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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 from where senescent cells exit the
cell cycle, we performed time-lapse live-cell imaging of asyn-
chronously growing normal human diploid fibroblast (HDF)
HCAZ2 cells transduced with lentiviruses expressing Cdt1 frag-
ment-fused mCherry and geminin fragment-fused AmCyan pro-
teins (Sakaue-Sawano et al., 2008). Imaging was 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 p-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 setine 10
(H3-P-510), 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-

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 a mitotic skip had occurred when 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 IMRS0 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-p-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 35% 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

(D) HCA2 cells at the indicated times after IR treatment (10 Gy) were stained with Hoechst 33342 and sorted by FSC and SSC as F1 and F2 and analyzed by

FACScan.

(E) HCA2 cells at 0, 3, and 7 days after IR treatment (10 Gy) were stained with Hoechst 33342 and sorted by intensity as G1 and G2 phase cells by FACScan. The
relative induction of p18, IL6, and cyc B1 transcripts were examined by qPCR analysis using the sorted fractions indicated as G1 and G2. Data are presented as
means +SD of at least three independent experiments. See also Figures S1A-S1G.
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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 ng/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 p5§3. Asynchronous FUCCI-HCA2 cells expressing Tet-on 3xFlag-p53 (As) were

synchronized at G2, G1, or S phases by RO3306 (9 uM) for 24 hr, serum starvation for 48 hr, or thymidine (2 mM) for 24 hr, respectively. In some experiments, cells
(legend continued on next page)
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notin 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 phase were SA-B-gal positive, whereas those
at G1 or S phase were not (Figure 2G). Transient expression of
p53in 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 HxO, or oncogenic Ras likely requires a p53-dependent
mitosis skip.

Premature Activation of APC/C®"" 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/C®", showing a complex
formation between Cdh1 and Cdc27 around 24 hr after treat-
ment, indicating that it is a general feature of senescence induc-

tion (Takahashi et al.,, 2012) (Figure S3F). We then examined
whether premature activation of APC/C®M 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 S83G). 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/C®M 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
Cdht 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, evenin 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 H,O, 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

were released to G2 phase by removing thymidine 4 hr before addition of doxycycline (S(4h)). Cells were then treated with doxycycline (1 pg/mi) in the absence of
RO3306 (G2), in the presence of 15% serum {G1) and thymidine (S), and released into fresh medium (Time 0). The relative ratios of Cdtt-switching cells were

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 subjected to immunoblotting using the indicated antibodies. Time 0 is shown in (D).
The relative number of cells treated as in (E) was determined as a multiple of those at day 1 (F). SA B-gal-positive cells were determined as in (B).
(G) Data are presented as means +SD of at least three independent experiments. See also Figures S2A-S2F.
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Figure 3. Induction of p21 at G2 Is Insuffi-
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(A) FUGCI-HCAZ2 cells expressing Tet-on 3xFlag
p21 were synchronized at G2 by RO3306. The
synchronized cells were untreated (None) or
treated with SU95186 (SU; 10 pM), Nutlin 3a (5 uM),
or doxycycline (1 pg/mi). 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
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were treated.

(C and D) FUCCI-HCA2 cells expressing Tet-on
sh-luciferase (control) or Tet-on sh-Cdh1 (shCdh1)
were treated with doxycycline (1 ug/ml). Cells were
then treated with IR (10 Gy) and subjected to SA-
B-gal staining as in Figure 1G (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
G+/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-
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triple knockdown of pRb family pocket genes, although the
appearance of Cdi1 switching cells was apparently unaffected
(Figure 4D). Senescence induction in cells lacking all three pRb
family proteins could not be analyzed, because these celis
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 p186, 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 ©2014 Elsevier Inc.

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 pg/ml)
were subjected to immunoblotting using the indi-
cated antibodies. See also Figures S3A-S3G.

mechanism of senescence induction
(Figure 5@G). 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/CCM that degrades various mitotic
regulators, leading to the Cdi1 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/CNT,
Transient expression (24 hr) of pRb7LP by the addition of
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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-§ 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

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
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(A) FUCCI-HCA2 cells expressing Tet-on sh-lucif-
erase (control) or Tet-on sh-p186 in the presence of
doxycycline {1 pg/mi) for 24 hr were subjected to
time-lapse microscopy after IR treatment (10 Gy).
The relative ratio of Cdtl-switching cells was
determined as in Figure 1B. Data are presented as
means +SD of at least three independent experi-
ments.
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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 resuits 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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(Giacinti and Giordano, 20086), 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

—187—



Molecular Cell
Senescent Cells Are Tetraploid G1 Cells

A Serum

Figure 6. Expression of pRb7LP and Cdht-

Staining 12
144 h I

Split SSQrum SU9516  Remove

tarvation  poy
48 h 1 24n |

SU9516

Dox
24h |

a1 !
Spiit

RO3306 Remove
24h ]

Time 0

Staining
144 h }

G2
01 2 3 4

1 24h |

D G1
2 3 4 -

w
Relative cell number

Time (days): -1 0 1
Flag
p53

Days after release

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
3xFlag-pRb7LP. HCAZ2 cells expressing Tet-on
3xFlag-pRb7LP were synchronized at GO or G2
by serum starvation or RO3306 (9 uM), respec-
tively. The synchronized cells were treated with
SU9516 (10 uM) and doxycycline (1 pg/mi) and
then released into fresh medium (Time 0). The
relative cell number of cells treated as in (A) was

2 3 4 5

p21
p16
Cdc20
cye B1
cyc A2
H3

SA-B-gal positive (%) o

E Split RO3306 Dox
1 2an | 2an

Remove
24h |
Time 0

Staining
144 h |

determined (B). The relative ratio of SA-p-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 3xFlag-pRb7LP and Tet-on
3xFlag-Cdh1-4A at G2. HCA2 cells expressing
Tet-on 3xFlag-pRb7LP and/or 3xFlag-Cdh1-4A
were synchronized at G2 with RO3306 (9 pM),
treated with doxycycline (1 upg/mi), and then
released into fresh medium (Time 0). The relative

