
p53-mediated apoptosis prevents the accumulation of
progenitor B cells and B-cell tumors
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We propose that the apoptotic function of p53 has an important role in B-cell homeostasis, which is important for the prevention
of B-cell lymphomas. We created a mouse model (mDpro) that lacked residues 58–88 of the proline-rich domain of p53. mDpro is
defective for apoptosis, but is able to arrest cell-cycle progression in hematopoietic tissues. mDpro develops late-onset B-cell
lymphoma, but not the thymic T-cell tumors found in p53-null mice. Interestingly, mDpro lymphomas comprised incorrectly
differentiated B cells. B-cell irregularities were also detected in mDpro before tumor onset, in which aged mice showed an
increased population of inappropriately differentiated B cells in the bone marrow and spleen. We predict that by keeping B-cell
populations in check, p53-dependent apoptosis prevents irregular B cells from eventuating in lymphomas.
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Mutations in TP53 that either inactivate or alter the
normal function of p53 are commonplace in human cancer
(www-p53.iarc.fr). In hematological malignancies, TP53
mutations are associated with a poorer prognosis.1 This is
true for the most common types of non-Hodgkin’s lymphomas,
diffuse large B-cell lymphoma (DLBCL), and follicular lym-
phoma, in which TP53 mutations are associated with poorer
overall survival and increased tumor aggression.2–4 Mice with
a defective p53 function are also susceptible to lymphoma.
Mice deleted for the mouse p53 gene (Trp53) rapidly develop
lymphocytic tumors of the thymus,5,6 and those harboring
certain mutations in Trp53 are also prone to T- or B-cell
lymphomas.7–9

How p53 functions to prevent cancer, or specifically
lymphoma, is not entirely clear. p53 is a transcription factor
that regulates cell survival and proliferation, and is ‘activated’
in response to many different types of cellular stress.10 After
DNA damage, p53 has an important role in promoting DNA
repair and inducing apoptosis of cells, as well as in causing
transient and permanent cell-cycle arrest (senescence).
Which of these many activities are responsible for tumor
suppression activity is unclear, but the favorites are apoptosis
and senescence.11,12

The proline-rich domain (PRD; residues 62–91) of p53 has
been reported to be necessary for the induction of apopto-
sis.13–17 However, transfection experiments with different
PRD deletion mutants led us to conclude that the PRD is
largely dispensable for apoptosis.16 Rather than being the
apoptotic domain, we suggested that PRD had a structural
role that influenced multiple p53 functions. Nevertheless, one
of our PRD mutants (D58–88) was markedly defective in
apoptosis. The removal of residues 58–88 essentially

corresponds to the PRD-deficient human p53, as described
by Walker and Levine.13 We created a mouse model for the
D58–88 mutant, referred to as mDpro, and describe the
findings in this study. Three other proapoptotic PRD mutant
mouse models have been reported. The p53Dp mouse had
PRD residues 75–91 deleted. This mutant retained a
proapoptotic response, although compromised, but was
defective for a cell-cycle arrest response.18 The two other
PRD mutants, one of which disabled the PXXP motifs,
converting the proline residues to alanines (p53AXXA), and
the other in which Pin 1 isomerization sites were altered
(p53TTAA), showed normal apoptotic responses.19 Thus, the
importance of PRD in apoptosis control and tumor suppres-
sion remains unresolved.

Our results show that mDpro is defective for apoptosis in
hematopoietic tissues both in vivo and in vitro after DNA
damage, but can induce an arrest of cell-cycle progression.
Thus, PRD is important for apoptosis to occur. mDpro mice
develop late-onset lymphomas comprising incorrectly differ-
entiated B cells, but are protected against thymic T-cell
tumors. mDpro mice also show B-cell irregularities before
tumor onset. mDpro mice, aged (7 months old) but not young
(5 weeks old), had a greater percentage of less-differentiated
B cells in the bone marrow and spleen compared with
wild-type mice. Our findings emphasize an important role for
p53-mediated apoptosis in maintaining correct B-cell cellula-
rity, and in the prevention of B-cell tumors.

Results

Characterization of mDpro. A mutant Trp53 mouse was
constructed in which amino acid residues 58–88 were
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deleted (mDpro, Figure 1a), as described in the Materials
and Methods section. The mDpro allele is transcribed
as determined by reverse-transcriptase PCR (Figure 1b),
showing a smaller PCR fragment as expected.
Approximately equal amounts of transcription to the wild-
type allele were observed in mDpro homozygote animals,
although the mDpro allele was expressed slightly less well in
heterozygote animals compared with the wild-type allele.
This is probably because of differences in PCR efficiencies.
mDpro is translated to levels approximately similar to those of
wild-type p53. mDpro was also stabilized after g-irradiation
and was phosphorylated on serine 18 (Figure 1c), consistent
with mDpro being functionally activated. The results for
thymus-derived T cells are shown here, but similar levels of
protein expression were observed in splenocytes, spleen-
derived B cells, and embryonic fibroblasts (data not shown).
Mendelian inheritance of the mDpro allele was also observed
over many matings (data not shown).

