cell death was
quantified by trypan blue staining. The effect of Gö6850 (1
�M) or UO126 (1 �M) was evaluated by pretreating the
cells with the inhibitors for 3 h before a 6-h dex treatment.

Western blot analysis

Total cell lysates were prepared using 4% SDS lysis
buffer with protease and phosphatase inhibitors (4% SDS in
100 mM Tris buffer with 0.1 mM sodium vanadate, 1 mM
sodium fluoride, and 1 mM sodium molybdate). For West-
ern blot analysis, 50 �g of protein was loaded onto a 12%
SDS polyacrylamide gel and separated by electrophoresis.
Protein was transferred onto Immun-Blot polyvinylidenedi-
fluoride membranes (Bio-Rad) with semi-dry transfer cell
(Bio-Rad). Membranes were incubated overnight at 4°C
with appropriate primary antibody (1:1000 dilution in 5%
nonfat milk for calbindin-D28k antibody and 1:5000 dilution
in 5% nonfat milk for total and phosphorylated ERK1/2
antibodies), followed by incubation for 1 h with the corre-
sponding secondary antibody conjugated with horseradish
peroxidase. Blots were developed by enhanced chemilumi-
nescence (ECL).

Endogenous caspase 3 activity

Changes in caspase 3 activity in transfected cells were
quantified by analyzing the subcellular localization of a
caspase 3 sensor (YFP-caspase 3; Clontech, Palo Alto, CA,
USA). For this experiment, cells were transfected with
either the pREP4 vector or with the pREP4 containing
calbindin-D28k, along with cyan fluorescent protein targeted
to the nucleus (nCFP; Clontech), to allow the visualization
of the cell nuclei, and an expression vector containing a
construct that codifies for a caspase 3 sensor protein, which

allows the evaluation of the caspase 3 activity in transfected
cells only. The sensor protein contains a dominant
N-terminal nuclear export signal, a caspase 3 cleavage site
(DEVD), a yellow fluorescent protein (YFP), and a
C-terminal nuclear localization signal. When caspase 3 is
inactive, the nuclear export sequence prevails and the flu-
orescent protein is located in the cytosol. When caspase 3 is
activated, it cleaves off the protein in the DEVD sequence,
removing the nuclear export, and as a consequence, the
fluorescent protein is located in the nucleus. Eighteen hours
after transfection, cells were treated for 6 h with vehicle or
10�6 M dex and fixed in neutral buffer formalin for 8
minutes. The percentage of cells exhibiting co-localization
of YFP with nCFP, an index of active caspase 3, was
determined using fluorescence microscopy. At least 250
cells from fields selected by systematic random sampling
were examined for each experimental condition.

Caspase activity assays

Caspase activities were measured in a cell-free assay by
determining the degradation of different colorimetric sub-
strates that contain the amino acid sequences of the cleavage
site of different caspases (caspases 1–10).(31) Thirty units of
human recombinant active caspase were combined with 200
�M of the appropriate substrates (Ac-YVAD-pNA for
caspase 1, Ac-LEHD-pNA for caspases 2, 4, 5, and 9,
Ac-DEVD-pNA for caspases 3 and 7, Ac-VEID-pNA for
caspase 6, and Ac-IETD-pNA for caspases 8 and 10) in the
absence or presence of purified renal calbindin-D28k in 100
�l reaction volume. The assay for caspase 3 activity was
also done in the presence or absence of 0.1 �M caspase 3
inhibitor, Asp-Glu-Val-Asp-aldehyde (DEVD-CHO). The
activity of all caspases except caspase 9 was examined in assay
buffer with 50 mM HEPES (pH 7.4), 100 mM NaCl, 0.1%
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 1 mM EDTA, 10% glycerol, and 10 mM dithio-
threitol (DTT). Caspase 9 activity was examined in assay
buffer with 100 mM 2-(N-morpholino)ethanesulfonic acid
(MES) (pH 6.5), 10% polyethylene glycol, 0.1% CHAPS,
and 10 mM DTT. Enzyme activity was calculated based on
absorption values at 405 nm at different time points (0–120
minutes) with a Bio-Rad microplate reader. The inhibition
constant (Ki) for caspase 3 by calbindin-D28k was determined
by plotting V0/Vi � 1 against inhibitor concentration (I).

