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Establishment of cell lines from primary mouse embryo fibroblasts
depends on loss of either the Arf tumor suppressor or its down-
stream target, the p53 transcription factor. Mouse p19Arf is en-
coded by the Ink4a-Arf locus, which also specifies a second tumor
suppressor protein, the cyclin D-dependent kinase inhibitor
p16Ink4a. We surveyed bone marrow-derived cells from wild-type,
Ink4a-Arf-null, or Arf-null mice for their ability to bypass senes-
cence during continuous passage in culture. Unlike preB cells from
wild-type mice, those from mice lacking Arf alone could be prop-
agated indefinitely when placed onto stromal feeder layers engi-
neered to produce IL-7. The preB cell lines remained diploid and
IL-7-dependent and continued to express elevated levels of
p16Ink4a. By contrast, Arf-null bone marrow-derived macrophages
that depend on colony-stimulating factor-1 for proliferation and
survival in culture initially grew at a slow rate but gave rise to
rapidly and continuously growing, but still growth factor-depen-
dent, variants that ceased to express p16Ink4a. Wild-type bone
marrow-derived macrophages initially expressed both p16Ink4a and
p19Arf but exhibited an extended life span when p16Ink4a expres-
sion was extinguished. In all cases, gene silencing was accompa-
nied by methylation of the Ink4a promoter. Therefore, whereas Arf
loss alone appears to be the major determinant of establishment
of murine fibroblast and preB cell lines in culture, p16Ink4a provides
an effective barrier to immortalization of bone marrow-derived
macrophages.

cell cycle checkpoints u cyclin-dependent kinase inhibitors

Primary mammalian cells in culture exhibit a limited prolif-
erative capacity, after which they senesce (1, 2). In prolifer-

ating human somatic cells in which active telomerase is not
normally expressed, telomere erosion from the ends of chromo-
somes serves as a ‘‘mitotic clock’’ that counts cell divisions. After
a finite number of division cycles, ensuing telomere dysfunction
activates cell cycle checkpoint controls to trigger replicative
arrest (‘‘senescence’’). Abrogation of the tumor suppressive
functions of the retinoblastoma protein (Rb) and p53 transcrip-
tion factor bypasses this checkpoint arrest and endows cells with
an extended life span. However, progressive telomere shortening
ultimately leads to gross chromosomal instability and apoptosis
(‘‘crisis’’) from which few if any cells survive. To escape crisis,
cells must restabilize their telomeres, either by reactivating
telomerase or by exploiting alternative recombinational mech-
anisms for telomere maintenance. The relative inability of
normal human cells in culture to bypass both senescence and
crisis likely accounts for their rare establishment as continuously
proliferating cell lines (reviewed in refs. 3 and 4).

Cultured rodent cells behave differently. Laboratory mice are
endowed with telomeres 5- to 10-fold longer than those of human
chromosomes (5), and telomerase activity can be detected in
many somatic cells (6). Indeed, mice lacking the gene encoding
the telomerase RNA subunit are perfectly healthy and reveal
consequences of telomere dysfunction only when interbred
through multiple sequential generations (7). Yet, despite the

apparent absence of a telomerase-based mitotic clock, explanted
mouse embryo fibroblasts (MEFs) undergo senescence much
more rapidly than human skin fibroblasts. In MEFs, the induc-
tion of inhibitors of cell cycle progression represents the major
telomere-independent barrier to cellular immortalization. One
hypothesis is that senescence of cultured rodent cells reflects the
activation of p53- and Rb-dependent cell cycle checkpoints in
response to nonphysiologic conditions of tissue culture per se
(‘‘culture shock’’) (4, 8). Human cells likely respond in this
manner as well, but as a longer-lived species, their cells may have
evolved a more effective means of insulating themselves from
stresses imposed by the culture environment. This idea has
gained support from experiments in which specific alterations in
culture conditions greatly extended the life span of both human
and rodent cells and in some instances guaranteed seemingly
continuous proliferation of explanted primary rodent cells
(9–11).

