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The p19®F tumor suppressor antagonizes Mdm2 to induce p53-dependent cell cycle arrest. Individual TKO
(triple knock out) mice nullizygous for ARF, p53, and Mdm2 develop multiple tumors at a frequency greater

than those observed in animals lacking both p53 and Mdm?2 or p53 alone, demonstrating that p1

9ARF ¢an act

independently of the Mdm2-p53 axis in tumor surveillance. Reintroduction of ARF into TKO mouse embryo
fibroblasts (MEFs), but not into those lacking both p53 and ARF, arrested the cell division cycle in the G1
phase. Inhibition of the retinoblastoma protein had no effect on the ability of ARF to arrest TKO MEFs. Thus,
in the absence of Mdm2, p192®F interacts with other targets to inhibit cell proliferation.
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Two proteins encoded by the INK4a/ARF locus,
p16™NE42 and p19ARE functionally interact with the ret-
inoblastoma protein (RB) and p53 tumor suppressors, re-
spectively. These four proteins are among the most fre-
quently disrupted genes in human cancer. The p53
monomer forms a labile homotetrameric transcription
factor that is activated in response to DNA damage and
inappropriate mitogenic signaling (Ko and Prives 1996).
Among its transcriptional targets are p21<*!, an inhibi-
tor of cyclin-dependent kinases, and Mdm2, a potent
negative regulator of p53. Mdm2 is a multifunctional
protein that inhibits p53 activity in several ways: It
binds to the p53 transactivation domain to antagonize its
activity on DNA (Momand et al. 1992; Oliner et al.
1993), and it fosters p53 degradation (Haupt et al. 1997;
Kubbutat et al. 1997), acting as an E3 ligase that directly
ubiquitinates p53 (Honda et al. 1997) and enhancing its
shuttling to cytoplasmic proteasomes (Roth et al. 1998).
In response to cellular stress, stabilization of p53 occurs
when its association with Mdm?2 is disrupted by post-
translational modifications of the proteins (Giaccia and
Kastan 1998) or by interference of Mdm?2 function by
p19ARF (Kamijo et al. 1998; Pomerantz et al. 1998; Stott
et al. 1998; Zhang et al. 1998).

The ARF tumor suppressor acts as a sensor of hyper-
proliferative signals emanating from oncoproteins and
inducers of S-phase entry, such as Myc, E1A, Ras, and
E2F-1 (Bates et al. 1998; De Stanchina et al. 1998; Palm-
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ero et al. 1998; Zindy et al. 1998). In turn, p1948F triggers
p53-dependent growth arrest in the G1 and G2 phases of
the cell cycle or, in the presence of appropriate collateral
signals, sensitizes cells to apoptosis (Quelle et al. 1995;
Kamijo et al. 1997; De Stanchina et al. 1998; Zindy et al.
1998; Eischen et al. 1999; Jacobs et al. 1999; Schmitt et
al. 1999). ARF binds directly to Mdm2, sequestering it in
the nucleolus and enabling transcriptionally active p53
to accumulate in the nucleoplasm (Tao and Levine 1999;
Weber et al. 1999). ARF also limits the ability of Mdm2
to ubiquitinate p53 in vitro (Honda and Yasuda 1999;
Midgley et al. 2000) and in vivo (Xirodimas and Lane,
pers. comm.). Binding of ARF to Mdm?2 involves two
separate domains of both the mouse p19**F and human
pl4ARF proteins that interact cooperatively with a cen-
tral acidic segment of Mdm2 (Lohrum et al. 2000a; We-
ber et al. 2000). Although ARF localizes to the nucleolus
on its own, ARF binding unmasks a cryptic nucleolar
localization signal within the carboxy-terminal Mdm2
RING domain, the integrity of which is required for
localization of the binary complex to the nucleolus
(Lohrum et al. 2000b; Weber et al. 2000). Disruption of
the Mdm?2 nucleolar localization signal enables Mdm2
to retain ARF in the nucleoplasm. Therefore, the ARF-
Mdm2 interaction appears to be bi-directional in that
each protein can regulate the subnuclear localization of
the other.