Protein–protein interaction studies using surface-
enhanced laser desorption/ionization time of-flight
mass spectrometry

A surface-enhanced laser desorption/ionization (SELDI)
Protein Chip Biology System (Ciphergen Biosystems, Palo
Alto, CA, USA), which combines chromatography and
mass spectrometry (MS), was used to examine calbindin-
D28k-caspase 3 interaction.(32) Five microliters of a 100-
�g/ml solution of purified rat renal calbindin-D28k or cal-
modulin in PBS pH 7.4 was applied to an individual spot of
the SELDI chip (Ciphergen PS-1 chip; Ciphergen Biosys-
tems) coated with a preactivated surface and incubated in a
humidified chamber for 2 h at room temperature (which
allows the peptide to covalently bind to the carbonyl diimi-
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dazole moiety on the chip). Residual active sites were
blocked by adding 3 �l of 1 M ethanolamine (in PBS, pH
8.0; incubation in a humidified chamber for 20 minutes at
room temperature). After washing (PBS, pH 7.4; 0.5%
Triton X 100), for analysis of the interaction of calbindin-
D28k or calmodulin with caspase 3, 1 �l of a 100-�g/ml
solution of activated caspase 3 (from Biomol) was added to
each spot and incubated overnight at 4°C in a humidified
chamber. After washing (three times with PBS, pH 7.4;
0.2% Triton X 100 to achieve specificity of the protein–
protein interaction), sinapinic acid (energy absorbing mol-
ecule; 1 �l) was added, and the chip was analyzed on a
SELDI mass analyzer MRS-1 with a linear time-of-flight
(TOF) mass spectrometer (Ciphergen Biosystems). An ac-
curate mass was determined based on TOF analysis. MS
analysis of purified caspase 3 (input) was used as a control
for comparison to the mass of the protein bound to
calbindin-D28k. Purified caspase 3 was placed on a normal
phase protein chip, 1 �l of sinapinic acid in 50% acetonitrile
and 0.1% trifluroacetic acid was added, and the protein was
analyzed by MS. All experimental conditions described
were determined to be optimal. Real-time signal averages of
100 laser shots were used to generate each spectrum.

Phosphorylation of calbindin-D28k by PKC

Purified rat renal calbindin-D28k (1 �g) was mixed with
20 ng purified PKC from rat brain diluted in was diluted
20 mM MOPS (pH 7.2) containing 25 mM
�-glycerophosphate, 1 mM sodium orthovanadate, 1 mM
dithiothreitol, 1 mM CaCl2, and 200 �M phosphatidylserine
(which was sonicated on ice for 1 minute before use) in the
presence of 0.25 mM ATP with or without [�32P]ATP (5
�Ci) in a reaction volume of 60 �l and incubated at 30°C.
The phosphorylation reaction was stopped by adding 2%
SDS. The 32P signal was detected by autoradiography after
3.5–17% SDS-PAGE. Reaction conditions were found to be
optimal, and phosphorylation was observed in a substrate
concentration-dependent manner. EGTA or staurosporin
was added to the reaction as inhibitors of the PKC phos-
phorylation reaction. Dephosphorylation of calbindin-D28k

(1 �g) was carried out using 2–3 U of calf intestinal alkaline
phosphatase (CIP) and incubation at 37°C for 5 h.

Tryptic digestion

The 28,000 mw calbindin-D28k band was excised from
the SDS gel, cut into pieces, placed in a 1.5-ml microfuge
tube, washed with 500 �l of 25 mM ammonium bicarbonate
and 50% acetonitrile (ACN), dehydrated in ACN (100%),
and dried in a SpeedVac Concentrator (Savant, Farming-
dale, NY, USA). The gel pieces were re-swollen in 20 �l
ammonium bicarbonate containing 200 ng trypsin at 4°C
(sequencing grade; Roche Diagnostics). After 15 minutes,
20 �l of 25 mM ammonium bicarbonate was added to keep
the gel pieces moist during trypsin digestion (37°C over-
night). To extract the peptides, 50 �l 60% ACN/5% formic
acid (FA) was added, and the samples were sonicated for 5
minutes. The separated liquid was dried under vacuum. In
some experiments, tryptic samples were separated and pu-
rified using a C-18 Vydac RP-HPLC column using a linear
0–45% acetonitrile gradient in 0.1% trifluoroacetic acid.

PKC phosphorylation without [�32P]ATP (2 h at 30°C) and
CIP dephosphorylation reactions were conducted before
tryptic digestion of calbindin-D28k.