The Ink4a-Arf locus encodes two unrelated proteins, p16Ink4a

and p19Arf, encoded in part by alternative reading frames within
exon 2 of the gene (12). These proteins are tumor suppressors
that brake the cell cycle by modulating the activities of Rb and
p53, respectively (13). The p16Ink4a protein inhibits the cyclin
D-dependent kinases, Cdk-4 and Cdk-6, preventing them from
phosphorylating and inactivating Rb (14). The unrelated p19Arf

protein is induced in response to an elevated threshold of
mitogenic signals that arise from overexpression of c-Myc,
E2F-1, E1A, Ras, v-Abl, and other oncoproteins (15–19). p19Arf

binds and inactivates functions of the p53 negative regulator,
Mdm2, thereby potentiating p53 activity and inducing p53-
dependent growth arrest or apoptosis, depending on the biologic
context (20–23).

Although not detected during mouse embryonic development,
p16Ink4a and p19Arf are induced and accumulate progressively as
explanted MEFs are passaged in culture (24). Spontaneously
immortalized cell lines derived from primary MEF cultures
exhibit either p53 or Arf loss of function in a mutually exclusive
manner (24). Moreover, MEFs derived from mice lacking Arf
alone or Ink4a-Arf fail to undergo any detectable phase of
replicative senescence (25, 26), although those from Arf-null
mice continue to express high levels of p16Ink4a. Therefore, of the
two products encoded by the Ink4a-Arf locus, p19Arf plays the
dominant role in preventing MEF immortalization.

Different genetic events may well govern the immortalization
of other cell types in culture, and many lines of evidence argue
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that p16Ink4a plays a major role in imposing a proliferative
barrier, particularly in various human cell strains (3, 4, 27). Here,
we show that, whereas elimination of Arf is apparently sufficient
to establish bone marrow (BM)-derived preB cells as continu-
ously proliferating cell lines in culture, BM-derived macrophages
preferentially silence Ink4a without losing expression of the
closely linked Cdk inhibitor, p15Ink4b, or of p19Arf.

Materials and Methods
Cells and Culture Conditions. Cells harvested from the femurs and
tibias of mice were explanted into cultures onto NIH 3T3 feeder
layers in RPMI 1640 medium (Mediatech, Herndon, VA) sup-
plemented with 5% FCSy55 mM 2-mercaptoethanoly2 mM
glutamine, penicillin, and streptomycin (GIBCO) (28, 29) and
phenotyped as described (30). The NIH 3T3 subclone was
engineered to secrete human recombinant interleukin-7
(DNAX) and provides efficient stromal cell support for culturing
either primary preB cells or IL-7-dependent cell lines (ref. 30 and
data not shown). Two-thirds of the preB cells were removed at
3-day intervals, medium was replenished, and residual cells were
allowed to proliferate until growth ceased (1–2 months for
cultures of wild-type cells) or until experiments with Arf-null
cells were terminated. At day 10 after explantation, some preB
cells were transferred from feeders to IL-7-conditioned liquid
medium without stromal support (30). Cells were plated in
triplicate at a density of 2.5 3 105yml in 6-well plates, counted
every 2 days, and rediluted to the starting density in fresh
medium every fourth day. Under these conditions, IL-7 was not
rate-limiting for cell proliferation.

Primary cultures of BM-derived macrophages were generated
from 4- to 8-week-old Arf-null, Ink4a-Arf-null, and wild-type
mice. Cells were seeded at 1 3 106 cells per ml in DMEM
(BioWhittaker) supplemented with 15% FCSy5.5 mM 2-
mercaptoethanoly2 mM glutamine, penicillin, and streptomy-
cin, and L cell-derived colony-stimulating factor-1 (CSF-1) (31).
Nonadherent cells were removed 24 h later, resuspended at the
same cell density in fresh medium, replated, and then removed
after a second 48-h incubation to separate progenitor cells from
adherent phagocytes and fibroblasts. Nonadherent cells were
seeded a final time at the same density and propagated for 3–4
days until confluent [Passage (P)-1]. Staining with antibodies to
Mac-1 (M1y70 PharMingen) and F4y80 (32) revealed that all
cells expressed the macrophage markers. Scraped cells were
replated at 4 3 105 per ml, fed with L cell-conditioned-medium
every 2 days, counted when confluent, diluted 1:5 in fresh
medium before replating, and maintained on this protocol
throughout the experiment. Growth kinetics were determined
for six independent cultures of each genotype counted in trip-
licate. The mouse CSF-1-dependent macrophage cell line
BAC1.2F5 was maintained as described (32); preB cells trans-
formed by p210BCR-Abl were a gift from Owen Witte (University
of California, Los Angeles). MEF (clone 10) containing mutant
p53 and expressing high levels of both p19Arf and p16Ink4a was
derived previously (24).

