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Targeted mutation of p53 and Rb in mesenchymal cells of the limb bud produces
sarcomas in mice
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Mice bearing germ line mutations of p53 develop sarcomas at
a significant rate. Since they are susceptible to a variety of other
malignancies, they are not ideally suited to the study of sarcomas.
To test the possibility that targeted mutation of tumor suppressor
genes in early mesenchymal cells would induce formation of
sarcomas, the Prx1-cre transgenic mouse was crossed to mice-
bearing floxed alleles of p53 and Rb. Mice with homozygous
deletion of p53 (Prx1-cre p53lox/lox) developed sarcomas in the
extremities at a mean time of 50 weeks. Osteosarcomas (OS) were
the most common type of sarcoma (61%) followed by poorly
differentiated soft tissue sarcomas (PDSTS) (32%). Homozygous
deletion of p53 produced sarcomas significantly more rapidly
than heterozygous deletion, which resulted in sarcoma formation
after a mean of 96 weeks. Mice with homozygous Rb mutation
(Prx1-cre Rblox/lox) developed normally and had no ostensible
defects in the limbs. In contrast to p53, targeted deletion of Rb
did not produce sarcomas in the limbs. However, simultaneous
deletion of Rb and p53 accelerated the time to sarcoma formation,
and a greater percentage of PDSTS were found. Deletion of p53 in
committed osteoblasts by the Col1a1-cre transgenic mouse bear-
ing an osteoblast-specific enhancer resulted in a high percentage
of OS. These findings suggest that deletion of p53 in mesenchymal
cells that give rise to osteoblasts is a powerful initiator of OS.
Deletion of Rb does not initiate sarcoma formation in mice, but
it accelerates formation of both soft tissue sarcomas and OS.

Introduction

The sequence of genetic events leading to the formation of sarcomas has
not been well established. Although many genes have been implicated,
it is not clear which mutations initiate the process and which mutations
enable the disease to progress. It is also not known what cell types give
rise to particular sarcomas and whether certain stages of differentiation
are especially prone to formation of certain types of sarcomas.

Previous models of sarcomas based upon tumor-derived cell lines
and xenografts have yielded important discoveries (1–4). However,
a disadvantage of this approach is that the tumor cell lines have
already acquired a large number of genetic changes. This places con-
straints upon the ability to study the genetic etiology of the disease,
especially with regard to the early key mutations that give rise to the
tumors. Mice bearing germ line deletion mutations of p53 develop
osteosarcoma (OS) and soft tissue sarcomas at a significant rate (5,6).
This parallels the relatively high rate of sarcomas in patients with the
Li-Fraumeni syndrome (7). However, mice with global deletion of
p53 suffer from two drawbacks with regard to the study of sarcomas.
First, the sarcomas typically develop late in the life of heterozygous

mice, well after 12 months. Second, the homozygous mutant mice die
early, most commonly as a result of lymphomas and very few sarco-
mas are observed prior to the onset of lymphomas.

In addition to p53, the Rb gene is another important tumor suppres-
sor gene (8–10). In humans, patients with hereditary retinoblastoma
have a high incidence of OS, thereby raising the possibility that Rb
may be involved in the initiation of OS (11). The study of Rb in mice
has been hampered somewhat by the fact that mice bearing homozy-
gous null mutations of Rb are not viable. It is not known whether
homozygous deletion of Rb in the extremities might give rise to
sarcomas. Mice bearing heterozygous mutation of Rb develop
pituitary tumors but not sarcomas (12).

Tissue-specific targeted disruption of both the p53 and Rb genes may
be achieved by Cre-Lox recombination of conditional alleles of the
genes (13). The Prx1-cre transgenic mouse is an attractive mouse to use
for sarcoma studies because it expresses Cre recombinase in the early
mesenchymal tissues of embryonic limb buds (14). The primitive, un-
differentiated mesenchymal cell may be a good candidate for the cell
of origin of certain sarcomas. Since many sarcomas recapitulate
features of mesodermally derived tissues, it is reasonable that a pluri-
potential mesenchymal cell may give rise to a variety of sarcomas. The
Prx1-cre mouse provides a possible means of creating mutations in
undifferentiated mesenchymal cells as opposed to more differentiated
cells, such as osteoblasts, which may be more restricted in the types of
tumors they can form. It is an attractive mouse to use since it spares the
vital internal organs and theoretically enables mutations of genes to be
studied that could be lethal in central organs. One of our primary goals
was to test the ability of the Prx1-cre mouse to generate sarcomas and
to determine the spectrum of tumors that would arise.

