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Bone histomorphometric analysis of the proximal tibia
showed that bone formation rate (BFR/BS) and the
osteoblast surface (Ob.S/BS) were significantly decreased
in both female and male AtmKO mice (Fig. 2). The
osteoclast surface (Oc¢.S/BS) was also reduced in the KO
mice, suggesting that both bone formation and resorption
were suppressed in AtmKO mice and that the observed
osteopenic phenotype was caused mainly by impaired bone
formation.

Cellular basis of impaired bone formation

To determine whether impaired bone formation was due
to a cell autonomous defect, in vitro ostcoblastogenesis
assays were performed. The number of CFU-F (Fig. 3A),
CFU-ALP (Fig. 3B), and CFU-OB (data not shown) were
significantly reduced in the bone marrow of AtmKO mice.
The decrease in CFU-F, which reflects the number and/or
proliferative potential of mesenchymal progenitors, sug-
gested that the defect was not specific to the osteoblastic
lincage but involved other lineages as well. In fact, the
number of CFU-adipocyte was also reduced (data not
shown). We performed osteoblastogenesis assays in the
presence of N-acetyl cysteine (NAC) to reduce oxidative
stress, which often affects cell proliferation and induces
senescence of primary cultured murine cells. As shown in
Figs. 3A and B, supplementation with NAC increased the
number of CFU-F and CFU-ALP in bone marrow cultures
from control mice, but not in cultures from AtmKQO mice.
Notably, the ratio of CFU-ALP to CFU-F was not markedly
altered between the genotypes, suggesting that differentia-
tion, especially the ability to differentiate into osteoblasts,
was not impaired in AtmKO mice.

To address the guestion whether the absence of Atm
affected the differentiation process, osteoblasts were
isolated from calvarias of homozygous and heterozygous
knockout mice and cultured in vitro. As shown in Fig. 3C,
calvaria-derived osteoblastic cells differentiated at compa-
rable levels, suggesting that the differentiation potential of
osteoblasts was not impaired in AtmKO mice. Together,
with results from the CFU assays, these data collectively
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suggested that the impaired bone formation was not due to
a defect in the differentiation program of osteoblasts per
se but to the proliferative potential of mesenchymal
progenitors.

As for the hematopoietic lineage, M-CSF-dependent
proliferation of bone marrow cells from AtmKO mice did
not differ from that of control mice (Fig. 4A). When
osteoclastogenic potential was assessed in bone marrow
cultures with M-CSF and RANKL, neither the number of
TRAP-positive multinucleated cells formed (Fig. 4B) nor
their morphology (Fig. 4C) differed between the genotypes.

Reduced IGFI receptor with activation of p38 in
Atm-deficient marrow stromal cells

To gain some insight into the molecular mechanism
undertying the impaired proliferation of mesenchymal
progenitors in AtmKO mice, the expression of molecules
involved in ATM signaling was analyzed by immunoblot-
ting. As shown in Fig. § (right lane), the level of
phosphorylated p38MAPK (P-p38) was elevated in marrow
stromal cells derived from AtmKO mice, while the total
amount of p38 in the experimental and control cultures did
not differ. By contrast, the expression of IGF-I receptor
(IGF1R) was markedly reduced in AtmKO-derived marrow
stromal cells compared with control cells (Fig. 5A). The
level of Abl, a downstream effector molecule involved in
the ATM pathway, did not differ between the genotypes.
Next, we determined whether the IGF response was
impaired in cells derived from AtmKO mice. As shown
in Fig. 5B, control cells responded to IGF with increased
proliferation, whereas the response to IGF was severely
impaired in the stromal cells from AtmKO mice, suggesting
that a decline m the expression level of IGFIR causes IGF-
dependent proliferation in AtmKO mice.

Discussion

In the present study, we demonstrate that AtmKO mice
show reduced bone formation due to a proliferative defect in
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Fig. 2. Bone histomorphometric analysis of AmmiKO mice. Decreases in bone formation rate (BFR/BS, leth), osteoblast surface (Ob.8/BS, center), and osteoclast
surface (Oc.S/BS, right) were measured from the proximal tibias of male AtmKO (KO) mice and compared with heterozygous (C) littennate controls. Data
expressed are the means = SD. “P < 0.05, significanily different from the respective heterozygous control group.
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Fig. 3. Colony formation assay of bone marrow cells and calvarial osteoblast differentiation. (A)y CFU-F in bone marrow cells derived from AtmKO (KO)
or littermate wild-type or heterozygous control (C) mice {n = 3~5) are shown. (B} CFU-ALP. Note the significant reductions in both CFU-F and CFU-ALP
(P < 0.05, KO versus control). N-acetyl cysteme (NAC, 10 mM) improved the numbers of CFU-F and CFU-ALP in control but not in cells from AtmKO mice.
(C, upper panel) A representative photograph of the wells stained for ALP activity. Lower panel, relative ALP of calvarial cell cultures. No significant
difference in morphology or ALP activity was observed between knockout (KO) and controls (C). Data represent the means + SD. *P < 0.05 and °P < 0.005,
significantly different from the respective control group. No significant difference was detected in the presence or absence of NAC in KO cells either in CFU-F

or CFU-ALP assays.

mesenchymal progenitor cells, in addition to other age-
related disorders observed in the human syndrome, AT,
mchiding neurodegeneration, immune defects, tumor for-
mation, and genomic instability [7--9]. It has been
suggested that, in mice as well as in humans, age-related
decline in ostecoblast number and fanction is caused by a
decrease in number and proliferative potential of mesen-
chymal stem cells [16-19]. AtmKO mice recapitulate these
cellular defects as carly as 10 weeks of age. At this age,
there are no signs of lymphoma or severe growth retardation
in KO mice [7], suggesting that the bone phenotype is not
caused by the secondary effects of those defects. The
difference in bone mass between genotypes was more
pronounced with age. The loss of bone mass associated with
age may be accelerated by other abnormalities, such as
growth retardation, lymphoma, immune defects, and
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cachexia. Importantly, we have shown in this study that
the bone marrow cells exhibited a cell autonomous defect in
proliferation. Therefore, it is suggested that the impairment
in bone formation with a proliferative defect in bone marrow
stem cells causes the osteopenic phenotype in AtmKO mice,
although we cannot exclude the possibility that the defects
such as T-lymphopenia and hypogonadism affected the bone
phenotype of more aged mice. The microstructural alter-
ations in the lumbar vertebrae of AtmKO mice are also
similar to those observed in naturally aging C57BL/6J mice
[26]. Thus, AtmKO mice may provide a suitable model to
study the pathophysiology of senile osteoporosis without the
necessity of raising them for 2 to 3 years.

