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Pre-B-cell transformation by Abelson virus (Ab-MLV) is a multistep process in which primary transfor-
mants are stimulated to proliferate but subsequently undergo crisis, a period of erratic growth marked by high
levels of apoptosis. Inactivation of the p53 tumor suppressor pathway is an important step in this process and
can be accomplished by mutation of p53 or down-modulation of p19Arf, a p53 regulatory protein. Consistent
with these data, pre-B cells from either p53 or Ink4a/Arf null mice bypass crisis. However, the Ink4a/Arf locus
encodes both p19Arf and a second tumor suppressor, p16Ink4a, that blocks cell cycle progression by inhibiting
Cdk4/6. To determine if p16Ink4a plays a role in Ab-MLV transformation, primary transformants derived from
Arf�/� and p16Ink4a�/�

mice were compared. A fraction of those derived from Arf�/� animals underwent crisis,
and even though all p16Ink4a�/�

primary transformants experienced crisis, these cells became established more
readily than cells derived from �/� mice. Analyses of Ink4a/Arf�/� cells infected with a virus that expresses
both v-Abl and p16Ink4a revealed that p16Ink4a expression does not alter cell cycle profiles but does increase the
level of apoptosis in primary transformants. These results indicate that both products of the Ink4a/Arf locus
influence Ab-MLV transformation and reveal that in addition to its well-recognized effects on the cell cycle,
p16Ink4a can suppress transformation by inducing apoptosis.

Abelson murine leukemia virus (Ab-MLV) transforms pre-B
cells in vivo and in vitro (34). Expression of the v-Abl protein
tyrosine kinase, the single protein product of Ab-MLV, pro-
vides a strong growth stimulus that is countered by cellular
tumor suppressor pathways. Thus, Ab-MLV-mediated trans-
formation is a multistep process (11, 49, 54). In vitro, Ab-MLV
infection induces pre-B-cell proliferation and formation of pri-
mary transformants. As these cells proliferate, they enter crisis,
a period characterized by widespread apoptosis and erratic
growth. Only a fraction of primary transformants survive to
emerge as highly malignant, established cell lines (29, 51).
Escape from crisis correlates with inactivation of the p53 path-
way, either by acquiring a p53 mutation or by down-modulating
the p53 regulatory protein, p19Arf (15, 29, 49). Consistent with
the importance of these proteins in transformation, bone mar-
row cells from either p53 or Ink4a/Arf�/� mice fail to undergo
crisis (29, 51).

The Ink4a/Arf locus encodes two tumor suppressor proteins,
p19Arf and p16Ink4a, both of which play important roles in
suppressing tumor development in humans and mice (22, 35,
40, 43, 44). p19Arf affects p53 by blocking Mdm2-mediated
inhibition, thereby allowing p53 to interfere with cell cycle
progression and promote apoptosis; p16Ink4a inhibits Rb phos-
phorylation through effects on cdk4 and cdk6 and causes G1

arrest (46). Mutations or epigenetic changes affecting the
Ink4a/Arf locus occur frequently in human tumors, and while
some changes affect both products, others affect p16Ink4a or
p19Arf alone (35, 44). Consistent with the importance of this
locus in tumorigenesis, mice lacking these products are tumor
prone (17, 22, 41, 43).

Although the way in which p19Arf affects transformation has
been studied extensively (46), less is known about the ways in
which p16Ink4a influences oncogenesis. Animals lacking only
p16Ink4a are tumor prone (22, 43), and the protein influences
resistance to chemotherapy in a mouse lymphoma model (40).
In vitro, loss of p16Ink4a enhances the growth of a variety of
cells, including fibroblasts, macrophages, keratinocytes, and
glia (3, 10, 14, 30, 43). In addition, p16Ink4a inhibits integrin-
mediated cell spreading on vitronectin (1, 8) and induces ap-
optosis in some tumor cells (4, 36), suggesting that this protein
can affect cell growth in multiple ways. Interestingly, BALB/c,
a mouse strain that is highly susceptible to Ab-MLV in vivo
and in vitro (32, 33), expresses a hypomorphic p16Ink4a allele,
and inheritance of this allele correlates with susceptibility to
carcinogen-induced tumors (9, 13, 56), raising the possibility
that p16Ink4a contributes to susceptibility to Ab-MLV transfor-
mation.