Matrix-Assisted Laser-Desorption Ionization-MS
analysis of phosphoproteins

For matrix-assisted laser-desorption ionization (MALDI)-
MS, the peptides were purified over a C18 reversed-phase
minicolumn filled in micropipette tip (ZipTip C18; Milli-
pore, Bedford, MA, USA). For C18 ZipTip desalting, after
extraction and evaporation (see Tryptic digestion), the tryp-
tic peptides were resuspended in 0.1% FA and adsorbed
onto the tip by repeated aspiration and dispensing cycles.
Peptides were eluted with 60% ACN/0.1% FA. Addition-
ally, before MALDI-MS, to enrich for phosphopeptides, the
C18 Zip Tip desalted peptides were further purified by
immobilized metal ion affinity chromatography (IMAC)
using ZipTip pipette tips according to Millipore’s (Bedford,
MA, USA) instructions. The peptides were bound using
10% ACN in 0.1% acetic acid and eluted from the IMAC
zip tip with 0.3N ammonium hydroxide. After evaporation
of the eluant to dryness and resuspension in 50% ACN in
water the samples were analyzed by MS. �-Cyano-4-
hydroxycinnamic acid (Aldrich, Milwaukee, WI, USA) was
used as the matrix. Peptide analysis was performed on a
MALDI-TOF MS using a AB1 DE Pro MALDI-TOF in-
strument (Applied Biosystems, Framingham, MA, USA)
according to published protocols.(33) All samples were an-
alyzed in positive linear and reflectron mode using a stan-
dard 337-nm nitrogen laser. Up to 250 laser flashes per
sample were averaged into a single spectrum, and each
spectrum was calibrated using mass standards purchased
from Sigma. A difference of less than 0.1% between the
observed and calculated mass values was the criteria used to
identify the peptides. Mass spectra of PKC- or CIP-treated
calbindin-D28k tryptic fragments were analyzed and com-
pared.

Statistical analysis

Data are expressed as means � SD. The statistical sig-
nificance of difference between mean values was deter-
mined by one-way ANOVA and Student’s t-test.

RESULTS

Calbindin-D28k prevents glucocorticoid-induced
apoptosis of osteocytic and osteoblastic cells

Dex treatment (10�6 M for 6 h) induced nuclear frag-
mentation of MLO-Y4 osteocytic cells transfected with
empty pREP4 vector (5.8% versus 16.2% apoptotic cells in
�dex and �dex, respectively). In contrast, the pro-
apoptotic effect of dex was inhibited in MLO-Y4 cells
transfected with pREP4-calbindin-D28k (4.8% versus 5.6%
apoptotic cells in �dex and �dex, respectively; Fig. 1A).
Dex significantly induced and calbindin-D28k significantly
decreased the number of apoptotic cells (p � 0.05). To test
whether calbindin-D28k can also prevent the dex-induced
apoptosis in osteoblastic cells, UMR-106 osteoblastic cells
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were transfected with pREP4-calbindin-D28k or pREP4
empty vector (control). Consistent with the results obtained
using MLO-Y4 cells, calbindin-D28k significantly (p �
0.05) decreased the dex-induced UMR cell apoptosis (3.7%

�dex versus 11.7% �dex in vector transfected cells and
4.4% �dex versus 5.3% �dex in calbindin-D28k transfected
cells; Fig. 1B). Similar results were obtained in studies of
dex-induced cell death of primary osteoblastic cells (Fig.

FIG. 1. Calbindin-D28k inhibits glucocorticoid-induced apoptosis of osteocytic and osteoblastic cells. (A) MLO-Y4 osteocytic cells and (B) UMR
osteoblastic cells were transiently transfected for 48 h with pREP4 alone (vector) or containing the cDNA for calbindin-D28k (calbindin-D28k)
together with an expression vector for nuclear green fluorescent protein, and apoptosis was induced by addition of dex (10�6 M) to cells. After
6 h, cells were examined under an Olympus confocal laser-scanning microscope. Confocal fluorescent images were obtained using an argon laser
of 488 nm wavelength and a 530-nm-long pass barrier filter. Apoptosis of (A) MLO-Y4 osteocytic cells and (B) UMR osteoblastic cells after dex
treatment were examined by evaluation the nuclear morphology of �100 transfected (fluorescent) cells selected by systematic random. Apoptotic
percentage results were obtained in three different experiments. (C) Primary osteoblasts were transiently transfected with pREP4 vector or
pREP4-calbindin-D28k for 48 h. Cell death of primary osteoblasts was induced by addition of dex (10�6 M) for 6 h, and death percentage was
quantified by trypan blue uptake. The pro-apoptotic effect of dex was significantly attenuated (p � 0.05) in primary osteoblasts transfected with
pREP4-calbindin-D28k. (A–C) Total cell lysates were collected 48 h after the transient transfection for analysis of calbindin-D28k by Western
blotting. Although basal levels of calbindin-D28k, above the levels observed in MLO-Y4 cells and UMR cells, were detected in vector transfected
primary osteoblasts (Western blot, C), 13.8% dead cells were noted in the vector transfected cells, suggesting that basal calbindin-D28k levels,
although detectable, were below the range needed for protection.(22,23)
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1C). Increased expression of calbindin-D28k, as indicated by
Western blot (Figs. 1A–1C), correlated with the protection
of the transfected cells from glucocorticoid-induced cell
death.

