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Tumor Suppression at the Mouse INK4a Locus
Mediated by the Alternative Reading Frame
Product p19ARF

1996; Levine, 1997), thereby collaborating with Rb loss
of function in tumor cell progression.

A complication stems from the fact that the INK4a
locus encodes a second alternative reading frame (ARF)
protein whose enforced expression can also induce cell
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cycle arrest (Quelle et al., 1995b). While p16INK4a is speci-2 Department of Tumor Cell Biology
fied by three exons (designated 1a, 2, and 3), an alterna-3 Department of Pathology and Laboratory Medicine
tive first exon (1b) maps z13 kb 59 to exon 1a in the4 Department of Experimental Oncology
mouse genome, and its coding sequences are spliced to5 Department of Genetics
the identical acceptor site of INK4a exon 2. The resultingSt. Jude Children’s Research Hospital
mRNA specifies a p19ARF protein of 169 amino acids, 65332 North Lauderdale
encoded by exon 1b and the remainder by a secondMemphis, Tennessee 38105
reading frame in exon 2. p19ARF shares no amino acid
homology with p16INK4a or other known proteins, and
apart from being a highly basic protein that localizes toSummary
nuclear speckles during interphase, its function remains
unknown. Unlike p16INK4a, p19ARF overexpression induces

The INK4a tumor suppressor locus encodes p16INK4a,
both G1 and G2 phase arrest in rodent fibroblasts,

an inhibitor of cyclin D-dependent kinases, and p19ARF, whether or not the cells retain INK4a. The unusual orga-
an alternative reading frame protein that also blocks nization of the INK4a locus is conserved in humans (Duro
cell proliferation. Surprisingly, mice lacking p19ARF but et al., 1995; Mao et al., 1995; Stone et al., 1995) and rats
expressing functional p16INK4a develop tumors early in (Swafford et al., 1997), whereas three related but distinct
life. Their embryo fibroblasts (MEFs) do not senesce INK4 genes do not encode analogous ARF proteins.
and are transformed by oncogenic Ha-ras alone. Con- Disruption of INK4a exon 2 in mice predisposes young
version of ARF1/1 or ARF1/2 MEF strains to continu- animals to tumor development (Serrano et al., 1996).
ously proliferating cell lines involves loss of either Their cultured mouse embryo fibroblasts (MEFs) fail to
p19ARF or p53. p53-mediated checkpoint control is un- undergo a senescence crisis and can be transformed
perturbed in ARF-null fibroblast strains, whereas p53- by oncogenic ras alleles, which, in theabsence of collab-
negative cell lines are resistant to p19ARF-induced orating “immortalizing oncogenes,” would otherwise in-
growth arrest. Therefore, INK4a encodes growth in- duce growth arrest (Lloyd et al., 1997; Serrano et al.,
hibitory proteins that act upstream of the retinoblas- 1997). Although it was clear that elimination of exon 2
toma protein and p53. Mutations and deletions tar- of INK4a would compromise expression of both p16INK4a

geting this locus in cancer cells are unlikely to be and p19ARF, it has been widely assumed that the ob-
served phenotype stemmed from p16INK4a disruptionfunctionally equivalent.
alone. We have now selectively disrupted ARF function
in mice by deleting exon 1b and leaving all p16INK4a cod-Introduction
ing sequences intact. Surprisingly, the previously de-
scribed phenotypic consequences of INK4a disruptionThe two most frequently inactivated tumor suppressor
are reproduced in mice selectively nullizygous for p19ARFgenes in human cancer, irrespective of tumor type, site,
alone, indicating that ARF is a bona fide tumor suppres-and patient age, are p53 and INK4a (Hall and Peters,
sor. Our results further suggest that ARF and p53 regu-1996; Hainaut et al., 1997). The INK4a locus encodes
late senescence of MEFs and that p19ARF requires wild-p16INK4a, a specific inhibitor of the cyclin D–dependent
type p53 to induce G1 phase arrest.kinases CDK4 and CDK6 (Serrano et al., 1993) that an-

tagonizes their ability to phosphorylate the retinoblas-
Resultstoma protein (Rb) and so prevents exit from G1 phase.

Genetic disruption of the p16INK4a—cyclin D-dependent
Mice Lacking p19ARF Express Wild-Type p16INK4a

kinase—Rb pathway isa common event in the life history
We used a conventional targeting vector to ablate ARFof cancer cells, and it is achieved either through inactiva-
exon 1b in mouse embryonic stem cells, replacing ittion of the tumor suppressors (p16INK4a, Rb) or by uncon-
with a neomycin resistance (neo) gene (Figure 1A). Exontrolled overexpression of the proto-oncogenes (D-type
1b is included within a 7.8 kb AflII fragment that wascyclins, CDK4) (Hunter and Pines, 1994; Weinburg et al.,
detected with a unique sequence genomic probe, but

1995; Hall and Peters, 1996; Sherr et al., 1996). Concur-
an AflII site inserted into the neo cassette reduced the

rent inactivation of p53 function inhibits such cells from
size of the hybridizing fragment to 6 kb. Germline trans-

arresting in G1 phase following DNA damage, decreases mission of the mutant allele from a chimeric founder
their genomic stability, and prevents them from under- male and subsequent interbreeding of hemizygous off-
going apoptosis (Gottlieb and Oren, 1996; Ko and Prives, spring gave rise to normally developing animals lacking

exon 1b at the expected Mendelian frequency (22%
ARF-null, 52% heterozygous, 26% wild-type; total ani-6 Present address: Department of Pharmacology, University of Iowa
mals: 200) (Figure 1B). INK4a exon 1a and the tandemlyCollege of Medicine, Iowa City, Iowa 52242-1109.

