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Normal cells undergo a growth-arrested status that is produced by p53-dependent down-regulation of
histone H2AX. Immortality is developed after abrogation of the H2AX-diminished state, which is associ-
ated with genomic instability (often with tetraploidy) and the induction of mutations in either the Arf or
p53 gene. However, the role of Arf in control of H2AX expression and genome stability is still unclear.

Keywords: Here, we show that both Arf and p53 are required for the down-regulation of H2AX and formation of
Arf . the growth-arrested state. Wild-type (WT) mouse embryonic fibroblasts (MEFs) subjected to tetraploid-
g;&me stability ization with DNA lesions did not undergo mitotic catastrophe-associated cell death and stayed in a
p53 growth-arrested state, until immortality was attained with mutations in the Arf/p53 module and recovery

of H2AX expression. Whereas tetraploidization was essential for immortalization of WT MEFs, this event
was not required for immortalization of MEFs containing mutations in Arf/p53 and these cells still under-
went mitotic catastrophe-associated cell death. Thus, WT MEFs are protected from immortalization with

Quiescent state

genome stability, which is abrogated with tetraploidization and mutation of either Arf or p53.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Most cancers that develop in old age are characterized by chro-
mosomal or microsatellite instabilities, as well as mutations in
genes, such as those involved in the Arf-MDM2-p53 axis [1-3].
Similar to cancer cells, mouse embryonic fibroblasts (MEFs) ac-
quire immortality associated with genomic instability [4] and
mutations in the Arf/p53 module [5]. Although Arf and p53 are part
of the same regulatory module, these genes are mutated in a mutu-
ally exclusive manner in immortalized MEFs, suggesting that both
Arf and p53 are required for protection against cellular immortal-
ization [6,7]. By contrast, the p53-dependent acute response to
damage still occurs in p53-proficient cancer cells that contain
mutations in Arf [8,9]. These findings suggest that normal cells
are protected from immortalization by regulation of both Arf and
p53, and that this protection mechanism is distinct from the role
of p53 in the acute damage response [6].

Abbreviations: CTU, camptothecin; HU, hydroxyurea; KO, knockout; MEFs,
mouse embryonic fibroblasts; WT, wild-type.
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Because Arf and p53 are critical tumor suppressors, Arf- and
p53-knockout (KO) mice are predisposed to cancer development
[10,11]. In addition, transgenic mice with an extra copy of the Arf
and p53 genes (super-Arf/p53 mice) show signs of cancer suppres-
sion and have extended life spans [5]. Intriguingly, like wild-type
MEFs with stable genomes, MEFs from super-Arf/p53 mice are
strongly protected against immortalization [5]. These findings im-
ply that the primary function of the Arf/p53 module is control of
cellular homeostasis, which contributes to lifespan extension and
cancer suppression. By contrast, cells with hyperactive p53 in-
duced by overexpression or acute damage undergo senescence or
apoptosis in vitro [12-14], and transgenic mice with hyperactive
p53 undergo premature aging [15-17]. Furthermore, mutant mice
that are unable to induce many of the canonical p53 target genes in
response to acute DNA damage retain tumor suppression activity
under normal conditions [8,9]. Taken together, these findings sug-
gest that p53 has distinct functions under normal and hyperacti-
vated conditions; the Arf-dependent function of p53 is to control
cellular homeostasis under normal conditions, leading to lifespan
extension and cancer prevention, and is likely to be distinct from
the function of hyperactivated p53 [6].

After serial proliferation, normal cells generally undergo a
growth-arrested state associated with diminished levels of H2AX
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[6,7]. These growth-arrested cells are defective in DNA damage re-
pair and are therefore susceptible to the accumulation of unre-
paired DNA lesions [18]. In response to aberrantly accelerated
growth stimuli, these growth-arrested cells develop DNA replica-
tion stress-associated lesions and subsequent genomic instability
[4]. Cellular growth retardation and DNA damage repair deficiency
are both likely caused by a reduction in histone H2AX levels be-
cause cells lacking H2AX also display these characteristics [19-
22]. By contrast, transformed or immortalized cells are formed fol-
lowing abrogation of the H2AX-diminished state [6,7].

Down-regulation of H2AX is dependent on p53; the mechanism
of regulation presumably involves the Arf/p53 module because the
H2AX-diminished and growth-arrested state is not induced in p53-
KO MEFs or in immortalized MEFs that contain mutations in either
Arfor p53[6,7]. Although the role of p53 in establishment of a qui-
escent state has been described previously [6,7], the mechanism by
which Arf contributes to the down-regulation of H2AX, protection
against immortalization, and genomic instability (ploidy) is still
unclear.