In this study, it was hypothesized that sarcomas could develop after
targeted deletion of p53 and Rb in the mesenchymal cells of the limb
bud by Prx1-cre. We show that a strategy employing the Prx1-cre
transgenic mouse is capable of generating sarcomas in a high pro-
portion of animals. Homozygous deletion of p53 produces sarcomas
consistently, but homozygous deletion of Rb does not initiate forma-
tion of sarcomas in mice.

Materials and methods

Reagents

Tris, glycine, NaCl, sodium dodecyl sulfide and bovine serum albumin were
purchased from Sigma–Aldrich (St Louis, MO). Rabbit polyclonal antibody to
Runx2, c-Myc, Mdm-2 and p53 were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibody against Col1 type 1 was obtained from Abcam
(Cambridge, MA). Antibody against b-actins was purchased from Sigma–Aldrich.

Mice

Mice bearing floxed alleles of the Rb and p53 gene have been previously de-
scribed (13). The p53lox mice carry loxP sites flanking exons 2–10 of the mouse
p53 gene, and the Rblox mice carry loxP sites around exon 19. The Prx1-cre
transgenic mouse has been characterized (15). This mouse was generated by a
DNA construct that incorporated a 2.4 kb promoter fragment from the Prx1
gene to control expression of Cre recombinase. The Prx1-cre transgenic mouse
was selected because in previous experiments (P.P.Lin, M.K.Pandey, unpub-
lished data), we ascertained that Prx1 does affect most of the mesenchymally
derived cells and this is consistent with the published reports using lacZ re-
porter genes that show expression of Prx1 in the mesodermally derived tissues
of the limb bud (15). The Col1a1-cre transgenic mouse bearing an osteoblast-
specific enhancer element has also been described (16). The Rosa26-lacZ
reporter mouse (R26R) was used to confirm tissue expression of Cre recombinase
(17). All mice were crossed to and maintained in a C57/Bl6 background.

Genotyping of mice

The genotypes of mice were determined by extracting DNA from standard tail
preparations. The primers for verifying the genotype of the conditional alleles
p53lox and Rblox have previously been published (13).Abbreviation: OS, osteosarcomas.
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Embryo analysis for lacZ expression

Embryos at E12.5–16.5 were isolated after crossing Prx1-cre mice to R26R
mice. The embryos were rinsed in phosphate-buffered saline and briefly fixed
for 30 min with glutaraldehyde before staining overnight for lacZ. Seven
micron thick sections were made and lightly counterstained with nuclear
fast red.

Radiographs

Mice bearing tumors were analyzed by whole-body X-ray using a Faxitron
machine to determine the sites of skeletal involvement.

Histopathology

After standard necropsy, the tissues and organs were fixed in 10% buffered
formalin. Osseous tissues were decalcified in standard acidic decalcifying
solution prior to preparation of slides. Seven micron thick sections were pre-
pared and stained with hematoxylin and eosin.

Western blot analysis

To detect various proteins, various tissues were extracted by 0.05 ml lysis
buffer containing 20 mmol/l N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic
acid (pH 7.4), 2 mmol/l ethylenediaminetetraacetic acid, 250 mmol/l NaCl,
0.1% NP-40, 2 lg/ml leupeptin, 2 lg/ml aprotinin, 1 mmol/l phenylmethyl-
sulfonyl fluoride, 0.5 lg/ml benzamidine, 1 mmol/l dithiothreitol and 1 mmol/l
sodium vanadate by incubation for 30 min on ice. The lysate was centrifuged
and the supernatant was collected. Whole-cell protein (30 lg) was resolved on
10–12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis, trans-
ferred onto a nitrocellulose membrane, blotted with respective antibodies
and then detected by chemiluminescence (Amersham, Piscataway, NJ).

Statistical analysis

Statistical analysis was performed with the aid of the SPSS 15.0 computer
software program. Statistical significance was defined as P , 0.05. The sur-
vival of animals was analyzed by Kaplan–Meier curves, and the log rank test
was used to determine whether there was a difference in survival.

