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The ARF tumor suppressor protein stabilizes p53 by antagonizing its negative regulator, Mdm2 (Hdm2 in
humans). Both mouse p19ARF and human p14ARF bind to the central region of Mdm2 (residues 210 to 304), a
segment that does not overlap with its N-terminal p53-binding domain, nuclear import or export signals, or
C-terminal RING domain required for Mdm2 E3 ubiquitin ligase activity. The N-terminal 37 amino acids of
mouse p19ARF are necessary and sufficient for binding to Mdm2, localization of Mdm2 to nucleoli, and
p53-dependent cell cycle arrest. Although a nucleolar localization signal (NrLS) maps within a different
segment (residues 82 to 101) of the human p14ARF protein, binding to Mdm2 and nucleolar import of
ARF-Mdm2 complexes are both required for cell cycle arrest induced by either the mouse or human ARF
proteins. Because many codons of mouse ARF mRNA are not recognized by the most abundant bacterial
tRNAs, we synthesized ARF minigenes containing preferred bacterial codons. Using bacterially produced ARF
polypeptides and chemically synthesized peptides conjugated to Sepharose, residues 1 to 14 and 26 to 37 of
mouse p19ARF were found to interact independently and cooperatively with Mdm2, while residues 15 to 25 were
dispensable for binding. Paradoxically, residues 26 to 37 of mouse p19ARF are also essential for ARF nucleolar
localization in the absence of Mdm2. However, the mobilization of the p19ARF-Mdm2 complex into nucleoli also
requires a cryptic NrLS within the Mdm2 C-terminal RING domain. The Mdm2 NrLS is unmasked upon ARF
binding, and its deletion prevents import of the ARF-Mdm2 complex into nucleoli. Collectively, the results
suggest that ARF binding to Mdm2 induces a conformational change that facilitates nucleolar import of the
ARF-Mdm2 complex and p53-dependent cell cycle arrest. Hence, the ARF-Mdm2 interaction can be viewed as
bidirectional, with each protein being capable of regulating the subnuclear localization of the other.

Activation of the p53 transcription factor in response to
oncogenic stress signals results in cell cycle arrest or apoptosis,
thereby enabling cells to repair genotoxic damage or to be
eliminated from the organism (reviewed in references 21 and
24). Loss of p53 function cancels these surveillance functions
and strongly predisposes the cells to cancer development. Al-
though p53 is a highly unstable protein, it accumulates in
response to DNA damage or oncogenic signaling, largely
through protein stabilization following disruption of its inter-
action with its negative regulator, Mdm2 (Hdm2 in humans)
(12, 22). Mdm2 opposes p53 function at several levels. It can
bind to the N-terminal transcriptional activation domain of p53
to block expression of p53-responsive genes (28, 30). Mdm2
has an intrinsic E3 ligase activity that conjugates ubiquitin to
p53 (14, 15), and it may play a role in shuttling p53 from the
nucleus to the cytoplasm, where p53 is degraded in cytoplasmic
proteasomes (9, 37, 45). Although Mdm2-dependent degrada-
tion of p53 was reported to depend on the nuclear export
signal (NES) of Mdm2 (37, 45), the interpretation is compli-
cated by observations that unassembled p53 subunits can exit
the nucleus independently (43). One possibility is that Mdm2-
directed ubiquitination of p53 might disrupt the p53 tetramer,
thereby facilitating Mdm2-independent export of p53 dimers
or monomers to the cytoplasm. Regardless of the exact mech-
anism, stabilization of p53 occurs when the Mdm2-p53 inter-

action is blocked, either by posttranslational modifications of
p53 (reviewed in references 10 and 33) or by the direct inter-
action of Mdm2 with the ARF tumor suppressor protein (18,
32, 44, 51).

ARF is encoded by the INK4a-ARF locus, which also spec-
ifies the cyclin D-dependent kinase inhibitor, p16INK4a (35).
The N-terminal 62 amino acids of the 169-residue mouse
p19ARF polypeptide (132-amino-acid p14ARF in humans) are
encoded by a unique first exon, with the remaining residues
being specified by exon 2, which also encodes the bulk of
p16INK4a from an alternative reading frame. Mutations of the
INK4a-ARF locus occur often in cancer cells, regardless of
tumor type and patient age, at a frequency that approaches
that of p53 (reviewed in references 40 and 41). ARF is activated
by inappropriate proliferative signals induced by oncoproteins,
such as Myc (52), E1A (6), E2F-1 (1), Ras (31), or v-Abl (36),
and it in turn activates a p53-dependent stress response (19;
reviewed in reference 41). The encoded ARF protein is nucle-
olar, and its binding sequesters Mdm2 in nucleoli, inhibits
Mdm2 nuclear export, and thereby stabilizes p53 in the nucle-
oplasm (46, 47). As for p53 (7, 16, 20), loss of ARF alone (17,
19) or INK4a-ARF (39) in mice strongly predisposes to tumor
development. Indeed, ARF inactivation or Mdm2 overexpres-
sion occurs more commonly in tumor cells that retain wild-type
p53, in accord with the hypothesis that disruption of the ARF-
Mdm2-p53 pathway is important in the life histories of most
cancer cells.

The interaction of ARF with Mdm2 does not obligatorily
affect the ability of Mdm2 to bind to p53, so formation of
ternary complexes can also occur (18, 32, 44, 51). Hence, it
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remains unclear whether binary ARF-Mdm2 or ternary ARF-
Mdm2-p53 complexes are physiologically relevant to ARF
function. Based on studies in which Mdm2, but not p53, was
seen to be mobilized into nucleoli following mouse p19ARF

induction, we suggested that nucleolar sequestration of the
binary ARF-Mdm2 complex was central to ARF action (47). In
accord with this concept, a mouse ARF mutant lacking resi-
dues 26 to 37 that bound to Mdm2 but was defective in nucle-
olar localization neither mobilized Mdm2 to this compartment
nor induced p53-dependent cell cycle arrest. An alternative
interpretation is that the Mdm2-p53 complex normally exits
the nucleus via the nucleolus, where ARF might act to nega-
tively regulate transport (46). Previous findings that Mdm2
binds to rRNA and the ribosomal protein L5 (25) and that its
exit from the nucleus can be blocked by competitive inhibitors
of lentiviral Rev proteins (37), which affect a pathway used to
export 5S rRNA, make this an attractive model. However, p53
has not been directly visualized in nucleoli after ARF induc-
tion, so transnucleolar export of Mdm2-p53 complexes, if it
occurs, would have to be an extremely efficient and rapid pro-
cess. The inability to trap p53 in the nucleolus following treat-
ment of cells with the CRM1 inhibitor leptomycin (J. D. Weber
and C. J. Sherr, unpublished observations) argues against this
interpretation. Yet a third model stems from observations that
overexpressed ARF, Mdm2, and p53 proteins could accumu-
late together in “nuclear bodies” within the nucleoplasm (50).
A surfeit of Mdm2 can prevent ARF from localizing to the
nucleolus (47), but whether this occurs under physiologic cir-
cumstances is unknown. For the latter model to be valid, it is
not only necessary to propose that ternary ARF-Mdm2-p53
complexes retain transcriptional activity but also to discount
observations that delocalized nucleoplasmic ARF mutants that
can still bind Mdm2 are functionally handicapped. A further
complication is that a nucleolar localization signal (NrLS) in
human ARF is not confined to a region topologically analo-
gous to that in the mouse protein but instead maps to an
entirely different segment of p14ARF encompassed by residues
82 to 101 (50). Together, these findings pointed to the possi-
bility that mouse p19ARF and human p14ARF might function in
manners that were different from one another.

To address these issues, we evaluated a series of mouse and
human ARF mutants for the ability to bind to Mdm2 or Hdm2,
to import Mdm2 into the nucleolus, and to induce cell cycle
arrest. Our data indicate that, despite differences in the posi-
tioning of mouse and human ARF NrLSs, nucleolar compart-
mentalization of the ARF-Mdm2 complex is central to the
ability of both mouse and human ARFs to inhibit cell cycle
progression. In agreement with recent data of others (24a), we
find that mobilization of the ARF-Mdm2 complex depends not
only on the ARF NrLS but also on a similar sequence within
the C-terminal RING domain of Mdm2 that appears to be
unmasked upon ARF binding. We propose that cooperative
ARF binding to Mdm2 through two independent sites induces
a conformational change that enables the cryptic Mdm2 NrLS
to direct the nucleolar import of the ARF-Mdm2 complex.

