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Apoptosis During Bone-Like Tissue Development
In Vitro

Maureen P. Lynch, Casey Capparelli, Janet L. Stein, Gary S. Stein, and Jane B. Lian*
Department of Cell Biology, University of Massachusetts Medical Center, Worcester, Massachusetts 01655

Abstract We present evidence of cell death by apoptosis during the development of bone-like tissue formation in
vitro. Fetal rat calvaria-derived osteoblasts differentiate in vitro, progressing through three stages of maturation: a
proliferation period, a matrix maturation period when growth is downregulated and expression of the bone cell
phenotype is induced, and a third mineralization stage marked by the expression of bone-specific genes. Here we show
for the first time that cells differentiating to the mature bone cell phenotype undergo programmed cell death and express
genes regulating apoptosis. Culture conditions that modify expression of the osteoblast phenotype simultaneously
modify the incidence of apoptosis. Cell death by apoptosis is directly demonstrated by visualization of degraded DNA
into oligonucleosomal fragments after gel electrophoresis. Bcl-X,, an inhibitor of apoptosis, and Bax, which can
accelerate apoptosis, are expressed at maximal levels 24 h after initial isolation of the cells and again after day 25 in
heavily mineralized bone tissue nodules. Bcl-2 is expressed in a reciprocal manner to its related gene product Bcl-X,
with the highest levels observed during the early post-proliferative stages of osteoblast maturation. Expression of p53,
c-fos, and the interferon regulatory factors IRF-1 and IRF-2, but not cdc2 or cdk, were also induced in mineralized bone
nodules. The upregulation of Msx-2 in association with apoptosis is consistent with its in vivo expression during
embryogenesis in areas that will undergo programmed cell death. We propose that cell death by apoptosis is a
fundamental component of osteoblast differentiation that contributes to maintaining tissue organization. J. Cell.
Biochem. 68:31-49, 1998.  © 1998 Wiley-Liss, Inc.
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Cell death by apoptosis is recognized as an
important component of growth during embryo-
genesis, organogenesis, and tissue morphogen-
esis as well as in the maintenance of homeosta-
sis in many adult tissues [Clarke, 1990].
Programmed cell death (PCD) by apoptosis func-
tions prominently in early embryonic develop-
ment as a mechanism to establish fidelity of
tissue morphology [Saunders, 1966]. Examples
include the formation of digits [Garcia-Mar-
tinez et al., 1993; Lee et al., 1993; Hammar and
Mottet, 1971], palate fusion [Pratt and Martin,
1975], and tooth development [Bronckers et al.,
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1996b]. Apoptosis is also essential for develop-
ment of proper organ function by eliminating T
cells in the regressing thymus [Compton and
Cidlowski, 1992; Hoffmann et al., 1994; Duke
and Cohen, 1986], supporting clonal deletion of
B cells [Nossal, 1983] and deletion of supernu-
merary neurons in the brain [Oppenheim, 1984].
In normal adult tissues such as skin or intesti-
nal epithelia, which undergo rapid renewal of
epithelia [Hopwood and Levison, 1976], apopto-
sis facilitates remodelling by providing an equal
and opposite force to mitosis to regulate popula-
tion size [Kerr et al., 1972].

Apoptotic cells are recognized by distinguish-
ing morphological features. As the cell enters
an initial phase [Earnshaw, 1995], loss of cell
junctions and other specialized plasma mem-
brane structures can be observed and collapse
of the chromatin into one or a few large clumps
against the nuclear envelope is evident. The
collapse of the chromatin is frequently accompa-
nied by fragmentation of DNA by an endonucle-
ase into oligonucleosomal-sized fragments that
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may be visualized by agarose gel electrophore-
sis. Biochemical events and molecular markers
functionally related to the promotion or preven-
tion of apoptosis have been identified. A family
of interleukin-18 converting enzyme protein-
ases may be involved in the activation of endo-
nuclease(s) responsible for the degradation of
DNA [Flaws et al., 1995; Miura et al., 1993].
Several genes have been implicated in regulat-
ing a decision between cell survival and cell
death. Bcl-2 blocks cell death in thymocytes
induced by growth factor withdrawal, v irradia-
tion, and glucocorticoids, but not death induced
by all stimuli [Korsmeyer, 1992a]. A homologue
of Bcl-2 heterodimerizes with Bcl-2 and thereby
inactivates it, promoting cell death [Oltvai et
al., 1993]. An additional homologue of Bcl-2,
Bcl-X, inhibits cell death as effectively as Bcl-2,
but an alternatively spliced form, Bcl-Xg, actu-
ally inhibits the ability of Bcl-2 to promote cell
survival [Boise et al., 1993]. Studies defining
the role of Bcl-X and Bcl-2 in regulating a
common pathway of cell death have been car-
ried out largely in T cells [Chao et al., 1995].

A number of cell cycle genes (c-fos, c-myec,
c-jun, cdc?) and transcriptional activators (p53,
IRF-1, and IRF-2) appear to be upregulated in
response to apoptosis-inducing stimuli and have
been implicated, therefore, as essential media-
tors of the process [Lowe et al., 1993; Kastan et
al., 1991; Taniguchi et al., 1995; Smeyne et al.,
1993; Colotta et al., 1992; Bissonette et al.,
1992; Shimizu et al., 1995; Shi et al., 1994;
Pandey and Wang, 1995]. IRF-1 inhibits cell
growth [Harada et al., 1993; Yamada et al.,
1990], and IRF-2 is an antagonistic repressor of
IRF-1 [Yamamoto et al., 1994]. Recently, IRF-2
was shown to bind to a histone gene cell cycle
regulatory element and modulate transcrip-
tional upregulation at the G,/S phase transi-
tion [Vaughan et al., 1995]. Embryonic fibro-
blasts from IRF-1 deficient mice are refractory
to DNA damage-induced cell cycle arrest
[Tanaka et al., 1994] similar to embryonic fibro-
blasts lacking the tumor suppressor gene p53
[Liebermann et al., 1995; Vogelstein and Kin-
zler, 1992; Donehower et al., 1992] and the lack
of either IRF-1 or p53 alone is sufficient to
prevent ras-induced apoptosis [Tanaka et al.,
1994]. Recent studies suggest that these two
tumor suppressor transcription factors are re-
quired for distinct apoptotic pathways in T lym-
phocytes [Tamura et al., 1995].