In this study, we demonstrate that Arf is required for growth ar-
rest associated with reduced levels of H2AX in MEFs. The quiescent
state of normal MEFs was abrogated by mutations in either Arf or
p53. Although tetraploidization was not essential for immortaliza-
tion of p53-KO and Arf-KO MEFs, tetraploidization of wild-type
(WT) MEFs was required to induce mutations in the Arf/p53
module.

2. Materials and methods
2.1. Cell culture

WT, Arf-KO, and p53-KO MEFs were prepared from Day 13.5
mouse embryos, as previously described [7]. MEFs were cultured
as described previously [23] and were passaged using the standard
3T3 protocol [24], unless otherwise indicated. DNA replication
stress-associated damage was induced by the treatment of cells
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with camptothecin (CPT) (Sigma) or hydroxyurea (HU) (Sigma) as
indicated in each figure.

2.2. Antibodies and immunoblotting

Antibodies against H2AX (Bethyl Laboratories), YH2AX (Milli-
pore-Upstate), B-actin (AC-74, Sigma), Parp1 (Cell Signaling Tech-
nology), cleaved caspase-3 (Cell Signaling Technology), and
histone H3 (MABI0301, Monoclonal Antibody Institute) were used
in this study. Immunoblotting was performed as described previ-
ously [23].

2.3. Analyses of the chromosomal status

For analyses of mitotic phase chromosomes, cells were treated
with 200 ng/ml nocodazole for 5 h and then mitotic cells were col-
lected. The cells were hypotonically swollen by treatment with
75 mM KCl for 30 min, and then fixed with Carnoy’s solution
(60% methanol, 30% acetic acid, and 10% chloroform) for 20 min.
After changing the fixative once, cells were dropped onto glass
slides and air-dried [4]. The slides were stained with 4% Giemsa
stain (Merck) for 10 min, washed briefly in tap water, and then
air-dried. For FACS analyses of the cellular ploidy status, harvested
cells were incubated in PBS containing RNase A (200 pig/ml, Sigma)
for 30 min on ice and then stained with propidium iodide (20 pg/
ml, Sigma) for an additional 30 min on ice in the dark. The stained
cells were analyzed by flow cytometry (Beckman Coulter).

3. Results
3.1. Arf-KO MEFs do not undergo H2AX-diminished growth arrest

To determine the role of Arf in the establishment of a H2AX-
diminished and growth-arrested state, experiments were per-
formed using primary WT and Arf-KO MEFs. Unlike WT MEFs, the
Arf-KO MEFs did not undergo growth arrest and continued to

Fig. 1. Arf-KO MEFs do not undergo H2AX-diminished growth arrest. (A) Growth curves of MEFs (WT, Arf*~, Arf /-, and p53~/") cultured under a standard 3T3 passage
protocol. Unlike WT and Arf*/~ MEFs, Arf~/~ MEFs continuously grew and developed immortality. Data show the mean + SD of n = 3 independent experiments. IP1 and IP2
indicate Immortal Passage 1 and 2 for WT MEFs. (B) Immunoblot analysis of histone H2AX expression in passage 2 (P2), P5, P8, and immortalized MEFs (WT, Arf/~, and p53~/-).
Expression levels of B-actin were used as a loading control. Unlike WT MEFs, Arf '/~ and p53~/~ MEFs failed to form the H2AX-diminished state. (C) Morphologies of P2, P8, and
immortalized WT, Arf /-, and p53~/~ MEFs. Similar to WT MEFs, Arf/~ and p53~/~ MEFs displayed a senescent morphology before acquiring the immortalized morphology.
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immortalize across 15 passages (Fig. 1A); this result is consistent
with a previous report [11] and with the growth of p53-KO MEFs.
In addition, immunoblot analyses revealed that expression levels
of H2AX in the Arf~KO MEFs and p53-KO MEFs were not down-
regulated across multiple passages (Fig. 1B). These data support
the notion that the establishment of an H2AX-diminished and
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Fig. 2. DNA replication stress-induced down-regulation of H2AX is dependent on
Arf. DNA replication stress was induced in primary and immortalized WT and Arf~/~
MEFs by treatment with 0.2 mM HU for up to 4 days. The DNA replication stress-
induced down-regulation of H2AX was abrogated in immortalized WT MEFs and in
both primary and immortalized Arf/~ MEFs.

growth-arrested state in normal cells is regulated by both Arf
and p53, and that this state is abrogated by genomic instability
caused by mutations in the Arf/p53 module.

