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Abstract
Osteoblasts undergo apoptosis both in vitro and in vivo in response to high dose glucocorticoid
(GC) treatment. However, the molecular mechanisms remain elusive, hindering the prevention and
treatment of this side-effect. Apoptosis was induced by dexamethasone (Dex) in murine
MBA-15.4 osteoblasts within 24–48 h of treatment. We found dose- and time-dependent
upregulation of Bim protein, a pro-apoptotic Bcl-2 family member, with highest levels at 24–48 h
for 1 μM Dex. This was also observed in primary human bone marrow stromal cells. Bim is
subjected to stringent transcriptional and post-translational regulation in osteoblasts. Bim mRNA
was upregulated in response to 1 μM Dex; both cycloheximide and the GC receptor antagonist,
RU486, prevented Dex-induction of Bim protein, indicating transcriptional regulation involving
the GC receptor. The proteasome inhibitor, MG132, potently increased Bim protein levels. Bim
was also upregulated in osteoblasts undergoing apoptosis in response to serum deprivation and
matrix detachment. Gene silencing experiments show that short interference RNA (siRNA)
specific for Bim or the downstream effector Bax both reduced apoptosis induced by Dex in
osteoblastic cells. These findings suggest that Bim is a novel regulator of osteoblast apoptosis and
may be a therapeutic target.

Glucocorticoid (GC) induced osteoporosis is a major cause of bone loss and fractures. GCs
are widely used as anti-inflammatory and immuno-suppressive drugs in the treatment of
asthma, collagen-vascular disease, inflammatory bowel disease, granulomatous and skin
diseases. The mechanisms by which GCs cause osteoporosis are multiple but include direct
and indirect effects on osteoblasts (OB). GCs profoundly repress osteoblast production and
promote apoptosis (Weinstein et al., 1998). Supra-physiological doses of GCs dramatically
decrease OB number and bone formation rate and this may be explained in part by an
increase in OB apoptosis which has been reported in vivo and in vitro (Weinstein et al.,
1998; Gohel et al., 1999; Eberhardt et al., 2001).

The cellular effects of GCs are primarily mediated by the glucocorticoid receptor (GR). The
GR is widely expressed in most cell types, including bone (Abu et al., 2000). In the absence
of ligand the GR is localized in the cytoplasm and upon ligand binding the receptor
translocates into the nucleus where it uses a variety of effector mechanisms. These include
binding as a homodimer to positive or negative regulatory elements in promoter regions of
GC-responsive genes (GRE), resulting in modulated gene transcription (Schacke et al.,
2002) and negative interference with other transcription factors such as AP1 and NFkappaB
(De Bosscher et al., 2003).
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Several molecular mechanisms appear to be involved in GC-induced apoptosis in
susceptible cells such as lymphocytes, osteocytes, and osteoblasts. The activated GR
initiates a transcriptional program involving calcium mobilization, cytochrome c release and
caspase activation leading to cell death (Cifone et al., 1999; Marchetti et al., 2003), but the
critical signalling intermediates in GC-induced apoptosis remain largely undefined.
Increasing evidence implicates Bcl-2 Interacting Mediator (Bim of cell death), one of the
members of the BH3-only proteins, as a critical trigger of apoptosis in many cell types
(O’Connor et al., 1998). Bim belongs to the Bcl-2 family of cytoplasmic proteins, central
regulators of apoptosis in the mitochondrial pathway. All members have at least one of four
conserved motifs known as Bcl-2 homology regions (BH1–BH4). Bcl-2 and other close
relatives inhibit apoptosis, whereas relatives such as Bax or Bim promote cell death.

Bim, like other BH3-only proteins, is subject to stringent control at both the transcriptional
and the post-translational level (Strasser et al., 2000). De novo expression of Bim is a major
mechanism of regulation. In addition, Bim is regulated by sequestration to cytoskeletal
structures inside cells (Strasser et al., 2000) and by phosphorylation leading to
ubiquitinylation and consequent proteasomal degradation (Ley et al., 2003). Three major
isoforms have been described, BimEL (extra long), BimL (long) and BimS (short), which
vary in potency and appear to be regulated in different ways (O’Connor et al., 1998;
Puthalakath et al., 1999). Bim acts at the mitochondria either directly, inducing Bax and Bak
oligomerization, or indirectly, through decoy interactions with the anti-apoptotic molecules
(such as Bcl-2 and Bcl-xL) (Kim et al., 2006).