mDpro is defective for DNA damage-induced
apoptosis. To address whether mDpro is defective in
apoptosis after DNA damage, we examined the ability of
mDpro to induce apoptosis in vitro and in vivo in several
hematopoietic tissues after DNA damage. Thus, 4 Gy of

g-irradiation and 1mg/ml of the topoisomerase 2 inhibitor,
amsacrine,20 elicited strictly p53-dependent apoptosis as
observed by comparing Annexin-V staining of thymocytes
from p53þ /þ and p53�/� mice after DNA damage.
Thymocytes exposed to the optimized doses of DNA-
damaging agents (Figure 2a) showed a sixfold increase in
apoptosis above untreated control levels for p53þ /þ cells
with both agents, and in cells from mice heterozygous for
wild-type p53 and mDpro (p53þ /mDpro). Little apoptosis,
above the levels in untreated controls, was observed in
mDpro and p53�/� cells. The fact that B cells also undergo
apoptosis in a p53-dependent manner was confirmed by
examining CD45Rþ (B220) cells isolated from bone marrow
and treated with amsacrine (0.2 mg/ml). Apoptotic cells were
labeled with the active caspase probe, FLICA-FAM-VAD-
FMK probe (Immunochemistry Technologies, Bloomington,
MN, USA), and apoptosis was measured by detecting the
FAM-conjugated fluorochrome using flow cytometry. B cells
from p53þ /þ mice showed a fivefold increase in apoptosis
after DNA damage, but no apoptosis above untreated
controls was observed for mDpro or p53�/� cells (Figure 2b).

For in vivo apoptosis analysis, mice were treated with a
single 4 Gy dose of g-irradiation and various tissues were
labeled in vivo with the FLIVO-FAM-VAD-FMK probe, which

Figure 1 Characterization of mDpro mice. (a) Schematic diagram of the construction of mDpro mice that produce p53 without amino acids 58–88 inclusive, because of a
deletion in exon 4 of mouse Trp53 as outlined in the Materials and Methods section. p53 domains: TAD, transactivation; PRD, proline-rich; 4D, tetramerization; CT, C-terminal
regulatory. (b) Reverse transcriptase PCR showing the presence of two mRNA species (298bp and 205bp) in thymocyte RNA from the mDpro heterozygote (p53þ / mDpro),
and a single species in wild-type (p53þ /þ ) (298bp) and mDpro (205bp) genotypes. No signal was detected in RNA from p53�/�cells, or in the no-template control.
(c) Examples of protein expression for each genotype using western blotting from extracts of untreated or g-irradiated (4Gy) thymocytes. Protein extracts were prepared 2 and
5 h after g-irradiation and western blotting was carried out to detect p53 and p53 phosphoserine 18. mDpro protein is translated, with no signal detected in protein extracts from
p53�/� cells. b-actin was used as a loading control
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binds activated caspases.21 Apoptosis was measured by
identifying FAM-conjugate positive cells using flow cytometry
(Figure 2c). The results show a 13-fold increase in apoptosis

above control levels in the thymus and a fourfold increase in
the spleen (Figure 2c) for p53þ /þ mice, but little apoptosis
above the untreated controls was observed for mDpro or
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Figure 2 mDpro is consistently impaired for apoptosis after DNA damage. In vitro apoptosis analyses. (a) Thymocytes from mice with genotypes p53þ /þ , mDpro,
heterozygous p53þ /mDpro, and p53�/� were left untreated (U), or treated (T) with a single dose of 4 Gy of g-irradiation or 1 mg/ml of amsacrine. At 6 h after treatment,
apoptosis was measured using the apoptotic marker Annexin-V and PI staining, followed by flow cytometry. (b) B cells (CD45Rþ ) sorted from bone marrow cells from
p53þ /þ , mDpro, and p53�/� mice were left untreated (U), or were treated (T) with 0.2mg/ml of amsacrine. At 5 h after treatment, apoptosis was measured using FLICA poly-
caspase probe (Immunochemistry Technologies) staining and flow cytometry. In vivo apoptosis analysis. (c) p53þ /þ , mDpro, and p53�/� mice were left untreated (U), or
were treated (T) with a single dose of 4 Gy of g-irradiation at 5–6 weeks of age. At 8 h after treatment, mice were administered the FLIVO poly-caspase probe
(Immunochemistry Technologies) by tail vein injection, and killed 30 min later. The thymus and spleen were removed and single-cell suspensions of each were analyzed using
flow cytometry. All results: mean ±1 S.D. from three separate experiments. Detection of apoptotic cells in thymocytes using flow cytometry is shown in C (boxed)
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p53�/� mice. In summary, mDpro is substantially impaired for
p53-mediated apoptosis in response to DNA damage.

mDpro is unable to transactivate proapoptotic
genes. p53 has been reported to induce apoptosis after
DNA damage by either transactivating proapoptotic genes
through interaction with ASPP proteins,22,23 or by facilitating
apoptosis directly at the mitochondrial membrane.24,25PRD
has been reported to be required for both processes. To
confirm that p53-dependent transactivation is critical for
apoptosis in hematopoietic cells,26,27 thymocytes were
g-irradiated and treated with Actinomycin D (Act-D) to block
transcription. Leptomycin B (Lept-B) was also used to
prevent nuclear export of p53. The results (Figure 3a) show
that there was a sixfold increase in apoptosis in p53þ /þ

thymocytes after irradiation that was completely ablated by
Act-D but unaffected by Lept-B. These data suggest that
p53-dependent transactivation is necessary for apoptosis,
whereas export of p53 from the nucleus is not the
predominant mechanism.

