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The bmi-1 and myc oncogenes collaborate strongly in murine lymphomagenesis, but the basis for this
collaboration was not understood. We recently identified the ink4a–ARF tumor suppressor locus as a critical
downstream target of the Polycomb-group transcriptional repressor Bmi-1. Others have shown that part of
Myc’s ability to induce apoptosis depends on induction of p19arf. Here we demonstrate that down-regulation
of ink4a–ARF by Bmi-1 underlies its ability to cooperate with Myc in tumorigenesis. Heterozygosity for bmi-1
inhibits lymphomagenesis in Eµ–myc mice by enhancing c-Myc-induced apoptosis. We observe increased
apoptosis in bmi-1−/− lymphoid organs, which can be rescued by deletion of ink4a–ARF or overexpression of
bcl2. Furthermore, Bmi-1 collaborates with Myc in enhancing proliferation and transformation of primary
embryo fibroblasts (MEFs) in an ink4a–ARF dependent manner, by prohibiting Myc-mediated induction of
p19arf and apoptosis. We observe strong collaboration between the Eµ–myc transgene and heterozygosity for
ink4a–ARF, which is accompanied by loss of the wild-type ink4a–ARF allele and formation of highly
aggressive B-cell lymphomas. Together, these results reinforce the critical role of Bmi-1 as a dose-dependent
regulator of ink4a–ARF, which on its turn acts to prevent tumorigenesis on activation of oncogenes such as
c-myc.

[Key Words: Apoptosis; tumorigenesis; bmi-1; c-myc; ink4a–ARF]

Received August 3, 1999; revised version accepted September 3, 1999.

c-myc is a member of the myc family of bHLH/LZ tran-
scription factors, which also includes the N-myc and L-
myc genes. Myc is a crucial regulator of many cellular
processes, such as cell proliferation and differentiation
and its importance during development is underscribed
by the death of c-myc−/− mice at embryonic days 9.5–
10.5 (Davis et al. 1993). Myc expression is found to be
deregulated in many human neoplasias (Nesbit et al.
1999) and transgenic animal models have demonstrated
convincingly that Myc overexpression induces tumori-
genesis (Langdon et al. 1986; Henriksson and Lusher
1996; Facchini and Penn 1998). However, beside being a
growth-promoting oncogene, Myc is also a potent in-
ducer of apoptosis via mechanisms that still remain to be
clarified (Evan et al. 1992; Prendergast 1999). Part of the
difficulty in unraveling these mechanisms stems from
the observation that Myc can activate both p53-depen-
dent and independent apoptosis pathways; the relative
contribution of each of these pathways depends on cell
type and context (Hermeking and Eick 1994; Wagner et

al. 1994; Hsu et al. 1995; Sakamuro et al. 1995). Further-
more, Myc-induced apoptosis in primary mouse embryo
fibroblasts (MEFs) was shown to require CD95 (Fas/
APO-1) signaling and to be suppressed by IGF-1 signaling
and Bcl-2 (Hueber et al. 1997). In vivo, suppression of
apoptosis enables oncogenes such as Myc and E1A to
acquire full oncogenic activity and allows for efficient
neoplastic outgrowth. This is clearly illustrated by the
acceleration of myc-transgene-induced tumorigenesis by
overexpression of bcl-2 (Strasser et al. 1990a) or by dele-
tion of p53 (Blyth et al. 1995; Elson et al. 1995).

In the past, MoMLV insertional mutagenesis with Eµ–
myc transgenic mice has led to the identification of a
number of genes that collaborate with c-myc in the onset
of B-cell lymphomas. Among the collaborators identified
by such screens is the bmi-1 oncogene, a member of the
mammalian Polycomb-group of transcriptional repres-
sors (Haupt et al. 1991; van Lohuizen et al. 1991; van
Lohuizen 1998; Jacobs and van Lohuizen 1999). The syn-
ergism in tumorigenesis has been confirmed by the gen-
eration of bmi-1/myc double transgenic mice that die
from massive leukemia as newborns (Haupt et al. 1993;
Alkema et al. 1997). Whereas this clearly established the
powerful in vivo cooperation of myc and bmi-1, the mo-
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lecular basis for this remained unclear because of insuf-
ficient knowledge about the precise function and critical
downstream targets of Bmi-1 and Myc. Recently, we
found that Bmi-1 acts as a negative regulator of the
ink4a–ARF locus, which encodes the two tumor sup-
pressors p16 and p19arf (Jacobs et al. 1999). p16 inhibits
cell cycle progression by inhibiting cyclin D-dependent
kinases and thereby prevents the phosphorylation of the
tumor suppressor Rb (Serrano et al. 1993), whereas
p19arf prevents the degradation and inactivation of the
tumor suppressor p53 by binding to Mdm2 (Pomerantz et
al. 1998; Weber et al. 1999). bmi-1−/− mice suffer from
severe proliferation defects in both the hematopoietic
system and brain. Furthermore, in vitro, bmi-1−/− MEFs
proliferate poorly and prematurely senesce. On the other
hand, overexpression of Bmi-1 in MEFs was found to
delay senescence and facilitate immortalization (Jacobs
et al. 1999). Absence of Bmi-1 expression is accompanied
by increased levels of p16 and p19arf, whereas Bmi-1
overexpression results in down-regulation of p16 and
p19arf. The full rescue of the proliferation defects in
bmi-1−/−;ink4a–ARF−/− MEFs and the dramatic rescue of
the lymphoid and neurological defects in bmi-1−/−;ink4a–
ARF−/− mice indicated that ink4a–ARF is the critical
downstream target of Bmi-1 in regulation of cell prolif-
eration (Jacobs et al. 1999). In addition, we observed that
Bmi-1 acts in a dose-dependent manner in regulating
ink4a–ARF. This parallels our observations in vivo, in
which doubling of the Eµ–bmi-1 transgene dose in ho-
mozygous Eµ–bmi-1 transgenic mice lead to a signifi-
cantly increased rate of tumorigenesis (Alkema et al.
1997). Others have shown that part of the p53-dependent
apoptosis induced by Myc depends on the presence of
p19arf, and that Myc up-regulates p19arf but not p16
protein levels in MEFs (Zindy et al. 1998). Recent reports
have shown that the up-regulation of ink4a–ARF is not
specific for Myc, but rather represents a more general
and important fail-safe that is activated on aberrant mi-
togenic signaling, and prevents primary cells from im-
mortalization and transformation (for review, see Evan
and Littlewood 1998; Ruas and Peters 1998; Sherr 1998;
Sharpless and DePinho 1999). On the basis of these re-
cent observations, we investigated whether regulation of
the ink4a–ARF locus by Bmi-1 is at the basis for the
dramatic collaboration between Bmi-1 and Myc in tu-
morigenesis, and tested the hypothesis that the relative
levels of p16 and p19arf are critical for their tumor sup-
pressive role.