Bim has been shown in a variety of cell types to be sufficient for induction of apoptosis in
vitro. Bim −/− mice revealed non-redundant roles for this protein since at least in the
haematopoietic compartment Bim is a key trigger of apoptosis. Thymocytes, lymphocytes
and granulocytes in Bim −/− mice are resistant to cytokine withdrawal and
chemotherapeutic drugs such as taxol (Bouillet et al., 1999). Recently Bim has been
identified as a GC-induced gene (Wang et al., 2003), with upregulation at both the mRNA
and the protein level reported in multiple examples of GC-induced apoptosis (Bouillet et al.,
1999; Han et al., 2001; Wang et al., 2003). Another BH3-only protein, PUMA (previously
bbc3), has also been reported to be upregulated at the gene level by GCs (Han et al., 2001).
Deletion of Bim strongly protects thymocytes against GC-induced apoptosis (Erlacher et al.,
2005), supporting the role of Bim as a death mediator in GC induced apoptosis. In bone,
Bim is essentially required for M-CSF withdrawal-induced apoptosis in osteoclasts
(Akiyama et al., 2003). However Akiyama et al. (2003) reported that Bim is not expressed in
other skeletal cells such as osteoblasts and chondrocytes during development or in the
healthy adult. Whether there is a relevant role for Bim in these cells is still unknown.

In the current report we have identified Bim as a novel pro-apoptotic marker in both human
and MBA 15.4 mouse osteoblastic cells and describe its regulation in a newly developed in
vitro model of GC-induced apoptosis. The MBA 15.4 osteoblastic cell line has proved to be
a useful osteoblastic differentiation model and is able to form bone in vitro and in vivo
(Fried et al., 1993). MBA 15.4 cells are also sensitive to high-dose GC and dexamethasone
(Dex) strongly represses proliferation in these cells (Fried et al., 1993; Hulley et al., 1998).

Materials and Methods
Reagents

Dexamethasone, cycloheximide, actinomycin D and RU486 (mifepristone) were obtained
from Sigma (Sigma–Aldrich Ltd, Poole, UK). The proteasome inhibitor MG132 was
obtained from Calbiochem (San Diego, CA). Cycloheximide was used at final
concentrations of 0.5 μg/ml (protein synthesis inhibition) and 40 μg/ml (positive control for
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apoptosis). Control in all experiments is vehicle (DMSO and/or ethanol) unless otherwise
indicated.

Cell culture and isolation of human bone marrow stromal cells (hBMSC)
Tissue culture media, media supplements and antibiotics were purchased from Cambrex
(Wokingham, UK). All media were supplemented with 10% heat-inactivated fetal calf
serum (FCS) (Biowest, Ringmer, UK).The murine pre-osteoblastic cell line MBA 15.4
(kindly provided by Dafna Benayahu, Tel Aviv University, Israel) was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10%FCS, 100 U/ml penicillin
and 100 μg/ml streptomycin. All cells were maintained at 37°C in a humidified atmosphere
of 5% CO2.

For isolation of hBMSC, bone marrow was obtained from the upper femur of patients
undergoing total hip replacement surgery for primary osteoarthritis with informed consent
and the approval of the hospital ethics committee. Samples were cut into small pieces and
suspended in supplemented media. Samples were then vortexed vigorously, poured through
a 70 μm cell strainer and centrifuged. Stromal cells were selected by their ability to adhere
to plastic and used for experiments between passages one and three.

For the anoikis model sterile 1% agarose was heated and poured into cell culture plates. Cell
monolayers were trypsinised and transferred to the agarose coated plates for the indicated
time intervals.

Apoptosis assays
Nick translation (NT)—Cells demonstrating DNA breaks were investigated in samples
fixed in 4% formaldehyde, resuspended in 100% ethanol and stored at −20°C overnight.
Cells were washed and incubated with a NT mixture which consisted of 2.5 mM MgCl2, 50
mM Tris, 10 μg/ml bovine serum albumin (BSA), 2.5 μl DNA polymerase, 10 mM β-
mercaptoethanol, 1μM of each dATP, dCTP, dGTP and 1 μM biotin-16-dUTP and
incubated for 4 h at room temperature. Cells were then washed and resuspended in the
staining buffer (consisting of 0.1% Triton X-100, 4× SSC, 5% non-fat dry milk and 2.5 μg/
ml avidin conjugated to fluorescein isothiocyanate (FITC)) (Gorczyca et al., 1993). Cells
were subjected to flow cytometry (FACScan and BD CellQuest Pro software v4.0.2, Becton
Dickinson UK Ltd, Oxford, UK) and analyzed for forward and side light scatter, as well as
FITC fluorescence. For each measurement a minimum of 5,000 cells was analyzed.

Caspase 3 and 7 activity assay—Apo-ONE Caspase-3/7 reagent (Promega, Madison,
WI) was utilized to measure effector caspases 3/7 activity.

Acridine orange (AO) staining—Cells cultured on glass coverslips under different
conditions were fixed in Walpole’s buffer ph 4.2 (0.2 M HCl, 0.3 M sodium acetate)
followed by AO staining for 20 min at room temperature (Kogianni et al., 2004).Cells which
showed apoptotic morphology (membrane blebbing, shrinkage or nuclear fragmentation)
and normal cells were counted.

