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ABSTRACT:

Introduction: B-cell leukemia/lymphoma 2 (Bcl2) is a proto-oncogene best known for its ability to suppress
cell death. However, the role of Bcl2 in the skeletal system is unknown. Bcl2 has been hypothesized to play
an important anti-apoptotic role in osteoblasts during anabolic actions of PTH. Although rational, this has not
been validated in vivo; hence, the impact of Bcl2 in bone remains unknown.
Materials and Methods: The bone phenotype of Bcl2 homozygous mutant (Bcl2−/−) mice was analyzed with
histomorphometry and �CT. Calvarial osteoblasts were isolated and evaluated for their cellular activity.
Osteoclastogenesis was induced from bone marrow cells using RANKL and macrophage-colony stimulating
factor (M-CSF), and their differentiation was analyzed. PTH(1-34) (50 �g/kg) or vehicle was administered
daily to Bcl2+/+ and Bcl2−/− mice (4 days old) for 9 days to clarify the influence of Bcl2 ablation on PTH
anabolic actions. Western blotting and real-time PCR were performed to detect Bcl2 expression in calvarial
osteoblasts in response to PTH ex vivo.
Results: There were reduced numbers of osteoclasts in Bcl2−/− mice, with a resultant increase in bone mass.
Bcl2−/− bone marrow–derived osteoclasts ex vivo were significantly larger in size and short-lived compared
with wildtype, suggesting a pro-apoptotic nature of Bcl2−/− osteoclasts. In contrast, osteoblasts were entirely
normal in their proliferation, differentiation, and mineralization. Intermittent administration of PTH increased
bone mass similarly in Bcl2+/+ and Bcl2−/− mice. Finally, Western blotting and real-time PCR showed that Bcl2
levels were not induced in response to PTH in calvarial osteoblasts.
Conclusions: Bcl2 is critical in osteoclasts but not osteoblasts. Osteoclast suppression is at least in part
responsible for increased bone mass of Bcl2−/− mice, and Bcl2 is dispensable in PTH anabolic actions during
bone growth.
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INTRODUCTION

THE PROTO-ONCOGENE, B-CELL leukemia/lymphoma 2
(Bcl2), was originally identified in patients with follic-

ular B-cell lymphoma where Bcl2 is translocated to juxta-
pose with the immunoglobulin heavy chain locus, resulting
in constitutive accumulation of their messenger RNA.(1)

The oncogenic nature of Bcl2 was shown in transgenic mice
with lymphocyte targeted Bcl2 gain of function where an
extended B-cell lifespan and malignant lymphoma were
noted.(2) Accumulating evidence indicates that Bcl2 sup-
presses apoptosis in certain cells of the myeloid, lymphoid,
and neuronal lineages.(3,4) A gene targeted mouse model in
which Bcl2 was inactivated showed a significant role of Bcl2

in development of the lymphoid system.(5) Bcl2 deficient
(Bcl2−/−) mice are viable at birth with a normal hematopoi-
etic component initially, but are much smaller than their
littermates, and with time, the number of lymphocytes is
markedly decreased from peripheral blood because of ap-
optosis.(5) The exact mechanism for Bcl2−/− dwarfism is un-
known. It could be attributed to the delay of growth plate
turnover because Bcl2 plays a role in growth plate chon-
drocytes.(6) However, considering that Bcl2−/− mice do not
have a short-limb skeletal phenotype, but extreme small-
ness with normal body proportions, it is unlikely that the
dwarfism is solely caused by a chondrodysplasia. Hence,
Bcl2 ablation likely has an impact on skeletal growth
through its action in osteoclasts and/or osteoblasts.

Regulation of bone cell apoptosis holds tremendous
therapeutic value for the treatment of osteoporosis.(7) In
osteoporosis, osteoclast activity typically predominates
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over osteoblast activity, resulting in a net decrease in bone
mass. Therefore, suppression of osteoclast activity by pro-
moting osteoclast apoptosis might be one strategy to in-
crease bone mass. Similarly, enhancement of osteoblast ac-
tivity by extending the lifespan of osteoblasts could result in
a net increase in bone mass. Because Bcl2 is associated with
apoptosis, deregulated osteoclast and osteoblast apoptosis
may contribute to development of the Bcl2−/− dwarfism.
Osteoclasts are multinucleated cells derived from the my-
eloid lineage.(8) Recent findings suggest that early stage B
lymphopoiesis may have a regulatory effect in osteoclasto-
genesis.(9,10) Furthermore, the subset of bone marrow B
cells has been reported to hold potential to differentiate
into osteoclasts in vitro.(11,12) Growing evidence indicates
that osteoblasts play a pivotal role in the maintenance of
hematopoietic stem cell (HSC) niche and myeloid differen-
tiation.(13,14) Evidence shows that osteoblasts are necessary
for the maturation of bone marrow B lymphopoiesis.(15)

Therefore, a close relationship may exist between the B-
lymphoid lineage and osteoclastogenesis. Because Bcl2−/−

mice have defects in lymphopoiesis, one may speculate that
osteoclast activity may also be deregulated. Bcl2 has been
reported to be an important regulator of apoptosis in os-
teoblasts as well.(16,17) Notably, Bcl2 has been hypothesized
to be a key molecule that mediates PTH-induced anti-
apoptotic effects in osteoblasts.(18) PTH increases bone
mass when administered intermittently,(19) and because of
these anabolic actions, is now used for the treatment of
postmenopausal osteoporosis in the United States.(20)

However, the molecular mechanisms underlying the ana-
bolic actions of PTH administration are unclear. One pro-
posed mechanism is that PTH extends the lifespan of os-
teoblasts by upregulating Bcl2 in a Runx2-dependent
manner.(18,21) Activation of Bcl2 would turn mature osteo-
blasts into long-living osteoblasts, resulting in enhanced
bone formation. Although such a hypothesis is supported
by in vitro studies,(18,22) it has not been confirmed through
in vivo experiments. Hence, the role of Bcl2 as a pivotal
gene in apoptosis of osteoblasts during the anabolic actions
of PTH in bone has not been validated.