Irradiation and Apoptosis Assays. PreB cells were suspended at 106

cells per ml in medium containing IL-7 and were irradiated with
4 Gy from a cesium source. Cell viability was determined 24 h
later by analysis of cells stained with annexin V and propidium
iodide (33). BM-derived macrophages were irradiated with 5 Gy,
harvested, lysed, and analyzed by immunoblotting for induction
of p53 and Mdm2.

Immunoblotting. Frozen cell pellets were lysed in ice-cold EBC
buffer (34). Nuclei and debris were sedimented, and protein
quantified by using a BCA Protein Assay Kit (Pierce). Proteins
(200 mg per lane) separated on 12.5% denaturing polyacrylamide
gels containing SDS were transferred to nitrocellulose (Osmon-

ics, Westborough, MA) and visualized (Western Blot Chemilu-
minescence Reagent, NEN Life Science, Boston) after blotting
with affinity-purified rabbit polyclonal antisera specific to the C
termini of p19Arf (12) or p16Ink4a (35), with antibody 2A10 to
Mdm2 (15), or with commercial antibodies to p53 (Ab7, Cal-
biochem) or to a-tubulin (T-5168 Sigma). Rabbit polyclonal
antiserum (RAE) to the p15Ink4b C terminus was used to detect
the protein by sequential precipitation and blotting (24).

RNA Analysis. Total RNA was extracted from cultured macro-
phages by using RNAzol B (Tel-Test, Friendswood, TX). RNA
(50 mgylane) was separated electrophoretically in formalde-
hyde-containing gels, blotted to Hybond-N1 nylon hybridization
membranes (Amersham Pharmacia Biotech) and detected by
using a 110-bp [32P]-labeled probe specific for exon 1a of the
Ink4a-Arf locus (35).

Methylation-Specific PCR (MSP). Bisulfite modification of genomic
DNA and MSP were performed (36) with primer sets designed
to amplify PCR products from the Ink4a promoter region and
exon 1a. Primers that detected methylated DNA yielded a
199-bp PCR product (nucleotide positions 8–207 according to
GenBank accession no. L76150), whereas those that hybridized
to unmethylated templates amplified a 197-bp product (nucle-
otide positions 10–207). Retention of exon 1a was confirmed by
amplifying untreated genomic DNA with wild-type primers to
produce a 201-bp fragment (nucleotide positions 6–207). Primer
sequences were: (methylated) 59-ATACGATTGGGCGATT-
GGGCG-39 (sense) and 59-CACCTAAATCGAAATACGAC-
CGA-39 (antisense) (unmethylated); 59-ATGATTGGGTGA-
TTGGGTG-39 (sense) and 59-CATCACCTAAATCAAAATA-
CAA-39 (antisense); and (wild-type) 59-TCACACGACT-
GGGCGATTGG-39 (sense) and 59-CACCTGAATCGGGG-
TACGAC-39 (antisense). Reactions were initiated at 95°C for
7.5 min, Taq polymerase (Promega) was added, and DNA was
amplified for 30 cycles of denaturation (95°C, 30 s), annealing
(61°C, methylated; 51°C, unmethylated, and 56°C, wild-type,
30 s) and extension (72°C, 45 s) by using a thermal cycler (5331
Mastercycler, Brinkmann). PCR products were visualized on
2.0% agarose gels in Tris-acetateyEDTA electrophoresis buffer
containing ethidium bromide (0.5 ngyml).

Results
p19Arf Deficiency Prevents Senescence of Primary preB Cells. We
derived long-term IL-7-dependent B lymphocyte cultures from
bone marrow of age-matched wild-type and Arf-null mice. When
cultured on NIH 3T3 feeder cells engineered to express IL-7,
myeloid progenitors cannot survive, and a homogeneous popu-
lation of preB cells (.90%) grows out after 10 days. PreB cells
from wild-type mice could be continuously expanded on feeder
layers, initially doubling every 2–3 days, but they underwent
replicative senescence within 1–2 months (28). In contrast,
Arf-null preB cells proliferated continuously and at significantly
faster rates doubling every 24 h, even after 3 months in culture
when many such experiments were terminated (data not shown).
When wild-type preB cells were removed from feeder layers
after 10 days of culture and propagated under more stringent
liquid culture conditions in the presence of saturating quantities
of IL-7 but without other stromal factors, the cells proliferated
more slowly, doubling every 5 days. After 2 weeks in liquid
medium, their proliferation ceased and cells gradually died
(Fig. 1A). In contrast, Arf-null preB cells doubled every 1.5 days
and proliferated continuously throughout the duration of the
experiment (Fig. 1 A). Indeed, the generation time of Arf-null
preB cells was indistinguishable from that of an established,
transformed and tumorigenic preB cell line expressing the
p210BCR-Abl oncoprotein.