Recently, Bonyadi et al. reported that Scal KO mice
develop an age-dependent osteopenia [217. Scal KO mice
exhibit a decrease in the nwnber of osteoprogenitors as well

C

KO C

Fig. 4. M-CSF-dependent proliferation and in vitro osteoclastogenesis of bone marrow cells. (A) No obvious difference in M-CSF-dependent [*H]thymidine
incorporation info bone marrow cells was detected. (B) The number of multinucleated TRAP-positive cells derived from bone marrow cells in the presence of
RANKL and M-CSF. No significant difference between the cells from AtmKO (KO) and littermate conirol (C) mice was observed. (C) TRAP staining of the
in-vitro-generated multinucleated cells.
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Fig. 5. Expression analysis of IGF-1 receptor in bone marrow cells. (A)
Total cell lysates of bone marrow sitomal cells from wild-type (C, lett lane)
or Atm knockout (KO, right lane) were subjected to immunoblot analyses.
Top panel (P-p38), activated {phosphorylated) p38. Second panel (p38),
total p38 MAP kinase. The activated p38 is only detected in AtmKO. These
two panels were from a membrane blot. Third panel (IGF-IRp), probed
with antibody against the insulin-like growth factor receptor 2 subunit. The
upper {open arrowhead) and lower {closed arrowhead) bands correspond
to unprocessed and processed p subunit protein. respectively. Fourth panel
(c-Abl) shows expression level of c-Abl protein. The bottom panel, probed
with anti-tubulin antibody to control for protein loading in the last three
panels (IGF-IRP, c-Abl). (B) IGF-I response. Bone marrow stromal cells
from Atm knockout (KO) or wild-type (C) were cultured with or without
IGF-L Incorporated thymidine was measured and displayed as fold change
(%) compared to culture without IGF for each genotype. °P < 0.005; n.s,,
not significant.

as CFU-F and have a non-cell autonomous defect in
osteoclasts [21]. Although defects of osteoblasts and
osteoclasts are similarly observed in AtmKO mice, the
expression of Scal mRNA was not altered in AtmKO mice
(data not shown). Additionally, the onset of the bone
phenotype in Scal KO (~12 months of age) was very late,
compared with that of AtmKO mice (~ 10 weeks). Thus, the
impact of ATM deficiency on bone formation was more
severe than that of Scal deficiency.

It has been reported that AtmKO mice showed reduced
numbers of leukocytes in the circulation as well as bone
marrow [7-9,22]. Although osteoclast surface was reduced
in the bone of AtmKO mice, osteoclastogenic potential as
well as M-CSF-dependent cell proliferation in vitro was
normal, pointing to the involvement of impaired ability of
the marrow environment to support proliferation/differ-
entiation of osteoclast progenitors rather than cell autono-
mous dysfunction in the hematopoietic lineage. Concerning
the osteoblastic lineage of AtmKO mice, the defect lies
mainly in CFU-F, while the differentiation of osteoblasts
was rather normal. Thus, it is tempting to speculate that
multi-potent stem or progenitor cells are more sensitive to
Atm deficiency than are differentiated cells. As we did not
find any difference in the expression of Jagged-1 (data not
shown), one of the key molecules that function in the bone
marrow niche [23], the molecular defect in niche function of
AtmKO mice remains to be clarified.
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Chk?2 is a checkpoint kinase that functions downstream
of ATM and phosphorylates p53 to stabilize it [11,24]. Soft
X-ray analysis of bones from Chk2 KO mice {23] revealed
no alteration in bone density (AH et al, unpublished
observation). It has been reported that the bones of mice
lacking p53, the target of ATM and Chk2 kinases, were
normal, although they were resistant to bone loss in response
to unloading [26]. Thus, it is unlikely that the Chk2 pathway
is involved in the impaired bone formation in AtmKO mice.

It has been reported that mice lacking Abl, another
downstream kinase of ATM, exhibit an osteopenic pheno-
type due to reduced bone formation, which is caused mainly
by a defect in ostcoblast differentiation [27]. In AtmKO
mice, by contrast, osteoblastic differentiation is normal. Li
et al. have recently demonstrated distinct roles for ATM and
Abl in the oxidative stress response and that ATM and Abl
differentially regulate osteoblast expression of PKCS [28].
We demonstrated that the improved colony formation
following supplementation with NAC was diminished in
AtmKO-derived cultures. Thus, the possibility exists that
irreversible damage by oxidative stress had already altered
the proliferative potential of AtmKO-derived progenitor
cells or that an additional molecular defect(s), other than the
oxidative stress response, is involved.

IGF plays important roles in bone growth and metabo-
lism [29-31]. This has been supported by genetic
approaches in mice {32-35]. ATM deficiency downregu-
lates the transcription of the /GFIR gene [36], and we
found, in fact, that the expression of IGF1R, as well as the
responsiveness to IGF, was decreased in marrow stromal
cells of AtmKO mice. These results indicate that defective
IGF signaling may be ivolved in the impaired bone
formation observed in AtmKO mice. In addition, since
serum deprivation induces oxidative stress, due mainly to
loss of IGF {37], the connection between IGF activity and
oxidative stress may be an interesting relationship warrant-
ing further investigation.

In conclusion, we demonstrate that AtmKO mice present
an osteopenic phenotype as early as 10 wecks, apparently
due to decreased bone-marrow-derived mesenchymal pro-
genitors. This decline in mesenchymal progenitors may be
the result of decreased expression of IGFIR, an important
regulator of proliferation. The AtmKO mouse model may be
a useful tool for further studies of senile osteoporosis.
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Abstract

We have previously shown that DNA from dying tumor
cells may be transferred to living celis via the uptake

of apoptotic bodies and may contribute to tumor
progression. DNA encoding H-ras"’? and c-myc
oncogenes may be transferred to the nucleus of the
phagocyte but will only integrate and propagate in

p53- and p21-deficient mouse embryonic fibroblasts,
whereas normal cells are resistant to transformation.
Here, we show that this protective mechanism
(activation of p53 and p21 after uptake of apoptotic
bodies) is dependent on DNA fragmentation, where
inhibition of the caspase-activated DNase in the
apoptotic cells, in conjunction with genetic ablation

of lysosomal DNase li in the phagocytes, completely
blocks p53 activation and consequently allows DNA
replication of transferred DNA. We, therefore, suggest
that there is a causal relationship between DNA
degradation during apoptosis and p53 activation.

In addition, we could further show that Chk2~/~ cells
were capable of replicating the hyg” gene taken up
from engulfed apoptotic cells, suggesting involvement of
the DNA damage response. These data show that the
phagocytosing cell is sensing the degraded DNA within
the apoptotic cell, hence preventing these genes from
being replicated, probably through activation of the DNA
damage response. We, therefore, hypothesize that DNase
I together with the Chk2, p53, and p21 pathway form a
genetic barrier blocking the replication of potentially
harmful DNA introduced via apoptotic bodies, thereby
preventing transformation and malignant development.
(Mol Cancer Res 2006;4(3):187-95)

Introduction
The genomic integrity of an individual cell is threatened by
DNA-damaging agents, such as UV or ionizing radiation,
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mutagenic chemicals, and endogenous oxygen radicals gener-
ated by normal metabolism. Another potential insult to the
integrity of the genome is the horizontal transfer of genetic
material from dead cells via the uptake of apoptotic bodies. We
and others have shown that genetic information may be
transferred from dying to living cells via the uptake of
apoptotic bodies (1-3). However, transfer of apoptotic DNA
to normal fibroblast or endothelial cells results in cell cycle
arrest and senescence and is therefore not replicated to its
daughter cells (2, 4). The p53 tumor suppressor is a central
mediator of cellular responses to DNA damage and other forms
of cellular stress (5, 6). Abnormalities of the p53 tumor
suppressor gene are thought to be central to the development of
a high proportion of human tumors. We have previously shown
that mouse embryonic fibroblasts (MEF) deficient in the p33
gene or its transcriptional target p2/ differ from normal cells as
they are able to replicate DNA taken up from apoptotic bodies
(Table 1). Furthermore, apoptotic bodies derived from a H-
ras”’? — and human c-mryc —transformed rat fibrosarcoma were
able to transform MEF p33- or p21-deficient cells but not wild-
type MEF cells (4, 7). Integration and propagation of the tumor-
derived H-ras"’? and human c-myc oncogenes could be
verified by fluorescence in sifu hybridization analysis of the
resulting mouse tumor cells. These findings indicate that
horizontal gene transfer between tumor cells may be a driving
force of genomic instability and high mutability of tumor cells,
and that the p53/p21 pathway protects normal cells against
propagation of potentially harmful DNA (8).

