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Transformation of pre-B cells by Abelson murine leukemia virus (Ab-MLV) involves a balance between
positive, growth-stimulatory signals from the v-Abl oncoprotein and negative regulatory cues from cellular
genes. This phenomenon is reflected by the clonal selection that occurs during Ab-MLV-mediated transfor-
mation in vivo and in vitro. About 50% of all Ab-MLV-transformed pre-B cells express mutant forms of p53 as
they emerge from this process, suggesting that this protein may play an important role in the transformation
process. Consistent with this idea, expression of p19Arf, a protein whose function depends on the presence of
a functional p53, is required for the apoptotic crisis that characterizes primary Ab-MLV transformants. To test
the role of p53 in pre-B-cell transformation directly, we examined the response of Trp532/2 mice to Ab-MLV.
The absence of p53 shortens the latency of Abelson disease induction but does not affect the frequency of cells
susceptible to Ab-MLV-induced transformation. However, primary transformants derived from the null ani-
mals bypass the apoptotic crisis that characterizes the transition from primary transformant to fully malignant
cell line. These effects do not require p21Cip-1, a major downstream target of p53; however, consistent with a
role of p19Arf, transformants expressing mutant p53 and abundant p19 retain wild-type p19 sequences.

Abelson murine leukemia virus (Ab-MLV) is a highly onco-
genic transforming retrovirus. The activity of the single protein
product of the virus, the v-Abl protein tyrosine kinase, is re-
quired to transform cells in vitro and to induce pre-B-cell
lymphomas in vivo (34, 50). Despite the presence of a domi-
nantly acting oncogene, Ab-MLV-induced transformation is a
multistep process. Even though tumors arise rapidly in vivo, an
early polyclonal phase is followed by a later mono- or oligo-
clonal phase (14, 15). In vitro, primary lymphoid transformants
undergo a period of crisis in which many cells die before
permanently established, highly malignant cell lines arise (30,
35, 47, 51, 52). Because changes in expression or activity of the
v-Abl protein do not occur during this phase (52), the process
appears to be mediated by changes in cellular genes that im-
pact the transformation process.

One cellular gene involved in Ab-MLV transformation is
Trp53, which encodes the p53 tumor suppressor protein; about
50% of all Ab-MLV-transformed pre-B cells express mutant
forms of this molecule (30, 47). p53 responds to cellular insults,
including oncogenic stimuli (20, 27, 41). Activation of p53 can
induce G1 arrest by inducing the p21Cip-1 cyclin-dependent
kinase inhibitor and other target molecules (5, 8, 10, 11, 16,
55). The protein can also mediate apoptosis, probably by stim-
ulating certain p53-responsive genes and suppressing others (1,
13, 22, 36, 37, 40). All of these responses appear to be impor-
tant for the tumor suppressor functions of p53 (20, 27, 41).

Activation of p53 following oncogenic stimuli, including
those from Myc and E1A, requires a functional p19Arf protein
(9, 29, 56), as does the ability of p53 to mediate senescence and
block immortalization of mouse embryo fibroblasts (MEF) (18,
56). Abundant expression of p19Arf often precedes the emer-
gence of Trp53 mutations in Ab-MLV-transformed pre-B cells,

and primary transformed pre-B cells derived from Ink4a/
Arf2/2 mice do not undergo crisis in vitro (30), suggesting that
oncogenic signals from v-Abl activate the same pathway during
transformation of pre-B cells. Consistent with this idea, up-
regulation of p19Arf occurs in response to signals from c-Myc
(56), an obligate downstream target of v-Abl (38, 54, 57). Thus,
the outcome of Ab-MLV infection may reflect the balance
achieved by opposing positive growth-stimulatory signals and
negative apoptotic signals.

The p19Arf-p53 regulatory loop provides an attractive mech-
anism by which the crisis characteristic of Ab-MLV-mediated
lymphoid transformation may be induced. This model predicts
that p53 is a critical element. To test this hypothesis, we ex-
amined the response of pre-B cells from Trp532/2 mice to
Ab-MLV. Our data reveal that the absence of p53 shortens the
latent period for induction of Ab-MLV-mediated lymphoma
but does not affect the frequency of primary Ab-MLV-induced
transformation. However, p53 is required for the crisis that
characterizes the pre-B-cell transformation process. Consistent
with the predicted role of p19Arf in this process, cells express-
ing mutant forms of p53 and abundant levels of p19Arf retain
the wild-type p19Arf sequence. These data demonstrate that
p53 is an important downstream element mediating the cellu-
lar response to oncogenic signals from the v-Abl protein and
reinforce the role of p19Arf in the process.