Calbindin-D28k protects against dex-induced MLO-Y4
cell apoptosis by inhibiting endogenous caspase-3
activity

For this experiment, cells were transfected with either
the pREP4 vector or with the pREP4 containing
calbindin-D28k along with an expression vector contain-
ing a caspase 3 sensor construct (DEVD-YFP). YFP is
localized in the cytoplasm of cells exhibiting inactive
caspase 3, whereas activation of caspase 3 induces nu-
clear translocation of YFP. We found that dex signifi-
cantly increased the percentage of cells exhibiting nu-
clear YFP, an index of active caspase 3, in vector
transfected cultures, whereas it did not in cultures trans-
fected with calbindin-D28k (Fig. 2).

Calbindin-D28k inhibits caspase 3 activity but not the
activity of other caspases

Whether calbindin-D28k can inhibit caspases other than
caspase 3 is not known. The IAPs were found to inhibit both
caspases 3 and 7, which are downstream caspases in the
apoptotic pathway cascade, but not other upstream
caspases.(24,34–36) We tested the ability of calbindin-D28k to
inhibit the activity of purified active caspases 1–10. Purified
caspases were incubated with or without calbindin-D28k

(0.09–0.72 �M) in the presence of the appropriate sub-
strates (200 �M). Only caspase 3 activity was markedly
reduced by calbindin-D28k (Fig. 3). In contrast, calbindin-
D28k did not alter the activity of the other caspases more
than 10% even at 1000-fold molar excess. Other calcium-
binding proteins, calbindin-D9k and calmodulin, used as
control proteins, were not able to inhibit caspase 3 activity.
Calbindin-D28k inhibited caspase 3 with an estimated Ki of
200 nM, which is higher than the Ki reported for cIAP-1
(108 nM). However, individual calbindin-D28k peptides
(�50) isolated by tryptic digestion fragment followed by
reversed-phase HPLC were unable to inhibit caspase 3
when used at concentrations of up to 1000-fold molar ex-
cess (data not shown). Calbindin-D28k was found not only to
inhibit but also to bind to caspase 3. Using the Ciphergen
protein chip system, calbindin-D28k or control protein (cal-
modulin) was immobilized on the protein chip, and active
caspase 3 (a tetramer of two large subunits [17 kDa] and
two small subunits [12 kDa](37)) was added on the chip to
determine whether there is a specific protein–protein inter-

FIG. 2. Inhibition by calbindin-D28k of dex-induced caspase 3 acti-
vation in MLO-Y4 osteocytic cells. MLO-Y4 cells were transiently
transfected with empty vector or with the expression vector for
calbindin-D28k, along with YFP-caspase 3 and nCFP. Eighteen hours
after transfection, cells were treated with 10�6 M dex for 6 h. The
percentage of cells presenting nuclear accumulation of YFP was eval-
uated under a fluorescence microscope. (A) Fluorescence images show
nuclear or cytoplasmic localization of YFP-DEVD caspase 3 sensor.
The sensor protein contains a dominant N-terminal nuclear export
signal, the caspase 3 cleavage site, DEVD, a yellow fluorescent protein
(YFP), as well as a C-terminal nuclear localization signal. When
caspase 3 is not activated, the nuclear export signal prevails and the
protein is localized in the cytosol (pREP-4-CB28k � DEX). When
caspase 3 is activated (pREP-4 � DEX), it cleaves the protein in the
DEVD sequence, removing nuclear export, and as a consequence, the

fluorescent protein is located in the nucleus. Representative cells from
dex-treated cultures transfected with vector alone (pREP-4) or
calbindin-D28k (pREP-4-CB28k) are shown. Top panels show the nu-
clear or cytosolic localization of YFP, respectively; middle panels show
the nuclei of the same cells labeled with CFP (to allow visualization of
the cell nuclei); and bottom panels correspond to the merged images.
(B) Apoptosis was quantified as indicated in the Materials and Methods
section. Bars indicate means � SD of three independent measurements.
*p � 0.05 vs. vehicle-treated cultures by one-way ANOVA.
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action by SELDI-TOF MS analysis (Fig. 4A). Calbindin-
D28k was found to interact directly with active caspase 3
(Fig. 4B, middle panel). The mass of caspase 3 bound to
calbindin-D28k was indistinguishable from the mass of pu-

rified caspase 3 (Fig. 4, input, top panel). Similar findings
were observed with a glutathione-S-transferase (GST) pull-
down assay using GST-calbindin-D28k and purified acti-
vated caspase 3 (data not shown). Calmodulin was used as