In spite of the lack of growth arrest, the flattened and enlarged
cellular morphology of both p53-KO and Arf-KO MEFs was similar
to that of the senescent WT MEFs. The immortalized KO cells sub-
sequently acquired the morphology typically seen in immortalized
MEFs (Fig. 1C). This result indicates that both Arf and p53 are re-
quired for the establishment of the H2AX-diminished state but
are not essential for the formation of some of the typical senescent
characteristics of the cells, including the flattened and enlarged
morphology. In addition, since growth retardation is observed fol-
lowing knockdown of H2AX [7,19], Arf- and p53-dependent dimi-
nution of H2AX is likely a direct cause of the growth-arrested state
of normal cells.

To examine the effect of Arf on the down-regulation of H2AX di-
rectly, DNA replication stress was induced in WT and Arf-KO MEFs
by exposing cells to HU that depletes dNTP pool. The expression le-
vel of H2AX in Arf-KO MEFs was compared with that in WT MEFs
because H2AX is down-regulated during DNA replication stress
in WT MEFs but not in p53-KO MEFs. As expected, H2AX expression
was down-regulated in primary WT MEFs after 1-4 days of treat-
ment with HU. By contrast, H2AX expression was not down-
regulated in immortalized WT MEFs, primary Arf-KO MEFs, or
immortalized Arf-KO MEFs (Fig. 2); this result agrees with a previ-
ous report of stable H2AX expression in DNA replication stress-
induced p53-KO MEFs [7]. These data further support the proposal
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Fig. 3. Tetraploidization is not essential for immortalization of Arf /~ and p53/~ MEFs. (A) FACS analyses of changes in the cellular ploidy status of primary and immortalized
WT, Arf*!~, Arf -, and p53~/~ MEFs cultured under standard 3T3 conditions. WT and Arf~ MEFs showed tetraploidization after development of immortality, while p53~/~
MEFs immortalized with diploidy. Immortalized Arf~/~ MEFs were a mixture of dipoid and tetraploid states. Giemsa stains of M-phase chromosomes are also shown. Images
are the representatives (diploidy with green frame and tetraploidy with blue frame). (B) FACS analyses of changes in the cellular ploidy status of Arf/~ and p53~/~ MEFs
during culture under growth-restricted tSD-3T3 conditions. Under these conditions, Arf /- MEFs immortalized with diploidy, whereas immortalized p53~/~ MEFs developed
tetraploidy. Giemsa stains of M-phase chromosomes are also shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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that the H2AX-diminished and growth-arrested state of normal
cells is dependent on both Arf and p53, and that this quiescent state
is abrogated by knockout of the Arf/p53 module, which causes
recovery of H2AX expression and subsequent growth activity.

3.2. Immortalized Arf-KO MEFs are a mixture of diploid and tetraploid
cells

In WT MEFs, mutation of the Arf/p53 module is induced during
tetraploidization and leads to the recovery of H2AX expression and
development of immortality [7]. By contrast, p53-KO MEFs main-
tain a stable diploid state even after immortalization [7]. These
previous observations motivated us to examine the genomic status
of Arf~KO MEFs during immortalization. FACS analysis revealed
that immortalized Arf~-KO MEFs were a mixture of tetraploid and
diploid states (Fig. 3A). Giemsa staining also showed that the M-
phase chromosomes of immortalized Arf~-KO MEFs were a mixture
of two types: one similar to the chromosomes of immortalized WT
MEFs and another similar to those of immortalized p53-KO MEFs
(Fig. 3A). Since p53-KO and Arf-KO MEFs acquired immortality with
diploidy (at least partly in the case of Arf~-KO MEFs), these findings
suggest that tetraploidization is not essential for immortalization
in an Arf-mutated or p53-mutated background.

To address whether the tetraploidization of Arf-KO MEFs is in-
duced in a similar manner to that of WT MEFs, Arf-KO MEFs were

continuously cultured under a 3T3 passage protocol with tempo-
rary depletion of serum for the day immediately prior to passage
(tSD-3T3). Under these conditions, tetraploidization of immortal-
ized WT MEFs is neutralized and cells are continuously growth ar-
rested with stable diploidy [7]. Tetraploidization of immortalized
Arf-KO MEFs was also inhibited when cells were cultivated under
the tSD-3T3 conditions (Fig. 3B); this result confirms the hypothe-
sis that tetraploidization is not required for immortalization in an
Arf-mutated background. In addition, these results indicate that
MEFs lacking Arf develop tetraploidy in response to accelerated
growth stimuli, although this tetraploidization does not affect
growth activity or immortalization.