7 To whom correspondence should be addressed. linked INK4b locus remained intact (see below).
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Figure 2. Expression of p16INK4a in MEFs

(A) MEFs from sixembryo strainswere assayed at indicated passage
numbers for p16INK4a expression by sequential precipitation and im-
munoblotting with antiserum to the mouse p16 C terminus. Top and
bottom panels were taken from parallel gels, shown with matched
exposures. All precipitations were performed using an excess of
titered antibody with equal protein inputs per sample.
(B) p16 immunoprecipitates as in (A) were separated on gels and
blotted with antiserum directed to CDK4. Because p16 levels are
relatively low in ARF1/1 cells but increase as cells are passaged,
results for coprecipitating CDK4 are shown with strains 3-9 and
3-10 at passage 11. Exposures in (A) and (B) are matched.

Figure 1. Loss of p19ARF and Expression of p16INK4a mRNA in ARF-
Null Mice

1997). Authentic INK4a a transcripts containing 59 exon(A) Schematic representation of the INK4a locus and ARF targeting
1a and 39 exon-2 sequences were detected in bothvector. Open boxes denote exons with the 39 end of INK4b to the

left and the 59 end of INK4a to the right. AflII sites (A) important for ARF1/1 and ARF2/2 animals (Figure 1C). Nucleotide se-
analysis of deletions are indicated, with the predicted sizes of the quencing of a transcripts amplified from testes of ARF2/2

fragments containing intact exon 1b or neo noted below. mice confirmed that they lacked mutations.
(B) Southern blot analysis of tail DNA from F2 animals with ARF

Neither p16 INK4a nor p19ARF is expressed during mousegenotype noted. The sizes of the AflII fragments predicted in (A) are
embryonic development, but when embryo cells are ex-indicated.
planted into culture, p16 INK4a is induced and accumulates(C) RT-PCR amplification of RNA from the testis (lanes 2 and 4) and

liver (lanes 3 and 5) of ARF1/1 (lanes 2 and 3) and 2/2 (lanes 4 and as MEFs are passaged (Zindy et al., 1997). MEF cultures
5) mice. Lane 1 shows results with no templates, and lane 6 shows initiated from genotyped embryos were passaged in
products recovered from equal amounts of MEL cell RNA used vitro on a defined “3T9” schedule and tested for p16 INK4a

as a positive control. Amplification of hypoxanthyl phosphoribosyl
expression. p16INK4a was induced as six independenttransferase mRNA (HPRT) was used to demonstrate integrity of
MEF cultures were passaged (Figure 2A), well beforetemplates from all samples.
they underwent senescence and regardless of their ARF
genotype. Even higher levels of p16INK4a were detected
in ARF2/2 MEFs, as compared to those in cells retainingAnimals lacking exon 1b (designated ARF2/2) ex-
one or two wild-type ARF alleles. All inactivating p16INK4apressed transcripts encoding p16INK4a but not p19ARF. RT-
mutants described to date, including those that are tem-PCR analysis showed that ARF b transcripts amplified
perature-sensitive, block the protein’s ability to bind tofrom primers based on 59 exon 1b and 39 exon-2 se-
CDK4 (Koh et al., 1995; Lukas et al., 1995; Ranade etquences were expressed in testes and livers of ARF1/1

al., 1995; Reymond and Brent, 1995; Wick et al., 1995;animals (Figure 1C, lanes 2 and 3), but they were absent
Yang et al., 1995; Parry and Peters, 1996; Quelle et al.,from their ARF2/2 counterparts (lanes 4 and 5). Control
1997). Hence, the fact that p16INK4a immunoprecipitatesmurine erythroleukemia (MEL) cells expressed much
from ARF2/2 MEFs contained CDK4 (Figure 2B) argueshigher levels of ARF RNA (lane 6). The levels of ARF
that the CDKinhibitor is functional. In proliferating MEFs,mRNA in adult tissues are low, and the protein is not
CDK4 levels exceed those of the INK4 inhibitors, andvisualized with antiserum that detects the polypeptide

in MEL cell lysates (Quelle et al., 1995b; Zindy et al., as expected, assays for cyclin D– and CDK4-associated
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Rb kinase activity confirmed the presence of catalyti-
cally active, cyclin D-bound pools of CDK4 in these cells
(data not shown).

Early Passage MEFs Derived from ARF2/2 Animals
Are Impaired in Growth Control
Passaged ARF1/1 cells initially underwent z2 population
doublings in the 3 days prior to dilution and replating,
but their growth virtually ceased by passages 17–20
(Figure 3A). In contrast, cultures from ARF2/2 embryos
accumulated many more cells. At passage 5, they prolif-
erated at significantly faster rates than their ARF1/1

counterparts and grew to 3-fold higher densities at con-
fluence (Figure 3B; note log scale on ordinate). ARF1/2

cells showed an intermediate phenotype. By passage
10, the growth rates of ARF1/1 and ARF1/2 cells had
further slowed; however, the division rate of ARF2/2 cells
was maintained (Figure 3B), and they proliferated contin-
uously thereafter never undergoing a detectable senes-
cence crisis (Figure 3A). Therefore, ARF2/2 cells have
an increased proliferative capacity, grow faster, and are
somewhat less responsive to inhibition by cell-to-cell
contact than their wild-type counterparts.