MATERIALS AND METHODS

Cells and mice. Pre-B-cell lines were routinely maintained in supplemented
RPMI 1640 medium (50 mM 2-mercaptoethanol, 2 mM L-glutamine, 50 mg of
streptomycin per ml, and 50 U of penicillin per ml) containing 10% heat-
inactivated fetal calf serum (Sigma) at 37°C in a 6% humidified CO2 atmosphere.
Bone marrow transformation assays were performed as described previously by
using the Ab-MLV-P160 strain (12, 35). To derive cell lines, primary transfor-
mants were removed from agar at 10 days postinfection and plated in 24-well
plates in supplemented RPMI 1640 medium containing 20% fetal calf serum.
The cultures were monitored daily for cell density and viability. When the cells
filled the well, half of the cells were transferred to a new well. This process was
continued until the cells grew to confluence and were .85% viable; then, the
cells were transferred to a 35-mm dish and subcultured as before. When the
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cultures were consistently greater than 90% viable and could be routinely sub-
cultured, the cells were considered established. Trp532/2 mice were derived from
a BALB/cJ Trp531/2 breeding pair that had been backcrossed to BALB/cJ five
times and inbred for three generations (Jackson Laboratories). The mice were
bred by brother-sister mating at the Tufts University School of Medicine animal
facility. Genotypes were assessed by PCR amplification of DNA prepared from
tail fragments and a combination of primers specific for Trp53 and the neomycin
resistance gene present in the targeted allele, as recommended by the supplier.
Animals were injected intravenously via the tail vein with Ab-MLV-P160 and
monitored for disease induction; animals were sacrificed when evidence of tu-
mors, such as hind limb paralysis, lymphadenopathy, splenomegaly, cachexia, or
general ill health, was noted. Animals were examined for the characteristic
features of Abelson disease, including tumors affecting the lower spinal column
and lymph nodes and sparing the thymus. The (p21Cip-1)2/2 mice were of a
mixed background (8).

Apoptosis analyses. For merocyanin 540 (MC540) staining of apoptotic cells
(31), cells were collected and washed twice in phosphate-buffered saline (PBS)
containing 0.1% bovine serum albumin (BSA) (Sigma). A 1-mg/ml stock of
MC540 in 50% ethanol (Molecular Probes) was added to a final concentration of
0.05 mg/ml in PBS–0.1% BSA, and the cells were analyzed immediately by flow
cytometry with a FACScan instrument. Apoptotic cells are stained specifically
with MC540 (31). To analyze the integrity of DNA in dying cells, the cells were
washed in PBS and resuspended in DNA lysis buffer (100 mM Tris [pH 8], 20
mM EDTA, 0.8% sodium lauryl sarcosinate), and 3.3 mg of RNase per ml was
added (21). The mixture was incubated for 30 min at 37°C, proteinase K was
added to a final concentration of 5 mg/ml, and the samples were incubated for an
additional 2 h at 50°C. The samples were extracted with phenol-chloroform,
precipitated with ethanol, and analyzed by electrophoresis through 2% agarose
gels containing ethidium bromide.