FIG. 3. Calbindin-D28k inhibits
caspase 3 activity but not other
caspases. (A) Caspase activity
was calculated based on absorp-
tion values of cleaved substrates
at 405 nm. Percentage of caspase
activity inhibition was calculated
by comparison of caspase activity
in the presence and absence of
calbindin-D28k. (B) Thirty units
of human recombinant active
caspase 3 were combined with
200 �M DEVD-pNA in the ab-
sence or presence of 0.1 �M Ac-
DEVD-CHO inhibitor or purified
renal calbindin-D28k (0.09–0.72
�M). Cleaved substrate absorp-
tion values were accessed at 405
nm at different time points.
Caspase 3 activity was examined
in the absence or presence of 0.1
�M Ac-DEVD-CHO inhibitor or
purified renal calbindin-D28k

(0.09–0.72 �M). The inhibition
constant (Ki) for caspase 3 activ-
ity by calbindin-D28k was deter-
mined by plotting V0/Vi-1 against
inhibitor calbindin-D28k concen-
tration.

FIG. 4. Direct interaction between calbindin-D28k and caspase 3. (A) Caspase 3 binding to calbindin-D28k was analyzed using the SELDI protein
chip. (B) Calbindin-D28k or control protein calmodulin (500 ng of each protein) was immobilized on the PS1 protein chip. Mass spectrometry
analysis of input caspase 3 (top panel) was used as a control to compare with proteins bound to calbindin-D28k. Direct interaction between
calbindin-D28k and caspase 3 (middle panel) was detected, but not between calmodulin and caspase 3 (bottom panel). The mass of caspase 3 bound
to calbindin-D28k was indistinguishable from the mass of purified caspase 3 (input, top panel). Results are representative of at least 8–10 separate
experiments. Direct interaction between calbindin-D28k and caspase 3 was also observed when caspase 3 was immobilized on the protein chip (data
not shown).
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a negative control in the protein chip assay and was unable
to bind to caspase 3 (Fig. 4B, bottom panel).

Rat calbindin-D28k is phosphorylated by PKC

Phosphorylation has been known to play an important
role in regulation of the function of proteins involved in the
apoptotic pathway.(38–40) Consensus phosphorylation sites
for PKC are present in calbindin-D28k at Thr(106) and Thr
(233).(41) Thus, we investigated whether phosphorylation
has a role in regulating the anti-apoptotic function of
calbindin-D28k. We found that calbindin-D28k can act as a
substrate of PKC phosphorylation and that EGTA or the
PKC inhibitor staurosporin blocked that phosphorylation
(Fig. 5A). Analysis by MALDI MS of tryptic peptides
revealed an ion fragment that is present in the in vitro
PKC-phosphorylated calbindin-D28k spectrum but is miss-
ing in the spectrum of alkaline phosphatase–treated
calbindin-D28k. The relevant phospho-peptide deduced from
the tryptic map of calbindin-D28k and the MS profile corre-
sponded to amino acids 224–246 (QELDINNISTYKKNI-
MALSDGGK) of rat calbindin-D28k. Within this peptide is
a PKC consensus motif (STYKK), suggesting that the PKC
phosphorylation site is at Thr(233) (Fig. 5B, underlined). In
addition, using Western blot analysis, in vitro PKC-
phosphorylated calbindin-D28k was detected with a phos-
phothreonine but not a phosphoserine antibody (data not
shown). To test whether PKC phosphorylation affects
calbindin-D28k’s ability to inhibit caspase 3, caspase 3 ac-
tivity was assayed in the presence of calbindin-D28k or
alkaline phosphatase–treated calbindin-D28k. Alkaline phos-
phatase treatment did not affect calbindin-D28k’s ability to
inhibit caspase 3 activity (Fig. 6A). Alkaline phosphatase
itself has no effect on caspase 3 activity (data not shown).
Using the Ciphergen protein chip system, we also found that
alkaline phosphatase–treated calbindin-D28k was still able to
interact with active caspase 3 (data not shown). Addition-
ally, in the presence of the specific PKC inhibitor Gö6850 (1
�M), calbindin-D28k was still able to protect against dex-

induced MLO-Y4 cell death (Fig. 6B). This result indicates
that inhibition of PKC does not affect calbindin-D28k’s
ability to protect against dex-induced bone cell death.