Emerging evidence suggests that the ARF-p53-Mdm?2
pathway is not strictly linear. Mice engineered to over-
express a c-Myc transgene under the control of the im-
munoglobulin heavy chain enhancer (Ep) develop pre-B
and B-cell lymphomas, with a majority of the resulting
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tumors sustaining ARF deletion, p53 mutation, or
Mdm?2 overexpression (Eischen et al. 1999). However,
several tumors that lacked p19#®F or p53 function over-
expressed Mdm?2, allowing argument against a simple
epistatic relationship between the genes. Moreover, pre-
malignant B cells expressing En-Myc and lacking both
ARF and p53 proliferated at a faster rate in vitro than
cells lacking ARF or p53 alone, implying that p19ARF
may functionally interact with proteins other than p53.
To address this issue, we generated mice nullizygous for
ARF, p53, and Mdm?2 and studied the effects of reintro-
duced ARF in cells lacking its only known target.

Results and Discussion

ARF and p53 collaborate in tumor surveillance

Both p53-null and ARF-null mice are highly tumor-prone
with mean latencies for survival of 19 and 32 weeks,
respectively (Donehower et al. 1992; Kamijo et al. 1999).
In mice lacking p53, T-cell lymphomas predominate
(~70%), with the remainder being sarcomas (Jacks et al.
1994). In contrast, ARF-null animals have an appreciably
lower incidence of lymphomas (25%) and primarily de-
velop poorly differentiated sarcomas (50%), with carci-
nomas and gliomas appearing in the others (Kamijo et al.
1997, 1999). These results are compatible with the idea
that ARF acts upstream from p53 and is selectively ac-
tivated in response to only a subset of stress signals that
affect p53 function (Sherr 1998). The increased latency
for tumor formation observed in ARF-null versus p53-
null animals may shift the tumor spectrum away from
rapidly lethal lymphomas, allowing the emergence of tu-
mor types not normally seen in p53-null mice.

We generated mice deficient for ARF/p53 and ARF/
p53/Mdm?2 (designated triple knock-out, or TKO, mice)
in an attempt to determine whether ARF and p53 might
synergize in tumor suppression, either in the presence or
absence of Mdm2. We observed no differences in the
mean latencies of tumor formation (~16 weeks) in TKO
mice or ARF/p53- or p53/Mdm?2-deficient mice, indicat-
ing that combinatorial loss of ARF and p53 had little or
no effect on survival as compared with animals lacking
p53 alone (Fig. 1). Disruption of Mdm?2 leads to embry-
onic lethality, which is rescued on a p53-null back-
ground (Jones et al. 1995; Montes de Oca Luna et al.
1995). The spectrum of tumors seen in mice lacking both
p53 and Mdm?2 is similar to that of mice lacking p53
alone (McDonnell et al. 1999). In contrast, mice lacking
both ARF and p53, with or without Mdm?2, showed a
wider range of tumor types than animals lacking either
gene alone, and many developed multiple primary tu-
mors (Table 1). ARF-null animals rarely show hemangio-
sarcomas and osteogenic sarcomas, but we have never
observed teratomas, rhabdomyosarcomas, hepatocellular
carcinomas, intestinal adenocarcinomas, or renal cell
carcinomas in these animals throughout three years of
continuous observation. Four of the 19 TKO mice devel-
oped primary tumors arising from three distinct cell

types.
Although we cannot rigorously exclude the contribu-
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Figure 1. Survival of mice lacking ARF, p53, and/or Mdm2.
p53/Mdm2-null (O), ARF/p53-null (dotted line), ARF/p53-null
Mdme ™" (@), and ARF/p53/Mdm2-null (solid line) mice were
observed for 33 weeks. Tumors arising in ARF/p53-null and
ARF/p53/Mdm2-null animals are listed in Table 1.

tion of strain-specific modifiers on the emergence of dif-
ferent tumor types, all parental mice used in our study
were originally derived from strain 129/Sv] ES cells in-
oculated into C57BL/6 blastocysts, generating chimeric
animals that were backcrossed onto a C57BL/6 back-
ground. Therefore, the emergence of tumors in ARF/p53-
null and TKO mice not normally observed in ARF-null,
p53-null, or p53/Mdm2 double-null animals, taken to-
gether with the similar latencies for tumor development,
suggests that ARF and p53 loss contribute independently
to some aspects of tumor suppression.