Arf-null MEFs become established immediately after explan-

Randle et al. PNAS u August 14, 2001 u vol. 98 u no. 17 u 9655

CE
LL

BI
O

LO
G

Y



tation into culture, even though they accumulate high levels of
p16Ink4a on further passage (26). Similarly, both wild-type and
Arf-null preB cells accumulated p16Ink4a protein as they were
passaged (Fig. 1C), even when maintained on IL-7-producing
feeder layers. Late passage Arf-null preB cells continued to
proliferate at the same high rate, despite robust p16Ink4a expres-
sion. Increased p19Arf protein expression was observed as wild-
type preB cells senesced (Fig. 1C). Cells immortalized by BCR-
Abl also expressed high levels of p16Ink4a, although selectively
eliminating expression of p19Arf (Fig. 1C), consistent with pre-
vious observations that v-Abl expression in preB cells selects for
loss of either p19Arf or p53 function (19). Therefore, of the two
proteins encoded by the Ink4a-Arf locus, only p19Arf is required
to impose replicative arrest in preB cells.

Five separate Arf-null preB cell lines maintained on IL-7-
producing feeders for at least 3 months remained dependent on
IL-7 for growth and survival. G1 phase cells remained diploid,
which is characteristic of immortalized Arf-null MEFs and
distinguishes them from established fibroblast cell lines that lack
p53 function and rapidly become tetraploid (24, 26). PreB cell
lines expressed very low levels of wild-type p53, as determined
with antibodies that distinguish normal from mutant isoforms
(data not shown). Because mutant p53 is unable to transcrip-
tionally activate its negative regulator Mdm2, mutant forms of
p53 are stable. The failure to accumulate p53 protein also
implied that p53 mutations had not occurred. When preB cells
were exposed to a low dose of g-irradiation (4 Gy), and apoptotic

cells were stained 24 h later with annexin V, Arf-null cells, like
their wild-type counterparts, were highly sensitive and rapidly
underwent apoptosis (Fig. 1B), whereas p53-null preB cells were
markedly resistant (Fig. 1B) (37). Collectively, these data imply
that Arf-null preB cells can continue to proliferate at a high rate
in culture without sustaining p53 or p16Ink4a loss of function.

p16Ink4a Down-Regulation Accompanies Establishment of Bone Mar-
row-Derived Macrophage Cell Lines. Murine macrophage cell lines
have previously been derived after infection of peritoneal mac-
rophages or myeloid progenitors with replication-defective sim-
ian virus (SV)40 and propagation of infected cells in CSF-1-
containing medium. Established macrophage cell lines emerged
1–2 months after viral infection but were aneuploid and no
longer depended on CSF-1 for proliferation or survival (38, 39).
To date, only one CSF-1-dependent, diploid murine macrophage
cell line has been derived after infection of myeloid progenitors
with SV40 virus (32, 40). These BAC1.2F5 cells sustained
bi-allelic deletion of the Ink4a-Arf locus, but lack detectable
SV40 viral DNA (35).