In this study, the impact of Bcl2 ablation was assessed on
skeletal development to clarify the role of Bcl2 in osteo-
clasts and osteoblasts. We further tested the hypothesis that
Bcl2 plays a critical function in the anabolic actions of PTH
during bone growth. The study found that Bcl2 plays a
pivotal role in osteoclasts but not osteoblasts and that Bcl2
is dispensable for the anabolic actions of PTH during bone
growth.

MATERIALS AND METHODS

Phenotypic characterization of Bcl2−/− mice and
TUNEL staining

Experimental protocols were approved, and all animals
were treated in accordance with the guidelines of the Uni-
versity Committee on Use and Care of Animals of the Uni-
versity of Michigan. Mice heterozygous mutant for Bcl2
(B6;129S2-Bcl2tm1Sjk) were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA). Tail DNA genotyp-

ing was performed by PCR in the presence of Bcl2 (5�-
CTTTGTGGAACTGTACGGCCCCAGCATGCG-3�;
5�-ACAGCCTGCAGCTTTGTTTCATGGTACATC-3�)
and neo sequences (5�-TCTGGACGAAGAGCAT-
CAGGG-3�; 5�-CAAGCAGGCATCGCCATG-3�).
Genotypes were confirmed by Western blotting of tissue
lysate from the kidney. Microradiography of mice at day 11
was performed to evaluate the gross skeletal pattern. Body
weight of mice was recorded daily from day 4 to day 13 after
birth. For histological evaluation, paraffin sections were
generated from the kidney and stained with H&E. Spleen
from 13-day-old mice was paraffin-embedded and used to
detect apoptosis using the In situ Cell Death Detection As-
say (Roche, Penberg, Germany) following the manufactur-
er’s instructions. Briefly, the sections were incubated with
proteinase K. After rinsing with PBS, TUNEL reaction
mixture was applied. The sections were counterstained with
hematoxylin.

Flow cytometry

The bone marrow from the long bones of the day 13 mice
was flushed with saline. Splenocytes were mechanically iso-
lated by gently scraping spleen and passing cells through a
needle. Mononuclear cells (1 × 106) were incubated with a
combination of FITC-conjugated anti-mouse CD3 antibody
and R-phycoerythrin (R-PE)–conjugated anti-mouse CD19
antibody, FITC-conjugated IgG and R-PE–conjugated IgG
were used for isotype controls. Cell counting of CD3+ and
CD19+ cells was performed using the BD FACSVantage
system (BD Biosciences, Mountain View, CA, USA). All
antibodies used in flow cytometry were purchased from BD
Biosciences.

Tibias of Bcl2−/− mice, osteoclast perimeter,
and TRACP5b

Formalin-fixed tibias of day 13 mice were decalcified in
10% EDTA, embedded in paraffin, and processed for H&E
and TRACP staining. The Leukocyte Acid Phosphatase
assay system (Sigma, St Louis, MO, USA) was used for
TRACP staining. Digital photomicrographs of stained sec-
tions were histomorphometrically analyzed using Image-
Pro Plus v4 (Media Cybernetics, Silver Spring, MD, USA).
Because Bcl2−/− mice were smaller than Bcl2+/+, a standard-
ized area of interest was used for measuring bone area of
tibias. The distance between the proximal and distal growth
plates was first measured to calculate the proximal one
third of the bone organ between the growth plates. This
proximal one-third region was assessed for bone area (%).
Osteoclast number and trabecular bone perimeter were cal-
culated in the proximal tibia to determine osteoclast perim-
eters (#/mm). TRACP5b (a marker enzyme of bone resorp-
tion) was measured in the serum of day 13 mice using the
MouseTRACP Assay (IDS, Boldon, UK).

Osteoclastogenesis and Bcl2 inhibitor ex vivo

The bone marrow of day 13 mice was flushed, and mono-
nuclear cells were prepared by Ficoll gradient centrifuga-
tion. Cells were plated at 3 × 105 cells/cm2 in 24-well plates
in �-MEM (Invitrogen, Grand Island, NY, USA) supple-
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mented with 10% FBS containing penicillin/streptomycin.
Osteoclastogenesis was induced with 50 ng/ml RANKL
(R&D Systems, Minneapolis, MN, USA) and 50 ng/ml
macrophage-colony stimulating factor (M-CSF; R&D Sys-
tems). Medium was changed every 2 days. At days 5 and 9,
cells were stained for TRACP activity. Number and total
area (%) of TRACP+ multinucleated cells (three or more
nuclei per cell) were analyzed.

Flushed bone marrow from adult C57BL6 mice was cul-
tured in Iscove’s modified Dulbecco’s medium (Invitrogen)
supplemented with 20% FBS and 5 ng/ml of Flt3 ligand
(R&D Systems) for 7 days as described.(23) The amplified
hematopoietic cells were collected and plated at 1.8 × 105

cells/cm2 in 24-well plates in �-MEM. Osteoclastogenesis
was induced with RANKL and M-CSF. Medium was
changed every 2 days. At day 4, cells were treated with a
Bcl2 inhibitor (30 �M HA14-1; Tocris Biosciences, Ellis-
ville, MO, USA) or vehicle (DMSO), and TRACP staining
was performed at day 5 to enumerate osteoclasts.

Calvarial osteoblasts ex vivo

Calvariae of neonatal mice were dissected and subjected
to four sequential 30-min digestions in collagenase A (2
mg/ml; Roche) with 0.25% trypsin. Cell fractions 2–4 were
collected and plated in �-MEM. For enumeration, calvarial
osteoblasts were plated at 1 × 104 cells/cm2 in 24-well plates.
Cell number was determined at days 1, 4, 7, and 10 by
trypan blue exclusion and hemocytometer enumeration.