We analyzed whether mDpro is able to transactivate
appropriate downstream proapoptotic p53-dependent genes.
Thymocytes were treated with g-irradiation and RNA was
harvested 2 and 5 h later. Quantitative real-time PCR was
used to determine the mRNA levels of apoptotic genes Bax
and Puma. p53þ /þ induced Bax by approximately threefold
and Puma by fivefold by 5 h. For mDpro cells, the increase in
apoptotic gene transcription was attenuated with no increase

at 2 h, and delayed, with a twofold increase in Bax and Puma
by 5 h (Figure 3b). No increase was found in extracts of p53�/�

cells. Thus, the failure to induce apoptosis after DNA damage
might be explained by the inability of mDpro to transactivate
proapoptotic genes efficiently.

mDpro causes cell-cycle arrest in bone marrow cells
after DNA damage. In vitro studies have indicated that
deletion of PRD impairs apoptosis, but not the ability of p53
to induce cell-cycle arrest.15,28–30 However, p53DP mice were
proapoptotic but defective for cell-cycle arrest.18 To test
whether mDpro is able to induce cell-cycle arrest, mice were
irradiated and at indicated times pulsed with BrdU. Various
tissues were harvested, stained with the DNA fluorochrome
7-AAD and an anti-BrdU antibody, and analyzed using flow
cytometry. Very little BrdU was found to be incorporated in
cells harvested from the spleen or thymus of p53þ /þ ,
mDpro, and p53�/� mice, suggesting that few cycling cells
exist in these tissues (data not shown). However, BrdU
incorporation was detected in bone marrow. As expected, a
reduced S-phase (BrdU positive) population was observed in
irradiated p53þ /þ cells compared with untreated cells. BrdU-
positive populations for all genotypes from untreated and
irradiated animals were determined and are shown
graphically in Figures 4a and b. By 8 h after irradiation,
BrdU incorporation was reduced by approximately threefold
in cells from p53þ /þ mice, with a 30% reduction in the
S phase in cells from mDpro mice and 15% in p53�/� mice.
The difference in the proportion of S-phase cells between
mDpro and p53�/� mice did not reach significance
(P¼ 0.055). However, by 24 h after irradiation, BrdU
incorporation was reduced 4twofold in both p53þ /þ and
mDpro mice, and in p53þ /mDpro heterozygotes, but no
reduction was observed in p53�/� mice (Figure 4b). At
24 h, the difference between mDpro and p53�/� mice was
very significant (Po0.0001). Thus, mDpro is capable of
restricting cell-cycle progression after DNA damage,
although it is less effective than p53þ /þ .

mDpro mice are resistant to thymic tumors but prone to
B-cell lymphoma. As apoptosis is thought to be necessary
for the prevention of thymic tumors, the most common
spontaneous tumor observed in p53�/� mice, we asked
whether mDpro mice are susceptible to tumorigenesis.
Cohorts of p53þ /þ , p53�/�, mDpro, and heterozygous
p53þ /mDpro and p53�/mDpro mice were monitored over time
for spontaneous tumor development. In addition, p53þ /þ ,
p53þ /mDpro, and mDpro mice were exposed to 2 Gy of
g-irradiation and were also monitored over time. The results
for untreated mice (Figure 5a) show that, over 600 days,
p53þ /þ and p53þ /mDpro mice are completely tumor resistant,
whereas all p53�/� mice had been killed because of tumor
burden by 250 days, with a median survival of 144 days. The
bulk of p53�/� mice died of thymus-derived T-cell tumors,
consistent with previous reports.5,6 By contrast, mDpro mice
had a longer survival period, with the first tumor-burdened
mouse killed at day 350. The mDpro cohort had a median
survival time of 423 days, with the entire cohort dead from
tumors by day 550. Necropsies and histopathological
analyses of affected animals revealed that most animals

Figure 3 mDpro is activated after DNA damage but is unable to transactivate
proapoptotic genes. Thymocytes from mice with genotypes p53þ /þ , mDpro,
heterozygous p53þ /mDpro, and p53�/� were left untreated, or were treated with
4 Gy of g-irradiation or 1 mg/ml amsacrine. (a) Cell samples were treated with
1.25mg/ml Act-D or with 40 ng/ml Lept-B; at 6 h after treatment, cells were stained
with Annexin-V and PI and were analyzed using flow cytometry. (b) Cells were
pulsed with 4 Gy of g-irradiation, and 2 and 5 h later, cells were harvested, RNA was
prepared, and levels of mRNA to Bax and Puma were measured by quantitative
real-time PCR. Results (mean ±1 S.D.) are from three separate measurements
(a, b), and are expressed as the fold difference between untreated and treated
samples at each time point (b)
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died of B-cell lymphoma (Table 1), involving at least one
lymph node (predominantly the mesenteric) and other organs
such as the spleen, liver, lungs, and kidneys. A few mice
were also found to have sarcomas (fibrosarcomas (n¼ 1)
and rhabdomyosarcomas (n¼ 2)). A second cohort of 20
mDpro mice showed a similar tumor spectrum, with two
cases of hemangiosarcomas also identified. Mice
heterozygous for mDpro and p53� (p53�/mDpro) died with
similar kinetics to p53�/� mice, with all but two p53�/mDpro

mice developing thymic T-cell lymphomas. One of the two
p53�/mDpro mice without thymic T-cell lymphoma developed
B-cell lymphoma and the second mouse developed
osteosarcoma.

