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SUMMARY

Senescence is a state of permanent growth arrest
and is a pivotal part of the antitumorigenic barrier
in vivo. Although the tumor suppressor activities of
p53 and pRb family proteins are essential for the
induction of senescence, molecular mechanisms
by which these proteins induce senescence are still
not clear. Using time-lapse live-cell imaging, we
demonstrate here that normal human diploid
fibroblasts (HDFs) exposed to various senescence-
inducing stimuli undergo a mitosis skip before entry
into permanent cell-cycle arrest. This mitosis skip
is mediated by both p53-dependent premature
activation of APC/CCdh1 and pRb family protein-
dependent transcriptional suppression of mitotic
regulators. Importantly, mitotic skipping is neces-
sary and sufficient for senescence induction. p16 is
only required for maintenance of senescence. Anal-
ysis of human nevi also suggested the role of mitosis
skip in in vivo senescence. Our findings provide
decisive evidence for the molecular basis underlying
the induction and maintenance of cellular senes-
cence.

INTRODUCTION

The inability of cultured human cells to proliferate indefinitely,

ending in cellular senescence, was first described by Hayflick

and Moorhead (1961). Subsequently, several lines of evidence

revealed that cellular senescence was also triggered by diverse

genotoxic stimuli, including telomere dysfunction, activated on-

cogenes, reactive oxygen species (ROS), and DNA damage

(Kuilman et al., 2010). Senescence is now believed to play a crit-

ical role in suppression of tumorigenesis as well as in aging-

related changes in various organs resulting from a permanent

loss of proliferation capacity (Campisi and d’Adda di Fagagna,

2007; Halazonetis et al., 2008).
Cellular senescence requires functional p53 and pRB family

proteins, both of which regulate growth signaling. This may

explain why these genes are often mutated in a vast majority of

human cancers (Burkhart and Sage, 2008; Levine and Oren,

2009). This is supported by the fact that viral oncoproteins that

can inhibit either p53 or pRB family proteins allow cells to bypass

cellular senescence (Shay et al., 1991). Although the precise

roles of these tumor suppressors in the senescence process

are incompletely understood, various models of senescence in-

duction have been proposed (Adams, 2009; Courtois-Cox et al.,

2008; Rufini et al., 2013). One such proposal is that senescence-

inducing stimuli ultimately trigger a DNA damage response

(DDR) that in turn activates p53. p21 (CDKN1A), a p53-target

gene, is expressed and arrests cells at the G1 phase of the cell

cycle by preventing phosphorylation and inactivation of pRB

through inhibition of G1 and S phase Cdk activities (Cobrinik,

2005). pRb phosphorylation is also suppressed by another Cdk

inhibitor, p16 (CDKN2A), that is upregulated during the senes-

cence process (Rayess et al., 2012). Hypophosphorylated pRb

suppresses transcription of canonical E2F (E2F1– E2F3) target

genes to arrest the cell cycle at G1 (Rowland and Bernards,

2006).

In contrast, the accumulation of G2 phase cells during replica-

tive senescence has also been reported, arguing against the

senescence model described above (Mao et al., 2012; Ye

et al., 2013). In addition, p21-mediated inhibition of Cdk1 and

Cdk2 was proposed to prematurely activate APC/CCdh1 to

destroy various APC/C substrates, resulting in long-term growth

arrest at G2 in response to genotoxic stress (Baus et al., 2003;

Wiebusch and Hagemeier, 2010). Thus, the fundamental basis

for senescence induction and the phases at which senescent

cells exit the cell cycle remain controversial. The factors that

determine whether cells will undergo senescence (terminal

growth arrest) versus transient cell-cycle arrest, also remain

largely elusive.

In this study, we have analyzed the senescence process

induced by various stimuli using time-lapse live-cell imaging.

We found that the majority of cells underwent a mitosis skip

before permanently exiting the cell cycle. This mitotic skipping

appears to be necessary and sufficient for the induction of

senescence both in vitro and in vivo.
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Figure 1. Senescent Cells Are Mononucleated Tetraploid G1 Cells Triggered by a Mitosis Skip

(A) Young (PD 8) and near senescent (PD > 60) HCA2 cells (FUCCI-HCA2 cells) were infected with FUCCI lentiviruses expressing mKO2-hCdt1 (red) and mAG-

hGeminin (green). Young cells were untreated (Control) or treated with IR (10 Gy), H2O2 (50 mM) for 48 hr or etoposide (200 nM) for 48 hr. Expression of oncogenic

RAS was induced by the addition of doxycycline to young cells expressing Tet-on 33Flag-H-Rasval12. Replicative senescence was analyzed using near

senescent cells. The resulting cells were imaged 3 days after treatment. Representative images at the indicated times are shown.

(B) The relative ratio of Cdt1-switching cells versus total cells changings from green to red color was determined by counting at least 100 cells treated as in (A).

Data are presented as means ±SD of at least three independent experiments.

(C) SA-b-gal-positive cells were identified using cells 6 days after treatment as in (A). Data are presented asmeans ±SD of at least three independent experiments.

(legend continued on next page)
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RESULTS

Normal Human Diploid Fibroblasts Skip Mitosis in
Response to Various Senescence-Inducing Stimuli
before Growth Arrest Occurs
In order to directly determine fromwhere senescent cells exit the

cell cycle, we performed time-lapse live-cell imaging of asyn-

chronously growing normal human diploid fibroblast (HDF)

HCA2 cells transduced with lentiviruses expressing Cdt1 frag-

ment-fused mCherry and geminin fragment-fused AmCyan pro-

teins (Sakaue-Sawano et al., 2008). Imagingwas conducted over

a 3 day period and included control cells that divide normally

(Figure 1A). In contrast to the control cells, 70% of the cells

treated with senescence-inducing agents degraded geminin

and accumulated Cdt1 without entry into mitosis (Cdt1 switch-

ing) (Figure 1B). Imaging allowed us to determine that there

were changes in the nucleus that indicated entry into mitosis,

such as mitotic rounding and nuclear envelope breakdown.

