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Abstract

Objective To explore the role of p21 in ionizing radiation-induced changes in protein levels during the
G2/M transition and long-term G2 arrest.

Methods Protein expression levels were assessed by western blot in the human uveal melanoma 92-1
cells after treatment with ionizing radiation. Depletion of p21 was carried out by employing the siRNA
technique. Cell cycle distribution was determined by flow cytometry combined with histone H3
phosphorylation at Ser28, an M-phase marker. Senescence was assessed by senescence-
associated-B-galactosidase (SA-B-gal) staining combined with Ki67 staining, a cell proliferation marker.

Results Accompanying increased p21, the protein levels of G2/M transition genes declined
significantly in 92-1 cells irradiated with 5 Gy of X-rays. Furthermore, these irradiated cells were blocked
at the G2 phase followed by cellular senescence. Depletion of p21 rescued radiation-induced G2 arrest
as demonstrated by the upregulation of G2/M transition kinases, as well as the high expression of
histone H3 phosphorylated at Ser28. Knockdown of p21 resulted in entry into mitosis of irradiated 92-1
cells. However, cells with serious DNA damage failed to undergo cytokinesis, leading to the
accumulation of multinucleated cells.

Conclusion Our results indicated that p21 was responsible for the downregulation of G2/M transition
regulatory proteins and the bypass of mitosis induced by irradiation. Downregulation of p21 by siRNA
resulted in G2-arrested cells entering into mitosis with serious DNA damage. This is the first report on
elucidating the role of p21 in the bypass of mitosis.
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INTRODUCTION cells appear to enter a sustained arrest in the G1 or

G2 phase of the cell cycle, which allows the cells to

nvironmental factors, such as toxic repair the damage. If the damage is repaired, cells
Echemicals, oxidative stress, and ionizing reenter the cell cycle and become normal. If the
radiation, could induce DNA damage in damage is not repaired, cellular senescence will be
organisms. initiated by activation of the persistent DNA damage

Once DNA damage is generated, proliferating response (DDR) pathwaym. Normally, senescent cells
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contain diploid DNA, a typical characteristic of the
G1 phase in somatic or in vitro cultured cells®?.
However, DNA damage-induced senescent cells
contained a sizeable subpopulation with tetraploid
DNA content™®®. These observations imply that the
arrested cells with tetraploid DNA enter senescence
at the G2 phase. This is inconsistent with the notion
that all intermediate phases are unstable, except for
GO and the early G1 phase[7'9]. Our previous work™
and other studies®™ suggested that these
G2-arrested cells with DNA damage bypassed mitosis
and directly slipped into G1 phase, then underwent
senescence.

In this progression, proteins essential for G2/M
transition, such as cyclin ppitor 1l cyclin-dependent
kinase 1 (CDKl)“O], aurora kinase A (Aurora A)“O],
and polo-like kinasel (PLKl)[IO] declined dramatically.
cyclin B1/CDK1 is a master mitotic regulatorlls]. In
cycling cells, cyclin B1 accumulated during G2 is
degraded at the metaphase to anaphase transition,
and is predominantly localized in the cytoplasm until
the beginning of mitosis'**®. Rapid nuclear
translocation of cyclin B1/CDK1 is a key event for
nuclear envelope breakdown. Aurora A and PLK1 are
two other key mitotic kinases™. Aurora A is
required for mitotic entry. The initial activation of
Aurora Ain late G2 phase is essential for recruitment
of the cyclin B1/CDK1 complex to centrosomes,
where it becomes activated and commits cells to
mitosis™ %, PLK1 plays an essential role in both the
onset of the G2/M transition and cytokinesislls]. The
overexpression of PLK1 is strongly correlated with a
wide spectrum of human cancers and poor
prognosism]. In normal cell cycle progression, these
kinases are accumulated at G2 phase and degraded
at anaphase by the anaphase-promoting
complex/cyclostome (APC/C) to promote the exit of
cells from mitosis®". The unscheduled degradation
of these kinases is believed to result in long-term G2
arrest. However, the types of mechanisms that drive
the unscheduled degradation of these mitotic
kinases remain unknown.