Here we tested the role of p16Ink4a in Ab-MLV transforma-
tion by comparing the susceptibility of bone marrow cells from
Ink4a/Arf�/�, Arf�/�, and p16Ink4a�/�

mice to all phases of
transformation. These analyses revealed that a fraction of pri-
mary transformants from Arf�/� mice exhibit crisis and that
primary transformants derived from p16Ink4a�/�

mice became
established more readily than those from �/� mice. Coexpres-

* Corresponding author. Mailing address: Jaharis 808, Tufts Medi-
cal School, 150 Harrison Ave., Boston, MA 02111. Phone: (617) 636-
2143. Fax: (617) 636-0337. E-mail: naomi.rosenberg@tufts.edu.

† Present address: Lineberger Comprehensive Cancer Center, Uni-
versity of North Carolina School of Medicine, Chapel Hill, NC 27599.

3304



sion of p16Ink4a and v-Abl in transforming pre-B cells in-
creased apoptosis, suggesting that p16Ink4a can influence sur-
vival of cells stimulated by an oncogenic signal. These data
reveal that both p19Arf and p16Ink4a affect the ability of Ab-
MLV to induce transformation.

MATERIALS AND METHODS

Cells, viruses, and mice. Ab-MLV-transformed pre-B cell lines were main-
tained as described previously (29). Ab-MLV-P120 stocks were prepared by
using the pMIG vector (12, 52) and the pSV-��-E-MLV retroviral packaging
plasmid (27) and titrated as described elsewhere (24). To prepare viruses ex-
pressing both v-Abl and p16Ink4a, v-abl coding sequences were used to replace
Gfp sequences 3� of the internal ribosome entry site (IRES) in the pMIG vector
(12, 52), and the coding sequences for p16Ink4a from pKS-mp16 (28) were
inserted into the EcoRI site upstream of the IRES. This virus and a control virus
in which v-abl sequences were inserted downstream of the IRES were titrated by
infecting bone marrow cells with dilutions of virus stock. DNA was prepared
from the cells 24 h later, and real-time PCR was used to quantitate the number
of Ab-MLV copies. Amplification of sequences within the Rag1 gene was used to
standardize the number of copies of cellular sequence. Bone marrow transfor-
mation assays were carried out as described elsewhere (33). To monitor the
frequency with which primary transformants became established, the cells were
explanted from agar and plated in liquid medium (29, 51). Growth was moni-
tored on a daily basis, and when the cells could be subcultured on a regular and
predictable basis and levels of apoptosis were less than 10%, the cells were
considered established. Ink4a/Arf�/� mice (41) backcrossed with C57BL/6 mice
for seven generations, Arf�/� mice from a breeding pair on a mixed C57BL/6-129
background obtained from C. J. Sherr (St. Jude’s Children’s Hospital), and
p16Ink4a�/�

animals (43) on a mixed 129Sv-FvB/n background were studied.
Genotypes were assessed by PCR amplification of the allele of interest.

Apoptosis and cell cycle analysis. Cells were suspended in 1.12% sodium
citrate containing 2 mg of RNase A/ml and then mixed with an equal volume of
0.2% Triton X-100–0.1% sodium citrate containing 100 �g of propidium iodide/
ml (6). The samples were analyzed by using a FACScan instrument (Becton
Dickinson) and ModFit LT software (Verity Software). To monitor apoptosis,
cells were stained with propidium iodide or merocyanin 540, a dye that specifi-
cally stains apoptotic cells (31); comparable results were obtained with each
procedure.

Protein analysis. Cell lysates were prepared and quantitated as described
previously (6) and fractionated on sodium dodecyl sulfate-polyacrylamide gels.
Proteins were electrotransferred to polyvinylidene difluoride membranes (Mil-
lipore) and probed with anti-p19Arf (Novus), anti-p16Ink4a (RDI), anti-Gag/v-
Abl (39), or anti-�-actin antibody (Sigma). The bands were visualized by devel-
oping the blots with a chemiluminescence kit (Tropix) according to the
manufacturer’s instructions. To quantitate levels of p16Ink4a, multiple exposures
were evaluated by densitometry using the amount of p16Ink4a in the L1-2 cell line
as a standard. This level of p16Ink4a was set at 1.