Calvarial osteoblasts were plated at 5 × 104 cells/cm2 in
6-well plates in �-MEM. Medium was replaced with min-
eralization medium (�-MEM, 50 �g/ml ascorbic acid, 10
mM �-glycerophosphate) and cultured for 28 days. At day
29, cell layers were extracted with 15% trichloroacetic acid
overnight. Insoluble material was removed by low-speed
centrifugation. Supernatants were assayed for calcium with
a commercially available kit (Pointe Scientific, Canton, MI,
USA). DNA in pellets was extracted with the high salt
method and quantified. Calcium was normalized to cellular
DNA and expressed as units per microgram DNA. Alter-
natively, cell layers were stained for mineral using the von
Kossa method. Briefly, cells were fixed in ethanol followed
by incubation with 5% silver nitrate solution in the dark
and exposed to a bright light.

Western blotting

The protein lysates from the kidneys were used to detect
Bcl2 levels. SDS-PAGE was performed using 16% poly-
acrylamide gels to separate proteins and transferred to ni-
trocellulose membranes. The blots were blocked and incu-
bated with mouse anti-Bcl2 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) overnight at 4°C, and washed, fol-
lowed by 1:10,000 horseradish peroxidase–conjugated anti-
mouse IgG (Amersham Biosciences, Piscataway, NJ,
USA). The protein bands were visualized by autoradiogra-
phy using an enhanced chemiluminescence reagent (Pierce,
Rockford, IL, USA). The blot was stripped and reprobed
with mouse anti-�-tubulin (Sigma).

Calvarial osteoblasts were plated at 1 × 104 cells/cm2 in
�-MEM. At 70% confluency, cells were synchronized by

serum starvation and cultured in �-MEM for 24 h. Col-
lected cells were lysed in RIPA buffer, and protein concen-
tration was determined. SDS-PAGE was performed, and
proteins were blotted to nitrocellulose membranes. Mouse
anti-cyclin D1 (Santa Cruz Biotechnology) was used for a
primary antibody. After autoradiography, the blot was
stripped and reprobed with anti-actin (Santa Cruz Biotech-
nology). Autoradiographs were digitized, and densitometry
was performed to quantitatively measure the intensity of
the bands using Image-Pro Plus.

Calvarial osteoblasts were treated with PTH(1-34) (10−7

M; Bachem, Torrence, CA, USA) to examine the impact of
PTH on Bcl2. Ascorbic acid (50 �g/ml) was added to the
culture medium 24 h before PTH treatment. Cells were
treated with PTH for 0, 1, 2, 6, and 24 h. Western blotting
to detect Bcl2 levels and densitometry was performed using
mouse anti-Bcl2 and anti-�-tubulin (Sigma) antibodies.

Quantitative real-time PCR

Total RNA was extracted from cells using the RNeasy
mini kit (Qiagen, Valencia, CA, USA). First-strand cDNA
was synthesized using the SuperScript First-strand system
(Invitrogen). Quantitative real-time PCR was performed
using an iCycler IQ (BioRad, Hercules, CA, USA) with
SYBRGreen mix (Invitrogen). Samples were run in tripli-
cate, and results were normalized to GAPDH expression.
The sets of primers used for real-time PCR were as fol-
lows: Bcl2, 5�-GGAAGGTAGTGTGTGTGG-3� and
5�-ACTCCACTCTCTGGGTTCTTGG-3� ; Runx2,
5�-CTGTGGTAACCGTCATGGCC and 5�-GGA-
GCTCGGCGGAGTAGTTC-3�; JunB, 5�-ATCAGC-
TACCTCCCACATGCA-3� and 5�-TACGGTCTGCGG-
TTCCTCTT-3�.

Apoptosis assays

Thymocytes were mechanically isolated from the thymus
of day 13 mice by gently scraping thymi in �-MEM and
passing cells through a needle. Thymocytes were plated at
1 × 106 cells/ml in �-MEM and treated with dexamethasone
(1 �M; Sigma) for 2 h. Calvarial osteoblasts were plated at
4 × 104 cells/cm2 in �-MEM. Cells were treated with either
dexamethasone (1 �M) for 3 days or staurosporine (0.1
�M; Sigma) for 24 h. Apoptosis was estimated by relative
cell number using trypan blue exclusion. Alternatively,
DNA fragmentation was analyzed using the TACS DNA
laddering assay (R&D Systems) following the manufactur-
er’s instructions. Five micrograms of genomic DNA was
separated on a 1.2% agarose gel and laddering visualized by
ethidium bromide staining.

Intermittent PTH administration and vossicle model

Bcl2+/+ and Bcl2−/− mice (4 days old) received daily ad-
ministration of either hPTH(1-34) (50 �g/kg) or vehicle
(saline) for 9 days.(24) Because Bcl2−/− mice typically die at
∼14 days of age, a 9-day PTH treatment was used in this
study. Mice were killed at day 13.

The vertebrae of Bcl2−/− mice were implanted into im-
munocompromised mice, and PTH was administered daily
to evaluate the effect of PTH on implant growth as de-
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scribed before.(25) Bcl2+/+ and Bcl2−/− (7 days old) mice
were used as vertebrae donors, and immunocompromised
mice (Foxn1nu; Harlan, Indianapolis, IN, USA) were used
as recipients. The lumbar vertebrae were removed and sec-
tioned into single vertebral bodies (vossicles). Recipients
were anesthetized with intraperitoneal injections of keta-
mine (90 mg/kg) and xylazine (5 mg/kg). The vossicles were
subcutaneously implanted in the dorsal surface of recipi-
ents. Daily subcutaneous injection of either hPTH(1-34) (80
�g/kg) or vehicle was initiated a day after the surgery for 21
days. At day 22, vossicles were removed.