Results

Heterozygosity for Bmi-1 reduces lymphomagenesis
in Eµ–myc mice by enhancing
c-Myc-induced apoptosis

With the original aim to identify genes, other than bmi-
1, that are able to accelerate the onset of B cell lympho-
mas in Eµ–myc transgenic mice, we crossed Eµ–myc
transgenic mice into the bmi-1 mutant background and
used these mice in a MoMLV insertional mutagenesis

screen. We found that the Eµ–myc transgene was not
able to rescue the proliferative defects in the hematopoe-
itic system of bmi-1−/− mice, which is in line with our
previous findings in MEFs (Jacobs et al. 1999). In fact, due
to the poor growth and severe neurological defects of
bmi-1−/− and Eµ–myc;bmi-1−/− animals, these mice
needed to be sacrificed before MoMLV infection of new-
borns had resulted in the formation of lymphomas in
either genotype. Interestingly however, we observed a
clear gene dosage effect of Bmi-1 on the onset of both
MoMLV-induced and spontaneous lymphomas in Eµ–
myc;bmi-1+/− mice. The most pronounced difference in
tumor susceptibility was observed when comparing the
onset and frequency of spontaneous (pre-) B cell lympho-
mas in Eµ–myc;bmi-1+/− mice with that in Eµ–myc;bmi-
1+/+ mice (Fig.1 A,B).

To reveal the basis for the delayed onset of lymphomas
in bmi-1+/− mice, we studied the B-cell composition
within bone marrow and spleen of the Eµ–myc and Eµ–
myc;bmi-1+/− in more detail by flow cytometry. Eµ–myc
transgenic mice show a characteristic twofold increase
in the amount of B220+ pre-B cells present in bone-mar-
row, which is the consequence of a higher proliferation
rate (Fig. 1C; Langdon et al. 1986; Harris et al. 1988).
Strikingly, in Eµ–myc;bmi-1+/− mice, this expansion of
pre-B cells in bone marrow is almost completely absent
and the number of B220+ cells is similar to that seen in
wild-type mice (Fig. 1C). The absence of pre-B cell ex-
pansion in Eµ–myc;bmi-1+/− mice may be explained by
the reduction of the proliferation rate of pre-B cells. Al-
ternatively, bmi-1+/− mice might be partially blocked in
B-cell differentiation, which cannot be overruled by c-
Myc overexpression. Thirdly, c-Myc-induced apoptosis
might be increased in bmi-1+/− mice. The first possibil-
ity is unlikely, because we found an equally increased
cycling activity of pre-B cells in Eµ–myc;bmi-1+/− mice
compared with Eµ–myc mice as indicated by the higher
forward scatter signal (FSC-H; Fig. 1C). Furthermore, we
have no indication for a block in differentiation, because
bmi-1+/− mice have similar B-cell compositions in
spleen and bone marrow as wild-type littermates (van
der Lugt et al. 1994). We determined whether the ab-
sence of pre-B cell expansion in Eµ–myc;bmi-1+/− mice
could be caused by an increase in apoptosis. Bone mar-
row cell suspensions of wild-type, Eµ–myc, and Eµ–
myc;bmi-1+/− mice were cultured for 24 hr in the ab-
sence of specific growth factors and subsequently stained
for both Annexin-V and cell surface B220. Flow-cytomet-
ric analysis shows that the apoptotic ratio (Annexin-V+/
Annexin-V−) of Eµ–myc mice (6/2) is significantly in-
creased compared with wild-type mice (3/4), confirming
the notion that c-Myc overexpression induces apoptosis
in B lymphocytes (Prasad et al. 1997). Interestingly, the
apoptotic ratio is even increased further in the Eµ–
myc;bmi-1+/− mice (11/2) (Fig. 1D). Viable B220+ lym-
phocytes (B220+/PI−; Fig. 1E) of Eµ–myc;bmi-1+/− mice
show a 10-fold increase in commitment to apoptosis
(Annexin-V+), as compared with Eµ–myc mice. These re-
sults indicate that the bone marrow compartment of
bmi-1+/− mice is more susceptible to c-Myc-induced
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apoptosis, which results in a dramatic reduction in the
expansion of pre-B cells in Eµ–myc;bmi-1+/− mice.

Bmi-1 inhibits Myc-induced apoptosis in MEFs
by down-regulating ink4a–ARF

The increased c-Myc-induced apoptosis in Eµ–myc;bmi-
1+/− mice and the resulting decrease in pre-B cell expan-
sion and reduced susceptibility to lymphomas in these

mice, suggested that Bmi-1 inhibits c-Myc-induced apop-
tosis and that this is the basis for their collaboration in
tumorigenesis. To investigate this hypothesis under
more defined conditions, we analyzed the ability of c-
Myc to induce apoptotic cell death in primary MEFs
overexpressing Bmi-1. Wild-type MEFs overexpressing
different levels of Myc (see Materials and Methods) rap-
idly underwent apoptosis under low and high serum con-
ditions (Fig. 2A). However, Myc-induced cell death was

Figure 1. Heterozygosity for bmi-1 causes reduced susceptibility to
lymphomagenesis, abrogation of c-Myc-induced pre-B cell expansion
and increased c-Myc-induced apoptosis. (A) Kaplan-Meier survival
plots of MoMLV-induced tumors in Eµ–myc, Eµ–myc;bmi-1+/−, bmi-
1+/−, and wild-type control mice and (B) of spontaneous (pre-) B-cell
lymphomas in Eµ–myc and Eµ–myc;bmi-1+/− mice. (C) Flow-cyto-
metric analysis of bone marrow cell suspensions of wild-type, bmi-
1+/−, Eµ–myc and Eµ–myc;bmi-1+/− mice at the age of 5–7 weeks.
B220 cell-surface staining shows an increased cell size (FSC-H), due
to higher cycling activity of pre-B cells (B220 positive lymphocytes)
in Eµ–myc and Eµ–myc;bmi-1+/− mice and an expansion of the pre-B
cell compartment in Eµ–myc but not in Eµ–myc;bmi-1+/− mice. (D)
Flow-cytometric analysis of bone marrow cell suspensions of wild-
type, Eµ–myc, and Eµ–myc;bmi-1+/− mice, cultured for 24 hr in 10%
FBS/RPMI medium in the absence of specific growth factors and
subsequently stained for B220 and Annexin-V. The apoptotic ratio
Annexin-V+/Annexin-V− of B220+ lymphocytes indicates the apop-
tosis susceptibility of bone marrow-derived pre-B cells. (E) Analysis
of the percentage of Annexin-V+ cells within the pool of viable
B220+/PI−lymphocytes indicates a 10-fold increase in Eµ–myc;bmi-
1+/− mice vs. Eµ–myc mice.
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significantly reduced in MEFs infected with a bmi-1-en-
coding retrovirus, compared with control-infected MEFs,
indicating that overexpression of Bmi-1 inhibits c-Myc-
induced apoptosis (Fig. 2A).