To further investigate how cells are protected against
incoming apoptotic DNA, we hypothesized that fragmented
DNA from dead cells may activate the DNA damage response
of the phagocyte. Here, we show for the first time that DNA
degradation of apoptotic DNA by the caspase-activated DNase
(CAD) and especially DNase II enzymes is necessary for
activation of the DNA damage pathway within the phagocytos-
ing cell. Furthermore, we provide evidence that activation of
the Chk2/p53/p21 pathway by these DNA fragments blocks
replication of genomic DNA that has been transferred from
apoptotic cells. Chk2 is a critical regulator of p53 functions
because cells derived from Chk2-deficient mice have a
defective G1-S checkpoint, apoptosis, and the transcriptional
induction of p53 target genes, such as p2] "/l Bax, and Noxa
(9, 10). Thus, Chk2 is a key component of a highly conserved
DNA damage response signaling pathway, where p53 is one
critical target. Here, we show that genetic ablation of either the
DNase II or Chk2 gene abolishes the activation of p53 and
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Table 1. Resulis from Cocultivation of MEFs Together with
Apoptotic Tumor Cells

Recipient cells  p53 induction Hygromycin resistant Focus formation Tumor

Wild-type MEF + - - -
DNase I[I=/— —i+ + -~ ND
Chk2—/— - + _ -
pS3 —/= - + + +
p21—/— + + + +

NOTE: Coculture of apoptotxc cells, containing the oncogenes c-myc and H-
ras™? together with the Ayg® gene, with MEFs will lead to different outcome
depending on the genetic background of the cells. Qur data indicate that p53, p21,

Chk2, and DNase II protect the phagocytosing cells from propagation of
incoming DNA.

allows replication of foreign genomic DNA. Therefore, we
suggest that the DNase II enzyme together with the Chk2/p53/
p21 DNA damage pathway form a protective barrier against
horizontally transferred DNA. This genetic barier may guard
the genomic integrity of normal cells and thereby prevent
transformation and malignant development.

Results
DNA Fragmentation in the Apoptotic Body Determines
- the Kinetics of p53 Induction in the Phagocyte

Induction of apoptosis will result in condensation of
chromatin, and this is later followed by cleavage of the DNA.
This DNA fragmentation requires activation of DNases;
therefore, we analyzed the role of DNA fragmentation by
inhibition of the responsible DNases. One of the DNases

A B Ir REFmh

responsible for DNA degradation during apoptosis is CAD
(11). CAD is normally forming a complex with ICAD, its
inhibitor, that is cleaved by caspases during apoptosis, and CAD
is thereby activated (12, 13). We transfected rat embryonic
fibroblasts (REF) with the H-ras"?, human c-myc oncogenes,
and the hng gene (REFrmbh cells) to use as donor cells. To study
the role of DNA degradation, these REFrmh cells were
transfected with mutant ICAD (ICADLdm) that can not be
cleaved by caspases, and DNA fragmentation in the apoptotic
cell is thereby prevented (14). Analysis of DNA integrity by
DNA fragmentation gels showed that ICADLdm expression
efficiently inhibited ladder formation after apoptosis induced by
nutrient depletion (Fig. 1A). To study the effect of CAD
inhibition on p53 induction in the phagocytosing cell, apoptosis
was induced by mutrient depletion in REFrmh or REFrmh-
ICADLdm cells, and the resulting apoptotic cells were
cocultured with MEF cells. The kinetics of p53 induction was
analyzed by Western blot 4, 8, 12, and 24 hours after the initiation
of the cocultivation, where the induction of p53 was shifted 4
hours and peaked 12 howrs after the addition of the apoptotic
REFrmh-ICADLdm cells (Fig. 1B and C).

Inhibition of DNA Fragmentation by CAD and DNase i
Inhibits p53 Induction

The inhibition of CAD in the donor cell delayed but did
not completely inhibit p53 induction. We therefore investigated
the involvement of DNases localized in the lysosomes of
the phagocytes. For this purpose, we used Bafilomycin Al, a
specific irreversible inhibitor of vacuolar H*/ATPase, resulting
in inhibition of acidification in endosomes and in lysosomes
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FIGURE 1. Inhibition of DNA fragmentation in
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inhibited DNA fragmentation. B. Western blot
analysis of the kinetics of p53 and p21 induction
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and thus indirect inhibition of lyzosomal DNase activity (15).
Recipient MEFs were treated with Bafilomycin Al during the
cultivation with apoptotic cells. Inhibition of lysosomal
acidification resulted in shifted kinetics of p53 accumulation,
which peaked at 12 hours (Fig. 2A and C). To test the effect of
combination of inhibiting the CAD and DNase II, we used
REFrm-ICADLdm as donors together with Bafilomycin Al.
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The joint inhibition of CAD in the dying cell and lysosomal
acidification in the phagocytosing cell resulted in a further
delay in p53 accumulation, which now peaked at 24 hours
(Fig. 2B and D).

DNase I has previously been shown to be essential for
degradation of apoptotic DNA in the lysosomes of the
phagocytosing cell (16); therefore, we tested the effect of
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activation in DNase |1 -deficient MEF celis after addition of either REFrmh or REFrmh-ICADLdm. B. Western blot analysis of p53 activation in wild-type MEF
cells after addition of either REFrmh or REFrmh-ICADLdm. C. Western biot analysis of p53 induction in DNase !l ~deficient MEF cells retransfected with
DNase I, after addition of either REFrmh or REFrmh-ICADLdm apoptotic cells. D. Levels of p53 accumulation in DNase 11~/ MEF cells in three independent
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FIGURE 4. induction of p53 in the phagocyte is dependent on DNA fragmentation in the apoptotic body. A. Wild-type MEF cells. Top, positive controt of
p53 staining of cells treated with cisplatin for 4 hours. Bottom, induction of p53 in cells at indicated time points after incubation with apoptotic REFrm or
REFrm-ICADLdm. B. MEF DNasell™~ cells. Top, positive control of p53 staining in cells treated with cisplatin for 4 hours. Bottom, induction of p53 in cells at

indicated time points after incubation with apoptotic REFrm or REFm-ICADLdm. Arrows, positive nuclei. Bar, 10 pm.

genetic ablation of DNase II on p53 activation. MEF cells
lacking DNase II activity resulted in a dramatic shift in
p53 induction, which occurred at 24 hours compared with
DNasell™" cells, where p53 was induced at 8 hours (Fig. 3A, B,
D, and E). As a control, DNase II enzyme was retransfected into
DNasell ™/~ cells, and in these cells, the p53 kinetics was
restored (Fig. 3C and F). Immunostaining showed an even more
dramatic shift in p53 induction, where p53 induction was
detected already at 4 hours in DNaseIl" cells compared with
24 hours in DNasell™™ cells (Fig. 4A and B). Furthermore,
no pS3 induction could be detected by Western blot analysis
when both CAD and DNase II enzyme activities were blocked
(Fig. 3A and D). These data were confirmed by immunostain-
ing, where no p53 induction could be detected within the
DNase [~ phagocytes after addition of apoptotic cells lacking
functional CAD (Fig. 4A).