Histomorphometry and µCT

The tibias were removed and fixed in 10% formalin. The
tibias were processed, paraffin embedded, sectioned, and
stained for H&E and TRACP. Bone area (%) in the proxi-
mal one third of the bone organ between the growth plates,
osteoblast perimeter (#/mm), and osteoclast perimeter (#/
mm) in the metaphyseal compartment of the proximal
tibias were assessed using Image-Pro Plus. �CT scanning
was performed using an eXplore Locus SP cone beam Mi-
croCT system (GE Healthcare Biosciences, London, On-
tario, Canada). Image reconstruction was performed on 18-
�m voxels, and a threshold was generated to select a
mineralized tissue region using the MicroView Analysis+
(GE healthcare Biosciences). Bone volume fraction in the
proximal one third of the bone organ between the growth
plates was assessed.

Vossicles were decalcified, paraffin embedded, and pro-
cessed with H&E staining for histomorphometry to mea-
sure total bone area (%). Alternatively, �CT scanning was
carried out, and images were reconstructed in the same
manner as described for the tibias. The trabecular region of
the vossicles was delineated from the cortical shell and car-
tilage to assess the effect of PTH on trabecular bone.

Statistics

All data were analyzed for equality of variances. For
parametric data, independent t-tests for two groups and
ANOVA for multiple groups were performed. Tukey’s test
was used as a posthoc test. For nonparametric data,
Kruskal-Wallis test was used. All statistical analysis was
conducted with SPSS v12 (SPSS, Chicago, IL, USA). An �
level of 0.05 was used. Results are presented as mean ± SE
unless specified.

RESULTS

Validation and characterization of Bcl2−/− mice

Targeted deletion of the Bcl2 gene was validated by PCR
of tail DNA (Fig. 1A). Negative expression of Bcl2 protein
was confirmed in Bcl2−/− kidney (Fig. 1B). Bcl2−/− mice
typically fail to survive >2 wk after birth. The body size of
Bcl2−/− mice at birth was similar to Bcl2+/+; however, at day
11, it was evident that Bcl2−/− mice were significantly
smaller than Bcl2+/+ (Fig. 1C). Body weight was measured
from day 4 to day 13, and average weight was plotted.
Bcl2−/− mice gained little weight after day 7, whereas
Bcl2+/+ mice gained weight consistently during the obser-
vation period (Fig. 1D). Kidney and spleen were harvested

from 13-day-old mice for histological evaluation. H&E
staining of Bcl2−/− kidneys showed severe generalized cystic
lesions in the entire kidney compared with Bcl2+/+ (Fig.
1E). TUNEL staining of spleen sections was performed to
detect apoptotic cells. A large number of TUNEL+ cells
were detected in Bcl2−/− spleen sections, whereas very few
TUNEL+ cells were found in Bcl2+/+ spleen sections
(Fig. 1F).

Hematopoietic component of Bcl2−/− bone marrow
was altered

To characterize lymphocytes in the bone marrow and
spleen, flow cytometric analysis was performed. Results are
summarized in Figs. 2A and 2B. The ratio of B cells to total
mononuclear cells in Bcl2−/− bone marrow was significantly
reduced compared with Bcl2+/+. There was a tendency of
reduced numbers of B cells in Bcl2−/− versus Bcl2+/+

spleens, but this was not statistically significant. A similar
pattern was observed for T lymphocytes. The T-cell ratio to
total mononuclear cells in Bcl2−/− was considerably smaller
than that in Bcl2+/+, whereas no statistical difference was
found between Bcl2+/+ and Bcl2−/− in T cells in the spleen.
Thus, lymphopoiesis in the bone marrow but not in the
spleen was impaired in Bcl2−/− mice.

Increased bone mass and decreased osteoclast
number in Bcl2−/− tibias

Representative photomicrographs of tibias from day 13
mice are shown in Fig. 2C. Histomorphometric analysis of
the metaphyseal compartment showed that Bcl2−/− tibias
had significantly greater percent bone areas (25.5 ± 0.7%;
amount of bone tissue per total bone organ) compared with
Bcl2+/+ (20.5 ± 1.6%). No difference was noted in osteoblast
perimeter in the metaphyseal compartment of the proximal
tibias between Bcl2+/+ (17.2 ± 2.0 #/mm) and Bcl2−/− (15.5 ±
1.6 #/mm). TRACP staining showed considerably lower os-
teoclast number in Bcl2−/− tibias versus Bcl2+/+ (Fig. 2D).
Consistent with this, serum TRACP5b levels were signifi-
cantly lower in Bcl2−/− compared with Bcl2+/+ (Fig. 2E).
These results indicate that osteoclast activity was compro-
mised in Bcl2−/− bone.

Altered osteoclastogenesis in Bcl2−/− bone marrow
ex vivo

Because Bcl2−/− mice exhibited significantly fewer osteo-
clasts, the role of Bcl2 in osteoclastogenesis and osteoclast
survival was studied. Osteoclastogenesis was induced in
bone marrow mononuclear cell cultures using RANKL and
M-CSF. A significant difference was found between Bcl2+/+

and Bcl2−/− during a course of osteoclastogenesis. Enu-
meration of osteoclasts showed that, at day 5, significantly
more osteoclasts were present in Bcl2−/− cell cultures (Fig.
3A). However, the number of osteoclasts significantly
dropped during the period of day 5 to day 9 in Bcl2−/−

versus Bcl2+/+ cultures (Fig. 3B). Another prominent dif-
ference was osteoclast size. Bcl2−/− osteoclasts were much
larger than Bcl2+/+ osteoclasts at day 5 (Figs. 3C and 3D).
The size of Bcl2−/− osteoclasts was approximately two times
larger than that of Bcl2+/+. At day 9, the size was similar
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between Bcl2+/+ and Bcl2−/−, because the Bcl2−/− osteo-
clasts were much smaller than at day 5.