-
o

M pRb7LP

O cdhi-aA

© pRbL7LP/Cdh1-4A
PRB7LP/Cdh1-4A (-RO)

Relative cell number (-fold)
SA-B-gal positive (%)
8

o N O » O

Days after release

H

pRb7LP Cdh1-4A

Q > ol ol

A A % A%

ol A x 51

;Q\ & QQIO ,\,o.V‘ ??:’ Y@\
A

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
o also Figures SBA-S6E.

o

pRb7LP/Cdh1-4A pRb7LP/Cdh1-4A (-RO)

Time (days): 2-101234-2-101234
Flag
Cdc20

cyc A2

2-10 1234

cyc B1
pRb
pi6
ps3
p21
H3

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 that mammalian 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

101234

senescence induction  (Dannenberg
et al, 2000; Rufini et al., 2013; Sage
et al., 2000). Although it is widely believed
that the mere activation of pRb and p53 is
not sufficient to trigger senescence, we
found that transient activation of p58,
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/C® (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/C°™, the key result of
Chk1-dependent suppression of Cdk1 (Davoli et al., 2010). How-
ever, activation of APC/C°®" 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
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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

Endothelium

each cell was normalized by the corresponding
anti-histone H3 intensity, and the resulis are
shown as relative DNA intensities. Nevi, epidermis,
and endothelia from three patients were analyzed.
Data are averages +SD (n = 100).

Patient-1

Sweat gland

HE

Ki-67

cyclin B1

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 B8E-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 E2F7 was not sufficient
for suppressing the expression of mitotic regulators in the
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Patient-2

Patient-3 (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.

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 S§7). 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 5-ACGTGTGCTGTCCGT-3' loop was introduced into
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pENTR4-H1 digested with Agel/EcoRl. 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 51.

To construct Tet-on indugible lentivirus constructs, the BamH!/ Notl frag-
ment PCR containing cDNA for human p16, p21, p53, pRb7LP (Angus et al.,
2003), Cdh1-4A (Lukas et al., 1999), or H-RAS™'? (Barradas et al., 2009)
was inserted into a pENTR-1A vector (Invitrogen) containing 3x Flag epitope
digested with BamHI/Notl. 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), IMROO-ER:RAS Y@'2 (Barradas et al., 2009), and HEK293T cells
(ATCC) were cultured in Dulbecco’s modified Eagle's medium (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 uM of
RO3306 (Roche) for 24 hr. Nutlin-3a (Sigma-Aldrich), SU9516 (Merck4
Biosciences), MG132 (Sigma-Aldrich), or NU7026 (Sigma-Aldrich) was used
ataconcentration of 5 uM, 10 uM, 10 pg/ml, or 10 pM, respectively, for the indi-
cated interval. Treatments with IR at 10 Gy, Etoposide (Sigma-Aldrich) at
200 nM for 24 hr and HoO, (Sigma-Aldrich) at 50 uM 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-Ras*™'? or 3xFlag-H-Ras*®'? 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 pPCMV-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 pg/ml of blasticidin (Invitrogen), 200 ng/ml of hygromycin
(Sigma-Aldrich), and/or 2 pg/ml of puromycin {Sigma-Aldrich) for 2-3 days.
Doxycycline (Sigma-Aldrich) was added to the medium at a concentration of
1 pg/ml for inducible expression of the respective shRNAs or genes.

Time Lapse Microscopy

HCA2 or IMRI0-ER:RAS'™ 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 (lwaki), placed on the stage of a BZ-9000 (Key-
ence) equipped with an environmental chamber (Keyence), providing an
adequate temperature, humidity, and CO, control. Time-lapse images were
captured every 20 min for 72 hr with a set of green 494/20 and 536/40 emission
filters. Images were analyzed using BZ-8000 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 Il (Wako) according to the manufac-
turer’s instructions. For quantitative RT-PCR analysis, cDNAs were synthe-
sized using a SuperScript Il 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 uM 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 96G10 for histone H3 (Cell
Signaling), MIB-1 for Ki-67 (DAKQ), 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.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, two tables, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/.molcel.2014.05.003.
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Abstract

CBP-93872 was previously identified as a G, checkpoint inhibitor using a cell-based high-throughput
screening system. However, its molecular actions as well as cellular targets are largely unknown. Here, we
uncovered the molecular mechanisms underlying abrogation of the G, checkpoint by CBP-93872. CBP-93872
specifically abrogates the DNA double-stranded break (DSB)-induced G, checkpoint through inhibiting
maintenance but not initiation of G arrest because of specific inhibition of DSB-dependent ATR activation.
Hence, ATR-dependent phosphorylation of Nbsl and replication protein A 2 upon DSB was strongly
suppressed in the presence of CBP-93872. CBP-93872 did not seem to inhibit DNA-end resection, but did
inhibit Nbsl-dependent and ssDNA-induced ATR activation in vitro in a dose-dependent manner. Taken
together, our results suggest that CBP-93872 is an inhibitor of maintenance of the DSB-specific G, checkpoint
and thus might be a strong candidate as the basis for a drug that specifically sensitizes p53-mutated cancer
cells to DSB-inducing DNA damage therapy. Cancer Res; 74(14); 3880-9. ©2014 AACR.