Another property of INK4a nullizygous MEFs is their
capacity to be directly transformed by oncogenic ras
alleles without a further requirement for collaborating
“immortalizing genes,” such as E1a or myc (Serrano et
al., 1996; Weinberg, 1997). When early passage MEFs
were transfected with an expression vector encoding
oncogenic Ha-ras (Val-12), foci of transformed cells
were detected in ARF2/2 but not ARF1/1 MEFs. We ob-
tained 16 6 12 foci per 60 mm diameter plate in 3 sepa-
rate experiments with two different ARF2/2 clones; these
frequencies were similar to those obtained with ARF1/1

MEFs transfected with vectors encoding both Ha-ras
and myc. Morphologically transformed cells were highly
refractile and no longer contact-inhibited (Figures 3Ca
and 3Cb). Individually expanded transformed foci ex-
pressed p16INK4a that coprecipitated with CDK4 (Figure
3Cc). Early passage ARF2/2 cultures yielded no cells

Figure 3. Kinetics of MEF Growth and ras Transformation
that were capable of anchorage-independent growth

(A) Cell proliferation on a 3T9 protocol. At 3-day intervals, the total
in semisolid medium, but ras-transformed subclones numbers of cells per culture (ordinate) were determined prior to
formed colonies in agar and tumors in SCID mice. When redilution of the cells to 9 3 105 per 60 mm diameter dish for repas-
individual agar colonies picked at random were ex- sage. Data were pooled from 6–8 embryos of each genotype (total

MEF strains 5 20): ARF2/2, circles; ARF1/2, triangles; ARF1/1,panded, 12 of 12 continued to express p16INK4a (data not
squares. Bars indicate standard errors from the mean.shown). Thus, Ha-ras alone can oncogenically transform
(B) Cells from 3 ARF2/2 (circles), 3 ARF1/2 (triangles), and 3 ARF1/1

p19ARF-negative, p16INK4a-positive MEFs.
(squares) MEF strains at passages 5 or 10 were seeded at 2 3 104

per culture in 20 replicate 60 mm diameter dishes. Duplicate dishes
ARF or p53 Loss of Function in MEF Cell Lines were harvested at daily intervals, and the total numbers of cells per
Rare MEF variants that weather the senescence crisis culture (log scale ordinate) were determined. Data from different
can become established as permanent cell lines (Todaro strains of the same genotype were pooled. Error bars indicate stan-

dard deviations (2s) from the mean.and Green, 1963), and these frequently contain mutant
(C) MEF monolayer from ARF2/2 cells transformed by ras versus ap53 alleles (Harvey and Levine, 1991; Rittling and Den-
control plate transfected with the naked vector (a). Macroscopichardt, 1992) or sustain INK4a deletions (Kamb et al.,
foci of transformed cells (b) are heavily stained with Giemsa. In1994; Nobori et al., 1994; Zindy et al., 1997). In an experi-
(c), lysates from 11 independently expanded foci (lanes 1–11) were

ment performed with four wild-type ARF1/1 MEF strains, precipitated with anti-p16INK4a, transferred to nitrocellulose after
precrisis cells at passage 6 expressed p16 INK4a but no electrophoresis on denaturing gels, and probed with the same anti-
detectable p19ARF (Figure 4A, lanes 1–4). Lysates from body (top) or with antiserum to CDK4 (bottom) as indicated in the

left margin. Lane 12 shows results with NIH-3T3 cells that lack theearly passage strains contained wild-type p53 precipi-
INK4a locus. Exposures are matched.tated with an antibody (PAb246) that does not react with

mutant forms (Yewdell et al., 1986). After emergence
from crisis, however, MEFs from three strains had sus-

(Gannon et al., 1990) (lanes 5–7). Like MEL cells, whichtained p53 mutations, as determined by selective pre-
contain a disrupted p53 gene, and others lacking func-cipitation of p53 by an antibody (PAb240) that recog-

nizes mutant p53s but not the native p53 conformation tional p53 (Quelle et al., 1995b), these three MEF lines
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Figure 3A), preferentially yielding ARF2/2 variants. Wild-
type and mutant ARF alleles were detected with an exon
1b probe in MEFs from three such clones at passage
1, but only mutant ARF was detected at passage 20
when proliferating variants had emerged (Figure 4B).
ARF2/2 variants arising from ARF1/2 MEF strains (lanes
2, 4, and 6), MEF lines from ARF-null mice (e.g., lanes
9 and 10), or cell lines arising from wild-type MEFs that
sustained biallelicARF deletions (lanes 8 and 11) synthe-
sized only wild-type p53 (Figures 4B and 5, and data
not shown). Conversely, cell lines that retained wild-
type ARF alleles synthesized mutant p53 (e.g., Figure
4A, lanes 5–7; Figure 4B, lanes 7 and 12). Cell lines
containing mutant p53 and retaining ARF rapidly be-
came polyploid (cf. Harvey et al., 1993; Fukusawa et al.,
1996), butall ARF2/2/p531 lines remained pseudodiploid
through additional passages (cf. Zindy et al., 1997; also
clones 3-2 and 3-3 through passage 27). In short, func-
tional loss of p53 or p19ARF appeared to be mutually
exclusive events as cells overcame a senescence block,
with p53 predisposing to more rapid ploidy changes.

Although wild-type MEFs that sustained biallelic dele-
tions of ARF lacked flanking INK4a and INK4b genes
(Figure 4B, lanes 8 and 11), those containing a single
neo-disrupted ARF allele gave rise to ARF2/2 variants
that retained INK4a (Figure 4B, lanes 1–6, exon 1a probe)
and expressed both p16INK4a and p15INK4b (Figure 4C).
These results strongly suggest that selection for ARF
loss results in codeletion of INK4a and INK4b and not
vice versa.