The results for g-irradiated mice (Figure 5b) show that, over
360 days, p53þ /þ mice are completely tumor resistant,
whereas mDpro mice were all dead by day 270, with a median
survival of 220 days. The bulk of these mice died of B-cell
lymphoma (Table 1). Predominantly, numerous lymph nodes
(particularly the mesenteric, axillary, and brachial nodes) and
other organs such as the spleen, liver, lungs, kidneys, and, in
one case, the brain were affected. One animal developed a
fibrosarcoma. p53þ /mDpro mice were largely tumor resistant
after DNA damage; however, four (22%) animals did develop
tumors (two mice had B-cell lymphoma and two had
fibrosarcoma).

Characterization of tumors from mDpro mice. An
examination of spontaneous and irradiated mDpro tumors

on the basis of histological criteria placed most tumors in the
late differentiated B-cell lineage (Table 1). The predominant
B-cell malignancy was follicular lymphoma (n¼ 8, 40%) for
the spontaneous cohort and diffuse large B-cell lymphoma
for the irradiated cohort (n¼ 8, 32%).

Tumor DNA from mDpro tumors was sequenced to
determine whether additional p53 mutations were acquired
during tumorigenesis. No additional mutations were identified
in Trp53 exon and intron–exon boundaries in the 10
lymphomas (five from the irradiated and five from the
spontaneous cohort) sequenced. This suggests that mDpro
tumors are caused because of the impaired function of mDpro
and not by additional p53 mutations.

To further stratify the tumors observed in mDpro mice,
expression of B and T-cell differentiation antigens was
measured using flow cytometry. B-cell markers included the
early pre-B-cell antigen CD117 (c-kit) and the B-cell antigen
CD45R (B220), CD19, and k-light chain.31 T-cell antigens,
CD4 and CD8, were also examined. Examples of CD45R,
CD19, and k-light chain staining on B-lymphoma cells are
shown in Figure 6a. The results (Figure 6b) show that all
spontaneous tumors in mDpro mice were positive for CD45R
and k-light chain, and negative for CD117. The tumors were
essentially negative for T-cell markers. Thus, the tumors are
of B-cell origin. However, one tumor contained 440% of the
CD8-positive cells, o5% of the CD4-positive cells, and 25%
of the k-light chain-expressing cells, suggesting that this
tumor is likely to be of T-cell origin.

Figure 4 mDpro causes cell-cycle slowing of bone marrow cells after DNA damage. p53þ /þ , mDpro, p53�/�, and mice heterozygous for mDpro (p53þ /mDpro and
p53�/mDpro) were left untreated or given a single dose of 4 Gy of g-irradiation at 5–6 weeks of age. At 8 h (a) or 24 h (b) after treatment, mice were administered 1.5 mg of BrdU
by intraperitoneal injection, and killed 90 min later. Bone marrow was removed, and the S-phase cell population was distinguished using flow cytometry, as shown in (b)
(boxed). Results: mean ± 1 S.D. from three separate experiments
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g-irradiated mice stained positive for CD45R and k-light
chain, but were negative for CD117. In this cohort, 4 out of 14
(29%) tumors were positive for CD8 (30–80% of cells) and
negative for CD4. By contrast, most tumors from p53�/� and

heterozygous p53�/mDpro mice stained positive for CD8 and
rarely with B-cell markers (data not shown). We conclude that
mDpro largely predisposes to B-cell and not T-cell tumors.
The absence of CD117 expression suggests that tumors do
not derive from early B-cell progenitors.

Atypically, the tumors were largely negative for CD19,
which is unexpected in B cells positive for k-light chain, as this
is normally expressed after CD19. To further establish the
B-cell immunophenotype of tumors, lymphomas from eight
irradiated mice and six lymphomas arising spontaneously
were stained with markers to additional B-cell antigens Ly-51
(expressed from the late-pro-B to the small-pre-B stage of
B-cell development), CD40 (TNF-receptor family member
involved in B-cell activation, and is expressed at stages similar
to CD19,32) IgM, and CD22.2 (both markers of late B-cell
development and expressed after Ly-51). All spontaneous
cohort tumors stained positive for IgM, but were negative for
CD40, CD22.2, and Ly51 (data not shown). The same result
was found for the irradiated tumor cohort, with one exception
(a tumor negative for IgM, CD22.2, and Ly51). Finally,
to be sure all markers were present on the same population
of tumor cells, multicolor flow cytometry was carried
out on tumors from four animals. Results showed the tumors
to be positive for CD45R, IgM, and k-light chain, and negative
for CD19 (data not shown). Data for IgM and Ly51 staining
are consistent with the tumor histopathological classification
of mature B cells, but, similar to CD19, the CD40 and CD22.2
negative results are inconsistent with a mature B-cell
phenotype.

Many B-cell markers, such as CD19 and CD22, are
downregulated during differentiation of mature B cells to
plasma cells.33 To analyze whether the tumors are of plasma
cell origin (plasmacytomas), sera from four mice in the
spontaneous and eight mice from the irradiated cohort,
collected at necropsy, were subjected to agarose gel
electrophoresis. No peak in serum immunoglobulins was
apparent on total protein staining and on comparison with sera
from age-matched p53þ /þ mice, suggesting that the tumors
are not plasmacytomas (data not shown). Together, these
results suggest that mDpro B-cell tumors arose late in B-cell
development from incorrectly differentiated B cells, and are
unlikely to have been derived from plasma cells.