While cell death during embryonic limb devel-
opment and during maintenance of homeo-
static growth in many adult tissues has been
reported, a role for apoptosis in post-natal bone
formation and turnover has only recently been
investigated. Programmed cell death of hyper-
trophic chondrocytes in their terminal differen-
tiation stage is requisite for the progression of
endochondral bone formation [Hatori et al.,
1995; Roach et al., 1995; Gibson et al., 1995].
Early investigations of the cell kinetics of bone
development demonstrated morphological and
kinetic changes in osteocytes during osteogen-
esis throughout life that may be ascribed to
apoptosis [Zimmerman, 1992; Jande and Bé-
langer, 1973; Frost, 1960]. It was suggested
that empty osteocyte lacunae identified in hu-
man bone specimens derived from patients
ranging in age from infancy to 84 years were a
consequence of cell death [Frost, 1960]. Other
investigators described terminal stages of struc-
tural and functional changes in the life cycles of
osteocytes that are consistent with morphologi-
cal modifications associated with cell death by
apoptosis [Zimmerman, 1992; Jande and Bé-
langer, 1973]. Specifically, electron micrographs
showed osteocytes with irregularly shaped nu-
clei containing condensed heterochromatin and
interrupted nuclear envelopes consistent with
morphological characteristics of apoptotic cells.
Apoptosis of bone cells has been detected di-
rectly in vivo by in situ methods (transferase-
mediate, biotin-dUTP™ick end-labeling [TUNEL]
assay) in osteocytes [Noble et al., 1997; Bronck-
ersetal., 1996a], in dentin repair [Bronckers et
al., 1996b], and in the multinucleated osteo-
clast which functions in resorption of bone ma-
trix [Boyce, 1996].

Despite the accrual of evidence for involve-
ment of apoptosis in skeletal development and
remodelling, the signaling events or factors
regulating decisions for apoptosis have not been
investigated in bone tissues or isolated cells. To
begin addressing fundamental mechanisms as-
sociated with apoptosis in osteoblasts, we inves-
tigated the incidence of PCD in cultured fetal
rat calvarial osteoblasts [Owen et al., 1990], a
well-characterized in vitro model of intramem-
branous bone development. Cell cultures de-
rived from fetal calvaria undergo a temporal
expression of genes characterizing stages in
development of the osteoblast phenotype. The
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cells proliferate and multilayer in discrete focal
nodules that develop a bone-like tissue organi-
zation. Coincident with cellular multilayering,
type | collagen fibrils are deposited in orthogo-
nal layers between the cellular multilayers
analogous to the organization of the collag-
enous extracellular matrix (ECM) synthesized
by osteoblasts in vivo [Pockwinse et al., 1992;
Lynch et al., 1995]. In intact bone, preosteo-
blasts develop from mesenchymal precursors
on the periosteal surface, divide and differenti-
ate into osteoblasts [Aubin et al., 1993]. In our
model system, the preosteoblasts correspond to
those cells that are actively proliferating. At
this stage of maturation, expression levels are
high for genes that influence the outcome of
mesenchymal cells en route to the skeletal lin-
eage during early development, e.g., the bone
morphogenetic proteins and the homeodomain
protein Msx-2 [Tabin, 1995; Hoffmann et al.,
1994]. Post-proliferatively, in vitro and in vivo
the osteoblasts express increasing levels of alka-
line phosphatase enzyme activity requisite for
maturation of the ECM in preparation for min-
eral deposition. Subsequently, increased expres-
sion of the non-collagenous ECM proteins, osteo-
calcin and osteopontin, characterizes onset of
the mineralization period, the hallmark of ex-
pression of the mature bone cell phenotype. As
a consequence, the osteoblast becomes embed-
ded in a mineralized ECM and is designated as
an osteocyte, the most mature among the osteo-
blast lineage. In vivo these cells reside in lacu-
nae connected to other osteocytes through long
cellular processes in canaliculi. In vitro, the
osteocytes are among those cells associated with
the mineralized nodules (Fig. 1) [Pockwinse et
al., 1992].

Here we show cells expressing the osteoblast
phenotype undergo programmed cell death dur-
ing the mineralization stage. Cell death by apop-
tosis in mature bone cells associated with a
mineralized ECM was directly demonstrated
by in situ end-labeling and by degradation of
DNA into oligonucleosomal fragments after gel
electrophoresis. We also demonstrate, for the
first time, selective expression (MRNASs) of genes
associated with regulation of apoptosis during
the growth and differentiation stages of pri-
mary diploid osteoblasts in vitro. These find-
ings provide direct evidence for implicating
apoptosis in osteogenesis that is relevant to
regulation of bone formation in the adult skel-
eton.
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Fig. 1. Invitro formation of bone-like matrix by day-22 fetal rat
calvarial derived osteoblasts. Cells were cultured as described
in Materials and Methods. Electron micrograph of a cross-
section of the bone nodule showing numerous osteoblasts on
the surface that underlie transitional osteocytes surrounded by
mineralized matrix. Prepared as described in Pockwinse et al.,
1992. Magnification X2,500; courtesy of S.M. Pockwinse.

MATERIALS AND METHODS
Cell Culture

Calvaria were excised from 21-day fetal rats
and the dura and periosteum removed. Cells
were obtained from the calvaria by three se-
quential digestions of 20, 40, and 90 min at
37°C in 2 mg/ml collagenase P (Boehringer
Mannheim Biochemicals, Indianapolis, IN)/
0.25% trypsin (Gibco, Grand Island, NY). The
cells of the third sequential digestion were main-
tained in culture. Cells were plated at a density
of 6.5 X 10° as primary cultures or 3.6 X 10°
cells/dish (100 mm or six-well) (Corning, Corn-
ing, NY), passaged at confluency and grown in
minimal essential medium (MEM; Gibco)
supplemented with 10% fetal calf serum (FCS).
From day 5 onward, the medium was supple-
mented with 50 pg/ml ascorbic acid and 10 mM
B-glycerol phosphate to support matrix deposi-
tion and mineralization. In some experiments,
cells were passaged at confluency and replated
at the densities noted above. Depending on the
experiment, 107 M dexamethasone (Dex)
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(Sigma Chemical Co., St. Louis, MO) was added
to the medium of passaged cells for the first
three feedings to induce and accelerate nodule
formation; however, those cells harvested dur-
ing the growth period for gene expression stud-
ies did not contain Dex. Medium was replen-
ished every 2 days.