Part of Myc-induced apoptosis is mediated via p19arf,
and was shown to depend on p53 (Zindy et al. 1998).
Because Bmi-1 acts as a negative regulator of p16 and
p19arf expression, we analyzed to what extent inhibition
of Myc-induced apoptosis by Bmi-1 is mediated via
down-regulation of ink4a–ARF. To that end, the level of
Myc-induced apoptosis in early-passage ink4a–ARF−/−

primary MEFs and Bmi-1 overexpressing ink4a–ARF−/−

MEFs was compared. As expected, ink4a–ARF−/− MEFs,
which are both deficient for p19arf and p16 (Serrano et al.
1996), show an attenuated apoptotic response to Myc
(Figs. 2B and 4A, below). In contrast, overexpression of
Bmi-1 in ink4a–ARF−/− MEFs did not result in a signifi-
cant further decrease in sensitivity to Myc-induced apop-
tosis when compared with ink4a–ARF−/− MEFs contain-
ing endogenous levels of Bmi-1 (Fig. 2B). This indicates
that most of Bmi-1’s ability to inhibit c-Myc-induced
apoptosis depends on functional p19arf/p16.

In a population of fibroblasts overexpressing Myc and
kept under 10% serum conditions, a balance exists be-
tween enhanced proliferation and apoptosis (Evan et al.
1992; Zindy et al. 1998). The resulting net proliferation
rate can be increased by counteracting Myc-induced
apoptosis. In our hands, the net proliferation rate under
high serum conditions of MEFs overexpressing Myc was
similar to that of control-infected MEFs (Fig. 2C). Bmi-1
overexpressing MEFs proliferate faster than control cells
(Jacobs et al. 1999). Strikingly, when Bmi-1 and Myc
were coexpressed, a synergistic increase in the prolifera-
tion rate was seen in wild-type MEFs (Fig. 2C). This ef-
fect requires functional ink4a–ARF, because such an in-
crease was not observed in ink4a–ARF−/− MEFs overex-
pressing Myc and Bmi-1 (Fig. 2C). Western blot analysis
of Bmi-1 and Myc expression levels showed equal Bmi-1
or Myc expression levels in the infected wild-type and
ink4a–ARF−/− MEFs, respectively (Fig. 3B; data not
shown). Taken together, this indicates that the synergis-
tic effect of Bmi-1 and Myc overexpression on the pro-
liferative capacity of MEFs is mostly mediated via
ink4a–ARF.

Figure 2. Bmi-1 inhibits c-Myc-induced apoptosis and strongly
enhances proliferation in collaboration with myc in an ink4a–
ARF-dependent manner. (A) Wild-type MEFs were infected at
passage 1 with control (C) or bmi-1 (B) encoding retroviruses, at
passage 2 with either control, mycER or mycHA-encoding ret-
roviruses and analyzed for cell viability by trypan blue exclu-
sion. mycER overexpressing cell populations were analyzed for
cell death 0, 24, and 48 hr after transfer to 0.1% serum in the
presence (circles) or absence (squares) of 125 nM 4-OHT (left).
mycHA overexpressing cells were analyzed for cell death 0, 24,
and 48 hr after transfer to 0.1% (circles) or 10% (squares) serum
(right). Control-infected cultures remained viable for >95% dur-
ing the entire experiment (not shown). Apoptotic cell death was
confirmed by flow-cytrometric analysis of cells with a subdip-
loid DNA content. (B) Wild-type or ink4a–ARF−/− MEFs were
infected at passage 1 with control (C, black bars) or bmi-1 (B,
gray bars)-encoding retroviruses and subsequently at passage 2
with control or mycER retroviruses. After infection, cells were
analyzed for subdiploid DNA content 24 hr after transfer to
0.1% serum (left), or for cell viability by trypan blue exclusion
0, 16, and 26 hr after transfer to 0.1% serum in the presence of
125 nM 4-OHT (right). (h +/+C; j +/+B; s −/−C; d −/−B.) (C)
Growth curves of wild-type (left) or ink4a–ARF−/− MEFs (right)
infected at passage 1 with control (C) or bmi-1 (B) encoding
retroviruses and at passage 2 with control or mycHA-encoding
retroviruses. Experiments were performed at least three times,
yielding highly reproducible results (all standard deviations
were within 10% of the means shown) and similar data were
obtained with lower levels of Myc by use of the mycER retro-
virus in the absence of 4-OHT. (h Control C; j Control B; s

MycHA C; d MycHA B.)
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Bmi-1 collaborates with Myc in transformation
by inhibiting Myc-mediated p19arf up-regulation

To investigate whether combined overexpression of
Bmi-1 and Myc, beside increasing cell proliferation, can
also transform primary MEFs, we analyzed their ability
to grow in semi-solid medium. Infection of wild-type,
ink4a–ARF+/−, and ink4a–ARF−/− MEFs with control or
bmi-1-encoding retroviruses did not cause transforma-
tion (Fig. 3A). Overexpression of Myc alone transformed
ink4a–ARF−/−, but not ink4a–ARF+/− or wild-type MEFs
(Figs. 3A and 4B). In contrast, these wild-type and ink4a–
ARF+/− MEFs rapidly produced colonies in soft agar
when overexpressing both Bmi-1 and Myc (Fig. 3A), in-
dicating that Bmi-1 and Myc not only cooperate in trans-
formation in vivo, but also in vitro in primary MEFs.
However, the anchorage-independent growth observed
here is less efficient, (yielding smaller colonies) than
what is achieved by coexpression of Ras and Myc (Fig.
4B).