RESULTS

Absence of p16Ink4a or p19Arf does not affect pre-B-cell pri-
mary transformation frequency. The first stage of Ab-MLV
transformation, called primary transformation, involves Ab-
MLV-mediated stimulation of pre-B-cell growth (29, 51). To
determine if loss of p16Ink4a or p19Arf affects this phase of
transformation, bone marrow from Ink4a/Arf�/�, Arf�/�, and
p16Ink4a�/�

mice and littermate controls was infected and plated
in soft agar. Ten days later, macroscopic colonies of primary
transformants were counted. Primary transformants were re-
covered in all infected samples, and although the numbers
varied between the different �/� and �/� animals, no differ-
ence that correlated with genotypes was observed (Table 1).
Indeed, variation in primary transformation frequencies of as
much as fourfold can be observed between genetically identical
animals (15, 33, 51). Similar transformation frequencies indi-
cate that loss of Ink4a/Arf locus products does not significantly

alter Ab-MLV target cell populations or the ability of Ab-
MLV to stimulate pre-B-cell growth.

Some Arf�/� Ab-MLV-transformed pre-B cells undergo cri-
sis. The second phase of the transformation process involves
expansion of primary transformants. During this phase, cells
from �/� mice enter a period of crisis, characterized by erratic
growth and high levels of apoptosis (49, 51, 54). Cells from
p53�/� and Ink4a/Arf�/� mice bypass the crisis phase (29, 51).
To test whether p19Arf is the only Ink4a/Arf locus product
involved in crisis, primary transformants derived from Ink4a/
Arf�/�, Arf�/�, and control mice were plated in liquid medium
and their growth and survival were monitored. As expected
(29, 49, 51), all of the primary transformants derived from �/�
mice entered crisis within 2 to 5 days, and 10% of them became
established in 46 to 67 days (Fig. 1). Consistent with previous
results (29), all of the primary transformants from Ink4a/
Arf�/� mice bypassed crisis. In contrast, even though all Arf�/�

primary transformants became established, 39% (28 of 72)
displayed a variable period of crisis lasting 20 to 50 days (P �
0.001). These data suggest that p16Ink4a contributes to crisis.

Arf�/� Ab-MLV transformants that bypass crisis express
low levels of p16Ink4a. Both Ink4a/Arf locus products are ex-
pressed during crisis (29), and previous work has suggested
that expression of p19Arf is particularly important in modulat-
ing the p53 response (29). However, p16Ink4a expression, per-
haps particularly in the absence of p19Arf, may also be impor-
tant during crisis. To explore this question, p16Ink4a levels were
analyzed in Arf�/� transformants undergoing crisis. All seven
of the transformants tested that exhibited crisis, including the
representatives shown (Fig. 2A), expressed readily detectable
levels of p16Ink4a, and levels increased with the onset of crisis.
This pattern is consistent with involvement of p16Ink4a in crisis.
Although some cells that did not experience crisis also ex-
pressed detectable levels of p16Ink4a, most of these cell lines
expressed lower levels of the protein than cells undergoing
crisis (P � 0.006) (Fig. 2B). Although the precise amounts of
p16Ink4a that are needed for effects on crisis are not known, the
strong proliferative signals provided by v-Abl may allow cells

TABLE 1. Transformation frequencies are similar in the different
Ink/Arf locus knockout micea

Genotype

No. of primary transformants per 106

nucleated cells

Expt 1 Expt 2

Ink4a/Arf�/� 59 � 3.5 72 � 3.1
Ink4a/Arf�/� 95 � 4.5 28 � 2.1
Arf�/� 54 � 5.0 31 � 2.5
Arf�/� 21 � 1.9 23 � 2.9
p16Ink4a�/�

162 � 7.0 115 � 5.0
p16Ink4a�/�

146 � 4.0 159 � 6.0

a Bone marrow cells were infected with matched titers of Ab-MLV-P120 and
plated in agar; macroscopic colonies of primary transformants were counted 10
days later (33). One �/� or heterozygous animal and one �/� animal were used
in each experiment. The transformation frequencies for p19Arf�/� mice are
similar to those obtained for �/� mice from the p19Arf colony. The values given
represent the average number of colonies obtained per 106 nucleated bone
marrow cells � the standard error of the mean. In each experiment, at least 6 	
106 cells were evaluated in 72 independently plated cultures. The same virus
stock was used to compare �/� and �/� mice of each genotype, but different
virus stocks were used with different groups of mice. Uninfected cultures did not
contain macroscopic colonies.
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expressing lower levels to circumvent these effects. Consistent
with this idea, cells downregulate p16Ink4a levels after becom-
ing established (29; also our unpublished data), indicating that
loss of p16Ink4a expression may contribute to crisis resolution.