Introduction

Maintaining the genomic stability of both normal cells and
cancer cells depends on coordinated networks of different
forms of the DNA damage response, which execute various cell
activities such as cell-cycle arrest, apoptosis, and premature
senescence (1). Abrogation of these systems likely leads to
extensive genomic instability and subsequent cell death upon
DNA damage. Cell-cycle arrest in response to DNA damage
plays a key role in increasing cell survival and is mediated in
mammals by at least two distinct pathways; one via ATM-p53-
p21 (2, 3) and the other via ATM/ATR-Chk1-Cdc25 (4, 5). The
former mediates both Gy and G, arrest and the latter mediates
G, arrest (6-8). Given that most cancer cells have genetic
alterations in p53, their survival in the presence of DNA
damage depends on a functional Chkl-mediated Gy check-
point, suggesting that reagents capable of inhibiting this
checkpoint would be promising drugs for producing synthetic
lethality to p53-deficient cancer cells.
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Signals initiated by DNA damage sensors are rapidly trans-
duced to downstream targets in a manner dependent on the
type of damage. For example, signals from DNA double-strand-
ed break (DSB) sensors are rapidly transduced to an ataxia
telangiectasia mutated (ATM) kinase (9) and a DNA-depen-
dent protein kinase catalytic subunit (DNA-PKcs) that in turn
leads to the processing of DSBs by nucleases generating an
ATR-activating structure (10-12). In contrast, a broad spec-
trum of DNA damage changes, such as a structure consisting of
single-stranded DNA (ssDNA) and a junction between ssDNA
and double-stranded DNA (dsDNA), can directly activate ATM-
and Rad3-related (ATR) kinases in a replication protein A
(RPA)- and Radl7-dependent manner, respectively (13). The
activated ATM and/or ATR transduce the damage signals to a
large number of downstream effectors, such as p53, Chkl, and
Chk2, and execute G, and G, DNA damage checkpoints (1).

On the basis of the absolute requirement for the G, DNA
damage checkpoint for p53-deficient cancer cell survival upon
DNA damage, various G, checkpoint inhibitors have been
developed and proposed for clinical application. Among them,
caffeine is one of the most extensively investigated agents that
inhibits ATM and ATR kinases and increases sensitization of
p53-deficient cells to IR irradiation. Chk1 inhibitors, such as
UCN-01 (14), CEP-3891 (15), and AZD7762 (16) are also
proposed to be potent G, checkpoint suppressors. However,
the kinases ATR and Chkl are essential for mammalian cell
survival (17-21) and ATM is also required for maintaining
genomic integrity during normal cell growth (22). Therefore,
these drugs would have unexpected deleterious effects on
normal cell function, diminishing the possibility of their
clinical application.
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We have previously identified CBP-93872 as a promising
G,, checkpoint inhibitor using a high-throughput screening
system that detected abrogation of the G, checkpoint in IR-
irradiated HT-29 cells (23). However, molecular mechanisms
underlying G, checkpoint inhibition by this drug are largely
unknown. Importantly, treatment with this drug markedly
sensitized p53-mutated cancer cells to DSB-inducing DNA
damaging agents. In this study, we investigated the molecular
basis of G, checkpoint inhibition by CBP-93872in p53-deficient
cancer cells and found that CBP-93872 specifically inhibited
DSB-mediated and Nbsl-dependent activation of ATR.

Materials and Methods

Cell culture and drug treatment

HT29 and HCT116 cells were grown in McCoy's 5A (Gibco)
supplemented with 10% fetal bovin serum (FBS) and 1%
penicillin-streptomycin (Invitrogen). NCI-H460, A549 and
MCEF?7 cells were cultured in RPMI-1640 (Sigma-Aldrich) sup-
plemented with 10% FBS and 1% penicillin-streptomycin. All
cells were cultured at 37 °C under 5% COs.

Inhibitors used in this study were as follows: CBP-93872 (20
umol/L; kindly supplied by Chugai Pharmaceutical Co., Ltd.),
UCNO1 (300 nmol/L; Sigma-Aldrich), caffeine (2 mmol/L;
Sigma-Aldrich), KU-55933 (20 umol/L; Sigma-Aldrich), and
Nocodazole (500 nmol/L; Sigma-Aldrich).

MMS (Sigma-Aldrich) was used at 200 pmol/L and hydroxy-
urea (Sigma-Aldrich) was used at different concentrations.

Plasmid construction

To generate lentivirus shRNA constructs, an shRNA-coding
fragment with a 5-ACGTGTGCTGTCCGT-3' loop was
digested into pENTER4-H1tetOx1 (a gift of H. Miyoshi). To
insert the HltetOx1-shRNA into a lentivirus vector, the vector
pENTER4-HItetOx1-shRNA was mixed with CS-RFA-ETBsd
(a gift of H. Miyoshi) and treated with Gateway LR clonase
(Invitrogen).

The full-length cDNA of wild-type human Nbs1 was obtained
by RT-PCR, and ligated into pcDNAS3.1-myc-His vector. To
construct Tet-on inducible lentivirus vectors, a cDNA fragment
of Nbsl containing the myc-His epitope was inserted into a
pENTERIA vector (Invitrogen). shRNA-resistant mutations
and an EDE mutation of pENTRIA Nbsl-myc-His were gen-
erated by inverse PCR with a Site-Specific Mutagenesis Kit
(Toyobo). The resultant plasmids were mixed with CS-IV-TRE-
RfA-UbC-Puro vector (a gift of H. Miyoshi), and treated with
Gateway LR clonase to generate the lentivirus vectors.

Virus generation and infection

Lentiviruses expressing the respective shRNAs were gener-
ated by cotransfection of 293T cells with pCMV-VSV-G-RSV-
RevB (a gift of H. Miyoshi), pCAG-HIVgp (a gift of H. Miyoshi),
and the respective CS-RFA-ETBsd using the calcium phos-
phate coprecipitation method. HT29 cells infected with the
viruses were treated with 10 jlg/mL blasticidin (Invitrogen) for
3 days.

For the generation of cells depleted of endogenous Nbsl and
expressing ectopic Nbs1Wt-myc-His or NbslEDE-myc-His,
HT29 cells expressing shNbsl were infected with lentiviruses

expressing pENTR1A Nbs1Wt-myc-His or pENTR1A Nbs1EDE-
myc-His containing an shRNA-resistant mutation. Infected
cells were treated with 10 ig/mL blasticidin and 2 pg/mL of
puromycin (Sigma-Aldrich).