ARF-Induced Arrest Depends on p53
Figure 4. Expression of p16INK4a, p19ARF, and p53 in MEF Strains and Levels of p19ARF are elevated in cells lacking wild-type
Established Lines Derived from Them p53 function (Figure 1C, lane 6; Figure 4A, lanes 5–7)
(A) Expression of p16INK4a and p19ARF was documented by immuno- (Quelle et al., 1995b), which is compatible with the possi-
precipitation and immunoblotting, as in Figure 2. The same cells bility that p53 may normally suppress ARF. However,
were metabolically labeled with [35S]methionine and precipitated we observed no change in p19ARF levels when fibroblasts
with monoclonal antibodies to wild-type or mutant p53 as indicated.

bearing a temperature-sensitive p53 allele were shiftedWild-type MEFs included clones 5-9 (lanes 1 and 5), 5-10 (lanes 2
between permissive and nonpermissive temperatures,and 6), 6-14 (lanes 3 and 7), and 6-18 (lanes 4 and 8). (B) Southern
implying that p53 does not directly regulate ARF expres-blot analysis of ARF exon 1b and INK4a exon 1a sequences. DNAs

digested with AflII (top) or EcoRI (bottom) were hybridized with exon sion (Quelle et al., 1997).
1b genomic or exon 1a cDNA probes, respectively. Positions of Early passage MEFs, regardless of their ARF status,
diagnostic fragments containing (7.8 kb) or lacking (6.0 kb) exon 1b expressed equivalent levels of wild-type p53 (Figure 5A),
are indicated at the left of the top panel. Clones 3-6, 3-7, and 1-1

which was rapidly and transiently induced in ARF-null(lanes 1–6) were derived from mice hemizygous for ARF exon 1b.
cells in response to g irradiation (Figure 5B). Levels ofClone 6-18 (lane 8) and NIH-3T3 cells (lane 11) originated from wild-
the p53-responsive CDK inhibitor, p21Cip1, also rosetype MEFs that sustained biallelic deletions of the entire INK4a

locus, including intron sequences recognized by the probe. Clones within 2–4 hr of exposure to 5 Gy ionizing radiation (Fig-
3-2 and 3-3 (lanes 9 and 10) were established from ARF-null animals ure 5B). To see whether ARF-null cells underwent G1
that retained p16INK4a coding sequences (Figure 2A). MEL cells (lane phase arrest in response to DNA damage, arrested se-
12) do not express p53, and late passage clone 5-10 MEFs (lane 7)

rum-starved cultures from two different sets of ARF2/2
express a mutant form of the protein (A, lane b).

and ARF1/1 MEF strains were irradiated with 5 or 20(C) MEFs at passage 20 were scored for INK4 protein expression
Gy and transferred into medium containing serum andby immunoblotting. Lysates from clone 6-18 and 5-10 cells were

used as negative (2) and positive (1) controls. BrdU. Cells were stained for DNA content (propidium
iodide) and replicative DNA synthesis (BrdU) 24 hr after
release from theG0 block, and the Sphase fractions were
determined by flow cytometry. Although p53-negativesynthesized abundant p19ARF and even higher levels of

p16INK4a than those seen in early passage strains (lanes MEFs are not inhibited from entering S phase after irradi-
ation (Kastan et al., 1991; Kuerbitz et al., 1992; Deng et5–7). In contrast, an established line that underwent

deletion of both INK4a alleles expressed neither p16INK4a al., 1995), both ARF1/1 and ARF2/2 MEFs underwent G1
arrest at the same efficiency. The percentages of cellsnor p19ARF and retained wild-type p53 (lane 8).

ARF1/2 MEF strains generated established lines 4–6 entering S phase after irradiation relative to unirradiated
cells were 26% for ARF1/1 and 30.9% for ARF2/2 MEFs,passages earlier than ARF1/1 cells (passages 18–20 in
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completely inhibited from entering S phase when tested
24 hr after infection with an ARF-coding retrovirus (Fig-
ure 5C). NIH-3T3 cells and clone 6-18 cells lacking the
entire INK4a locus were also sensitive, underscoring the
fact that arrest by p19ARF does not depend upon p16INK4a.
On the other hand, established (10)1 and (10)3 Balb-3T3
cell lines lacking p53, and cell lines established from
ARF1/1 MEFs that had sustained p53 mutations, were
resistant to growth arrest by vectors encoding p19ARF

(Figure 5C). The latter cells expressed elevated levels
of endogenous p19ARF (e.g., Figure 4A, lanes 5–7) that
closely approximated those achieved in vector-infected
p531/ARF-null clones (Quelle et al., 1995b). In summary,
7 of 7 tested cell lines lacking p53 function lost respon-
siveness to p19ARF, while 4 of 4 p531/ARF-null lines were
sensitive.

Although basal p53 levels were similar in ARF2/2 and
ARF1/1 cells (Figure 5A), ARF-null MEFs reproducibly
expressed lower levels of p21Cip1 (e.g., Figure 5B, 0 hr).
In cells infected with retroviral vectors encoding p19ARF,
p53 and p21Cip1 were induced in clones expressing wild-
type p53, regardless of their ARF genotype (Figure 5D).
In contrast, cells lacking p53 [clone 10(1)] or containing
mutant p53 (5-9) exhibited no p19ARF-dependent induc-
tion of p21Cip1; these observations were reproduced in
lines 10(3), 5-10, and 6-14. Therefore, ectopic expression
of p19ARF increases p21Cip1 expression in a p53-depen-
dent manner.

p19ARF-Deficient Mice Develop Cancer
By 2 months of age, ARF2/2 mice began to develop
tumors spontaneously (Table 1). Six of 18 ARF-null ani-
mals exhibited malignant tumors by six months of age,
but none were observed in 23 ARF1/1 or 66 ARF1/2 miceFigure 5. ARF and p53 Interactions in MEFs
during the same period. Nine of 11 ARF2/2 mice treated(A) Lysates from MEFs with different ARF genotypes were analyzed
one week after birth with DMBA developed tumors byfor p53 status by immunoblotting with an antibody that recognizes
9–20 weeks of age (Table 1). Skin tumors occurred atboth wild-type and mutant p53. No mutant p53 was detected by

precipitation with PAb240, whereas the wild-type form was again multiple sites and exhibited varying degrees of anapla-
detected with PAb246 (data not shown). sia, with two mice manifesting invasive,poorly differenti-
(B) Cells with the indicated ARF genotype were irradiated with 5 ated epidermoid carcinomas. Three animals within this
Gy, and p53 and p21 were measured by immunoblotting at the