Characterization of Osteoblast Proliferation and
Differentiation

For each experiment, differentiation was
monitored by histochemical staining for alka-
line phosphatase (APase) activity, mineraliza-
tion and matrix production, and by RIA for
osteocalcin production. APase was detected af-
ter incubating the cells for 30 min at room
temperature with shaking in 10 mM Tris HCI,
pH 8.4, containing 20 mg/ml disodium napthol
AS-MX phosphate and 40 mg/ml fast red TR
salt (Sigma Chemical Co). Mineralization was
assayed by von Kossa staining of cultures (30
min in 3% AgNO;) [Clark, 1981]. Cells and
matrix were revealed by staining with .05%
Toluidine blue. Secreted osteocalcin was quanti-
tated by radioimmunoassay procedure using
reagents described previously in detail [Gund-
berg et al., 1984]. Osteocalcin measurements
reflect the extent of osteoblast differentiation
by levels of synthesized osteocalcin that corre-
late to mineralization of the ECM [Aronow et
al., 1990]. To determine proliferation, cells were
grown on 22-mm Thermanox coverslips (USA
Scientific, Waltham, MA) and incubated with
triated thymidine (®H-thymidine) (New En-
gland Nuclear, Boston, MA) for 24 h at a concen-
tration of 1 pCi/ml. Cells were then rinsed twice
in ice-cold PBS and fixed in absolute methanol
(—20°C). Coverslips were then air dried over-
night. Autoradiography was performed using
liford K-5 emulsion as described by Baserga
and Malamud [1969]. Exposures were for 5-7
days at 4°C.

RNA Isolation

Total cellular RNA was isolated from frozen
cell pellets stored at —70°C by the Chirgwin
procedure [Chirgwin et al., 1979]. RNA was
resuspended in diethyl pyrocarbonate-treated
water, quantitated by absorbance at 260 nm,
and stored at —70°C. RNA samples were moni-
tored with respect to representation of ribo-
somal RNA (18S and 28S) as internal stan-
dards, and the intactness of the RNA was
ascertained by electrophoretic fractionation on

6.6% formaldehyde, 1% agarose gels, and
ethidium bromide staining. For Northern analy-
sis, 10 ug of total cellular RNA was fractionated
as described above, transferred to Zetaprobe
membranes (Bio-Rad, Rockville Centre, NY)
and cross-linked to the membranes by UV irra-
diation for 1 min. Probes were labelled with
(«-22P)dCTP to a specific activity of at least 1 X
10° dpm/ug DNA using Prime-it Il random
primer labeling kit (Strategene, La Jolla, CA).
Gene probes were gel purified inserts isolated
from plasmid DNA in 1% low melting point
agarose (Ausubel, 1989). Homologous inserts
include p53 [Soussi et al., 1988], alkaline phos-
phatase [Zernik et al., 1990], collagenase [Quinn
et al., 1990], and osteocalcin [Lian et al., 1989].
Non-homologous inserts include probes to mu-
rine c-fos [Miller et al., 1984], Bcl-2 [Nufiez et
al., 1990], Bax (Oltvai et al., 1993], Bcl-X, [Boise
et al., 1993], Msx-2 [Catron et al., 1993], and to
human histone H4 [Pauli et al., 1989], IRF-1
[Maruyama et al., 1989], and IRF-2 [Itoh et al.,
1989]. The prehybridization and hybridization
conditions were as described previously [Shal-
houb et al., 1991]. Blots were exposed to pre-
flashed XAR-5 X-ray film (Eastman Kodak Co.,
Rochester, NY) using a Cronex Lightning Plus
screen at —70°C for differing times depending
on probe. Autoradiograms were quantitated by
scanning laser densitometry using a UVP Gel
Documentation System (San Gabriel, CA). Data
were expressed in arbitrary densitometric units
after mRNA levels were normalized to the
amount of 18S ribosomal RNA determined from
the ethidium bromide-stained gel.

Isolation of DNA From the Cultured Cells

Cells were lysed in 10 mM Tris, pH 7.4, 1.5
mM EDTA, 1% SDS, and incubated with 200
png/ml proteinase K overnight at 37°C [Kypri-
anou and Isaacs, 1988]. The DNAwas extracted
once with phenol:chloroform:isoamyl alcohol
(25:24:1), then twice with chloroform:isoamyl
alcohol (24:1) and precipitated overnight at
—20°C in 0.3 M final concentration NaAcetate
and 2.5 volumes absolute ethanol. The samples
were centrifuged 30 min at 4°C at 12,0009 and
resuspended in TE buffer (10 mM Tris, 1 mM
EDTA). The concentration of DNA was deter-
mined by absorbance at 260 nm.

In Situ End-Labeling (ISEL) of Apoptotic Cells

Cell cultures were fixed on the days indicated
in 4% buffered paraformaldehyde for 10 min,



Apoptosis in Osteoblasts 35

and stored in 0.1 M cacodylate until staining by
the ISEL procedure as described by Gavrieli et
al. [1992]. Briefly, cultures were rinsed 4 times,
2 min each with distilled H,O (dH,0), endog-
enous peroxidase blocked by incubation in 2%
H,O, for 5 min and rinsed again with dH,0.
The cultures were then incubated in terminal
deoxynucleotidyl transferase (TdT) (Boehringer
Mannheim) buffer (TdT buffer) (30 mM Tris, pH
7.2, 140 mM NaCacodylate, 1 mM cobalt chlo-
ride), 0.3 enzyme units/pl TdT and biotinylated
dATP (Gibco) at 37°C for 1 h. The reaction was
stopped by removal of the TdT buffer and addi-
tion of termination buffer (TB = 2 X SSC, 300
mM NaCl, 30 mM NacCitrate) for 15 min at
room temperature. The cells were then washed
with dH,0, incubated with 2% BSA for 10 min,
and incubated with Avidin peroxidase complex
(Vector Laboratories, Burlingame, CA) for 30
min at 37°C. Negative controls received the
same procedure without the addition of TdT.
Labeled cells were identified by incubation with
diaminobenzidine substrate (Kirkegaard &
Perry Laboratories, Gaithersburg, MD) for 30
min until the reaction product developed.

