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ABSTRACT
Tumor suppressor p53 is a transcription regulator that displays anti-proliferation activities once activated by stress, in particular genotoxic

stress. Recent mouse genetic studies revealed a critical role for p53 in bone remodeling, supported by both loss-of-function and gain-of

function studies. p53 deficiency concurrently enhances proliferation and accelerates differentiation in mesenchymal stem cells and

osteoprogenitor cells, resulting in an increase in bone formation and bone mass/density. Moreover, Atm, c-Abl, and Mdm2, upstream

regulators of p53 in DNA damage response, regulate osteoblast differentiation and bone remodeling as well. While the molecular mechanisms

await further investigation, there is evidence to suggest that p53 regulate osteoblast differentiation via transcription factors Runx2/Osterix,

which are involved in osteoblast differentiation and transformation and are under the control of BMP and IGF pathways. Moreover, there are

studies showing that p53 inhibits cell differentiation in many other tissues. These findings suggest that p53 acts as a safeguard of

differentiation in addition to ‘‘guardian of the genome’’ and challenge the conventional wisdom that tumor suppressors usually block cell

proliferation and promote differentiation. J. Cell. Biochem. 111: 529–534, 2010. � 2010 Wiley-Liss, Inc.
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p53 IS A NEGATIVE REGULATOR OF CELL
PROPAGATION

p53 was first identified in 1979 by Lionel Crawford, David P. Lane,

Arnold Levine, and Lloyd Old, respectively, as an oncogene [Sherr,

1998]. Later studies demonstrated that p53 is actually a tumor

suppressor [Vogelstein et al., 2000]. It is a transcription regulator

that can either activate or repress transcription, depending on the

target genes. For transactivation, p53 usually needs to bind to the

promoter regions of the target genes as a tetramer, with a consensus

DNA sequence of 50-RRRCWWGYYY-N(0-13)-RRRCWWGYYY-30.
However, p53-mediated gene repression is less well understood.

p53 can repress gene transcription in a DNA-binding dependent or

independent manner [Ho and Benchimol, 2003]. It is estimated that

p53 can activate thousands of genes as well as repress just as many.

The best-studied p53 target genes include p21, a CDK inhibitor,

Mdm2, an ubiquitin E3 ligase for p53, and Puma and Bax, apoptosis

promoters [Ko and Prives, 1996].

p53 is expressed at very low levels in normal cells. This is most

likely caused by the feedback regulatory loop between Mdm2 and

p53. Mdm2 ubiquitinates p53 in the nucleus, which leads to p53

nuclear export and proteosome-mediated degradation. On the other

hand, Mdm2 is a direct target gene of p53 transcription activity.

Therefore, elevation of p53 up-regulates Mdm2, which in turn

down-regulates p53 [Ko and Prives, 1996]. As a transcription

regulator, p53 activity is controlled at least in two ways: the

expression levels and posttranslational modifications. Its expression

can be regulated at the levels of transcription, translation, and

protein stability, with protein stabilization as a major mechanism.

The main stimuli of p53 expression include DNA damage (caused

by UV, IR, or genotoxic drugs), oxidative stress, osmotic shock,

ribonucleotide depletion, and deregulated oncogene activation.

Genotoxic stress activates PI3 kinase-like-kinases including DNA-

PKc, Atm, and Atr at the DNA break sites, which further phos-

phorylate p53, c-Abl, Mdm2, and other proteins, leading to p53

stabilization/activation [Zhou and Elledge, 2000; Kastan and Bartek,

2004; Peterson and Cote, 2004; Li, 2005]. In addition, p53 has been

reported to be modified by acetylation and sumoylation, which

modulate the function of p53 as well. Overall, p53 activation leads

to cell cycle arrest, apoptosis, and/or senescence, which helps to

eliminate cells with damaged genome and subsequently prevent

tumorigenesis. As such, p53 is widely recognized as the ‘‘guardian of

the genome.’’

A tumor suppression role for p53 is manifested by the finding that

p53 is mutated in more than 50% of the primary tumors [Vogelstein

et al., 2000]. Most of these mutations cause the loss of p53 function.
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For example, p53 is absent in a high percentage of patients

with advanced stages of prostate cancer, and is associated with

metastasis and hormone independence. Moreover, prostate cancer

is more likely to recur in men with p53 mutations than their

counterparts without this abnormality [Altieri et al., 2009]. This

is substantiated by mouse genetic studies, which shows that

conditional deletion of p53 in prostate epithelium leads to

prostatic intraepithelial metastatic neoplasia by 600 days of age

[Zhou et al., 2006].