Results

Functional assessment of Cre recombinase expression

The expression pattern of Cre recombinase in the Prx1-cre and
Col1a1-cre transgenic mice was confirmed by crossing to the R26R
reporter strain, which carries the lacZ gene. For the Prx1-cre mice,
strong staining for lacZ was observed throughout the mesodermal
tissues of the limb bud, including the condensing mesenchyme giving
rise to the long bones (Figure 1A). No staining was observed in
dermal and epidermal tissues. For the Col1a1-cre mice, lacZ staining
was observed in the skeletal tissues, including the cranium, facial
bones, spine and limbs (Figure 1B).

Generation of cohorts

Six cohorts of mice were generated with the following genotypes:
(i) Prx1-cre Rblox/þ; (ii) Prx1-cre Rblox/lox; (iii) Prx1-cre p53lox/þ;
(iv) Prx1-cre p53lox/lox; (v) Prx1-cre p53lox/lox Rblox/lox and (vi)
Col1a1-cre p53lox/lox (Table I). There were no overt developmental
abnormalities in any of the cohorts, and all the mice had a normal
appearance. The limb lengths were all of normal length, and X-rays of
the skeleton revealed no discernable anomalies (data not shown).

Deletion of p53 in early mesenchymal cells of the limb bud induced
sarcoma formation

Conditional deletion of p53 in the early mesenchymal cells of the
embryonic limb bud was achieved by crossing the Prx1-cre mouse
to p53lox/lox mice. For the mice with a heterozygous deletion of p53
(Prx1-cre p53lox/þ), OS arose in 22% of the mice, and soft tissue
sarcomas developed in 17% of the mice. Other tumor types were
observed as well, and these included thymic lymphoma, lung carci-
noma, squamous cell carcinoma of the skin and mammary carcinoma
(one case each).

Homozygous deletion of p53 by Prx1-cre resulted in a higher pro-
portion of tumors being sarcomas (88%, Table I) and an acceleration
of time to develop tumors. The mean time to tumor formation was
96 weeks for heterozygous deletion of p53 (Prx1-cre p53lox/þ) and
50 weeks for homozygous deletion of p53 (Prx1-cre p53lox/lox, P 5

0.008, Figure 2A). For the mice with homozygous deletion of p53,
the most common tumor that formed was OS (Figures 2C and 3). The
most frequent site of involvement was the femur (39%) followed by
the tibia (22%), humerus (13%), pelvis (11%), ribs (7%), spine (4%)
and scapula (4%). Multiple bone lesions were found in 17% of the
mice with OS. In these mice, it was not possible to determine whether
the lesions represented multiple primary tumors or metastases.

Fig. 1. Assessment of Cre recombinase activity. (A) The Prx1-cre mouse
was crossed to the Rosa26-lacZ reporter (R26R) mouse. (i) Whole-embryo
staining at E13.5 for lacZ demonstrates strong staining in the limbs. Some
staining is also present in the cranium, which corresponds to the normal
expression pattern for the Prx1 gene. (ii) Histological examination of the
upper forelimb shows lacZ staining throughout the mesodermal tissues,
including the muscles, connective tissues and bones (�10 magnification).
(iii) There is absence of staining of the dermal and epidermal tissues
(arrowhead), but strong staining in the germinal centers of bones (arrow).
Magnification is �40. (B) LacZ staining was performed on E15.5 embryos
for Col1A1-cre mice that were crossed to R26R mice. Positive staining was
noted especially in the facial bones (i) and ribs (ii), which became evident
after removal of skin. LacZ staining is also visible in the skeletal tissues
(arrowheads) of the lower extremity of a 3 week old mouse, which has been
dissected free of muscle and soft tissue (iii).
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Metastatic disease was identified in 24% of animals at necropsy, with
the lungs being the most common site of involvement.