The experiments described above clearly indicate that
the collaboration between myc and bmi-1 is mostly me-
diated via ink4a–ARF. Because Bmi-1 and Myc have op-
posite effects on p19arf expression, we were interested to
see what happens to p19arf protein levels when both
Bmi-1 and Myc are overexpressed in MEFs. Overexpres-
sion of Myc in MEFs results in the predicted increase of
p19arf levels. However, in MEFs first infected with
bmi-1 encoding retrovirus and subsequently with myc
encoding virus, no induction of p19arf was found,
whereas Myc levels were equally high in all the myc
virus-infected MEFs (Fig. 3B, shown for different myc-
retroviruses). This clearly indicates that Bmi-1 prohibits
the up-regulation of p19arf by Myc and, in combination
with the data above, strongly suggests that this is the
underlying basis for their efficient collaboration in trans-
formation.

Overexpression of Myc and Ras in ink4a-ARF+/− MEFs
reveals dosage effects

Bmi-1 overexpression leads to a strong down-regulation

of p16 and p19arf, however, it does not completely abro-
gate their expression (Fig. 3B). Nevertheless, we observe
clear dose-dependent collaborative effects of Bmi-1 and
Myc, which are largely mediated via the counteractive
effect of Bmi-1 on the ink4a–ARF locus. This would im-
ply that both Myc-induced apoptosis and transformation
are sensitive to cellular ink4a–ARF dosage. Myc overex-
pressing ink4a–ARF+/− MEFs appeared to be more resis-
tant to Myc-induced apoptosis and proliferated faster un-
der high serum conditions than Myc overexpressing
wild-type MEFs (Fig. 4A). To assess whether ink4a–ARF
gene dosage correlates with increased efficiency in trans-
formation, we infected wild-type, ink4a–ARF+/−, and
ink4a–ARF−/− MEFs in two consecutive rounds with
control or ras-encoding retroviruses and subsequently
with control or myc-encoding retroviruses and analyzed
their ability to proliferate in semi-solid medium (Fig. 4B).
As has been reported by others (Serrano et al. 1996), wild-
type and ink4a–ARF+/− MEFs were not easily trans-
formed by Myc or Ras alone. In contrast, ink4a–ARF−/−

MEFs could be transformed by either Ras or Myc. Trans-
formation by a combination of Ras and Myc was
achieved for all three genotypes and was highest for the
ink4a–ARF−/− MEFs, with a much higher percentage of
cells that was able to produce colonies in soft agar than
in case of the wild-type or ink4a–ARF+/− MEFs (Fig. 4B).
Whereas initially no large differences were observed in
the percentage of dividing cells in ras+ myc-infected
wild-type or ink4a–ARF+/− MEFs, from ∼1.5 week on-
ward, many of the wild-type colonies stopped growing
and died (Fig. 4B). In contrast, the ras+ myc-infected
ink4a–ARF+/− MEFs resulted in much more and larger
colonies that continued growing (Fig. 4B, bottom). Wild-
type MEFs, and with higher efficiency, ink4a–ARF+/−

MEFs, can be selected for resistance to Myc-induced
apoptosis, through loss of the remaining wild-type
ink4a–ARF allele or mutation of p53. (Zindy et al. 1998;
J. Jacobs, unpubl.). However, analysis of the soft agar
colonies for ink4a–ARF genotype by PCR and for p53
status by Western blotting with an antibody against mu-
tant and wild-type p53 revealed that only 1 of 16 colonies

Figure 3. (A) Myc and Bmi-1 induce
transformation of MEFs. Soft agar assay of
MEFs infected at the first passage with
control or bmi-1-encoding retroviruses
and subsequently with control or myc-en-
coding retroviruses. (B) Bmi-1 inhibits in-
duction of p19arf by Myc. Western blots
showing p16, p19arf, MycHA, MycER, and
Bmi-1 protein levels in wild-type MEFs in-
fected first with control (C) or bmi-1 (B)
retroviruses and subsequently with con-
trol, mycHA, or mycER retroviruses. Tu-
bulin levels served as loading control.
Bmi-1 overexpression leads to a down-
regulation of p16 and p19arf levels,
whereas overexpression of MycHA or
MycER (in the absence of 4-OHT) induces
p19arf but not p16. Combined overexpres-
sion of Bmi-1 and Myc completely abro-
gates the induction of p19arf by Myc.
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showed loss of heterozygosity (LOH) for ink4a–ARF (Fig.
4C), and none of 12 colonies tested showed p53 mutation
(Fig. 4D). This clearly illustrates that only a 50% reduc-
tion in ink4a–ARF dose already gives a selective growth
advantage to MEFs overexpressing Ras and Myc. This is
further reflected in the relative induction of p16 and
p19arf by Ras and Myc, which is significantly lower in
ink4a–ARF+/− MEFs when compared with wild-type
MEFs (Fig. 4E, shown for Myc).

Strong collaboration in vivo between Myc
overexpression and ink4a–ARF loss

Overexpression of Bmi-1 and Myc in mice strongly ac-
celerates tumorigenesis, with the double transgenic
mice already developing massive leukemia as newborns
(van Lohuizen et al. 1991; Alkema et al. 1997). Here we
show that in vitro most of the collaboration between
Bmi-1 and Myc can be attributed to down-regulation of

the ink4a–ARF locus by Bmi-1. Following these obser-
vations, we wished to asses whether ink4a–ARF−/− mice
also show efficient acceleration of lymphomagenesis
when crossed to Eµ–myc transgenic mice. However, we
were unable to generate these mice because Eµ–
myc;ink4a–ARF+/− mice rapidly became severely ill and
all died before giving offspring, between the ages of 5.5
and 7.5 weeks (Fig. 5A). Histopathological analysis re-
vealed that these mice all died with an unusually aggres-
sive lymphoblastic leukemia. In most animals, the tu-
mor cells invaded different organs, such as thymus and
adjacent lymph nodes, liver, ovaria, uterus, fatpads of the
mammary glands, and sometimes in lungs, kidneys, and
meningae (illustrated in Fig. 5B, panels A and B, for liver
and lungs). Without exception, the blood was extremely
leukemic, reminiscent of our observations in Eµ–bmi-1;
Eµ–myc double transgenics (Fig. 5B, cf. panel D with E).
Flow cytometric analysis of tumor cell suspensions from
thymus revealed that these tumors were of B-cell origin

Figure 4. Dosage effects in ink4a–ARF+/− MEFs. (A) ink4a–ARF+/− MEFs
proliferate faster than wild-type MEFs on overexpression of Myc. Growth
curves of wild-type (+/+), ink4a–ARF+/− (right), and ink4a–ARF−/− (left)
MEFs infected with mycER virus, in the presence (filled symbols) or
absence (open symbols) of 250 nM 4-OHT. Analysis of GFP expression
and Western analysis confirmed 100% infection and equal Myc protein
levels for both wild-type and ink4a–ARF+/− MEFs. (B) ink4a–ARF+/−