As a prototypical tumor suppressor, p53 is proposed not only to

inhibit proliferation but also promote differentiation, for example,

ES cells and myoblasts [Stiewe, 2007]. Cell differentiation and pro-

liferation are usually mutually exclusive events, with differentiation

requiring the block of proliferation in many cell types. Although

differentiation does not eliminate cells with damaged DNA from

the tissue, it does remove these cells from the proliferating cell

pools, thus helping to maintain genome stability. Thus, induction of

differentiation can be another mechanism by which tumor supp-

ressors inhibits tumorigenesis [Stiewe, 2007].

BONE REMODELING AND BONE-RELATED
DISEASES

The skeleton protects the internal organs and provides the environ-

ment for hematopoiesis and the site for calcium and phosphate

storage. It goes through several phases of growth in our lifetime:

(1) slow growth prior to adolescence, (2) rapid growth during

adolescence, under the influence of steroid hormones and growth

hormone, (3) obtaining peak mass a few years after adolescence,

(4) balanced bone remodeling with constant bone mass and density

in adulthood, and (5) decline in bone mass/density postmenopause

[Riggs et al., 2002].

Bone growth rates are determined by net output of bone forma-

tion and resorption. Bone formation is carried out by osteoblasts

that can synthesize matrix proteins and mineralize the bone matrix.

They are derived from bone marrow mesenchymal stem cells

(MSC), which also have the potential to differentiate into myoblasts,

adipocytes, and chondrocytes [Harada and Rodan, 2003]. Differ-

entiation of MSCs to osteoblasts is a multi-step process that requires

both cell expansion and differentiation. Osteoblast differentiation is

controlled by osteochondral specific transcription factors Runx2

and Osterix, as well as Dlx5 and Atf4 that are also expressed in other

cell types [Yang and Karsenty, 2002; Lian et al., 2004; Stein et al.,

2004]. Both Runx2 and Osterix are sufficient and essential for

osteoblast differentiation and bone mineralization, as mice deficient

for either of them show no mature osteoblasts or bone calcification

[Komori et al., 1997; Otto et al., 1997; Nakashima et al., 2002], while

overexpression of either of them in non-osteoblast cells induces the

expression of osteoblast markers [Ducy et al., 1997; Wang et al.,

2006]. It is through the regulation of these transcription factors,

growth factors and cytokines, especially BMPs, Wnts, and IGFs,

control osteoblast differentiation and bone formation [Harada and

Rodan, 2003].

Bone resorption, on the other hand, is carried out by osteoclasts,

which are large multinucleated cells that can grow up to 100mm in

diameter. Osteoclasts are derived from hematopoietic stem cells

(HSCs)-derived progenitors for monocytes and macrophages

[Teitelbaum and Ross, 2003]. The rate of bone resorption is deter-

mined by the number of osteoclasts and the resorptive activity of

mature osteoclasts. Many factors including cytokines and hormones

regulate osteoclastogenesis. Positive regulators include IL-1b, 6, 11,

17, GM-CSF, M-CSF, TNF-a, and RANK, while negative regulators

include OPG and TGF-b, though the most extensively studied are M-

CSF, RANKL, and OPG [Suda et al., 1999; Boyle et al., 2003]. M-CSF

can bind to its cognate receptor c-Fms on the surface of osteoclast

precursor and promotes its differentiation, activation, and survival.

RANKL binds to its receptor RANK on the surface of osteoclast

precursor and acts similarly as M-CSF. On the other hand, OPG is a

naturally occurring decoy receptor, which functions as a paracrine

inhibitor of osteoclast production and activity. The balance between

RANKL and OPG determines the pace of osteoclastogenesis and bone

resorption [Khosla, 2001; Boyle et al., 2003].

