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(Bacl(ground: Mimosine is a cell synchronization reagent used for arresting cells in late G, and S phases.
Results: Replication fork assembly is reversibly blocked by ATM activation through mimosine-generated reactive oxygen

Conclusion: Mimosine induces cell cycle arrest strictly at the G;-S phase boundary, which prevents replication fork stalling-

Significance: These findings provide a novel mechanism of the mimosine-induced G, checkpoint.
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Mimosine is an effective cell synchronization reagent used for
arresting cells in late G, phase. However, the mechanism under-
lying mimosine-induced G, cell cycle arrest remains unclear.
Using highly synchronous cell populations, we show here that
mimosine blocks S phase entry through ATM activation. HeLa
S3 cells are exposed to thymidine for 15 h, released for 9 h by
washing out the thymidine, and subsequently treated with 1 mm
mimosine for a further 15 h (thymidine — mimosine). In con-
trast to thymidine-induced S phase arrest, mimosine treatment
synchronizes >90% of cells at the G,-S phase boundary by
inhibiting the transition of the prereplication complex to the
preinitiation complex. Mimosine treatment activates ataxia tel-
angiectasia mutated (ATM)/ataxia telangiectasia and Rad3-re-
lated (ATR)-mediated checkpoint signaling without inducing
DNA damage. Inhibition of ATM activity is found to induce
mimosine-arrested cells to enter S phase. In addition, ATM acti-
vation by mimosine treatment is mediated by reactive oxygen
species (ROS). These results suggest that, upon mimosine treat-
ment, ATM blocks S phase entry in response to ROS, which
prevents replication fork stalling-induced DNA damage.

The transition from G, to S phase of the cell cycle involves
dynamic changes in protein complexes. The prereplication
complex (pre-RC)? is assembled on the replication origin dur-
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ing G, phase. Pre-RC assembly is mediated by the replication
licensing factor Cdt1. Cdtl plays a role in loading the minichro-
mosome maintenance (MCM) family of proteins onto the rep-
lication origin. In S phase, activation of the pre-RC triggers the
unwinding of DNA, and a bidirectional replication fork is
formed. Proliferating cell nuclear antigen (PCNA) binds to the
replication fork, which leads to association with replicative
polymerases (1, 2).

Excess thymidine is widely used for cell synchronization in
G, /S phase (3). Mimosine, a rare plant amino acid derivative
isolated from Leucaena seeds, is also used for cell synchroniza-
tion in late G, phase by preventing the formation of replication
forks (4, 5). Mimosine has two modes of action in the cell cycle.
Elongation of DNA replication is blocked at low concentrations
(enrichment of cells in S phase), and entry into S phase is
blocked at high concentrations (late G, phase arrest) (5, 6).
However, the mechanism underlying mimosine-induced late
G, phase arrest still remains unclear.

Mimosine is known to function as an iron chelator and inhib-
its the activity of ribonucleotide reductase (RNR) (7, 8). RNR
inhibitors, such as hydroxyurea, block the elongation step of
DNA replication and cause replication fork stalling, which
results in S phase arrest (9). If mimosine inhibited DNA synthe-
sis only through impairing the activity of RNR, the cell cycle
would be arrested just in S phase. However, RNR inhibition
cannot explain the effect of mimosine on late G, phase arrest.

In this study, we examine the mechanism of mimosine-in-
duced G, phase arrest using highly effective cell synchroniza-
tion methods. We show that ATM-mediated cell cycle check-
point signaling blocks the activation of the pre-RC upon
mimosine treatment. Moreover, we show that the activation of
ATM upon mimosine treatment is induced in response to ROS-
mediated hypoxic stress without DNA damage. These results

RNR, ribonucleotide reductase; ATM, ataxia telangiectasia mutated; ATR,
ataxia telangiectasia and Rad3-related; RPA, replication protein A; Thy, thy-
midine; Mimo, mimosine; kd, kinase-dead; ROS, reactive oxygen species;
NAC, N-acetylcysteine.
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suggest that mimosine treatment blocks S phase entry through
ATM activation.

EXPERIMENTAL PROCEDURES

Chemicals—Mimosine (Sigma-Aldrich) was dissolved in 20
mM HEPES (pH 7.3). Thymidine, caffeine, and NAC (Wako
Pure Chemical Industries, Osaka) were dissolved in MilliQ
water. The pH of the NAC solution was adjusted to 7.0 before
addition to the cells (10). Adriamycin (Sigma-Aldrich), micro-
cystin-LR (Wako Pure Chemical Industries), and KU-55933
(Abcam) were dissolved in dimethyl sulfoxide.