3.3. Immortalized p53-KO MEFs cultured under growth-restricted
conditions develop tetraploidy

Under standard 3T3 culture conditions, p53-KO MEFs main-
tained a diploid status during immortalization (Fig. 3A); however,
these cells developed tetraploidy under growth-restricted
(tSD-3T3) conditions (Fig. 3B). This result was unexpected because
tetraploidization of the Arf-KO MEFs was inhibited under the tSD-
3T3 conditions. Although the mechanism by which tetraploidiza-
tion is induced in p53-KO MEFs is unclear, this event may be
associated with oxidative stress because the level of reactive oxy-
gen species is elevated during serum depletion [25,26]. Although
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Fig. 4. Sensitivity to mitotic catastrophe affects the ploidy status of WT, Arf /-, and p53~/~ MEFs. (A) WT, Arf /-, and p53~/~ MEFs were exposed to CPT for 24 h and then
released from treatment to induce mitotic catastrophe and to determine the effect on induction of cell death. (B) FACS analyses of primary Arf '/~ and p53~/~ MEFs before and
after CPT treatment, and during growth recovery. These cells developed tetraploidy following exposure to CPT (solid black arrowhead) and the tetraploid cells selectively died
via mitotic catastrophe during growth recovery (open black arrowheads). (C) FACS analyses of immortalized WT, Arf /-, and p53~/~ MEFs before and after CPT treatment, and
during growth recovery. Similar results to those seen for the primary KO MEFs were observed. In immortalized Arf~/~ MEFs, which were a mixture of diploid and tetraploid cells
(2N, 4N, and 8N chromosomes), the 2N peak was reduced following CPT treatment (open red arrowhead) and increased again upon growth recovery (solid red arrowhead). (D)
Representative nuclei staining of immortalized Arf/~ and p53~/~ MEFs before exposure to CPT and after release for 2 days. Multinucleated cells, which are typically formed
during mitotic catastrophe cell death, were observed in p53~/~ MEFs but not in Arf~/~ MEFs. (E) Immunoblot analyses of the expression levels of Parp1, cleaved Parp1, caspase-
3, cleaved caspase-3, H2AX, YH2AX, and histone H3 in immortalized Arf/~ and p53~/~ MEFs before exposure to CPT and after release for 0 h, 6 h, or 48 h. Expression levels of
B-actin were measured as a loading control. (F) FACS analysis of the ploidy status of primary WT MEFs before and after exposure to CPT. Unlike Arf '~ and p53~/~ MEFs, primary
WT MEFs did not undergo mitotic catastrophe or growth arrest. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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tetraploidization could be induced in both Arf-KO and p53-KO
MEFs (dependent on the culture conditions), this response was
not associated with the development of immortality. By contrast,
mutation of the Arf/p53 module in WT MEFs is induced in associa-
tion with tetraploidization [7].

3.4. Sensitivity to mitotic catastrophe determines the ploidy state of
cells

In agreement with our recent study [4,7], the results described
above indicate that tetraploidization is dispensable for immortali-
zation of Arf|/p53-mutated cells. Conversely, tetraploidization and
associated mutation of the Arf/p53 module are prerequisites for
immortalization of WT MEFs, whereas cells in the diploid state
are stably protected against immortalization [6]. However, the
mechanisms by which tetraploidization of p53-KO MEFs is pro-
tected under growth-restricted conditions and by which tetra-
ploidy of immortalized WT MEFs is preserved without the
development of further polyploidy (such as 16N or 32N) are still
unknown. The response to mitotic catastrophe, during which cells
that contain DNA lesions are enter mitosis and die as they unable
to maintain proper cell cycle arrest, is a mechanism that may be
associated with these events [27]. Mitotic catastrophe is a major
trigger of cancer cell death during treatment with anti-cancer
drugs that damage DNA [28-31], whereas senescent WT MEFs with
identical DNA lesions are able to progress through mitosis without
undergoing cell death [4]. To investigate their sensitivity to mitotic
catastrophe, MEFs were exposed to the topoisomerase I inhibitor
CPT, which acts as an anti-cancer drug, and then released from
treatment to induce mitotic catastrophe (Fig. 4A). Surviving cells
were identified after growth-activity was recovered. FACS analysis
revealed that primary p53-KO and Arf-KO MEFs underwent mitotic
catastrophe with associated tetraploidization following CPT treat-
ment (Fig. 4B, solid arrowheads). However, the 8N peak disap-
peared after growth recovery of these cells, indicating that the
surviving cells were exclusively diploid (Fig. 4B, open arrowheads)
and that selective mitotic catastrophe-associated death of the tet-
raploid cells had occurred.