Mdm2- and p53-independent functions of ARF

Early-passage mouse embryo fibroblasts (MEFs) ex-
planted from p53-null embryos or cell lines that sus-
tained p53 mutations during establishment are resistant
to ARF-induced arrest, underscoring a requirement of
functional p53 for ARF activity (Kamijo et al. 1997, 1998;
Pomerantz et al. 1998; Stott et al. 1998; Zhang et al.
1998). In agreement with these findings, MEFs lacking
both ARF and p53 were resistant to ARF overexpression,
whereas 90% of wild-type MEFs arrested within 48
hours of infection with a p19*®F-expressing retrovirus
(Fig. 2A). Unexpectedly, >90% of p53/Mdm2-null or
ARF/p53/Mdm2-null MEFs failed to incorporate 5-bro-
modeoxyuridine (BrdU) after ARF was introduced (Fig.
2A); however, the kinetics of ARF-induced arrest were
significantly delayed.

Cells lacking p53 express unusually high levels of en-
dogenous p192%F (Fig 2C, lane 1) (Quelle et al. 1995),
which can be suppressed by reintroduction of wild-type
p53 (Kamijo et al. 1998; Stott et al. 1998). Surprisingly,
endogenous pl194*F was expressed at much lower levels
in MEFs lacking both p53 and Mdm?2 (Fig. 2C, lane 2; Fig.
2D, panel 3), implying that Mdm2 somehow regulates
the p53-ARF feedback loop. Use of cells lacking p53 and
Mdm?2 therefore provided an opportunity to determine
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Table 1. Tumor spectrum in ARF/p53-null
and ARF/p53/Mdm2-null mice

Genotype Tumor type?® Number
ARF/p53-null  Single tumors 13 (72%)
Lymphoma 9
Meningioma 1
Osteogenic sarcoma 1
Teratoma 1
Spindle cell carcinoma (skin) 1
Multiple primary tumors 5(28%)
Lymphoma
+ Osteogenic sarcoma 1
+ Hepatocellular carcinoma 1
+ Hemangiosarcoma 1
+ Fibrosarcoma 1
Intestinal adenocarcinoma
+ Renal cell carcinoma 1
ARF/p53/ Single tumors 10 (53 %)
Mdm2-null Lymphoma 5
Hemangiosarcoma 2
Nerve sheath sarcoma 1
Rhabdomyosarcoma 1
Osteosarcoma 1
Multiple primary tumors 9 (47%)
Undifferentiated sarcoma
+ Intestinal adenocarcinoma 1
Lymphoma
+ Rhabdomyosarcoma® 2
+ Intestinal adenocarcinoma 1

+ Dermal sarcoma,
unknown type 1
+ Hemangiosarcoma 1
+ Osteogenic sarcoma 1
+ Skin basal cell carcinoma 1
+ Intestinal adenocarcinoma 1

2Mice with multiple tumors are grouped under the subheading
of one of the primary tumors followed by the diagnosis of the
second or third tumor types (indicated by + signs and hierarchi-
cal indentation).

PLymphomas were of the widely disseminated T-cell type ex-
cept for one mouse that exhibited lymphoma of distinct B- and
T-cell types plus rhabdomyosarcoma.

the effects of ARF protein induction on cell cycle pro-
gression in response to DMP1, a transcriptional ARF ac-
tivator (Inoue et al. 1999). Enforced DMP1 expression
induced p192RF to levels that were significantly lower
than those observed in p53-null cells (Fig. 2C). Induced
ARF was readily detected within the nucleoli of wild-
type (not shown) and p53/Mdm2-null MEFs (Fig. 2D,
panels 6 and 12). In turn, DMP1 inhibited BrdU incorpo-
ration in both cell types by 96 hours postinfection (Fig
2B; Fig 2D, panel 11). In contrast, DMP1 was without
effect in ARF/p53-null and TKO MEFs (Fig. 2B), under-
scoring the dependence of DMP1 on ARF in arresting
proliferation (Inoue et al. 1999).