Characterization of B cells in aged mDpro mice. If the
proline domain of p53, and hence p53-directed apoptosis, is
required to remove incorrectly differentiated B cells, it could
be expected that mDpro animals would accumulate
incorrectly differentiated B cells before tumor onset. To test
this hypothesis, bone marrow cells and splenocytes were
removed from young mDpro mice (5 weeks old) and aged
mice (7 months old), as well as from age-matched p53þ /þ

controls, and were stained for B-cell markers CD45R, CD19,
and k-light chain. At 5 weeks of age, no differences were
significant between the mDpro and p53þ /þ genotypes in the
percentage of CD45Rþ CD19� and of CD45Rþ CD19þ

cells in the bone marrow and spleen (Figure 7a). However,
aged mDpro mice had a higher percentage of CD45Rþ

CD19� cells (P¼ 0.0004) and a lower percentage of
CD45Rþ CD19þ cells (Po0.0001) in the bone marrow
(Figure 7b). A similar result was found for the spleen, with the

Table 1 Histopathological classification of spontaneous and irradiated induced
tumors in mDpro mice

Tumor type Number of cases (%)
Spontaneous tumor cohort n¼ 20

Follicular lymphoma 8 (40)
Diffuse large cell lymphoma 5 (25)
Follicular diffuse small cell lymphoma 2 (10)
Anaplastic lymphoma 1 (5)
T-cell lymphoma 1 (5)
Fibrosarcoma 1 (5)
Rhabdomyosarcoma 2 (10)

Irradiated tumor cohort n¼ 25
Diffuse large cell lymphoma 8 (32)
Follicular lymphoma 4 (16)a

Follicular diffuse small cell lymphoma 3 (12)
Diffuse intermediate cell lymphoma 2 (8)
Marginal B-cell MALT 1 (4)
Diffuse marginal lymphoma 1 (4)
Small lymphocytic lymphoma 1 (4)
Anaplastic lymphoma 2 (8)
T-cell lymphoma 2 (8)
Fibrosarcoma 1 (4)

Tumor and tissue samples from tumor-burdened mDpro mice were collected at
necropsy, fixed and embedded, and the sections were stained with H and E for
histopathological analysis. T-cell tumor classification: majority of cells in the
tumor are CD8+ and CD45R�. aOne tumor contained an equal mixture of
T (CD8+ and CD45R�) and B cells (CD8� and CD45R+).

Figure 5 mDpro mice have a reduced lifespan. (a) Survival of untreated mDpro
mice. Kaplan–Meier analysis of tumor-free survival in p53þ /þ , mDpro, and
p53�/� mice is shown. Mice heterozygous for the mDpro mutation (p53þ /mDpro and
p53�/mDpro) were also monitored for 600 days. Animals were killed when tumor
burden was apparent. (b) Decreased survival of mDpro mice after DNA damage.
Kaplan–Meier analysis of p53þ /þ , p53þ /mDpro, and mDpro mice treated with a
single dose of 2 Gy of g-irradiation at 5–6 weeks of age. Mice were monitored for
360 days, and killed when tumor burden was apparent, or at day 361
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Figure 6 Tumors in mDpro mice are derived from incorrectly differentiated B cells. Tumors were harvested from mice, single-cell suspensions were prepared, and cells
were labeled with monoclonal antibodies to seven different B- and T-cell antigenic markers. PE and APC fluorochrome labels were detected using flow cytometry.
(a) Examples of flow cytometry for CD45R, CD19, and k-light chain staining, and the corresponding isotype control (left) on tumor cells. (b) Quantitation of marker expression
on tumors derived from mDpro mice from the spontaneous and DNA-damaged tumor cohorts

Figure 7 Aged, but not young, mDpro mice have increased populations of early pro-B cells. Bone marrow cells and splenocytes were harvested from mDpro and p53þ /þ

mice at 5 weeks or 7 months of age. Single-cell suspensions were labeled with monoclonal antibodies to three B-cell antigenic markers: CD45R, CD19, and k-light chain.
(a) Quantitation of marker expression on cells derived from 5-week-old mice. (b) Quantitation of marker expression on cells derived from 7-month-old mice. The results are
from six mice per genotype and from three independent experiments. Boxed insert: triple staining using the CD45R, CD19, and k-light chain markers on cell suspensions from
a second cohort of 7-month-old mice
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exception of one animal that had a CD45Rþ CD19þ

immunophenotype similar to that of p53þ /þ animals
(Figure 7b). Although aged mDpro had more of the less-
differentiated (CD45Rþ CD19�) cells, they did not have the
same immunophenotype as that of mDpro tumor cells on the
basis of k-light chain staining (Figure 7b). This result was
confirmed by triple staining bone marrow and splenocytes
isolated from a second cohort of 7-month-old mDpro and
p53þ /þ animals with the CD45R, CD19, and k-light chain
antigens (boxed insert Figure 7b). These data suggest that
without the apoptotic function of p53, fewer properly
differentiated B cells accumulate in the bone marrow and
spleen, which becomes more apparent with increasing age.

Discussion

This paper describes the characterization of mutant p53 mice,
deleted for residues 58–88, which include the entire PRD
(mDpro). mDpro was found to be expressed at similar levels
to wild-type p53, is stabilized after DNA damage, and is
phosphorylated on serine 18. However, mDpro is defective for
the induction of apoptosis after DNA damage in hematopoietic
cells in vitro and in vivo. As transactivation seems to be
required for p53-mediated apoptosis to occur (Figure
3a),26,30,34–36 and does not seem to require the export of
p53 to mitochondria, the poor ability of mDpro to transactivate
proapoptotic genes (at best twofold) provides a possible
explanation for this defect.13–15,24,28–30 In contrast, mDpro is
able to cause a slowing of cell-cycle progression (Figure 4),
although less well than wild-type p53. These results are
consistent with PRD being necessary for the efficient
induction of apoptosis by p53.