MEFs are more easily transformed by myc and ras oncogenes. First pas-
sage wild-type, ink4a–ARF+/−, and ink4a–ARF−/− MEFs were infected
with control or rasV12-encoding retroviruses and subsequently infected
with control or mycHA retroviruses, after which cells were analyzed for
growth in soft agar. Photographs were taken 2 weeks after plating in soft
agar. Similar data were obtained with the mycER virus in the absence of

4-OHT except that colonies were smaller. (C,D) ink4a–ARF+/−;ras/myc transformed colonies had retained the wild-type ink4a–ARF
allele and wild-type p53. (C) PCR analysis of the wild-type (WT) and mutated (KO) ink4a–ARF allele for 9 of 16 tested ink4a–
ARF+/−;ras/myc soft agar colonies, picked out of the agar 2 weeks after plating and directly subjected to DNA isolation and PCR. LOH
was found for only one case. DNA isolated from wild-type, ink4a–ARF+/−, and ink4a–ARF−/− MEFs served as controls (D) Western blot
analysis of mutant p53 in ink4a–ARF+/−;ras/myc soft agar colonies, picked out of the agar at 1.5 weeks after plating and expanded for
1.5 weeks prior to lysis. MEFs established as an immortal cell line according to a standard 3T3 protocol (lane 1) contained mutant p53,
however primary wild-type MEFs (lane 2) and 6 of 12 tested ink4a–ARF+/−;ras/myc colonies (lanes 3–8) did not. Analysis of tubulin
levels served as loading control. (E) Induction of p19arf in wild-type and ink4a–ARF+/− MEFs infected with mycER virus and cultured
in the presence (+) or absence (−) of 250 nM 4-OHT.
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and were either highly or intermediately positive for sIgM
(Fig. 5C). These results were confirmed by the presence of
clonal or oligoclonal B-cell receptor heavy-chain rear-
rangements, and in cases of mature sIgM+ tumors, also
clonal light-chain rearrangements, whereas no TCRb-re-
arrangements were observed (data not shown). The tu-
mor cells appear to retain the capacity to differentiate to
some extent, because one animal that was sacrificed be-
fore overt tumor occurrence already showed a significant
pre-B (tumor) cell population in the thymus (K1911, Fig.
5C). These results are remarkable, because no strong dos-
age effects have been reported for ink4a–ARF+/− mice in
tumorigenesis in vivo before (Serrano et al. 1996). In
vitro, Myc overexpression in p19arf+/− MEFs was shown
to select for cells that have lost the remaining ink4a–
ARF allele (Kamijo et al. 1997). Therefore, we examined
the Eµ–myc;ink4a–ARF+/− B-cell tumors for LOH by
Southern analysis. All 15 Eµ–myc;ink4a–ARF+/− tumors
and in one CD2–myc;ink4a–ARF+/− B-cell tumor exam-
ined displayed LOH of the ink4a–ARF locus, whereas
control Eµ–myc, CD2-myc, or Eµ–bmi-1;ink4a–ARF+/−

tumors did not (Fig. 5D). In contrast to significant accel-
eration of tumor development in Eµ–myc;ink4a–ARF+/−

mice, this was not observed in Eµ–bmi-1;ink4a–ARF+/−

tumors, in line with the notion that Bmi-1 overexpres-

sion also acts via ink4a–ARF in tumorigenesis (Fig. 5A;
data not shown). The presence of many pyknotic tumor
cells as well as preliminary evidence from TUNEL stain-
ing of Eµ–myc tumors showed that a relatively high per-
centage of tumor cells underwent apoptosis, however, in
the Eµ–myc;ink4a–ARF+/− B-cell tumors (showing
LOH), the percentage of apoptotic tumor cells was lower
(Fig. 5B,G, and H; data not shown). This suggests that as
in vitro, in vivo loss of ink4a–ARF may result in de-
creased Myc-induced apoptosis, although effects on
apoptotic rates caused by the different homing/sur-
roundings or differentiation stage (thymus, mature B-cell
lymphoma vs. lymph nodes and spleen in Eµ–myc pre-B
cell lymphomas) can not be excluded.

Decreased cellularity of bmi-1−/− lymphoid
compartment is caused by increased apoptosis
and is rescued by ink4a–ARF deletion
and by Bcl2 overexpression

bmi-1−/− mice show a severe reduction in the number of
B and T lymphocytes in the spleen and thymus (van der
Lugt et al. 1994). We have shown previously that this is
accompanied by highly increased transcript levels of p16
and p19arf, and that this defect in cellularity is largely

Figure 5. Severe acceleration of lym-
phomagenesis in Eµ–myc;ink4a–ARF+/−

mice. (A) Eµ–myc;ink4a–ARF+/− mice
quickly die of aggressive B-cell tumors.
Kaplan-Meier survival plot of Eµ–myc;
ink4a–ARF+/− mice and Eµ–myc mice. (B)
Haematoxylin-eosin-stained sections of
tumors that arose in Eµ–myc;ink4a–
ARF+/− and Eµ–myc mice and of blood
from these and ink4a–ARF−/− mice. (A)
Representative example of an Eµ–
myc;ink4a–ARF+/− tumor invading the
liver; (B) a blood vessel in the lung of an
Eµ–myc;ink4a–ARF+/− mouse filled with
tumor cells. (C) A representative example
of a blood vessel in the lung of an Eµ–myc
mouse, which is free of tumor cells; (D-F)
blood of Eµ–myc;ink4a–ARF+/− (D), Eµ–
myc (E), and ink4a–ARF−/− (F) mice. Note
that in contrast to the Eµ–myc and ink4a–
ARF−/− mice, the blood of Eµ–myc;ink4a–
ARF+/− mice is highly leukemic. (G, H) A
higher magnification of a representative
example of tumors that arose in Eµ–
myc;ink4a–ARF+/− (G) and Eµ–myc (H)
mice. Note the presence of more pyknotic
tumor cells, which are indicative of apop-
tosis, in Eµ–myc tumors compared to Eµ–
myc;ink4a–ARF+/− tumors. Photographs
were taken at 10-fold (A-C) and 20-fold (D-
H) magnification. (C) Flow-cytrometric
analysis of cell suspensions of three Eµ–
myc;ink4a–ARF+/− tumors after staining
for cell surface CD8, CD4, sIgM, and B220. (D) Southern blot analysis of ink4a–ARF status of genomic DNA isolated from normal liver
(L) or tumor (T) tissue showing LOH of the ink4a–ARF locus in tumors arising in Eµ–myc;ink4a–ARF+/− (lanes 1) and CD2–myc;ink4a–
ARF+/− (lanes 3) mice but not in CD2–myc (lanes 2) Eµ–myc (lanes 5) and Eµ–bmi-1;ink4a–ARF+/− (lanes 4) mice.
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absent in bmi-1−/−;ink4a–ARF−/− mice (Jacobs et al.
1999). We investigated whether the severe reduction in
cell numbers in bmi-1−/− is due to increased apoptosis
rates. This is the case not only for splenocytes and bone
marrow of bmi-1+/− mice challenged with Myc overex-
pression, but also in freshly isolated CD4+ bmi-1−/− thy-
mocytes, as is evident from the increase in Annexin-V/
PI-positive-staining T cells (Fig. 6, middle). CD4+ cells
were selected because more mature T cells are most dra-
matically affected as opposed to immature CD4−/CD8−