MATERIALS AND METHODS

Cell culture and introduction of expression plasmids. NIH 3T3 cells (ARF
null; p53 wild type) maintained in Dulbecco’s modified Eagle’s medium plus 10%
fetal bovine serum, 2 mM glutamine, and 100 U of penicillin and streptomycin
(GIBCO/BRL, Gaithersburg, Md.) per ml were transfected with expression
plasmids as previously described (52). Virus production and infection of cells
were performed using retroviral helper and vector plasmids (29, 52) provided by
Charles Sawyers (University of California, Los Angeles). Spodoptera frugiperda
(Sf9) cells were maintained in Grace’s medium supplemented with 5% fetal
bovine serum and infected for 48 h with various baculoviruses before lysis (18).

Generation of ARF mutants. A stop codon was inserted downstream of codon
37 in mouse ARF cDNA by PCR (see below). The sense (59-GAATTCGATG
GGTCGCAGGTTCTTGGT) and antisense (59-GGATCCTTAGCTCGCTGT
CCTGGGTCT) primers included the initiation and termination codons (under-
lined) flanked at their 59 ends by EcoRI and BamHI consensus sequences,
respectively. The purified PCR product was cloned into the EcoRI-BamHI sites
of the pEGFP-C1 vector (Clontech, Palo Alto, Calif.) in frame with the C
terminus of green fluorescent protein (GFP) to produce the plasmid GFP-ARF
N37. Mouse ARF deletion mutants were constructed by using a pBluescript
plasmid (Stratagene, La Jolla, Calif.) containing a hemagglutinin (HA)-tagged
ARF cDNA template (35). Mutated sense and antisense oligonucleotides com-
plementary to noncontiguous sequences flanking sites to be deleted were used.
Two PCRs were performed with template ARF cDNA (200 ng) as follows: sense
D1–14 (59-GACTACGCTACCGGCCGCCCACTC) or D15–25 (59-ATTCAGC
GCGCGAAGTTCGTGCGA) mixed with T3 primer and antisense D1–14 (59-
GAGTGGGCGGCCGGTAGCGTAGTC) or D15–25 (59-TCGCACGAACTT
CGCGCGCTGAAT) mixed with T7 primer. The reaction buffer included 10
mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM MgCl2, 0.1% gelatin, 80 mM (each)
deoxynucleoside triphosphate, 500 ng of each primer, and 0.5 U of Taq DNA
polymerase (Stratagene). Each of 25 cycles consisted of denaturation at 95°C for
1 min, annealing at 55°C for 1 min, and extension at 72°C for 2 min. The PCR
products were isolated on 1% agarose gels and purified (with a gel extraction kit
from Qiagen, Valencia, Calif.). Purified products from D1–14 and D15–25 reac-
tions were mixed separately in reaction buffer along with T3 and T7 primers in
the following two-step PCR: first, denaturation at 95°C for 1 min, annealing at
37°C for 1 min, and extension at 72°C for 2 min for 10 cycles, followed by
denaturation at 95°C for 1 min, annealing at 55°C for 1 min, and extension at
72°C for 2 min for 25 cycles. The final PCR products were ligated into pGEM-T
cloning vectors (Promega, Madison, Wis.) for sequencing. Mutant ARF cDNAs
were excised with EcoRI and subcloned into the EcoRI site of the pSRaMSV-
tkneo retroviral vector (52) for expression in mammalian cells or into the EcoRI
site of the pVL1393 baculovirus vector (Pharmingen, San Diego, Calif.) for
expression in insect Sf9 cells. An HA-tagged ARF D1–14–D26–37 double-dele-
tion mutant was constructed by incorporating template HA-ARF D26–37 cDNA,
constructed as previously described (47), into the above-mentioned reactions
with D1–14 primers.

Human ARF D82–101 was generated by Quickchange site-directed mutagen-
esis (Stratagene) as recommended by the manufacturer using sense (59-GCTG
CTCCACGGGGAGGGCTTCCT) and antisense (59-AGGAAGCCCTCCCCG
TGGAGCAGC) primers. The remaining human ARF mutants were constructed
with mutated sense and antisense oligonucleotides complementary to wild-type
p14ARF cDNA sequences as primers, analogous to the strategy employed above
for construction of mouse p19ARF mutants. Two PCRs were performed with
template human ARF cDNA (100 ng) as follows: sense D2–14 (59-GGCGAGA
ACATGTGCGGCCCGCCG) or D26–37 (59-GTTTTCGTGGTTGGGGCGCC
CGCC) mixed with T7 primer and antisense D2–14 (59-CGGCGGGCCGCAC
ATGTTCTCGCC) or D26–37 (59-GGCGGGCGCCCCAACCACGAAAAC)
mixed with T3 primer. The reaction buffer included 20 mM Tris-HCl (pH 8.0),
10 mM KCl, 10 mM (NH4)2SO4, 0.1% Triton X-100, 0.1 mg of bovine serum
albumin, 200 mM (each) deoxynucleoside triphosphate, 1 mg of each primer, and
2.5 U of Pfu DNA polymerase (Stratagene). PCRs with T3 primer (25 cycles) or
T7 primer (35 cycles) were run under the conditions described above for mouse
ARF mutants. The p14ARF D2–14–D82–101 double-deletion mutant was con-
structed using template p14ARF D82–101 cDNA in the above-mentioned reaction
with D2–14 primers. The PCR products were purified from 1% agarose gels,
digested with BamHI and XhoI, and subcloned into pBluescript SK cloning
vectors (Stratagene) for sequencing. Wild-type and mutant human ARF cDNAs
were excised with BamHI and XhoI and subcloned into the BamHI-XhoI sites of
pcDNA3.1 vector (Invitrogen, Carlsbad, Calif.) and into the ClaI site of the
pSRaMSVtkCD8 (29) vector by blunt-end ligation (both for expression in mam-
malian cells).

Hdm2 mutant plasmid construction. A nonomeric primer (59-GGCCATA
TG) including an NdeI consensus site (underlined) was annealed to different
regions of Hdm2 cDNA to provide ATG initiation codons. Translation initiation
sites of this type were incorporated into sense primers that included Hdm2
residue 2 (59-GGCCATATGTGCAATACCAACATG), residue 141 (59-GGCC
ATATGCAAGAGCTTCAGGAA), residue 211 (59-CATATGAGCAGTAGC
AGTGAATCTACAGGG), or residue 278 (59-GGCCATATGCAAGTTACTG
TGTAT). Conversely, stop codons (underlined in antisense orientation) were
inserted into BamHI-containing antisense primers at position 277 (59-GGCGG
ATCCCTAATATACCTCATC), residue 305 (59-GGATCCCTATTTCCAATA
GTCAGCTAAGGA), or residue 351 (59-GGCGGATCCCTATGAGTTTTCC
AG). Appropriate sense and antisense primers were mixed with reaction buffer
(see above) and template Hdm2 cDNA. A 25-cycle PCR consisting of denaturing
at 95°C for 1 min, annealing at 58°C for 1 min, and extension at 72°C for 2.5 min
was utilized to construct the various Hdm2 mutants. The purified PCR products
were ligated into pGEM-T cloning vectors for sequencing. Hdm2 1–276, Hdm2
140–350, Hdm2 277–491, and Hdm2 210–304 inserts were excised with NdeI and
BamHI and subcloned into the NdeI-BamHI sites of the pET28a (Novagen,
Madison, Wis.) bacterial expression vector in frame with the C terminus of a
polyhistidine tag. Conversely, Hdm2 1–350 and 140–350 were excised with EcoRI
and BamHI and subcloned into the EcoRI-BamHI site of the pcDNA3.1 mam-
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malian expression vector. Hdm2 1–440 was generously provided by Karen Vous-
den (Frederick Cancer Research Center, Frederick, Md.). Hdm2 D466–473 was
generated using mutated sense and antisense oligonucleotides as primers; these
contained novel FspI restriction sites (underlined below) flanking codons 466 and
473. Two PCRs were performed with template Hdm2 cDNA (100 ng) as follows:
sense D466–473 (59-TCCCCCGGGTGCGCACCCTGCCCAGTATGTAGACA
ACCA) mixed with T7 primer and antisense D466–473 (59-TCCCCCGGGTGC
GCATGTAAAGCAGGCCATAAGATG) mixed with a primer containing the
initiation codon (underlined) of Hdm2 (59-ATGTGCAATACCAACATGTCT
GTGTCTACC). Each of 35 cycles involved denaturation at 95°C for 1 min,
annealing at 56°C for 1 min, and extension at 72°C for 2 min. The PCR products
were digested with FspI and ligated to one another. Newly ligated Hdm2 D466–
473 was excised with BamHI and XhoI and subcloned into the BamHI-XhoI sites
of pcDNA3.1.