The amino-terminal 14 amino acids of mouse and hu-
man ARF are the most conserved residues in the poly-
peptide and comprise one of two binding sites for Mdm2
(Lohrum et al. 2000a; Weber et al. 2000). In mouse
pl92RE the second Mdm?2 interaction domain resides
within residues 26-37, the integrity of which is also re-
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quired for ARF nucleolar localization (Weber et al. 1999).
Hence, a p192®F mutant lacking residues 1-14 (ARF Al-
14) retains its ability to correctly localize to nucleoli but
is unable to sequester Mdm2 and does not activate p53-
dependent growth arrest (Weber et al. 2000). To deter-
mine whether the same protein interaction domain of
ARF was required to arrest proliferation of MEFs lacking
Mdm?2, we introduced ARF A1-14 into TKO cells by ret-
roviral gene transfer. In the experiment shown, the level
of ARF Al-14 expressed in infected TKO MEFs was
higher than that of the full-length ARF protein (Fig. 3A).
Both wild-type and mutant proteins localized to nucleoli
(Fig. 3B, panels 9, 12, 15, 18), which were independently
demarcated by fibrillarin staining (Weber et al. 1999 and
data not shown).

TKO cells infected with retroviruses encoding the T-
cell coreceptor CD8, wild-type ARF, or ARF Al-14 were
analyzed for their ability to enter S phase. BrdU was
added to the cultures 24 hours before fixation, and cells
were stained and examined 48 and 96 hours after infec-
tion. Wild-type ARF inhibited almost all BrdU incorpo-
ration by 96 hours post-infection (Fig. 3B, panel 11),
whereas ARF Al-14 was ineffective at preventing S
phase entry (Fig. 3B, panels 14 and 17). Analysis of DNA
content by flow cytometry revealed that a significant
population of TKO MEFs underwent arrest in G1 phase
following infection for 96 hours with the retrovirus en-
coding wild-type ARF (Fig. 3C). In contrast, TKO MEFs
infected with viruses encoding control CD8 or ARF Al-
14 remained distributed throughout the cell cycle. Like
MEFs lacking p53 alone, a percentage of the TKO cells
were polyploid, yielding a G2/M population with an 8N
DNA content. Introduction of wild-type ARF, but not
ARF Al-14, also reduced the fraction of 8N cells (Fig.
3C), consistent with the ability of ARF to restrict S phase
entry. ARF may also sensitize TKO cells to apoptosis,
albeit to a significantly lesser extent than p53 (data not
shown), as indicated by an increased level of cells with
DNA content less than 2N.

To determine whether the effects of ARF were persis-
tent, infected TKO MEFs were cultured at low density
and refed every three days. Emerging colonies were
stained with Wright-Giemsa solution 12 days postinfec-
tion, revealing a significant reduction in colony forma-
tion in ARF-infected TKO MEFs but very little effect
after introduction of ARF A1-14 as compared with CD8
(Fig. 3D). The few colonies that arose from TKO cells
infected with wild-type ARF failed to express pl9~RF
protein as determined by indirect immunofluorescence
(data not shown), indicating that these were likely de-
rived from uninfected cells. Although ARF Al1-14 is se-
verely impaired in its ability to arrest wild-type and TKO
MEFs, it does retain some activity. We reproducibly saw
a small effect on DNA replication (15% inhibition of
BrdU incorporation) and a reduction in the number and
size of colonies in TKO MEFs (Fig. 3D), which can likely
be attributed to the retained functional ARF domains
(Weber et al. 1999, 2000).