Interestingly, accompanying the degradation of
mitotic kinases, tumor protein p53 (TP53/p53) and
cyclin-dependent kinase inhibitor 1A (CDKN1A/p21)
were stably accumulated after ionizing radiation
(IR)“O]. p21 is a multifunctional protein and a key
player in regulating different cellular processes. The
transcription of p21 is regulated by p53-dependent
and -independent pathwaysm]. It is clear that p53
and p21 are required to maintain G2 arrest in human
cells™?. Earlier and recent studies strongly

suggested that p21 upregulation mediated cyclin B1
degradation by driving nuclear translocation of cyclin
B1 in response to DNA damage[4’14’16]. However, it is
still unclear whether p21 is responsible for the
degradation of these mitotic kinases during G2 arrest
after irradiation. In this study, the relationship
between the upregulation of p21 and the changes in
the protein levels of these mitotic kinases was
investigated after exposure of human uveal
melanoma 92-1 cells to ionizing radiation, the most
common treatment method in cancer therapy.

MATERIALS AND METHODS

Cell Culture and Irradiation

25
Human uveal melanoma 92-1 cells® and

normal fibroblast GM-08398 cells were cultured in
RPMI-1640 medium (Sigma, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS,
Gibco, Life Technologies, NY, USA), 100 pg/mL
streptomycin and 100 units/mL penicillin in a
humidified atmosphere with 5% CO,. Cells were
seeded in 12-well plates (1x10° cells per well),
35-mm culture dishes (2x10° cells per dish) or
60-mm culture dishes (5x10° cells per dish),
incubated for 48 h to 70% confluence, and irradiated
at room temperature with X-rays generated by a
Faxitron RX650 (Faxitron RX650, Faxitron Bioptics,
Lincolnshire, IL, USA) at a dose rate of 1 Gy/min. Iron
ion (LET 400 KeV/um) irradiation was performed at
the HIRFL (Heavy lon Research Facility of Lanzhou,
Institute of Modern Physics, Lanzhou, China). The
dose rate ranged from 0.2 to 0.3 Gy/min.

Cell Cycle Assay

After various periods of post-treatment
incubation, cells were harvested and fixed with 70%
pre-chilled ethanol for over 24 h at -20 °C. The fixed
cells were washed twice with PBS, treated with
100 pg/mL RNase A, and stained with 50 pg/mL
propidium iodide mixed buffer (BD Biosciences, San
Jose, CA) for 30 min at 37 °C. Cell cycle distribution
was analyzed with FlowJo. DNA content was
measured with CellQuest (Benton Dickinson).

Immunofluorescence

For immunostaining, cells were seeded on
sterile coverslips at a density of 4x10° cells per dish
in 60-mm culture dishes, cultured for 24 h, then
irradiated and incubated (37 °C, 5% CO,) for the
indicated time. The irradiated cells were fixed with
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4% paraformaldehyde for 10 min at room
temperature and in pre-cooling methanol for 20 min
at -20 °C, then permeabilized with 0.5% Triton X-100
in PBS for 10 min. Nonspecific binding sites were
blocked with 5% nonfat dried milk in PBS for 2 h at
room temperature before probing with primary
antibodies. Anti-Ki67 rabbit polyclonal (ab833,
Abcam, Cambridge, MA, UK), and anti-53BP1 rabbit
polyclonal (ab36823, Abcam, Cambridge, MA, UK)
antibodies were used. Secondary antibodies
(anti-rabbit, Santa Cruz, TX, USA) conjugated with
AlexaFluor 594 were incubated for 1 h. Images were
obtained using a Zeiss LSM 700 Meta confocal laser
scanning microscope (Zeiss, Oberkochen, Germany).

SA-8-Gal Staining

Human uveal melanoma 92-1 cells (1x10°) were
plated in 35-mm cell culture dishes and incubated
for 48 h before exposure. At each indicated time
point after irradiation, cells were stained with the
Senescence-associated B-Galactosidase Staining Kit
(C0602, Beyotime, Haimen, China) following the
standard protocol suggested by the manufacturer.
Senescent cells were identified under a light
microscope.