Synthetic ARF minigenes. A synthetic (syn) minigene encoding the N-terminal
64 amino acids (N64) of mouse p19ARF was generated de novo by first annealing
two long sense and antisense oligonucleotides that overlapped in an 18-bp region
(underlined). The sense syn-ARF oligonucleotide (59-GGCCGCATGGCATAT
GGGTCGCCGTTTCCTGGTTACTGTGCGCATTCAGCGTGCGGGCCGC
CCACTGCAAGAGCGTGTTTTCCTGGTGAAGTTCGTTCGCTCCCGTCG
CCCGCGTACCGCTAGCTGCGCTCTGG) was mixed with an antisense syn-
ARF oligonucleotide (59-CGGTACCGGCGCGGATCCTTATTAACCTGGG
CCCGGG T TACGG TGCGGACCGCGACGCAGGATGCGCTCCAGACGC
AGCAGCATGTTAACGAAAGCCAGAGCGCAGCTAGCGG), and PCR
was used to copy the single-stranded nonoverlapping ends. Each cycle (10 cycles
total) consisted of denaturation at 95°C for 1 min, annealing at 37°C for 1 min,
and extension at 72°C for 1 min. Following this initial reaction, sense and
antisense oligonucleotides complementary to the N terminus (59-GGGCCGCA
TGGCATATG) or the C terminus (59-CGGTACCGGCGCGG) of the first
PCR products were added to the reaction mixture, and 30 additional cycles were
performed with denaturation at 95°C for 1 min, annealing at 58°C for 1 min, and
extension at 72°C for 1 min. The final PCR product (designated syn-ARF N64)
was isolated on a 1% agarose gel and purified. Following ligation into the pCRII
cloning vector (Invitrogen), inserts were sequenced, excised with NdeI and
BamHI, and subcloned into the NdeI-BamHI sites of pET28a bacterial expres-
sion vector in frame with the C terminus of the polyhistidine tag. Syn-ARF N37
was constructed by PCR using oligonucleotide primers complementary to the 59
moiety of the syn-ARF N64 template (100 ng). A single reaction was performed
with sense (59-CATGGCATATGGGTCGCCGTTTC) and antisense (59-CGG
GATCCTTAGCTAGCGGTACG) primers. The cycles included denaturation at
95°C for 1 min, annealing at 58°C for 1 min, and extension at 72°C for 30 s. The
gel-purified PCR product was subcloned into the pCRII cloning vector for
sequencing and into the NdeI-BamHI sites of pET28a in frame with the C
terminus of the polyhistidine tag.

Bacterial gene expression. For bacterial expression of syn-ARF N37, BL21
(DE3) cells (Stratagene) were transformed with pET28a-polyHIS-syn-ARF N37,
cultured in Luria-Bertani medium containing 30 mg of kanamycin/liter, and
induced with isopropylthiogalactoside (1 mM). The cells were harvested, resus-
pended in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 5 mM imidazole, and
lysed by sonication (Branson Sonifier 450, Danbury, Ct.). The lysates were
centrifuged at 20,000 3 g for 15 min, and 6 M urea was added to the soluble
fraction. The urea-containing crude lysate was filtered (0.45 mm pore size; Mil-
lipore, Bedford, Mass.), and loaded onto a 5-ml chelating Sepharose column
freshly charged with 50 mM NiSO4 and equilibrated with 20 mM Tris-HCl (pH
8.0), 500 mM NaCl, 5 mM imidazole, and 6 M urea. The column was washed with
10 volumes of equilibration buffer followed by 5 volumes of equilibration buffer
containing 60 mM imidazole. Synthetic ARF N37 was eluted in equilibration
buffer containing 350 mM imidazole, and fractions containing the polypeptide
were dialyzed against 20 mM Tris-HCl (pH 8.0) containing 500 mM NaCl.

Polyhistidine-tagged Hdm2 proteins were expressed and purified in a similar
way. However, after being loaded on nickel affinity columns, the bound proteins
were eluted with a linear gradient of imidazole (5 to 500 mM). The purified
Hdm2 proteins were refolded by dilution in 20 mM Tris-HCl (pH 8.0) containing
50 mM NaCl, followed by ultrafiltration (Biomax 5; 5-kDa exclusion; Millipore).
The purity of all recombinant proteins was judged to be greater than 90%
following their electrophoretic separation in denaturing gels containing sodium
dodecyl sulfate (SDS) and staining with Coomassie brilliant blue.

FPLC. Cyanogen bromide-activated Sepharose (Pharmacia, Piscataway, N.J.)
was swollen in 1 mM HCl for 15 min, washed repeatedly with coupling buffer
(100 mM NaHCO3 and 500 mM NaCl), and incubated with coupling buffer
containing 2 to 5 mg of various ARF synthetic peptides or syn-ARF N37 at 4°C
for 1 h. The Sepharose was blocked in 500 mM glycine (pH 8.0) at 4°C for 2 h
and washed alternately with 100 mM sodium acetate and 500 mM NaCl (pH 4.0)
and then with coupling buffer. Conjugated beads (5 ml) were poured into XK16
columns (Pharmacia Biotech, Uppsala, Sweden) and equilibrated with 25 mM
Tris-HCl (pH 8.0). Purified Hdm2 140–350 and Hdm2 210–304 (25 mg of pro-
tein) were injected at a flow rate of 0.5 ml/min, washed with 20 ml of 25 mM
Tris-HCl (pH 8.0) at 1.0 ml/min, and eluted with a 25-ml NaCl gradient (0 to 1.5
M) at 1.0 ml/min, followed by 20 ml of 100 mM glycine (pH 3.0) at 1.0 ml/min
using BioLogic fast protein liquid affinity chromatography (FPLC) and Bio-
LogicHR software (Bio-Rad, Hercules, Calif.). The collected protein fractions (1
ml) were precipitated with trichloroacetic acid, resuspended in 1 M Tris-HCl (pH

8.0), electrophoretically separated on denaturing polyacrylamide gels containing
SDS, and visualized by Coomassie blue staining.

Immunofluorescence. NIH 3T3 cells (3 3 104) seeded onto glass coverslips
were cotransfected with plasmids encoding mouse p19ARF or the indicated ARF
mutants together with T7 epitope-tagged Hdm2 (pCGT-T7Hdm2) (47). Cotrans-
fections were also performed with pcDNA3 or pSRaMSV-tkCD8 plasmids (29)
containing wild-type human p14ARF or p14ARF mutants in combination with
pSRaMSV-Hdm2-tkneo (52). The cells were fixed 48 h after transfection with
methanol-acetone (1:1 [vol/vol]) and stained for 1 h with either affinity-purified
rabbit anti-p19ARF antibody (10 mg/ml) or anti-p14ARF antibody (3.2 mg/ml)
(both directed to ARF C-terminal epitopes) (35) followed by a 30-min exposure
to biotinylated anti-rabbit immunoglobulin and streptavidin-conjugated Texas
red (both from Amersham, Arlington Heights, Ill.). T7 epitope-tagged Hdm2
was detected with monoclonal T7 antibody (Novagen) followed by fluorescein
isothiocyanate (FITC)-conjugated anti-mouse immunoglobulin (Amersham) or
biotinylated anti-mouse immunoglobulin and streptavidin-conjugated Texas red.
Untagged wild-type Hdm2 (in combination with human p14ARF) or Hdm2 mu-
tants (in combination with GFP-p19ARF) were detected with monoclonal 2A10
antibody (Santa Cruz Inc., Santa Cruz, Calif.) followed by FITC-conjugated
anti-mouse immunoglobulin or with biotinylated anti-mouse immunoglobulin
and streptavidin-conjugated Texas red.