The previously described PRD mutant mouse p53DP showed
some similarities and differences to mDpro.18 p53DP was
markedly defective for transactivation and cell-cycle arrest,
whereas mDpro was less impaired for these functions. These
differences might be best explained by the low-level expression
of p53DP, as it is very sensitive to Mdm2-dependent proteolysis,
whereas mDpro is not. The differences in Mdm2 sensitivity
might be due to the slightly altered protein structures caused by
deletions, as has been suggested previously.16,19 However,
treatment of p53DP/E1A-expressing MEFs with high doses of
DNA-damaging agent adriamycin did elicit an apoptotic
response, whereas mpro is defective for apoptosis in hemato-
poietic cells at relatively modest levels of DNA damage. It is
therefore possible that mDpro retains some apoptotic ability if
higher doses of DNA-damaging agents or nonhematopoietic
tissues are used.

Despite its defects, the p53DPmutant mouse could prevent
the formation of spontaneous thymic lymphomas, but as it
was not apoptosis defective, the importance of apoptosis for
the suppression of thymic tumors was not resolved.18 We
examined the ability of mDpro to suppress spontaneous tumors
over 600 days and g-irradiation-induced tumors over 1 year. In
both cases, mDpro, similar to p53�P, is largely able to suppress
the formation of thymic tumors, although these were common-
place in p53-null mice. As mDpro is unable to induce apoptosis
in thymic cells in our experiments, but is able to suppress
thymic tumors, it would seem that p53-dependent apoptosis is
not required for the suppression of such tumors. However, as

there are reports suggesting otherwise,37–40 we conclude that
apoptosis is not always required for the prevention of thymic
tumors. Furthermore, as mice deleted for the gene encoding
p21Waf1/Cip1 are not prone to thymic tumors,41 it seems unlikely
that the induction of cell-cycle arrest by p53 prevents thymic
tumors. Thus, another mechanism might be required, such as
activation of DNA repair pathways.

mDpro mice are predisposed to late-onset B-cell lympho-
mas. Follicular B-cell lymphoma was the predominant tumor
that developed spontaneously in mDpro mice, with the more
aggressive, diffuse B-cell lymphoma being the dominant
tumor type after administration of g-irradiation (Table 1). Few
T-cell tumors developed in mDpro tumor cohorts. On the basis
of morphology and the CD45Rþ , IgMþ , k-light chainþ , and
CD117� immunophenotype, tumors were classified as
mature B cells. As mDpro is defective for apoptosis after
DNA damage in B cells, it seems likely that p53-dependent
apoptosis is the necessary activity for the prevention of
B-cell tumors. Other apoptotic-defective mouse models also
develop B-cell lymphomas, including mice with S23A or
R172P mutations in p53;8,9 mice lacking both proapoptotic
genes Bim and Puma;42 and mice deficient for the proapop-
totic protein, Bad.43 The role of p53 in inducing prolonged
cell-cycle arrest after DNA damage has been proposed
to be important for tumor suppression.12,44 mDpro allows
cell-cycle slowing in bone marrow, similar to p53þ /mDpro

heterozygotes, which are not tumor prone. It would seem
therefore that cell-cycle arrest may not be very important for
the suppression of B-cell lymphoma. However, the arrest in
cell-cycle progression was delayed and attenuated in mDpro
compared with p53þ /þ cells and this may assist tumor
development.

Of considerable interest is our finding of incorrectly
differentiated cells in mDpro B-cell tumors. mDpro B-cell
tumors were incorrectly differentiated for B-cell antigens
CD19, CD40, and CD22.2. The lack of CD19 and CD40
expression was unusual as the tumor cells did express the
later B-cell development markers, IgM and k-light chain. The
lack of CD22.2 expression was also inconsistent with the
histopathological examination that placed tumors into classi-
fications of largely follicular or diffuse large B-cell lymphomas,
as normally mature B-cell malignancies are expected to
express CD22.2. The existence of plasmacytomas, which
contain plasma cells that lose the expression of B-cell markers
during differentiation from mature B cells, is unlikely, owing
to the absence of increased serum immunoglobulins in
mDpro tumor-burdened mice, although without further analysis
it cannot be formally excluded at this stage, as occasional
human plasmacytomas do present without high serum
immunoglobulin. The absence of CD19 impairs B-cell
maturation, as is evident from CD19-null mice.45 CD19-
deficient mice were also associated with increased B-cell
receptor editing to compensate for a defective positive
selection. However, CD19-deficient mice are mostly nor-
mal,46,47 and it is not known whether increased B-cell receptor
editing, associated with CD19-negative B cells, augments the
tumor susceptibility on a p53-defective background such as
mDpro. This is the first report of incorrectly differentiated
B-cell tumors associated with p53 mutations in mouse
models.
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Although, p53 mutations are very prominent in some cancer
types, they are not uncommon in human lymphomas,
occurring in 15–20% of cases, and are often associated with
poorer prognosis.2–4,48 In addition, individuals with germline
p53 mutations (Li-Fraumeni syndrome) develop B-cell
lymphomas.49–52 CD19-negative cases of B-cell lymphoma
exist, accounting for 6–14% of cases, and a weak expression
of CD19 is prevalent in follicular B-cell lymphoma (50–70%)
and diffuse large B-cell lymphoma (24–50%).53–56 Of parti-
cular interest, on the basis of the findings of this study, is to
determine whether CD19-negative cases of human B-cell
lymphomas are associated with p53 mutations.