Western Blotting

Cells in 35-mm culture dishes were lysed in RIPA
buffer (PO013C, Beyotime, Haimen, China) on ice and
collected by gentle scraping with cell scraper.
Samples were centrifuged at 10,000 xg for 15 min at
4 °C, and total protein concentrations were
determined from supernatants using the BCA
protein assay kit (Pierce, Rockford, IL, USA).
Thereafter, samples were resolved by SDS-PAGE and
transferred onto polyvinylidene difluoride (PVDF)
membranes (GE Healthcare, Beijing, China).
Membranes were blocked for 2 h in blocking buffer
(5% nonfat dry milk in PBS) and incubated with
primary antibodies for 2 h. Next, membranes were
washed three times with PBS containing 0.1%
Tween-20, incubated with secondary antibody for
2 h at room temperature, and then washed with PBS
containing 0.1% Tween-20. Protein bands were
visualized using the enhanced chemiluminescence
system (Amersham-Buchler, Braunschweig, Germany)
and exposed to X-ray medical film (Kodak, Tokyo,
Japan). GAPDH and f-actin were used as the loading
controls. The antibodies employed in this study were
anti-p53 (ab2433, Abcam, Cambridge, MA, UK),
anti-p21 (sc-397, Santa Cruz, TX, USA), anti-B-actin
(sc-130065, Santa Cruz, TX, USA), anti-PLK1 (36-298,

Abcam, Cambridge, MA, UK), anti-Aurora A (35C1,
Abcam, Cambridge, MA, UK), anti-cyclin B1 (GNS1,
Santa Cruz, TX, USA), anti-CDK1 (ab32384, Abcam,
Cambridge, MA, UK), and anti-GAPDH (sc-25778,
Santa Cruz, TX, USA).

siRNAs and Transfections

siRNA targeting p21 and the negative control
siRNA sequence (siRNA-Neg) were purchased from
Fulen Gen (Guangzhou, China) and were transfected
using Lipofectamine 2000 (Life Technologies, Grand
Island, NY, USA) according to the manufacturer’s
protocol in a final concentration of 50 nmol/L. All
siRNA transfections were performed 24 h before the
start of the experiment.

Statistical Analysis

The differences between means were tested for
significance using one-way ANOVA in the SPSS
statistical package (version 17.0; SPSS Inc., Chicago,
IL, USA). A value of P<0.05 was considered to
indicate a statistically significant result (*) and a
value of P<0.01 was considered to indicate an
extremely significant result (**). All experiments were
repeated at least three times and the values shown
on the graphs represent the means+SEM.

RESULTS

lonizing Radiation Induces a Decline of Mitotic
Kinases and Long-term G2 Arrest Followed by
Senescence

Previous studies have shown that upon
exposure to high dose of IR, the cell cycle of
exponentially growing 92-1 cells was suspended[u]
and long-term G2 arrest was established,
accompanying the decline in proteins essential for
the G2/M transition, then these cells skipped the M
phase, directly slipped into G1 phase, and
underwent senescence™. In the current study, we
confirmed this phenomenon in 92-1 cells after
treatment with 5 Gy of X-ray irradiation. As shown in
Figure 1A, untreated cells showed typical cell cycle
progression and normal cell cycle distribution. Cells
exposed to X-rays also resumed cell cycle
progression, but failed to undergo cell division,
leading to tetraploid cell accumulation. Notably,
tetraploid cells might be cells that are arrested at the
G2 or M phase. To confirm whether these tetraploid
cells were arrested at the G2 or M phase, we used an
antibody specific for histone H3 phosphorylated at
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Ser28, a marker of the M phase, to assess whether
these tetraploid cells had entered into M phase.
However, immunoblot analysis did not detect
histone H3 phosphorylation at Ser28 in the
irradiated cells (Figure 1B), revealing that tetraploid
92-1 cells induced by X-rays were blocked at the G2
phase, not at entry into mitosis.

Cyclin B1 is essential for the G2/M transition. It
has been confirmed that cyclin B1 accumulates
during G2, is degraded at the metaphase to
anaphase transition, and is predominantly localized
in the cytoplasm until the beginning of mitosis'*2®,
However, in cells that failed to recover from G2
arrest, we observed a rapid decrease in cyclin B1
during the first 24 h after IR™ (Figure 1B). Similarly,
after IR, we also detected a remarkable decrease in
CDK1, PIk1, and Aurora A[17'18], collectively known as
mitotic kinases and essential for the G2/M
transition®” (Figure 1C). These results implied that
the IR-induced decrease in G2/M transition
regulatory proteins contributed to long-term G2
arrest.

Five days later, we determined the survival of
these irradiated cells by staining for SA-B-gal (Figure
1D, 1E), a widely used marker of cellular senescence'”,

The irradiated 92-1 cells showed a marked increase
in the amount of SA-B-gal-positive cells 5 days after
IR (Figure 1D, E).