Bcl2 inhibitor impaired osteoclastogenesis ex vivo

Wildtype osteoclasts and pre-osteoclasts were treated
with the Bcl2 inhibitor (antisense oligonucleotide, HA14-1)

to further explore the role of Bcl2 in osteoclasts. The Flt3
ligand-expanded hematopoietic cells from C57BL6 mice
were cultured with RANKL and M-CSF for 5 days. Cells
were treated with HA14-1 24 h before TRACP staining.
HA14-1 significantly suppressed osteoclast number com-
pared with vehicle-treated cells (Fig. 3E).

FIG. 1. Characterization of Bcl2−/− mice.
(A) Tail DNA genotyping. (B) The absence
of Bcl2 protein was confirmed by Western
analysis. (C) At day 11, Bcl2−/− mice were
significantly smaller than their littermates.
(D) Weight change over 9 days starting at
day 4. Bcl2−/− mice gained on average as
little as 1 g in weight, whereas Bcl2+/+ gained
>3.5 g. Results are presented as mean ± SD.
(E) H&E staining of the kidney sections,
×200. Bcl2−/− mice develop severe poly-
cystic kidneys. (F) TUNEL staining of the
spleen sections, ×200. Dark brown–stained
cells indicate apoptosis. Numerous apoptotic
splenocytes were observed in Bcl2−/− spleen.
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Role of Bcl2 in osteoblasts ex vivo

To elucidate how Bcl2 deletion affects the cellular activi-
ties of osteoblasts ex vivo, enumeration, proliferation, and
mineralization assays were carried out with calvarial osteo-

blasts. Enumeration of Bcl2−/− osteoblasts over time were
comparable to that of Bcl2+/+ (Fig. 4A). Western blot analy-
sis for the cell cycle gene, cyclin D1, showed that cyclin D1
was similar in Bcl2−/− to that in Bcl2+/+ (Fig. 4B). Densito-
metric analysis showed no statistical difference in cyclin D1

FIG. 2. Altered hematopoietic component,
decreased osteoclast density, and increased
bone mass in Bcl2−/− bone. Mononuclear
cells from the bone marrow and spleen were
stained with CD3 and CD19 antibodies.
Flow cytometry was performed to detect
CD3+ and CD19+ cells (n > 6 /group). (A)
The B-cell ratio was significantly reduced in
Bcl2−/− vs. Bcl2+/+ bone marrow, whereas in
the spleen, no significant difference was ob-
served. (B) The T-cell ratio was significantly
reduced in Bcl2−/− bone marrow compared
with that of Bcl2+/+ but not in the spleen. (C)
The proximal one third of the bone organ
between the growth plates was histomorpho-
metrically analyzed. Significantly higher
bone areas (%) were found in Bcl2−/− tibias
than Bcl2+/+ (n � 5/group). (D) Osteoclast
numbers per linear perimeter were signifi-
cantly less in Bcl2−/− than Bcl2+/+ (n >
8/group). (E) Similarly, serum TRACP5b
levels in Bcl2−/− mice were considerably
lower than that in Bcl2+/+ (n > 7/group). *p <
0.05, **p < 0.01 (Bcl2−/− vs. Bcl2+/+).
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FIG. 3. Bcl2−/− osteoclasts were large and short lived ex vivo.
Osteoclastogenesis was induced from bone marrow mononuclear
cells with RANKL and M-CSF. (A) At day 5, osteoclast numbers
per square centimeter were significantly higher in Bcl2−/− than
Bcl2+/+. At day 9, no difference was detected between Bcl2+/+ and
Bcl2−/− (n > 5/group). (B) Bcl2−/− osteoclast number dropped
from day 5 to day 9 more significantly than Bcl2+/+ osteoclast
number (n > 5/group). (C) Representative micrographs of
TRACP-stained bone marrow cell cultures. The size of Bcl2−/−

osteoclasts was larger than Bcl2+/+ at day 5. At day 9, Bcl2−/−

osteoclasts were much smaller than at day 5. No difference was
noted in osteoclast size between genotypes at day 9. (D) Surface
area of osteoclasts per well was determined and normalized by
cell numbers per well. At day 5, Bcl2−/− osteoclasts were signifi-
cantly larger than Bcl2+/+ osteoclasts. However, at day 9, osteo-
clasts from both genotypes were small, and no difference was
found between genotypes (n > 5/group). (E) The Bcl2 inhibitor
HA14-1 significantly suppressed osteoclastogenesis in wildtype
hematopoietic cell cultures (n � 3/group). *p < 0.05, **p < 0.01,
***p < 0.001.

FIG. 4. Characterization of calvarial osteoblasts. (A) Calvarial
osteoblasts were plated at 10,000 cells/cm2, and cell numbers were
determined every 3 days. No difference was detected in cell num-
bers over time between genotypes. (B) Cell growth was synchro-
nized and protein was extracted after serum stimulation for analy-
sis. No significant difference was found in cyclin D1 levels
between Bcl2+/+ and Bcl2−/− osteoblasts (n > 7/group). (C) Cells
were cultured in mineralization medium for 28 days. Representa-
tive images of Von Kossa staining are shown. Calcium levels nor-
malized by total DNA were statistically analyzed (n > 10/group).
No difference was noted in calcium levels between Bcl2+/+ and
Bcl2−/− cultures. (D) Thymocytes were treated with dexametha-
sone for 2 h. Cell death was estimated by relative cell number vs.
control. Significant cell death was noted in Bcl2−/− thymocytes
(n > 5/group). Considerable DNA fragmentation occurred in
Bcl2−/− thymocytes compared with Bcl2+/+. (E) Calvarial osteo-
blasts were treated with staurosporine for 24 h. Cell number was
determined with trypan blue exclusion. No difference was found
in numbers of nonviable cells between Bcl2+/+ and Bcl2−/− osteo-
blasts (n > 5/group). **p < 0.01.
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expression between Bcl2+/+ and Bcl2−/−, suggesting that
their proliferation activities were equivalent. Bcl2−/− osteo-
blasts formed mineralized nodules similar to Bcl2+/+ osteo-
blasts (Fig. 4C). To quantify mineralization, calcium levels
were normalized by total DNA. Statistical analysis showed
that there was no difference in mineralization activity be-
tween Bcl2+/+ and Bcl2−/− osteoblasts. These ex vivo assays
indicated that the absence of Bcl2 did not play a major role
in normal osteoblast enumeration, proliferation, or miner-
alization.