Anti-apoptotic effect of calbindin-D28k involves ERK
activation

Because calbindin-D28k has been reported to be involved
in the regulation of signaling pathways,(42,43) we asked
whether the anti-apoptotic effect of calbindin-D28k may also
be associated with activation of ERK 1 and 2, which has
been shown to promote bone cell survival.(14) MLO-Y4
cells were transfected with pREP4-calbindin-D28k or pREP4
empty vector (control). Forty-eight hours after transfection,
phosphorylated ERK and total ERK protein levels were
examined by Western blot analysis. In calbindin-D28k trans-
fected cells, there was an increase in the phosphorylated
fraction of ERK1/2 compared with vector transfected cells.
In both calbindin-D28k and vector transfected cells, total
ERK1/2 levels were similar (Fig. 7A). Pretreatment of
MLO-Y4 cells with the specific MEK1/2 inhibitor UO126
before dex treatment blocked the activation of ERK1/2 in
calbindin-D28k transfected cells and decreased the anti-
apoptotic effect of calbindin-D28k (Fig. 7B). These results
suggest an association between the calbindin-D28k’s anti-
apoptotic effect and ERK1/2 activation.

Anti-apoptotic effect of calbindin-D28k involves BAD
phosphorylation

To determine whether BAD phosphorylation is down-
stream of ERK1/2 activation and is involved in the protec-
tive effect of calbindin-D28k, the effect of calbindin-D28k

was evaluated in MLO-Y4 cells cotransfected with wildtype
BAD or AAA mutant BAD, which cannot be phosphory-
lated. A significant decrease in calbindin-D28k’s ability to
prevent dex-induced MLO-Y4 cells apoptosis was observed
when cells were transfected with AAA mutant BAD (Fig.
8). Because the AAA mutant BAD cannot be phosphory-

FIG. 5. Rat calbindin-D28k is phosphorylated by PKC. (A) Purified rat renal calbindin-D28k was incubated with PKC in a buffer containing
[�32P] ATP at 30°C for 10 minutes. After SDS-PAGE, phosphorylated proteins were examined by autoradiography. EGTA (2.5 mM) or the PKC
inhibitor staurosporin (2.5 nM or 7 nM) blocked phosphorylation. The last lane represents a control incubation (no calbindin-D28k was added).
(B) MALDI mass spectra of trypsinized calbindin-D28k after phosphorylation with PKC in vitro (top) or after alkaline phosphatase treatment
(bottom). IMAC was used before MALDI-MS to enrich for phosphopeptides. The peak with m/z 2648.66 corresponds to the sequence
QELDINNISTKKNIMALSDGGK of rat calbindin-D28k (peptides 224–246). The monophosphorylated peptide 224–246 encompasses the
putative phosphorylation site for PKC, T-233.
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lated, this result suggests that the protective effect of
calbindin-D28k involves, at least in part, BAD phosphory-
lation.

DISCUSSION

These studies show for the first time that calbindin-D28k

can inhibit glucocorticoid-induced osteoblastic and osteo-
cytic cell apoptosis. Prevention of glucocorticoid-induced
osteoblast/osteocyte cell death by calbindin-D28k is corre-
lated with calbindin-D28k’s ability to inhibit caspase 3. The
anti-apoptotic effect of calbindin-D28k also involves activa-
tion of ERK, and BAD is at least one of the downstream
factors phosphorylated by activated ERK.

Our study indicates that, similar to findings in thymo-
cytes,(13) glucocorticoid-induced apoptosis of bone cells
involves caspase 3 activation. Calbindin-D28k interfered
with the glucocorticoid-induced apoptotic pathway, in part,
by direct inhibition of caspase 3. In previous studies, we

showed that calbindin-D28k protects against TNF-� induced
osteoblastic cell apoptosis also, at least in part, by inhibiting
caspase 3 activity.(23) Because chelation of calcium by
EGTA as well as other calcium binding proteins did not

FIG. 6. PKC phosphorylation does not affect calbindin-D28k’s ability
to inhibit caspase 3. (A) Thirty units of human recombinant active
caspase 3 were combined with 200 �M DEVD-pNA in the absence or
presence of purified renal calbindin-D28k (0.36 �M), or presence of
purified renal calbindin-D28k (0.36 �M) pretreated with alkaline phos-
phatase. Caspase 3 activity was calculated based on absorption value of
cleaved substrates at 405 nm. (B) MLO-Y4 osteocytic cells were
transiently transfected with pREP4 vector or pREP4-calbindin-D28k for
48 h. Cell death was induced by addition of dex (10�6 M) for 6 h, and
death percentage was quantified by trypan blue uptake. Effect of PKC
inhibitor Gö6850 (1 �M) was evaluated by pretreating the cells with
the inhibitor for 3 h before dex treatment.