These cells ceased cycling in the 3 day observation time. The

rate was somewhat lower in cells treated with oncogenic Ras,

most likely because induction of senescence via this stimulus

is less effective, as evaluated by means of the senescence

marker, senescence-associated b-galactosidase (SA-b-gal)

activity (Figure 1C) (Dimri et al., 1995). Given that Cdt1 switching

per se does not infer that cells have entered into G1, we exam-

ined changes in the expression of various mitotic regulators as

well as known senescence markers. All mitotic regulators tested

were decreased and phosphorylation of histone H3 at serine 10

(H3-P-S10), a mitotic marker, was lost after exposure to senes-

cence-inducing stimuli, and there was a marked increase in the

population of tetraploid cells, suggesting that the cells had skip-

ped mitosis before its initiation (see Figures S1A and S1B, avail-

able online). Although loss of mitotic regulators is a common

feature of senescence, kinetics showing their loss prior to senes-

cence induction indicated that this loss is a cause, but not a

consequence, of senescence (Figure S1C). We then examined

whether ectopic expression of the constitutively active form of

cyclin B1-Cdk1 (cyclin B1-Cdk1AF fusion protein) or SV40 large

T antigen in cells treated with IR resulted in entry of cells into

mitosis or rereplication of DNA, respectively. In this case, one

can expect that if cells are still in G2, then active cyclin B1-

Cdk1 and SV40 large T antigen enforce the entry into mitosis

but fail to initiate DNA rereplication, respectively. In contrast, if

cells are in G1, then active cyclin B1-Cdk1 and SV40 large T

antigen fail to force cells into mitosis but initiate DNA rereplica-

tion, respectively. We found that ectopic expression of cyclin

B1-Cdk1AF fusion protein, which was used as a constitutively

active form of cyclinB1-Cdk1 complex (Katsuno et al., 2009), en-

forced entry into mitosis in cells at 24 hr after treatment with IR,

but not in cells at 48 hr (Figure S1D), by which time mitotic reg-

ulators had almost completely disappeared (completion of

mitotic skipping) (Figure S1B). Expression of SV40 large T anti-
(D) HCA2 cells at the indicated times after IR treatment (10 Gy) were stained wit

FACScan.

(E) HCA2 cells at 0, 3, and 7 days after IR treatment (10 Gy) were stained with Hoe

relative induction of p16, IL6, and cyc B1 transcripts were examined by qPCR ana

means ±SD of at least three independent experiments. See also Figures S1A–S1
gen resulted in DNA rereplication in cells at 48 hr after treatment,

but not at 24 hr, generating an octaploid population (Figure S1E).

Taken together, the results clearly indicated that a mitosis skip

took place between 24 to 48 hr after IR treatment. Here, we

considered that amitotic skip had occurredwhen a cell exhibited

both Cdt1 switching and loss of mitotic regulators without entry

into mitosis. A similar cellular response was also observed in

other HDFs, such as BJ and IMR90 cells, and in normal human

retinal pigment epithelial cells (data not shown), indicating that

this phenomenon is not cell type specific.

Senescent cells show very distinctive changes in morphology,

such as assuming a flattened and enlarged shape. Although

enlarged senescent cells were hardly detectable by FACScan

until 36 hr after IR irradiation, they accumulated thereafter (Fig-

ure 1D). The vast majority of these large cells (F2) had a tetraploid

DNA content, whereas many cells of normal size (F1) showed a

diploid DNA content. These tetraploid cells were geminin nega-

tive and Cdt1 positive as well as SA-b-gal positive. Tetraploid

fractions (G2) sorted by Hoechst intensities as G1 and G2 phase

cells by FACScan at 3 and 7 days after DNA damage showed a

marked increase in the expression of p16 and IL6, a senescence-

associated cytokine, when compared with the diploid fraction

(G1) (Figure 1E). In contrast, the expression of cyclin B1 was

drastically decreased at 3 and 7 days specifically in G2 fractions.

Furthermore, G2 fractions demonstrated a dramatic accumula-

tion of p16 protein as well as SA-b-gal-positive cells at 7 days

or later (Figures S1F and S1G); however, G1 fractions did not,

even at 10 days after IR treatment. Taken together, cells in

the tetraploid fraction predominantly appeared to undergo

senescence.

Activation of p53 at G2 Is Necessary and Sufficient for
Induction of Senescence
We then uncovered the molecular basis underlying mitotic skip-

ping and determined whether it played a central role in senes-

cence induction. p53 is known to be an essential factor for

senescence induction (Rufini et al., 2013) and is activated in

response to all senescence-inducing stimuli tested. p53 deple-

tion markedly compromised Cdt1 switching and induced

abnormal mitoses (Figure 2A). The number of cells that were

SA-b-gal positive was reduced in p53-depleted cells (Figure 2B).

Expression of mitotic regulators was almost completely lost in

control senescent cells, whereas their expression was slightly

induced in p53-depleted cells (Figure 2C).