For measurement of DNA replication, 5-bromodeoxyuridine (BrdU) (10 mM)
was added to the culture medium 24 h after transfection or infection. Cells were
fixed in methanol-acetone (1:1 [vol/vol]) 24 h after the addition of BrdU, treated
for 10 min with 1.5 N HCl, and stained for 1 h with mouse monoclonal anti-BrdU
antibody (Amersham) followed by FITC-conjugated anti-mouse immunoglobu-
lin. DNA was visualized with Hoechst dye. At least 100 cells were counted on
each of three coverslips enumerated for each experimental condition. Fluores-
cence signals were detected using a BX50 microscope (Olympus, Lake Success,
N.Y.) fitted with a Sensys 1400 charge-coupled device camera (Photometrics,
Tucson, Ariz.).

ARF binding to Mdm2 (Hdm2). Purified Hdm2 proteins were mixed for 1 h at
4°C with recombinant p19ARF produced in Sf9 cells in 0.1 ml of binding buffer
containing 25 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA, 0.1% Tween
20, 1 mM phenylmethylsulfonyl fluoride, 0.4 U of aprotinin/ml, and 10 mg of
leupeptin/ml. Antibody to the p19ARF C terminus, one of two antibodies (2A10
or SMP14) to Mdm2 (Santa Cruz Biotechnology), or nonimmune rabbit serum
(NRS) was added to the binding reactions. In parallel, Sf9 cells coinfected for
48 h with baculoviruses encoding wild-type Mdm2 together with vectors encoding
the indicated p19ARF mutants were lysed in binding buffer and incubated with
antibodies as described above for 1 h at 4°C. Immune complexes were precipi-
tated with protein A-Sepharose (Amersham) and washed under stringent con-
ditions (18). The precipitated proteins were separated on denaturing polyacryl-
amide gels containing SDS and were transferred to Immobilon polyvinylidine
difluoride membranes (Millipore) preactivated in methanol. Hdm2 or Mdm2
and ARF proteins were visualized by direct immunoblotting using monoclonal
antibody 2A10 (which detects Mdm2, Hdm2 140–350, and Hdm2 277–491),
rabbit polyclonal antibody SMP14 (for Hdm2 1–276), or antibodies to the ARF
C terminus.

RESULTS

Mouse ARF residues 1 to 37 are necessary for cell cycle
arrest. The first exon (1b) of mouse ARF encodes residues 1 to
62 (N62) of the full-length 169-amino-acid protein. This seg-
ment of mouse p19ARF is both necessary and sufficient for the
known functions of ARF, including nucleolar localization,
binding to and nucleolar sequestration of Mdm2, p53 activa-
tion, and p53-dependent cell cycle arrest (18, 34, 47). To fur-
ther pinpoint regions within the N62 domain necessary for
ARF nucleolar localization and Mdm2 binding, we transfected
ARF-null mouse NIH-3T3 fibroblasts with plasmids encoding
different regions of p19ARF tagged at their N termini by GFP.
When GFP was fused to full-length mouse ARF (not shown)
or to the truncated N62 polypeptide, the chimeric protein
localized to nucleoli (Fig. 1F), whereas unfused GFP remained
predominantly cytoplasmic (Fig. 1B). As in previous studies
(47), nucleoli were demarcated using antibodies to fibrillarin
(data not shown). The nucleolar localization of full-length
mouse ARF or ARF-N62 does not depend on the GFP tag and
occurs in primary mouse embryo fibroblast (MEF) strains of
various genetic backgrounds, including those lacking ARF, p53,
or both p53 and Mdm2 (47). Importantly, these observations
underscore the ability of p19ARF to localize to the nucleolus in
the absence of Mdm2.

A GFP-ARF fusion protein containing only mouse ARF
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amino acids 1 to 37 (GFP ARF-N37) also localized to nucleoli
(Fig. 1J), indicating that amino acids C-terminal to residue 37
were not required for this function. Moreover, when BrdU was
introduced into the culture medium 1 day after transfection
and scored for incorporation into replicated DNA 24 h later
(Fig. 1), GFP alone did not affect S-phase entry (Fig. 1C and
D). However, GFP-tagged ARF N62 (Fig. 1G and H) and
ARF N37 (Fig. 1K and L) both induced cell cycle arrest. More
than 90% of cells expressing these nucleolar ARF fusion pro-
teins failed to incorporate BrdU, demonstrating that ARF N37
was biologically active.

Because they can be efficiently transfected by expression
plasmids or readily infected by retroviruses, we used p53 wild-
type ARF-null NIH 3T3 cells to document the effects of addi-
tional ARF mutants on cell cycle progression. We emphasize
that similar data have been obtained using primary wild-type
MEF strains infected with ARF retroviruses. In all cases, cell
cycle arrest by active ARF mutants depended upon the pres-
ence of functional p53, which accumulated in the nucleoplasm
of ARF-transfected cells. Given the strict correlations between
these parameters as documented previously (47) and to
achieve a reasonable economy of presentation, the results with
p53 are not fully reiterated here, and only a complete data set
using NIH 3T3 cells is presented below.

Two domains within ARF N37 bind to an internal segment
of Hdm2. The interaction between Mdm2 and ARF has been
documented both in vitro and in vivo (18, 32, 44, 46, 47, 51),
but defining the minimal interaction domains for both ARF
and Mdm2 has thus far proven problematic. A diagram illus-
trating the known structural motifs within Mdm2 (or human
Hdm2) together with additional molecular landmarks defined

in this report is shown at the top of Fig. 2. The maps beneath
similarly schematize domains within both mouse p19ARF and
human p14ARF. A yeast two-hybrid interaction screen per-
formed with human p14ARF as bait previously revealed inter-
actions with the C-terminal moiety of Mdm2 (residues 208 to
491) lacking both the N-terminal p53 binding domain and
additional sequences required both for nuclear localization
(nuclear localization signal [NLS]) and nuclear export (NES).
Conversely, others observed that deletion of Hdm2 residues
222 to 437 abolished p14ARF binding (44). However, a more
complex interaction profile observed in cell lines engineered to
express mouse ARF and various Mdm2 deletion mutants sug-
gested that p19ARF engages multiple sites C-terminal to resi-
due 155 in Mdm2 (32).

We expressed and purified three polyhistidine (His)-tagged
Hdm2 truncation mutants from bacteria comprising amino ac-
ids 1 to 276, 140 to 350, and 277 to 491 and assayed their
abilities to bind in vitro to full-length HA-tagged mouse
p19ARF synthesized in insect Sf9 cells (Fig. 3A). Hdm2 1–276
failed to bind ARF (Fig. 3A, left), whereas Hdm2 277–491
bound relatively poorly (Fig. 3A, right). Consistent with the
idea that the ARF binding domain(s) bridges these fragments
(32), Hdm2 140–350 bound all of the available p19ARF under
the same assay conditions (Fig. 3A, center). In the last reac-
tion, the upper band corresponds to the input Hdm2 140–350

FIG. 1. The N-terminal 37 amino acids of mouse p19ARF are sufficient for
nucleolar localization and cell cycle arrest. NIH 3T3 cells were transfected with
expression vectors encoding GFP (A to D), GFP-ARF N62 (E to H), or GFP-
ARF N37 (I to L). Cells labeled for 24 h with BrdU 1 day posttransfection were
fixed and analyzed by indirect immunofluorescence using a mouse monoclonal
antibody to BrdU followed by biotinylated anti-mouse immunoglobulin and
streptavidin Texas red (C, G, and K) and for GFP expression using an FITC filter
(B, F, and J). Overlap staining is shown in panels D, H, and L. Nuclei were
visualized by Hoechst dye (A, E, and I). Nucleolar staining was confirmed in
parallel using antibodies to fibrillarin (data not shown) (47).

FIG. 2. Schematic representations of Hdm2 or Mdm2 and ARF proteins.
(Top) Hdm2 binding sites for p53 and E2F-1 (hatched), ARF and L5 (shaded),
and p300 (open) are indicated. Amino acid domains in Hdm2 and Mdm2 re-
quired for these associations are indicated by superscripts. The NLS and NES
sequences are similarly defined by solid bars. The RING domain (stippled)
contains the NrLS (solid bar). (Middle) Shaded areas define the Mdm2 contact
sites in mouse ARF; the segment from residues 26 to 37 also contains sequences
required for nucleolar localization. (Bottom) The shaded bar defines the mapped
Mdm2 binding site in human ARF, which is also required for nucleolar local-
ization. A second NrLS is indicated by the black bar. An additional Mdm2
binding site within human p14ARF (see text) has not been mapped.
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polypeptide, whereas the lower band represents a degradation
product that also contains the His-tagged N terminus. There-
fore, while amino acid sequences C-terminal to residue 350 are
not required for ARF binding, the minimal Hdm2 interaction
domain is smaller and appears not to require the distal C-
terminal segment of the Hdm2 140–350 polypeptide (see be-
low).