Before tumor development, mDpro animals show an
increase in altered B-cell cellularity in the bone marrow and
spleen. Seven-month-old mDpro mice had a significant
increase in the number of early pro-B cells (CD45Rþ

CD19�) and a significant reduction in B cells later in
development (CD45Rþ CD19þ ), compared with p53þ /þ

mice. A similar finding was found for mice lacking both
proapoptotic genes Bim and Puma,42 and for mice lacking the
micro-RNA miR-17–92 that represses Bim.57 Erlacher et al.
(2006) showed an increased percentage of less-differentiated
cells in the bone marrow in apoptotic-defective mice, and
according to Ventura et al. (2008), by repressing Bim,
miR-17–92 promotes the survival of B-cell progenitors,
although the CD19 phenotype was not reported. These
results are consistent with our finding that without the
apoptotic function of p53, a pool of very early B cells
accumulates in bone marrow with age.

In summary, deletion of the PRD in mouse p53 (mDpro)
prevents DNA damage-induced apoptosis in hematopoietic
tissues, which is likely to be because of a reduced ability
to transactivate proapoptotic genes. mDpro mice are prone to
B-cell lymphomas but not to T-cell tumors, which are
characteristic of p53�/� mice. mDpro lymphomas comprise
late incorrectly differentiated B cells. Exposure to g-irradiation
resulted in a more aggressive B-cell tumor type. Before tumor
onset, aged mDpro animals accumulate progenitor B cells in
the bone marrow and spleen. We suggest that p53-dependent
apoptosis is required for B-cell homeostasis, and predict that
p53 may have a role in B-cell differentiation in vivo. Together,
these p53 functions prevent the accumulation of progenitor
B cells, thereby reducing the likelihood of incorrectly
differentiated B cells persisting that can subsequently develop
into lymphomas.

Materials and Methods
Generation of mDpro mice. mDpro mice were developed by Ozgene (WA,
Australia). The targeting vector used a genomic fragment of Trp53 that included
introns 1–10, and is detailed in Figure 1a. The neomycin-resistance gene was
flanked by FRT signal sequences. The mDpro mutation, a 93 bp deletion in exon 4,
was introduced into the vector by overlap extension PCR. The targeting vector was
introduced into C57BL/6 ES cells. Correct gene targeting was confirmed using a
panel of PCRs (the primer sequences are available by request). All coding and
intron–exon boundaries were sequenced to ensure that the correct mutation and no
other p53 mutations were introduced. Neomycin-resistant, correctly targeted, ES
clones were injected into blastocysts. Germline offspring were developed from two
independent ES cell clones. Mice were genotyped for mDpro by PCR. To confirm
that the deletion in exon 4 did not affect intron–exon splicing, mRNA was extracted
from mDpro thymocytes, cDNA was prepared, and the Trp53 transcript was
amplified by PCR and sequenced (data not shown). The Trp53mDpro sequence

was found to be correct. After breeding to homozygosity, the neomycin-resistance
cassette was excised by crossing mDpro mice with FLPe mice expressing the
flippase 1 recombinase. Loss of the neomycin cassette was determined by PCR.

All p53þ /þ , p53�/�, and FLPe mice were on the C57BL/6 background. FLPe
and p53�/� mice were purchased from the Jackson Laboratory, Bar Harbor, ME,
USA and were genotyped using PCR (primer sequences are available on request).
All mice were housed under SPF conditions, and the approval of the local research
ethics committee was obtained before study initiation.

In vitro apoptosis analyses. Thymocytes and bone marrow cells were
isolated from 5- to 6-week-old mice, and cultured at 2� 106 cells/ml in DMEM
supplemented with 20% fetal calf serum, L-glutamine (2 mM), and antibiotics.
Thymocytes were left untreated, irradiated with a pulse of 4 Gy of g-irradiation, or
treated with 1 mg/ml amsacrine (Sigma-Aldrich, St Louis, MO, USA). Bone marrow
cells were left untreated or were treated with 0.2mg/ml amsacrine. For the apoptosis
assay using thymocytes, 1x105 cells were doubled stained with Annexin-V:APC and
PI (BD Biosciences, San Jose, CA, USA), and analyzed using flow cytometry. For
the apoptosis assay using bone marrow cells, 1� 106 cells were stained with the
FLICA-FAM-VAD-FMK probe (Immunochemistry Technologies), and analyzed
using flow cytometry.

In vivo apoptosis analysis. Mice were irradiated with a pulse of 4 Gy
g-irradiation at 5–6 weeks of age. For detection of active caspases, mice were
administered the FLIVO-FAM-VAD-FMK probe intravenously into the tail vein
(Immunochemistry Technologies) 8 h after irradiation. Mice were killed 30 min later
and their thymus and spleen were removed. Single-cell suspensions were analyzed
using flow cytometry.

In vivo cell-cycle arrest analysis. Mice were irradiated with a pulse of 4 Gy
of g-irradiation at 5–6 weeks of age. For the detection of cells actively synthesizing
DNA, mice were administered 1.5 mg of BrdU (BD Biosciences) by intraperitoneal
injection, 8 or 24 h after irradiation. Mice were killed 90 min later, and bone marrow
was removed. Incorporated BrdU was stained with the anti-BrdU/APC antibody and
total DNA labeled with 7-AAD, and was analyzed using flow cytometry (BD
Biosciences).