To determine whether primary Arf-null macrophages, like
Arf-null murine preB cells and MEFs, would exhibit an extended
life span in culture, we explanted BM-derived macrophages into
medium containing CSF-1. Under these conditions, established
Ink4a-Arf-null BAC1.2F5 macrophages grew with a constant
doubling time (Td) of 1.3 days throughout serial passage (Fig. 2A
and Table 1). We emphasize that these cells have been propa-
gated in culture for many years and have been periodically
subcloned to retain CSF-1 dependence; they therefore have had
ample opportunity to acquire additional growth-promoting mu-
tations during their long passage history. Strikingly, Ink4a-Arf-
null macrophages explanted directly from mice also maintained
a constant doubling time throughout the duration of the exper-
iment (Td 5 1.9 days) that approached that of BAC1.2F5 cells.
Wild-type macrophages proliferated much more slowly (Td 5 7.1
days) during their first month in culture (Fig. 2 A and Table 1).
Macrophages lacking Arf alone proliferated faster than wild-type
cells during this period (Td 5 3.3 days) but grew slower than their
Ink4a-Arf-null counterparts (Table 1). Eventually, however,
more rapidly proliferating cells emerged from both the Arf-null
and wild-type populations, and these exhibited faster doubling
times for the remainder of the experiment. The latter cultures
were maintained for an additional 3 months without any further
change in proliferative rate. Late passage cells of all genotypes
remained growth factor-dependent, retained macrophage cell
surface markers, and demonstrated phagocytosis of antibody-
coated avian erythrocytes (data not shown). Together, these
data suggested (i) that both p16Ink4a and p19Arf cooperate in
preventing establishment of murine macrophage cell lines, and
(ii) that wild-type and Arf-null macrophages likely sustained
additional mutations that facilitated their adaptation to culture.

Given the initial differences in generation times of explanted
Ink4a-Arf-null and Arf-null macrophages, an obvious possibility
was that additional mutations accelerating the proliferation of
Arf-null cells might reflect subsequent loss of expression of
p16Ink4a. Immunoblotting analyses of cell lysates revealed that
the emergence of faster growing variants from cultures of either
wild-type or Arf-null macrophages correlated with down-
regulation of p16Ink4a protein expression (Fig. 2B). Loss of
p16Ink4a from wild-type cells between 36 and 50 days of culture
(Fig. 2B) was accompanied by an abrupt shortening of cell
generation time during this interval (Fig. 2 A; Table 1), whereas
similar changes in Arf-null cells occurred more rapidly between
days 28–35 (Fig. 2 A and B; Table 1). The p19Arf protein
continued to accumulate in wild-type macrophages even after
faster growing cells emerged (Fig. 2C), and the latter variants
proliferated more slowly than cells lacking both p19Arf and
p16Ink4a (Table 1). Expression of the 15 kDa product of the

Fig. 1. p19Arf deficiency bypasses senescence of preB cells. (A) Kinetics of cell
growth were determined for five independently derived lines of Arf-null (■)
and wild-type (Œ) preB cells in IL-7-containing medium and compared with a
previously immortalized preB cell line transformed by BCR-Abl (}). (B) After
exposure to 4 Gy g-irradiation, preB cells of the indicated genotypes (Bottom)
were cultured for 24 h and stained with annexin V and propidium iodide to
determine cell viability. (C) PreB cells maintained on IL-7-expressing feeder
layers were harvested and lysed at 10-day intervals (days, Bottom) over a
2-month period. Results are compared with those obtained with cells trans-
formed by BCR-Abl (p210). Proteins were detected by direct immunoblotting
by using antibodies raised against p19Arf and p16Ink4a, as indicated in the left
margin. Detection of a-tubulin was used to confirm equal protein loading.
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closely linked Ink4b gene was similarly maintained in late
passage wild-type and Arf-null cells, as determined by sequential
immunoprecipitation and blotting (Fig. 2D). All cell populations
accumulated p53 and its transcriptional target Mdm2 after
g-irradiation, arguing for retention of functional wild-type p53
(Fig. 2E). Therefore, p16Ink4a expression was eliminated during
propagation of both Arf-null and wild-type BM-derived macro-
phages, whereas the Ink4b coding region was retained and
expressed.

Methylation-Associated Suppression of Ink4a Expression in BM-
Derived Macrophages. Although initially observed, p16Ink4a pro-
tein could no longer be detected in later passage wild-type or
Arf-null macrophages (Fig. 3A). Similarly, Northern blot analysis
performed with a 110-bp exon 1a cDNA probe that specifically
detects Ink4a but not Arf transcripts (12, 35) revealed no Ink4a
mRNA at later times (Fig. 3B). We therefore carried out

methylation-specific PCR analysis of bisulfite-modified genomic
DNA (36). Although each of the three Ink4a coding exons
contains a CpG island, only methylation of exon 1a and the 59
promoter region occurs in cell lines and tumors derived from
both humans and mice (41, 42). We designed oligonucleotide
primers to amplify a '200-bp region including 75 bp from the 59