T cells (van der Lugt et al. 1994). This increase is depen-
dent on ink4a–ARF, because in ink4a–ARF;bmi-1−/−,
double knockout thymocytes, apoptosis is restored to
wild-type levels (Fig. 6, bottom). As an independent
means of assessing the in vivo contribution of apoptosis
to the reduced cell numbers in bmi-1−/− spleen and thy-
mus, we analyzed whether overexpression of the anti-
apoptotic bcl2 oncogene could restore cellularity.
Hereto, we crossed in the Eµ–bcl2-36SV transgene (here-
after abbreviated as SVbcl2) into the bmi-1−/− back-
ground. This transgene has been shown to effectively
reverse potent apoptotic effects in hematopoietic cells,
such as occurs in T cells at different developmental
stages of IL-7 receptor-deficient mice (Akashi et al. 1997;
Maraskovsky et al. 1997). We observed reproducibly a
partial rescue of cellularity in both thymus and spleen in
SVbcl2;bmi-1−/− mice when compared with bmi-1−/−

mice (Fig. 7A, left). This effect was independently con-
firmed by introducing a different Eµ–bcl2 transgene,
leading to a similar partial rescue (Fig. 7A, right). Analy-
sis of the composition of T- and B-cell subsets by FACS
analysis with standard B- and T-cell differentiation

markers revealed that the rescue is most prominent in
more mature CD4+/CD8+ and CD4+ T cells as well as in
mature B220/sIgM-positive B cells (Fig. 7B; compare two
independent SVbcl2;bmi-1−/− panels with the bmi-1−/−

panel). This is of interest, because these more mature
populations are among the most severely affected in
bmi-1−/− mice. Overexpression of the SVbcl2 transgene
alone did cause an increase in cellularity in the spleen, as
has been observed previously (Strasser et al. 1990b), but
did not lead to major changes in composition or cell pro-
liferation (Fig. 7B, panel SVbcl2; data not shown). To-
gether, these results clearly show that increased apopto-
sis contributes to the reduced cellularity in bmi-1−/−

mice, which is mediated through up-regulation of ink4a–
ARF.

Discussion

Bmi-1 affects apoptosis in vitro and in vivo,
by regulating ink4a–ARF

Increased ink4a–ARF-dependent apoptosis clearly con-
tributes to the dramatically reduced cellularity in thy-
mus and spleen of bmi-1−/− mice. However, the total
reduction is likely due to a combination of increased
apoptosis and blocked proliferation caused by up-regula-
tion of p16 and p19arf in bmi-1−/− cells (Jacobs et al.
1999). This is supported by the partial rescue by bcl2-
transgene overexpression, as opposed to the almost com-
plete rescue observed in bmi-1−/−;ink4a–ARF−/− mice
(Fig. 7; Jacobs et al. 1999). This fits well with the notion
that Bcl2 is known to prevent apoptosis but does not
accelerate cell proliferation (Bissonette et al. 1992;
Fanidi et al. 1992), whereas ink4a–ARF-loss both accel-
erates proliferation of primary cells (Serrano et al. 1996),
and prevents apoptosis via the p19arf/p53 pathway (de
Stanchina et al. 1998; Zindy et al. 1998). Increased apop-
tosis due to reduced levels of Bmi-1 has profound conse-
quences for tumorigenesis; remarkably, only a twofold
reduction in bmi-1 gene dose already results in signifi-
cantly reduced lymphomagenesis on MoMLV-infection
or Eµ–myc transgene overexpression, which could be
largely ascribed to increased apoptosis. Conversely, over-
expression of Bmi-1 in wild-type MEFs results in a sig-
nificant reduction of Myc-induced ink4a–ARF-depen-
dent apoptosis, which is evident at different levels of
Myc overexpression. Significant apoptosis reduction by
Bmi-1 is not affected by high serum conditions suggest-
ing that bmi-1/ink4a–ARF signaling to the apoptotic
machinery may bypass concomitant survival signals.

The powerful in vivo cooperation between Myc and
Bmi-1 overexpression is mimicked well in vitro in MEFs.
Bmi-1 and Myc not only cause a synergistic and dose-
dependent increase in proliferation and decrease in apop-
tosis, but also can lead to transformation of wild-type
MEFs, as assayed by anchorage-independent growth. In
accordance with Bmi-1 acting in transformation by
down-regulating ink4a–ARF, Myc overexpression is able
to transform ink4a–ARF−/− MEFs, but not wild-type
MEFs. The anchorage-independent growth observed here

Figure 6. Increased apoptosis in the thymus of bmi-1−/− mice
is rescued by deletion of ink4a–ARF. Flow-cytometric analysis
of freshly isolated thymocytes of ∼6-week-old ink4a–ARF+/−,
bmi-1−/−;ink4a–ARF+/−, and bmi-1−/−;ink4a–ARF−/− mice after
staining for cell-surface CD4 and CD8 (left) and of CD4-positive
thymocytes after staining for Annexin-V (right).
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is, however, clearly less efficient than transformation by
Ras + Myc, which yields more and larger colonies in soft
agar. Importantly, Western blot analysis revealed that
Bmi-1 overexpression not only results in reduced p16
and p19arf protein levels, but also prohibits the induc-
tion of p19arf by overexpression of Myc. This is in line
with the role of Bmi-1 in Polycomb-complexes that act
on chromatin to stably repress target genes (for review,
see Jacobs and van Lohuizen 1999; van Lohuizen 1999).
Taken together, the in vitro and in vivo data presented
here strongly suggest that the Bmi-1-mediated preven-
tion of p19arf induction by Myc forms the basis for the
efficient cooperation in oncogenic transformation be-
tween bmi-1 and myc.