Western blot analysis
Bim and anti-cleaved caspase 3 polyclonal antibodies were purchased from Calbiochem.
Pro-apoptosis Bcl-2 family polyclonal antibodies (Bax and Puma) were obtained from Cell
Signalling Technologies (Beverly, MA). Pan Bak antibody was obtained from Upstate
(Dundee, UK). Anti-Bcl-2 antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-GAPDH antibody was obtained from Abcam (Cambridge, UK). Total cell
proteins were extracted by sonication in a buffer containing: 1 mM EDTA, 1 mM PMSF,
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1% NP-40 and 0.1% SDS and electrophoresed on SDS–PAGE gels. Western blots of gels
were analyzed for the proteins of interest using rabbit polyclonal antibodies and alkaline
phosphatase color reaction. Immune complexes were visualized using the enhanced
chemiluminiscence detection system and bands were measured by densitometric analysis
using ImageJ version 1.32j software. The intensity of each band was normalized to that of
the GAPDH protein band.

Real time quantitative PCR
Total RNA was isolated from cultured cells using RNeasy Mini kits (Qiagen, GmbH,
Hilden, Germany), according to the manufacturer’s protocol. RNase-Free DNase Set
(Qiagen GmbH) was used to remove genomic DNA contamination. 0.3 μg total RNA in a
20 μl reaction volume was reverse-transcribed using SuperScript II Reverse Transcriptase
(Invitrogen, Paisley, UK) in the presence of oligo-dT primer (Invitrogen). Primers were
from MWG Biotech (London, UK). Mouse BIM forward primer was 5′-
CGACAGTCTCAGGAGGAACC-3′ and reverse primer was 5′-
CCTTCTCCATACCAGACGGA-3′. Mouse GAPDH forward primer was 5′-
GGTCATCCCAGAGCTGAACG-3′ and reverse primer was 5′-
TTGCTGTTGAAGTCGCAGGA-3′. Real time quantitative PCR reactions were performed
using a Corbett Rotor-Gene 3000 using QuantiTect SYBR Green PCR kit (Qiagen, GmbH).
Comparative Quantitation analysis (Warton et al., 2004) was used to compare the gene
expression of Bim in treated samples relative to control cells and normalized to the
housekeeping gene GAPDH (Rotor-Gene version 6.0.1 software). Data was obtained from
three independent experimental repeats.

Transfection with Bim and Bax small interfering RNA (siRNA)
Cells were pre-plated in six-well plates, in antibiotic-free medium containing 10% FCS, 24 h
before transfection and reached 40% confluence at the time of transfection. Optimal
concentrations of siRNA were determined in preliminary experiments as previously reported
(Liang et al., 2007). It was found that Bim could be knocked down within 24 h while Bax
was a more stable protein and required 48 h post-transfection. Thirty nanomolars Bim
(siBim) and 30 nM Bax (siBax) siRNA as well as 30 nM scrambled control (siControl)
siRNA (all from Ambion, Huntingdon-Cambridgeshire, UK) were introduced into the cells
using Lipofectamine RNAiMAX Transfection Reagent (Invitrogen), according to the
manufacturer’s recommendations. The sense strand sequences were: BIM 5′-
GGUGGACAAUUGCAGCCUGtt-3′; BAX 5′-GGCCCUGUGCACUAAAGUGtt-3′. For
the last 18 h of transfection the cells were deprived of serum. Twenty four hours after
transfection with Bim siRNA or 48 h after transfection with Bax siRNA, protein levels of
Bim and Bax were determined in parallel to confirm specific gene knockdown using
Western blotting. Bak and/or GAPDH was used as internal control/s. An in situ cell death
detection kit (Roche Applied Science, Penzberg, Germany) was used to perform the TUNEL
reaction to identify apoptotic cells with fragmented DNA, according to the manufacturer’s
instructions. DAPI staining was used to visualize all nuclei. The cells were observed and
photographed using Olympus BX40 microscope and Olympus DP70 camera. TUNEL- and
DAPI-positive cells were counted using cell F program (Olympus, Soft Imaging System
GmbH, Münster, Germany) and at least 15 fields were taken from each slide. Data was
obtained from four independent experimental repeats

Statistical analysis
Data were analyzed by parametric one-way analysis of variance (ANOVA). Statistical
analysis was carried out using SPSS version 12.0 (2006 SPSS, Inc., Chicago, IL) with P
values less than 0.05 considered significant. Dunnett test was used as a post-hoc test. t-test
for independent samples was used when comparing only two groups of data.
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Results
Dexamethasone induces apoptosis in the mouse osteoblastic cell line MBA 15.4