Fig. 2. Proliferation kinetics and protein expression in macrophages of different genotypes. (A) BM-derived macrophages cultured in 60-mm diameter dishes
were counted when confluent and rediluted 1:5 for the next passage. Data were plotted for six independent cultures derived from Arf-null (■), Ink4a-Arf-null
(}) and wild-type (Œ) mice, and compared with those obtained with the established macrophage cell line, BAC1.2F5 (F). (B) Cells taken at indicated times were
assayed for expression of p16Ink4a and a-tubulin by immunoblotting. Macrophages grown for the designated times (days) were lysed and assayed by direct
immunoblotting for p19Arf (C) or by sequential immunoprecipitation and blotting for p15Ink4b (D). (E) Macrophages of the indicated genotypes (Top) after
different times in continuous culture (Bottom) were exposed to 5 Gy g-irradiation (1) or left untreated (2) and analyzed by immunoblotting for p53 and Mdm2
protein induction. Representative results with several independently derived populations are shown in C–E.

Table 1. Generation times of primary bone marrow-derived
macrophages

Genotype Passage Days in culture Doubling time, days

Wild type P2–P5 1–36 7.1
P5–P10 36–72 2.6

Arf-null P2–P6 1–28 3.3
P6–P10 28–48 1.7

Ink4a-Arf-null P2–P10 1–42 1.9
BAC1.2F5 P2–P10 1–27 1.3

Macrophages were passaged as described in Fig. 2, and their doubling times
were determined at the designated intervals. Because cells were passaged just
after they became confluent, passage numbers for cells of different genotypes
correspond to different numbers of days in culture. Immortal CSF-1-depen-
dent BAC1.2F5 cells have sustained bi-allelic deletion of the Ink4a-Arf locus.

Fig. 3. Transcriptional repression of Ink4a in established BM-derived mac-
rophages. (A) Lysates from macrophages after different times in continuous
culture were immunoblotted for p16Ink4a and a-tubulin; three independent
clones of wild-type and Arf-null cells were studied. (B) Northern blot analysis
was carried out with RNA extracted from parallel cultures of the same cells
described in A. RNA was hybridized with an exon 1a probe specific for Ink4a;
18S rRNA levels were determined by methylene blue staining.
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proximal promoter region and extending through exon 1a, as
shown in Fig. 4A. We first used primers specific for unmodified
DNA to confirm that exon 1a was not selectively deleted in
established cell lines. PCR amplification yielded a 200-bp prod-
uct from all late passage macrophage cell lines, except Ink4a-
Arf-null BAC1.2F5 cells (Fig. 4B). Analysis of bisulfite-modified
genomic DNA by using primer sets designed to distinguish
between methylated and unmethylated DNA revealed that in
each early-passage cell line in which high levels of p16Ink4a

protein are detectable (Figs. 2B and 3A), only primers to
unmethylated DNA gave rise to PCR products (Fig. 4C). In
contrast, later passage cells, which lacked p16Ink4a protein (Figs.
2B and 3A), yielded PCR products that arose almost exclusively
from primers to methylated DNA (Fig. 4C). Therefore, elimi-
nation of the p16Ink4a protein product in late passage macro-
phages correlated with methylation of exon 1a and transcrip-
tional repression.

Discussion
Disabling the Arf–Mdm2–p53 surveillance pathway is suffi-

cient to permit rapid establishment of continuously growing
MEF cell lines, whereas disruption of the p16Ink4a–cyclin
DyCdk–Rb signaling pathway is not a prerequisite. To evaluate
whether Arf deficiency might be sufficient to yield immortalized
cell types other than MEFs, we generated primary cultures of
BM-derived preB cells and macrophages from Arf-null mice.
Like MEFs from these animals, primary Arf-null preB cells grew
continuously and at a constant rate after explantation into
culture, despite continued maintenance of p16Ink4a protein ex-
pression. Arf-null preB cells were dependent on IL-7 for growth
and survival, retained functional p53, remained diploid after
extended passage, and showed little evidence of karyotypic
abnormalities (data not shown). These data are consistent with
the finding that infection of preB cells with Abelson murine
leukemia virus can select for immortalized clones that have
sustained Arf deletions (19). Astrocytes derived from mice
lacking both Ink4a and Arf are also immortal in culture (43), and
we have made similar observations with astrocytes explanted
from animals lacking Arf alone (J. Alan Diehl and C.J.S.,
unpublished data). However, other cell types from Arf-null mice,
such as keratinocytes, endothelial cells, and cardiac myocytes
have proven difficult to immortalize. Therefore, genes affecting
signaling through p19Arf-independent pathways must prevent
various cell types from adapting to continuous growth in culture.