ARF mRNA contains many codons poorly recognized by the
most abundant bacterial tRNAs. We therefore generated a
synthetic ARF N64 minigene by substituting 31 bacterial
codons for their mammalian counterparts. Mass spectrometric
analysis and peptide sequencing confirmed the predicted iden-
tity of the bacterial produced minigene-encoded N64 polypep-
tide (syn-ARF N64), which interacted with Hdm2 in a manner
indistinguishable from that of the ARF N62 protein produced
in Sf9 cells (data not shown). Using the synthetic minigene as
a template, we then constructed syn-ARF N37 by PCR. The
resulting bacterially synthesized protein was soluble and bound
specifically to full-length Mdm2 produced in insect Sf9 cells
(Fig. 3B, lanes 2 and 3). Interestingly, deletion of contiguous
stretches of amino acids (D1 –14, D15–25, and D26–37) in the
context of the full-length p19ARF protein did not affect ARF

binding to full-length Mdm2 when these proteins were coex-
pressed in Sf9 cells (Fig. 3B, lanes 4 to 15). Since amino acid
sequences C-terminal to ARF N62 do not contribute to Mdm2
binding (18), p19ARF likely contacts Mdm2 through more than
one site within the N37 segment. In agreement with this con-
cept, deletion of ARF residues 1 to 14 and 26 to 37 from the
full-length protein resulted in the loss of Mdm2 binding (Fig.
3B, lanes 16 to 18). Identical results were obtained using Hdm2
140–350 purified from bacteria in place of full-length Mdm2
(data not shown).

These results suggested that two regions within the p19ARF

N terminus (residues 1 to 14 and 26 to 37) contribute to the
interaction with Mdm2. By covalently coupling ARF synthetic

FIG. 3. Two domains within the N terminus of mouse ARF and a central
region of Mdm2 or Hdm2 are required to form the ARF-Mdm2 complex. (A)
Polyhistidine-tagged Hdm2 proteins isolated from bacteria by nickel affinity
chromatography were mixed for 1 h at 4°C with recombinant ARF protein
prepared in baculovirus vector-infected insect Sf9 cells. Hdm2 and ARF proteins
were immunoprecipitated (IP) with monoclonal antibodies to Hdm2 (SMP14 or
2A10 as indicated) or with antibody directed to the p19ARF C terminus (ARF)
compared with precipitation with NRS. Precipitated proteins electrophoretically
separated on denaturing gels were transferred to filters and immunoblotted with
the same antibodies. (B) Polyhistidine-tagged syn-ARF N37 was mixed for 1 h at
4°C with recombinant Mdm2 produced in insect Sf9 cells (left). Sf9 cells were
coinfected with baculoviruses encoding Mdm2 and the indicated ARF mutants.
Mdm2 and ARF proteins were precipitated with 2A10 antibody to Mdm2 or with
antibody to the ARF C terminus, whereas syn-ARF N37 was recovered using
antibody to polyhistidine compared with NRS. The separated proteins were
immunoblotted with the same antibodies.

FIG. 4. ARF-Mdm2 binding. (A) Mouse ARF peptides (1–14, 15–25, 26–37,
and 156–169), recombinant syn-ARF N37, and human ARF 1–14 peptide (as
indicated on the left) were coupled to Sepharose. Affinity-purified Hdm2 140–
350 was injected onto the columns and eluted with an NaCl gradient and then
with acid as indicated. Hdm2 140–350 preincubated with mouse soluble ARF
1–14 peptide was chromatographed on the ARF 26–37 peptide column (desig-
nated 26–37A on the left). Trichloroacetic acid-precipitated proteins were sep-
arated on denaturing polyacrylamide gels and stained with Coomassie brilliant
blue G. (B) The same experiment was repeated using a smaller Hdm2 fragment
including residues 210 to 304.
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peptides (1–14, 15–25, 26–37, and 156–169) and syn-ARF N37
to Sepharose columns, we could use FPLC affinity chromatog-
raphy to analyze their abilities to interact with purified Hdm2
140–350. The net charges at neutral pH of ARF peptides 1–14,
26–37, and 156–169 (used as a control) are very similar, so that
major differences in the observed associations between basic
ARF peptides and the acidic Hdm2 domain would not be likely
to simply reflect electrostatic interactions. Elution of Hdm2
140–350 from ARF-Sepharose columns involved a gradient of
increasing salt concentration (from 0.25 to 1.5 M) followed by
a decrease in pH to below the pI of Hdm2 140–350 (pH ;4).
The Hdm2 140–350 polypeptide flowed through both the ARF
15–25 and ARF 156–169 peptide columns, showing no affinity
for either resin (Fig. 4A). In contrast, Hdm2 140–350 bound
strongly to the syn-ARF N37 column and could only be eluted
by acid. The most conserved region of the mouse and human
ARF proteins lies within amino acids 1 to 14, where 11 resi-
dues are identical and 2 of the remaining 3 are similar. Hdm2
140–350 bound to ARF 1–14 peptide columns composed of
either the mouse or human ARF N termini, but it was partially
eluted with salt (between 0.4 and 0.75 M and between 0.85 and
1.2 M NaCl, respectively) before being recovered at decreased
pH (Fig. 4A). Similarly, Hdm2 140–350 bound to mouse ARF
peptide 26–37 but was primarily eluted with NaCl (0.6 to 0.9
M) (Fig. 4A). These results agreed with the previous binding
studies performed with ARF deletion mutants (Fig. 3B), indi-
cating that p19ARF contains two noncontiguous binding sites
for Hdm2 within residues 1–14 and 26–37, respectively. More-
over, the different elution profiles for the ARF peptide col-
umns also suggested that residues 1–14 of both mouse and
human ARFs might include a somewhat higher affinity-binding
site for Hdm2 140–350 than mouse p19ARF residues 26 to 37.

To determine whether Hdm2 binding to one ARF site might
influence its association with another, Hdm2 140–350 was pre-
incubated with the soluble ARF 1–14 peptide for 1 h at 4°C
and then injected onto the ARF 26–37 peptide column (Fig.
4A, 26–37A). After elution of any unbound ARF peptide, a
shift in the elution profile of bound Hdm2 140–350 was seen,
with the majority now eluting only after the pH shift. This
suggests that when Hdm2 140–350 binds to soluble ARF 1–14,
its affinity for ARF 26–37 is increased, possibly through some
conformational change.

ARF can inhibit the ability of Hdm2 to shuttle between the
nucleus and cytoplasm by sequestering Hdm2 in the nucleolus
(46, 47). It is also conceivable that ARF might block the in-
trinsic shuttling properties of Hdm2 by binding to its NES
located between amino acids 197 and 205 (Fig. 2). To test this,
we further truncated Hdm2 to include only residues 210 to 304,
lacking both the NLS and NES. The elution profile of Hdm2
210–304 for ARF peptide and syn-ARF N37 affinity columns
(Fig. 4B) was indistinguishable from that of Hdm2 140–350.
Therefore, in agreement with the binding studies shown in Fig.
3A (middle), the ARF interaction domain of Hdm2 does not
require residues 305 to 350 or the Hdm2 NLS and NES se-
quences.