Horizontally Transferred DNA Is Replicated in Cells with
Inactive DNase |

The lack of p53 induction argued that DNase IT—deficient
cells may be permissive for replicating genomic DNA
transferred from engulfed dying cells.

Apoptotic REFrm, REFrmh, or REFrmh-ICADLdm was
added to DNase II’~ cells, and resistant colonies were
selected with hygromyein. Cocultivation of DNase I~ cells
with either the REFrmh or REFrmh-ICADLdm resulted in
stable propagation of the /yg® gene and the growth of
hygromycin-resistant colonies, although at different frequen-
cies {(Fig. 5A; Table 1). Retransfection of the DNase II gene
completely blocked the formation of hygromycin-resistant
colonies (Fig. 5B), and p53 induction was detected 8 hours

after coculture with apoptotic REFrmh cells (Fig. 3C and F).
This emphasize that DNase II plays an essential role in
protecting cells from replicating genomic DNA acquired from
dying cells.

Transfer of DNA into ChkZ™'~ Cells

Our data suggest that DNA degradation in the apoptotic cell
in some way activates p53, and that this plays an important role
in protecting the phagocytosing cell from replicating hori-
zontally transferred DNA. It is, therefore, plausible to believe
that the degraded apoptotic DNA is sensed by the DNA damage
response of the phagocytosing cell, resulting in the induction of
p53. Chk2 has been implicated as a mediator of p53 activation
triggered by DNA damage; therefore, we assessed the role of
Chk2 in the cellular response to fragmented DNA from apoptotic
cells. For this purpose, we tested whether the hygromycin resis-
tance gene (hyg®) could be transferred to Chk2 ™~ MEF cells.

Apoptotic REFrmh cells were cocultured with MEF Chk2*"™*
or MEF Chk2™'~ cells. Apoptotic REFrm cells lacking the Ayg®
gene (REFrm) were used as a negative control, and recipient
MEF p217'~ cells served as a positive control. Selection for
hygromycin-resistant cells was started 48 hours after the apo-
ptotic bodies were added to the recipient cells. Resistant colonies,
visualized by Coomassie staining, were detected 14 to 16 days
later in plates where REFrmh apoptotic bodies had been co-
cultured with MEF Chk2 ™'~ cells (Fig. 6A; Table 1). No colonies
were detected in MEF Chk2™ cells cocultured with REFrmh
cells or in MEF Chk2™"~ cells fed with apoptotic bodies lacking
the fyg™ gene, The frequency of colony formation was counted
in triplicates as shown in Fig. 6B, where ~1 of 10,000 MEF
Chk2™"" cells had generated resistance to hygromyecin treatment.
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FIGURE 5. Genetic inactivation of DNase 1 allows stable replication
of genes transferred from apoptotic bodies. A. DNase 11"~ and DNase
I1** cells, respectively, were cocultivated with REFrmh or REFRmh-
ICADLdm apoptotic bodies, and resistant colonies were selected for with
hygromycin as described in Materials and Methods. REFrm cells lacking
the hyg” gene served as a negative control. Columns, number of
colonies per 10-cm Petri dish from friplicates; bars, SD. nd, non-
detectable. B. DNase I~ cells retrofected with the mouse DNase /i
gene were incubated with apoptotic bodies derived from REFrm or
REFrmh cells. Colonies per 1,000 cells after 2 weeks of hygromycin
selection. C. DNA degradation by CAD does not inhibit Propagation of
transferred DNA. Wild type, DNase II”~, or p21~'~ celis were
cocultivated with REFrmh apoptotic cells, and resistant colonies were
selected for with hygromycin as described in Materials and Methods.
Apoptosis in the donor cells was induced by nutrient depletion. As
indicated, apoptosis was induced by v-irradiation (150 Gy) in some of the
donor cells to induce double-strand breaks. Colonies per 1,000 cells after
2 weeks of hygromycin selection. No hygromycin-resistant colonies were
observed, where wild-type MEF cells were used as recipient cells.
Interestingly, DNase I~ MEFs acquired the hyg™ gene from REFrm
apoptotic bodies killed by nutrient depletion, but induction of double-
strand breaks by irradiation totally blocked propagation of transferred
DNA. In contrast, p21~~ cells were able to acquire the hyg™ gene
independent on whether the donor cells had been irradiated or not.
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The mouse origin of the colonies was verified by mouse-
specific MHC staining (data not shown). Colonies from MEF
Chk2™"~ cells cocultured with REFrmh cells were harvested, and
DNA was isolated from these cells. The presence of the hygro-
mycin resistance gene in these cells was shown by PCR analysis
(Fig. 6B). In addition, transfer of H-ras 712 and human c-myc could
also be detected by PCR. These data show that Chk2-deficient
cells are capable of propagating DNA from apoptotic bodies.

MEFs deficient for either the p53 or p2] genes are
transformed by the uptake of apoptotic REFrmh cells in vitro
and form tumors when injected into severe combined immuno-
deficient mice (4, 7). Because we could detect transfer of the c-
myc and H-ras"?? oncogenes to the Chk2 ™~ cells by PCR, we
tested whether this resulted in a tumorigenic phenotype. MEF
Chk2™"" cells were cultured with apoptotic REFrm cells or
nontransformed REF cells for 10 days before injection into
severe combined immunodeficient mice. Twelve of 15 animals
of the positive control, MEF p21 ™"~ cells cocultured with
apoptotic REFrm cells, formed tumors within 1 week and were
euthanized due to tumor size within 30 days after injection. In
contrast, no tumor development was detected in any of the mice
injected with MEF Chk2™" cells cocultured with apoptotic
REFrmh cells (Fig. 6E; Table 1). These resulits show that Chk2-
deficient cells are able to salvage and replicate DNA from
apoptotic bodies but are not transformed by the transferred
H-ras”?? and c-myc oncogenes.

Apoptotic Bodies Induce Chk2-Dependent Accumulation
of p&3 and p21 Proteins

Following its activation, Chk2 phosphorylates not only p53
but a set of effector molecules, including Breal, E2F, pml, and
PIk3, that are involved in checkpoint control (17). However, our
previous data clearly indicate an essential role of the p53/p21
pathway in controlling replication of apoptotic DNA. We,
therefore, assessed whether p53 is activated by the addition of
apoptotic bodies and whether this induction was Chk2
dependent. Addition of apoptotic bodies to wild-type MEF cells
resulted in rapid engulfiment (Fig. 6C) and induction of p53
protein 8 hours later in the phagocytosing cells (Fig. 7A and D).
Induction of the p2/ target gene was also detected with similar
kinetics. In contrast, coculture of MEF Chk2 '~ with apoptotic
bodies did not yield any detectable accumulation of p53 or p21
(Fig. 7B and D), although the frequency of phagocytosed dead
cells did not differ. The p53/p21 pathway was intact in the Chk2-
deficient cells, as both proteins could be induced after UV
irradiation. Furthermore, the increased p53 and p21 protein
levels were not derived from the engulfed apoptotic donor cells,
as no positive signal could be detected in the apoptotic cells
when cultured alone (Fig. 7C).