Nucleosomal Fragmentation Assay

Ten-microgram aliquots of DNA isolated as
described above were suspended in gel loading
buffer containing 10 pg/ml ethidium bromide
and electrophoresed on 1.8% agarose gels in 1X
TBE buffer (0.089 M Tris-borate, 0.089 M boric
acid) at 5V per cm, then photographed under
UV transillumination. Alternatively, DNA was
end-labeled with [32P]-dCTP as described by
Rosl [1992]. Briefly, 1-10 pg of DNA was incu-
bated with 0.5 pCi dCTP and 5U Klenow poly-
merase in 10 mM Tris, pH 7.5, 5 mM MgCI, for
10 min at room temperature. The reaction was
terminated by the addition of 10 mM EDTA.
Unincorporated nucleotides were removed by
centrifugation over quick spin columns or by
ethanol precipitation. Total DNA recovered was
determined by absorbance at 260 nm and total
counts incorporated determined by scintillation
counting. DNA was electrophoresed as de-
scribed above, the gel dried for 3 h and exposed
to Kodak XAR film for autoradiography.

RESULTS
Apoptosis Is Functionally Linked to
Differentiation of the Osteoblast Phenotype

Individual apoptotic cells were localized in
primary cultures of calvarial rat osteoblasts by

a sensitive in situ end-labeling technique [Gav-
rieli et al., 1992]. During the proliferative pe-
riod (near monolayer confluency) in these cul-
tures, a low percentage of individual apoptotic
cells is observed randomly throughout the cell
layer as evidenced by ISEL staining (Fig. 2A
and B). As nodules form, more apoptotic cells
appear in the pre-mineralized multilayered cell
nodule (Fig. 2C and D). With progressive devel-
opment of the nodules and mineralization of
the extracellular matrix (ECM), a marked in-
crease in the proportion of cells in the nodule is
labeled. The apoptotic cells are predominantly
associated with the central areas of the nodule
where mineral deposition is initiated (Fig. 2E
and F). In late stage cultures after day 30, an
increase in the number of apoptotic cells ap-
pears dispersed throughout the entire mineral-
ized nodule (Fig. 2G and H) and some are still
detected in the internodular regions. Higher
magnification (Fig. 21) clearly shows strong in-
tranuclear staining reflecting chromatin frag-
mentation.

This in situ labeling method can detect ne-
crotic cells, since it relies on the availability of
free 3'-OH termini of DNA; and in necrosis, the
DNAis degraded at random intervals [Wijsman
et al.,, 1993]. Thus, we verified that the cell
death we observe during osteoblast differentia-
tion is due to apoptosis and not necrosis by
demonstrating that DNA is degraded into oligo-
nucleosomal-sized fragments characteristic of
apoptosis. These fragments could not be visual-
ized after agarose gel electrophoresis and
ethidium bromide staining, except in the ma-
ture fully mineralized cultures after day 28
(data not shown). Because the number of apop-
totic cells was relatively low compared to the
total number of viable cells throughout the cell
layer, especially during the early and mid stages
of osteoblast maturation, we used the more
sensitive method of end-labeling the isolated
DNA with [32P]dCTP to detect nucleosomal deg-
radation.

Figure 3A shows the autoradiographic detec-
tion of nucleosomal fragmentation of DNA iso-
lated from cells harvested at different stages of
osteoblast differentiation. Osteocalcin synthe-
sis, a marker of the mature osteoblast pheno-
type, is presented as an indicator of the extent
of osteoblast differentiation in this experiment
(Fig. 3B). On day 7, the DNA ladder was clearly
evident reflecting the in situ labeled cells
throughout the cell layer at confluency shown



Fig. 2. Localization of apoptotic cells in cultures of fetal rat
calvaria during the development of bone tissue-like organiza-
tion. Fetal rat osteoblast were grown in culture for varying
lengths of time, then fixed and labelled with TdT to identify
apoptotic cells as described in Materials and Methods. All of the
cultures depicted here were obtained from the same experiment
in which the cells were at monolayer confluency on day 10 (A,
B), began multilayering day 14 (C, D), and had initiated nodule
mineralization by day 22 (E, F), which was well developed by
day 29 (G, H). A: Day 10, X6.3 magnification, phase contrast
showing a confluent monolayer of cells. B: Bright field micro-
graph of the area shown in A revealing scattered apoptotic
labelled cells (represented by black nuclei). C: Day 14, X10

phase contrast of developing nodule (center). D: Bright field
micrograph (X10) of the area shown in C showing numerous
labelled cells in the region of cellular multilayering. E: Day 22,
X 6.3 phase contrast and (F) bright field micrograph showing a
small mineralizing nodule with numerous labelled cells associ-
ated distinctly with the nodular area. G: Day 29, X6.3 phase
contrast of a large, well-developed nodule (large asterisk) and a
smaller one (small asterisk). H: Bright field micrograph of the
area represented in G showing apoptotic cells predominantly
associated with the nodule (surrounded by arrowheads). I: Higher
magnification (xX32) of labelled cells to demonstrate intra-
nuclear staining of the dying cells. In several cells, the chroma-
tin is condensed (arrowheads).
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in Figure 2A,B. This representation of nucleo-
somal fragments remained constant in the pre
and early mineralized stages of nodule forma-
tion (day 14-25 cultures). By day 29, with ongo-
ing extracellular matrix mineralization, a dra-
matic increase in nucleosomal fragments was
observed. The DNA isolated from cultures on
day 29 appears partially cleaved into nucleo-
somes; however, distinct oligonucleosomal bands
are resolved with lighter exposure of the autora-
diograph (not shown). In multiple experiments,
this pattern of DNA degradation is evident at
these later points. This reflects a significant
increase in the number of cells initiating or
undergoing apoptosis during the period of rapid
accumulation of mineral throughout the nodule
(see Fig. 2G and H). On day 34, there appears to
be a marked increase in nucleosomal degrada-
tion (Fig. 3, lane 34). At this time point, all
nodules throughout the culture are completely
mineralized. An apoptotic cell population on
day 34 is clearly evident in the floating (non-
adherent) cells that appear in media (Fig. 3,
lane 34f).