group developed two tumors of completely different his-indicated times (hr) after exposure. Lysates of clone 5-10 cells were
tologic types. Identically treated control animals (12used to document higher levels of mutant p53 expression on a per
ARF1/1 and 13 ARF1/2) did not develop tumors duringprotein basis. Balb-3T3 (10)1 cells null for p53 (Dp53) were used as

a negative control. the six-month observation period. DMBA treatment pre-
(C) MEF strains (clones 3-2, 3-3, 3-9, and 3-10 at passage 9), estab- disposes to development of skin tumors under the con-
lished MEF cell lines (clones 5-9, 5-10, 6-14, and 6-18 at passage ditions used, but other control animals derived from the
26), and Balb-3T3 derivatives lacking p53 were infected with an

same mouse strains did not develop skin tumors afterARF-retrovirus (closed bars) or with the naked control vector (open
DMBA treatment until they were over 10 months old,bars). Cells were labeled for 24 hr with [3H]thymidine 48 hr postinfec-
consistent with historical data (Reiners, et al., 1984;tion. Results with MEF strains, Balb-3T3 derivatives, and established

MEF lines were normalized to values (set to 100%) obtained with Naito and DiGiovanni, 1989). Four of six mice that were
3-2, 10-1, and 5-9 cells, respectively, infected with the controlvector. g-irradiated as newborns developed fibrosarcomas or
Standard deviations (data not shown) were less than 610% of the anaplastic T cell lymphomas.
mean.

Enough tumor tissue was obtained from six mice(D) Cells infected with ARF-retrovirus (1) or with vector alone (2)
(Table 1) todemonstrate p16INK4a-coding transcripts (Fig-were lysed 24 hr postinfection, and gel-separated proteins were
ure 6A) and protein (Figure 6B) in uncultured cells. Fibro-immunoblotted for p53 and p21.
sarcoma cells explanted into culture from animal K5
grew rapidly and were maintained as a continuously
proliferating cell line. Like the primary tumor, these syn-versus .90% for p53-negative MEFs. Loss of growth

control in ARF2/2 cells is therefore due neither to p53 thesized p16 INK4a mRNA and protein. The lymphoma from
mouse K90 also synthesized p16INK4a. Both the K5 andmutation or deletion, nor to apparent perturbation of its

G1 checkpoint function. K90 tumor cells expressed p16INK4a-associated CDK4,
again implying that the CDK inhibitor was functionallyBoth ARF2/2 and ARF1/1 MEFs at passage 9 were
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Table 1. Tumors in Young ARF-Null Mice

Age p16 p16
Mouse Sex (weeks) Treatment Histology PCR Blot

K5 M 18 None Fibrosarcoma 1* 1

K11 M 8 None Metastatic salivary gland carcinoma 1* 1

K17 F 21 None Thymoma ND ND
K75 F 11 None Malignant fibrous histiocytoma ND ND
K116 M 18 None Lymphoma (brain) ND ND
K199 M 16 None Fibrosarcoma ND ND

K86 F 12 DMBA Epidermal papilloma (4 sites) ND 1

K88 F 20 DMBA Epidermal papilloma ND ND
K90 F 14 DMBA Lymphoma and epidermal papilloma 1 1

K98 F 13 DMBA Metastatic epidermoid carcinoma ND 1

K106 M 9 DMBA Invasive epidermoid carcinoma 1* 1

K149 M 12 DMBA Fibrosarcoma, malignant adenexal tumor ND ND
K150 M 14 DMBA Epidermal papilloma (2 sites) ND ND
K151 F 13 DMBA Fibrosarcoma and epidermal papilloma ND ND
K163 M 13 DMBA Epidermal papilloma (4 sites) ND ND

K173 M 12 Irradiation Fibrosarcoma ND ND
K175 M 12 Irradiation Lymphoma ND ND
K178 F 13 Irradiation Fibrosarcoma ND ND
K185 M 19 Irradiation Lymphoma ND ND

Age refers to date of tumor detection or death of the animal. Where indicated, mice received ionizing radiation (4 Gy) (Kemp et al., 1994) or
were treated with DMBA 5–7 days after birth (Serrano et al., 1996). Nine of 11 DMBA-treated animals, 4 of 6 animals that received sublethal
g-irradiation, and 6 of 18 untreated mice developed tumors by 5 months of age. Fibrosarcomas arose subcutaneously and were all highly
invasive to skeletal muscle and bone. Skin tumors in DMBA-treated animals exhibited variable degrees of anaplasia, with lower grade
papillomatous growths sometimes arising at multiple independent sites, and with higher grade carcinomas presenting as either locally invasive
or frankly metastatic variants. Lymphomas were anaplastic large-cell type with T cell markers. Detection of p16INK4a transcripts (PCR) or protein
(immunoblotting) in primary tumor tissues is noted by (1); not done is noted by “N.D.”; and RT-PCR products taken for nucleotide sequencing
are noted by (*).

wild-type (Figure 6B). Similar protein data were obtained and tumors derived from them, was functionally wild
type. Nucleotide sequencing of RT-PCR products fromwith four other primary tumors (animals K11, K86, K98,