Nucleolar localization of the ARF-Mdm2 complex is re-
quired for cell cycle arrest. Because mouse ARF N37 retained
all of the known biological properties of the full-length ARF
protein, it not only contains binding sites for Mdm2 but should
also have sequences that are important for p19ARF nucleolar
compartmentalization. We previously found that an untrun-
cated mouse ARF protein lacking amino acids 26 to 37 was
impaired in its ability to localize to nucleoli and to induce cell
cycle arrest, despite being able to bind Mdm2 (47). As shown
in Fig. 5A, deletion of residues 1 to 14 (squares 5 to 8) or 15 to
25 (squares 9 to 12) from the full-length mouse p19ARF protein
(squares 1 to 4) did not compromise its nucleolar localization
(squares 3, 7, and 11). However, the ARF D26–37 mutant
(squares 13 to 20) was excluded from the nucleoli of most of
the transfected cells (75%) (square 15) while it localized to
both the nucleoplasm and nucleoli of others (25%) (square
19). Therefore, although the p19ARF D26–37 mutant is im-
paired in its nucleolar localization relative to the wild-type
protein, its enforced expression can sometimes bypass the
block. Consistent with previous results, wild-type p19ARF and
p19ARF D15–25 mobilized cotransfected Hdm2 to nucleoli
(squares 2 and 10), but the p19ARF D26–37 mutant was largely
defective (square 14). Hence, mouse ARF residues 26 to 37
not only contribute to Hdm2 binding (see above) but are also
necessary in order for ARF to sequester Hdm2 in the nucle-
olus.

The p19ARF mutant lacking residues 1 to 14 remained able to
enter nucleoli (Fig. 5A, square 7), but it failed to import Hdm2
(square 6). Although p19ARF D1–14 coprecipitates with Mdm2
in Sf9 extracts (Fig. 3B) and binds Mdm2 in vitro (Fig. 4), its
inability to relocalize Hdm2 to nucleoli points to a more com-
plex interaction in vivo. The lower-affinity interaction between
p19ARF D1–14 and Hdm2 and/or the inability of this mutant to
induce a conformational change in Hdm2 (Fig. 4) (see the last
section of Results below) may hamper the ability of ARF to
sequester Hdm2 in the nucleolus. The key points here are that
both Hdm2 binding and nucleolar localization are necessary
for p19ARF-induced cell cycle arrest (Table 1). On the one
hand, despite the fact that the p19ARF D1–14 mutant localized
to nucleoli, its failure to mobilize Hdm2 to this compartment
correlated with its inability to block DNA replication (Table 1).
Moreover, on a cell-by-cell basis, that fraction of cells (75%)
that expressed the ARF D26–37 mutant in the nucleoplasm
incorporated BrdU, whereas those that exhibited both nucle-
olar and nucleoplasmic ARF staining did not. Therefore, the
ARF D26–37 mutant behaves hypomorphically; although it is
largely defective in localizing to nucleoli, importing Hdm2, and
inducing cell cycle arrest, its gross overexpression can over-
come the defects. As expected, the combined deletion of seg-
ments 1 to 14 and 26 to 37 from mouse ARF generated a
mutant that was completely devoid of activity (Fig. 5A, squares
21 to 24, and Table 1).

Despite different localization signals, cell cycle arrest by
human p14ARF also requires nucleolar import of Hdm2. To
assess functional differences between various domains within

FIG. 5. Nucleolar localization of the ARF-Mdm2 and -Hdm2 complexes. (A) NIH 3T3 cells were cotransfected with expression plasmids encoding T7-tagged Hdm2
and mouse ARF mutants as indicated. Hdm2 was detected with antibody to the T7 epitope, and p19ARF was detected with antibody to the C terminus. The numbered
squares show nuclear DNA staining by Hoechst dye (top row; blue), Hdm2 fluorescence (second row; green), ARF fluorescence (third row; red), and Hdm2-ARF
overlap (fourth row; yellow). In experiments performed with ARF D26–37, 75% of cells exhibited one staining pattern (squares 13 to 16), while the remaining 25%
exhibited another (squares 17 to 20). (B) Cells were transfected with expression plasmids encoding Hdm2 and human ARF mutants as indicated. Hdm2 was detected
with antibody 2A10, and p14ARF was detected with antibody to a C-terminal epitope. The organization of rows is similar to that in panel A except that representative
staining of endogenous p53 (with antibody 421) expressed in transfected cells is also illustrated in the bottom row. Because the same cells could not be stained for all
markers, cells stained for p53 are not the same as those illustrated in the columns directly above them. In data not shown, cells stained for p53 were costained for p14ARF

to identify positive transfectants. In experiments performed with ARF D2–14, 80% of transfected cells exhibited one staining pattern (squares 6–10) and the remaining
20% exhibited another (squares 11 to 15).

VOL. 20, 2000 ARF-Mdm2 NUCLEOLAR LOCALIZATION 2523



the mouse and human ARF proteins, we analyzed human
p14ARF deletion mutants as well (Fig. 5B and Table 1). In this
set of experiments, representative data illustrating p53 staining
are included. Unlike its mouse ARF counterpart, the localiza-
tion of human p14ARF D2–14 varied from cell to cell. A ma-
jority of transfected cells (80%) (Fig. 5B, squares 6 to 10)
displayed primarily nucleoplasmic staining for p14ARF D2–14
(square 8). In this population, Hdm2 remained in the nucleo-
plasm and cytoplasm (square 7), p53 was not induced (square
10), and cells did not undergo proliferative arrest (Table 1).
The remaining transfected cells exhibited some detectable nu-
cleolar ARF staining (Fig. 5B, square 13), and in these, some
Hdm2 was mobilized to the nucleolus (square 12), p53 staining
was increased (square 15), and BrdU incorporation was signif-
icantly inhibited (Table 1). Thus, residues 2 to 14 in human
p14ARF are not only necessary for Mdm2 binding but, unlike
the cognate conserved region of mouse p19ARF, also contribute
to p14ARF nucleolar compartmentalization. These data agree
with recently obtained results of Lohrum et al. (personal com-
munication), who found that incorporation of p14ARF residues
1 to 22 into the active site loop of thioredoxin mobilized it to
nucleoli.

In addition, a second NrLS was previously mapped to resi-
dues 82 to 101 of human p14ARF (50). Deletion of amino acids
82 to 101 also resulted in significant delocalization of human
ARF throughout the cells (Fig. 5B, square 23). Nonetheless,
residual p14ARF D82–101 and Mdm2 costaining were seen in
the nucleoli of transfected cells (square 24), p53 was induced
(square 25), and most cells underwent arrest (Table 1). To-
gether, these results and those described above are inconsis-
tent with a previous suggestion that p14ARF nucleolar localiza-
tion depends solely on the NrLS within residues 82 to 101 (50).
Indeed, whereas both human p14ARF D2–14 and D82–101 be-
haved hypomorphically, deletion of both regions resulted in
complete delocalization of ARF to the cytoplasm (Fig. 5B,
square 28), no mobilization of Hdm2 to the nucleolus (Fig. 5B,
squares 27 and 29), no induction of p53 (square 30), and no
detectable cell cycle arrest (Table 1). In contrast to mouse
ARF, deletion of amino acids 26 to 37 from human p14ARF had

little effect on its ability to localize to the nucleolus or to induce
cell cycle arrest (Fig. 5B, squares 16 to 20, and Table 1).
Therefore, although the regions required for nucleolar local-
ization of mouse and human ARF are different in their place-
ment, it is clear that efficient nucleolar colocalization of either
mouse p19ARF or human p14ARF with Mdm2 or Hdm2 is re-
quired for halting the cell cycle.

Mdm2 contributes to nucleolar localization of the ARF-
Mdm2 complex. Mouse ARF N62 localizes to nucleoli in pri-
mary MEFs lacking both p53 and Mdm2, indicating that nei-
ther of the gene products is strictly essential for p19ARF

nucleolar import (46, 47). However, our findings that particu-
lar sequences contributing to nucleolar localization of both
mouse (residues 26 to 37) and human (residues 2 to 14) ARFs
overlap segments that contact Mdm2 raised questions as to
how the ARF NrLS can induce the nucleolar mobilization of
the ARF-Mdm2 complex. Importantly, none of these data pre-
clude the possibility that Mdm2 contributes to the nucleolar
localization of the ARF-Mdm2 complex. Indeed, whereas
GFP-p19ARF mobilized Hdm2 to nucleoli (Fig. 6A to D), its
coexpression with the Hdm2 140–350 fragment containing the
ARF binding site(s) resulted in retention of both ARF and this
Hdm2 mutant in the nucleoplasm (Fig. 6E to H). At this point,
we learned that Mdm2 contains a cryptic NrLS in its C-termi-
nal RING domain (Fig. 2, residues 466 to 473) that appears to
be unmasked upon ARF binding (24a). Specifically, an Hdm2
deletion mutant lacking residues 222 to 437 (which includes
the ARF-binding domain) can relocalize to the nucleolus in
the absence of p14ARF, whereas a C-terminal-truncation mu-
tant (1 to 440) lacking the Hdm2 NrLS cannot be mobilized by
human p14ARF to this compartment (e.g., Fig. 6M to P). Ap-
pending Hdm2 residues 466 to 473 to thioredoxin can reroute
it to the nucleolus (24a). Conversely, deletion of these residues
from full-length Hdm2 enables it to sequester mouse GFP-
p19ARF in the nucleoplasm (Fig. 6Q to T). Therefore, whereas
ARF localizes to nucleoli in the complete absence of Mdm2
(47), both ARF and Mdm2 contribute to nucleolar localization
of the complex.