Bone remodeling is a process in which new bones are formed to

replace the old bones. Even in adults, 3% of the cortical bones and

15% of the trabecular bones are replaced each year [Manolagas and

Jilka, 1995]. During bone growth period (adolescence), bone forma-

tion outpaces resorption; whereas in adults, bone resorption and

bone formation are balanced; however, bone resorption usually

outstrips formation in aged population. Moreover, recent studies

indicate there exists a coupling between osteoblastogenesis and

osteoclastogenesis [Martin and Sims, 2005]. Markers for bone

formation and resorption tend to follow the same pattern during

bone remodeling. In general, osteoclastic bone resorption is always

followed by osteoblastic bone formation and the two processes are

well coordinated. It is proposed that IGFs and TGF-b, which are

synthesized by osteoblasts and stored in bone matrix, are released

during resorption, which in turn stimulate osteoblast recruitment

and bone formation. In addition, osteoblasts and their progenitors

can synthesize and present growth factors to osteoclast precursors

to regulate their differentiation and maturation. For example,

RANKL and M-CSF could be synthesized by osteoblastic precursors

to stimulate osteoclastogenesis. Noteworthy is the fact that RANKL

is expressed on the osteoblast/precursor surface and RANK is exp-

ressed on the surface of osteoclast precursors, which makes cell–

cell contact necessary for RANKL action. Negative regulator OPG

could also be synthesized and secreted by osteoblasts and their

precursors.

A disruption of the balance between bone formation and resorp-

tion often leads to bone-related disorders. The most common one is

osteoporosis, with features including reduced bone mass/density,

deterioration of microstructure, and increased fracture risk [Rodan,

1992; Manolagas and Jilka, 1995]. It affects more than 200million

people worldwide and is a major cause of morbidity, mortality, and a

huge economic burden. It can be classified into senile osteoporosis,

postmenopausal osteoporosis, and other pathological types such as

glucocorticoid-induced osteoporosis [Manolagas and Jilka, 1995].

Postmenopausal osteoporosis is mainly caused by steroid hormone

deficiency, which results in enhanced osteoclastogenesis and inc-

reased osteoclast resorption activity, while senile osteoporosis is

mainly caused by reduced bone formation due to a decrease in the

number of osteoblasts, the activity of osteoblasts, or both, and
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affects both aged men and women [Manolagas and Jilka, 1995].

Other bone-related diseases include osteosclerosis and osteopetrosis,

featured by an increase in bone mass/density, with the former being

mainly caused by an increase in bone formation and the latter being

mainly caused by dysfunctional bone resorption.

p53 IN OSTEOBLAST DIFFERENTIATION AND
BONE REMODELING

The physiological function of p53 has been studied using genetically

engineered mice. Due to its profound effects in cell proliferation,

death, and aging, p53 deficient mice were expected to show severe

developmental defects. Surprisingly, the mutant mice appeared

normal at birth, although most of the knockout mice developed

tumors, mainly lymphomas, around the age of 5–7 months [Done-

hower et al., 1992; Stiewe, 2007]. This raised the possibility that p53

has functionally redundant genes such as p63 and p73, which make

up the loss of p53 andmask the true function of p53 in development.

Another possibility is p53 might be largely dispensable for normal

cell growth, cell differentiation, and development, as it has been

suggested by the study of a transgenic mouse line bearing a reporter

gene fused to the p53 response element, which showed little or no

postnatal p53 activity in the absence of DNA damage in vivo

[Gottlieb et al., 1997]. However, subsequent detailed studies revealed

that a low percentage of mice did show developmental anomalies

including polydactyl and exencephaly [Stiewe, 2007]. A recent

study also found that p53�/� mice showed a reduced fertility. This

defect is believed to be mediated by leukemia inhibitory factor (LIF),

a cytokine critical for implantation and a p53 target gene [Hu et al.,

2007].

A role for p53 in bone remodeling has been thoroughly studied

by a few groups. Studies from our group show that p53�/� mice

exhibit an osteosclerotic phenotype compared to control littermates,

with a modest increase in bone mineral density and bone volume,

justified by dual X-ray absorptiometry and histomorphometry

analysis [Wang et al., 2006]. Moreover, these mutant mice show an

increase in both bone formation and resorption. Since the overall

result is an increase in bone mass and density, the increase in

bone resorption should be secondary to enhanced bone formation.

p53�/� mouse is thus a model of increased remodeling with an

osteosclerotic phenotype. A second study deleted Mdm2 in an

osteoblasts specific manner by crossingMdm2 conditional knockout

mice and Col3.6-Cre transgenic mice [Lengner et al., 2006]. The mice

die at birth and show caudal defect as well as ossification defects,

due to hyperactivity of p53. A third study found that while mecha-

nical unloading suspension led to a reduction of trabecular bone

volume and bone formation rate due to defective osteoblast

differentiation in wild type, p53�/� mice were resistant to this

treatment [Sakai et al., 2002].