Nucleic acid preparation and sequence analysis. RNA was prepared from
Ab-MLV-transformed cells by using an RNeasy kit (Qiagen) according to the
manufacturer’s instructions. To prepare cDNA, 10 mg of total RNA was mixed
with 1 mM primer, heated to 70°C for 10 min, and chilled on ice for 5 min. Then,
40 U of RNasin, 5 mM dithiothreitol, and 25 mM deoxynucleoside triphosphate
(dNTP) mix were added and the mixture was heated at 42°C for 5 min. Synthesis
was conducted for 1 h at 42°C with Moloney murine leukemia virus reverse
transcriptase (GIBCO-BRL). The reaction was stopped by incubating the sam-
ples at 75°C for 10 min. The cDNA was then amplified by PCR with 250 mM
dNTP mix (Pharmacia), 13 PCR buffer (Perkin-Elmer Cetus), 1 mM (each)
primer, and 2.5 U of Taq polymerase (Perkin-Elmer Cetus). The samples were
incubated in a programmable Thermal Controller (MJ Research) for 34 cycles of
94°C for 1 min, 57°C for 2 min, and 72°C for 2 min, followed by a 5-min
incubation at 72°C. Control reaction mixtures lacking DNA or from reverse
transcription reactions carried out in the absence of RNA did not give rise to
specific products. Reverse transcription was primed with the Ink/Arf common
antisense primer 59-GCAAAGCTTGAGGCCGGATTTAGCTCTGCTC-39
(29). To amplify p16Ink4a cDNA, this primer was used in combination with the
exon 1a primer 59-CGGGATCCGCTGCAGACAGACTGGCCAG-39 (29);
p19Arf cDNA was amplified with the common primer and the exon 1b primer
59-CGCCGCTGAGGGAGTAC-39. Ink/Arf locus sequences were amplified
from BALB/cByJ kidney DNA. Exon 1b sequences were amplified with 59-GT
CCAGGATTCCGGTGC-39 and the exon 1b primer used for cDNA synthesis;
exon 2 sequences were amplified with 59-ACATAGGGCTTCTTTCTTGGGTC
C-39 and 59-GGACCAACTATGCTCACCTGGGC-39. Each PCR mixture con-
tained 100 to 200 ng of DNA, 125 mM dNTP mix (Pharmacia), 13 PCR buffer
(Perkin-Elmer Cetus), 0.5 mM (each) primer, and 1 U of Taq polymerase (Per-
kin-Elmer Cetus). The samples were incubated in a programmable Thermal
Controller for 30 cycles of 94°C for 1 min, 55°C for 1.5 min, and 72°C for 1.5 min,
followed by a 10-min incubation at 72°C. All amplified products were cloned into
the TA cloning vector (Invitrogen) and sequenced on an ABI373-stretch ma-
chine (Perkin-Elmer) at the DNA Facility, Department of Physiology, Tufts
University School of Medicine.

Protein analysis. For Western analysis, cells were washed in PBS and cell
pellets were lysed in a solution of 10 mM Tris (pH 7.4), 1% sodium dodecyl
sulfate (SDS), 1 mM phenylmethylsulfonyl fluoride, and 1 mM sodium ortho-
vanadate (25). The lysates were heated at 95°C for 5 min and sheared through a
25-gauge needle. The amount of protein in each lysate was quantified by using a
bicinchoninic acid protein assay kit (Pierce), and 50 mg of each sample was
fractionated through an SDS-polyacrylamide gel. Proteins were electrotrans-
ferred to polyvinylidene difluoride membranes (Millipore), which were probed
with anti-p19Arf (26) or anti-Gag/v-Abl (H548) (7) antibodies. The blots were
developed with a chemiluminescence kit (Tropix), according to the manufactur-
er’s instructions.

RESULTS

Absence of Trp53 accelerates Abelson disease in vivo. Mu-
tation of Trp53 is a frequent occurrence in Ab-MLV-trans-
formed pre-B-cell lines (47). To determine if the presence of a
functional p53 affected the induction of Abelson disease, 5- to

8-week-old Trp531/1, Trp531/2, or Trp532/2 mice were in-
jected with Ab-MLV and monitored for the development of
tumors (Fig. 1). As expected for adult mice on the highly
Ab-MLV-susceptible BALB/c background (33), all of the in-
jected animals developed tumors. Irrespective of p53 status,
the diseased animals displayed pathological features charac-
teristic of typical Abelson disease, including hind limb paraly-
sis, enlarged peripheral lymph nodes, and moderate spleno-
megaly with sparing of the thymus (24, 33). However, all of the
null animals developed tumors more rapidly, with a mean
latency of 23 days, than did heterozygous or wild-type animals,
which displayed mean latencies of 30 and 31 days, respectively.
An even more dramatic shift in latency has been observed by
Zou et al., who have analyzed p53 null, heterozygous, and
wild-type mice on a mixed 129 background (5a). Thus, the lack
of p53 accelerates the development of Ab-MLV-induced tu-
mors in vivo.