When p53 was transiently expressed for 48 hr by the addition

of doxycycline to cells synchronized at G2 by RO3306, time-

lapse imaging revealed that Cdt1 switching occurred in 95% of

cells, whereas cells synchronized at G1 or S phases were unaf-

fected (Figure 2D). Levels of mitotic regulators in cells transiently

expressing p53 at G2 were severely decreased, whereas those

at G1 or S phases were readily detectable (Figure 2E). p16 was

induced in cells transiently expressing p53 at G2 phase, but
h Hoechst 33342 and sorted by FSC and SSC as F1 and F2 and analyzed by

chst 33342 and sorted by intensity as G1 and G2 phase cells by FACScan. The

lysis using the sorted fractions indicated as G1 and G2. Data are presented as

G.
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Figure 2. p53 Activation at G2 Phase Is Sufficient for the Induction of Senescence

(A and B) FUCCI-HCA2 cells expressing Tet-on sh-luciferase (control) or Tet-on sh-p53 (shp53) were treated with doxycycline (1 mg/ml). The treated cells were

imaged by time-lapse microscopy after IR treatment (10 Gy). The relative ratio of Cdt1-switching cells was determined as in Figure 1B (A). The SA-b-gal-positive

cells were identified as in Figure 1C (B). Data are presented as means ±SD of at least three independent experiments.

(C) Cell lysates of cells treated with sh-luciferase (control) or sh-p53 lentiviruses at the indicated time after IR treatment were subjected to immunoblotting using

the indicated antibodies.

(D) Experimental outlines of cell-cycle-specific and transient expression of p53. Asynchronous FUCCI-HCA2 cells expressing Tet-on 33Flag-p53 (As) were

synchronized at G2, G1, or S phases by RO3306 (9 mM) for 24 hr, serum starvation for 48 hr, or thymidine (2mM) for 24 hr, respectively. In some experiments, cells

(legend continued on next page)
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not in those at G1 or S phases. p53 was only induced at day 0 in

both cells. Intriguingly, cells transiently expressing p53 at G2

phase failed to proliferate, whereas those at G1 or S phase

grew effectively (Figure 2F). The majority of cells transiently ex-

pressing p53 at G2 phasewere SA-b-gal positive, whereas those

at G1 or S phase were not (Figure 2G). Transient expression of

p53 in cells released to G2 phase for 4 hr from a thymidine block

resulted in loss of mitotic regulators, cessation of cell prolifera-

tion, and an increase in the SA-b-gal-positive fraction (Figures

2E–2G). Longer exposure of RO3306 per se did not induce

Cdt1 switching, loss of mitotic regulators, and consequent in-

duction of senescence (Figures S2A and 2B), although it might

predispose cells to senescence upon p53 activation. These re-

sults clearly indicated that p53 activation at G2 was sufficient

for senescence induction. Transient expression of p53 at G2 or

G1 did not appear to induce DNA damage, eliminating the pos-

sibility that the mitosis skip and subsequent senescence induc-

tion by transient expression of p53 were not the result of a DDR

(Figure S2C). Similar results were also observed in experiments

using Nutlin 3a, a mdm2 inhibitor that activates endogenous

p53 without causing DNA damage (Figure S2D). During the pro-

cess of senescence induction in response to oxidative stress or

oncogene activation, similar requirements for p53, p21, and

Cdh1 in Cdt1 switching; its timing from S phase entry (please

see below); loss of mitotic regulators; and senescence induction

were observed when compared with IR-induced senescence

(Figures S2E and S2F). The induction of senescence in p21-

depleted cells appeared to be due to the fact that a majority of

p21-depleted cells underwent cytokinesis failure, leading to

eventual cell death within 6 days after treatment, and the remain-

ing cells skipped mitosis, leading to senescence (see below).

These results suggest that senescence induction in response

to H2O2 or oncogenic Ras likely requires a p53-dependent

mitosis skip.

Premature Activation of APC/CCdh1 by the p53-p21 Axis
Is Insufficient for a Mitosis Skip and Senescence
Induction
p21 is a major downstream target of p53 (Levine and Oren,

2009). Time-lapse imaging revealed that upon DNA damage,

many cells lacking p21 entered into mitosis but failed to com-

plete cytokinesis and eventually died (Figures S3A and S3B).

Transient expression of p21 at G2 phase failed to induce cessa-

tion of cell proliferation and senescence and strongly sup-

pressed the expression of mitotic regulators, indicating that

p21 induction is insufficient for senescence induction (Figures

S3C–S3E).

p21 induction after various senescence-inducing stimuli re-

sulted in premature activation of APC/CCdh1, showing a complex

formation between Cdh1 and Cdc27 around 24 hr after treat-

ment, indicating that it is a general feature of senescence induc-
were released to G2 phase by removing thymidine 4 hr before addition of doxycyc

RO3306 (G2), in the presence of 15% serum (G1) and thymidine (S), and release

determined as in (A) and are shown in the figure.

(E and F) (E) Cell lysates of cells treated as in (D) at the indicated times were subje

The relative number of cells treated as in (E) was determined as a multiple of tho

(G) Data are presented as means ±SD of at least three independent experiments
tion (Takahashi et al., 2012) (Figure S3F). We then examined

whether premature activation of APC/CCdh1 by sequential inhibi-

tion of Cdk1 (RO3306) and Cdk2 (SU9516) was sufficient for the

mitosis skip and subsequent senescence induction. Sequential

inhibition of Cdk1 and Cdk2 resulted in Cdt1 switching, whereas

inhibition of Cdk1 alone had no effect (Figure 3A, upper panel).

Intriguingly, however, these Cdt1-positive cells rapidly entered

into mitosis when the inhibitors were removed by washing

(Figure S3G). These cells were not SA-b-gal positive, although

treatment with Nutlin 3a at G2 effectively induced senescence

(Figure 3A, lower panel). Mitotic regulators were still detectable

after removal of the inhibitors, even in cells sequentially treated

with Cdk1 and Cdk2 inhibitors or expressing p21, although

significant reductions in the amounts of these proteins were

observed (Figure 3B). These results suggested that premature

activation of APC/CCdh1 is insufficient for complete loss of

mitotic regulators, indicating the existence of an alternative path-

way(s) for suppressing the expression of mitotic regulators.