To express the inducible shRNA and gene, doxycycline
(Sigma-Aldrich) was incubated in the medium at a concen-
tration of 1 g/mL for 3 days.

shRNA target sequences

The targeting sequences used in preparing shRNA were as
follows: ATR, GCCGCTAATCTTCTAACATTA; CtIP, GCAT-
CATCCTTCAGCCCTTGA; Nbsl, GGAGGAAGATGTCAATGT-
TAG; and control, CGTACGCGGAATACTTCGA.

Measurement of mitotic indices

Cells were treated with IR, UV, or MMS, and fixed with 70%
ethanol at specific times. Nocodazole was added 1 hour after
treatment. Fixed cells were then stained with antibodies to
phospho-histone H3 at S10 (H3 pS10; 1:200; Millipore) for 1
hour, followed by 30-minute incubation with Alexa Fluor 488
secondary antibodies (1:100; Invitrogen). DNA was counter-
stained with 0.1 mg/mL propidium iodide containing RNase
for 30 minutes at 37 °C. Flow cytometry was performed using a
FACSCanto II flow cytometer (BD Biosciences).

Antibodies
Antibodies used in this study are listed in Supplementary
Table S1.

Immunoblotting

For preparation of whole cell extracts, cells were lysed
with immunoprecipitation kinase buffer (50 mmol/L HEPES,
pH 8.0, 150 mmol/L NaCl, 2.5 mmol/L EGTA, 1 mmol/L EDTA
1 mmol/L DTT, 0.1% Tween 20, 10% glycerol) containing a
cocktail of protease and phosphatase inhibitors. Cell lysates
were boiled with SDS sample buffer (45 mmol/L Tris-HCI, pH
6.8, 10% glycerol, 1% SDS, 0.01% bromophenol blue, 50 mmol/L
DTT). Proteins in the lysates were separated by SDS-PAGE
and transferred onto polyvinylidene difluoride membranes.
Membranes were incubated overnight with primary anti-
bodies, followed by 1 hour incubation with horseradish per-
oxidase-conjugated secondary antibodies.

Immunoprecipitation

Immunoprecipitation was performed essentially as previ-
ously described (24). For immunoprecipitation, cells were lysed
in immunoprecipitated kinase buffer containing a cocktail of
protease and phosphatase inhibitors. Cell lysates were incu-
bated with primary antibodies at 4 °C for overnight, followed by
incubation with protein G-agarose (GE Healthcare) for 1 hour.
Immunoprecipitates were thoroughly washed three times with
immunoprecipitation kinase buffer and resuspended in 2x
SDS sample buffer.

Immunohistochemical analysis

Cells on cover slips were fixed in 4% paraformaldehyde for 10
minutes at room temperature, permeabilized with 0.5% Triton
X-100 in PBS for 10 minutes, and incubated in blocking buffer
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(PBS - 5% bovine serum albumin + 0.1% Tween 20) for 30
minutes. The cells on the slips were then incubated with anti-
RPA2 and anti-y-H2AX antibodies diluted in blocking buffer
(1:500) for 2 hours at room temperature, followed by incuba-
tion with anti-rat IgG conjugated with Alexa Fluor 488 (Life
Technologies) and anti-rabbit IgG conjugated with Alexa Fluor
594 (Life Technologies) secondary antibodies diluted in block-
ing buffer (1:400) for 1 hour at room temperature. Nuclei were
counterstained with Hoechst 33342 (1:1,000).

In vitro kinase assay

ATR kinase assays were performed essentially as previously
described (25) with the following modifications. HEK293E cells
were transfected with Flag-ATR- and His-ATRIP-expressing
plasmids, and Flag-ATR was immunoprecipitated with anti-
Flag M2 antibody in TGN buffer [50 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl, 50 mmol/L phosphoglycerol, 10% gly-
cerol, 1% Tween 20, 1 mmol/L phenylmethylsulfonyl fluoride
(PMSF), 1 mmol/L NaF, 1 mmol/LNasVO,, 1 mmol/LDTT, and
protease inhibitors]. The precipitates were washed twice with
the TGN buffer, once with the TGN buffer supplemented with
0.5 M LiCl, and twice with the reaction buffer [10 mmol/L
HEPES (pH 7.5), 50 mmol/L NaCl, 10 mmol/L MgCl,, 50 mmol/L
glycerophosphate, 1 mmol/L DTT, and protease inhibitors]
without ATP. The in vitro kinase reactions were conducted in
the presence of 50 pimol/L ATP and purified GST-Rad17. Phos-
phorylation of Radl7 was monitored using phospho-Radl7
(Ser645) antibody (Bethyl).

Preparation of nuclear extracts

HCT116 cells were grown to <80% confluence, trypsinized,
and centrifuged (200 x g for 3 minutes at room temperature),
then washed in PBS. The cell pellets were suspended in a 5x
packed cell volume of hypotonic buffer A (10 mmol/L Hepes-
KOH, pH 7.9, 10 mmol/L KCl, 1.5 mmol/L MgCl,, 0.5 mmol/L
DTT, and 0.5 mmol/L PMSF) supplemented with a cocktail of
protease inhibitors (Nakalai Tesque) and incubated on ice for
5 minutes. Cells were then centrifuged at 500 x g for 5
minutes at 4°C, suspended in a 2x packed cell volume of
buffer A and lysed by Dounce homogenization using a tight-
fitting pestle. Nuclei were collected as a pellet by centrifu-
gation at 4,000 x g for 5 minutes at 4°C and extracted in an
equal volume of buffer C (20 mmol/L Hepes-KOH, pH 7.9, 600
mmol/L KCl, 1.5 mmol/L MgCl,, 0.2 mmol/L EDTA, 25%
glycerol, 0.5 mmol/L DTT, and 0.5 mmol/L PMSF) supple-
mented with a protease cocktail, and mixed on a rotator at
4°C for 30 minutes. Nuclear extracts (supernatants) were
recovered by centrifugation (16,000 x g for 15 minutes at
4°C) and dialyzed using Slide-A-Lyzer Dialysis Cassettes
(3,500-D protein molecular weight cutoff; Thermo Fisher
Scientific) against buffer D (20 mmol/L Hepes-KOH, pH
7.9, 100 mmol/L KCl, 0.2 mmol/L EDTA, 20% glycerol, 0.5
mmol/L DTT, and 0.5 mmol/L PMSF). Dialyzed nuclear
extracts were centrifuged (16,000 x g for 30 minutes at 4°C)
to eliminate residual precipitates. The protein concentration
of the clear supernatant was determined using Bradford's
estimation method, and aliquots were snap frozen and stored
at —80°C.