Bcl2 is critical in thymocyte but not in
osteoblast apoptosis

To assess the role of Bcl2 in apoptosis, thymocytes and
osteoblasts were stimulated with dexamethasone and stau-
rosporine. Dexamethasone induced significantly greater ap-
optosis in Bcl2−/− thymocytes compared with Bcl2+/+ (Fig.
4D). DNA laddering confirmed that dexamethasone in-
duced considerable DNA fragmentation in Bcl2−/− thymo-
cytes. Staurosporine for 24 h induced apoptosis in osteo-
blasts of both genotypes, but there was no significant
difference in cell death rate between Bcl2+/+ and Bcl2−/−

(Fig. 4E).

Intermittent PTH administration increased bone
mass in Bcl2−/− tibias

To elucidate the impact of Bcl2 on PTH anabolic actions
in intact mice, PTH was administered intermittently to
Bcl2+/+ and Bcl2−/− mice. Intermittent PTH administration
increased bone mass of the proximal tibias significantly re-
gardless of genotype (Fig. 5A). �CT scanning confirmed
that Bcl2−/− mice responded to intermittent PTH in an ana-
bolic mode (Fig. 5B). A significantly higher bone volume
fraction was noted in the tibias of both PTH-administered
Bcl2+/+ and Bcl2−/− mice compared with respective vehicle
controls. Consistently, osteoblast perimeter (#/mm) was sig-
nificantly higher in both PTH administered Bcl2+/+ and
Bcl2−/− mice (42.6 ± 1.5 and 40.4 ± 1.0, respectively) com-
pared with respective controls (17.2 ± 2.0 and 15.5 ± 1.6).
No difference was found between Bcl2+/+ and Bcl2−/− with
respect to PTH anabolic actions; both genotypes responded
similarly to intermittent PTH. These in vivo experiments
showed that daily PTH administration for 9 days dramati-
cally increased bone mass in the tibias regardless of geno-
type.

Daily PTH administration enhanced bone
formation in Bcl2−/− vossicles

Because Bcl2−/− mice develop kidney failure, endocrine
dysfunction in Bcl2−/− mice could influence the outcome of
in vivo PTH therapy. To rule out the possible effect of
kidney failure, a vossicle implant experiment was per-
formed.(25) Using this model, the interaction between he-
matopoietic (host origin) and mesenchymal cells (donor
origin) can be assessed in addition to obviating the potential
systemic impact of the kidney phenotype and subsequent
lethality of Bcl2 ablation.

H&E staining of vossicle sections showed enhanced tra-
becular bone in PTH-administered mice, regardless of ge-

notype (Fig. 5C). PTH administration enhanced bone in
vossicles with fine trabeculation regardless of genotype,
whereas vossicles in the vehicle control group exhibited
considerably less trabecular bone in both genotypes. The
result of �CT scanning of vossicles confirmed that intermit-
tent PTH administration increased bone mass in both
Bcl2+/+ and Bcl2−/− vossicles. Whereas the vossicles from
PTH-administered mice had dense trabecular structure,
vossicles from vehicle-treated mice had little trabecular
structure (Fig. 5D). To study the effect of PTH on trabec-
ular bone, cartilage, and cortical shells were excluded from
�CT data for analysis. Trabecular bone volume fraction
(%) of vossicles in PTH-administered mice was significantly
higher than that of vehicle. The degree of such increase was
similar between Bcl2+/+ and Bcl2−/−. Thus, intermittent
PTH administration significantly increased net bone mass
in both Bcl2+/+ and Bcl2−/− vossicles.

PTH effect on Bcl2 in calvarial osteoblasts

It has been reported that PTH induces Bcl2 in a Runx2-
dependent manner in the osteoblastic cell line, OB-6.(18) To
determine whether PTH induces Bcl2 in primary osteo-
blasts, calvarial osteoblasts from Bcl2+/+ mice were treated
with PTH and analyzed for Bcl2 protein expression. As a
positive control for the PTH response in osteoblasts, the
immediate early gene, JunB, was also analyzed. The result
of Western blotting showed that Bcl2 was not induced in
calvarial osteoblasts (Fig. 6A). PTH-induced JunB expres-
sion followed a pattern typical to that previously pub-
lished.(26) JunB expression was high a few hours after PTH
stimulation and significantly decreased after 6 h. Such a
typical expression pattern of JunB by PTH treatment con-
firms that calvarial osteoblasts responded to PTH. The re-
sult of protein analysis was further verified by assessing the
relative expression of Bcl2, Runx2, and JunB at the RNA
level using real-time PCR. There was no significant upregu-
lation of Bcl2 or Runx2 in response to PTH in osteoblasts,
whereas JunB was significantly induced after 1 h PTH treat-
ment (Fig. 6B).