Immunofluorescence staining confirmed the data from the
Western blot analysis, showing that cells containing apoptotic
bodies were p53 positive (Fig. 7E). The positive staining was
only localized in the nuclei of the phagocytosing cells, as no
staining was detected in the ingested apoptotic bodies. As
expected from the Western blot results, the Chk2™" recipient
cells that had engulfed apoptotic bodies remained p53 negative,
as indicated by arrows. In conclusion, engulfiment of apoptotic
cells trigger Chk2-dependent p53 accumulation and p21
activation in the phagocytosing cell.
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negative control. Coomassie staining shows colony formation in MEF Chk2~'~ cells but not in the MEF Chk2*/* cells cocultured with REFrmh. No colonies
were detected where MEF Chk2** or MEF Chk2~/~ celis were cocultured with REFm cells lacking the hyg” gene. MEF p21 '~ cells were used as positive
control. B. PCR analysis of the presence of the hyg”, c-myc, and H-ras"’? genes in the MEF Chk2~'~ colonies that developed after coculture with REFrmh
cells and selection with hygromycin. C. Analysis of phagocytotic activity of wild type (wt), Chk2~'~, and DNase |l = MEFs. Apoptotic bodies from REFrm or
REFrm-ICADLdm cells killed by nutrient deprivation were added to the indicated MEFs and incubated for 2 hours. The number of ingested apoptotic bodies
per engulfing cells was analyzed and quantified by counting total number of ingested bodies per total number of cells. D. Frequency of colony formation in
MEF Chk2~'~ cells cocultured with apoptotic REFrmh cells. No colony formation was detected in MEF Chk2** cells. Columns, average from three
independent experiments; bars, SD. E. MEF Chk2~'~ cells cocultured with REFrm apoptotic cells were not tumorigenic. MEF Chk2**, MEF Chk2™'~, and
p21~/~ cells cocultured with apoptotic REFrmh or REF cells were injected in the dorsal s.c. space of severe combined immunodeficient mice. Twelve of 15
mice injected with MEF p21~'~ cells cocultured with REFrm cells developed tumors. No tumor development was detected in mice injected with MEF Chk2*'*,

MEF Chk2~'~, and p21“" cells cocultured with REF cells in vitro. From two independent experiments.

Discussion

The role of apoptosis in healthy individuals is to eliminate
unwanted and potentially harmful cells. These apoptotic cells are
rapidly cleared by macrophages or neighboring cells in vivo (18).
We have previously shown that DNA from dying cells is
transferred to living cells via the uptake of apoptotic bodies and
may contribute to tumor progression. Here, we provide evidence
that the apoptotic DNA degraded in the lysosomes by DNase I
activates the DNA damage response of the phagocytosing cells
and thus prevents propagation of potentially pathologic DNA
acquired by engulfiment of apoptotic cells.

In this study, we found that DNase II plays an essential role
in the activation of p53 and the consequent inhibition of
replicating transferred DNA. DNase II has been shown to be
responsible for degradation of DNA from apoptotic bodies in
macrophages where genetic inactivation of DNase II inhibits
DNA degradation of engulfed dead celis, as shown by terminal
deoxynucleotidyl transferase—mediated nick end labeling
staining, resulting in accumulation of apoptotic bodies in the
cytoplasm of macrophages (14). Furthermore, DNase IT acts as
a lysosomal barrier to transfection with nonviral expression

vectors (19). This effect was specific for transfection methods
that introduce DNA into cells by endocytosis but not other
methods (e.g., electroporation). Our data indicate that the
lysosomal degradation of DNA. from the engulfed apoptotic cell
is critical for the activation of p53 in the phagocytosing cell.
Furthermore, joint inhibition of CAD and DNase II totally
blocked p53 activation. These data argue in favor for the
hypothesis that apoptotic DNA, similar to transfected DNA,
may enter the nucleus via the endosomal/lysosomal pathway.
We propose that the DNase [I-cleaved DNA from engulfed
apoptotic cells triggers a DNA damage response in the nucleus
of the phagocyte (Fig. 8). We have indeed shown local
colocalization of the DNA damage markers MRE11 and gamma
H2AX with apoptotic DNA labeled with bromodeoxyuridine in
the nucleus of the recipient cell.*

The inhibition of the DNA degradation blocked induction
of p53, and consequently, DNA transferred from apoptotic
cells (fpg® gene) could be replicated. Retransfection of the

4 J. Ehnfors, unpublished data.
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DNase II gene into the DNase I~ cells restored the
protection against replication of salvaged DNA, and no hyg®
colonies could be detected (Fig. 5B). In these retransfected
cells, accumudation of p53 could be detected with a similar
kinetics as wild-type MEF cells after coculture with apoptotic
cells (Fig. 3C and F). It is also interesting to note that DNA
was transferred to DNase II™" recipient cells even when
cocultured with apoptotic bodies with DNA degraded by
CAD activity, whereas induction of double strand breaks
using y-irradiation completely blocked DNA transfer (Fig. 5A
and C). A possible explanation to these apparently contra-
dictory data is that the qualitative difference of the generated
DNA fragments may affect the cellular response. CAD
cleaves DNA generating, blunt-ended, double-stranded frag-
ments carrying 5'-phosphate and 3’-hydroxyl groups, whereas
Iysosomal degradation mediated by DNase Il generates 5'-
hydroxyl and 3’-phosphate ends (20, 21). An altemnative
explanation could be that DNA cleaved by CAD in the
serum-starved donor cells triggers a weaker/later p53
response in the DNase II™'" recipient cells compared with

Chl2+/+

DNA with double-strand breaks in the -+y-irradiated donor
cells. A delayed or weak p53 response could result in
recipient cells becoming more susceptible to horizontally
transferred DNA.

We have previously shown that normal cells are able to take
up DNA from apoptotic bodies but are subsequently cell cycle
arrested, thus preventing DNA replication. Here, we show that
uptake of apoptotic cells results in p53 induction of the
phagocytosing cell, and that this is not only due to functional
DNases but also to functional Chk2, as no detectable
accumulation of p53 or p2l1 could be detected in Chk2-
deficient cells. MEF cells lacking the Chk2 gene have lost the
cell cycle checkpoint, as these cells could acquire and replicate
the hyg® gene from apoptotic cells (Table 1). Interestingly, we
could also detect transfer of the H-ras’'? and c-myc oncogenes
that, however, did not result in a transformed or a tumorigenic
phenotype, as the hygromycin-resistant colonies became
senescent when propagated in vifro (data not shown). This is
in contrast to p53~'~ or p21~'"" recipient cells that readily form
tumors after uptake of oncogenic DNA (Table 1). These

UV Chi2--

Apoptetic REFrmh

Western Blot anti-p53

[y
<
T

Fold induction of p53
g

W+ UVEUV 4 8 12 24 Ar +hr UV+UV 4 8 12

Recipient i L

calls: MEF ChkZ +/+ MEF Chic2 -/-

dh 8h 12h 24h

+ 4h 8h 12h 24h

P63
pet

‘Donor cells: REFnﬁ

FIGURE 7. Uptake of apoptotic bodies induces Chk2-dependent activation of p53. Apoptosis was induced in REFrm cells by nutrient depletion and added
to MEF Chk2** or Chk2~/~ cells. Induction of p53/p21 by vy or UV irradiation served as positive controls. A. Induction of p53 and p21 was analyzed by
Western blot in Chk2** MEF cells after cuitivation with apoptotic REFrm celis for 4, 8, 12, and 24 hours. Induction of both p53 and p21 was detected after
8 hours. B. In contrast, although UV irradiation triggered a readily detectable p53 response, addition of apoptotic bodies did not induce p53 or p21 in MEF
Chk2~"~ cells. C. No positive signal could be detected in lysates from apoptotic bodies cultured alone during the same incubation times. D. Quantification of
p53 accumulation in three independent experiments. Bars, SD. E. Chk2-dependent accumulation of p53 in the nuclei of cells phagocytosing apoptotic bodies.
Top, 4,6-diamidino-2-phenylindole (DAPI) staining of cells cultured with apoptotic bodies. Middle, total p53 staining. Bottom, composite of 4',6-diamidino-2-
phenylindole + p53 stainings. Note that the apoptotic bodies stain negative for p53, whereas the recipient MEF Chk™* cells are positive. p53 staining was not

detectable in Chk2~/~ cells. Arrows, engulfed apoptotic bodies. Bar, 10 um.
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FIGURE 8. Schematic figure of our hypothesis. We suggest that the
Chk2/p53/p21 DNA damage pathway in the phagocytosing cell, together
with the DNase |l enzyme, form a genetic barrier against horizontally
transferred DNA, blocking replication of foreign DNA from enguifed
apoptotic cells. This genetic barrier may guard the genomic integrity of
normal cells.

findings indicated that Chk2 may primarily respond to the
incoming DNA but is not protecting against tumor transforma-
tion. Because the Chk2-deficient cells contain an intact pJ 947
gene, it is likely that the transferred oncogenes activate p53 via
the p19°%F pathway and thus prevents transformation.