We addressed the relationship of apoptosis to
osteoblast differentiation, which occurs concomi-
tant with extracellular mineralization, as op-
posed to cell senescence during the 5-week cul-
ture period. Cells grown in the absence of B-
glycerophosphate (BGP) exhibit delayed
mineralization of the nodules (Fig. 4) and devel-
opmental expression of the osteoblast pheno-
type. This is reflected by the low levels of osteo-
calcin secreted into the media (Fig. 5). Very few
apoptotic cells are observed in the non-mineral-
ized nodule (Fig. 4B) when compared to a min-
eralized nodule of the same size and duration of
culture (see Fig. 2E and F). In the non-mineral-
ized cultures, the appearance of apoptotic cells
in the internodular monolayer region of the
culture is similar to that observed in mineraliz-
ing cultures. Figure 5 shows that nucleosomal
degradation is non-detectable in the minus BGP-
treated cultures on day 25 to 29 (non-mineral-
ized cultures) when compared to mineralized
cultures on these days (see Fig. 3). The nucleo-
somal ladder observed on days 14 through 29
reflects the apoptotic cells throughout the inter-
nodular regions of the culture and in associa-
tion with the multilayered nodule formed by
day 22.

A second experimental approach was pur-
sued to confirm the relationship of osteoblast
apoptosis to differentiation. In the absence of

ascorbic acid, collagen synthesis is low, cells do
not form nodules (Fig. 4C and D), alkaline
phosphatase activity is minimal [Aronow et al.,
1990] and, therefore, no mineral is deposited
because of the lack of formation of an organized
and competent ECM. The 100-fold reduction in
osteocalcin secreted in media on day 29 from
these cultures (Fig. 5) reflects that maturation
of the osteoblast is inhibited. Examination of
nucleosomal fragmentation in cells grown in
the absence of ascorbic acid reveals that, al-
though there is some nucleosomal degradation
evident on days 7 to 14 (data not shown), this
does not persist. No enhancement of DNA frag-
mentation is observed on day 29 (Fig. 5). There-
fore, inhibiting the development of the mature
osteoblast phenotype by inhibiting nodule for-
mation and mineralization inhibits apoptosis of
the cells. These findings suggest a linkage be-
tween apoptosis and development of mature
bone-like tissue formation marked by nodule
formation, and to a greater extent mineraliza-
tion of the nodule ECM.

To establish further that apoptosis is related
to differentiation of the cells to the mature
osteoblast phenotype, we grew cells in condi-
tions that enhance differentiation. Supplemen-
tation of the culture medium with Dex for the
first three medium changes, days 3, 5, and 7
after plating, results in accelerated nodule for-
mation and mineralization (Fig. 6). A 7-fold
increase in secreted osteocalcin is observed in
the Dex-treated cultures on day 20 compared to
the -Dex reflecting the extensive formation of
mineralized nodules. Analysis of nucleosomal
ladder formation shown in Figure 6 reveals
that the extent of apoptosis in the day-12 cul-
tures (beginning of nodule formation) is equiva-
lent in the presence or absence of Dex. How-
ever, an increased nucleosomal fragmentation
occurs with mineralization by days 16 and 20
when osteoblast differentiation is accelerated
by Dex. In the experiment represented here,
the development and mineralization of nodules
was more rapid in the Dex-treated group than
in the primary cultures presented in Figure 3.
In both experiments, the onset of apoptosis
detected by the in situ labeling coincides with
the onset of mineralization. Thus, the acceler-
ated maturation of the nodules in this experi-
ment is paralleled by an increasing incidence of
apoptosis through time in these cultures. These
observations support the concept that apopto-
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Fig. 3. Nucleosomal degradation in cultured fetal rat calvarial
cells during development of the osteoblast phenotype. A: Auto-
radiography of end-labeled DNA after gel electrophoresis of
equal amounts of DNA (200 ng) reveals low-level endonucleo-
somal degradation during growth (day 7), early nodule forma-
tion (day 14), and the matrix maturation period (days 20-25), up
to the stage of advanced mineralization of the ECM (day 29). A
significant level of the cell layer DNA on day 34 is represented
in oligonucleosomal bands. Lane 34f represents DNA isolated
from cells found floating in the culture medium on day 34. Since

sis is essential for bone-like tissue organiza-
tion.

Parameters of Gene Expression Associated With
Osteoblast Apoptosis

We have observed the selective appearance of
apoptotic cells during osteoblast differentiation
initially dispersed throughout the cell layer in
proliferating cultures. Later, in differentiated

the same amount of DNA was loaded in each lane, lane 34f
appears overloaded only because the majority of the DNA from
the detached cells is fragmented. With a shorter exposure,
distinct ladder bands are observed; however, the longer expo-
sure is necessary to reveal the endonucleosome degradation in
the cells attached to the dish (days 7 through 25). Lane 123
represents DNA size markers. B: Osteocalcin synthesis (ug/ml
secreted in media, 48-h accumulation) was monitored to reflect
the osteoblast differentiation. Note a 56% decrease in osteocal-
cin on day 34 in the apoptotic stage from day 29.

cell cultures, apoptotic cells are concentrated to
mineralized areas. On this basis we examined
the expression of genes that regulate pro-
grammed cell death as a function of develop-
ment of the osteoblast phenotype. Analysis of
gene expression characterizing the growth pe-
riod (Fig. 7A) and subsequent stages of differen-
tiation (Fig. 7B) reveal the following distinc-
tions. The period of active proliferation is
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Fig. 4. Detection of apoptotic cells (TUNEL procedure) in cultures of fetal rat calvarial osteoblasts, which did not
differentiate. A: Phase contrast and (B) bright field micrographs of day-28 osteoblasts maintained in MEM with 10%
fetal calf serum and ascorbate, but lacking supplementation with 10 mM B-glycerol phosphate. Asterisk indicates
representative nodule throughout the cultures that are not mineralized. C: Phase contrast and (D) bright field of
day-18 osteoblasts maintained in the absence of ascorbic acid with media containing only 10% FCS. Note that

nodules have not formed in these cultures. X6.3.