On the basis of studies with human cells, the most likely
contributing candidates in enabling bypass of cellular senescence
in these other cell types are genes in the Rb pathway (3, 4, 8, 27).
In support of this concept, BM-derived CSF-1-dependent mac-
rophages from Arf-null mice, although initially able to proliferate
faster than wild-type cells, spontaneously yielded even faster
growing populations that exhibited doubling times comparable
to cells lacking both Arf and Ink4a. Strikingly, these later passage
Arf-null macrophages no longer expressed Ink4a mRNA but
continued to produce the related Cdk inhibitor, p15Ink4b, which
is encoded by a locus very closely linked to Ink4a-Arf. These data
implied that deletion or rearrangement of chromosomal DNA
had not occurred in the region that contains both Ink4a-Arf and
Ink4b and instead suggested that Ink4a was transcriptionally
silenced. Use of a methylation-specific PCR assay (36) revealed
that down-regulation of p16Ink4a expression in late passage cells
temporally correlated with methylation within the first coding
exon and immediate 59 promoter sequences of the Ink4a gene.
Like BAC1.2F5 cells, which lack the Ink4a-Arf locus, and unlike
macrophage cell lines immortalized by simian virus 40, macro-
phage populations derived from Arf-null mice that no longer
expressed Ink4a remained diploid and dependent on CSF-1 for
growth and survival throughout many months in culture.

After a delay of several weeks, rapidly proliferating variant
populations also arose spontaneously in macrophages cultured
from normal bone marrow. At early passages, these cells pro-
liferated much more slowly than their counterparts from Arf-null
mice. However, at later passages, methylation and silencing of
the Ink4a gene again correlated with accelerated growth. The
latter cells continued to express p19Arf and could be maintained
for an additional 3 months in culture without further changes in
their generation time, suggesting that loss of p16Ink4a may, at
least in part, alleviate selective pressure for mutations in the
Arf–Mdm2–p53 pathway. It remains unclear whether the pop-
ulations derived from wild-type macrophage progenitors are
fully established, in the sense that their doubling times remained
much slower than those of immortal BAC1.2F5 cells or of cells
explanted from animals deficient in both Ink4a and Arf, which
grew rapidly immediately after explantation. Nonetheless, it is
evident that Ink4a strongly contributes in providing a significant
barrier to continuous macrophage proliferation in culture. It will
therefore be of some interest to determine the behavior of
BM-derived macrophages from mice that retain Arf and lack
Ink4a alone.

Fig. 4. Transcriptional silencing and methylation of Ink4a in late passage macrophages. (A) Schematic map of exon 1a and the 59 proximal promoter region
indicating the location of sense (13) and antisense (42) oligonucleotides used to amplify a 201-bp product after bisulfite modification of genomic DNA from
BM-derived macrophages. (B) PCR analysis of unmodified genomic DNA from macrophages harvested at various times (days in culture), together with DNA from
cells of known p16Ink4a status (MEF clone 10 positive control; BAC1.2F5, negative control) by using oligonucleotides to the wild-type genetic sequence. (C) PCR
analysis of bisulfite-modified DNA from the same cells described in B by using oligonucleotides that distinguish between unmethylated (U) and methylated (M)
sequences. A PCR reaction lacking template (H2O) was used as a negative control. Several independently derived populations of each genotype were compared.
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Transcriptional repression of Ink4a associated with hyper-
methylation of the proximal promoter and first coding exon
has been previously reported to occur as a telomere-
independent mechanism to overcome early senescence in
human mammary epithelial cells and keratinocytes (44, 45).
Although we believe that such telomere-independent barriers
to proliferation occur as a checkpoint response to stress
imposed by artificial culture conditions (3, 4), hypermethyl-
ation of p16Ink4a occurs in many forms of human cancer (46,
47). We might surmise that in mice, as well as in humans, the
loss of Ink4a alone (with retention of Arf ) can contribute to
tumor formation in those cell types that rely strongly on
p16Ink4a function for checkpoint control. A deeper understand-

ing of this lineage specificity may help explain why Ink4a and
Arf are differentially targeted in human cancers.
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