TABLE 1. Nucleolar localization of the ARF-Mdm2 complex correlates with growth arrest

Retrovirus ARF localizationa Hdm2 localizationa % BrdU-positive cellsb

Mouse
CD8 vector control 96.4 6 6.7
ARF (wild type) Nucleoli Nucleoli 7.6 6 4.3
ARF D1–14 Nucleoli Nucleoplasm 81.2 6 9.5
ARF D15–25 Nucleoli Nucleoli, nucleoplasm 11.6 6 5.1
ARF D26–37 (75%) Nucleoplasm, cytoplasm Nucleoplasm 85.6 6 8.5
ARF D26–37 (25%) Nucleoli, nucleoplasm, cytoplasm Nucleoli, nucleoplasm 16.1 6 4.2
ARF D1–14-D26–37 Nucleoplasm, cytoplasm Nucleoplasm, cytoplasm 95.7 6 6.0

Human
CD8 vector control 92.6 6 4.1
ARF (wild type) Nucleoli Nucleoli 9.2 6 4.0
ARF D2–14 (80%) Nucleoplasm, cytoplasm Nucleoplasm, cytoplasm 84.9 6 7.1
ARF D2–14 (20%) Nucleoli, nucleoplasm, cytoplasm Nucleoli, nucleoplasm, cytoplasm 30.5 6 5.8
ARF D26–37 Nucleoli, nucleoplasm Nucleoli, nucleoplasm 16.8 6 8.3
ARF D82–101 Nucleoli, cytoplasm Nucleoli, nucleoplasm, cytoplasm 11.5 6 5.6
ARF D2–14-D82–101 Cytoplasm Nucleoplasm, cytoplasm 92.6 6 3.0

a NIH 3T3 cells were cotransfected with expression vectors encoding T7-tagged Hdm2 and the indicated ARF mutants. Mouse ARF was detected using antibodies
to the p19ARF C terminus, with simultaneous detection of Hdm2 using antibody to the T7 epitope. Human ARF was scored using antibodies to the p14ARF C terminus,
with simultaneous detection of Hdm2 using monoclonal antibody 2A10. The relative distribution of staining is summarized, as documented in Fig. 5.

b NIH 3T3 cells were infected in parallel with retroviruses encoding the same ARF mutants, but without Hdm2, and scored 24 h postinfection for BrdU incorporation
into replicating DNA (24-h pulse, equivalent to one cell cycle). Three independent coverslips were scored, and over 100 cells were counted for each (6 standard
deviation).
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DISCUSSION

The ARF-Mdm2 interaction is necessary for ARF to induce
p53-dependent cell cycle arrest. Mdm2 binds to p53 (13, 28),
ubiquitinates it (14, 15), and accelerates its shuttling from the
nucleoplasm to the cytoplasm, where it is targeted for protea-
somal degradation (12, 22, 37). ARF interferes with Mdm2-
directed ubiquitination of p53 in vitro (15), and the ability of
ARF to relocalize Mdm2 to the nucleolus allows transcription-
ally active p53 to accumulate in the nucleoplasm in response to
hyperproliferative signals (47). We have now attempted to
pinpoint ARF-Mdm2 contact sites and NrLSs and to assay the
functions of mutants lacking these segments in vivo. Given
previous suggestions that the human and mouse ARF proteins
might be functionally different from one another (50), we have
also tried to compare the biological activities of mouse p19ARF

mutants with those of their human p14ARF counterparts.
Mdm2 binding signals can overlap those required for ARF

nucleolar localization. The N-terminal 62 amino acids of
mouse p19ARF retain all of the known functions of the full-
length protein (18, 34, 47), and here we have further limited
the active domain to amino acids 1 to 37. Given that GFP-
p19ARF N37 localizes to nucleoli even in cells that lack Mdm2,
and that ARF N37 binds to Mdm2 or Hdm2 and induces cell
cycle arrest, this small mouse ARF polypeptide must contain
both an NrLS and an Mdm2 binding site. Residues 26 to 37 of
p19ARF are required for its efficient nucleolar localization, and
their deletion results in a greatly reduced ability of ARF to
mobilize Mdm2 to nucleoli and to arrest the cell cycle (47). We
have noted that this region of the mouse ARF protein contains
an R/K-R/K-X-R/K motif found in many other nucleolar pro-

teins (Fig. 7). Interestingly, p19ARF D26–37 retained the ability
to bind Mdm2 both in vitro and in vivo, leading us to reason
previously that relocalization of Mdm2 to nucleoli by ARF was
a necessary event and that binding to Mdm2 alone was not
sufficient for ARF-induced cell cycle arrest (47).

Mouse p19ARF contains two noncontiguous binding sites for
Hdm2 which are restricted to ARF residues 1 to 14 and 26 to
37. Immediately, this alerted us to the fact that residues 26 to
37 had a dual function. In turn, the region of Mdm2 that binds

FIG. 6. Hdm2 mutants lacking an NrLS in the RING domain remain in the nucleoplasm and sequester ARF within the same compartment. NIH 3T3 cells were
transfected with expression plasmids encoding full-length Hdm2 and different Hdm2 mutants as indicated together with GFP-ARF. Hdm2 was detected with antibody
2A10. The numbered squares show nuclear DNA staining by Hoechst dye (top row; blue), GFP-ARF fluorescence (second row; green), Hdm2 fluorescence (third row;
red), and Hdm2-ARF overlap (fourth row; yellow). The dark unstained regions within the nuclei correspond to nucleoli, as confirmed by using antibodies to fibrillarin
(data not shown) (47).

FIG. 7. Nucleolar localization signals. Regions necessary for nucleolar local-
ization in various proteins are indicated and aligned around a conserved R/K-
R/K-X-R/K amino acid motif. Duplicated signals in other proteins are indicated
by shaded boxes. The importance of such sequences in nucleolar compartmen-
talization has been documented (2–5, 24a, 27, 38, 42, 47, 50).
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to p19ARF is limited to amino acids 210 to 304. This acidic
domain lacks the N-terminal p53-binding portion, the C-ter-
minal RING finger, and the NLS and NES required for Mdm2
nuclear import and exit (Fig. 2). An immobilized ARF 1–14
peptide bound to Hdm2 210–304 (or to longer Hdm2 or Mdm2
fragments containing this segment) with extremely high affin-
ity, only being dissociated with acid. The immobilized ARF
26–37 peptide bound Hdm2 with lower affinity, undergoing
dissociation in high salt at neutral pH. Preincubation of Hdm2
with the soluble ARF 1–14 peptide resulted in higher-affinity
binding of this complex to the immobilized ARF 26–37 peptide
than that observed with Hdm2 alone. This demonstrated an
influence of ARF residues 1 to 14 on the Hdm2 binding prop-
erties of residues 26 to 37, presumably through an induced
conformational change in Hdm2. Importantly, disruption of
either of the two Mdm2 and Hdm2 contact sites within ARF
produced a nonfunctional p19ARF protein. However, contrary
to results obtained with p19ARF D26–37, which was handi-
capped in nucleolar compartmentalization, p19ARF D1–14 lo-
calized to nucleoli but was unable to mobilize Mdm2 or Hdm2
to the same compartment. Although the reduced affinity of
p19ARF D1–14 for Hdm2 could potentially account for the
latter result, our data rather suggest that the apparent confor-
mational change in Mdm2 induced by cooperative ARF bind-
ing is required for relocalization of the ARF-Mdm2 complex to
nucleoli (see below).