Absence of p53 does not affect pre-B-cell transformation
frequency. To determine whether the initiation of Ab-MLV-
mediated transformation is affected by p53 status, bone mar-
row cells from Trp531/1, Trp531/2, or Trp532/2 mice were
infected with Ab-MLV, plated in soft agar, and monitored for
transformation (35). All samples gave rise to morphologically
typical transformed pre-B-cell colonies. The colonies obtained
from Trp532/2 bone marrow were slightly larger than those
found in other samples. Cell counts performed on 10 of these
colonies revealed that they contained between 5 3 105 and
1.8 3 106 cells, with an average of 1.1 3 106 cells/colony; 10
colonies from Trp531/1 mice contained between 2 3 105 and
1.1 3 106 cells and averaged 6 3 105 cells/colony. The fre-
quency of primary transformants was slightly higher in the
samples from Trp532/2 and Trp531/2 animals in most exper-
iments (Table 1). However, differences in transformation fre-
quencies of two- to threefold are common when individual
mice from inbred strains are examined (our unpublished data),
suggesting that these differences may not reflect the Trp53
status of the mice. Thus, the initial transformation frequency
by Ab-MLV was not markedly affected by the Trp53 gene. This
is consistent with the observation that Trp53 mutations arise

FIG. 1. Accelerated tumor induction in Trp532/2 mice. Age-matched
Trp532/2 (E), Trp531/2 (h), and Trp531/1 (F) mice were injected with Ab-
MLV-P160 and monitored for tumor development. Animals were sacrificed
when tumors were evident; each point represents a single mouse.
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late in the transformation process in the Ab-MLV system (30,
47) and in other types of tumors, including the BCR/ABL-
induced chronic myelogenous leukemia (2, 20, 28, 46).

p53 influences the establishment of primary pre-B-cell
transformants. Only a fraction of primary pre-B-cell transfor-
mants from normal mice become established cell lines (30, 47,
52). To determine if p53 affects this parameter, primary trans-
formants from Trp531/1, Trp531/2, and Trp532/2 mice were
removed from agar and cultured in liquid medium. About 10%
of the transformants from Trp531/1 mice became established
after an average of 29 days in culture; none were established
earlier than 16 days postexplant (Table 2). However, all 87 of
the primary transformants isolated from Trp532/2 mice gave
rise to established cell lines 4 to 6 days after explant from agar.
Interestingly, primary transformants from Trp531/2 mice dis-
played an intermediate phenotype, with 50% or more of these
becoming fully established in about 2 weeks (Table 2).

Accelerated loss of the single wild-type p53 allele is a com-
mon feature of tumors that arise in Trp531/2 mice (3, 4, 17).
To determine if similar events might account for the high
frequency with which the Trp531/2 cell lines became estab-
lished, the presence of wild-type and targeted alleles in the cell
lines was assessed. PCR analysis revealed that six of seven cell
lines examined had lost the wild-type copy of Trp53 (Fig. 2A).
Consistent with these data, immunoprecipitation and Western
analysis revealed that p53 could not be detected in cell lines
that lacked a functional Trp53 allele (Fig. 2B). Interestingly,

sample 12, from the only cell line that retained a copy of the
wild-type gene, expressed a p53 protein that reacted with an-
tibodies specific for both wild-type and mutant forms of p53
(Fig. 2B). Based on analyses of other cell lines (47), this pat-
tern likely reflects the emergence of cells expressing a mutant
form of p53 in this population. These analyses and the high
frequency with which primary transformants from Trp532/2

mice become established demonstrate that p53 expression has
a major effect on the ability of primary transformants to evolve
into established cell lines.

p53 is required for induction of the apoptotic crisis. Primary
Ab-MLV-transformed pre-B cells undergo a crisis marked by
apoptotic cell death several days after they are explanted from
agar (30). To determine if Trp53 plays a role in crisis induction,
the health and viability of primary transformants derived from
Trp532/2 and Trp531/1 mice were analyzed. As expected,
based on analysis of primary transformants from many strains
of mice, the Trp531/1 transformants were highly viable during

FIG. 2. Trp531/2 transformants lose their remaining Trp53 allele rapidly. (A)
DNAs from representative Trp531/2 transformants were amplified with primers
specific for the wild-type and targeted alleles, and products were fractionated
through an agarose gel containing ethidium bromide. The numbers above each
lane identify the cell clone from which the sample was derived. DNAs from
Trp531/2 and Trp531/1 mice and a reaction mix containing no DNA were used
as controls. The unmarked lane contains a 100-bp DNA ladder, used as a marker.
Arrows denote positions of the wild-type (Wt) and mutant (Mut) specific PCR
products. (B) Lysates from the cell lines analyzed in panel A and control cell
lines were immunoprecipitated with anti-p53 antibody Ab-4, specific for wild-
type p53 (lanes W), or anti-p53 antibody Ab-3, specific for mutant forms of p53,
(lanes M) and the immunoprecipitates were analyzed by Western blotting with
anti-p53 antibody Ab-7, which recognizes both mutant and wild-type p53 forms
on Western blots. The p53 statuses of the control wild-type (204-3-1), mutant
(143-2M), and null (L1-2) cell lines were characterized previously (47).