Taken together, these results confirmed that the
majority of G2-arrested cells failed to enter into
mitosis but entered senescence in the G2-arrested
state in response to ionizing radiation (Figures 1D,
E).

p21 Accumulates in Irradiated 92-1 Cells

p21 is the principle mediator of cell cycle arrest
in response to DNA damage. It primarily mediates G1
cell cycle arrest by inactivating G1-associated cyclin
A- and cyclin E-containing cyclin/CDK complexes.
However, some other reports also suggested a role
for p21 in mediating G2 cell cycle arrest®’. Here, we
first exposed 92-1 cells to 0.5 Gy, 5 Gy of X-rays or 5
Gy of iron ion beams, and protein level analysis by
western blot showed that p21 increased sharply
after irradiation (Figure 2A, 2B). Notably, we observed
that the kinetics and magnitude of p21 upregulation
after DNA damage were dose and time dependent.
Low-dose (0.5 Gy) X-ray treatment only induced
a slight increase in p21 in 92-1 cells, while high-dose
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Figure 1. lonizing radiation induced long-term G2 arrested cells underwent senescence. (A) The
percentage of cells in each cell cycle phase is shown after 5 Gy X-rays. (B) The protein levels of cyclin B1
protein and H3 phosphorylated at Ser28 are shown after irradiation; PC: as a positive control for p-H3
protein detection. (C) Western blotting of the protein levels essential for G2/M transition in cells
irradiated with 5 Gy of X-rays. (D) Quantification of irradiated cells that arrest for 5 days and become
SA-B-gal positive. MeanstSEM; n=3. (E) Representative micrographs of control and 5 Gy irradiated cells
at 5 days after IR stained for SA-B-gal. Ctrl: non-irradiated samples. B-actin was used as the loading
control. Scale bar: 100 um. For the quantification analysis, 500 cells were analyzed for SA-B-gal

experiments. *P<0.05, ”p<0.01.
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X-ray (5 Gy) treatment caused a dramatic increase in
p21 24 h after irradiation (Figure 2A). However, the
protein levels of p21 displayed a declining
trend from 24 h to 5 d after IR in high-dose X-ray
irradiated 92-1 cells (Figure 2A). In contrast, p21 in
cells irradiated with 5 Gy of iron ions was maintained
at high levels for up to 5 d after treatment (Figure
2B).

Many studies have confirmed that p21 is a
master modulator of cellular senescence?”. In
agreement with this notion, we observed that the
population of SA-B-gal-positive cells showed a
correlation with the protein levels of p21. As shown
in Figure 2C, high-dose iron ion irradiation, which
maintained high levels of p21 in 92-1 cells, resulted
in more than 90% of irradiated cells being stained by
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SA-B-gal 5 d after IR. In contrast, when low levels of
p21 were induced by 0.5 Gy of X-rays, only 19% of
cells were stained by SA-B-gal. This result implied
that the accumulation of p21 was necessary to
maintain G2 arrest and trigger the onset of
senescence.

p21 expression is regulated in large part by p53,
which acts as a transcription factor. Some studies
suggested that p53 was not required for the initial
arrest of cells in the G2 phase, but was essential for
the long-term maintenance of the arrest??¥, In
addition, p53 was required for DNA damage-induced
senescence!™. In this study, we also detected the
protein level of p53 in irradiated 92-1 cells. As
expected, p53 was upregulated quickly and maintained
at high levels after IR (Figure 2B). However, we did not
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Figure 2. p21 accumulation induced by irradiation. Western blotting of p21 and p53 expression in cells
irradiated with 0.5 Gy or 5 Gy of X-rays (A) or 5 Gy of iron ions (B) at the indicated time points post
irradiation. (C) Quantification of irradiated cells that arrested for 5 d and became SA-B-gal-positive in
92-1 cells. MeanszSEM; n=3. (D) Western blotting of p53 and p21 expression in GM-08398 cells
irradiated with 10 Gy of X-rays; the panels of 92-1 cells are shown as a positive control for p53. (E)
Quantification of irradiated cells that arrested for 5 d and become SA-B-gal-positive in GM-08398 cells.
Mean1SEM; n=3. (F) Representative micrographs of control and irradiated cells (treated with 10 Gy of
X-rays) 5 d after IR stained for SA-B-gal. Ctrl: non-irradiated samples. Scale bar: 100 um. For the
quantification analysis, 500 cells were analyzed in SA-B-gal experiments.
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observe an increase in p53 expression in irradiated
GM-08398 cells (Figure 2D), a cell line in which
long-term G2 arrest also occurred followed by a
senescent state 5 d after IR (Figure 2E, 2F).
Interestingly, p21 expression was dramatically
upregulated after 10 Gy of X-ray irradiation (Figure
2D). In addition, the p21 protein was maintained at a
relatively high level in untreated GM-09398 cells
(Figure 2D). This might be because some
p53-independent p21 synthesis occurred after the
irradiation of GM-08398 cells. These results were
consistent with the fact that p53 was a major, but
not the sole, transcriptional regulator of p21 in
mammalian cells. Taken together, the accumulation
of p21 was essential for IR-induced G2 arrest and
senescent entry, though we cannot confirm whether
p53 contributed to G2 arrest and senescence.