FIG. 7. Anti-apoptotic effect of calbindin-D28k involves ERK acti-
vation. (A) MLO-Y4 osteocytic cells were transiently transfected with
pREP4 vector or pREP4-calbindin-D28k. Forty-eight hours after trans-
fection, cells were treated with vehicle or MEK1/2 inhibitor UO126 (1
�M) for 3 h, followed by a 6-h treatment of dex (10�6 M). Cell lysates
were collected for analysis of phospho-ERK1/2 and total ERK1/2 by
Western blotting. Similar results were observed in four separate exper-
iments. (B) Death percentage of MLO-Y4 cells was quantified by
trypan blue uptake.

FIG. 8. Anti-apoptotic effect of calbindin-D28k involves BAD phos-
phorylation. MLO-Y4 cells were transiently cotransfected with pREP4-
calbindin-D28k or pREP4 vector and wildtype BAD or AAA mutant
BAD, together with an expression vector for nuclear green fluorescent
protein. Forty-eight hours after transfection, cells were treated with dex
(10�6 M) for 6 h. Apoptotic percentage of dex-induced MLO-Y4 cells
was quantified. Bars indicate the mean � SD (*p � 0.05 vs. cells
transfected with calbindin-D28k and WT BAD).
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inhibit caspase 3, these results suggest that calbindin-D28k’s
ability to inhibit caspase 3 is unrelated to calbindin-D28k’s
ability to buffer calcium.(23) Thus, calbindin-D28k has a
major role in protecting against cellular degeneration in
different cell types including bone cells, and calbindin-
D28k’s anti-apoptotic properties result not only from buff-
ering calcium as previously reported for neuronal cells,
pancreatic � cells, and lymphocytes,(18–20,22) but also from
its ability to inhibit caspase 3. Besides calbindin-D28k, Bcl-2
can also inhibit apoptosis. Bcl-2 inhibits apoptosis by in-
hibiting the release of cytochrome c, which can trigger
apoptosis.(44) In addition, Bcl-2 has been reported to bind to
pro-apoptotic proteins such as Bax.(45) Recent studies indi-
cate that estrogen can prevent glucocorticoid-induced apo-
ptosis in osteoblasts by increasing the Bcl-2/Bax ratio.(46)

Calbindin-D28k’s ability to bind to the mature form of
caspase 3 and inhibit its activity does not resemble the
mechanism of action of Bcl-2, but rather, it resembles the
mechanism by which the IAP family of proteins acts to
inhibit apoptosis. The IAPs block the activity of specific
caspases including caspase 3.(24,34) Calbindin-D28k inhibited
caspase 3 with a Ki of 220 nM, which is high compared with
the Ki reported for the inhibition of the cIAP-1 and cIAP-2
proteins (30–120 nM),(34) but lower than the Ki reported for
the viral protein CrmA, which also inhibits caspase 3 (�500
nM).(47) These findings suggest that structural differences
exist between these proteins that affect how well they bind
to and inhibit caspase 3. Structural differences are also
suggested by the lack of a baculoviral IAP repeat (BIR)
domain in calbindin-D28k. This domain of �70 amino acids
in the N-terminal region of the IAP family of proteins is
thought to play a role together with the linker region in
caspase interaction and inhibition.(48,49) In addition, individ-
ual calbindin-D28k peptides isolated by tryptic digestion
followed by reversed-phase HPLC were unable to inhibit
caspase 3, suggesting the importance of secondary structure
for the inhibition of caspase 3 by calbindin-D28k. In contrast
to the viral proteins p35 and CrmA, which are potent
inhibitors of several caspases, the IAP and XIAP proteins
are more selective (they inhibit caspases 3 and 7), and
calbindin-D28k seems to be selective for only caspase
3.(34,47,50) Although caspases 3 and 7 share 53% homology
(the highest overall identity among the members of the
caspase family),(34) calbindin-D28k, unlike the IAPs, did not
affect caspase 7 activity, further suggesting differences in
the contact regions of the inhibitory proteins to caspase.
Recent studies have indicated an interaction between an IAP
family member, NAIP, and a brain calcium-binding protein
(hippocalcin), and the coexpression of these two proteins
enhanced both the protective effect of each protein and
caspase 3/7 inhibitory activity.(51) It will be of interest in
future studies to determine if there is a similar interrelation-
ship between calbindin-D28k and the IAP family members.
Because our study has shown that glucocorticoid-induced
bone cell death involves an increase in caspase 3 activity,
insights into the mechanisms by which calbindin-D28k in-
hibits caspase 3 may prove important for the therapeutic
intervention of glucocorticoid-induced osteoporosis.