Plasmids—The following plasmids were purchased from
Addgene: pcDNA3.1(+)FLAG-His-ATM WT (Addgene plas-
mid 31985) and pcDNA3.1(+)FLAG-His-ATM kd (Addgene
plasmid 31986).

Cells and Transfection—HeLa S3 (Japanese Collection of
Research Bioresources, Osaka) and COS-1 cells were cultured
in Iscove’s modified Dulbecco’s medium supplemented with 5%
bovine serum. Cells were transiently transfected with plasmid
DNA using Lipofectamine 2000 (Invitrogen).

Cell Synchronization—To synchronize HeLa S3 cells in G,/S
phase, cells were incubated with 0.5~1 mM mimosine or 4 mm
thymidine for 24 h. To release cells from synchronization, cells
were washed with PBS and cultured in prewarmed, drug-free,
fresh medium for the indicated times. For “thymidine — mimo-
sine” synchronization, HeLa S3 cells were incubated with 4 mm
thymidine for 15 h. After release for 9 h, cells were incubated
with 1 mm mimosine for a further 15 h. “Thymidine — thymi-
dine” synchronization (double thymidine block) was performed
as described previously (11).

Antibodies—The following antibodies were used. PCNA
(PC10), cyclin E (HE-12), Cdc45 (H-300), MCM3 (N-19), Cdt1
(H-300), lamin A/C (N-18), ATM (2C-1), and ATR (N-19) were
purchased from Santa Cruz Biotechnology. Phospho-Ser-1981
ATM (10H11.E12), phospho-Thr-68 Chk2, Chkl (DCS310),
phospho-Ser-317 Chkl, phospho-Ser-345 Chkl (133D3), and
phospho-histone H2A.x (yH2AX, Ser-139, 20E3) were from
Cell Signaling Technology. MCM2 and HIF-1a were from BD
Biosciences. Phospho-Ser-41 MCM?2, Chk2 (DCS273), replica-
tion protein A (NA19L), FLAG (polyclonal antibody), and actin
(clone C4) were from Abcam, Medical and Biological Labora-
tories, Calbiochem, Sigma-Aldrich, and Chemicon Interna-
tional, respectively. HRP-conjugated F(ab’), fragments of anti-
mouse IgG antibody, anti-rabbit IgG antibody, and anti-goat
IgG antibody were from Amersham Biosciences. Alexa Fluor
488 anti-mouse IgG, Alexa Fluor 488 anti-rabbit IgG, Alexa
Fluor 488 anti-goat IgG, and Alexa Fluor 647 anti-mouse IgG
secondary antibodies were from BioSource International,
Sigma-Aldrich, and Invitrogen, respectively.

Flow Cytometry—For cell cycle analysis, cells detached by
trypsinization were fixed in 1.5% paraformaldehyde for 1 h and
permeabilized with 70% ethanol for at least 1 h at —30 °C (11—
13). For DNA staining, cells were treated with 200 ug/ml RNase
A and 50 ug/ml propidium iodide at 37 °C for 30 min. A mini-
mum of 10,000 cells/sample was analyzed by flow cytometry
using a MoFlo cell sorter (Beckman Coulter) equipped with a
488-nm argon laser or a Guava easyCyte (Millipore) equipped
with a 488-nm blue laser and a 640-nm red laser using liner
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amplification. Data acquired with Guava easyCyte were ana-
lyzed using Flowing Software version 2.5.0 (Perttu Terho,
Centre for Biotechnology, Turku, Finland). Cell debris was
excluded by gating on forward scatter and pulse width profiles.

Immunofluorescence—Confocal and Nomarski-differential
interference contrast (DIC) images were obtained using a Fluo-
view FV500 confocal laser scanning microscope with a 60 X
1.00 water immersion objective (Olympus, Tokyo). One planar
(y) section slice was shown in all experiments. Immunofluo-
rescence staining was performed as described (14 -21). In brief,
cells were washed with warmed PBS and fixed in 100% metha-
nol for 5 min at —20 °C. For staining of yH2AX and phospho-
ATM (Ser-1981), cells were fixed in PBS containing 4% para-
formaldehyde and 20% methanol for 20 min and permeabilized
in 100% methanol at —20 °C for 1 min (13). Fixed cells were
permeabilized and blocked in PBS containing 0.1% saponin and
3% bovine serum albumin for 40 min and then incubated with a
primary and secondary antibody for 1 h each. For DNA stain-
ing, cells were subsequently treated with 200 wg/ml RNase A
and 20 pg/ml propidium iodide for 30 min. After washing with
PBS containing 0.1% saponin, cells were mounted with
ProLong antifade reagent (Molecular Probes). Composite fig-
ures were prepared using Photoshop 13.0 and Illustrator 16.0
(Adobe). For quantitation of PCNA, yH2AX, and RPA staining,
fluorescence intensities of immunostaining were measured
using Image] software. Results are presented as box plots,
where the boxes represent the 25th to 75th percentiles. Num-
bers in parentheses and the lines within the boxes represent the
median values, and lines outside of the boxes represent the
minimum and maximum values. Because two or three inde-
pendent experiments gave similar results, a representative
experiment was shown in most experiments.