Cdh1 depletion resulted in only a slight reduction in senescence

induction (Figure 3C). It also resulted in an ultimate Cdt1 switch-

ing, presumably due to nonspecific degradation of geminin-

fused fluorescence protein (Figure 3D). However, loss of Cdh1

markedly delayed the timing of Cdt1 switching, implicating its

function in this process, because loss of Cdh1 did not affect S

phase progression in the absence of DNA damage (Figure 3E).

Thus, loss of mitotic regulators was still observed in cells lacking

Cdh1 after DNA damage, although the timing of the disappear-

ance of these proteins was markedly delayed (Figure 3F). Impor-

tantly, mitotic regulators were lost after DNA damage, even in the

presence of the proteasome inhibitor MG132, although the effect

of this reagent on the stabilization of mitotic regulators was sig-

nificant at early time points (Figure 3G).

pRb Family Pocket Protein-Dependent Transcriptional
Repression of Mitotic Regulators Is Required for a
Mitosis Skip
Transcription of mitotic regulators was rapidly suppressed after

treatment with Nutlin 3a (Figure 4A). This transcriptional repres-

sion was also observed in cells treated with H2O2 or expressing

oncogenic Ras, indicating that this is also a general feature of

senescence induction (Figure S4A). This suppression was

completely dependent on the functional p53 but was only partly

on the presence of p21 (Figure S4B). This transcriptional repres-

sion, as well as those of cyclin A2 and cyclin E1 (Figure S4C), was

severely compromised when pRb, p107, and p130 were

depleted (Figure 4B). Single or double depletion of the pocket

proteins did not appear to affect the transcription of these genes

(Figures S4D and S4E; data now shown). Thus,mitotic regulators

were readily detectable, and their levels increased at later time

points in cells lacking pRb, p107, and p130 when treated with

IR (Figure 4C). Mitotic skipping was severely suppressed by
line (S(4h)). Cells were then treated with doxycycline (1 mg/ml) in the absence of

d into fresh medium (Time 0). The relative ratios of Cdt1-switching cells were

cted to immunoblotting using the indicated antibodies. Time 0 is shown in (D).

se at day 1 (F). SA b-gal-positive cells were determined as in (B).

. See also Figures S2A–S2F.
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Figure 3. Induction of p21 at G2 Is Insuffi-

cient for Senescence Induction

(A) FUCCI-HCA2 cells expressing Tet-on 33Flag

p21 were synchronized at G2 by RO3306. The

synchronized cells were untreated (None) or

treated with SU9516 (SU; 10 mM), Nutlin 3a (5 mM),

or doxycycline (1 mg/ml). The treated cells were

then analyzed by time-lapse microscopy. The

relative ratios of Cdt1-switching cells (upper panel)

or SA-b-gal cells at 6 days after the treatments

(bottom panel) were determined as in Figures 1B

and 1C. Data are presented as means ±SD of at

least three independent experiments.

(B) Cell lysates of cells treated as in (A) at the

indicated times were subjected to immunoblotting

analyses. Time 0 represents the day on which cells

were treated.

(C and D) FUCCI-HCA2 cells expressing Tet-on

sh-luciferase (control) or Tet-on sh-Cdh1 (shCdh1)

were treatedwith doxycycline (1 mg/ml). Cells were

then treated with IR (10 Gy) and subjected to SA-

b-gal staining as in Figure 1C (C) or time-lapse

microscopy for determining the relative ratio of

Cdt1-switching cells as in Figure 1B (D). Data are

presented as means ±SD of at least three inde-

pendent experiments.

(E) Time intervals for cells treated as in (C) between

G1/S (change from red to green color) and Cdt1

switching (change from green to red color) with or

without DNA damage were determined by exam-

ining at least 100 cells.

(F) Cell lysates from (C) at the indicated times after

IR were subjected to immunoblotting using the

indicated antibodies.

(G) Cell lysates from HCA2 cells treated with or

without IR (10 Gy) at the indicated times in the

presence or absence of MG132 (MG; 10 mg/ml)

were subjected to immunoblotting using the indi-

cated antibodies. See also Figures S3A–S3G.
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triple knockdown of pRb family pocket genes, although the

appearance of Cdt1 switching cells was apparently unaffected

(Figure 4D). Senescence induction in cells lacking all three pRb

family proteins could not be analyzed, because these cells

were not healthy in the presence of DNA damage after 6 days

of culture (Figure 4E).

Loss of p16 did not appear to affect mitosis skip (Figures 5A

and 5B). However, consistent with a previous report (Beauséjour

et al., 2003), conditional knockdown of p16 by addition of doxy-

cycline to cells treated with Nutlin 3a at G2 phase (Figure 5C)

caused the reversal of the senescent state and allowed entry

into S phase (Figure 5D), cell proliferation (Figure 5E), and re-

expression of mitotic regulators (Figure S5). Interestingly, fluo-

rescence-activated cell sorting (FACS) analysis revealed the

appearance of octaploid cells after depletion of p16, further sup-

porting the idea that senescent cells are tetraploid G1 cells (Fig-

ure 5F). Taken together, the present results suggest a general
78 Molecular Cell 55, 73–84, July 3, 2014 ª2014 Elsevier Inc.
mechanism of senescence induction

(Figure 5G). Activation of p53 at G2 in

response to senescence-inducing stimuli

leads to induction of p21 that suppresses
both Cdk1 and Cdk2 activities. This suppression results in the

premature activation of APC/CCdh1 that degrades variousmitotic

regulators, leading to the Cdt1 switching. Activated p53 also

enhances functions of pRb family pocket proteins through un-

known mechanisms other than p21-dependent suppression of

Cdk activities (Figure S4B) and consequently suppresses tran-

scription of mitotic regulators. Both pathways cooperatively

ensure mitosis skipping, leading to senescence induction.