Signals required for nucleolar localization of human p14ARF

are displayed somewhat differently from those in the mouse
protein. An NrLS for p14ARF (Fig. 7) was previously mapped
between amino acids 82 and 101 encoded by ARF exon 2 (50).
Deletion of this region in the context of full-length p14ARF

resulted in a significant redistribution of the human ARF pro-
tein to the cytoplasm. However, when overexpressed, some
p14ARF D82–101 still gained access to nucleoli, thereby mobi-
lizing Hdm2 to the same compartment and inducing cell cycle
arrest. This implied that another NrLS is present elsewhere in
p14ARF. Indeed, apart from binding Hdm2, residues 2 to 14 of
human ARF also contribute to nucleolar localization. Deletion
of the latter segment prevented p14ARF from entering nucleoli
in most cells and resulted in its concordant inability to relocal-
ize Hdm2. However, a significant fraction of cells (;20%) that
overexpressed p14ARF D2–14 displayed nucleolar localization
of both ARF and Hdm2, and these underwent arrest. There-
fore, human p14ARF contains two NrLSs located between res-
idues 2 and 14 and 82 and 101, and like the NrLS contained in
mouse p19ARF residues 26 to 37, the former overlaps with an
Hdm2 binding site.

Given the strong conservation of amino acid sequences at
the extreme N termini of the human and mouse ARF proteins,
why is human p14ARF D2–14 partially handicapped in entering
nucleoli while its mouse counterpart appears to be unaffected?
There is no R/K-R/K-X-R/K motif within residues 2 to 14 of
human p14ARF, but an R/K-X-R/K-R/K segment is present,
similar to basic sequence blocks found in nucleolar fibrillarin
and nucleolin. Within mouse p19ARF residues 1 to 14, this
sequence is replaced by R-I-Q-R. It is conceivable that mouse
ARF residues 1 to 14 still contribute weakly to nucleolar com-
partmentalization but that their effect is occluded by the
nearby NrLS located between residues 26 and 37. This is con-
sistent with observations that mouse p19ARF D26–37 could
enter the nucleolus when overexpressed, whereas p19ARF D1–
14-D26–37 was unable to do so. In these respects, human
p14ARF D2–14 and p14ARF D82–101 and mouse p19ARF D26–37
behave hypomorphically; their gross overexpression can over-
come their impaired ability to relocalize Hdm2 to the nucleo-
lus.

We have not yet identified sequences outside the residue 2
to 14 domain of human p14ARF that contribute to Hdm2 bind-
ing, but the apparent ability of overexpressed p14ARF D2–14 to
relocalize Hdm2 to nucleoli also indicates that another binding
site exists elsewhere in the protein. Given that human p14ARF

D2–14-D82–101 was functionally inert, the most parsimonious
explanation would be that, like residues 26 to 37 in mouse
ARF, the segment from 82 to 101 in the human protein also
contributes to Hdm2 binding. Despite the differences in the
disposition of signals within human p14ARF and mouse p19ARF,
all the available data reinforce the view that nucleolar local-
ization of Mdm2 and Hdm2 in a complex with either the mouse
or human ARF protein is required to arrest the cell cycle.

A cryptic Mdm2 NrLS is required for nucleolar localization
of the ARF-Mdm2 complex. It seemed puzzling that both
mouse p19ARF amino acids 26 to 37 and human p14ARF resi-
dues 2 to 14 could serve as both NrLSs and sites for Mdm2
binding. Indeed, we initially anticipated that the ARF NrLS
would allow binding to a protein other than Mdm2 that in turn
would facilitate the nucleolar transport of the ARF-Mdm2
complex or its tethering within that compartment. Surprisingly,
however, Mdm2 itself contributes to nucleolar targeting. When
coexpressed with p19ARF, Hdm2 mutants lacking residues C
terminal to the ARF binding domain sequestered ARF in the
nucleoplasm. Others mapped a cryptic NrLS (amino acids 466
to 473) in the C-terminal RING domain of Hdm2 that can
function to relocalize Hdm2 to the nucleolus when its central
domain (residues 222 to 437) is deleted (24a). Conversely,
truncation of Hdm2 at residue 440 results in a protein that
retains coexpressed ARF in the nucleoplasm. An Hdm2 mu-
tant lacking only amino acids 466 to 473 behaves similarly.
Therefore, mobilization of the ARF-Hdm2 complex to nucle-
oli depends, at least in part, on the Hdm2 NrLS. Tandem
R/K-R/K-X-R/K motifs compose this segment (Fig. 7). Be-
cause Mdm2 or Hdm2 provides a crucial localization signal
that determines the topological fate of ARF, the interaction
between ARF and Mdm2 can be viewed as bidirectional, with
each protein regulating transport of the other.

Hdm2 apparently undergoes a conformational change after
contacting both ARF-binding sites, and this may unmask the
Hdm2 NrLS, but how the NrLSs actually function in directing
these proteins to the nucleolus remains unclear. One possibil-
ity is that the NrLS of Mdm2 or Hdm2 normally interacts with
its central acidic domain and is revealed when ARF binds to
the same region. Another idea is that ARF competes with a
binding protein that retains Hdm2 in the nucleoplasm. How-
ever, gross overexpression of Mdm2 or Hdm2 does not appear
to titrate a nucleoplasmic tethering protein and so allow Mdm2
or Hdm2 to enter nucleoli; instead, gross overexpression of
Mdm2 or Hdm2 can generate “nuclear bodies” that trap co-
expressed ARF in the nucleoplasm (L. Taylor, J. D. Weber,
C. J. Sherr, and D. Bar-Sagi, unpublished observations). Our
results and those of others (24a, 32, 46, 47) imply that nuclear-
body formation (50) does not occur under physiologic circum-
stances and strongly argue against the interpretation that such
structures are required for ARF-induced cell cycle arrest.

What is the role of the NrLS? If in fact the NrLSs act as
positive signals for nucleolar import, then these motifs may be
necessary for binding to active transporters in a manner anal-
ogous to those of NLSs and NESs. There are similarities be-
tween the ARF and Hdm2 NrLSs that correspond to sequence
motifs in other proteins that also gain access to the nucleolus
(Fig. 7). Among the latter is 5S RNA-binding ribosomal pro-
tein L5, which can also interact with the central domain of
Hdm2 (Fig. 2) (25) and could conceivably compete with ARF
for Mdm2 binding. The fact that Mdm2 export to the cyto-
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plasm can be blocked by ARF (46, 50) and by polypeptide
inhibitors of lentiviral Rev transport (37) is also intriguing,
given the presence of a related signature motif in the human
immunodeficiency virus type 1 Rev protein itself (Fig. 7). ARF
does not bind directly to the Mdm2 NES but associates in close
proximity (Fig. 2). It may well prove that different Mdm2
binding proteins have differential effects on Mdm2 transport,
with proteins like L5, for example, perhaps acting as positive
coregulators of nuclear export and ARF functioning instead as
an inhibitor. In turn, the possibility that ARF might affect the
transport of proteins other than Mdm2 remains an open ques-
tion.

Mice engineered to overexpress a myc transgene under the
control of the immunoglobulin heavy chain enhancer (Em)
develop pre-B and B-cell lymphomas, with a majority of the
resulting tumors sustaining ARF deletion, p53 mutation, or
Mdm2 overexpression (8). It was noted, however, that several
tumors that overexpressed Mdm2 isoforms also sustained ARF
deletion, pointing to a more complex biochemical interaction
between ARF and Mdm2 than was previously thought. In
addition to p53 and L5, Mdm2 can also bind to other p53
family members (49), E2F-1 (26), p300 (11), and the retino-
blastoma protein (48), underscoring its potential for interac-
tion with other targets. Human tumors can sustain amplifica-
tion of Hdm2, resulting in the overexpression of various spliced
forms. Interestingly, many of these Hdm2 proteins retain the
ARF-binding acidic domain and truncate the NrLS-containing
C terminus. Alterations of the RING domain might not only
enhance Mdm2 and Hdm2 stability (23), presumably by can-
celing their E3 ubiquitin ligase activities (15), but might also
act to antagonize ARF function. This may in effect provide
dominant forms of Mdm2 and Hdm2 which bind to ARF and
sequester it in the nucleoplasm, allowing remaining Mdm2 and
Hdm2 proteins to target p53 or other Mdm2 and Hdm2 bind-
ing proteins. Identifying the sequences of potentially oncogenic
spliced forms of Mdm2 and Hdm2 and determining their abil-
ity to circumvent ARF surveillance may help identify other
targets in the ARF-Mdm2 pathway.
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