TABLE 1. Absence of p53 does not affect transformation frequency

Genotype
No. of colonies/106 nucleated bone marrow cells 6 SEMa

Expt 1 Expt 2 Expt 3 Expt 4

Trp531/1 37 6 5 21 6 4 38 6 4 57 6 5
Trp531/2 46 6 5 42 6 4 59 6 6 NT
Trp532/2 49 6 8 40 6 5 96 6 8 70 6 5

a Bone marrows from age-matched Trp531/1, Trp531/2, and Trp532/2 mice
were infected with Ab-MLV-P160 and plated in soft agar; macroscopically visible
primary transformed pre-B-cell colonies were scored 10 days later. NT, not
tested.

TABLE 2. p53 influences the establishment of
primary transformantsa

Genotype
No. of transformants

established/no.
explanted (%)

Time to
establishment (days)

Range Avg

Trp531/1

Expt 1 0/24 (,1)
Expt 2 4/46 (9) 16–42 29
Expt 3 4/40 (10) 24–47 36

Trp531/2

Expt 1 12/24 (50) 5–14 10
Expt 2 16/24 (67) 12–18 15
Expt 3 15/20 (75) 6–16 11

Trp532/2

Expt 1 24/24 (100) 4–5 5
Expt 2 39/39 (100) 4–5 5
Expt 3 24/24 (100) 4–6 5

a Primary transformants from three different genotypes were explanted from
agar and cultured in liquid medium, as described in Materials and Methods.
Primary transformants were considered to be established when they maintained
viability of .90% and could be subcultured on a routine basis.
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the first few days following explant from agar (Fig. 3). How-
ever, the viability of most clones decreased by day 5 and often
continued to decrease over the next 3 to 4 weeks; a high
frequency of these cells underwent apoptosis, as judged by
staining with MC540 (31) and the presence of the DNA ladder
pattern characteristic of programmed cell death (Fig. 4). In
contrast to this pattern, the Trp532/2 transformants displayed
viabilities in excess of 85% throughout the experiment (Fig. 3),
and levels of apoptosis were very low (Fig. 4). These data
demonstrate that expression of a functional p53 is required for
induction of the crisis that characterizes the transformation
process.

p53-dependent crisis occurs in the absence of p21Cip-1. One
important mediator on the p53 pathway is the cyclin-depen-
dent kinase inhibitor p21Cip-1 (10, 11, 16, 55). To determine if
p21Cip-1 plays a role in p53-mediated crisis, primary transfor-
mants were prepared from the bone marrow of p21Cip-12/2

mice. These cells, similar to those from virtually all strains of
mice, were highly viable when explanted from agar. However,
like cells from wild-type mice, all of the primary transformants
underwent an apoptotic crisis, as judged by MC540 staining
and DNA laddering analysis (data not shown), beginning about
5 days after explant and lasting for 30 to 35 days. Many primary
transformants succumbed to crisis during this period, and 39%
(18 of 46) became established (Fig. 5). Although the frequency
with which primary transformants from these mice became
established was somewhat higher than that observed for
Trp531/1 mice, these animals are on different genetic back-
grounds, making direct comparisons problematic. The fre-
quencies with which primary transformants become estab-
lished varies among strains; analyses of cells from mixed
backgrounds similar to that of p21Cip-1 null mice reveal estab-
lishment frequencies ranging from 20 to 80% (16a). In all of
these instances, the transformation process is accompanied by
a profound apoptotic crisis. Thus, while p21Cip-1 may play
some role in the frequency with which primary transformants
become established, the uniform presence of apoptotic crisis in
cells from p21Cip-12/2 mice demonstrates that the protein is
not required for this phenomenon. Consistent with this idea,
four of eight p21Cip-12/2 transformants tested acquired Trp53
mutations during expansion (data not shown); this frequency is

similar to that observed with primary transformants from other
strains of mice (47).