The anti-apoptotic effects of calbindin-D28k were also
associated with activation of ERKs. Previous studies have

shown that the protective effects of bisphosphonates and
calcitonin against glucocorticoid-induced osteocyte and os-
teoblast apoptosis are also associated with activation of
ERK.(14) In addition, activated ERK was reported to medi-
ate the anti-apoptotic effect of 17�-estradiol on osteoblasts
and osteocytes.(52) Activated ERK phosphorylates the pro-
apoptotic protein Bad. Phosphorylation of Bad inhibits
binding of Bad to Bcl-XL and frees Bcl-XL to promote
survival.(53) Because a Bad mutant lacking the ability to
undergo phosphorylation by activated ERK has been re-
ported to abrogate the anti-apoptotic action of estrogen on
osteoblasts and osteocytes, it was suggested that Bad phos-
phorylation by activated ERK is required for the anti-
apoptotic effect of estrogen.(54) Our results indicate that
protection against glucocorticoid-induced osteoblast and os-
teocyte cell death by calbindin-D28k, which is associated
with ERK activation, involves at least in part phosphoryla-
tion of Bad. Thus, we have identified a dual role of
calbindin-D28k in inhibiting glucocorticoid-induced apopto-
sis of bone cells: caspase 3 inhibition and activation of
ERK. XIAP, a member of the IAP family of proteins, has
recently been reported to block apoptosis by both inhibiting
caspase activity and by activating c-Jun N-terminal kinase
(JNK)1.(55) Activation of JNK1 did not necessarily correlate
with the ability of IAPs to inhibit caspases. XIAP and
c-IAP-2 are both capable of inhibiting caspases, but tran-
sient transfection of XIAP and not c-IAP-2 in COS or 293
cells was able to activate JNK1, suggesting that XIAP
anti-apoptotic properties are achieved by two separate
mechanisms.(55,56) Similar to XIAP, cell survival by
calbindin-D28k seems to be mediated by more than one
pathway. Thus, calbindin-D28k is a multifunctional protein
that employs more than one pathway, including caspase 3
inhibition and ERK activation, as mechanisms to inhibit
glucocorticoid-induced apoptosis of osteoblasts and osteo-
cytes. Increasing evidence suggests that calbindin-D28k is a
key factor in the anti-apoptotic process. Understanding the
mechanisms involved in calbindin-D28k’s anti-apoptotic
function will be important to use these mechanisms for
modulation of glucocorticoid-induced bone cell apoptosis.

Cell survival is known to involve post-transcriptional
regulation. In addition to Bad phosphorylation, the activity
of pro-survival members of the Bcl-2 protein family is also
regulated by phosphorylation. Phosphorylation has been
reported to negatively regulate Bcl-XL activity and to both
activate and repress Bcl-2 activity.(38,39) Phosphorylation of
caspase 9 results in its inactivation and suppression of
apoptosis.(40) Although calbindin-D28k can be phosphory-
lated by PKC, the phosphorylation site and the significance
of the phosphorylation of calbindin-D28k were not
known.(41) Our study suggests by MALDI-MS that the
calbindin-D28k PKC phosphorylation site is at Thr(233).
However, further studies are needed to identify definitively
the phosphorylated peptide. Additionally, we provide evi-
dence that calbindin-D28k is a phosphoprotein and show that
phosphorylation of calbindin-D28k, unlike the phosphoryla-
tion of the Bcl-2 protein family, does not affect its regula-
tion of apoptosis. The significance of calbindin-D28k phos-
phorylation may not be to regulate its anti-apoptotic activity
but rather to enhance its expression by altering its stability.(41)
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Thus, activation of PKC by growth factors may result in
enhanced levels of calbindin-D28k and greater protection.
Because of the protective effect of calbindin-D28k, it will be
important in future studies to understand more about
calbindin-D28k’s regulation in bone. It is known that glu-
cocorticoids decrease insulin-like growth factor (IGF)-1,
which can inhibit osteoblast apoptosis, resulting in a de-
creased bone formation rate.(8,57,58) It is of interest that
IGF-1 induces the expression of neuronal calbindin-
D28k.(59) It will be of interest in future studies to determine
whether IGF-1 can enhance the expression of calbindin-
D28k in bone cells and whether the protective effect of
IGF-1 may be mediated in part through an increase in
calbindin-D28k.

In conclusion, glucocorticoid-induced osteoporosis is a
common, clinically relevant problem. Effects of glucocor-
ticoids include inhibitory effects on bone forming cells. Our
study suggests that calbindin-D28k employs at least two
mechanisms, caspase 3 inhibition and ERK activation, to
inhibit glucocorticoid-induced apoptosis of bone cells. This
study is the first to show the prevention of glucocorticoid-
induced bone cell death by calbindin-D28k. Calbindin-D28k,
a natural non-oncogenic protein, could be an important
target in the therapeutic intervention of glucocorticoid-
induced osteoporosis.
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