Poorly differentiated soft tissue sarcomas (PDSTS) were the second
most common tumor type, comprising 32% of the tumors (Figure 3A).
These tumors, interestingly, developed at a significantly faster rate
than the OS (Figure 2B). More differentiated or specific types of
soft tissue sarcoma, such as rhabdomyosarcoma, were rarely seen.
Lymphomas were also not frequently observed. One mouse bearing
the Prx1-cre p53lox/lox genotype developed primary lymphoma of
bone (lymphosarcoma) in the femur (Figure 3A). Another mouse
had a lymphoma that was discovered in the spleen on necropsy. This

Fig. 2. Homozygous deletion of p53 in mesenchymal cells of limb buds enhanced sarcoma formation. (A) Overall survival is shown by Kaplan–Meier analysis for
mice with Prx1-cre-mediated conditional deletion of p53. The homozygous Prx1-cre p53lox/lox deletion developed tumors at a mean of 50 weeks, which was
significantly earlier than the heterozygous Prx1-cre p53lox/þ mice, which developed tumors at a mean of 96 months (P 5 0.008). The survival of mice with
simultaneous homozygous deletion of both p53 and Rb (Prx1-cre p53lox/lox Rblox/lox) was significantly shorter than all other cohorts, with a mean time to tumor
formation of 19 weeks (P, 0.0001). (B) When a subset analysis was performed for mice bearing the Prx1-cre p53lox/lox genotype, PDSTS were found to develop
significantly faster than OS, with a mean time to tumor formation of 32 versus 51 weeks, respectively (P 5 0.47). (C) The most common tumors generated by
Prx1-cre-mediated deletion of p53 were OS (i and ii) and PDSTS (iii and iv). (i) Whole-body X-ray of a mouse with OS bearing the genotype Prx1-cre p53lox/lox

demonstrates multiple osteoblastic lesions throughout the skeleton (arrows). The largest lesion is present in the femur (large arrow), which probably represents the
earliest tumor to form. The other tumors may be metastatic lesions or separate primary tumors. A metastatic tumor is visible in the lower left lung. (ii) Hematoxylin
and eosin (H&E) stain of a histological section of the OS arising from the right femur demonstrates abundant pink osteoid (arrows) and plump spindle-shaped
sarcoma cells. (iii) A poorly differentiated soft tissue sarcoma developed in the forelimb of a mouse with the genotype Prx1-cre p53lox/lox (arrows). (iv) H&E stain
shows pleomorphic spindle-shaped and compact cells without the osteoid formation that is characteristic of OS. A pink fibrovascular stroma is present (arrow),
which should not be mistaken for osteoid. The photographs were taken at the magnification of �40.

Table I. Mouse cohorts

Cohort No. of mice Sarcomas
(%)

Other tumors
(%)

Prx1-cre Rblox/þ 10 0 (0%) 0 (0%)
Prx1-cre Rblox/lox 22 1 (5%) 5 (23%)
Prx1-cre p53lox/þ 22 7 (32%) 5 (23%)
Prx1-cre p53lox/lox 33 29 (88%) 2 (6%)
Prx1-cre p53lox/lox Rblox/lox 16 12 (75%) 2 (13%)
Col1a1-cre p53lox/lox 23 21 (91%) 0 (0%)
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mouse also had a simultaneous OS of the tibia and was the only mouse
to have two malignancies of different histology.

Deletion of Rb did not induce formation of sarcomas

In contrast to p53 deletion, disruption of Rb by Prx1-cre in mesenchymal
cells without other mutations did not produce sarcomas in the extrem-
ities. Heterozygous conditional deletion of Rb (Prx1-cre Rblox/þ)
did not result in any tumors. Homozygous conditional deletion of Rb
(Prx1-cre Rblox/lox) did produce a few tumors by 96 weeks (Figure 2A,
Table I), but none of these were in the limbs. There was one sarcoma,
which developed intra-abdominally. The remaining tumors consisted of
three thyroid carcinomas and one bronchioalveolar carcinoma of the
lung (Table I).

Simultaneous deletion of Rb and p53 accelerates formation of
sarcomas

Deletion of Rb together with p53 had two discernible effects. First,
there was a significant reduction in the amount of time to the forma-
tion of sarcomas. The mean time to tumor formation was 50 weeks for
p53 deletion and 19 weeks for simultaneous Rb and p53 deletion (P,
0.0001, Figure 2A). Second, deletion of Rb favored the formation of
poorly differentiated sarcomas over OS. There was essentially a re-
versal of the ratios of these tumor types, with PDSTS comprising 57%
of tumors and OS 29% of tumors (Figure 3B).