Depletion of p21 Induces G2/M Transition by
Rescuing IR-induced Decline of G2/M Regulatory
Proteins

To further reveal the connection between the
upregulation of p21 in response to DNA damage and
the maintenance of G2 arrest in irradiated 92-1 cells,
we used siRNA to knock down the expression of p21
(Figure 3A), and assessed cell cycle progression in
irradiated 92-1 cells. As seen in Figure 3C and 3D,
knockdown of p21 in irradiated 92-1 cells
significantly impaired their ability to block cells at the
G2 phase, thus leading to entry into mitosis with
DNA damage. However, these cells never completed
cytokinesis[m, and they were eventually flattened
and were found to appear abnormal in shape and
multinuclear (or to have abnormal nuclei) (Figure 3C,
3D, 3E, 3G). To confirm whether these cells entered
into mitosis, we used immunoblot analysis to detect
the M-phase protein marker histone H3,
phosphorylated at Ser28, in p21 depleted 92-1 cells.
After treatment with high dose of X-rays, cells
transfected with negative control siRNA lacked the
expression of histone H3 phosphorylated at Ser28 (in
agreement with Figure 1B). However, the protein
level of histone H3 phosphorylated at Ser28 was
dramatically upregulated at 48 h after IR in p21
depleted cells (Figure 3B). Ki67 is a cell proliferation
marker and Ki67 staining can be used to detect
proliferation potential in all phases except the rest
phase of cells. We also detected Ki67-positive cells in
these irradiated cells. The results showed that
high-dose X-ray treatment efficiently abolished cell
proliferation 3 d post-irradiation. In contrast,
depletion of p21 could partly rescue cells from

radiation-induced cell proliferation abolishment
(Figure 3E, 3F), which was also proven by the high
percentage of Ki67 staining that colocalized with
abnormal nuclei (Figure 3E, 3H). Together, these
results suggested that depletion of p21 led to the
G2/M transition in cells treated with IR.

The progression of cells from G2 phase to
mitosis is a tightly regulated cellular process that
requires activation of the mitotic kinases, such as
cok1™,  pLka™?  and Aurora A", which
determines the onset of mitosis in all eukaryotic
cells™”. Once DNA was damaged, the elimination of
these G2/M transition kinases helped to maintain
cells in G2 phase. This provided an opportunity for
damage repair and to stop the proliferation of
damaged cells. Here we found that G2 arrest was
abrogated if p21 was depleted before irradiation. To
determine whether these mitotic kinases were
responsible for mitotic entry in p21-depleted cells,
we detected the protein levels of these mitotic
kinases in p21-depleted cells treated with 5 Gy of
X-rays. As shown in Figure 4A and 4B, the protein
levels of CDK1, cyclin B1, Aurora A, and PLK1 were
decreased dramatically in cells transfected with
negative control siRNA sequence (siRNA-Neg) before
treatment with 5 Gy of X-rays. Strikingly, a decrease
in all of these kinases and cyclin B1 induced by X-rays
was rescued by depletion of p21 before irradiation.
This result suggested that p21 was a master regulator
of G2 arrest in response to DNA damage, which also
displayed a tightly negative connection between p21
and mitotic kinase activation.