p19Arf expression is elevated in Trp53 null transformants.
Our earlier work established a correlation between expression
of Ink4a/Arf locus products and expression of mutant forms of
p53 (30) and suggested that a functional p19Arf-p53 pathway
(27, 41) is required for crisis. This model predicts that expres-
sion of p19Arf is not deleterious to the growth of transformants
from Trp53 null mice. To test this idea, a panel of transfor-
mants was examined for p19Arf expression by Western blotting.
All 12 transformants tested, including the representatives
shown (Fig. 6), expressed readily detectable p19Arf. As shown
previously (30), none of the transformants from control ani-
mals expressing wild-type p53 expressed p19. The sample in
lane 9 is representative of a transformant from wild-type mice
that expresses a mutant p53. This pattern of expression is
similar to that observed in other types of cells which lack a
functional p53 protein (18, 29, 45, 56) and is consistent with the
absence of apoptosis following p19Arf overexpression in trans-
formants lacking a functional p53 (30).

The hypothesis that p19Arf functions through p53 in the
Ab-MLV system also predicts that p19Arf retains functional
potential in cells expressing mutant p53. To assess the status of
p19 in these cells, p19Arf cDNAs from two independent cell
lines expressing mutant p53 were amplified, cloned, and se-
quenced. In addition, because published sequence information
indicates that p19Arf sequences are not identical in all inbred
strains (23), the genomic sequences of Ink4a/Arf exon 1b and
exon 2, which encode the majority of the p19Arf protein, were
determined by amplifying these regions from BALB/cByJ liver
DNA. Consistent with published information (23), comparison
of the BALB/cByJ sequence with that expressed by the MEL
erythroleukemia cell line from which p19Arf was originally
cloned (29) revealed the presence of a sense variant (T75C)
and a missense variant (G257A), resulting in the substitution
of a histidine for an arginine, in BALB/cByJ. Comparison of
the p19Arf sequences from both transformants revealed that
they were identical to the BALB/cByJ sequence obtained from
liver DNA. Similar analyses revealed that the p16Ink4a se-
quences expressed by these transformants were also identical
to the published BALB/c sequence. These data suggest that
both Ink/Arf locus products retain their full functional poten-
tial and support the view that p19Arf functions through p53 in
Ab-MLV transformants.

DISCUSSION

Our results demonstrate that expression of wild-type p53
plays a key role in the selection process that characterizes the
early phases of Ab-MLV-induced pre-B-cell transformation.
The protracted period of apoptotic crisis that characterizes the
transition from primary pre-B transformant to a fully malig-
nant cell does not occur when primary transformants are de-
rived from Trp53 null mice. Furthermore, transformants from
heterozygous animals display an intermediate level of crisis
and rapid loss of heterozygosity at Trp53. This pattern is sim-
ilar to that obtained in tumors arising in Trp531/2 mice (3, 4,
17) but contrasts with the pattern observed in transformants
from normal mice (47, 53). Loss of Trp53 sequence is rare in
the latter circumstance, probably because both copies of Trp53
would have to be altered for the cells to have a selective
advantage. In contrast, a single dominant-negative mutation,
such as those found in Ab-MLV-transformed pre-B cells, is
sufficient to ablate protein function.

Despite its dramatic effect on the establishment of primary
Ab-MLV transformants and the slightly higher numbers of

FIG. 3. Trp53 is required for crisis induction. Primary transformants from
Trp531/1 (F) and Trp532/2 (h) mice were assessed for viability by using trypan
blue staining when they were removed from agar cultures and at regular intervals
thereafter.
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B220-positive, immunoglobulin M-negative pre-B cells re-
ported for Trp532/2 mice (42), the absence of p53 did not
affect the frequency of Ab-MLV-susceptible target cells in a
marked way. BALB/c mice, the strain used here, are highly
sensitive to Ab-MLV transformation in vitro (35), raising the
possibility that effects of p53 on transformation frequency may
be less dramatic in this strain. Enhanced transformation of
myeloid progenitors from Trp532/2 mice on a C57BL/6 back-