Several conclusions emerge from these experiments:
(1) ARF can arrest cells lacking both p53 and Mdm2, but
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Figure 2. ARF and DMP1 arrest mouse embryo fibroblasts (MEFs) lacking both p53 and Mdm2. (A) Primary MEFs from mice with the
indicated genotypes (top) were infected with retroviruses encoding CDS8 ([J) or p19ARF (M). Cells labeled with 5-bromodeoxyuridine
(BrdU) were analyzed by indirect immunofluorescence (green) and simultaneously scored for p19ARF expression (red) using 3 coverslips
and >100 cells per coverslip in 4 independent experiments. (B) Primary MEFs of indicated genotypes (bottom) were infected with
retroviruses encoding CD8 (dark bars) or DMP1 (open bars). Cells labeled for 24 hours with BrdU were stained 96 hours postinfection
(green) and scored simultaneously for DMP1 expression (red). Error bars indicate standard deviations. (C) Expression of p19*RF protein
in MEFs (3T3 strains, each at passage 9) of the indicated genotypes (top). Cells null for both p53 and Mdm?2 (middle two lanes) were
infected with retroviruses encoding either CD8 or DMPI as indicated and assayed 96 hours later for ARF protein by direct immuno-
blotting. Equal quantities of protein (150 pg) were loaded per lane. (D) p53/Mdm2-null MEFs infected with retroviruses encoding CD8
(panels 1-3, 7-9) or DMP1 (panels 4-6, 10-12) were analyzed by immunofluorescence for BrdU incorporation and ARF induction 48 and

96 hours after infection.

not p53 alone. This implies that Mdm2 antagonizes
some activity of ARF on targets other than p53; in the
absence of Mdm?2 this other activity of ARF is revealed.
(2) In principle, the ability of overexpressed ARF to ac-
cumulate in the nucleolus might nonspecifically inter-
fere with some aspect of nucleolar trafficking required
for cell cycle progression. However, nucleolar localiza-
tion of ARF is not sufficient to induce cell cycle arrest in
the absence of both Mdm?2 and p53, because ARF Al-14
gains access to this compartment but is impaired in halt-
ing proliferation. (3) Conversely, the amino-terminal do-
main of p192®¥, which binds to Mdm?2, also appears to be
important in ensuring the interaction of ARF with an-
other target required for S phase entry. (4) Finally, al-
though ARF arrests cells containing wild-type Mdm2
and p53 in both G1 and G2, its preferential effects at the
G1/S boundary in TKO cells imply that the relevant ARF
target protein is required only for G1 exit.

AREF functions are independent of p21°*! and RB

Proteins that can interfere with the G1/S transition in-
clude the CDK inhibitor p21<®!, Induction of p21<!
was evident after infection of TKO MEFs with a retrovi-
rus-encoding wild-type p53 (Fig. 4A), although the in-
fected cells rapidly underwent apoptosis rather than G1-
phase arrest (data not shown). Introduction of ARF into
TKO MEFs failed to induce p21<'*! 96 hours after infec-
tion, in agreement with previous observations with p53-
null cells (Kamijo et al. 1997). Moreover, induction of
p21€™! is not obligatory for ARF-induced arrest in cells
expressing wild-type p53, because MEFs derived from
p21€*tnull or p21<®! [p27%Pl double-null mice arrest
on ARF overexpression (Groth et al. 2000).

Two p53-related proteins, p63 and p73, share signifi-
cant homology with p53 within their N-terminal trans-
activation and central DNA-binding domains (Lohrum
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Figure 3. p53-Independent arrest requires the conserved ARF amino-terminal domain. (A) Triple knock out (TKO) mouse embryo
fibroblasts (MEFs) infected with retroviruses encoding CDS8, ARF, or ARF Al-14 were lysed 96 hours after infection, and separated
proteins were blotted with affinity-purified polyclonal rabbit antibody to p19*¥, (B) TKO MEFs infected with retroviruses encoding
CD8 (panels 1-6), ARF (panels 7-12), or ARF Al-14 (panels 13-18) were labeled with 5-bromodeoxyuridine (BrdU) for 24 hours and

analyzed 48 and 96 hours postinfection for incorporated BrdU (green) and p1

9ARF expression (red). DNA was visualized with Hoechst

yellow S769121 dye. (C) TKO MEFs (5 x 10*) were infected with CD8, ARF, and ARF A1-14 retroviruses, stained with propidium iodide
96 hours after infection, and subjected to fluorescence-activated cell sorting to determine DNA content. (D) TKO MEFs were seeded
at 300 cells per dish and infected with retroviruses encoding CD8, ARF, or ARF Al-14. Colonies were stained 12 days post-infection.

and Vousden 2000). Although Mdm?2 can block transac-
tivation by all three proteins, only p53 is targeted by
Mdm?2 for degradation (Zeng et al. 1999). Because p63
and p73 are capable of inducing p53-responsive genes
such as p21©*! in response to various signals (Kaelin
1999), our findings also imply that ARF does not access
p21<™! through the agency of these p53 family mem-
bers.