ink4a–ARF dosage effects: Implications
for tumorigenesis

Beside to the Bmi-1 dose-dependent effects on ink4a–
ARF, MEF transformation assays with myc and ras also
revealed clear ink4a–ARF dose dependence in efficiency
of anchorage-independent growth capacity. As in the
classical REF cotransformation assay (Land et al. 1983),
coexpression of Myc and Ras in wild-type MEFs cause
colony growth in soft agar; however, this occurs with
very low efficiency, given the high efficiency of infection
of the viruses we used. Interestingly, the efficiency of
transformation by Ras + Myc increases dramatically in
an ink4a–ARF gene dose-dependent manner in ink4a–
ARF+/− and ink4a–ARF−/− MEFs. Notably, the initial mi-

togenic effects of Myc + Ras in unattached wild-type
REFs, followed by rapid cell death of most cells, has been
shown to occur because of deprivation of matrix adhe-
sion (McGill et al. 1997). Our results clearly suggest that
ink4a–ARF is required in a dose-dependent manner for
the apoptosis that occurs on disruption of matrix attach-
ment. Because efficient Cyclin D1 up-regulation requires
matrix attachment (for review, see Assoian 1997), this
may suggest a role for p16 in this respect. We suggest
that initial proliferation followed by apoptosis reflects
the gradual increase in p16 and p19arf levels with each
cell division; this is observed when embryos are disag-
gregated and MEFs are put in culture (Zindy et al. 1997,
1998). As a critical level of p16 and/or p19arf is reached,
such primary cells normally enter a quiescent state
called cellular senescence, whereas in the case of Myc
(and perhaps Ras) overexpression, the fate of such cells
now becomes ink4a–ARF-dependent apoptosis. In agree-
ment with this hypothesis, we find efficient overgrowth
of whole monolayers, when such Ras + Myc-transduced
primary MEFs are plated on coated dishes in focus-for-
mation assays, suggesting efficient proliferation of most
cells under these conditions (not shown).

We further observe that MEFs coexpressing Ras and
Myc retain hyperinduction of p16 and p19arf protein lev-
els (our unpublished data). Importantly, analysis of
Myc + Ras overexpressing soft agar colonies obtained in
ink4a–ARF+/− MEFs revealed, at the (relatively early)
time of analysis, no significant levels of p53-mutations
or LOH for ink4a–ARF. If no other (and as yet unprec-

Figure 7. Bcl2 overexpression partially rescues cellularity in bmi-1−/−

spleen (black bars) and thymus (gray bars). (A) Percent nucleated cells in
thymus and spleen of ∼6-week-old wild-type, SVbcl2, bmi-1−/−,
SVbcl2;bmi-1−/− mice (left) and of wild-type, Eµ–bcl2, bmi-1−/−, Eµ–
bcl2;bmi-1−/− mice (right). (B) Flow-cytometric analysis of thymocytes
and splenocytes of wild-type, SVbcl2, bmi-1−/−, and SVbcl2;bmi-1−/−

mice.
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edented) mutations have occurred rapidly in other effec-
tors of p16/p19arf, this could suggest that the twofold
reduction in ink4a–ARF in these rapidly proliferating
clones prevents the wild-type senescence threshold level
to be reached. We consider this unlikely because of the
significant induction of p16 and p19Arf levels by
Ras + Myc. Rather, we favor the coexpression of
Ras + Myc to render the MEFs relatively more insensi-
tive to p16/p19arf arrest. We speculate that one way of
achieving insensitivity could be by the known ability of
Ras to prevent Myc-induced apoptosis via the PI3-ki-
nase–AKT/PKB pathway (Kauffman-Zeh et al. 1997).
Notably, the soft agar assays were performed under high-
serum conditions, which may assist in tipping the bal-
ance toward survival. Alternatively, it is possible that
Ras + Myc overexpression affects localization or activity
of other modulators or effectors of ink4a–ARF, such as
Mdm2, pRB, or p53. In this respect, it is of potential
relevance that we fail to detect significant up-regulation
of p53 in the Myc + Ras-infected ink4a–ARF+/− soft agar
clones (not shown), whereas in wild-type MEFs, Myc has
been shown to induce p53 and, concomitantly, the p53
target gene Mdm2, both of which are involved in medi-
ating the p19arf inhibitory response (Zindy et al. 1998).

Perhaps the most dramatic illustration of ink4a–ARF
tumor suppressive effects is the significant increase in
onset and progression of lymphomagenesis in Eµ–
myc;ink4a–ARF+/− mice, which is clearly reminiscent of
the potent in vivo collaboration in Eµ–myc; Eµ–bmi-1
double-transgenic mice (Alkema et al. 1997). These
mostly clonal tumors invariably showed loss of the re-
maining wild-type ink4a–ARF allele, conforming to the
notion that loss of ink4a–ARF allows for full growth-
promoting and oncogenic activity of Myc. This impli-
cates that LOH must have occurred rapidly, perhaps re-
flecting the recently described role of Myc in eliciting
genomic instability (McCormack et al. 1998; Felsher and
Bishop 1999). The leukemias obtained show several un-
usual characteristics, in that they are highly aggressive
mature B-cell leukemias that invade the thymus and/or
adjacent lymphnodes as well as subcutaneous and mam-
mary fatpads and several organs, such as liver, lungs, and
pancreas. This is unlike the predominant pre-B-cell lym-
phomas in Eµ–myc mice that are largely confined to pe-
ripheral lymph nodes and spleen (Langdon et al. 1986), or
the pre-B-cell lymphomas and predominant fibrosarco-
mas seen in ink4a–ARF−/− mice (Serrano et al. 1996).
Given the unusual aggressive nature and early onset of
the Eµ–myc;ink4a–ARF+/− B-cell tumors and the above-
noted implication of ink4a–ARF in apoptosis on disrup-
tion of matrix-attachment, it is tempting to speculate
that these tumor cells are perhaps more tolerant to loss
of adhesion-mediated survival signals, due to ink4a–
ARF-loss.

Implication of p16 and/or p19Arf?

Whereas the odds may seem in favor of p19arf as the
culprit, on the basis of the results of C.J. Sherr and col-
leagues with p19arf−/− MEFs and mice (Kamijo et al.

1997), it may be that in cell types other than MEFs, p16
loss could contribute. Of notice in this regard is the ob-
servation that p19arf−/− mice develop fibrosarcomas and
T-cell lymphomas rather than B-cell lymphomas, al-
though possibly strain background differences could ac-
count for this. Interestingly, the slower rate of tumor
formation in Eµ–myc;p19arf+/− mice (mean survival 11
weeks; Eischen et al. 1999) when compared with the
mean survival of 7 weeks observed in Eµ–myc;ink4a–
ARF+/− mice could point to a subtle additional effect of
p16 loss in lymphomagenesis. Clearly, a definitive as-
signment of the relative contributions of p16, p19arf, or
both awaits comparison to the effects on proliferation,
apoptosis, and tumorigenesis in p16-specific knockout
mice and MEFs.