reflected by expression of the histone H4 gene
(coupled to DNA synthesis) and cdc2 and cdk2,
two cell cycle regulatory proteins, on days 1 and
8. After monolayer confluency (day 8), levels of
these mMRNAs decline. Notably, a slight in-
crease in histone gene expression occurs on day
14, reflecting the completion of cellular multilay-
ering to form the nodules and again on day 27.
Higher levels of c-fos, IRF-1, and IRF-2 (Fig.
7A) are observed on days 1 and 8 compared to
the post-proliferative differentiating stage (days
14-22). We observe the expression of c-fos and
IRF-1 as well as IRF-2 to be significantly higher
on day 27 than in the proliferating period (days
1 and 8). The increases in mMRNA levels from
day 22 to 27 are 5.3 (c-fos), 6.0 (IRF-1), and 4.1
(IRF-2) fold (see Fig. 8, which presents quanti-
tation of the Northern blot analyses). In con-
trast, cdc2 mRNA levels were undetectable and

only a small increment in histone and cdk2
mRNA levels (1.2-fold) are observed. These find-
ings suggest that the rise in mMRNAs of c-fos,
IRF-1, and IRF-2 may be more related to apop-
totic events than to cell growth. This suggestion
is substantiated by analysis of cell proliferation
throughout the culture period (Fig. 9).
Autoradiography after incorporation of 3H-
thymidine by the cells at different stages of
differentiation shows uniform labeling of cells
throughout the plate during the growth period
(Fig. 9a, day 2) and labelled cells were associ-
ated with expansion of the nodule in the matrix
maturation phase (Fig. 9b, day 14). In contrast,
only a small population of proliferating cells
were observed in the heavily mineralized cul-
tures and these cells were localized to the apex
of the mineralized nodule with a few peripheral
labelled cells (Fig. 9c). Electron microscopic
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Fig. 5. Nucleosomal fragmentation of DNA isolated from cells
cultured in conditions that inhibit development of the osteoblast
phenotype. Rat calvaria-derived osteoblasts are grown in the
absence of B-glycerophosphate (-3GP), which promotes min-
eral deposition or absence of ascorbic acid (-AA), a requirement
for matrix synthesis and expression of the osteoblast phenotype.
Top: DNA isolated from cells grown in these conditions shows
that DNA degradation is evident on days 14 to day 22, but little
thereafter. Induced levels on day 29 were not observed as
shown in control cultures presented in Figure 2. The end-
labeling of the samples in Figure 2 and in these samples was
done at the same time, as well as exposure for autoradiography
for the same length of time. Hence, the degree of apoptosis
indicated in Figure 2 and here may be directly compared from
the intensity of the bands on the autoradiogram. Bottom: Se-
creted osteocalcin measured in 48-h conditioned media by a
radioimmunoassay reflects the extent of osteoblast differentia-
tion.
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Fig. 6. Apoptosis is increased in osteoblasts cultured in condi-
tions that support phenotype differentiation. Cells were subcul-
tivated on day 5 of primary culture and grown in the presence of
dexamethasone from days 3 through 9 (required for osteoblast
differentiation in passaged cells) or in the absence of dexametha-
sone and harvested at the indicated days. A: Autoradiography
after electrophoresis of equal amounts of DNA (250 ng) reveals
increasing amounts of nucleosomal breakdown through time in
culture (+ Dex). B: Osteocalcin synthesis (secreted in media, 48
h) reflects osteoblast differentiation and mineralization of nod-
ules formed in + Dex treated cultures of passaged cells com-
pared to control (— Dex) cultures.
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cross-sections of the mature mineralized nod-
ule were examined to reveal dividing and apop-
totic cells in relation to tissue organization.

Expression of the bone phenotypic genes (Fig.
7B) shows increasing alkaline phosphatase ex-
pression from day 8 to 22, reflecting the matrix
maturation period. The onset or initiation of
mineral deposition on day 14 is reflected by the
10-fold rise in osteocalcin from day 8. Collage-
nase expression also increases post-prolifera-
tively and is maintained at a significant level
throughout osteoblast differentiation. In iso-
lated osteoblasts, Msx-2 mRNA, represented by
two transcripts 2.2 and 1.4 kd [Bell et al., 1993],
is downregulated after proliferation [Hoffmann
et al., 1994], but in these studies we show
Msx-2 becomes significantly increased on day
27. We find that the 1.4 Kd transcript of Msx-2,
which declined sharply after day 1, is increased
6-fold from day 22 to day 27 while the 2.2 Kd
band increases 3.3-fold. Taken together, the
relatively few SH-thymidine labelled cells on
day 25 (Figure 9) and the modest increase in
histone H4 expression on day 27 (from day 22)
suggest that the significant increased expres-
sion on day 27, of Msx-2, c-fos, and the IRFs,
may be associated primarily with the apoptotic
cell population.

Expression of genes specifically associated
with regulation of programmed cell death were
examined throughout the course of osteoblast
differentiation (Fig. 7C). The Bcl-2 gene, an
inhibitor of apoptosis, could be detected at low
levels by Northern blot analysis. The normal-
ized densitometric values plotted in Figure 8
show the highest Bcl-2 mRNA levels were ob-
served on day 8 through 22, with lower mRNA
levels on days 14 and 27; but Bcl-2 was non-
detectable on day 1, the peak of proliferation.
Bcl-X,, another gene related to suppression of
apoptosis and associated with long-term post-
mitotic cells [Boise et al., 1993], was well repre-
sented in the osteoblast preparations. We ob-
served high Bcl-X; mRNA levels during the

Fig. 8. Quantitation of Northern analyses of osteoblast ex-
pressed genes. Profiles of expression for each gene are repre-
sented as percent maximal expression. Each bar in a gene
profile is the average of 2 determinations (one of these is shown
in Fig. 7), each normalized to 18S ribosomal RNA from the
ethidium bromide-stained gel. Autoradiograms were quantified
by scanning densitometry using a UVP Gel Documentation
System. A: Growth-related genes. B: Genes characterizing the
osteoblast phenotype. C: Apoptosis-related genes.
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growth period, days 1 and 8, a decline and then
an increase on day 27 to maximal expression
(from 42% day 22 to 100% day 27). Bax, which
is well documented to promote apoptosis or
accelerate programmed cell death, was ob-
served to be expressed at maximal levels in the
day-27 cultures. Day 1 mRNA levels of both
transcripts were 70-79% of the day-27 expres-
sion with lower levels at intervening times (Fig.