Transient Expression of Cdh1-4A and pRb7LP at G2 Is
Sufficient for Senescence Induction
In order to confirm our above model of senescence induction,

we first examined whether transient expression at G2 of a con-

stitutively active pRb (pRb7LP), in which all Cdk phosphorylation

sites were substituted (Angus et al., 2003), would be sufficient for

senescence induction under premature activation of APC/CCdh1.

Transient expression (24 hr) of pRb7LP by the addition of



Figure 4. pRb Family Proteins Are Essential

for Transcriptional Repression of Mitotic

Regulators

(A and B) The relative expression of the indicated

transcripts were determined by qPCR analysis

using total RNA from HCA2 cells at the indicated

times after Nutlin 3a (A) or HCA2 cells expressing

Tet-on sh-luciferase (control) or Tet-on sh-pRb, sh-

p107, and sh-p130 (shpRb/p107/p130) in the

presence of doxycycline (1 mg/ml) at the indicated

times after IR treatment (10 Gy) (B). The results are

presented as a multiple of those without treatment.

Data are presented as means ±SD of at least three

independent experiments.

(C–E) (C) Cell lysates from (B) at the indicated times

after IR treatment were subjected to immunoblot-

ting using the indicated antibodies. FUCCI-HCA2

cells expressing Tet-on sh-luciferase (control) or

Tet-on sh-pRb, sh-p107, and sh-p130 (shpRb/

p107/p130) were treated with doxycycline (1 mg/ml)

for 24 hr. The treated cells were subjected to time-

lapse microscopy after IR treatment (10 Gy). The

relative ratio of Cdt1-switching cells was deter-

mined as in Figure 1B (D). The relative cell number

was determined and expressed as a multiple of

those without treatment (E). Data are presented as

means ±SD of at least three independent experi-

ments. See also Figures S4A–S4E.
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doxycycline to G2 cells, in the presence of a Cdk2 inhibitor

to prematurely activate Cdh1 (Figure 6A), resulted in impaired

cell proliferation (Figure 6B) and an increase in the population

of cells staining positive for SA-b gal (Figure 6C). The expression

of mitotic regulators was also greatly decreased in these cells

(Figure 6D). Under these conditions, treatment with a Cdk2

inhibitor did not affect the transcriptional suppression of mitotic

regulators, although it markedly enhanced loss of mitotic regula-

tors (Figures S6A and S6B). Transient expression (24 hr) of

pRb7LP at G2 in the absence of a Cdk2 inhibitor was far less

effective in inducing senescence than when the inhibitor was

present, suggesting a role for prematurely activated Cdh1 in

mitosis skip (Figure S6C). However, longer expression (72 hr)

of pRb7LP at G2 ultimately induced senescence, supporting

the dispensability of Cdh1 for senescence induction (Figures

3C–3F).

We therefore asked whether transient expression (24 hr) of

both a constitutively active mutant of Cdh1 (Cdh1-4A) (Lukas
Molecular Cell 55,
et al., 1999) and pRb7LP is sufficient for

a mitosis skip and senescence induction.

When both proteins were transiently

expressed in synchronized G2 cells (Fig-

ure 6E), cessation of cell proliferation (Fig-

ure 6F), an increase in the population of

SA-b-gal-positive cells (Figure 6G), and a

loss of mitotic regulators were observed

(Figure 6H), whereas expression of either

one alone failed to have the same effect.

Expression of both proteins in asynchro-

nous cells also failed to induce senes-
cence, further confirming that a mitosis skip is necessary and

sufficient for the induction of cellular senescence. The resulting

senescence phenotype of the cells was further confirmed by

the induction of p16 and senescence-associated cytokines

such as IL-6 and IL-8 (Figure S6D). Transient expression of

both proteins did not induce DNA damage, eliminating the pos-

sibility that senescence induction was an indirect consequence

of an activated DDR (Figure S6E).

Role of the Mitosis Skip in the Induction of Senescence
In Vivo
Finally, we asked whether mitotic skipping plays a role in in vivo

senescence. Human nevi are benign tumors of melanocytes with

frequent mutations in BRAF, a protein kinase and downstream

effector of Ras, and were reported to be invariably positive for

SA-b-gal staining, suggesting that nevus cells are oncogene-

induced senescent cells in vivo (Michaloglou et al., 2005). There-

fore, we examined whether human nevus cells were tetraploid
73–84, July 3, 2014 ª2014 Elsevier Inc. 79



Figure 5. p16 Is Essential for the Mainte-

nance, but Not for the Induction of Cellular

Senescence

(A) FUCCI-HCA2 cells expressing Tet-on sh-lucif-

erase (control) or Tet-on sh-p16 in the presence of

doxycycline (1 mg/ml) for 24 hr were subjected to

time-lapse microscopy after IR treatment (10 Gy).

The relative ratio of Cdt1-switching cells was

determined as in Figure 1B. Data are presented as

means ±SD of at least three independent experi-

ments.

(B) Cell lysates from HCA2 cells treated as in (A) at

the indicated times after IR treatment were sub-

jected to immunoblotting using the indicated anti-

bodies.

(C–E) (C) The experimental outline of p16 depletion

after the induction of cellular senescence. FUCCI-

HCA2cells treatedas in (A)were synchronized atG2

phase by RO3306 (9 mM), treated with Nutlin

3a (5 mM), and released into fresh medium in

the presence of doxycycline (1 mg/ml) (Time 0).