Carnero et al. (2000) provided evidence that ARF
might act independently of p53 in MEFs retaining Mdm2
function. Expression of ARF antisense constructs re-
lieved the ability of endogenous p19”%F to induce repli-
cative senescence, whereas subsequent excision of the
integrated antisense vector with Cre-recombinase re-
stored the growth suppressive function of ARF even in
the presence of a dominant-negative p53 mutant. Addi-
tionally, expression of SV40 large T antigen overcame
the arrest induced by restored ARF function, suggesting
that RB might be targeted by ARF through a p53-inde-
pendent, but possibly Mdm2-dependent, pathway. Al-
though these results disagree with several published re-
ports that ARF acts upstream from p53 and does not
depend on the RB pathway to induce arrest (Quelle et al.
1995; Pomerantz et al. 1998; Stott et al. 1998; Groth et al.
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2000), the protocol for reversible antisense suppression is
distinctly different from others’ use of cells lacking the
genes in question.

To explore a possible role for RB in our experimental
system, we generated a population of TKO MEFs in-
fected with a retrovirus expressing the green fluorescent
protein (GFP) and encoding the human papilloma virus
(HPV) E7 protein from an internal ribosomal entry se-
quence. Expression of E7 protein was documented by
immunoblotting (Fig. 4B), and cells overexpressing E7
and GFP or GFP alone were infected with retroviral vec-
tors encoding CD8 or ARF. Three days later, cells pulsed
for 24 more hours with BrdU were fixed and analyzed for
BrdU incorporation. To control for the effectiveness of
E7 in inhibiting RB function, we also infected these cells
with a retrovirus encoding p19™%4 a potent inhibitor of
cyclin D-dependent kinases in which the ability to in-
duce G1 phase arrest is RB-dependent (Hirai et al. 1995).
Overexpression of E7 had no effect on BrdU incorpora-
tion in TKO MEFs but greatly increased the number of
cells replicating DNA in the presence of pl9™¥4d (Fig.
4C). Contrary to its ability to block p19™¥4d.induced
arrest, E7 was unable to bypass the growth-inhibitory
affects of p19#®F (Fig. 4C). Loss of RB function thus ap-
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Figure 4. ARF-induced arrest of triple knock out (TKO) cells
does not depend on p21<'?! and is not overridden by HPV E7. (A)
TKO mouse embryo fibroblasts (MEFs) infected with retrovirus-
es encoding CD8 or ARF (96 hours postinfection) or wild-type
p53 (48 hours postinfection) were lysed, and separated proteins
were blotted with antibodies to p53, p21€'?!, and ARF. (B) TKO
MEFs infected with retroviruses encoding E7 or CD8 were lysed
48 hours after infection, and separated proteins were blotted
with antibody to E7. (C) TKO MEFs infected with MSCV-GFP-
IRES or MSCV-GFP-IRES-E7 retroviruses were re-plated 48
hours later and infected with retroviruses encoding CD8, ARF,
or pl9™K4d Infected cells were analyzed 96 hours postinfection
using an FITC filter to detect GFP-IRES-E7 infected cells (green),
immunofluorescence to score 5-bromodeoxyuridine incorpora-
tion (red), and antibody to p19ARF followed by Alexa 350 stain to
visualize nucleolar ARF (blue). Alternatively, p19™*4 was de-
tected using a rabbit anti-p19™¥4d antibody followed by bioti-
nylated anti-rabbit immunoglobulin and streptavidin Texas red
to ensure >90% infection efficiency of TKO and E7-containing
TKO cells.

pears to have no effect on the kinetics or properties of
AREF arrest in the absence of both Mdm?2 and p53. More-
over, the failure of E7 to override the ARF-induced G1
block implies that ARF prevents deregulated E2Fs from
inducing S phase entry.