OS formation in committed osteoblasts

To determine whether sarcomas could be induced in cells committed
to the osteoblast lineage, the Col1a1-cre transgenic mouse was used to
mediate homozygous p53 deletion in osteoblasts. Unlike Prx1-cre,
which is expressed in the early primitive mesenchyme of the limb
bud, Col1a1-cre is expressed in osteoblasts since the promoter con-
tains an osteoblast-specific enhancer. A high percentage of animals
(85%) developed OS. In 15% of cases, the tumors were undifferenti-
ated sarcomas. The mean time to tumor formation was 45 weeks for
the Col1a1-cre p53lox/lox mice, which was less than the mean time of
50 weeks for Prx1-cre p53lox/lox mice (P5 0.003, Figure 4). However,
when non-OS histologies were excluded, the mean time for OS for-
mation was not statistically different for Col1a1-cre p53lox/lox mice
and Prx1-cre p53lox/lox mice (Figure 4B).

Comparison of OS with poorly differentiated sarcomas

In addition to histological differences in morphology, the OS that
were generated in this model differed from the PDSTS in the expres-
sion of several key genes, including several related to osteogenesis
(18). We found that Mdm2 expression levels were upregulated in both
PDSTS and OS, but especially for the former (Figure 5). In contrast,
the levels of p53 were low in all samples. We observed that levels of
Runx2 and c-Myc were also upregulated in PDSTS but not in OS
samples. Expression of Col1a1 (collagen type 1, alpha 1) was found
to be elevated in OS samples but not in PDSTS (Figure 5).

Discussion

The results of the present study indicate that homozygous deletion of
p53 in the primitive mesenchymal cells of the limb bud is a powerful
initiator of sarcoma formation. Nearly, all mice with such mutations
develop sarcomas. This supports the idea that pluripotential mesen-
chymal cells can function as precursor cells for sarcomas. A variety of
sarcomas were observed, suggesting that differences in the subsequent
mutations can have an important role in determining the ultimate type
of the sarcoma that forms.

It was not surprising that undifferentiated soft tissue sarcomas were
relatively common in the present model. These tumors accounted for
approximately one-third of the malignancies that arose after Prx1-cre-
mediated deletion of p53. Since the mutation occurred in the primitive
mesenchymal cells, it seems plausible that persistence of the cells and
failure to differentiate further would lead to the formation of undif-
ferentiated sarcomas.

An intriguing finding was that OS comprised over half of the
tumors in the Prx1-cre p53lox/lox cohort. Since deletion of p53
occurred in the undifferentiated mesenchymal cells, which had not
yet differentiated into osteoblasts, this raises an important question.
Does acquisition of key mutations by undifferentiated mesenchymal
cells confer the OS phenotype? Alternatively, does the transformation
to OS occur after the mesenchymal cell differentiates into an osteo-
blast? Since complete abrogation of p53 activity does not impair
development of the limb, including the bones, it is possible that os-
teoblasts lacking p53 may continue to divide and function normally
until enough mutations accumulate to create a malignant cell.

The results of our study indicate that the latter possibility can
certainly occur. When homozygous deletion of p53 was induced in
osteoblasts by Col1a1-cre, a high percentage of OS was obtained.
Furthermore, the OS develop at nearly the identical rate as those that
arise from Prx1-cre-mediated homozygous deletion of p53. The find-
ing suggests that transformation to OS occurs after cells become
committed to the osteoblast lineage and that the rate-limiting muta-
tions for OS formation occur in the osteoblast stage.

Our results are consistent with the recently published studies of
Lengner et al. (19), who also used a Col1a1-cre mouse with osteoblast
specificity to delete p53 and generate OS. In two other studies, an
osteoblast-specific promoter from the osterix gene was used to express
Cre recombinase in transgenic mice and mediate conditional deletion
of p53 and Rb in osteoblasts (20,21). OS were produced with

Fig. 3. Effect of Rb deletion upon the distribution of tumor types for
Prx1-cre-mediated deletion of p53. (A) Homozygous deletion of p53 alone in
primitive mesenchymal cells of the limb bud by Prx1-cre resulted primarily
in OS (61%) as the major tumor type, with soft tissue sarcomas representing
a smaller percentage (32%) of tumors. One case of lymphosarcoma and
lymphoma each were seen in this cohort. (B) Homozygous deletion of both
p53 and Rb by Prx1-cre resulted in predominantly soft tissue sarcomas (57%)
and a smaller fraction of OS (29%). Lymphomas were seen to a greater
degree (14%).
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complete penetrance in both studies. The deletion of Rb together with
p53 was found to accelerate the formation of tumors and increase
metastases from tumors.