Lack of p16Ink4a facilitates establishment. Analyses of Ab-
MLV-infected cells derived from Arf�/� null mice indicate that
p16Ink4a contributes to crisis. To examine this possibility more
fully, primary transformants from p16Ink4a�/�

and p16Ink4a�/�

mice were studied. These analyses revealed that both types of
cells experienced crisis. However, 43% (91 of 213) of the
p16Ink4a�/�

cells recovered and became established, while only
29% (36 of 123) of those derived from p16Ink4a�/�

animals
survived (Fig. 3A). In addition, although the overall crisis pe-
riod for both types of primary transformants was similar in
duration, 9.4% (20 of 213) of those from p16Ink4a primary
transformants became established in less than 40 days while
only 1.6% (2 of 123) of those derived from �/� littermates
became established in the same rapid time frame (Fig. 3B).
Thus, the absence of p16Ink4a enhances the ability of primary
transformants to survive crisis and can shorten the crisis period
significantly. However, the loss of p16Ink4a has a greater impact
on some transformants than others and mirrors the results
observed with the p19Arf null cells, where only a fraction of all
primary transformants undergo crisis. These data suggest that
the mechanism by which individual primary transformants re-
cover from crisis is not identical and that several pathways
influence the transformation process.

p19Arf levels are similar in p16Ink4a null and wild-type trans-
formants. Mice lacking p16Ink4a usually retain normal expres-
sion of p19Arf (3, 43). However, to exclude the possibility that
the enhanced survival of p16Ink4a�/�

transformants reflects ab-
errant expression of p19Arf in Ab-MLV-infected cells, the lev-

els of p19Arf in primary transformants derived from p16Ink4a�/�

were analyzed early in the crisis phase. Consistent with our
earlier studies (29), most primary transformants analyzed ex-
pressed detectable p19Arf as the crisis phase began (represen-
tatives shown in Fig. 4A). As cells recovered from crisis, 4 of 17
transformants derived from p16Ink4a�/�

cells expressed readily
detectable p19Arf, while 3 of 15 derived from �/� cells showed
a similar pattern (representatives shown in Fig. 4B). Thus, the
establishment advantage of the p16Ink4a�/�

transformants is not
due to differences in p19Arf expression. When considered along
with the results of the establishment experiment, these data
suggest that p16Ink4a contributes to crisis induction in a p19Arf-
independent fashion but is not necessary for crisis to occur.

p16Ink4a-v-Abl infection induces transformation. p16Ink4a

expression is classically associated with effects on cell growth
(3, 10, 14, 30, 43) but has also been shown to influence other
cellular processes (1, 4, 8, 36). To examine the mechanism by
which p16Ink4a contributes to crisis, a retroviral vector express-
ing v-Abl and p16Ink4a in cis (p16Ink4a-v-Abl) was prepared.
Matched titers of this virus and a control virus in which v-Abl
was expressed in a similar fashion were used to infect Ink4a/
Arf�/� bone marrow. To facilitate the isolation of a large
number of cells, the infected cells were plated in liquid me-
dium and monitored for expansion of pre-B cells (37). These

FIG. 1. Arf�/� primary transformants exhibit crisis. Primary trans-
formants derived by infecting bone marrow from Ink4a/Arf�/� (F),
Arf�/� (�), Ink4a/Arf�/� (■ ), and Arf�/� (Œ) mice with Ab-MLV were
monitored for establishment. The Arf�/� animals are wild-type mice
from our Arf�/� breeding colony. Cells were considered established
when they displayed �10% apoptotic cells and grew regularly (15, 29).
These data represent analyses of at least 70 primary transformants per
genotype. The P value represents comparison of the curves obtained
for cells from Ink4a/Arf�/� and Arf�/� mice using a log-rank test. FIG. 2. p16Ink4a expression correlates with crisis in Arf�/� transfor-