M-phase Cells with Serious DNA Damage Fail to
Undergo Cytokinesis

Although depletion of p21 led to G2/M transition
in irradiated 92-1 cells, the M-phase cells failed to
undergo cytokinesis with serious DNA damage
(Figure 5A), confirmed by the accumulation of
multinuclear cells (Figure 3E, G). It was not yet clear
whether cells with serious DNA damage failed to
undergo cytokinesis because of a cytokinesis
checkpoint or because of a simple mechanical
problem. However, the cells that entered mitosis
with DNA damage lost the ability to divide into two
daughter cells and became large and flattened,
displaying a senescent-like phenotype. To investigate
the fate of these M-phase arrested cells, we stained
the p2l-depleted cells for SA-B-gal 5 d
post-irradiation. Notably, depletion of p21 did not
reverse the senescence entry of 92-1 cells in
response to 5 Gy of X-rays, though it abolished G2 arrest
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Figure 3. Cells lacking p21 were unable to sustain G2 cell cycle arrest in response to DNA damage. (A)
Western blotting shows the relative expression levels of the indicated proteins in 92-1 cells used in
(C)-(H). (B) Western blotting shows the relative expression levels of phosphorylated H3 Ser28 in control
cells and in p21 depleted 92-1 cells after irradiation with 5 Gy X-rays. (C, D) Control cells and cells
depleted of p21 were irradiated with 5 Gy of X-rays and subsequently imaged for 3 days. (C)
Representative micrographs and (D) quantification of abnormal nuclear cells in 5 Gy X-ray-irradiated
cells are shown. Scar bar: 100 um. (E) Representative micrographs of Ki67-positive cells and abnormal
nuclei (white arrows) in control cells or p21-depleted cells 3 d after irradiation with 5 Gy of X-rays. Scar
bar: 10 um. (F-H) Same as before, control cells and cells depleted of p21 were irradiated with 5 Gy of
X-rays. Quantification of Ki67-positive cells (F), abnormal nuclei (G), or Ki67-positive abnormal nuclei (H)
is shown. For the quantification analysis, 500 cells per time point were analyzed.
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induced by DNA damage (Figure 5B, C). This result
implied that M-phase cells with serious DNA damage
failed to undergo cytokinesis and then entered
senescence with abnormal nuclei.

DISCUSSION
Substantial evidence demonstrates that

long-term G2 arrest followed by bypassing of mitosis
is a critical mechanism for G2 phase cells in response
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Figure 4. Deletion of p21 in irradiated 92-1 cells rescued the decline in IR-induced mitotic kinases.
Western blotting of p21, CDK1, Aurora A, cyclin B1 (A), and PLK1 (B) protein levels at the indicated time
points in control siRNA and p21 siRNA-transfected 92-1 cells after treatment with 5 Gy of X-rays. To
knock down p21, 92-1 cells were transfected with a sequence of siRNA targeting p21 or a nonspecific

siRNA sequence.

A
53BP1 DAPI Merge
) ...
oo
()
.
HE
Dl
L
o
x| <
>3
914
w1z
4
wv

B =siRNA-Neg
100, i -
g %0 m=msiRNA-p21
N
0o
Sy 40
SE 20
o]
S 0 cm 5
Time (d)
5 Gy X-rays/5d
Ctrl SiRNA-Neg  siRNA-p21
B E T Ly
8. < ’(‘f rou ¥
¢:L \I ‘ o
by : '~
wi 1'00 um 100 pm 100 pm

Figure 5. M-phase cells with serious DNA damage failed to undergo cytokinesis and entered senescence
with abnormal nuclei. (A) Representative micrographs showing recruitment and retention of 53BP1
(indicates DNA double-strand break sites) at the sites of damaged DNA induced by 5 Gy X-rays in 92-1
cells. Scale bar: 10 um. (B) Quantification of irradiated cells that arrest for 5 days and become SA-B-gal-
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500 cells were analyzed per time point. (C) Representative micrographs of control and 5 Gy irradiated
cells 5 d after irradiation stained for SA-B-gal. Ctrl: non-irradiated samples. Scale bar: 100 pum.
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long-term G2 arrest®™. In addition, some studies
demonstrated that p21 was essential for maintaining
the G2 checkpoint”’G’B]. In this study, we confirmed
that p21 was required for long-term G2 arrest in 92-1
cells. Depletion of p21 by siRNA resulted in the
arrested cells partly getting through the G2 block,
and entering into the M phase with DNA damage
(Figure 3). However, most of these M-phase cells
failed to undergo cytokinesis, which led to the
accumulation of cells with abnormal nuclei and
serious DNA damage (Figure 3B, C, D, and F).