Extract-based ATR activation assay

An extract-based ATR activation assay was performed
essentially as previously described (26) with the following
modifications. Nuclear extracts were pretreated with 10
mmol/L of KU-55933 and NU7026 (Sigma-Aldrich) for 15
minutes on ice to inhibit ATM and DNA-PKcs, and supple-
mented with the reaction buffer (buffer R), which brought the
final buffer compositions to 10 mmol/L HEPES (pH 7.6), 50
mmol/L KCl, 0.1 mmol/L MgCl,, 1 mmol/L phenylmethane-
sulfonylfluoride, 0.5 mmol/L dithiothreitol, 1 mmol/L ATP, 10
mg/ml creatine kinase, and 5 mmol/L phosphocreatine.
ssDNA (70nt) or ssDNA/dsDNA junction were incubated with
the extracts for 15 minutes at 37 °C.

Sequences of DNA oligonucleotides

§s50: 5'-AGCGCCCAATACGCAAACCGCCTCTCCCCGCGE-
GTTGGCCGA

TTCATTAA-3

$s70:  5'-TGCAGCTGGCACGACAGGTTTTAATGAATCGG-
CCAACGCGCG

GGGAGAGGCGGTTTGCGTATTGGGCGCT-3'.

Resulis

CBP-93872 specifically suppresses the DSB-induced G
checkpoint

To clarify the molecular basis of G, checkpoint abrogation
by CBP-93872 (Fig. 1A), we first examined whether the effect of
this drug on the G, checkpoint was dependent on the type of
DNA damage. HT-29 cells lacking functional p53 were treated
with IR, UV, or MMS in the presence or absence of CBP-93872,
and the cell cycle before entry into mitosis arrest was evaluated
by determining mitotic indices using phospho-histone H3 at
serine 10 (H3 pS10) as a mitotic marker. CBP-93872 effectively
suppressed G, arrest induced by IR treatment whereas it did
not affect that induced by UV or MMS (Fig. 1B). In contrast,
UCN-01 effectively suppressed G, arrest induced by UV and
MMS. Consistent with this, upon IR treatment, Chkl phos-
phorylation at serines 317 and 345 was notably compromised
in the presence of CBP-93872 (Fig. 1C). Interestingly, CBP-
93872 did not suppress ATM activation (phosphorylation of
ATM at 51981; ATM pS1981) and subsequent phosphorylation
of Chk2 after IR treatment. In addition, this drug did not affect
Chkl phosphorylation upon UV, MMS, or HU treatment (Fig.
1D-F). Taken together, these results suggested that the cellular
target of CBP-93872 should exist downstream of DSB-induced
ATM activation.

CBP-93872 does not inhibit initiation but does inhibit
maintenance of the DSB-induced G, checkpoint

To examine the mode of G, checkpoint suppression by CBP-
93872, we examined the percentage of H3 pS10-positive cells by
flow cytometry. Mitotic indices, in the presence of CBP-93872,
of HT29, A549, and NCI-H460 cells were significantly decreased
at 1 hour after IR treatment, butincreased at 16 hours (Fig. 2A).
In contrast, reduction of these indices in the presence of
caffeine or UCN-01 was only minimal at 1 hour and markedly
increased at 12 hours. In MCF7 cells that possess functional
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Figure 1. CBP-93872 specifically
abrogated the IR-induced Gz
checkpoint. A, chemical structure
of CBP-83872. B, HT29 cells were
treated with IR (10 Gy), UV (10
J/m®), or MMS (200 pmol/L). Eight
hours after treatment, cells were
then incubated in the presence or
absence of CBP-93872 (20 umol/L)
or UCNO1 (300 nmol/L). C

CBP-93872

DMSO

A Br OH

Nocodazole (500 nmol/L) was
simultaneously added to prevent
cells from exiting mitosis. Cells
were fixed 8 hours after treatment
and subjected to FACS analysis.
Mitotic cells were determined to be
positive for phospho-histone H3 at
S$10 (pS10) and relative mitotic
indices are expressed as a multiple
ofthose without inhibitors. Data are
presented as means + SD of at
least three independent
experiments. HT29 cells were
treated with the indicated doses of E
IR (C), UV (D), MMS (E), or
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p53, mitotic indices in the presence of CBP-93872 were con-
tinuously low. These results suggested that CBP-93872 abro-
gates maintenance of the G, checkpoint, but not its initiation,
whereas caffeine and UCN-01 inhibit both its initiation as well
as its maintenance. Consistent with this, immunoblotting
revealed that the level of H3 pS10 in the presence of CBP-
93872 was reduced at 4 hours and was elevated again at 8 hours
after IR treatment (Fig. 2B). In contrast, the levels of H3 pS10
were almost constant in the presence of UCN-01 and KU-55933,
an ATM-specific inhibitor. As expected, KU-55933 inhibited IR-
induced ATM pS1981 and subsequent phosphorylation of
Chk2. UCN-01 did not inhibit IR-induced ATM pS1981 and
Chk2 phosphorylation, but rather enhanced Chkl phosphor-
ylation at S317 and S345.