K106). Nucleotide sequencing analysis of PCR products testes and from several primary tumors confirmed this
prediction. Although we do not preclude that p16INK4aconfirmed that p16INK4a transcripts amplified from tumors

taken from animals K5, K11, and K106 had not sustained might undergo mutation in ARF-null animals, the ob-
served results clearly do not reflect such a mechanism.mutations. We conclude that p19ARF functions as a bona

fide tumor suppressor. Typical patterns of p16INK4a and p15INK4b expression
were maintained in MEFs, irrespective of whether or not
they retained ARF. In fact, p16INK4a protein levels wereDiscussion
higher in ARF2/2 MEFs than in their matched ARF1/2

and ARF1/1 counterparts, possibly because withoutp16INK4a Is Expressed Appropriately in Cells
Lacking ARF competition from the upstream ARF b promoter, a tran-

scripts encodingp16INK4a may be moreefficiently spliced.Mice lacking exon 2 of the INK4a gene were previously
found to develop tumors of many histologic types (Ser- Thus, insertion of neo into exon 1b did not dampen

expression from the two flanking INK4 genes. The factrano et al., 1996). MEFs derived from these animals
became established in culture without undergoing a se- that ARF-null MEFs did not exhibit a detectable senes-

cence crisis fingers p19ARF rather than p16INK4a as thenescence crisis, and even cells in early passage could
be transformed by oncogenic Ha-ras alone. Given that mediator of these events. When wild-type MEFs under-

went biallelic deletion of ARF during establishment, thethese previously reported features of INK4a-null animals
have now been recapitulated in animals lacking only INK4a and INK4b genes were concomitantly lost. How-

ever, ARF-null cell lines arising from ARF1/2 MEF strainsp19ARF, the relative contributions of p19ARF and p16INK4a

to tumor suppression need to be reevaluated. retained hemizygous INK4 coding sequences and con-
tinued to express p16INK4a and p15INK4b, implying thatA trivial interpretation of our results might have been

that disruption of ARF exon 1b perturbed p16INK4a ex- INK4a and INK4b deletions occur as a consequence of
selection for cells that bypass the senescence block.pression. However, normal tissues from ARF2/2 mice,

cultured MEFs, ras-transformed fibroblasts, mouse tu- ARF2/2 cells transformed by Ha-ras (Val-12) alone con-
tinued to express functional p16INK4a, so the lossof p19ARFmors, and cell lines derived from them all expressed

p16INK4a. The hallmark of nonfunctional p16INK4a point mu- mimics effects of “immortalizing genes” such as E1a and
myc that can similarly collaborate with ras (Weinberg,tants tested so far, including several temperature-sensi-

tive alleles, is their inability to bind to CDK4 or CDK6; 1997).
thus, the simplest and most reliable assay for p16INK4a

function is its physical interaction with these catalytic ARF Functionally Interacts with p53
Expression of p19ARF was not detected in early passagesubunits (Parryand Peters, 1996). By this criterion, p16INK4a

in tissues of ARF-nullizygous mice and in cultured cells wild-type MEF strains, but it was readily observed in
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et al., 1996). Species with longer life spans likely mani-
fest more stringent controls over cell senescence, and
in cultures of human cells, loss of both p53 and ARF,
or other collaborating events, may well be required to
endow them with an extended proliferative capacity (Ro-
gan et al., 1995; Alcorta et al., 1996; Hara et al., 1996;
Noble et al., 1996; Reznikoff et al., 1996; Serrano et al.,
1997).

Neither point mutations within ARF exon 1b nor pro-
moter hypermethylation have so far been detected in
tumors or in tumor-derived cell lines (Mao et al., 1995;
Merlo et al., 1995; Shapiro et al., 1995; Stone et al., 1995;
Fitzgerald et al., 1996; Herzog et al., 1996; Kubo et al.,
1997; Swafford et al., 1997; Tanaka et al., 1997). Conse-
quently, ARF inactivation may require biallelic deletions,
as opposed to p53, whose dominant-negative mutants
subvert the function of the wild-type tetrameric product.
During passage in culture, ARF1/2 MEFs sustained dele-
tions of their remaining ARF allele while retaining wild-
type p53, and such strains became established as cell
lines 4–6 passages earlier than ARF1/1 cells. In normal
MEFs containing two wild-type ARF alleles, p53 muta-
tion is readily detected (Harvey and Levine, 1991), but
in cells hemizygous for ARF, loss of the remaining wild-
type ARF allele is at least as frequent an occurrence.

MEF cell lines lacking ARF, whether directly derived
from nullizygous animals or from wild-type cells that
had deleted both copies of the gene during the process
of establishment, promptly stopped proliferating when
infected with a retrovirus encoding p19ARF. Both early

Figure 6. Expression of p16INK4a in Mouse Tumors and late passage ARF2/2 MEFs expressed low levels of
(A) RT2PCR analysis of tumor tissue. Total mRNAs extracted di- p53, which was induced by g irradiation and, in turn,
rectly from the K5 fibrosarcoma (18), a cell line established from it was able to induce p21Cip1 and to block cell proliferation.
(K5 cells), and one directly from the K11 lymphoma (18) were ampli-

Thus, such cells were not defective in p53-mediatedfied using p16 and HPRT primers as in Figure 1C. Lanes 1 and 6
checkpoint control. In contrast, ARF-positive cell linesshow results with no template and MEL cell mRNA, respectively.

(B) Cell lysates (800 mg protein per lane) from the K5 and K90 primary that acquired p53 mutations or deletions were refractory
tumors (18) and from the established K5 cell line were precipitated to p19ARF-induced growth arrest. MEFs from p53-null
with antibodies to the p16INK4a C terminus, and proteins separated mice are genetically unstable and do not senesce either
on denaturing gels were blotted with the same antibody (top) or