During its lifetime, the somatic cell is exposed to genotoxic
stress, such as alkylating agents, oxygen radicals, and ionizing
radiation. To this list of genomic insults, we would like to add
DNA transfer from apoptotic bodies. The uptake of DNA may
be a mere consequence of inadequate DNA degradation in the
Iysosomes, which is then transported into the nucleus. This may
pose a serious threat to the integrity of the genome and may
result in neoplastic transformation. We speculate that one role
of the molecular pathway, starting with lysosomal DNA
degradation leading to the Chk2-dependent p53 activation, is
to protect the individual cell from propagating DNA taken up
from apoptotic cells (Fig. 8). Malfunction of the checkpoint
control may cause accumulation of genetic alterations,
ultimately leading to cancer.

Materials and Methods
Cell Lines

REFs and MEFs from DNase I~ p21~~, Chk2™'~, and
Chk2™ mice were grown in DMEM with glutamin, penicillin/
streptomycin, and 10% fetal bovine serum (4, 10, 21). REFrmh
cells containing the H-ras’*?, human c-mye, and the hyg® gene
have been described (4). The REFrmh-ICADLdm (12) and
transfection of DNase II into MEF DNase 1™~ cells were
generated as previously described (22), selected in puromycin
(5 and 1 pg/mL, respectively; Sigma-Aldrich, St. Louis, MO).

Gene Transfer Experiments

Recipient MEFs (1 x 10°) of indicated genetic backgrounds
were plated in 10-cm Petri dishes. Apoptosis was induced in
REFrmh cells by nutrient depletion, previously described (4),
and verified by Hoechst 33258 and Annexin V staining. Five
million apoptotic cells were added to each 10-cm Petri dish
containing the MEF recipients. Forty-eight hours after addition
of the apoptotic donor cells, the tissue culture medium was

changed. Cells were grown in the presence of hygromycin
(200 ng/mL; Sigma-Aldrich) to select for the uptake of the fyg®
gene in MEF cells. The resulting colonies were visualized by
Coomassie staining.

PCR Analysis

DNA from hygromycin-resistant colonies was isolated with
Qiaamp Blood kit (Qiagen, Chatsworth, CA). PCR analysis was
done with specific primers and conditions for the human c-mye,
the H-ras"*%, and the /iyg® genes as previously described (4).

Tumor Growth

MEF Chk2*"*, MEF Chk2™'~, or MEF p21~'~ cells (1 x 10%)
cocultured with apoptotic REFrmh cells in vitro for 10 days,
as indicated in the figure legends, were injected in the dorsal
s.c. space of 6- to 8-week-old severe combined immuno-
deficient mice. Tumor growth was examined by palpation.
Animals that did not develop tumors within 3 months were
scored as negative.

Western Blot

For analysis of p53 induction by Western blot, cells were
harvested {100 mmol/L Tris (pH 8), 150 mmol/L. NaCl, 1%
NP40, protease inhibitors cocktail] at 4, &, 12, and 24 hours
after the addition of apoptotic bodies. Protein concentration was
measured (4 505, Bradford method), and samples were loaded
(12% polyacrylamide gel, Bio-Rad, Richmond, CA). Transfer
to Protean filter (Schleicher and Schuell, Keene, NH). Block
with 5% milk for 1 hour at room temperature before incubation
with primary antibody (anti-p53 FL-393, 1:400, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA and anti-p21, 1:200, BD
PharMingen, San Diego, CA) overnight at 4°C or anti-B-actin
(Sigma-Aldrich; 1:3,000) at room temperature for 1 hour,
secondary antibody (anti-mouse-horseradish peroxidase or anti-
rabbit-horseradish peroxidase NA 931 and NA 934V, 1:5,000;
Amersham Pharmacia Life Science, Piscataway, NJ) for 2 hours
at room temperature. The membrane was developed using
detection system according to protocol of the manufacturer
(Santa Cruz Biotechnology). MEF Chk2*"* cells (1 x 10°) were
plated on 10-cm Petri dishes; 50 nmol/L of Bafilomycin Al
(Sigma-Aldrich) was added 2 hours before addition of the
apoptotic REFrmh and REFrmh-Ldm cells. Cells were then
cocultured with or without Bafilomycin Al and analyzed by
Western blot at 4, 8, 12, and 24 hours as described above.

Fragmentation Assay

Apoptosis was induced (nutrient depletion) for 24 hours in
5 x 10° REFrmh cells with or without ICAD-Ldm. DNA
fragmentation was analyzed as described (2).

Immunofiuorescence

MEF Chk2"" and MEF Chk2~~ cells were plated in
chamber slides (Falcon, Lincoln, NJ) to adhere overnight.
Nutrient depleted apoptotic cells were added and incubated for
4, 8, 16, and 24 hours, respectively. For total pS3 staining, cells
were fixed in methanol/acetone (1:1) for 10 minutes blocked
with 5% horse serum and stained with primary antibody (anti-
p53 FL-393, 1:100; Santa Cruz Biotechnology). Incubation for

Mol Cancer Res 2006;4(3). March 2006
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30 minutes at room temperature with anti-rabbit FITC-
conjugated secondary antibody (DAKOQO, Carpinteria, CA,;
1:40), following mounting media containing 4',6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA).
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Progeroid syndrome as a model for impaired bone formation in

senile osteoporosis
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Abstract Senile or age-related/dependent osteoporosis is
caused by reduced bone formation, rather than increased
bone resorption as in postmenopausal osteoporosis. Here we
review genetically engineered mouse models with defects in
osteoblastic proliferation or differentiation with focus on IGF
signaling and stem cells. Model mice for human progeroid
syndromes may provide useful tools for studying the patho-
genesis of senile osteoporosis.
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Introduction

Osteoporosis is among the most severe problems affect-
ing the quality of life for the elderly. An understanding
of the pathophysiology and mechanism of the develop-
ment of the disease is essential for diagnosis and treat-
ment. Mechanisms of posimenopausal osteoporosis
have been studied using animal models and clinical epi-
demiology or drug testing in human subjects. In con-
trast, the mechanism of senile osteoporosis has not been
well characterized, mainly because of a lack of experi-
mental models. It is generally recognized that senile
osteoporosis is characterized by a decrease in bone-
forming capacity. Defects in bone formation may be
due to a decrease in the number or the function of
osteoblasts, or both. Here, we review potential mouse
models of senile osteoporosis with focus on osteoblastic
function.
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Proliferation and differentiation of osteoblasts