FUCCI-HCA2 cells treated as in (C) were subjected

to time-lapse microscopy. The relative ratio of

geminin-switching cells (entry into S phase) was

determined (D). The relative cell number at the

indicated times was determined from cells treated

as in (C). The results are shownas amultiple of those

at time 0 (E). Data are presented asmeans ±SD of at

least three independent experiments.

(F) Cells treated as in (C) at the indicated times were

analyzed by FACScan.

(G) Schematical model of molecular pathways that

induce a mitosis skip in response to senescence-

inducing stimuli. See also Figure S5.
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G1 cells generated as a result of a mitosis skip in vivo. Patholog-

ical sections of human nevi from three distinct individuals were

subjected to DAPI staining to measure the DNA content of

each cell. In order to normalize the staining efficiencies, these

sections were also counterstained with anti-histone H3 anti-

bodies (Figure 7A). Very intriguingly, nevus cells from all three in-

dividuals possessed almost twice the DNA content of control

epidermis and endothelium cells (Figure 7B). Similar results

were also obtained when sections were counterstained with

anti-TBP antibodies (Figure S7). Immunohistochemical analysis

revealed that nevi were both Ki-67 and cyclin B1 negative,

whereas many hair follicle cells are Ki-67 positive and some

sweat gland cells are cyclin B1 positive (Figure 7C). Taken

together, these results suggested that human nevus cells are

arrested in G1 phase with a tetraploid DNA content, which would

likely be consistent with the role of the mitosis skip in in vivo

senescence.
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DISCUSSION

One-way progression of the cell cycle is

governed by two distinct levels of regula-

tion; one is transcriptional control of genes

(Giacinti and Giordano, 2006), and the

other is degradation of proteins involved

in chromosomal DNA replication and
segregation (Vodermaier, 2004). Therefore, cell-cycle phases,

particularly G1 and G2, could be defined not by the content of

genomic DNA alone, but by the status of the above two systems.

In the present study, time-lapse live-cell imaging revealed that

senescent cells induced by all stimuli tested skipped mitosis

before growth arrest in various types of human cells (Figures

1A–1C and S1A–S1E). Mitotic skipping was evidenced by the

fact that senescent cells exhibited an accumulation of a Cdt1-

fused fluorescent marker without entry into mitosis, had a tetra-

ploid DNA content, and lacked mitotic regulators. Importantly,

this skipping was further confirmed by observations that after a

mitosis skip, cells did not enter into mitosis by the expression

of an active form of cyclin B1-Cdk1 fusion protein and rereplicate

DNA by the expression of SV40 large T antigen, generating an

octaploid population (Figures S1D and S1E). Consistent with

this, a marked increase in the population of tetraploid cells was

reported after senescent stimuli, such as DNA damage and



Figure 6. Expression of pRb7LP and Cdh1-

4A at G2 Is Sufficient for the Induction of

Senescence

(A–C) (A) The experimental outline of the cell-

cycle-specific and transient expression of Tet-on

33Flag-pRb7LP. HCA2 cells expressing Tet-on

33Flag-pRb7LP were synchronized at G0 or G2

by serum starvation or RO3306 (9 mM), respec-

tively. The synchronized cells were treated with

SU9516 (10 mM) and doxycycline (1 mg/ml) and

then released into fresh medium (Time 0). The

relative cell number of cells treated as in (A) was

determined (B). The relative ratio of SA-b-gal-

positive cells treated as in (A) was determined as in

Figure 1C (C). Data are presented as means ±SD

of at least three independent experiments.

(D) Cell lysates treated as in (A) were subjected to

immunoblotting using the indicated antibodies.

(E) The experimental outline of the transient

expression of Tet-on 33Flag-pRb7LP and Tet-on

33Flag-Cdh1-4A at G2. HCA2 cells expressing

Tet-on 33Flag-pRb7LP and/or 33Flag-Cdh1-4A

were synchronized at G2 with RO3306 (9 mM),

treated with doxycycline (1 mg/ml), and then

released into fresh medium (Time 0). The relative

number of cells treated as in (E) was determined

(F). �RO; without RO3306 treatment. The relative

ratio of SA-b-gal-positive cells treated as in (E) was

determined as in (C).

(G) Data are presented as means ±SD of at least

three independent experiments.

(H) Cell lysates from cells treated as in (E) were

subjected to immunoblotting using the indicated

antibodies. �RO; without RO3306 treatment. See

also Figures S6A–S6E.
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telomere shortening (Mao et al., 2012; Ye et al., 2013). Senes-

cent mitotic skipping is a form of cell-cycle arrest that is distinct

from mitotic slippage or a postmitotic checkpoint that results

from incomplete mitosis or impaired cytokinesis, because the

latter form is induced after entry into mitosis (Andreassen

et al., 2001; Lanni and Jacks, 1998). In addition, it should be

noted thatmammalian cells were reported not to possess check-

points for tetraploidy or an aberrant centrosome number (Uetake

and Sluder, 2004; Wong and Stearns, 2005).