In conclusion, we have shown that Bmi-1 cooperates
efficiently with c-Myc in transformation and tumorigen-
esis, by preventing Myc-induced p19arf up-regulation
and apoptosis. These studies reinforce the notion that
Myc overexpression is not equivalent to ink4a–ARF loss
and immortalization, but rather has severe additional
transforming capacity, which becomes apparent when
p19arf loss prevents Myc-induced apoptosis. Further-
more, our studies uncovered clear dosage effects of
ink4a–ARF, in controlling proliferation and apoptosis,
and showed that ink4a–ARF loss is required to prevent
apoptosis by disruption of matrix attachment in
Ras + Myc-transformed MEFs. Finally, the potent tumor-
suppressor role of ink4a–ARF is uncovered in Eµ–
myc;ink4a–ARF+/− mice, which shows an unsuspected
potent predisposition to malignant B-cell lymphomas. If
also applicable to human cancer, the results presented
here suggest that ink4a–ARF levels, rather than full in-
activation, need to be assayed. Furthermore, the potent
collaboration between ink4a–ARF heterozygosity and
Myc overexpression is of potential prognostic relevance
for human multipe myeloma and Burkitts lymphoma, in
which the hallmark myc-immunoglobulin transloca-
tions account for Myc overexpression.

Materials and methods

Generation of compound mutant mice and MoMLV infection

bmi-1+/− (van der Lugt et al. 1994) and ink4a–ARF+/− mice (Ser-
rano et al. 1996) were crossed with Eµ–myc transgenic mice of
founder line 186 (Verbeek et al. 1991). Eµ–myc;bmi-1+/− mice
were subsequently intercrossed to generate bmi-1 mutant mice
with and without the c-myc transgene. bmi-1+/− mice were
crossed with Eµ–bcl2–36SV (Strasser et al. 1990b) and with Eµ–
bcl2 (McDonnell 1990) transgenic mice to generate SV–
bcl2;bmi-1+/− and Eµ–bcl2;bmi-1+/− mice, which were subse-
quently crossed with bmi-1+/− mice to generate SV–bcl2;bmi-
1−/− and Eµ–bcl2;bmi-1−/− mice and control littermates. The
generation of bmi-1−/−;ink4a–ARF−/− mice has been described
elsewhere (Jacobs et al. 1999). All mice have been maintained on
a FVB background and genotyped routinely by PCR or Southern
blot analysis.

For the proviral-tagging experiment, newborn mice were in-
jected with 50 µl of 104–105 infectious units of MoMLV clone
1A (Jaenisch et al. 1975), and sacrificed when they became ter-
minally ill.
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Flow cytometry and Annexin-V staining

Flow-cytometric analysis was performed on single-cell suspen-
sions from thymus, spleen, and bone marrow, after staining the
cells under standard conditions with directly fluorochrome-
conjugated monoclonal antibodies (Pharmigen) against CD3e

(145-2C11), CD4 (RM4-5), CD8a (53-6.7), CD45R/B220 (RA3-
6B2), TCRb (H57-597), and sIgM (Biosource; LO-MM-9-F). For
apoptosis analysis, thymocytes were stained immediately after
isolation with CD4 and Annexin-V antibodies, whereas bone
marrow cells were cultured for 24 hr in 10% FBS/RPMI medium
in the presence of 50 µM b-mercaptoethanol before staining
with B220 and Annexin-V antibodies according to the instruc-
tions of the supplier (Boehringer).

Cell culture and retroviral infection

MEFs were isolated as described previously (Jacobs et al. 1999),
with the modification that fetal tissue was incubated for 45 min
at 37°C in 400 µl of trypsin/EDTA prior to dissociation. MEFs
were split 1:4 and maintained in DMEM (GIBCO) supplemented
with 10% FBS (PAA). Retroviral infections with LZRS-iresGFP
viruses and growth curves with crystal violet staining were per-
formed as described (Jacobs et al. 1999). The use of high titer
LZRS–iresGFP viruses ensures 100% infection efficiency with-
out the need for drug selection of cells that can easily be
checked for by analysis of GFP expression. For Myc, two ver-
sions were used, LZRS–mycHA–iresGFP and LZRS–mycER–
iresGFP. The latter results in expression of inactive MycER fu-
sion protein that can be induced into the active conformation by
addition of 4-hydroxy tamoxifen (4-OHT) (Littlewood et al.
1995). However, this system is a bit leaky, resulting in consid-
erable Myc activity in the absence of 4-OHT, which can be
further increased by adding 4-OHT.

Growth curves, apoptosis, and soft agar assay

For growth curves, cells were plated into 12-well dishes and the
number of cells was determined each day by crystal violet stain-
ing as described (Jacobs et al. 1999). For analysis of Myc-induced
cell death, first passage MEFs were infected with control empty
LZRS–iresGFP virus or LZRS–bmi-1PY–iresGFP virus for 48 hr;
then the cells were split and infected for 48 hr with control-
empty LZRS–iresGFP, LZRS–mycHA–iresGFP, or LZRS–myc-
ER–iresGFP virus. Retrovirus-infected cells were subsequently
seeded onto 12-well plates in 10% serum containing medium
with or without 4-OHT. The next day, the medium was re-
placed with medium containing 0.1% or 10% serum (with or
without 4-OHT), and 24 or 48 hr later adherent and nonadherent
cells were pooled and analyzed for cell death by trypan blue
exclusion. For measurement of subdiploid DNA content, cells
were seeded onto 60-mm dishes, treated as above, and har-
vested, fixed, stained with propidium iodide, and analyzed by
flow cytometry as described (Rowan et al. 1996).

For analysis of growth in semisolid medium, ∼5 × 104 cells
were plated per well of a six-well dish in DMEM containing
10% serum and 0.4% low gelling temperature agarose (Sigma).

Western blotting

Cells and tissues were lysed (Jacobs et al. 1999), protein con-
centration was determined, equal amounts of protein were sepa-
rated by SDS-PAGE, and blotted onto nitrocellulose or, for de-
tection of p19arf, onto immobilon-P (Amersham) membranes.
Western blot analysis was done according to standard methods

with enhanced chemiluminescence (Amersham ). A list of an-
tibodies used is available on request.
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