DISCUSSION

Bcl2−/− mice had increased bone mass and altered bone
marrow hematopoietic components versus wildtype mice.
The ratios of both B cells and T cells to total mononuclear
cells were significantly reduced in Bcl2−/− mice and de-
creased osteoclast numbers were found in Bcl2−/− bone.
Consistently, serum TRACP5b levels were significantly
lower in Bcl2−/− mice. Thus, lymphopoiesis and osteoclas-
togenesis were both weakened in Bcl2−/− bone marrow.
There was no alteration in proliferation or mineralization of
Bcl2−/− osteoblasts, suggesting Bcl2 is not critical for the
osteoblast phenotype. Boot-Handford et al.(27) reported
that Bcl2−/− mice had increased osteoblast numbers, and
the shape of osteoblasts was more cuboidal than wildtype.
In this study, no noticeable difference was observed in os-
teoblast numbers or morphology. This discrepancy in ob-
servation could reflect a difference in mouse strain or tech-
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niques used. The quantitative measures used in this study
were also more extensive than those used in the former
study.

Significant differences were identified in osteoclastogen-
esis ex vivo. Bcl2−/− osteoclastogenesis was rapid and ro-
bust, but also vanished rapidly thereafter, whereas Bcl2+/+

osteoclastogenesis developed more gently and remained ac-
tive for a longer period than Bcl2−/−. Moreover, when the
burst of Bcl2−/− osteoclastogenesis took place, osteoclasts
were much larger compared with Bcl2+/+ counterparts. This
distinctive feature of Bcl2−/− osteoclastogenesis suggests a
critical role of Bcl2 in regulation of osteoclast fusion and
apoptosis. Osteoclasts typically have a short lifespan.(28)

Apoptosis occurs rapidly after the removal of trophic fac-
tors such as M-CSF in vitro.(29) Although the significance of

osteoclast fusion remains mostly unknown, osteoclast sur-
vival is considered to depend on continued replenishment
by fusion.(28) It is known that Bcl2 activation promotes sur-
vival of certain cells in the myeloid and lymphoid lin-
eages.(3) Because osteoclasts are of hematopoietic origin
and share some features with bone marrow macrophage/
monocytes,(30) Bcl2 activation may contribute to osteoclast
survival as well. Indeed, our ex vivo finding that the Bcl2
inhibitor significantly suppressed osteoclast survival sup-
ports a critical role of Bcl2 in osteoclast survival. Therefore,
the cell autonomous change in Bcl2−/− osteoclasts is likely
responsible at least in part for the increased bone mass in
Bcl2−/− mice. McGill et al.(31) reported that microphthalmia
(Mitf) regulates Bcl2 in melanocytes and osteoclasts and
that the osteopetrotic phenotype of Mitfmi/mi mice is par-

FIG. 5. Intermittent PTH increased bone mass in Bcl2−/− tibias and vossicles. PTH was administered daily to Bcl2+/+ and Bcl2−/− mice
from day 4 to day 12, and the proximal one third of each tibia was selected for analysis. (A) Representative micrographs of H&E-stained
tibias. Substantial trabecular bone was noted in PTH-administered groups regardless of genotype (n > 15/group). (B) Representative
�CT images with summary data below. In both genotypes, considerably more trabecular bone was found in PTH-administered groups
vs. controls (n � 5/group). Regardless of genotype, intermittent PTH administration induced significantly higher bone volume fraction
than vehicle. (C) Vertebrae from Bcl2+/+ and Bcl2−/− mice were subcutaneously implanted into athymic mice, and PTH was adminis-
tered daily for 21 days. Representative micrographs of H&E-stained vossicle sections with summary data below. Enhanced trabecu-
lation was found in PTH-administered groups regardless of genotype. Controls exhibit sparse trabeculation in both genotypes. Bone
area (%) was significantly higher in the PTH-administered group than vehicle control regardless of genotype. No difference was found
in bone area (%) between Bcl2+/+ and Bcl2−/−, irrespective of treatment (n > 23/group). (D) Representative �CT images with summary
statistics below. Intermittent PTH administration significantly enhanced bone in vossicles of both genotypes. Little trabecular structure
was noted in controls regardless of genotype (n � 4/group). *p < 0.05, **p < 0.01, ***p < 0.001.
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tially attributed to deregulation of Bcl2. In that report, the
osteopetrotic phenotype of Bcl2−/− mice was shown with no
insight to explain the phenotypic change. Our result is ac-
cordant with their findings and provides analytical expla-
nation. Impaired osteoclastogenesis could result from
lymphopenia because lymphocytes are sources of
RANKL.(9,11) Because lymphopoiesis of Bcl2−/− mice is
normal at birth(5) and hence lymphopenia developed in a
short period in this study (maximum 13 days), it is unlikely
that acute lymphopenia solely caused the increased bone
mass by suppressing osteoclastogenesis.

Bcl2 is a crucial gene in thymocyte apoptosis but may not
play an important role in osteoblast apoptosis stimulated by
dexamethasone or staurosporine. Dexamethasone induced
significantly higher apoptosis in Bcl2−/− thymocytes com-
pared with Bcl2+/+, whereas no noticeable dexamethasone-
induced apoptosis was observed in osteoblasts from either
genotype during 3 days of incubation (data not shown).
Glucocorticoids are widely used for the treatment of in-
flammatory and autoimmune diseases and lymphomas.
They are known to suppress the host immune response and
induce apoptosis in lymphocytes.(32) In bone, the long-term
use of glucocorticoids often results in bone loss.(33) It has
been shown that dexamethasone treatment induces apopto-
sis in osteoblasts in vivo(16,34) and in vitro.(35) Our result
that Bcl2−/− thymocytes were susceptible to dexametha-
sone-induced apoptosis is consistent with a previous re-

port,(5) but the observation in primary osteoblasts was not.
This is likely because dexamethasone is a mild apoptosis
inducer compared with other chemotherapeutic agents such
as etoposide.(36) Therefore, staurosporine was used to in-
duce osteoblast apoptosis. Staurosporine induced apoptosis
in osteoblasts; however, no significant difference was noted
between Bcl2+/+ and Bcl2−/−. This suggests that the absence
of Bcl2 does not affect apoptosis in osteoblasts. It is possible
that the activation of apoptosis-related genes may be re-
dundant in osteoblasts. Alternative genes may be upregu-
lated to compensate for the functional loss of Bcl2 to main-
tain the anti-apoptotic to apoptotic ratio in a cell. Further
research is needed to elucidate the mechanism of osteoblast
apoptosis.