We firstly determined whether the murine osteoblastic cell line MBA 15.4 undergoes cell
death when treated with the synthetic GC, dexamethasone (Dex), in vitro. Osteoblastic cells
were exposed to a wide range of concentrations of Dex (1 nM, 10 nM, 100 nM, 1 μM, 5
μM, and 10 μM) for different times (12 h up to 72 h) and cell death was measured, initially
using Trypan blue staining. Increasing rates of cell death (~3-fold) were found for Dex at
doses 1 and 5 μM for 24–48 h exposure times (data not shown), in agreement with studies in
primary osteoblasts and other osteoblastic cell lines. Apoptotic cell death was further
assessed using nick translation assay (NT). Dex treatment induced a threefold increase in
apoptotic osteoblast numbers after 24 h (14.4% ± 5.2 compared to 5.6% ± 3.6 in control),
reaching fourfold when increasing the dose (5 μM) and the exposure to Dex up to 48 h (24%
± 7.6 compared to 5.6% ± 3.6 in control) (Fig. 1A). Cycloheximide at the cytotoxic dose of
40 μg/ml was used as a positive control for apoptosis induction.

Dex treatment activates caspases 3/7 transiently, and this was first detected at 36 h just
before the maximum rates of apoptosis at 48 h (Fig. 1B). Although caspase 3 activation
normally precedes DNA fragmentation, DNA fragmentation was first detected within 24 h
of Dex treatment. This is most likely to due to the stable, high sensitivity nature of DNA
detection and the transient and insensitive assay for caspase 3 activity. Active caspase 3 has
recently been reported to be proteasomally degraded which is likely to limit the range of
detectable signal in a cell population to the peak apoptotic period (Suzuki et al., 2001).
Serum deprivation was used as a good positive control for apoptosis induction since more
than 30% of the cells die within 24 h, with concurrent activation of caspase 3 (Figs. 1B and
3B). When visualized by acridine orange staining apoptotic osteoblasts showed the typical
morphology (Fig. 1C).

Dexamethasone induces an increase in Bim protein and mRNA
Bim protein expression levels were investigated in MBA15.4 osteoblasts. Whilst Bim levels
were barely detectable in the control, Dex increased the levels at the indicated doses and
times. The most abundant isoform, BimEL, was quantified. Protein levels peaked at 24 h
after treatment with Dex 1 μM (sixfold increase vs. solvent control), remained elevated up
to 48 h and decreased at 72 h (Fig. 2A). However, we found that the peak response time
varied between 24 and 48 h. This osteoblast cell line underwent a threefold increase in
apoptosis after 24–48 h treatment with Dex 1 μM (nick translation assay). Moreover,
different doses of Dex were tested at 48 h and Bim expression increased from Dex 1 nM to a
peak at Dex 1 μM, and then decreased at Dex 10 μM (Fig. 2B). At the dose of 10 μM
necrotic features were observed when the cells were stained with Trypan blue. Data from
real-time quantitative PCR also demonstrated that there was an increase in Bim mRNA
following treatment with Dex 1 μM. This increase was time-dependent, reaching
significance at 16 h and remaining elevated until at least 24 h (~2-fold compared to control;
Fig. 2C).

The protein expression of PUMA was also examined. Cells were exposed to Dex for 48 h,
which was one of the time points with highest rate of apoptosis, at doses 1 nM up to 10 μM.
The pro-apoptotic protein PUMA was highly expressed in OB in contrast to Bim. However,
PUMA protein levels did not increase after exposure to Dex at the times and doses
investigated (Fig. 2A,B). We further investigated the expression of Bcl-2 and Bax,
mitochondrial proteins which signal downstream of Bim. Protein expression of Bcl-2 and
Bax was not regulated after treatment of MBA 15.4 cells with Dex at any dose or time tested
(Fig. 2A,B).
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We then confirmed Dex induction of Bim protein in hBMSC. Undifferentiated human bone
stromal cells were treated with 1 μM Dex for different times. Basal levels of Bim protein
were barely detectable when approximately 15 μg of protein were loaded. Bim protein
levels increased up to four fold after 36 h of treatment with Dex (Fig. 3A).

Bim protein is also regulated in osteoblastic cells by growth factor deprivation and by
detachment

We have previously shown that MBA 15.4 cells became apoptotic after serum withdrawal
(De Wet et al., 2003; Espina et al., 2005). In order to examine Bim protein expression
following growth factor depletion, MBA 15.4 osteoblastic cells were cultured until
subconfluency in 10% FCS and then changed to 0% FCS for 4 to 10 h. BimEL protein levels
increased by 7-fold after 4 h of FCS withdrawal and up to 16-fold after 10 h. Cleaved
(active) caspase 3 protein levels were not apparent until 8 h following serum removal and
increased to 45-fold after 10 h (Fig. 3B).