This of course does not necessarily rule out the other possibility,
namely that a key mutation (or mutations) of a pluripotential mesen-
chymal cell converts it directly to OS without the cell first having to
differentiate into an osteoblast. Clear experimental data testing this
concept were sparse. It is relevant to note that the study of Berman
et al. (20) showed that Sca-1-positive mesenchymal stem cells bearing
p53 and Rb mutations were capable of forming tumors bearing some
osteoblastic markers when injected into immunocompromised mice.
However, it was not clear whether the cells gradually acquired oste-
oblastic features or became OS-like instantaneously.

It is perhaps possible within our experimental design to test this idea
more critically in the future. In contrast to the previous authors, we
employed the Prx1-cre transgenic mouse, which affects an early un-
differentiated cell. Further genetic manipulations of these cells, for
example by crossing to floxed alleles of specific genes, might enable
mutations to be tested for their ability to create other types of sarcomas.
This is both an advantage and disadvantage of utilizing the Prx1-cre
mouse, as opposed to a more specific tissue-restricted cre transgenic
mouse, such as the Osterix-cre mouse. A wider array of sarcomas
could potentially be generated with Prx1-cre, and this mouse would
be ideally suited to questions regarding mutations in undifferentiated
mesenchymal cells. On the other hand, if one were interested in
studying a specific differentiated tumor such as OS, a more specific
Cre mouse such as Osterix-cre would be more appropriate.

For the undifferentiated sarcomas, our results suggest that there
may be a block to osteoblastic differentiation. The mammalian Runx
genes are Runt-related transcription factors that regulate cellular dif-
ferentiation and cell cycle progression. Runx2 is a critical inducer of
osteoblast differentiation, and its expression induces mesenchymal

stem cells to begin the progression toward the osteoblastic lineage.
Runx2 also stimulates chondrocyte hypertrophy and contributes to
endothelial cell migration and vascular invasion of developing bones
(22). Interestingly, the level of Runx2 was found to be especially high
in the poorly differentiated sarcomas of this study and elevated above
the levels in OS. This may be somewhat counterintuitive since Runx2
is associated with osteoblast differentiation; however, it may be
recalled that Runx2 is expressed in the pre-osteoblastic cell, and the
level of expression is high in cells that have not yet acquired the full
osteoblastic phenotype (23). The fact that certain tumors have a high
level of expression of Runx2 without overt osteoblastic features on
histology suggests that there may be a block to osteoblastic differen-
tiation in these undifferentiated cells. Further work would be needed
to determine what the mechanism of the block might be.

We found that there was an elevated expression of Mdm2 in OS and
poorly differentiated sarcomas, but especially in the latter. The fact
that Mdm2 was elevated despite deletion of p53 was intriguing and
suggested a possible role for Mdm2 independent of p53 in some of
these tumors. It may also be relevant that the studies of Lengner et al.
(19) suggested that Mdm2 may be indirectly involved in the control of
the expression of Runx2, and our results would be compatible with
this idea.

The present model, which is based upon conditional mutation of
tumor suppressor genes, appears to be attractive for the further study
of early events in the process of sarcoma formation. The Prx1-cre and
Col1a1-cre mice both produced tumors in the anatomic pattern ex-
pected from previous work and paralleled the pattern of lacZ staining
in the R26R cross (15). For mice with homozygous p53 deletion
(Prx1-cre p53lox/lox), the majority of tumors developed in the extrem-
ities. There were no carcinomas and there was only one centrally
located thymic lymphoma. In the cohort involving heterozygous de-
letion of p53 (Prx1-cre p53lox/þ), a few central tumors were observed