mants. (A) Primary transformants from Arf�/� bone marrow cells were
analyzed during the outgrowth period by Western blotting using anti-
p16Ink4a and anti-�-actin antibodies. Representative samples are
shown. The designations above the lanes indicate the presence (�) or
absence (�) of crisis. C, L1-2, a fully established Ab-MLV transfor-
mant that expresses abundant p16Ink4a (29). (B) Densitometry was
used to compare levels of p16Ink4a in primary transformants undergo-
ing crisis to that in those that did not display crisis. Each point repre-
sents an individual cell line; the P value was obtained by using an
unpaired, two-tailed t test.
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types of cultures are scored as transformed when the density of
rapidly growing pre-B cells exceeds 2 	 106 cells per ml (24),
a process that requires between 10 and 15 days. All (18 of 18)
of the cultures infected with the v-Abl control virus and 17 of
18 cultures infected with the p16Ink4a-v-Abl virus became
transformed within a similar time frame (Fig. 5A), reinforcing
our earlier result that the presence of Ink4a/Arf locus products
does not influence the primary phase of the transformation
process (Table 1). Cells did not expand in the absence of virus
infection. Analyses of cultures by using Western blotting re-
vealed that all of the transformants infected with the v-Abl-
p16Ink4a virus expressed both proteins (Fig. 5B). In addition,
the levels of v-Abl protein expressed in cells infected with the

v-Abl-p16Ink4a virus were similar to those found in cells in-
fected with the control, v-Abl virus, indicating that the pres-
ence of p16Ink4a sequences did not interfere with expression of
v-Abl.

Apoptosis is increased in the primary transformants ex-
pressing p16Ink4a. To understand the mechanism by which
p16Ink4a contributes to crisis, cell cycle parameters and the
level of apoptosis in Ink4a/Arf�/� primary transformants ex-
pressing the p16Ink4a-v-Abl and v-Abl viruses were compared.
Analyses of propidium iodide-stained cells by flow cytometry
revealed that the percentage of cells in the G1, S, and G2/M
phases did not differ among the cultures (Fig. 6A). In contrast,
primary transformants expressing the p16Ink4a-v-Abl virus had
higher levels of apoptosis than those expressing v-Abl alone (P
� 0.003) (Fig. 6B). The levels of apoptosis seen in v-Abl-
infected Ink4a/Arf�/� cells were low and not apparent by visual
inspection of the cells, in accord with a previous report of low
levels of apoptosis in such cultures (29). These data indicate
that cells expressing p16Ink4a undergo more apoptosis than
cells lacking this protein and suggest that p16Ink4a contributes
to the apoptotic response that characterizes crisis. Despite
differences in the apoptotic response, primary transformants
expressing the p16Ink4a-v-Abl virus could be established with
kinetics that are similar to those observed for cells expressing
v-Abl alone.

To determine if the apoptotic effects of p16Ink4a require p53,
bone marrow from p53�/� mice was infected with either the
p16Ink4a-v-Abl or the v-Abl virus and plated in liquid medium.
All of the infected cultures became transformed within 10 to 13
days. Analyses of apoptosis in these primary transformants
revealed that the p53�/� cells transformed by p16Ink4a-v-Abl

FIG. 3. p16Ink4a�/�
colonies become established more readily than

�/� colonies. (A) Primary transformants from p16Ink4a�/�
(�) and

�/� littermates (E) were monitored for establishment. The data
shown represent analysis of 213 and 123 primary transformants from
�/� and �/� mice, respectively. The boxed area identifies transfor-
mants that became established within the first 40 days and is illustrated
in an enlarged form in panel B. The P values represent comparison of
each of the curves using a log-rank test.

FIG. 4. p19Arf is expressed normally in p16Ink4a null transformants.
Lysates were prepared from different cell populations and analyzed by
Western blotting using anti-p19Arf and anti-�-actin antibodies.
(A) Analysis of lysates from p16Ink4a�/�

and a control p16Ink4a�/�
pri-

mary transformant prepared 8 days post-explant from agar, near the
onset of crisis. (B) Analysis of lysates from p16Ink4a�/� and p16Ink4a�/�

transformants prepared at the end of the crisis period. In both panels,
an established cell line expressing abundant p19Arf (�) and an estab-
lished cell line from a p19Arf null animal (�) are included as controls.
The experiments shown are representative of analyses of 14 null and 6
wild-type transformants at crisis onset and 17 null and 15 wild-type
transformants at the end of crisis. 
-p19Arf, anti-p19Arf antibody; 
-�-
actin, anti-�-actin antibody.
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displayed levels of apoptosis similar to those found in cells
transformed with the v-Abl virus (Fig. 6B). These levels were
similar to those seen in the Ink4a/Arf�/� cells infected with the
v-Abl virus, indicating that the p53�/� cells infected with the
p16Ink4a-v-Abl virus exhibit a baseline level of apoptosis. These
data indicate that p16Ink4a induces apoptosis only in cells with
an intact p53 gene, suggesting that p53 may be required for this
response.