Many signals and genes are reported to be involved in the

induction of senescence, depending on the experimental

context, demonstrating the complex nature of the phenotype

(Campisi and d’Adda di Fagagna, 2007; Courtois-Cox et al.,

2008). However, all senescent signals ultimately lead to p53

and pRb family pocket proteins, both of which are essential for
Molecular Cell 55,
senescence induction (Dannenberg

et al., 2000; Rufini et al., 2013; Sage

et al., 2000). Although it is widely believed

that themere activation of pRb and p53 is

not sufficient to trigger senescence, we

found that transient activation of p53,

specifically at G2, was enough to trigger

senescence through induction of a

mitosis skip (Figures 2D–2G). This signal
transcriptionally induces p21, which in turn inhibits cyclin B1/

Cdk1 and prematurely activates APC/Ccdh1 (Figure S3F) (Baus

et al., 2003; Wiebusch and Hagemeier, 2010; Takahashi et al.,

2012). p21 was also shown to function in the regulation of

Cdk2 activity at normal mitosis, making the proliferation-quies-

cence decision (Spencer et al., 2013). Therefore, the level of

p21 at mitosis might be a key determining factor to decide

whether cells undergo senescence, quiescence, or proliferation.

Upon persistent telomere damage, a distinct form of mitosis

skip in p53-deficient cells was also reported to generate poly-

ploidy by premature activation of APC/Ccdh1, the key result of

Chk1-dependent suppression of Cdk1 (Davoli et al., 2010). How-

ever, activation of APC/Ccdh1 at G2 was insufficient for a mitosis

skip during senescent induction (Figures 3A and 3B). Depro-

tected telomeres that remain in a fusion-resistant intermediate
73–84, July 3, 2014 ª2014 Elsevier Inc. 81



Figure 7. Human Melanocytic Nevus Cells

Are Ki-67 and Cyclin B1 Negative, but

Possess Almost Twice the DNA Content of

Control Cells

(A) Paraffin-embedded sections of human nevi

were subjected to immunohistochemical staining

with anti-histone H3 antibody (green) along with

DAPI staining for DNA (blue). The representative

images for epidermis, nevus, and endothelium are

shown.

(B) Fluorescence intensities of DAPI and anti-

histone H3 signals in (A) were quantified with

Image J software. The quantified DAPI intensity of

each cell was normalized by the corresponding

anti-histone H3 intensity, and the results are

shown as relative DNA intensities. Nevi, epidermis,

and endothelia from three patients were analyzed.

Data are averages ±SD (n = 100).

(C) Paraffin-embedded sections of human nevi

and sweat gland were subjected to hematoxylin

and eosin staining (HE) and immunohistochemical

staining using anti-Ki-67 antibody (brown) or anti-

cyclin B1 antibody (green). See also Figure S7.
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state were also shown to trigger a cell-cycle exit from G1. This

intermediate telomere erosion activates unique DDRs that fail

to activate G2/M checkpoint, leading to a p53-dependent G1

arrest (Cesare et al., 2013). However, actual involvement of this

cell-cycle exit in senescence induction is unclear, because

Chk1- and Chk2-dependent G2/M checkpoint activation is

evident in telomere-initiated senescence (d’Adda di Fagagna

et al., 2003).

The most striking observation in the present study was senes-

cence induction by transient expression of both Cdh1-4A and

pRb7LP in cells at G2, but not at other phases of the cell cycle

(Figures 6E–6H). Although the unique and nonredundant role of

pRb in the transcriptional repression of a certain set of E2F target

genes during senescence was reported (Chicas et al., 2010), a

single or double depletion of pRb family pocket proteins did

not appear affect the mitosis skip and senescence induction

(Figures S4D and S4E; data not shown), indicating that their

function is at least in part redundant. E2F7 is a p53 target and

has been proposed to compensate for the loss of pRb in repres-

sing mitotic regulators (Aksoy et al., 2012). However, under our

experimental conditions, the presence of E2F7was not sufficient

for suppressing the expression of mitotic regulators in the
82 Molecular Cell 55, 73–84, July 3, 2014 ª2014 Elsevier Inc.
absence of all pRb family pocket proteins

(Figure 4C), although our results do not

exclude the possibility that it plays a role

in the maintenance of senescence.

Another surprising observation was the

dispensable role of p16 in mitotic skip-

ping and senescence induction (Figures

5A and 5B), although it has been reported

to be essential for the maintenance of

senescence (Figures 5D–5F) (Beauséjour

et al., 2003). It should be noted that

induction of p16 consistently appeared

to be a later event than that of p53 and
p21 (Figure 2C). Intriguingly, a loss of p16 in senescent cells

caused reentry into S phase, resulting in an increased octaploid

population.

Accumulating evidence has suggested that senescence plays

a pivotal role in antitumorigenesis and aging-related changes

in vivo (Campisi and d’Adda di Fagagna, 2007; Halazonetis

et al., 2008). For example, human melanocytic nevi with BRAF

mutations show typical hallmarks of senescence, suggesting

that oncogene-induced senescence is a bona fide physiological

process (Michaloglou et al., 2005). Importantly, nevus cells were

Ki-67 negative and cyclin B1 negative but possessed almost

twice the DNA content of control cells, suggesting that onco-

gene-induced senescent cells are tetraploid G1 cells in vivo (Fig-

ures 7A–7C and S7). Therefore, these results are consistent with

in vitro observations that the mitosis skip plays a necessary and

sufficient role in the induction of senescence.
EXPERIMENTAL PROCEDURES

Plasmid Construction

To generate lentivirus-based shRNA constructs, a 19–21 base shRNA-coding

fragment with a 50-ACGTGTGCTGTCCGT-30 loop was introduced into
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pENTR4-H1 digested with AgeI/EcoRI. To insert the H1tetOx1-shRNA into a

lentivirus vector, we mixed the resulting pENTR4-H1-shRNA vector and CS-

RfA-ETBsd, CS-RfA-ETHygro, or CS-RfA-ETPuro vector with Gateway LR

clonase (Invitrogen). All the target sequences for lentivirus-based sh-RNAs

are summarized in Table S1.