Protein analysis. Cells were isolated from 4- to 6-week-old animals, pulsed
with 4 Gy of g-irradiation, and placed in complete DMEM for indicated times. Protein
lysate concentrations were determined using the BCA assay (Pierce, Rockford, IL,
USA), and approximately 20mg of protein was separated on 10% SDS-PAGE gels
(Invitrogen, Carlsbad, CA, USA) for western blotting. Blots were probed with primary
antibodies against p53 (1C12, Cell Signaling, Boston, MA, USA), p53 phospho-
Ser18 (polyclonal, Cell Signaling), and b-actin (AC-15, Abcam, Cambridge, MA,
USA). Alkaline phosphate-conjugated antibodies were detected using the Western
Breeze Immunodetection Kit (Invitrogen).

Gene expression analysis. Total RNA was extracted, DNase was treated,
precipitated with linear acrylamide (Ambion, Austin, TX, USA), purified (GE
Healthcare, Fairfield, CT, USA), and integrity and purity were checked. cDNA was
synthesized using oligo-dT primers and MMLV reverse transcriptase (Promega,
Madison, WI, USA). For reverse transcriptase PCR (Figure 1b), primer sequences
are available on request. Quantitative real-time PCR reactions were performed
using the Rotor-Gene 6000 system (Corbett Life Science, Sydney, Australia) with
the QuantiTect SYBR Green PCR master mix (Qiagen, Hilden, Germany). Primer
sequences for detecting Bax and Puma were, Bax: forward, 50-TG
GCTGGGGAGACACCTG-30, reverse, 50-CTCCATATT GCTGTCCAGTTCATC-30;
Puma: forward, 50-CAAGAAGAGCAGCATCGACA-30, reverse, 50-CTCCAGGA
TCCCTGGGTAAG-30. The CT method was used for the comparative quantification
of gene expression, with results from each time point normalized against b2-M
expression. Primer sequences for b2-M were forward, 50-GCTATCC
AGAAAACCCCTCA-30; reverse, 50-CGGGTGGAACTGTGTTACG-30.

Spontaneous tumor analysis. Mice were aged and killed when visible
tumor burden was apparent: tumors reached 1 cm in diameter, mice lost more than
20% of their adult body weight, or developed a hunched posture in the case of
thymic lymphomas. Tissues and tumors were fixed in 10% neutral-buffered formalin
and paraffin embedded for histological analysis to identify tumor type on the basis of
cellular morphology. On dissection, a part of each tumor was removed, single-cell
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suspensions were prepared, and cells were analyzed for cell-surface marker
expression using flow cytometry (see below).

DNA damage tumor analysis. Mice were irradiated with a single dose of
2 Gy of g-irradiation at 5–6 weeks of age. Mice were monitored daily and killed when
visible tumor burden was apparent (criteria outlined above), or at the end of the
study (day 361). Tissues and tumors were processed as described above.

Sequencing Trp53 in Tumor DNA. DNA was extracted from 10 paraffin-
embedded lymphomas (five from the irradiated and five from the spontaneous
cohort) using the QlAamp DNA micro kit (Qiagen). Tumor DNA was used as the
template in PCRs that amplified each Trp53 exon and intron–exon boundaries
(primer sequences are available on request). Purified PCR products were
sequenced using an ABI3730 DNA analyzer (Applied Biosystems, Scoresby,
Victoria, Australia), and were analyzed for mutations using 4Peaks software
(Mekentosj, Amsterdam, The Netherlands).

Cell-surface marker analysis. To characterize T- and B-cell malignancies,
single-cell suspension of tumors was prepared by collagenase digestion. Cells,
1� 106, were labeled with antibodies to a panel of 10 lymphoid cell-surface markers
(CD45R/APC; CD4/PE, CD40/PE, CD8/APC, CD19/PE, CD22.2/PE, CD117/PE,
k-light chain/PE; Ly-51/PE, and IgM/PE). To characterize B-cell populations in
young and aged mDpro animals, bone marrow and splenocytes from 5-week-old
and 7-month-old mDpro and wild-type mice were double stained with CD45R/APC
and CD19/PE, or single stained with k-light chain/PE. Triple staining (CD45R/APC,
CD19/PerCP-Cy5.5, and k-light chain/PE) was performed on bone marrow and
splenocytes isolated from a second cohort of 7-month-old mDpro and p53þ /þ

animals. Antibody incubation, 30 min at 4 1C, was followed by a wash step and flow
cytometry (BD Biosciences). All analyses included the appropriate isotype-matched-
negative control labeled with the same fluorochrome.

Flow cytometry. For flow cytometry, 20–30 000 cellular events were collected
using the FACSCalibur system (BD Biosciences) and data were analyzed with
CellQuest software (BD Biosciences). For cell sorting, CD45Rþ cells were
separated from total bone marrow cells using the FACSAria system (BD
Biosciences).

Serum immunoglobulin analysis. Serum proteins from mDpro mice that
developed tumors spontaneously or after irradiation, and that from control p53þ /þ

animals, were separated using agarose gel electrophoresis and total protein was
stained using the TITAN Gel Serum Protein kit (Helena Laboratories, Beaumont,
TX, USA).

Statistical analyses. Results are expressed as the mean ±1 S.D. Unless
otherwise indicated, results are from at least three independent experiments
with samples from at least two p53þ /þ , two mDpro, and one p53�/� mice per
experiment. Statistical differences between two groups were evaluated using
Student’s t-test, with Po0.05 taken as a significant difference.
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