These results helped us to confirm that p21 is
indeed essential for the establishment of G2 arrest
and maintenance in response to DNA damage. We
also enquired whether p21 was involved in
maintaining G2 arrest by causing downregulation of
G2/M regulatory proteins. Indeed, western blotting
showed that depletion of p21 in irradiated 92-1 cells
rescued G2/M transition kinases from
radiation-induced  downregulation  (Figure 4).
Combined with these results, we recommended that
p21 sustained long-term G2 arrest by inducing a
decline in key mitotic kinases in response to DNA
damage, though the exact mechanism of this process
is still unknown. One cogent model suggested that
high levels of p21 expression helped cyclin B1 to
enter into nuclear regions and was followed by cyclin
B1 degradationm. Overexpression of p21 in U20S
cells has been observed to result in nuclear retention
of cyclin Bl in G2 phasem]. These studies
recommended that p21 is a major regulator for
unscheduled degradation of cyclin B1. But how p21
mediates CDK1, Aurora A, and PLK1 downregulation
in response to DNA damage is still an interesting
issue that requires further study.

After long-term G2 arrest, the irradiated 92-1
cells entered into senescence. We also wondered
whether downregulation of p21 in irradiated 92-1
cells reversed the fate of these cells. However, most
of the multinuclear cells with DNA damage entered a
senescent state 5 d after IR (Figure 5), though a high
percentage of abnormal nuclei still maintained
proliferation competence (indicated by Ki67-positive
staining) 72 h after IR (Figure 3D, 3E, 3G). Notably, in
most of the multinuclear cells, the number of nuclei
was fewer than three in a single cell. This implied
that the cells blocked at the M phase did not enter
into next cell cycle, though they broke through the
G2 block caused by the downregulation of p21.

Although we have established the necessity for
p21 in mitotic kinase downregulation in response to
DNA damage, it remained unclear whether p21

played a direct or indirect role in the mechanism of
mitotic kinase degradation. Some studies suggested
that p21 might play a direct role in cyclin Bl
degradation[”]. However, more evidence was still
needed. Other studies suggested that the
disassembly of nuclear pore complexes (NPCs) was a
key event during nuclear disintegration in organisms
undergoing  mitosis.  During this  progress,
nucleoporins were hyperphosphorylated. Direct
evidence confirmed that CDK1, Aurora A, and PLK1
activities were  essential for  nucleoporin
phosphoryIation[11’18’23’26'27]. Thus, combined with
this notion, our data imply that p21 upregulation
suppresses nuclear disintegration during the G2/M
transition, and this suppression leads to G2 arrested
cells bypassing mitosis. Finally, although p21
mutations are relatively rare in cancers, p53
mutations are very common and cells with mutant
p53 are impaired in their ability to upregulate p21 in
response to DNA damage. Our work highlights the
implications of intact p21 functions in the treatment
of cancers with DNA-damaging agents and provides
insight into the multiple roles of p21 as a cell cycle
regulator.

ACKNOWLEDGMENTS

We thank Doctor Professor Yoshiyu Frusawa in
National Institute of Radiological Sciences, Chiba,
Japan, for providing 92-1 and GM-08398 cell lines.

COMPETING INTERESTS

The authors declare no competing financial
interests.

AUTHOR CONTRIBUTIONS

ZXR, WIJF, and LSW designed this study. ZXR, LYA, SF,
and LH performed the experiments and analyzed the data.
ZXR and WIJF wrote the manuscript.

Received: January 18, 2016;

Accepted: April 15, 2016

REFERENCES

1. Burton DG, Faragher RG. Cellular senescence: from growth
arrest to immunogenic conversion. Age (Dordrecht,
Netherlands), 2015; 37, 27.

2. Zhang H, Pan KH, Cohen SN. Senescence-specific gene
expression fingerprints reveal cell-type-dependent physical
clustering of up-regulated chromosomal loci. Pro Nat Acad Sci
USA, 2003; 100, 3251-36.



p21 induces bypass of mitosis

493

3. d'Adda di Fagagna F. Living on a break: cellular senescence as a
DNA-damage response. Nature reviews. Cancer, 2008; 8,
512-22.

4. Krenning L, Feringa FM, Shaltiel 1A, et al. Transient activation of
p53 in G2 phase is sufficient to induce senescence. Mol cell,
2014; 55, 59-72.

5. Mao Z, Ke Z, Gorbunova V, et al. Replicatively senescent cells
are arrested in G1 and G2 phases. Aging, 2012; 4, 431-5.

6. Wiebusch L, Hagemeier C. p53- and p21-dependent premature
APC/C-Cdh1 activation in G2 is part of the long-term response
to genotoxic stress. Oncogene, 2010; 29, 3477-89.