Fig. 4. Induction of OS by osteoblast-specific homozygous deletion of p53. (A) The overall survival of mice with an osteoblast-specific homozygous deletion of
p53 induced by Col1a1-cre was slightly shorter than the survival of mice bearing a homozygous deletion of p53 in primitive mesenchymal cells induced by
Prx1-cre. The mean time to tumor formation was 45 weeks compared with 50 weeks, respectively (P 5 0.003). (B) When the survival of mice was restricted to
those bearing OS, the mice with Col1a1-cre p53lox/lox genotype developed tumors at the same rate as those with Prx1-cre p53lox/lox genotype, with a mean time to
tumor formation of 48 versus 51 weeks, respectively (P 5 0.47). (C) Homozygous deletion of p53 in osteoblasts by Col1a1-cre resulted in primarily OS (85%)
with a small fraction of undifferentiated sarcomas (15%).
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at late age. This may be due to low-level expression of Prx1-cre in
non-extremity tissues. It has been shown that Prx1 is expressed in
certain adult tissues of mesodermal derivation, including heart, uterus
and derivatives of the branchial arches (14,24,25). In the Col1a1-cre
p53lox/lox cohort, a few cases of undifferentiated sarcomas were seen.
While it is possible that the osteoblastic cells dedifferentiated in these
tumors, it may also be possible that there was a low level of Cre
expression in non-osteoblastic cells.

Our results confirmed the idea that sarcomas would form earlier
and at a higher frequency in homozygous p53 deletion compared with
heterozygous p53 deletion. This is consistent with the classic two-hit
hypothesis of Knudson (26) for tumor suppressor genes. Although the
observation was expected, it could not be shown in the early studies
employing mice with global homozygous null deletion of p53 since
they died of other causes such as lymphoma at an early age (5,6). Our
findings support the use of sarcoma models based upon conditional
homozygous deletion of p53, which reduces the time to generate
sarcomas and increases the frequency of sarcomas.

Mutation of the Rb gene does not appear to be a probable mecha-
nism for initiating the formation of sarcomas in mice. We did not find
sarcomas when Prx1-cre was used to induce Rb mutation in mesen-
chymal cells. Similarly, Walkley et al. (21) did not observe OS when
Rb was deleted by Osterix-cre. This is in distinct contrast to the role of
Rb in the generation of pituitary tumors and medulloblastomas
(12,13). It is also different from the situation in humans, who have
a certain predisposition toward formation of OS in the hereditary
retinoblastoma syndrome. Certain species differences may modulate
the relative role of the Rb gene in the pathogenesis of sarcoma for-
mation. Furthermore, there may be an effect of genetic background,
and our experiments were limited to C57 strains. Nevertheless, it is
clear that for mice, mutation of p53 is a much more powerful initiating
event for sarcomas than mutation of Rb.

Mutation of the Rb gene does have two important effects upon
sarcoma formation in mice. First, it accelerates the time to tumor

formation from 50 to 19 weeks. A similar degree of acceleration
was observed in the formation of OS by previous authors (20,21).
This may have important considerations for therapeutic murine stud-
ies that rely upon the rapid generation of tumors. However, we did
note that reproductive fertility of mice bearing the genotype Prx1-cre
p53lox/lox Rblox/lox seemed markedly diminished, and this made it
difficult to generate mice for the cohort. The effect may be specific
for the Prx1-cre transgenic mouse since we have been able to generate
p53/Rb double mutations more readily with other cre transgenic mice
(P.P.Lin, M.K.Pandey, unpublished data). The other major effect of Rb
mutation is that the spectrum of tumors is shifted more toward un-
differentiated sarcomas. Although OS were observed, they no longer
represented the predominant histological tumor type. The finding
suggests that the mutation of Rb may have effects on cell differenti-
ation that help determine tumor type. It is possible that Rb mutation
may play a role in blocking osteoblastic differentiation, and some
recent studies have shown an effect of Rb mutation on osteoblastic
differentiation (27,28), but more work would be needed to address this
question.

In conclusion, conditional homozygous deletion of p53 in mice
bearing the genotype Prx1-cre p53lox/lox causes sarcomas to develop
in a consistent manner. Mutation of p53 in primitive mesenchymal
cells appears to be one general mechanism for the initiation of sarco-
mas. This is in distinct contrast to the Rb gene, which was not found to
be effective at inducing sarcoma formation. Deletion of Rb did have
some important effects, including acceleration of the time to forma-
tion of sarcomas and an increase in the number of undifferentiated soft
tissue sarcomas as opposed to OS. Homozygous deletion of p53 in
committed osteoblasts led to a high percentage of animals developing
OS, suggesting that osteoblasts can act as the primary cell of origin for
OS.
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