To date, important genes for bone development, such
as Runx2 and Osterix, have been identified [1-3].
These transcription factors play key roles in osteoblast
differentiation [3.4]. Differentiation and maturation of
osteoblasts consist of a multistep sequence (Fig. 1).
Osteoblasts are thought to derive from mesenchymal
stem cells (MSCs), as are other lincages such as
myocytes and adipocytes [5]. MSCs self-renew within an
appropriate niche, maintaining their pluripotency. This
first step (step I, Fig. 1) is critical for tissue maintenance,
metabolism, and regeneration and is thought to be sen-
sitive to aging. Once leaving the niche, MSCs start dif-
ferentiation by responding to a variety of signals such
as cytokines, hormones, adhesion molecules, or the ex-
tracellular matrix (ECM). Bone morphogenetic pro-
teins (BMPs) are well known to induce ectopic bone
formation and to accelerate osteoblastic differentiation,
but BMPs also regulate development and regeneration
of tssues other than bone [6]. For example, BMP
can induce adipogenesis of stromal cell lines in vitro
[7.8]. IL-1 signaling through the TAKI/TABI1/NIK
pathway inhibits peroxisome proliferator-activated re-
ceptor v (PPARY) function, resulting in suppression of
adipogenesis and a switch to osteoblastic differentiation
[9]. Thus, many factors converge on osteoblastic differ-
entiation cooperatively or antagonistically. When regu-
latory mechanisms in this second step (step II, Fig. 1)
fail, osteoblastic differentiation is impaired, concomi-
tantly with hypo- or hyperinduction of other lineages.
“Matching of seeds and soil” is an essential step in
osteoblastic differentiation. Osteoblasts produce a large
amount of collagens and other ECM molecules to build
bone while sensing the matrix to stimulate osteobla-
stogenesis. A mitogen-activated protein (MAP) kinase,
extracellular signal-regulated kinase (ERK), responds
to extracellular signals and phosphorylates RUNX2,
which is known to regulate genes encoding ECM mol-
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other lineage of mesenchymal
differentiated cells
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Fig. 1. Multistep differentiation of osteoblast lineage. The
process of osteoblastic differentiation can be divided into five
regulatory steps. The first step (I) corresponds to pluripotent
mesenchymal stem cells in the stem cell niche as a source of
osteoblasts. In the second step (/7). lineage selection takes
place. Commitment to ostecblastic differentiation is com-
pleted, and a checkpoint for progress in maturation may occur
atstep 1. Step IV corresponds to osteoblast proliferation and
activation of mature osteoblasts, e.g.. responding to mechani-
cal stress. The last decision as to whether osteoblasts undergo
terminal differentiation into osteocytes or apoptosis is made
atstep V

ecules, to activate its transcriptional function [10,11].
This positive feedback step (step 111, Fig. 1) may be one
of the checkpoints for proceeding to osteoblastic differ-
entiation before deposition of minerals.

Many stimuli have been reported to activate osteo-
blastic proliferation. Among the most recognized
molecules that increase the number of osteoblasts
are insulin-like growth factors (IGFs) {12,13]. The Wat
pathway, as a signal that stimulates proliferation, is
another candidate [14-16]. Although the authentic
ligand that activates the receptor on osteoblasts has not
been identified, the coreceptor, LRPS, plays an essential
role in bone formation and in controlling the number
of osteoblasts [14-16]. Cyclin D1, one of the most
potent mitogenic molecules, is a well-known down-
stream effector of §-catenin, which is a signal mediator
in the canonical pathway of Wat signaling [17], sugge-
sting that Wnt/f-catenin is a pathway leading to in-
creased numbers of osteoblasts and stimulated bone
formation.

In the last step shown in Fig. 1, osteoblast differentia-
tion is completed. At this step, osteoblasts produce
molecules that regulate mineralization, such as osteo-
calcin, and release matrix vesicles [18]. Composition of
phospholipids also changes in this step, suggesting that
lipid metabolism is involved in mineralization [19]. This
window may also determine whether osteoblasts un-
dergo apoptosis or terminally differentiate into osteo-
cytes. Although osteoblasts in this step are important
for bone quality [20], the mechanism of mineralization
or terminal differentiation is largely unknown.

Knockout mice for signaling molecules

As already described, a number of signals are involved
in the regulation of osteoblast differentiation. Here, the

focus is on genetically modified mouse models showing
impaired bone formation. It has been demonstrated
that Sca-1, a cell-surface molecule that is expressed in
hematopoietic stem cells, is required to maintain self-
renewal of mesenchymatl stem cells during step T [21].
Sca-1 knockout (KO) mice develop bone normally, but
bone mass decreases as they age [21]. TRS-1, a major
substrate of insulin receptor (IR) and IGF-1 receptor
(IGF-1R) that transduces signals by interacting signal-
ing molecules in a phosphorylation-dependent manner,
is expressed in osteoblasts but not in osteoclasts [22].
IRS-1 KO mice exhibit low bone mass compared with
controls, and cultured osteoblasts from KO mice are
impaired in IGF-induced proliferation and differentia-
tion, whereas differentiation induced by BMP i3 not
altered [22]. In contrast, BMP-induced differentiation
was markedly lowered in osteoblasts from Abl KO
mice, which are osteopenic due to decreased bone for-
mation [23]. ABL is known as a downstream mediator
of integrin signaling, and may function during step Iil
integrating signals from BMP and ECM.

Proliferation of osteoblasis is also impaired in Abl
KO mice [23]. LRP5 KO has been reported as a model
for osteoporosis and pseudoglioma syndrome, pointing
to the involvement of Wnt signaling [24]. Those defects
are mainly in the osteoblastic lineage, but do not have
a cell-autonomous effect in osteoclastogenesis. On the
other hand, knockout mice for another insulin sub-
strate, IRS-2, also showed an osteopenic phenotype
with reduced bone formation and accelerated bone
resorption [25]. Osteoblasts from IRS-Z KO mice
exhibit impaired differentiation but possess accelerated
osteoclastogenesis-supporting activily with increased
expression of RANKL. This model may serve as an
“uncoupling” phenomenon of bone formation and
resorption [25]. In view of the unexpected finding of
increased bone mass in calcitonin (CT) KO mice, CT
may have antibone formation activity in vivo despite the
fact that it has long been thought to have antiresorptive
activity [26]. It would be interesting to elucidate CT
signaling on osteoblasts in relation to parathyroid hor-
mone (PTH) signaling, both of which transduce signals
through the G-protein-coupled receptor. In most cases,
the development of new anabolic drugs depends on a
priori clarification of the means by which these signals
regulate bone formation.

Mouse models for premature aging syndromes

Human progeroid syndromes include genetic diseases
such as the Werner, Cockayne, and Hutchinson-Gilford
syndromes, for which responsible genes are involved in
maintenance of genomic stability. Mice with mutations
of the responsible genes have not always shown the
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expected aging phenotype [27]. However, most of these
mice exhibit osteopenia as a hallmark of the pathology.
Contrary to expectations, mice deficient in Werner syn-
drome helicase (WRN) or telomerase RNA component
{mTR) did not show signs of accelerated aging, and this
may be due to the difference in telomere length be-
tween humans and mice [28,29]. Evidently, the pheno-
type of premature aging develops after four generations
in mTR KO mice [30]. It is possible that WRN KO mice
may also exhibil an aging phenotype once their telom-
ere length becomes critically short.