Bim has also been proposed as a key sensor of integrin activity in epithelial cells (Reginato
et al., 2003). We next examined the expression of Bim after detachment of MBA15.4
osteoblasts by plating the cells on agarose. BimEL isoform protein levels increased strongly
following detachment. The maximum levels were reached within 24–48 h of detachment and
remained high for at least 72 h (nine- and fivefold, respectively; Fig. 3C). During this time
massive osteoblast cell death occurred (more than 40% after 24 h) when measured by the
Trypan blue assay (data not shown).

Interaction with the glucocorticoid receptor and de novo synthesis of protein are both
required for Bim expression following Dex treatment

Interaction of the GC with the GR and translocation to the nucleus is needed to induce
apoptosis (Cifone et al., 1999; Katychev et al., 2003). In bone, the GC receptor antagonist
RU486 abrogated apoptosis induction by Dex in osteocytes (Gu et al., 2005). We therefore
examined whether RU486 could block Bim expression in osteoblastic cells. Co-treatment
with Dex (100 nM) and a ten-fold excess of RU486 markedly reduced Bim expression (Fig.
4A).

To determine whether transcription and/or new protein synthesis were necessary for Dex-
induced Bim expression we treated MBA 15.4 cells with Dex 1 μM in the presence or in the
absence of non-toxic doses of the transcription inhibitor, actinomycin D, and/or the protein
synthesis inhibitor, cycloheximide, for 24 h. Actinomycin D (10 nM) alone increased
BimEL and failed to prevent Bim expression in the presence of Dex. However, BimEL
induction by Dex was significantly reduced when cells were treated either with
cycloheximide (0.5 μg/ml) or with both cycloheximide and actinomycin D (Fig. 4B).

Bim protein levels are regulated by the 26S proteasome in osteoblasts
To determine if Bim is degraded via the proteasome in osteoblasts, MBA 15.4 cells were
cultured in the presence of 10% FCS and the proteasome inhibitor MG132. Bim protein
levels strongly increased, up to threefold (3 ± 1.3), after treatment with MG132 for 24 h
(Fig. 4C). We further investigated the expression of the pro-apoptotic protein, Bax, which
has been shown to be regulated by the proteasome in certain cell types (Li and Dou, 2000).
Bax protein levels remained unchanged after treatment with the proteasome inhibitor in
MBA 15.4 cells (Fig. 4C).
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Silencing of Bim or the downstream effector Bax results in a significant reduction of
dexamethasone-induced apoptosis in MBA 15.4 osteoblastic cells

Although it is clear that Bim is strongly upregulated at the mRNA and the protein level in
MBA 15.4 osteoblasts in response to dexamethasone treatment it is unclear whether Bim is
directly implicated in the induction of apoptosis by glucocorticoids. In order to address this
issue we performed gene silencing experiments using Bim-specific siRNA. For Bim siRNA
optimization and since constitutive levels of Bim are hardly detectable in these cells under
control conditions, we cultured the cells in the absence of serum to strongly upregulate Bim.
As shown in Figure 5A (left part), Bim protein levels were strongly knocked-down by Bim
siRNA after 24 h whereas the scrambled siControl had no effect. We further confirmed the
specificity of Bim siRNA by performing Western blots for the downstream effectors of Bim,
Bax and Bak in the same samples. The total levels of these proteins were not affected by
siBim, nor was the unrelated housekeeper, GAPDH (Fig. 5A, left part). We then
investigated whether the reduction in Bim levels by siBim could inhibit apoptosis induced
by Dex in these cells. Basal rate of apoptosis by TUNEL was less than 1%, with or without
siControl (data not shown). Transfection with Bim-specific siRNA clearly caused a strong
reduction in Dex-induced apoptosis in osteoblastic cells (reducing from 9% in the presence
of siControl to 3% in the presence of siBim) (Fig. 5A, right part).

We further investigated whether the gene silencing of the downstream effector of Bim, Bax,
could also inhibit Dex-induced apoptosis in MBA 15.4 cells. Bax levels were high in
untreated cells and were unaffected by either serum deprivation (Fig. 5B, left part) or Dex
(see Fig. 2A,B). Bax protein was strongly and selectively knocked down by siBax 48 h after
transfection (Fig. 5B, left part), while siControl had no effect. Again we investigated
whether the reduction in Bax levels by siBax could inhibit apoptosis induced by Dex in
these cells. Bax siRNA significantly inhibited Dex-induced apoptosis in MBA 15.4
osteoblasts (reducing from 8% in the presence of siControl to 2% in the presence of siBax)
(Fig. 5B, right part).