What is the mechanism by which p53 regulates bone remodeling?

Our studies showed that p53�/� mice displayed increased bone

formation, accompanied by an increase in the number of osteoblasts

and an enhancement of osteoblast differentiation, two cellular

events that are usually mutually exclusive. Calvarial osteoblasts

show increased proliferation that can be restored to normal by

expressing p21, the target gene of p53 and a crucial player in

determining cell growth rate. However, enhanced differentiation is

not significantly affected by the expression of p21 [Wang et al.,

2006]. Further studies indicated that the enhanced differentiation is

mediated by elevated expression of Osterix as overexpression of

Osterix in normal osteoblasts could mimic the differentiation

phenotype of p53�/� cells, while knock-down of Osterix in p53�/�
osteoblasts with siRNA slowed down differentiation. It was also

found that Osterix could be repressed by p53 in reporter assays in a

DNA-binding independent manner [Wang et al., 2006]. This might

be one mechanism by which p53 represses Osterix expression. In

Mdm2�/� osteoblasts, surprisingly, Mdm2 deletion did not signi-

ficantly alter the overall levels of p53 protein. Instead, it led to an

enhancement of p53 transactivation activity and an up-regulation

of Runx2. This did not induce p53-mediated apoptosis but rather

blocked osteoblast differentiation [Lengner et al., 2006]. The same

group also confirmed that p53�/� osteoblasts showed enhanced

differentiation and p53 deficiency could rescue the differentiation

defects observed in Mdm2�/� osteoblasts.

Furthermore, knock-down of p53 in primary MEFs was shown to

enhance differentiation into osteoblasts, accompanied by elevation

of Runx2 and Osterix [Molchadsky et al., 2008]. Furthermore, p53

knock-down has been shown to enhance MEFs differentiation into

adipocytes and myofibroblasts as well. In addition, when compared

to control cells, p53�/� bone marrow MSCs show accelerated bone

nodule formation and alkaline phosphatase staining, as well as

increased expression of the early and intermediate osteogenic mar-

kers, Runx2 and osteopontin, but not terminal osteogenic marker

gene osteocalcin, suggesting that p53 deficiency, which promotes

early stages of osteoblast differentiation, might inhibit terminal

differentiation, a event that requires termination of proliferation

[Tataria et al., 2006]. These results taken together demonstrate

that p53 is an important regulator in osteoblast differentiation in

addition to its traditional roles in cell proliferation and tumor

suppression.

p53 was also found to play a role in the coupling between

osteoblastogenesis and osteoclastogenesis. In addition to enhanced

bone formation, p53�/�mice also show enhanced bone resorption,

manifested by an increase in the number of osteoclasts, the bone

resorption surface and the secretion of deoxypyridinoline cross-

links. However, p53 seems to have no cell-autonomous effects on

osteoclast differentiation from monocytes or the resorption activity

of the osteoclasts [Wang et al., 2006]. A co-culture experiment of

osteoblasts and osteoclasts indicated that p53�/� osteoblasts

acquired enhanced activity in promoting osteoclastogenesis, which

is likely mediated by up-regulation of M-CSF, as p53 deficiency led

to an increase in M-CSF expression, but not RANKL or OPG. This is

further supported by the fact that M-CSF expression is induced by

the ectopic expression of Osterix. These findings indicate that p53

plays an important role in skeletal formation: it directly inhibits

bone formation and indirectly inhibits bone resorption [Wang et al.,

2006]. The osteoblast-supported osteoclastogenesis data also help

to explain why osteosclerotic models like p53�/� mice only

show moderate increase in bone mass while they have markedly

enhanced bone formation. Hence, p53�/� mice can be used as an

osteosclerotic animal model, which may allow us to comprehend
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factors coupling bone formation and bone resorption during bone

remodeling.

p53 UPSTREAM REGULATORS IN BONE
REMODELING

The conclusion that p53 regulates bone remodeling is further

supported by studies of mouse lines deficient for p53 upstream

regulators. In DNA damage response, p53 is regulated by Atm and

c-Abl in addition to Mdm2. We and others found that both c-Abl�/

� mice and Atm�/� mice showed osteoporotic phenotypes, which

are accompanied by a decrease in bone formation, a decrease in

osteoblast differentiation, and a reduction in the expression of

Osterix [Li et al., 2000, 2004; Rasheed et al., 2006]. Similar to the

findings that p53 deficiency rescued the differentiation defects of

Mdm2 null osteoblasts, we found that p53 deficiency also rescued

the differentiation defect of c-Abl null osteoblasts, as well as the

reduction in Osterix expression [Wang et al., 2006]. These results

suggest that p53 possibly acts downstream of c-Abl and Mdm2 in

osteoblast differentiation.