CBP-93872 suppresses DSB-induced ATR activation

We then examined whether CBP-93872 was inhibitory
upstream or downstream of ATR activation. ATR activation
was detected by its auto-phosphorylation at T1989 (25).
Immunoblotting analysis revealed that phospho-ATR at

T1989 as well as Chkl phosphorylation were readily detected
after doses of 1 Gy or more IR treatment (Fig. 3A). CBP-93872
strongly inhibited DSB-induced ATR activation and subse-
quent Chkl phosphorylation. Importantly, UV treatment
activated ATR in a dose-dependent manner and this activa-
tion as well as UV-induced Chkl phosphorylation were not
affected by the treatment with CBP-93872 (Fig. 3B). Treat-
ment with CBP-93872 did not affect S-phase progression with
or without UV treatment, eliminating the possibility that the
inability of CBP-93872 to inhibit UV-induced Chkl phosphor-
ylation was an indirect consequence of an altered progression
of S phase (Supplementary Fig. S1). We then examined
whether CBP-93872 directly inhibited ATR activity. An in vitro
kinase assay using recombinant wild-type ATR and ATRIP
complex revealed that CBP-93872, even at a maximum con-
centration (200 pmol/L), failed to inhibit ATR activity whereas
VE-821, an ATR-specific inhibitor, did so effectively, indica-
ting that CBP-93872 is not a direct inhibitor of ATR (Fig. 3C).
Taken together, a molecular target of CBP-93872 should
exist during the process occurring between ATM-dependent
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generation of the ATR-activating DNA structure and ATR
activation.

CBP-93872 did not inhibit DNA-end resection at DSB sites

ATR activation in response to DSB requires conversion of
ATM-activating DSB structures into ATR-activating structures
(25, 26). DNA-ends at DSBs sites are rapidly processed by
nucleases in combination with CtIP, generating ssDNA and
ajunction between ssDNA and dsDNA (27). ssDNA is bound by
RPA, forming nuclear foci. Therefore, we used an immunohis-
tochemical analysis using anti-RPA2 antibodies to determine
whether CBP-93872 blocked DNA-end resection at DSB sites. In
control cells, RPA2 foci formation was readily detectable after
IR treatment. These nuclear foci were colocalized with YH2AX
foci, suggesting that RPA2 foci represented ssDNA regions
generated by DNA-end resection at DSB sites. Depletion of CtIP
almost completely compromised RPA2 foci formation (Fig.
4A). In contrast, RPA2 foci were readily detectable in cells
treated with CBP-93872. Interestingly, in response to DSB,
depletion of CtIP showed an abrogation of the G, checkpoint
similar to that upon treatment with CBP-93872 (28). Depletion
of CtIP did not inhibit ATM autophosphorylation at S1981, but
it did compromise Chk1 phosphorylation at $317 and $345 and

RPA2 phosphorylation (Fig. 4B). As with the CBP-93872 treat-
ment, DNA-end resection at DSB sites seemed to be required
for maintenance of the G, checkpoint in response to DSB (Fig.
4C). These results suggested that molecular targets of CBP-
93872 exist between DNA-end resection and ATR activation.

CBP-93872 inhibited ATR-dependent phosphorylation of
Nbsl at S343

Importantly, checkpoint activation, which is evaluated by
Chk1 phosphorylation, seemed to be dependent on either Nbs1
or Radl7 depending on the type of DNA damage. On UV
treatment, Chkl phosphorylation at $317 and S$345 was almost
completely abrogated when Rad17, but not Nbs1, was depleted,
whereas on IR treatment these phosphorylations were depen-
dent on the presence of Nbsl but not Rad17 (Supplementary
Fig. $2). Treatment with CBP-93872 specifically inhibited
NBS1-dependent, but not Rad17-dependent phosphorylation
of Chk1 at $317 and S345 upon IR treatment, showing that the
inhibitory effect of CBP-93872 was only a minimal in cells
depleted of Nbsl. Consistent with this, 2 distinct modes of ATR
activation have been recently proposed (29, 30). One is depen-
dent on Radl7-TopBP1 circuitry and the other is dependent
on the ssDNA-bound MRN complex. The former has been
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Figure 3. CBP-93872 specifically inhibited DSB-induced ATR activation.
HT29 cells were treated with the indicated doses of IR (A) or UV (B) in the
presence of DMSO or CBP-83872 (20 umol/L). Cells were harvested at 2
hours afterirradiation and WCEs were subjected to immunoblotting using
the indicated antibodies. C, in vitro kinase assay using recombinant
ATR-ATRIP complex and purified GST-Rad17 protein as a substrate.
GST-Rad17 was incubated with or without purified wild-type-ATR-ATRIP
(Wt-ATR-ATRIP) complex at 37°C for 30 minutes in the presence of the
indicated concentration of CBP-93872 (20 umol/L) or VE-821 (10 umol/L).
Kinase activity was stopped by boiling with SDS sample buffer, and
phosphorylation of Rad17 at Ser645 was analyzed by immunoblotting
using the specific antibodies (pRad17 Ser645).

proposed to be involved in mechanisms underlying initiation
of ATR checkpoint signaling on a junction between ssDNA and
double-stranded DNA, and the latter to be involved in the
mechanism bywhich the ATR checkpoint signal is amplified on
ssDNA. Therefore, we hypothesized that DSB-induced phos-
phorylation of Nbsl at $343 was at least in part caused by
activated ATR during amplification of the checkpoint signal. As
shown in Fig. 5A, depletion of ATR strongly suppressed IR-
induced Nbs1 phosphorylation at $343. Intriguingly, treatment
with CBP-93872 also markedly inhibited this phosphorylation.
Analysis of the kinetics of DSB-induced Nbsl phosphorylation
revealed that phosphorylation increased at 2 hours and
reached a maximum at 4 to 8 hours, which was inhibited by

CBP-93872 (Fig. 5B), suggesting that this phosphorylation is
involved in the maintenance but not the initiation of the G,
checkpoint. Importantly, CBP-93872 did not affect the complex
formation of Nbs1 with Mrell and Rad50 (Fig. 5B and C). CBP-
93872 specifically inhibited IR-induced, but not UV-induced
Nbs1 phosphorylation (Fig. 5C).