Although a classic model of senescence-accelerated
mouse (SAM)-P6 is known to show osteopenia, the re-
sponsible gene(s) have not been identified [31]. Mice
expressing mutant p53 proteins exhibit premature aging
[32,33]. In mice expressing the N-terminally deleted
p24 isoform or Al35V mutant protein of p53, the
osteopenic lesion is significant, with the result that both
bone formation and resorption are greatly suppressed
in these mice [32]. Klotho mice, which are produced by
inactivation of the ki gene, exhibit a variety of age-
related symptoms, and represent the first established
case in which the gene encodes an extracellular protein
rather than a nuclear molecule [34]. The pathogenesis
of low-turnover osteopenia in the klotho mouse is well
documented, resulting in a substantial decrease in
osteoprogenitor pools [35]. A knockout mouse for the
ataxia telangiectasia mutated (ATM) gene is also recog-
nized as a model of premature aging, and shows a severe
osteopenic phenotype with decreased bone formation
[36].

It has been reported that IGFs inhibit p53 function by
destabilizing the protein [37]. Interestingly, IGF-1R is
downregulated in cells from ATM patients as well as
those from ATM KO mice [36,38]. Loss of function
of IRS-1 and IRS-2 leads to reduced bone formation
[22,25]. Transgenic mice expressing IGF-1 in osteo-
blasts exhibit increased bone mass [39]. Although
dysregulation of renal phosphate handling has been re-
ported in klotho mice [40], bone formation seems to be
resistant to growth hormone (GH) treatment [41]. Tt
might be interesting to see whether the k1 gene is
involved in IGF signaling.

Defects in osteoblasts of these animals are often asso-
ciated with a decrease in the number of osteoclasts
as well as reduced hematopoiesis in bone marrow.
It has been recently demonstrated that osteoblasts
provide a stem cell niche in bone marrow [42,43]). This
finding i in good agreement with the cell biological
basis of low turnover as represented in kiotho,
ATMKO, and ScalKOQO, but not only in relationship to
osteoclastogenesis. Thus, failure in the maintenance of
stem cell niche may underlie the pathogenesis of senile
0Steoporosis.

Is strong bone contrary to longevity?

Although the importance of IGF in boune is evident, IGF
signaling does not favor long life span, at least in experi-
mental animals [44]. Caloric restriction (CR) is the only
established strategy that can prolong life span in various
organisms spanning in diversity {rom yeast to mammals
[45]. Decreased levels in growth hormone and insulin,
as well as IGF-1, have been reported in CR animals.
Mice defective in the GH-IGF axis or insulin signaling
also showed expanded life span. Thus, there may exist a
trade-off between longevity and strong bone. Is thicker
bone contrary to longevity? Transgenic mice that ex-
press the pdd isoform of p53 exhibit an accelerated
aging phenotype and short life span [33]. These mice
showed decreased BMD, and histomorphometric analy-
sis indicated a low turnover state of bone metabolism.
In cells or tissues from the p44 mice, downregulation of
phosphatase and tensin homologue deleted on chromo-
some 10 (PTEN) function and an increased level of
phosphorylated Akt were observed, suggesting that
hyperactivation of 1GF signaling may occur [33]. This
observation is in agreement with the GH/insulin/IGF
hypothesis on longevity, but does not indicate exerting
a favorable action on bone formation. Although it
remains to be clarified whether IGF signaling is also
hyperactive in the bones, it is suggested that tissue- or
stage (‘step’ in osteoblast lineage)-specific response, or
local feedback of IGF, needs to be considered in the
action of the growth factor in bone formation.

Aging is a complex, unavoidable phenomenon, and
many factors, not only genetic but also environmental,
are involved. In terms of age-related changes in bone
metabolism, we have to pay attention to neural control
of bone formation [46] and consider age-related decline
in mechanical stress response and mineral homeostasis
by the kidney and/or intestine. Although we should
recognize pathophysiological or structural differences
between mouse and human skeletons, model mice
provided valuable Iessons that are useful for elucidating
the etiology of senile osteoporosis.
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Abstract

Little is known about the pathophysiology of normal human and mouse senescence. On the
other hand, the pathology of age-related disorders, such as senile osteoporosis, has been inves-
tigated. In vivo studies on the pathology of osteoporosis have been conducted primarily in
rodents. Although mouse models of senile osteoporosis display some discrepancies relative
to their human counterparts with regard to symptoms and pathology, these experimental
models are useful and powerful tools for basic and preclinical studies. Here, we review existing
mouse models of senile osteoporosis, including those exhibiting premature aging phenotypes,
and discuss their pathogenesis, particularly with regard to age-related changes in stem cells.
© 2005 Elsevier Ltd. All rights reserved.
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1. Classical models for senile osteoporosis

A decrease in bone mass accompanying advancing age is not specific to humans,
but has also been observed in other mammals. Laboratory mice usually live for 2-3
years, and show a peak bone mass at 4-8 months of age, followed by a decline with
advanced age. A popular laboratory mouse strain, C57BL/6, develops a senile oste-
oporosis-like bone phenotype with decreased bone mass and quality (Perkins et al.,
1994; Bikle et al., 2002; Cao et al,, 2003; Ferguson et al., 2003). Both trabecular and
cortical bones suffer dynamic changes with age in this model. Whereas the cancellous
bone volume fraction (BV/TV) is significantly decreased from ages 6 weeks to 24
months, cortical thickness is increased until the age of peak bone mass (~6 months),
after which it subsequently declines (Bikle et al., 2002). Interestingly, expression of
RANKL, also known as osteoclast differentiation factor, is increased with age, cor-
relating with cancellous bone volume (Cao et al., 2003). In another common mouse
strain, BALB/c, osteogenic stem cells from 24-month old mice exhibit a decrease in
proliferative potential upon aging (Bergman et al., 1996). It is suggested that
this age-related bone loss is caused by decreased osteogenic potential due to both
quantitative and qualitative declines, especially in stem cell function (Bergman
et al., 1996). Additionally, bone marrow hematopoiesis is often affected by aging
(Morrison et al., 1996). C57BL/6 mice are known to frequently develop clonal B cell
expansion and lymphoma with advanced age (LeMaoult et al., 1999; Ghia et al.,
2000). This raises the possibility that age-related, strain-specific hematopoietic disor-
ganization, such as that observed in lymphoma, largely affects bone resorption.

Senescence accelerated mice (SAM) have been established by Takeda et al., and
accepted as an appropriate model of aging (Takeda et al., 1997). The SAM lines, de-
rived from the mouse strain, AKR/J, are divided into two classes; P lines exhibit an
accelerated aging phenotype with shortened life-span, and R lines show a relatively
less accelerated phenotype. The aging phenotype of P lines becomes apparent at 6-8
months of age. Among the SAM lines, SAM-P6 has been utilized as a model for hu-
man senile osteoporosis, and characterization of the resultant bone phenotype has
been well described (Matsushita et al., 1986; Jilka et al., 1996; Kajkenova et al.,
1997; Silva et al., 2002). Jilka et al. (1996) demonstrated that the osteopenic pheno-
type was caused by reduced osteoblastogenesis and that bone metabolism was resis-
tant to gonadectomy. Furthermore, increased adipogenesis and myelopoiesis have
been observed in bone marrow from the mice (Kajkenova et al., 1997). In addition,
the long bones in SAM-P6 were longer but more fragile than those in controls (Silva
et al., 2002). With these and other numerous reports of in vivo and ex vivo studies
with the SAM-P6 model, a number of phenotypic characteristics, thought to be con-
sistent between aging mice and humans, have been observed. It should be noted,