Although the epistatic relationships among these genes need to be

further analyzed, the in vivo and in vitro studies convincingly show

that c-Abl, Atm, and p53 do participate in bone remodeling by

regulating osteoblast differentiation in a cell autonomous manner,

without affecting osteoclast differentiation, thus providing evidence

that DNA damage response proteins have novel functions in

postnatal tissue homeostasis.

p53 IN OSTEOSARCOMA DEVELOPMENT

The above-mentioned studies also confirmed an anti-proliferation

effect for p53 in osteoblasts. p53�/�mice display an increase in the

number of osteoblasts, and ex vivo osteoblasts as well as MSC

cultures show a reduced doubling time. This might facilitate

development of osteosarcoma, a tumor developed from osteoblast

stem cells or progenitor cells. Indeed, human studies have shown

that p53 is often lost in osteosarcoma either by mutation of the p53

gene or by loss of upstream signaling molecules [Miller et al., 1990].

Moreover, germline mutation of the p53 gene in Li–Fraumeni

syndrome also predisposes patients to osteosarcoma [Porter et al.,

1992]. This is also validated by studies of animal models. p53

deficient mice develop osteosarcoma among other malignancies

[Jacks et al., 1994; Lang et al., 2004; Olive et al., 2004]. Depending

on the genetic background, 3–8% of p53�/� mice develop

osteosarcomas [Harvey et al., 1993; Jones et al., 1996]. This low

incidence rate could be due to premature death of the p53�/� mice

(>90% p53�/�mice die before 200 days) from lymphomas [Harvey

et al., 1993]. Indeed, it has been recently reported that 60% of the

mice with osteoblast-specific deletion of p53 showed development

of osteosarcoma by 42 weeks [Lengner et al., 2006]. Further studies

show that osteosarcoma development is largely dependent on the

loss of p53 and can only be potentiated by the loss of pRb, thus

revealing a dominant role for p53 in suppressing osteosarcoma

development.

p53 AND Runx2/OSTERIX EXPRESSION

How does p53, as well as Atm and c-Abl, regulate osteoblast

differentiation and bone formation? In osteoblasts deficient for each

of the three genes, there is an alteration in the expression of Osterix,

which is positively related to their differentiation potential. This

positive correlation is only specific to Osterix but not to other

transcription factors such as Runx2, Atf4, or Dlx5 [Rasheed et al.,

2006; Wang et al., 2006]. For example, osteoblasts deficient in c-Abl

or Atm show defective differentiation that is accompanied by

reduced levels of Osterix. On the other hand, p53 deficient osteo-

blasts show enhanced differentiation that is accompanied with

increased levels of Osterix (Fig. 1). In addition, inhibition of p38

MAPK impeded osteoblast differentiation as well as the expression

of Osterix and inhibition of Cox-2 also compromises osteoblast

differentiation and reduces the expression of Osterix [Wang et al.,

2007]. More importantly, we found that knocking down Osterix in

p53 deficient osteoblasts slowed down differentiation while over-

expression of Osterix render resistance to p38 MAPK inhibitor with

regard to differentiation. However, in Mdm2�/� osteoblasts and

MEFs with p53 knocked down, Runx2 was also found to be up-

regulated [Lengner et al., 2006]. It is thus likely that up-regulation of

Runx2/Osterix in the absence of p53 is responsible for enhanced

differentiation.

Osterix is under the control of BMPs and IGFs [Lee et al., 2003;

Celil and Campbell, 2005], which are the driving force of osteoblast

differentiation and bone formation in vivo [Li, 2008; Chau et al.,

2009]. BMPs induce Osterix transcription through the canonical

Smad1/5/8 pathway and the non-canonical p38 MAPK pathway. It

is possible that c-Abl, a tyrosine kinase, and Atm, a Ser/Thr kinase,

and p53 regulate Osterix via altering the signaling pathways that

control the expression of Osterix and Runx2, for example, BMP-

Smad1/5/8, BMP-p38 MAPK, or IGF-MAPK pathway.