Discussion
High dose glucocorticoid treatment induces osteoporosis partly via increasing osteoblast and
osteocyte apoptosis and this seems to be mediated by regulation of gene expression,
although the target genes have not been identified (Weinstein et al., 1998; Galon et al., 2002;
Wang et al., 2003; Zalavras et al., 2003). The pro-apoptotic protein Bim has recently been
shown to be induced following Dex treatment in haemopoietic cells undergoing GC-induced
apoptosis and is capable of directly initiating the apoptosis cascade (Wang et al., 2003).
Although Bim has been reported as not expressed in osteoblasts (Akiyama et al., 2003), in
this study we show that Bim is induced by Dex in a dose- and time-dependent manner in
mouse osteoblastic cells in vitro. Moreover, increased levels of BimEL correlate in time and
dose with significantly higher rates of apoptosis in these cells. We have also confirmed a
role for Bim in this model since knockdown of Bim protein by RNA interference strongly
reduced Dex-induced apoptosis in osteoblastic cells.

Several groups have reported increased induction of apoptosis by glucocorticoids in vitro, in
either murine or rat primary OB or osteoblastic cell lines (Gohel et al., 1999; Plotkin et al.,
1999; Yamamoto et al., 2002; Ahuja et al., 2003). We report here that in MBA15.4
osteoblastic cells Dex-induced apoptosis peaks between 24 and 48 h of treatment. Other
studies in osteoblasts and osteocytes in vitro also observed apoptosis after longer exposure
times to GCs (Gohel et al., 1999; Gu et al., 2005). In keeping with previous literature we
have shown that in OB cells, which have a low basal apoptotic index (number of apoptotic
cells relative to healthy cells), Dex only induces a three- to fourfold increase in apoptosis.
However, apoptosis following Dex treatment in our model is characterized by DNA
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fragmentation and typical morphological features and was dose and time dependent.
MBA-15.4 osteoblasts also displayed caspase 3 and 7 activation, which is a hallmark of
apoptosis that has been previously reported in other osteoblastic models (Chua et al., 2003;
Kogianni et al., 2004).

We found some variation regarding apoptosis index in response to Dex depending on the
apoptosis detection method used (approximately 4% apoptotic cells following Dex treatment
detected by acridine orange compared with 15% apoptotic cells by Nick translation). This
relatively subtle variation is possibly due to different sensitivities of the apoptosis detection
techniques. An alternative explanation is that these techniques measure apoptosis at different
stages, with DNA fragmentation preceding overt nuclear breakdown and blebbing.
Apoptosis is a transient process with some events, such as phosphatidyl serine exposure on
the plasma membrane occurring rapidly and others, such as DNA fragmentation being more
stable.

The BH3-only protein Bim is a death mediator and its involvement has been described in
multiple examples of trophic factor deprivation such as in osteoclasts (Akiyama et al.,
2003), hematopoietic cells (Dijkers et al., 2000) or fibroblastic cells (Ley et al., 2003). We
demonstrate here that healthy primary hBMSCs and osteoblastic MBA 15.4 cells express
very low levels of Bim protein and only BimEL isoform is detectable. However, stressed
OB express BimEL, BimL and sometimes BimS isoforms, although BimEL is the most
abundant form and the most easily detectable, as demonstrated in other cell types (Wang et
al., 2003).

We have shown that Dex regulates Bim in a dose- and time-dependent manner in mouse
osteoblastic cells in vitro but does not regulate the expression of Bcl-2 or Bax protein at the
times and doses investigated. These findings are in contrast to previous observations
showing downregulation of Bcl-2 and/or upregulation of Bax (reduced Bcl-2/Bax ratio) by
Dex treatment (Gohel et al., 1999; Planey et al., 2002). Perhaps these different results could
be explained by differences amongst cell models. Over-expression of Bcl-2 has proven to be
protective in multiple models of apoptosis including GC-induced apoptosis (Caron-Leslie et
al., 1994; Memon et al., 1995). However, recent evidence suggests that the levels of Bim
primarily modulate GC-resistance, independently of Bcl-2, in GC-induced apoptosis in
lymphocytes (Abrams et al., 2004). In addition, the pro-apoptotic protein, PUMA, is not
regulated by Dex in our model in contrast to some reports in non-osteoblastic cell types
(Han et al., 2001) suggesting that different cell types may require different BH3-only
proteins to activate programmed cell death.