Bcl2 has been proposed as a candidate that renders os-
teoblasts anti-apoptotic in a Runx2-dependent manner in
response to PTH, thereby enhancing bone formation.(18)

Intermittent PTH administration to Bcl2−/− mice in this
study dramatically increased bone mass in their trabecular
compartments, at a comparable level to that seen in wild-
type littermates. Because this study did not focus specifi-
cally on apoptosis of osteoblasts but the overall role of Bcl2
in PTH anabolic action, it is difficult to address whether
apoptosis of osteoblasts plays a role in PTH actions. None-
theless, an inference can be made from the in vivo part of
this study that Bcl2 is not likely the critical mediator of
anti-apoptotic signaling in osteoblasts nor does PTH acti-

FIG. 6. Lack of PTH-mediated increase in
Bcl2 ex vivo. Calvarial osteoblasts were
treated with PTH (10−7 M) for the indicated
time course. (A) Protein was extracted and
analyzed for Bcl2. JunB expression was de-
tected to verify PTH activity in osteoblasts.
Densitometry was carried out and analyzed
(n � 5 for each). No significant difference in
PTH-induced Bcl2 expression was found
during the time course, whereas PTH-
induced JunB expression followed an ex-
pected pattern. (B) Total RNA was ex-
tracted and analyzed for Bcl2, Runx2, and
JunB using quantitative real-time PCR. PTH
did not induce Bcl2 nor Runx2, but signifi-
cantly higher JunB expression was noted
with 1 h of PTH treatment.
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vate Bcl2 to inhibit osteoblast apoptosis. Because PTH has
been shown to have pro- and anti-apoptotic actions in os-
teoblasts,(21,37) the hypothesis that osteoblast apoptosis
plays a role in PTH anabolic action(21) is rational, and it has
been anticipated that the inhibition of osteoblast apoptosis
would lead to a clinical strategy to increase the bone
mass.(7) It is possible that different results could be ob-
tained in a model of osteoporosis such as sex steroid with-
drawal compared with the bone growth models used in this
study. On the other hand, several lines of evidence have
indicated that osteoblast apoptosis is an important compo-
nent of mineralization in vitro and normal bone formation
in vivo.(17,38) It was shown that intermittent PTH adminis-
tration transiently increased numbers of apoptotic osteo-
blasts and osteocytes in rat trabecular bone, but no protec-
tion from apoptosis was observed during the course of PTH
treatment.(39) This study found that PTH did not regulate
the apoptosis-related gene Bcl2. Similar findings were
shown in a microarray study that compared gene expression
in bone between continuous and intermittent PTH admin-
istration.(40) This microarray study failed to detect upregu-
lation of Bcl2 and other apoptosis-related genes in the in-
termittent PTH group. Lindsay et al.(41) studied the effect
of PTH treatment on bone of patients with osteoporosis
and found that enhanced bone formation was associated
with an increase in osteoblast apoptosis. Our finding that
Bcl2 is not essential in PTH action in vivo is consistent with
these studies. Moreover, our in vivo finding is reinforced by
our ex vivo result where PTH did not induce Bcl2 or Runx2
in calvarial osteoblasts.

This study used a global knockout mouse model of Bcl2.
Polycystic kidney disease is a prominent feature in Bcl2−/−

mice. Kidney failure induces renal osteodystrophy in which
bone is generally osteopenic because of enhanced osteo-
clast activity.(42) In this study, Bcl2−/− mice showed higher
bone mass with decreased osteoclast numbers. Sorensen et
al.(43) reported that kidneys from newborn Bcl2−/− mice
were not cystic but small, and as the mice grew, the kidneys
became cystic. Therefore, the systemic effect of acute renal
failure in our Bcl2−/− mice was not likely significant at day
13. Rather, cell autonomous changes in osteoclasts caused
by Bcl2 ablation likely played a major role in the bone
phenotype of Bcl2−/− mice. Because the kidney is a crucial
organ for calcium reabsorption that is partly under the hor-
monal control of PTH, Bcl2−/− mice may have fluctuating
endogenous PTH levels that may affect the experimental
outcome. However, in the vossicle implant system, the he-
matopoietic components come from the host (athymic
mice). Hence, no effect of fluctuating endogenous PTH or
compromised kidney function would be expected in the
vossicle response in this study. Daily PTH administration
increased bone mass in vossicles significantly regardless of
genotype. The consideration that Bcl2+/+ stromal progeni-
tors could migrate into vossicles from the host through
blood vessels is possible; however, we found in a similar
model system that PTH was unable to mobilize host cells to
implants.(44) Therefore, the result from the vossicle experi-
ment reinforces our finding that Bcl2 is dispensable in PTH
anabolic actions. Interestingly, considering that the intact
Bcl2−/− mice responded to PTH with increased bone, this

study also validated that PTH anabolic actions are not de-
pendent on the presence of a normally functioning kidney
or physiologic increases in body weight/size. Despite that
the mice failed to normally increase body weight during
growth, they maintained a robust skeletal response to PTH.

This study showed that Bcl2 is critical in maturation of
osteoclasts but not in osteoblasts. Suppressed osteoclasts in
Bcl2−/− bone marrow are at least in part responsible for the
high bone mass of Bcl2−/− mice. Evidence was also found
that Bcl2 is dispensable in PTH anabolic action in bone.
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