(Harvey et al., 1993). In principle, p19ARF might exert itswith rabbit antiserum to CDK4 (bottom).
effects through a p53-regulated gene such as p21Cip1(El-
Deiry et al., 1993), which was cloned as a senescent cell-
derived growth inhibitor (Nodaet al., 1994). In agreementderived cell lines containing mutant p53. We have only
with this hypothesis, basal p21Cip1 levels were reducednegative evidence that p53 directly regulates p19ARF ex-
in ARF2/2 versus ARF1/1 MEFs, and enforced expres-pression in fibroblasts (Quelle et al., 1997); therefore,
sion of p19ARF induced p21Cip1 in a p53-dependent man-significantly higher levels of endogenous p19ARF ob-
ner. Although induction of p53 and p21Cip1 by g irradiationserved in cells lacking p53 function might instead reflect
does not depend on ARF, enforced p19ARF expressionselection for p53 loss in cells in which p19ARF had already
could conceivably trigger a stress response that mimicsbeen induced. ARF-positive MEFs that weather a senes-
effects of DNA damage. Whatever the exact mecha-cence crisis and retain the gene likely become estab-
nisms, observations that p19ARF can function “upstream”lished as a result of independent mechanisms that over-
of p53 raise the possibility that the INK4a/ARF locusride p19ARF-mediated growth suppression, and two lines
is a master growth regulator whose encoded proteinsof evidence suggest that loss of p53 function is the
interface with both the Rb (p16INK4a) and p53 (p19ARF)key event. First, cells lacking a functional p53 gene are
pathways.resistant to p19ARF-induced cell cycle arrest. Second,

Despite the fact that p19ARF depends on p53 for induc-established MEF lines that retained ARF sustained p53
ing growth arrest, loss of both proteins can occur inmutations, whereas those that deleted ARF preserved
tumor cells. We found that a fibrosarcoma that arosep53 function. Lines with mutant p53 rapidly become
spontaneously in an ARF2/2 mouse had lost p53 butpolyploid (Levine, 1997), whereas ARF-null lines that
retained wild-type p16INK4a, indicating that p19ARF andretain p53 function seem to remain pseudodiploid
p53 can likely collaborate in tumor progression. Onethrough more passages. In mice then, p53 and ARF
obvious possibility is that p53 can regulate apoptoticinactivation appear to represent alternative mechanisms
functions in ARF2/2 cells unrelated to cell cycle progres-for bypassing the senescence block, and p53 loss pre-

disposes more strongly to changes in ploidy (Fukusawa sion per se.
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color were mated to C57Bl/6 females. Germline transmission wasp16INK4a and Tumorigenesis?
obtained with one clone. F1 animals were tested for the presenceAlthough it is evident that p19ARF functions as a tumor
of the deleted ARF locus by Southern blotting of tail DNA, andsuppressor in mice, contributions of p16INK4a to the phe-
hemizygous F1 males and females were interbred to generate F2

notype of INK4a-null animals are not excluded by our littermates taken for subsequent studies.
studies. We cannot readily compare the spectrum of
tumors in ARF2/2 mice with those observed by Serrano Cells and Culture Conditions

Cells were maintained in Dulbecco’s modified Eagle’s mediumet al, 1996. We saw lymphomas and fibrosarcomas,
(DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mMwhich predominated in their studies (as in p53-null mice
glutamine, and 100 U/ml penicillin and streptomycin (GIBCO, Grand[Donehower et al., 1992; Jacks et al., 1994; Kemp et al.,
Island, NY). Balb-3T3 (10)1 and (10)3 derivatives (INK4a1, p53-

1994]), as well as tumors which are otherwise very rare. deleted) wereprovided by G. Zambetti (St. Jude Children’s Research
The timing of tumor appearance was also similar. Our Hospital); mouse erythroleukemia (MEL) cells (p53-null, INK4a1)
mice are still relatively young, and it will be necessary were from Drs. P. Marks and V. Richon (Memorial Sloan-Kettering

Institute, New York, NY). Four previously established MEF cell linesto examine and compare many more animals before
included 5-9, 5-10, 6-14 (INK4a1, p53 mutant plus wild type), andreaching firm conclusions about the types and frequen-
6-18 (INK4a2, p53 wild type) (Zindy et al., 1997). The 293T retroviruscies of tumors that arise in the two strains. Another
packaging line and helper virus plasmid (Pear et al., 1993) were

ambiguity concerns the status of ARF mRNA expression obtained from C. Sawyers (University of California, Los Angeles)
in mice disrupted in INK4a exon 2 versus 1a. The amino- with permission from David Baltimore (Massachusetts Institute of
terminal domain of p19ARF is necessary and sufficient to Technology).

MEFs were derived from 13.5-day-old embryos using a 3T9 proto-induce cell cycle arrest (Quelle et al., 1997), so animals
col based on a strategy of Todaro and Green, 1993. Following re-disrupted in exon 2 may not be completely devoid of
moval of the head and organs, embryos were rinsed with phosphate-ARF function if stable mRNAs encoding exon 1b are
buffered saline (PBS), minced, and digested with trypsin (0.05%

translated. Ultimately, then, the extent to which p16INK4a
solution containing 0.53 mM EDTA) for 10 min at 378C, using 1 ml

loss independently contributes to tumorigenesis in mice per embryo. Trypsin was inactivated by addition of DMEM con-
will require analysis of a p162null/ARF-positive strain. taining 10% FBS and 2 mM glutamine, 0.1 mM MEM nonessential

amino acids, 55 mM 2-mercaptoethanol, and 10 mg/ml gentamycin.Data implicating p16INK4a as a tumor suppressor in
Cells from single embryos were plated into two 60 mm diameterhumans remains compelling. In certain tumor types, in-
culture dishes and incubated at 378C in a 10% CO2 humidified cham-activating point mutations of p16 INK4a are common,
ber. Cells were maintained on a defined schedule (9 3 105 cells

whereas deletions are rare (Hirama and Koeffler, 1995; per 60 mm diameter dish passaged every 3 days). Plating after
Hall and Peters, 1996; Pollock et al., 1996). Some muta- disaggregation of embryo cells was considered passage 1, and
tions fall into exon 1a, which does not encode p19ARF the first replating three days later as passage 2. Growth curves at

passages 5 and 10 were initiated with replicate cultures of 2 3 104(Gruis et al., 1995; Holland et al., 1995; Walker et al.,
cells per 60 mm diameter dish; duplicate cultures were counted1995), and the missense mutations within exon 2 that
daily thereafter.affect both reading frames can selectively target p16INK4a