Bim expression increases after growth factor deprivation in osteoblastic MBA 15.4 cells and
this is in keeping with other studies (Dijkers et al., 2000; Ley et al., 2003). In our model Bim
expression occurs prior to activation of caspase 3 and suggests that BimEL expression is an
upstream event during apoptosis of osteoblastic cells. This rapid (4 h) induction of Bim after
serum withdrawal was in contrast to the slower induction of Bim by Dex after 12–24 h.
These results suggest that Bim may be differentially regulated in these models, perhaps due
to the necessarily indirect transcriptional induction by GC in the absence of a Bim GRE
(Wang et al., 2003). We have also investigated the expression of Bim in response to
detachment, since it has been described that Bim is involved in anoikis in cells that grow in
adherent conditions such as epithelial cells (Reginato et al., 2003; Marani et al., 2004). Since
Bim is expressed in response to other stimuli in addition to dexamethasone this indicates
that Bim is not a specific Dex-induced apoptosis marker but a more general apoptotic
marker. However it is required for Dex-induced apoptosis since we demonstrate also that
specific knockdown of Bim using RNA interference was strongly protective against Dex-
induced apoptosis.
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De novo expression of Bim is a major mechanism of apoptotic regulation in response to GC
treatment and others insults (Cifone et al., 1999; Ley et al., 2003). Our results suggest that
binding to the cytoplasmic GR and translation of new protein are both necessary for
induction of Bim expression by Dex, although the mechanism is likely to be indirect and
complex since the Bim gene contains no canonical GRE (Wang et al., 2003). Interestingly
the transcriptional inhibitor, actinomycin D, either alone or in addition to Dex, caused an
increase in Bim protein (~2-fold) that was abrogated when the translational inhibitor,
cycloheximide, was added. This may indicate that actinomycin D stabilizes Bim mRNA by
inhibiting the synthesis of a protein responsible for Bim mRNA or protein degradation, thus
leading to Bim protein accumulation. We have also shown using real time quantitative PCR
that there is an increase in Bim mRNA following Dex treatment. These data indicate that
Bim protein expression in response to Dex is due to increased Bim transcription.

Recent studies have outlined that the ubiquitin-proteasome pathway mediates the
degradation of key apoptotic regulatory proteins (Jesenberger and Jentsch, 2002). We have
shown in this report that proteasomal inhibition dramatically increases Bim protein levels in
osteoblastic cells indicating that Bim is continuously being degraded by the proteasome to
maintain relatively low basal levels. This seems to be a general regulatory mechanism since
it has been reported in different cell types (Ley et al., 2003; Luciano et al., 2003).

The results shown here also demonstrate that when Bim is knocked-down by specific
silencing RNA, apoptosis induced by dexamethasone is significantly reduced
(approximately 60% reduction). This indicates that Bim has a functional role in Dex-induced
apoptosis in osteoblastic cells. To our knowledge this the first time this is reported in
osteoblastic cells. Previous reports have shown similar results in lymphocytic cells targeting
Bim with small interference RNA technology (Abrams et al., 2004; Essafi et al., 2005) or
using cells from Bim deficient mice (Bouillet et al., 1999).

The pro-apoptotic function of Bim is thought to require Bax (Kim et al., 2006). The pro-
apoptotic Bax and its relative Bak are both multidomain members of the Bcl-2 family of
mitochondrial proteins. Notably Bax can form pores (and probably Bak) in the
mitochondrial external membrane, resulting in the release of cytochrome c into the cytosol,
followed by activation of caspase 3 (Donovan and Cotter, 2004). The role of Bax in Dex-
induced apoptosis was also investigated here. Bax protein expression was also knocked-
down by RNA interference and apoptosis following Dex treatment was clearly reduced
(approximately 70% reduction).These results indicate that Bim plays a key role in Dex-
induced apoptosis signaling and this is probably mediated through interaction with the
downstream effector Bax. Since Bax activation in the mitochondria is well-known to result
in sequential activation of caspases 9 and 3 the data provides, in addition, a molecular
explanation of the Dex-induced activation of caspase 3.

In summary, contrary to previous reports (Akiyama et al., 2003) Bim is expressed in
osteoblastic cells and is co-regulated with apoptosis under conditions of stress such as high-
dose glucocorticoid treatment, as well as growth factor deprivation or detachment. In
osteoblasts GC-induced upregulation of Bim requires GC:GR interaction and de novo
protein synthesis, and as in other cell types, Bim is constantly subjected to proteasomal
degradation. We have confirmed a functional correlation between levels of Bim (or the
downstream effector Bax) and the degree of apoptosis induced by dexamethasone. We
therefore suggest that Bim is a novel regulator of OB apoptosis in response to high-dose
glucorticoids and may be a target for therapeutic approaches. Establishment of its
physiological roles and how damage signals relay through Bim will facilitate manipulation
of pro-survival signaling in vulnerable skeletal cells in the clinical setting.
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Fig. 1.
Dex induces apoptosis in the mouse osteoblastic cell line MBA 15.4. A: Cells cultured in
normal medium and 10% FCS were treated for 24–48 h with Dex (1 and 5 μM).
Cycloheximide (CHX) was used as positive control with a dose of 40 μg/ml for 24 h.
Apoptosis was measured using Nick Translation assay by flow cytometry. Bars represent
mean ± SD of triplicate independent experimental repeats. B: MBA 15.4 cells were treated
with Dex 1 μM for different times. Caspase 3/7 activity was measured by release of
fluorescence by the cleavage of a profluorescent substrate. Cells maintained in low serum
(1%FCS) were used as a positive control. Bars represent mean ± SD of two independent
experimental repeats. C: Osteoblastic cells were cultured on coverslips and then treated with
vehicle alone or Dex1 μM for 48 h. CHX was used as positive control with a dose of 40 μg/
ml for 24h. Cells were fixedin Walpole’s buffer followed by staining with acridine orange
and apoptotic nuclear morphology was evaluated. RFU, relative fluorescence units. *P <
0.05, **P < 0.005 versus solvent control. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