DISCUSSION

Our results demonstrate that Ab-MLV-induced pre-B-cell
transformation is influenced by both products of the Ink4a/Arf
locus. Thus, oncogenic signals from v-Abl stimulate a cellular
response that is orchestrated by both p19Arf and p16Ink4a. Con-
sistent with this idea, recent evidence indicates that both of
these proteins influence melanoma development stimulated by

activated Ras (45); the central role of Ras activation in Ab-
MLV transformation is well documented (38, 57), and it is
likely that Ras is involved in activating expression of both
Ink4a/Arf locus products in Ab-MLV-infected cells. Once ac-
tivated, both products influence the apoptosis that character-
izes the crisis phase of transformation. Although p16Ink4a ex-
pression is usually associated with effects on the cell cycle (44,
46, 47), p16Ink4a may influence apoptosis more commonly than
originally thought. p16Ink4a expression is associated with apo-
ptosis in some human carcinoma and leukemia cells (2, 4, 20,

FIG. 5. p16Ink4a-v-Abl transforms cells. Ink4a/Arf�/� bone marrow
was infected with a virus expressing either v-Abl alone or both p16Ink4a

and v-Abl and plated in liquid medium. Dishes were scored as trans-
formed when they contained more than 2 	 106 pre-B cells per ml.
(A) The day of transformation is indicated for p16Ink4a-v-Abl- and
v-Abl-transformed cells. The asterisk indicates the average day of
transformation. All 18 cultures infected with the v-Abl virus and 17 of
18 cultures infected with the p16Ink4a-v-Abl virus became transformed.
(B) Lysates of primary transformants were analyzed by Western blot-
ting with anti-p16Ink4a, anti-Gag/v-Abl (39), and anti-�-actin antibod-
ies. The experiment shown is representative of experiments in which a
total of 17 v-Abl-infected transformants and 18 v-Abl-p16-infected
transformants were tested.

FIG. 6. Expression of p16Ink4a in primary transformants leads to
apoptosis. (A) Ink4a/Arf�/� cells infected with p16Ink4a-v-Abl (open
bar) or v-Abl (filled bar) were harvested 24 to 72 h after transforma-
tion, stained with propidium iodide, and analyzed by flow cytometry to
determine the percentage of cells in the G1, G2/M, and S phases of the
cell cycle. The data are averages obtained from analyses of 18 inde-
pendent cultures infected with v-Abl and 17 independent cultures
infected with v-Abl-p16; the error bars represent standard deviations.
(B) The percentage of apoptotic cells in the cultures analyzed in panel
A and cultures transformed with either v-Abl or v-Abl-p16 derived
from p53�/� mice were stained with propidium iodide and analyzed for
the frequency of apoptotic cells by flow cytometry. Each point repre-
sents an individual clone derived from one of three independent ex-
periments. The asterisk indicates the mean; the P values were obtained
by using an unpaired, two-tailed t test.
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36), and transgene-mediated expression of p16Ink4a in normal
T cells causes enhanced apoptosis and differentiation arrest at
an immature stage (23).

Analyses of primary transformants expressing the p16Ink4a-
v-Abl virus derived from p53�/� mice indicate that a functional
p53 protein is important for the apoptotic effects of p16Ink4a

during crisis. Consistent with these data, among human tumors
evaluated for p53 status, the subset that underwent apoptosis
in response to p16Ink4a expression did so in a p53-dependent
manner (20, 36). However, detectable changes in p53 levels are
not observed during crisis even in wild-type cells (our unpub-
lished data), probably because stabilization of p53 leads to
rapid induction of apoptosis. Nonetheless, in many human
tumors both p53 and p16Ink4a function is lost, suggesting that
these products also act independently to influence tumor de-
velopment (26, 44). In addition, spontaneous tumors arising in
p16Ink4a�/�

mice often lose p53 function, and p53/p16Ink4a dou-
ble �/� mice are more tumor prone than either singly defi-
cient animal (42). Taken together, these data indicate that the
response to each of these tumor suppressors is influenced by
the cell type and that the relationship between p16Ink4a and
p53 is complex. A likely model predicts that an intact p53
pathway is important for some p16Ink4a-mediated responses,
including the apoptotic response, but not for others (e.g., cell
cycle arrest). Perhaps functional p53 sensitizes cells to the
effects of p16Ink4a in a fashion that does not require direct cross
talk between the two pathways.