7. Zetterberg A, Larsson O, Wiman KG. What is the restriction
point? Curr Opin Cell Biol, 1995; 7, 835-42.

8. Tyson JJ, Novak B. Regulation of the eukaryotic cell cycle:
molecular antagonism, hysteresis, and irreversible transitions.
J Theor Biol, 2001; 210, 249-63.

9. Novak B, Tyson JJ, Gyorffy B, et al. Irreversible cell-cycle
transitions are due to systems-level feedback. Nat Cell Biol,
2007;9, 724-8.

10.Ye C, Zhang X, Wan J, et al. Radiation-induced cellular
senescence results from a slippage of long-term G2 arrested
cells into G1 phase. Cell Cycle, 2013; 12, 1424-32.

11.Davoli T, Denchi EL, de Lange T. Persistent telomere damage
induces bypass of mitosis and tetraploidy. Cell, 2010; 141,
81-93.

12.Jinpeng He, Junhong Li, Caiyong Ye, et al. Cell cycle suspension
A novel process lurking in G2 arrest. Cell Cycle, 2011; 10,
1468-76.

13.Mullers E, Cascales HS, Jaiswal H, et al. Nuclear translocation of
Cyclin B1 marks the restriction point for terminal cell cycle exit
in G2 phase. Cell Cycle, 2014; 13, 2733-43.

14.Gillis LD, Leidal AM, Hill R, et al. p21Cip1/WAF1mediates cyclin
B1 degradation in response to DNA damage. Cell Cycle, 2014; 8,
253-6.

15.Eckerdt F, Yuan J, Strebhardt K. Polo-like kinases and
oncogenesis. Oncogene, 2005; 24, 267-76.

16.Charrier-Savournin  FB, Chateau MT, Gire V, et al.
p21-Mediated nuclear retention of cyclin B1-Cdk1 in response
to genotoxic stress. Mol Biol Cell, 2004; 15, 3965-76.

17.Prigent C, Giet R. Aurora A and Mitotic Commitment. Cell, 2003;
114, 531-2.

18.Hirota T, Kunitoku N, Sasayama T, et al. Aurora-A and an
Interacting Activator, the LIM Protein Ajuba, Are Required for
Mitotic Commitment in Human Cells. Cell, 2003; 114, 585-98.

19.Laurell E, Beck K, Krupina K, et al. Phosphorylation of Nup98 by
multiple kinases is crucial for NPC disassembly during mitotic
entry. Cell, 2011; 144, 539-50.

20.Leung GC, Sicheri F. A Polo Match for Plk1. Cell, 2003; 115, 3-4.

21.Pines J. Cubism and the cell cycle: the many faces of the APC/C.
Nature reviews. Mol Cell Biol, 2011; 12, 427-38.

22.Abbas T, Dutta A. p21 in cancer: intricate networks and
multiple activities. Nature reviews. Cancer, 2009; 9, 400-14.

23.Bunz F, Dutriaux A, Lengauer C, et al. Requirement for p53 and
p21 to sustain G2 arrest after DNA damage. Science (New York,
N.Y.), 1998; 282, 1497-501.

24.Taylor WR, Stark GR. Regulation of the G2/M transition by p53.
Oncogene, 2001; 20, 1803-15.

25.De Waard-Siebinga |, Blom DJ, Griffioen M, et al. Establishment
and characterization of an uveal-melanoma cell line. Int J
Cancer, 1995; 62, 155-61.

26.Pines J, Hunter T. Human cyclins A and B1 are differentially
located in the cell and undergo cell cycle-dependent nuclear
transport. J Cell Biol, 1991; 115, 1-17.

27.Nigg EA. Mitotic kinases as regulators of cell division and its
checkpoints. Nature reviews. Mol Cell Biol, 2001; 2, 21-32.

28.Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad
things happen to good cells. Nature reviews. Mol Cell Biol,
2007; 8, 729-40.

29.Passos JF, Nelson G, Wang C, et al. Feedback between p21 and
reactive oxygen production is necessary for cell senescence.
Mol Syst Biol, 2010; 6, 347.

30.Campisi J. Aging, Cellular Senescence, and Cancer. Annu Rev
Physiol, 2013; 75, 685-705.

31.Normand G, King RW. Understanding cytokinesis failure. Adv
Exp Med Biol, 2010; 676, 27-55.

32.Smits VA, Klompmaker R, Vallenius T, et al. p21 inhibits Thr161
phosphorylation of Cdc2 to enforce the G2 DNA damage
checkpoint. J Biol Chem, 2000; 275, 30638-43.