ESPINA et al. Page 13

J Cell Physiol. Author manuscript; available in PMC 2010 February 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.interscience.wiley.com


Fig. 2.
Bim induction in MBA 15.4 mouse osteoblastic cells following treatment with
dexamethasone. MBA 15.4 cells were treated with Dex 1 μM for the indicated times (A,C)
or for 48 h with the indicated range of doses. B: Expression levels of BimEL, PUMA, Bax
and Bcl-2 were determined by Western blot analysis (A,B). The protein GAPDH was used
as a loading control. The average Bim/GAPDH ratio of triplicate experiments and the fold
change are shown. Total RNA was isolated and the expression of Bim RNA was analysed
by real-time PCR and normalized to the level of GAPDH (C). The data shown represents
mean ± SD of at least three independent experiments. *P < 0.05 versus solvent control.
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Fig. 3.
A: Human bone marrow stromal cells were treated with Dex 1 μM for the indicated times.
Bim was detected by Western blot analysis using GAPDH as the loading control. Bars
represent Bim/GAPDH and fold change to the control ±SD from triplicate experiments (Dex
24 h sample was only assayed once). Cells were obtained from a single bone marrow
sample. B: MBA 15.4 cells were cultured in 0% FCS for the indicated times. Bim and
cleaved Caspase 3 were detected by Western blot using GAPDH as a loading control. Bars
represent Bim/GAPDH and Caspase 3/GAPDH fold change to the control ±SD of triplicate
experiments. C: MBA 15.4 cells were trypsinised and transferred to agarose coated 10 cm
plates for the indicated time periods. Bim levels were quantified by Western blot using
GAPDH as a loading control. The average Bim/GAPDH ratio of a representative experiment
and the fold changes are shown. *P < 0.05, **P < 0.005 versus solvent control.

ESPINA et al. Page 15

J Cell Physiol. Author manuscript; available in PMC 2010 February 12.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Fig. 4.
A: MBA 15.4 cells were treated with Dex (100 mM) and/or RU486 (1 μM) for 24 h. Bim
levels were quantified by Western blot using GAPDH as a loading control. Bars represent
Bim/GAPDH fold change to the control ±SD of triplicate experiments. *P < 0.05 versus
dexamethasone alone sample. B: MBA 15.4 cells were treated with Dex (1 μM) and/or CHX
(0.5 μg/ml) and/or actinomycin D (10 nM) for 24 h. Bim was detected by Western blot
using GAPDH as a loading control. Bars represent Bim/GAPDH fold change to the control
±SD of triplicate experiments. *P < 0.05 versus dexamethasone alone sample. C: MBA 15.4
cells were treated with the 26S proteasome inhibitor MG132 (1 μM) and/or Dex 1 μM for
24 h. Bim and Bax were detected by Western blot using GAPDH as a loading control. Bars
represent Bim/GAPDH fold change to the control ±SD of triplicate experiments. *P < 0.05
versus solvent control.
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Fig. 5.
The effect of Bim- and Bax-specific siRNA on the induction of apoptosis by dexamethasone
treatment of mouse osteoblastic cells. A: left part, optimization of knock-down of Bim
protein by RNA interference in MBA 15.4 mouse osteoblastic cells. Cells were transfected
with 30 nM siBim or 30 nM siControl and then cultured in 10% FCS until 24 h post-
transfection or serum deprived for the last 18 h. Bim EL, Bax and Bak were detected by
Western blot using GAPDH as a loading control. A: right part, transfected cells (siControl
and siBim) were treated with Dex 1 μM for 24 h. Cells were then fixed and DNA
fragmentation investigated by TUNEL in situ assay followed by DAPI staining for total cell
counts. TUNEL-positive and normal nuclei were counted. Bars represent mean ± SD of four
experiments. B: left part, optimization of knock-down of Bax protein by RNA interference
in MBA 15.4 mouse osteoblastic cells, as described above for siBim, except that knock-
down of Bax took 48 h. B: right part, transfected cells (siControl and siBax) were treated
with Dex 1 μM for 24 h. Apoptotic and normal cells were detected as described above. Bars
represent mean ± SD of four experiments. *P < 0.05, **P < 0.005 versus siControl.
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