8C). Expression of the tumor suppressor, p53,
also an inducer of apoptosis, parallels mRNA
levels of Bax with the highest levels observed
on day 1 (66%) and day 27 (100%).

DISCUSSION

Our results suggest that cell death by apopto-
sis is a component of the developmental expres-
sion of the osteoblast phenotype. A small per-
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Fig. 9. Autoradiography of 3H-thymidine pulsed rat osteoblast
cultures. Proliferating cell populations are distributed on: (a)
Day 7, uniformly throughout the cultures; (b) day 14, primarily
in the area of the growing nodules; (c) day 25, sparsely at the
periphery of the nodule and a few cells clustered at the apex of
the mineralized nodule. Cells were labelled with 3H thymidine
and fixed as described in Materials and Methods. Cell layers
were stained with Toluidine blue to reveal nodules and cells. B
was stained for alkaline phosphatase activity (grey area) to
better show the nodule boundary.

centage of dying cells are observed throughout
the culture in the early stage of growth. These
cells may represent a subpopulation that be-
came apoptotic when isolated from the bone
tissue or following proliferation in vitro, lacked
additional signals necessary for survival. These
signals may derive from a surrounding ECM,
intercellular communication, and cytokines or
growth factors that associate with the mineral-

ized bone ECM [Birnbaum and Wiren, 1994;
Tang et al., 1996; Breen et al., 1994; Hauschka
et al., 1986], providing a unique microenviron-
ment for osteoblast viability. In other systems,
apoptosis is induced by growth factor with-
drawal or hormone ablation [Batistatou and
Greene, 1993; Kyprianou and lIsaacs, 1988;
Duke and Cohen, 1986]. Accumulation of an
ECM might function to support survival of at
least a subpopulation of cells in these cultures.
This requirement of an ECM for cell viability is
not unique to osteoblasts. The studies of Ish-
izaki et al. [1995] show that cells cultured at
low density in the absence of serum and exog-
enous signalling molecules undergo PCD, sug-
gesting that they need extracellular signals to
avoid apoptosis. This is particularly relevant to
survival of mammary epithelial cells [Bou-
dreau et al., 1995]. Thus apoptosis may be
activated in some osteoblasts isolated from the
tissue stripped of their ECM environment.

Apoptosis becomes a prominent feature of the
in vitro culture in the late mineralization stage
during the development of the mature osteo-
blast phenotype, the differentiated osteocyte.
We confirmed biochemically that the cell death
observed in these cultures is indeed due to
apoptosis and not necrosis by observing the
degradation of DNA into oligonucleosomal frag-
ments. The relationship of apoptosis to the final
stage of osteoblast differentiation, when the
cells mature into osteocytes surrounded by min-
eralized matrix (Fig. 1), is supported by our
findings that nucleosomal fragmentation is not
evident under conditions that do not support
bone-like tissue formation (Figs. 4, 5, and 6).
The absence of ascorbic acid from the media to
prevent nodule formation and the absence of
B-glycerophosphate during the culture period
to inhibit ECM mineralization inhibit apopto-
sis. Conversely, acceleration of differentiation
by dexamethasone leads to an earlier increase
in the number of apoptotic cells.

The significant increase in the representa-
tion of apoptotic cells distributed largely
throughout the nodule is coincident with exten-
sive mineralization of the extracellular matrix.
The sustained increase in collagenase in differ-
entiated cells reflects both viability of the cul-
tures and the contribution of collagenase to
extracellular matrix “editing.” Our findings pro-
vide the first in vitro evidence for programmed
cell death occurring in osteoblast/osteocyte-like
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cells associated with the mineralizing matrix.
This may be a consequence of the inability of all
the osteoblasts synthesizing matrix in a nodule
in vitro to further differentiate because the cell
cannot reside in a lacuna surrounded by min-
eralized matrix and interact through cell pro-
cesses with other osteocytes. Our results in
vitro are consistent with in vivo reports of mor-
phological changes in osteocytes that suggest
apoptosis in bone [Zimmerman, 1992; Jande
and Bélanger, 1973; Frost, 1960; Bronckers et
al., 1996a]. In vivo the majority of dying osteo-
cytes are phagocytized by osteoclasts [Bronck-
ers et al., 1996a], which are lacking in our
cultures. Quite commonly in vitro apoptotic cells
are released into the media if they cannot all be
phagocytized by neighboring cells. This is appar-
ent in our model where the floating cells have
DNA degraded into nucleosomal fragments.
The upregulation of several markers of apop-
totic events during the mineralization period
may reflect activation of signalling cascades
implicated in programmed cell death. Early cell
cycle and apoptotic events are related [re-
viewed in Meikrantz and Schlegel, 1995]. Ex-
pression of c-fos appears to precede terminal
differentiation and cell death [Smeyne et al.,
1993; Preston et al., 1996]. C-fos also precedes
differentiation of osteoblasts [McCabe et al.,
1996; Machwate et al., 1995]. Both in vivo “gain
of function” studies in transgenic mice [Grigoria-
dis et al., 1993] and in vitro expression and
antisense studies in vitro [McCabe et al., 1996],
demonstrate c-fos is a key regulator of osteo-
blast maturation. The involvement of cdc2 and
cdk2 kinase complexes have been postulated
among the many biochemical mediators acti-
vated during cell death. These enzymes are key
components of the cell cycle machinery with
cdc2 regulating the G2/M transition. Cdc2
mMRNA is precipitously downregulated post-
proliferatively and is not detected on day 27
consistent with the low representation of divid-
ing cells. In contrast, cdk2, which acts during
Gl and S phase in mammalian cells [Nurse,
1994; Hunter and Pines, 1994], increased on
day 27, which may reflect a role in apoptotic
events. The significant upregulation of c-fos,
IRF-1 and 2, and p53, appear to be related to
apoptotic events during the mineralization pe-
riod since other genes involved in proliferation
are maintained at lower levels on day 27 (his-
tone, cdc2). The slight increase in histone gene
expression and localization of the 3H thymidine