Although p16Ink4a contributes to crisis during Ab-MLV-in-
duced transformation, the effects appear to be more subtle
than those of the second product of the Ink4a/Arf locus, p19Arf,
in this transformation model. However, the response observed
in the p16Ink4a null mice used here may be partly influenced by
the strain background, one that is more permissive to all
phases of Ab-MLV transformation than that used for the
Ink4a/Arf and Arf null mice. Indeed, a much higher frequency
of primary transformants from normal mice on 129/FvB back-
grounds become transformed than on 129/C57BL/6 back-
grounds (our unpublished data). Presumably this difference
reflects the effects of unknown genes that differ in these strain
combinations. Thus, it is possible that effects of p16Ink4a loss
might be enhanced if the null allele were expressed on a
C57BL/6 background.

p19Arf exerts a strong influence on the establishment phase
of the Ab-MLV transformation process compared to the ef-
fects documented for p16Ink4a. Upregulation of p19Arf leads to
p53 activation via effects on Mdm2 (46) and also affects growth
and survival of cells by p53-independent pathways (53, 55). The
dominant role of p19Arf in vitro is best revealed in primary
transformants derived from Arf�/� mice. More than half of all
the primary transformants bypass crisis, and all of those that
undergo crisis recover and do so more rapidly than transfor-
mants from �/� mice. In addition, even though primary trans-
formants from p16Ink4a�/�

animals have a survival advantage,
crisis still occurs. Consistent with these effects, some fully es-
tablished transformed cell lines continue to express p16Ink4a,
and apoptosis was not observed following overexpression of
the protein in several of these cell lines (29). Such cells have
probably acquired additional mutations that circumvent the
effects of p16Ink4a and will be a useful resource for probing the
pathways involved.

p16Ink4a does not affect the cell cycle profile of Ab-MLV-
transformed pre-B cells even though analyses of many human
malignancies have linked the tumor suppressor function of
p16Ink4a to its effects on Rb-mediated G1 progression (44, 46).
Interestingly, analyses of Ink4a/Arf�/� bone marrow cells have
revealed that p16Ink4a affects the growth of myeloid cells but
not interleukin 7-dependent pre-B cells (30), the cells that are
the primary target of Ab-MLV transformation (21). However,
these cells were expanded under the influences of interleukin
7, a cytokine that normally influences their growth and differ-
entiation, not under the influences of a strong oncogenic sig-
nal, and such a signal may be needed to reveal p16Ink4a func-
tion. Indeed, analyses of several different tumor models
highlight the cell type specificity of p16Ink4a-mediated effects
(3, 19, 22, 43).

Although the role of p16Ink4a is subtle in some in vitro
transformation systems, studies of the E�-Myc lymphoma
model have shown that p16Ink4a expression can have dramatic
effects on the response of tumors to chemotherapy (40). In this
situation, cells containing both functional p16Ink4a and p53
become cytostatic for extended periods of time. Because these
lymphoma cells express markers associated with senescence
pathways, p16Ink4a appears to activate this program in these
tumors. These data, and our results that p16Ink4a affects a late
stage in transformation, emphasize that studying only the in-
duction phase of oncogenesis does not reveal a complete pic-
ture of the effects of p16Ink4a.

Our experiments demonstrate an underappreciated role for
p16Ink4a in blocking oncogenesis by inducing apoptosis.
p16Ink4a expression is strongly selected against in many types of
human tumors by deletion, mutation, or epigenetic silencing
(26, 35, 44), and its loss is a negative prognostic indicator for
several tumors (5, 7, 16, 18, 48, 50). Loss of p16Ink4a has also
been associated with tumor progression in human hematolog-
ical tumors, where p16Ink4a gene deletions have been docu-
mented in late-stage leukemias and lymphomas that retained
the gene at diagnosis (7, 25). Thus, loss of p16Ink4a can be an
important late event in the multistage process of malignant
transformation, allowing an indolent disease to become more
aggressive. Escape from apoptosis may be one mechanism that
is critical for acquisition of a more aggressive, malignant phe-
notype. Additional studies using the well-defined and simple
model of Ab-MLV pre-B-cell transformation should help to
uncover the mechanism by which this response is orchestrated.
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