An Nbs1 mutant lacking RPA binding showed a defect in
maintenance of the G, checkpoint

Given that RPA binding of Nbsl is required for MRN-
mediated ATR activation (29), we asked whether an Nbsl
mutant lacking RPA binding (EDE mutant) would exhibit a
defect in the maintenance of the G, checkpoint as with CBP-
93872 treatment. Depletion of Nbsl resulted in the defect in
initiation and maintenance of the G, checkpoint, as shown by
the fact that the mitotic index was not decreased at 1 hour and
was increased at 24 hours after IR treatment (Fig. 5D). Ectopic
expression of wild-type Nbsl in endogenous Nbsl-depleted
cells restored the ability to arrest the cell cycle before mitosis,
even at 24 hours after treatment. In contrast, as with CBP-
93872 treatment, expression of the EDE mutant restored the
ability to initiate G, arrest in response to DSB, but failed to
maintain it. Consistent with this, as with CBP-93872 treatment,
expression of the EDE mutant restored autophosphorylation of
ATM (ATM pS1981) at 1 hour, but failed in phosphorylation of
Chkl at S345 at 24 hours (Fig. 5E). Complex formation of the
EDE mutant with Mrell and Rad50 was confirmed by immu-
noprecipitation-immunoblotting analysis using Mrell immu-
noprecipitates (Fig. 5F). Taken together, these results indicated
that a defect in MRN-dependent activation of ATR had a
similar phenotype to that seen with CBP-93872 treatment.

CBP-93872 directly inhibited ssDNA-induced ATR
activation in vifro

Finally, we examined whether CBP-93872 suppressed
amplification of ATR checkpoint signaling on ssDNA or the
ssDNA/dsDNA junction using a recently developed in vitro
assay (29). In this system, ssDNA or the ssDNA/dsDNA
junction alone when incubated with nuclear extract was
sufficient to induce RPA2 S33 phosphorylation and this
phosphorylation was dependent upon ATR, TopBP1, and
Nbsl. CBP-93872 inhibited RPA2 phosphorylation at $33 in
the nuclear extract incubated with ssDNA in a dose-depen-
dent manner (Fig. 6A, left). However, CBP-93872 did not
affect RPA phosphorylation at S33 in the extract incubated
with the ssDNA/dsDNA junction (Fig. 64, right). In addition,
treatment with CBP-93872 in HT29 cells strongly suppressed
RPA?2 phosphorylation at $33 (Fig. 6B). Taken together, these
results suggested that CBP-93872 directly inhibited ampli-
fication of ATR checkpoint signaling by suppressing ssDNA-
dependent activation of ATR.

Discussion

Numerous G» checkpoint inhibitors have been developed
and many have been proposed as potent candidates for DSB
sensitization of p53-deficient cancer cells on the basis of the
concept that survival of p53-mutated cancer cells relies on the
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Figure 4, CBP-93872 did not affect
IR-induced formation of RPA2
nuclear foci. A, HT29 cells were
infected with Tet-on inducible
lentiviruses expressing shControl
or shCtP. Infected cells were
cultured in the presence of
doxycycline (1 ug/mL) for 3 days.
Cells were then treated with or
without IR (10 Gy) in the presence
or absence of CBP-93872 (20
pmol/L). Four hours after
irradiation, cells were fixed and
stained with anti-RPA2 and anti-
YH2AX antibodies. Images were
captured by fluorescence
microscopy. Cells expressing
shControl and shCtIP cells were
irradiated with IR (10 Gy) as in A.
Nocodazole (500 nmol/L) was
added at 1 hour after IR and cells
were collected at the indicated
times. Whole cell extracts were
subjected to immunoblotting using
the indicated antibodies (B). Fixed
cells were stained with anti-histone
H3 pS10 antibodies and mitotic
indices were determined as in

Fig. 2A. Data are presented as
means =+ SD of at least three

independent experiments (C).

1 24
Time (h)

Chkl-mediated G, checkpoint upon DSB. For example, Chkl
seems to be a promising target because this kinase is essential
for G, arrest in response to various genotoxic stressors. Several
small molecules exhibiting inhibitory activity toward Chkl
have been identified, such as UCN-01 (14). ATM and ATR are
also candidates as targets of G, checkpoint inhibitors. In
addition, a Weel inhibitor, MK-1775, has been developed as
a potentiator of DNA damage caused by cytotoxic chemother-
apy (31). However, the majority of these inhibitors interact with
the ATP binding site of the kinase and it would be difficult to
obtain highly selective ATP-competitive kinase inhibitors as
the ATP binding site has a very similar structure in all kinases.
Furthermore, in normal cells, most of their molecular targets
play a key role in the survival and maintenance of genomic
integrity. Therefore, these inhibitors can easily cause unex-
pected deleterious effects on normal cell function, diminishing
the possibility of their clinical application.