Fig. 1. A diagram showing the function of p53 in osteoblast (OB) prolifera-

tion and differentiation. A: p53 negatively regulates both osteoblast prolif-

eration and differentiation, two cellular events that are usually mutually

exclusive. B: Possible mechanisms by which p53 regulates OB differentiation.
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More interestingly, both Runx2 and Osterix have been impli-

cated in tumorigenesis, especially osteosarcoma and prostate cancer

[Akech et al., 2010]. Osterix was found to be down-regulated in

osteosarcoma lines and ectopic expression of Osterix inhibits

proliferation of these cells [Cao et al., 2005]. The role for Runx2

in tumorigenesis is much more complicated. It can be a tumor

suppressor or an oncoprotein in a cell context dependent manner.

Runx2 deficiency in osteoblasts could potentiate cell immortaliza-

tion and tumorigenesis [Zaidi et al., 2007]. However in other cell

types, for example, in prostate cancer, Runx2 seem to have onco-

genic activity. Runx2 is up-regulated in prostate cancer and this

elevation correlates with their metastatic potential and expression of

metastasis-related genes such as MMP9 and MMP13 [Pratap et al.,

2005]. Runx2 also enhances cell growth and response to androgen

and TGF-b in prostate cancer cells [Akech et al., 2010; van der Deen

et al., 2010]. At least in osteoblasts and osteosarcoma cells, p53

deficiency-induced up-regulation of Runx2 and Osterix seems to

help to curb cell proliferation in addition to promoting osteoblast

differentiation.

PERSPECTIVES

Mouse genetic and cell-based studies revealed an unexpected role

for p53 in negatively regulating the differentiation of osteoblast and

many other cell types (Fig. 1). Due to p53’s potent anti-proliferation

activity, it has been generally believed that if p53 deficient mice

have a developmental defect such as bone remodeling, it has to be

caused by the alteration in the number of the cells involved and their

stem cells (osteoblasts or osteoclasts in this case). Surprisingly, all

the bone-related studies demonstrated a novel function for p53

in negatively regulating osteoblast differentiation from MSC. In

addition, p53 has been found to inhibit the differentiation of many

other cell types including pre-B cells, myoblasts, kerotinocytes,

oligodendrocytes, neurons, adipocytes, and myofibroblats. These

findings suggest that besides being the ‘‘guardian of the genome,’’

p53 might also act as a ‘‘safeguard of differentiation.’’ DNA damage-

induced p53 activation not only stops cell proliferation or induces

apoptosis, but also halts cell differentiation, in many if not all cell

types. This might be another mechanism by which DNA damage and

p53 activation induces premature aging in vivo, as p53 activation

might block the differentiation/maturation process of the functional

cells in many tissues. Together with p53-induced cell apoptosis and

senescence, this would lead to a shortage of mature functional cells,

which is a main feature of aging. Moreover, these findings do not

support the concept that cell proliferation and differentiation are

mutually exclusive events, at least at the early stage of stem cell

differentiation. Somatic stem cells are usually low in numbers, and

differentiation from a stem cell (e.g., MSC) to functional cells (e.g.,

osteoblasts) thus needs cell expansion. It seems plausible that cell

proliferation and differentiation co-exist in a coordinated manner at

the early stage of stem cell differentiation. Only at the very terminal

differentiation stage, does cell proliferation need to be ended.

While the data demonstrate that p53 participates in bone remo-

deling by regulating osteoblast proliferation and differentiation,

many questions remain to be answered. The most obvious one is

what the molecular mechanisms are by which p53 regulates

osteoblast differentiation. What connects p53 deficiency to the up-

regulation of Runx2 and Osterix in osteoblasts? Is there a common

pathway controlled by p53 that is behind the altered differentiation

process in all cell types? Also unknown is why Atm, c-Abl and p53,

which are involved in DNA damage response and tumorigenesis,

also regulate osteoblast differentiation. Do DNA damage response

and osteoblast differentiation share any common pathways? The

answers to these questions might help us to fully understand not

only how p53 controls cell differentiation and tissue homeostasis

but also how p53 prevents cancer development.
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