labeled cells to the nodule suggest that some
compensatory proliferation is ongoing, but not
enough to account for the dramatic upregula-
tion of the genes we observe. p53 blocks cells in
the G, phase of the cell cycle and has been
associated with the propensity of some cells to
undergo apoptosis [Clarke et al., 1993; Lowe et
al., 1993; Kastan, 1993]. p53 expression is nor-
mally induced by DNA damage and it appears
essential for the attended block in cell cycle
progression and the consequential apoptosis
[Lane, 1992; Donehower and Bradley, 1993].
Both p53 and IRF-1 may converge to regulate
cell cycle control [Tanaka et al., 1996], but each
may operate distinct apoptotic pathways
[Tamura et al., 1995]. The disproportionate in-
creases in IRF-1 and IRF-2 may be related to
p53 independent pathways associated with de-
regulation of growth control [Tamura et al.,
1995; Tanaka et al., 1994].

The homeodomain protein Msx-2, which is
significantly upregulated on day 27, may be
involved in a signaling mechanism leading to
apoptosis during osteoblast differentiation.
Msx-2 expression in vivo requires epithelial-
mesenchymal interactions and is related to limb,
mandible, and tooth development [MacKenzie
et al., 1992; Davidson et al., 1991]. The region
of mesenchymal cells expressing the Msx-2 gene
overlaps with areas of developmentally pro-
grammed cell death [Davidson et al., 1991;
Coelho et al., 1991; Graham et al., 1993], but
precedes apoptosis in a precisely co-localized
pattern within rhombomeres 3 and 5 that be-
come depleted of neural crest cells [Coelho et
al., 1991; Graham et al., 1993]. During in vitro
growth of osteoblasts, Msx-2 is downregulated
post-proliferatively. Thus, the increased levels
of Msx-2 expression in the mineralization pe-
riod may be related to apoptosis associated
with cellular organization of the bone forming
tissue. Notably, Msx-2 is a negative regulator of
the bone specific osteocalcin gene [Towler et al.,
1994; Hoffmann et al., 1994, 1996] consistent
with osteocalcin downregulation during apopto-
sis.

The different profiles of expression for spe-
cific regulators of programmed cell death paral-
lel the representation of apoptotic cells during
development of the osteoblast phenotype. Bcl-2,
which inhibits apoptosis [Alnemri et al., 1992;
Wagner et al., 1993; Korsmeyer, 1992b], is de-
tectable between days 8 and 22 when low num-
bers of apoptotic cells are evident throughout
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the matrix maturation stage of osteoblast differ-
entiation. Bcl-2 may function through a mecha-
nism that has been attributed to providing pro-
tection against oxidative damage [Hockenbery
et al., 1993]. The osteoblasts in the mineraliz-
ing cultures may be experiencing modifications
in oxidative metabolism analogous to hypertro-
phic chondrocytes in relation to cartilage ma-
trix calcification [Matsumoto et al., 1988; Sha-
piro et al., 1982] that leads to apoptosis of the
hypertrophic chondrocytes [Hatori et al., 1995].

Bcl-X, (an isoform of Bcl-X) is a Bcl-2-related
gene product that heterodimerizes with the
death-promoting Bax [Oltvai et al., 1993] and
can inhibit apoptosis as effectively as Bcl-2 in
thymocytes [Chao et al., 1995], but cell-type
specific effects have been observed [Shimizu et
al., 1995; Gottschalk et al., 1994]. We show
Bcl-X, exhibits a reciprocal profile of expres-
sion compared to Bcl-2 during osteoblast differ-
entiation. The highest expressed levels of Bcl-X,
are observed when cells are first isolated from
the tissue during their growth period prior to
the accumulation of an ECM. Bcl-X, functions
by forming ion-channels, a finding that may be
of particular relevance to osteocytes that main-
tain bone integrity by communication with each
in a mineralized environment. Dissociation from
the bone matrix may trigger Bcl-X, to sustain
cell viability [Minn et al., 1997]. By day 14, an
ECM has accumulated accounting for 10-15%
of the total cell layer protein [Aronow et al.,
1990]. Thus, Bcl-X, may play a more active role
during development of the osteoblast pheno-
type to protect cells from cell death until they
can support themselves within an extracellular
matrix. Bcl-X, expression decreases until day
27, then is induced to high levels when exten-
sive apoptosis in mineralizing nodules is ongo-
ing. Perhaps this increase reflects protection of
a subset of cells in an apoptotic environment.
These questions will be resolved in future stud-
ies identifying expression of Bcl-2 and Bcl-X_ at
the single cell level.

Expression of Bax mRNA parallels Bcl-X_
levels with high levels detected when the cells
are first isolated from the tissue and again in
the apoptotic period. Overexpressed Bax
counters the death repressor activity of Bcl-2
[Oltvai et al., 1993], which is not detected dur-
ing the initial growth period. Thus signalling
cascades leading to activation of Bax may occur
when non-dividing cells are removed from the
in vivo environment without sufficient support

for survival during the growth period, and again
when cells need to be deleted as a consequence
of the final stage of maturation to the termi-
nally differentiated osteocyte in the day-27 cul-
tures.

Apoptosis is a fundamental process of embry-
onic bone development, e.g., deleting domains
of mesenchymal cells to formation of the digits
and long bone growth and deleting the hypertro-
phic zone for long bone growth in vivo. Our
demonstration of apoptosis during differentia-
tion of cultured osteoblasts provides a model for
addressing molecular mechanisms and signal-
ling pathways that may regulate decisions for
osteoblast-osteocyte differentiation as well as
osteocyte survival. We interpret our findings,
demonstrating the relationship between pro-
grammed cell death and osteoblast differentia-
tion, to support the hypothesis that apoptosis of
cells in the osteoblast lineage is an important
component of bone tissue development. Further-
more, recognition of apoptosis as a fundamen-
tal component of maintaining normal bone in-
tegrity suggests that derangements in the
ability of osteoblasts to undergo apoptosis might
be implicated in skeletal pathologies and aging.
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