The ARF-Mdm2-p53 network

ARF responds to oncogenic signaling by neutralizing
functions of Mdm?2, thus allowing p53 to accumulate in
a transcriptionally active form in the nucleoplasm. In
cells that retain Mdm2 but lack p53 function, ARF loses
its ability to rapidly halt cell cycle progression in the G1
and G2 phases of the division cycle, indicating that the

p53-independent functions of ARF

response of cells to ARF induction is normally p53-de-
pendent. Although cells lacking p53 alone or both p53
and ARF are resistant to ARF-induced arrest, cells lack-
ing p53 and Mdm?2 or all three genes are surprisingly
more sensitive. In the latter cell types, ARF-induced ar-
rest occurs more slowly than in wild-type MEFs, and the
cells accumulate in G1, but not G2. Therefore, when
present, Mdm2 antagonizes the ability of ARF to induce
cell cycle arrest through targets other than p53.

ARF might interfere with the shuttling of other pro-
teins whose nuclear export is required for cell cycle pro-
gression, and these interactions are likely to depend on
the conserved ARF amino-terminal domain (a.a. 1-14)
required for Mdm2 binding. Although ARF binds to
Mdm2 with high affinity (Weber et al. 2000), the
amounts of Mdm2 expressed in resistant p53-null or
ARF/p53 double-null MEFs are negligible when com-
pared with the unusually high levels of endogenous
p19ARF protein or those achieved through ectopic ARF
expression. It therefore seems unlikely that Mdm2 di-
rectly interacts with p194®F to inhibit its ability to ac-
cess targets other than p53. Instead, the loss of Mdm?2
seems to reset the cell’s sensitivity to ARF through some
other mechanism.

AREF steadily accumulates as wild-type MEFs are pro-
gressively passaged in culture and approach senescence
(Zindy et al. 1998), whereas ARF-null MEFs maintain
their proliferative capacity and appear to be immortal
(Kamijo et al. 1997). Although the ability of ARF to in-
duce arrest in cells lacking both p53 and Mdm?2 raises
the possibility that replicative limits might be reim-
posed by Mdm?2 loss, these double-null cells, like those
lacking p53 alone, do not senesce (McMasters et al.
1996). This may be due to a reduction in the p1928F level
in Mdm?2-deficient cells as compared with those in cells
lacking only p53 (Fig. 2C).

Many lines of evidence now link ARF-Mdm2-p53
functions through a complex network rather than a
simple linear pathway. It has long been appreciated that
Mdm?2 is a p53-responsive gene (Barak et al. 1993; Wu et
al. 1993). Conversely, proliferating cells that lack p53
function alone synthesize relatively low basal levels of
Mdm?2 but, for still unexplained reasons, gratuitously ex-
press supra-physiologic levels of ARF (Quelle et al. 1995)
that can again be suppressed by reintroduction of wild-
type p53 (Kamijo et al. 1998; Stott et al. 1998). On the
other hand, cells lacking both p53 and Mdm?2 did not
express high levels of p19#RF (Fig. 2C,D). Considering
that the one known biochemical function of Mdm?2 is to
facilitate protein degradation (Honda et al. 1997), we
might imagine, for example, that Mdm2 could catalyze
the destruction of an ARF negative regulator, such as
Bmi-1 or Twist (Jacobs et al. 1999; Maestro et al. 1999).
Whatever the mechanism, it seems evident that this
regulatory network must depend on other proteins, the
actions of which could in part compensate for the miss-
ing gene products in ways that we currently do not un-
derstand. Nonetheless, at least one ARF target, when
regulated in an entirely Mdm2- and p53-independent
manner, can be rate limiting for the G1/S transition.
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Materials and methods

Interbreeding of mice and tumor analysis

Homozygous Mdm2/p53-null mice (129/Sv x C57BL/6] back-
ground) (Montes de Oca Luna et al. 1995) were intercrossed with
ARF-null mice (129/Sv x C57BL/6] background) (Kamijo et al.
1997) to generate double-null (p53/mdm?2 and p53/ARF) and
TKO mice. Genotypes were determined by polymerase chain
reaction (PCR)-based assays as above. Moribund mice were
killed and necropsied, and tumor tissues fixed in 10% formalin
were embedded in paraffin for histopathological analyses (Ka-
mijo et al. 1999).