To construct Tet-on inducible lentivirus constructs, the BamHI/ NotI frag-

ment PCR containing cDNA for human p16, p21, p53, pRb7LP (Angus et al.,

2003), Cdh1-4A (Lukas et al., 1999), or H-RASval12 (Barradas et al., 2009)

was inserted into a pENTR-1A vector (Invitrogen) containing 33Flag epitope

digested with BamHI/NotI. The resultant plasmid was mixed with CS-IV-

TRE-RfA-UbC-Puro vector, or CS-IV-TRE-RfA-UbC-Hygro vector, and re-

acted with Gateway LR clonase to generate the lentivirus plasmid.

Immunoblotting Analyses

Immunoblotting was performed as previously described (Katsuno et al., 2009).

All antibodies used in this study are listed in Table S2.

Cell Culture

Early passage normal HDFs, HCA2 (Nakanishi et al., 1995), BJ (ATCC), IMR90

(ATCC), IMR90-ER:RAS val12 (Barradas et al., 2009), and HEK293T cells

(ATCC) were cultured in Dulbecco’smodified Eagle’smedium (DMEM) supple-

mented with 10% fetal bovine serum (FBS). For the serum starvation experi-

ment, cells were cultured with DMEM supplemented with 0.5% FBS for

48 hr. Cells were synchronized at early S phase by treatment with 2 mM of

thymidine (Sigma-Aldrich) for 24 hr or at G2 phase by treatment with 9 mM of

RO3306 (Roche) for 24 hr. Nutlin-3a (Sigma-Aldrich), SU9516 (Merck4

Biosciences), MG132 (Sigma-Aldrich), or NU7026 (Sigma-Aldrich) was used

at a concentration of 5 mM, 10 mM, 10 mg/ml, or 10 mM, respectively, for the indi-

cated interval. Treatments with IR at 10 Gy, Etoposide (Sigma-Aldrich) at

200 nM for 24 hr and H2O2 (Sigma-Aldrich) at 50 mM for 24 hr were used to

generate IR-induced, DNA damage-induced, and oxidative stress-induced

senescent cells, respectively. Senescent cells treated with IR at the 10 Gy

dose were analyzed 6 days after treatment and were evaluated by SA-b-gal

staining. Oncogene-induced senescent cells were generated by the expres-

sion of ER-H-Rasval12 or 33Flag-H-Rasval12 in the presence of 4-OHT for

8 days. Replicative senescent cells were generated by the culture of near

senescent HDFs (PD > 60).

Virus Generation and Infection

Lentiviruses expressing the respective shRNAs or genes were generated by

cotransfection of 293T cells with pCMV-VSV-G-RSV-Rev, pCAG-HIVgp, and

the respective CS-RfA-ETBsd, CS-RfA-ETHygro, CS-RfA-ETPuro, CS-IV-

TRE-RfA-UbC-Puro, or CS-IV-TRE-RfA-UbC-Hygro using the calcium phos-

phate coprecipitation method. Cells infected with the indicated viruses were

treated with 10 mg/ml of blasticidin (Invitrogen), 200 ng/ml of hygromycin

(Sigma-Aldrich), and/or 2 mg/ml of puromycin (Sigma-Aldrich) for 2–3 days.

Doxycycline (Sigma-Aldrich) was added to the medium at a concentration of

1 mg/ml for inducible expression of the respective shRNAs or genes.

Time Lapse Microscopy

HCA2 or IMR90-ER:RASval12 cells expressing FUCCI 2.1 indicators (pMXs-

AmCyan-hGeminin [1/110] and pMXs-IP-mCherry-hCdt1 [30/120]) were

cultured on a glass-based dish (Iwaki), placed on the stage of a BZ-9000 (Key-

ence) equipped with an environmental chamber (Keyence), providing an

adequate temperature, humidity, and CO2 control. Time-lapse images were

captured every 20min for 72 hr with a set of green 494/20 and 536/40 emission

filters. Images were analyzed using BZ-9000 software.

SA-b-Gal Staining

SA-b-gal staining was performed as previously described (Dimri et al., 1995).

Quantitative RT-PCR

Total RNA was extracted using ISOGEN II (Wako) according to the manufac-

turer’s instructions. For quantitative RT-PCR analysis, cDNAs were synthe-

sized using a SuperScript II cDNA synthesis kit (Invitrogen). Real-time PCR

amplifications were performed in 96-well optical reaction plates with Power

SYBR Green PCR Master Mix (Applied Biosystems). The relative expression
values of each gene were determined by normalization to GAPDH expression

for each sample. Primer sequences are available upon request.

FACS Analysis and FACS Sorting

Cell-cycle profiles were analyzed by a standard procedure using a FACS

CANT2 (BD Biosciences). Diploid and tetraploid fractions were isolated by

FACS sorting using a BD FACSAria-2 cell sorter (BD Biosciences) after incuba-

tion with 10 mM Hoechst 33342 (Wako) for 10 min.

Immunohistochemistry

Human pathological sections containing nevi were fixed in 4% formaldehyde

overnight and embedded in paraffin. Paraffin sections were deparaffinized,

rehydrated, and incubated with peroxidase blocking reagent (DAKO). The

tissue was incubated with the primary antibodies 96C10 for histone H3 (Cell

Signaling), MIB-1 for Ki-67 (DAKO), and GNS1 for cyclin B1 (Santa Cruz). Pri-

mary antibody binding was detected using a FITC-linked secondary antibody

or a HRP-linked antibody and revealed by conventional immunostaining using

DAB (DAKO) or HistoGreen (ABC Scientific) as a substrate. This study was

approved by the Ethics Committee of Nagoya City University Graduate School

of Medical Sciences, Nagoya, Japan. All subjects provided written informed

consent.
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