To obtain G, checkpoint inhibitors with a novel mode of
action, a high-throughput screening system using p53-defi-
cient HT29 cells was used and CBP-93872 was identified as a
potential candidate for use as a G, checkpoint inhibitor,
although the molecular mechanisms underlying this inhibition
are Jargely unknown. In this study, we found that CBP-93872
inhibited ATR activation specifically following DSB. ATR acti-
vation in response to DSB requires ATM activation and the
subsequent processing of DSB ends by nucleases, generating
ssDNA regions and ssDNA/dsDNA junctions that function as
ATR-activating structures. Importantly, although ATR and
ATM themselves play key roles in cell survival and mainte-
nance of genomic integrity, respectively, during the normal cell
cycle (19, 22), the molecular pathway between ATM activation
and ATR activation seems not to be essential for normal cell
growth. Therefore, molecules that target this pathway would
be most the desirable for use as drugs, because they have far
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Figure 5. CBP-93872 inhibited ATR-mediated Nbs1 phosphorylation at S343, and a mutant Nbs1 lacking the ability to bind to RPA2 showed a similar
G2 checkpoint abrogation to that with CBP-83872 treatment. A, HT29 cells were infected with Tet-on inducible lentiviruses expressing shControl or
shATR. These cells were cultured in the presence of doxycycline (1 ug/mL) for 3 days. Cells were treated with or without IR (10 Gy) in the presence or absence of
CBP-93872 (20 umol/L). Two hours after irradiation, cells were harvested and the chromatin fractions were analyzed by immunoblotting using the
indicated antibodies. B, HT29 cells were exposed to IR (10 Gy) in the presence of DMSO (control) or CBP-93872 (20 umol/L) and harvested at the indicated
times. Cell lystates were immunoprecipitated using anti-Mre11 antibodies. The resultant immunoprecipitates were subjected to immunoblotting using the
indicated antibodies. C, HT29 cells were mock treated or treated with IR (10 Gy) or UV (100 J/n12) in the presence or absence of CBP-83872 (20 umol/L).
Cells were harvested 2 hours after IR treatment. Immunoprecipitation and immunoblotting were performed as in B. D, HT29 cells expressing control shRNA
(Control) or cells depleted of endogenous Nbs1 (Nbs1) were transfected with plasmids expressing myc-tagged Nbs1, either wild-type (W) or an EDE mutant (E)
that lacks the ability to bind to RPA2. Cells were treated with IR and mitotic indices were determined asin Fig. 2A. Data are presented as means + SD of at least
three independent experiments. E, cells were treated with IR (10 Gy) in the presence or absence of CBP-93872 (20 umol/L). One hour after irradiation,
nocodazole (500 nmol/L) was added and celis were harvested at the indicated times. The lysates were subjected to immunoblotting using the indicated
antibodies. F, cell lysates from HT29 cells expressing either wild-type or an EDE mutant Nbs1 were immunoprecipitated using anti-Mre11 antibodies.
The resultant immunoprecipitates were subjected to immunoblotting using the indicated antibodies.

less cytotoxicity and possess the ability to potentiate the
antitumor efficiency of DNA-damaging agents.

Very recently, it was reported that ATR activation following
DSB is regulated by two distinct modes (29, 30). After DNA-end
resection is initiated, the Radl7-RFC complex recognizes
generated ssSDNA/dsDNA junctions and subsequently recruits
Rad9-Radl-Husl (9-1-1) complexes and TopBP1 onto the
junctions. This recruitment leads to the initiation of ATR
activation. Continued DNA-end resection results in lengthened

ssDNA regions that recruit RPA and ATR-ATRIP. MRN com-
plexes then directly bind to RPA-ssDNA through the EDE
domain of Nbsl and recruit TopBP1, activating ATR-ATRIP.
This mode of action seems to function in the amplification and
maintenance of ATR checkpoint signaling (32). CBP-93872
specifically inhibited maintenance, but not initiation, of ATR
checkpoint signaling, suggesting that it functions in Nbsl-
dependent ATR activation (Fig. 6C). Intriguingly, CBP-93872
directly inhibited ssDNA-induced but not ssDNA/dsDNA
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Figure 6. CBP-93872 inhibited
ssDNA-dependent ATR activation
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in vitro. A, nuclear extracts
prepared from HCT1186 cells were
incubated with 70nt single-
stranded DNA (ssDNA) or ssDNA/
dsDNA junction produced by
annealing 70nt ssDNA with 50nt
ssDNA at 37°C for 15 minutes. The
extracts were then subjected to
immunoblotting and
phosphorylation of RPA2 pS33
was detected with the specific
antibodies. The arrows indicate
phosphorylation bands of RPA2 at

5
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500 (imol/L)
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RPA2-pS33
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DNA damage
IR uv, MMS

DSBs ssDNA,

Crosslinking DNA

ATM RPA-Nbs1

Chk2

CBP-93872

4

Stalled DNA replication

HU

Rad17-911-TopBP1

ATR

Chk1

8 $33. B, HT29 cells were treated
1 with IR (10 Gy) in the presence of
DMSO or CBP-93872 (20 umol/L).
Cells were harvested at the
indicated times and the lysates
were subjected to immunoblotting
using the indicated antibodies. C,
schematical presentation of the
molecular basis underlying
checkpoint inhibition by CBP-
93872. ATR activation following
DSB is regulated by two distinct
modes. After DNA-end resection is
initiated, Rad17-(8-1-1)-TopBP1
leads to the initiation of ATR
activation. Continued DNA-end
resection recruits RPA-Nbs1
complexes and further activates
ATR. ATR activation following
s8DNA or cross-linking DNA
generated by DNA damage or
stalled DNA replication is mainly
mediated by the Rad17-(9-1-1)-
TopBP1 axis independently of
Nbs1. In this way, CBP-83872
specifically inhibits Nbs1-
dependent ATR activation.

junction activation of ATR in vitro. Consistent with this,
treatment with CBP-93872 suppressed ATR-dependent Nbsl
phosphorylation at §343 and RPA2 phosphorylation at $33.

In conclusion, although the detailed mechanism underlying
inhibition of ssDNA-induced ATR activation by CBP-93872,
including its structural basis, remains elusive, our results
showed that ssDNA-induced ATR activation is a promising
molecular target for a G, checkpoint inhibitor that specifically
sensitizes p53-mutated cancer cells to DSB-inducing DNA
damage therapy.
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