Similar to the primary p53-KO and Arf~KO MEFs, immortalized
p53-KO (diploid) and WT MEFs (tetraploid) underwent selective
cell death via mitotic catastrophe (Fig. 4C, solid black arrowheads).
For the immortalized Arf-KO MEFs, which were a mixture of dip-
loid and tetraploid cells, the 2N peak disappeared after treatment
with CPT (Fig. 4C, open red arrowheads) and then recovered in
the surviving cells (Fig. 4C, filled red arrowhead), indicating that
cells subjected to mitotic catastrophe underwent cell death. For-
mation of multinucleated cells, which are generally observed after
mitotic catastrophe, was typically observed in immortalized p53-
KO MEFs but not in immortalized Arf-KO MEFs (Fig. 4D). However,
Arf-KO MEFs showed more efficient appearance of cleaved caspase-
3 and cleaved Parp1 than p53-KO MEFs (Fig. 4E), suggesting effi-
cient apoptosis induction in the Arf~-KO MEFs. These data suggest
that the mechanisms of cell death after mitotic catastrophe might
be multiple and dependent on the mutation status of Arf and p53.
Nevertheless, these results indicate that MEFs containing muta-
tions of the Arf/p53 module are highly sensitive to mitotic catastro-
phe, which impacts the resulting ploidy status of the cells. In fact,
immortalized WT MEFs were exclusively tetraploid; therefore, mi-
totic catastrophe-associated cell death is probably one reason why
these cells do not undergo further polyploidy (such as 16N or 32N)
(Fig. 4C).

In contrast to the primary Arf-KO and p53-KO MEFs, primary
WT MEFs exposed to CPT did not display signs of mitotic catastro-
phe, tetraploidization, or G2/M cell cycle arrest (Fig. 4F). This result
suggests that the sensitivity of primary WT MEFs to mitotic catas-

trophe-associated cell death differs from that of the cells contain-
ing mutations in the Arf/p53 module.

4. Discussion

This study demonstrates that both Arf and p53 are required for
the establishment of an H2AX-diminished and growth-arrested
state in which cells are quiescent and protected against immortal-
ization. The results presented here indicate that mutations in
either Arf or p53 induce recovery of H2AX expression and develop-
ment of immortality. In spite of the lack of growth arrest of Arf-KO
and p53-KO MEFs, the morphology of these cells was similar to that
of senescent WT MEFs. Therefore, although the Arf/p53 module is
required for the establishment of a growth-arrested state and
down-regulation of H2AX, proper functioning of this regulatory
module is not always associated with the senescent morphological
characteristics of cells.

Together with the results of our previous studies [4,7,32], the
data presented here demonstrate that the cellular ploidy status is
determined by at least two distinct cellular events that occur dur-
ing immortalization: (i) tetraploidization-coupled induction of
mutations in the Arf/p53 module, which leads to immortalization
of WT MEFs and (ii) mitotic catastrophe-associated cell death,
which occurs in Arf/p53 mutated cells but is not induced in normal
MEFs. Senescent WT MEFs survive after mitotic catastrophe, caus-
ing tetraploidization with mutation induction in the Arf/p53 mod-
ule, whereas cells containing mutations in the Arf/p53 module are
more sensitive to mitotic catastrophe-induced cell death. There-
fore, diploid cells are protected against immortalization but tetra-
ploid immortalized cells do not usually show further ploidy (16N
or 32N).

Because tetraploidization is caused by carryover of DNA lesions
through mitosis [4], immortalized tetraploid MEFs are cells that es-
cape cell death during mitotic catastrophe. Although the mecha-
nism that determines whether cells either escape from or
undergo mitotic catastrophe-related cell death is currently unclear,
tetraploid primary WT MEFs survive under accelerated growth
stimuli; therefore, it is possible that impairment of the checkpoint
response is involved in the process. In fact, the H2AX-diminished
and growth-arrested state of primary WT MEFs is associated with
an impaired checkpoint response [19]. In fact, canonical mitotic
catastrophe-associated death was observed as a mechanism of
cancer cell death after anti-cancer drug treatment [28-31]. Thus,
primary WT MEFs that are protected from immortalization under
diploidy but could escape from mitotic catastrophe with causing
tetraploidization that is associated with mutation induction in
Arf/p53 module. The resulting immortalized MEFs turn out sensi-
tive to mitotic catastrophe-associated cell death due to mutation
in Arf/p53 module.
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