Cell culture and virus infection

Primary MEFs were maintained in Dulbecco’s-modified Eagle’s
medium with 10% fetal bovine serum, 2 mM glutamine, 0.1
mM non-essential amino acids, 55 pM B-mercaptoethanol, and
10 pg/ml gentamycin (GIBCO/BRL, Gaithersburg, MD). Virus
production and infection of cells were performed using retrovi-
ral helper and vector plasmids (Roussel et al. 1995) provided by
Charles Sawyers (University of California, Los Angeles). Vectors
encoding p192*F and p19ARF A1-14 were used as previously de-
scribed (Weber et al. 2000). p19™¥4d cDNA was subcloned into
PSRa-MSV-tkCD8 (Hirai et al. 1995), and ¢cDNA for the papil-
loma virus E7 protein (Slebos et al. 1994) was subcloned into
MSCV-IRES-GFP (Hawley et al. 1994).

Immunofluorescence

Primary MEFs from ARF/p53-null, p53/Mdm2-null, and ARF/
p53/Mdm2-null backgrounds seeded onto glass coverslips
(3 x 10* cells per slip) were infected with retroviruses encoding
CDS8, ARF, ARF Al-14, or pl9"™*4d Conversely, ARF/p53/
Mdm2-null MEFs (1 x 10°) were infected with retroviruses en-
coding E7, replated 48 hours later (3 x 10* cells per glass cover-
slip), and infected with retroviruses encoding CD8, ARF, or
pl9™K4d BrdU (10 uM) was added to the culture medium 24
hours before fixation. Cells were fixed in methanol/acetone
(volume ratio, 1:1) and stained for 1 hr with affinity-purified
rabbit anti-p19**F antibody (Quelle et al. 1995) or rabbit anti-
plO™K4d (Hirai et al. 1995), followed by 30-minute exposure to
biotinylated anti-rabbit immunoglobulin and strepatavidin-
conjugated Texas red (both from Amersham, Arlington Heights,
IL). Cells were treated for 10 minutes with 1.5 N HCI and
stained for 1 hr with mouse monoclonal antibody to BrdU (Am-
ersham), followed by fluorescein isothiocynate (FITC)-conju-
gated anti-mouse immunoglobulin (Amersham). DNA was vi-
sualized with Hoechst yellow S769121 dye (Molecular Probes,
Eugene, OR).

Long-term colony assay

ARF/p53/Mdm2-null primary mouse embryo fibroblasts were
seeded (3 x 10%) onto 100-mm diameter dishes and infected with
CD8, ARF, or ARF Al-14 retroviruses. Spent medium was re-
plenished every three days, and emerging colonies were stained
with Wright-Giemsa (Biochemical Sciences, Swedesboro, NJ) 12
days postinfection.

Immunoblotting

Frozen cell pellets were lysed in ice-cold Tween-20 lysis buffer
(50 mM Hepes, pH 7.5, 150 mM NaCl, 1 mM ethylenediamine-
tetraacetic acid, 2.5 mM ethyleneglycoltetraacetic acid, 0.1%
Tween-20, 1 mM phenylmethylsulfonyl fluoride, 0.4 units/ml
aprotinin, 10 ng/ml pepstatin, and 10 pg/ml leupeptin) and soni-
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cated. Samples (200 pg protein per lane) were separated by elec-
trophoresis on denaturing polyacrylamide gels containing so-
dium dodecyl sulfate and were transferred to Immobilon poly-
vinylidine difluoride membranes (Millipore, Bedford, MA)
preactivated in methanol. ARF, p53, p21, and E7 proteins were
visualized by direct immunoblotting using rabbit polyclonal an-
tibodies to the ARF C-terminus (Quelle et al. 1995) or to p53
(Ab421), p21, or E7 (all Santa Cruz Biotech.).
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