(Quelle et al., 1997). Therefore, cancer2specific point
Focus Formation Assay

mutations preferentially, and perhaps exclusively, im- MEF cells at passages 6 to 8 were seeded at 3 3 105 cells per
pinge on p16INK4a. If the mouse models have any pre- 35 mm diameter plate and cultured overnight in complete medium
dictive value for human cancer, INK4a deletions and containing 10% FBS. Transfections were performed with SuperFect

reagents (Qiagen, Santa Clara, CA) per manufacturer’s instructions.mutations must be functionally distinct.
Expression vector plasmid DNAs, pDCR and pDCR-rasV12 (Michael
A. White, Southwestern Medical Center, Dallas TX), were mixed with

Experimental Procedures a vector encoding b-galactosidase, and complex formation with
SuperFect reagent was performed. After 5 hr of incubation of dupli-

Targeting Vector cate cultures with DNA complexes, cells were washed once with
Bacteriophages containing ARF exon 1b were isolated from a 129/ PBS and transferred into complete medium containing 10% FBS
SvjE mouse genomic library (Van Deursen et al., 1995) using p19ARF- for 2 days. One plate was used for detection of b-galactosidase-
specific cDNA probes (Quelle et al., 1995b). Restriction enzyme positive cells in order to estimate transfection efficiency. Cells from
maps of the INK4a and INK4b loci were determined using bacterial the other plate were distributed equally into three 60 mm diameter
artificial chromosome (BAC) clones (Genome Systems, St. Louis, culture dishes, grown in complete medium containing 5% FBS, and
MO). To construct the targeting vector, a 1 kb SmaI fragment con- refed with fresh medium every 2 days. Twenty-one days post-
taining Exon 1b was deleted and replaced with a neo cassette transfection, cells were fixed and stained with Giemsa. Unfixed foci
flanked by 2.5 kb EcoRI (E) to SmaI (Sm) and 5 kb SmaI to SpeI (S) of morphologically transformed cells were subcloned using micro-
fragments derived from the ARF locus; screening of ES cell clones cylinders, expanded, and tested for anchorage-independent growth
was performed by digestion of genomic DNA with AflII (Figure 1A). in 0.3% Noble agar (2 3 104 cells per dish) in Iscove’s medium

supplemented with 15% FBS, and colonies were scored 2–3 weeks
later.Homologous Recombination and Generation

of Germline Chimeras
ES cells (RW4, Genome Systems, St. Louis, MO) wereelectroporated Vector Virus Production and Infection

Human kidney 293T cells were transfected with 15 mg of ecotropicwith 10 mg of linearized targeting vector and selected with geneticin
(G418, Sigma Chemicals, St. Louis, MO) and 12[2’-deoxy-2’fluoro- helper virus DNA plasmid plus 15 mg of SRa vector DNA encoding

p19ARF (Quelle et al., 1995b). Cell supernatants containing infectiousb-D-arabinofuranosyl]-5-iodouracil (FIAU; Bristol-Myers Squibb,
Princeton, NJ) (Van Deursen et al., 1995). Three hundred ES colonies retroviral pseudotypes were harvested 24–60 hr posttransfection,

pooled on ice, and filtered (0.45 mm membrane). Infections of expo-doubly resistant to G418 and FIAU were analyzed for homologous
recombination using AflII and a 1.0 kb SpeI-ClaI probe (Figure 1A). nentially growing mouse fibroblasts were performed in an 8% CO2

atmosphere with 2 ml of virus-containing culture supernatant con-Four ES clones heterozygous for exon 1b were injected into C57Bl/6
blastocysts, which were subsequently implanted into the uteri of taining 10 mg/ml polybrene (Sigma, St. Louis, MO) for each 100 mm

diameter plate culture. After 3 hr, 10 ml fresh medium was added.pseudopregnant F1 B/CBA foster mothers and allowed to develop
to term. Male chimeras from two clones selected by agouti coat Cells were harvested 48 hr after infection and the percentage in S
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phase was determined by flow cytometric analysis of DNA content 30 min at room temperature to monoclonal anti-BrdU (Becton Dick-
inson, San Jose, CA) or to isotype-matched control mouse immuno-or by incorporation of [3H]thymidine into replicating cell DNA.
globulin G (IgG), washed with PBS, and counterstained for 30 min
with fluorescein-conjugated goat antibodies to mouse IgG (Coulter,

[3H]Thymidine Incorporation into DNA Hialeah, FL). Washed cells were resuspended in PBS containing
Cells infected with viral vector plasmids encoding p19ARF or lacking 0.5% BSA, 20 mg/ml propidium iodide, and 50 mg/ml DNAse-free
cDNA inserts were distributed at 5 3 103 cells per well into 96-well RNAse (Calbiochem), incubated at room temperature for 30 min,
microtiter plates. Following attachment, the cells were starved in and analyzed by flow cytometry. Fluorescence from FITC-labeled
complete medium containing 0.1% FBS and then restimulated with incorporated BrdU and propidium iodide-DNA complexes was mea-
complete serum-containing medium to reenter the cell division cycle. sured on a FACSCalibur flow cytometer (Becton Dickinson) using
[3H]thymidine (5 Ci/mmol, 0.1 mCi/well; Amersham) was added with 488 nm laser excitation. Cell debris and background artifacts were
the medium, and 24 hr later, incorporation of radioactivity into DNA electronically gated out, and the percentages of cells in different
was measured in disrupted cells trapped on ethanol-washed filters cell cycle phases were computed using CellQuest software (Becton
using a Wallac Betaplate scintillation counter (Gaithersburg, MD). Dickinson). Similar numbers of cells were analyzed for each sample

with all standard deviations less than 64% of the mean.
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