FIG. 4. Trp531/1 transformants undergo apoptotic crisis during outgrowth.
(A) Three independent Trp531/1 and Trp532/2 transformants were stained with
MC540 (31) and analyzed by flow cytometry. The percentages of apoptotic cells,
represented by black peaks, are noted. The data shown are representative of
analyses of more than 10 additional independent transformants from each back-
ground. (B) DNA was prepared as described in Materials and Methods from
representative Trp531/1 and Trp532/2 transformants and fractionated through
an agarose gel containing ethidium bromide. The data shown are representative
of analyses of 10 independent transformants from each background. Lane M,
100-bp ladder marker.
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ground has been reported (43), and recent work with Trp532/2

animals on a mixed 129 background demonstrated higher fre-
quencies of Ab-MLV target cells in null animals (5a). The
absence of p53 also does not affect the phenotype of the trans-
formants; similar to Ab-MLV transformants from normal
mice, Trp53 null cells express the B220 pre-B-cell differentia-
tion antigen and have rearranged their immunoglobulin heavy
chain genes but not their light chain genes (our unpublished
data).

In contrast to the results obtained in vitro, Trp53 null ani-
mals develop tumors somewhat more rapidly than those which
retain a functional p53 protein. The relatively small differences
in the latency period most likely reflect the high susceptibility
of BALB/c mice to Abelson disease (33). Consistent with this
view, a more dramatic impact on tumor latency was observed
when animals on a mixed 129 background were tested (5a).
These differences probably reflect the impact of other genes on
Ab-MLV tumorigenesis; two genes affecting the susceptibility
of laboratory mice to Ab-MLV have been identified, but the
mechanisms underlying their effects remain unknown (32, 33).
Consistent with the phenotype of in vitro transformants, the
pattern of tumor development and the morphology of the
tumor cells suggest that tumor cells are similar in the wild-type
and null animals. The differences in latency and the observa-
tion that Abelson disease normally involves clonal selection
(14, 15) suggest that the latter process may be reduced or
absent in tumors arising in Trp53 null animals.

p21Cip-1, an important downstream effector of p53 (10, 11,
16, 55), does not appear to play a major role in Ab-MLV-
induced pre-B-cell transformation. Although we could not
compare the frequencies of target cells in null animals to ge-
netically matched control animals, comparisons with other
mice of similar mixed background suggest that the null animals
have normal numbers of Ab-MLV-susceptible cells. p21Cip-1

also does not play a major role in crisis induction, demonstrat-
ing that this protein is not required for the p53-mediated
effects on transformation. In addition, expression of p21Cip-1

induces neither apoptosis nor obvious changes in cell cycle
parameters in Trp53 null transformants (our unpublished
data). These data are consistent with the fact that p53-medi-
ated apoptosis is p21Cip-1 independent in other types of cells
(1, 6, 19, 49).

Primary transformants derived from Trp532/2 mice are
strikingly similar to those derived from Ink4a2/2 mice; in both
cases, virtually all primary transformants become established
very rapidly and the apoptotic crisis that characterizes the
transformation process does not occur (30). These data and
the correlation between p19Arf expression and p53 status (30)
suggest that these two proteins function in an interdependent
fashion during transformation. A similar relationship has been
observed when MEF undergo senescence in vitro (18, 56). In
this instance, loss of either p19Arf or p53 permits the emer-
gence of immortalized cells. However, senescence is a normal
cell process characterized by specific changes in gene expres-
sion and cell cycle arrest (44, 48). Most normal lymphoid cells
do not grow extensively in vitro, even in the presence of lym-
phokines, and a process similar to senescence has not been
documented in this cell type. Nonetheless, because expression
of some oncogenes induces changes in MEF that resemble
senescence (39), determining if primary transformants under-
going crisis share features with senescent cells could help to
illuminate the mechanisms involved.

The relationship between p19Arf expression and the emer-
gence of cells expressing wild-type p53 suggests that the p19Arf-
p53 regulatory loop (27, 41) is an important cellular response
to Ab-MLV pre-B-cell infection. This response may be trig-
gered by v-Abl-mediated activation of c-Myc, an important
downstream target of v-Abl (38, 54, 57), which in turn can
activate p19Arf (56). Indeed, because the vast majority of Ab-
MLV transformants either express mutant p53 or fail to ex-
press p19Arf once they are fully established (30), this pathway
may serve as the major cellular gatekeeper modulating Ab-
MLV transformation.
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