Western Blotting—Cell lysates were prepared in SDS-PAGE
sample buffer, subjected to SDS-PAGE, and electrotransferred
onto PVDF (Millipore). The Ser/Thr phosphatase inhibitor
microcystin-LR (22) dissolved in SDS-PAGE sample buffer at
500 nm was used (Figs. 4C and 8, B and C). Immunodetection
was performed by ECL (Amersham Biosciences) as described
previously (18, 23-29). Sequential reprobing of membranes
with a variety of antibodies was performed after inactivation of
HRP by 0.1% NaNj, according to the instructions of the manu-
facturer. Results were analyzed using a LAS-1000plus image
analyzer equipped with Science Lab software (Fujifilm, Tokyo)
or a ChemiDoc XRSPlus analyzer (Bio-Rad) and quantitated
with Quantity one software (Bio-Rad). Composite figures were
prepared using Photoshop 13.0 and Illustrator 16.0 (Adobe).

Subcellular Fractionation—Cell pellets were washed with
PBS and extracted in CSK buffer (10 mm PIPES (pH 6.8), 100
mwm NaCl, 300 mm sucrose, 3 mm MgCl,, 50 mm NaF, 10 mm
B-glycerophosphate, 10 mm Na;VO,, 50 ug/ml aprotinin, 100
uM leupeptin, 25 um pepstatin A, and 2 mm PMSF) containing
0.5% Triton X-100 for 20 min on ice and then subjected to
centrifugation at 2000 X g for 5 min. The insoluble material was
washed once with CSK buffer. For Western blot analysis, the
pellet was dissolved in SDS-PAGE sample buffer as the Triton-
insoluble fraction. For flow cytometry analysis, the cell pellet
was fixed in 1.5% paraformaldehyde on ice for 1 h and then
permeabilized with 70% ethanol for at least 1 h at —30 °C. For
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microscopic analysis, cells were extracted in CSK buffer con-
taining 0.1% Triton X-100 for 3 min at 4 °C and subsequently
fixed in 4% paraformaldehyde (16, 17).

Measurement of DNA Replication by BrdlU Incorporation—
Measurement of incorporation of BrdU (Roche) into the
genomic DNA was performed as described previously (30). In
brief, HeLa S3 cells were incubated with 10 um BrdU for 30 min
before fixation, fixed with ethanol and 50 mm glycine (pH 2.0)
for 45 min at room temperature, denatured in 4 N HCI for 15
min, and reacted with FITC-conjugated anti-BrdU antibody
(1:5) according to the instructions of the manufacturer. Cells
were treated with 200 wg/ml RNase A and 50 ug/ml propidium
iodide at 37 °C for 30 min to stain DNA and analyzed by flow
cytometry. For microscopic analysis, anti-BrdU antibody (B44,
BD Biosciences) and Alexa Fluor 488 anti-mouse IgG were
used.

RNA Interference—Knockdown of ATM was performed by
shRNA for silencing ATM (GCACCAGTCCAGTATTG-
GCTT and GGATTTGCGTATTACTCAG) (11). The nucleo-
tides for siRNA were annealed and subcloned into the Spel site
of the pEBmulti-Neo vector (Wako Pure Chemical Industries).
To generate stable cell lines for shATM expression, HeLa S3
cells were transfected with pEBmulti-Neo/shATM and selected
in 350 wg/ml G418.

RESULTS

Enrichment of Cells Having G, Phase DNA Content upon
Mimosine Synchronization—To examine the effect of mimo-
sine on the cell cycle, asynchronous cells were treated with
mimosine and analyzed for DNA content by flow cytometry.
We used HeLa S3, a HeLa variant cell line that can be highly
synchronized in various stages of the cell cycle (26, 31-33).
Treatment with mimosine at a concentration of 0.5 mm for 24 h
synchronized only 55% of the cells in G, phase and the restin S
phase (33%) and G,/M phase (13%) (Fig. 1A). Then, we tested
whether cells were highly synchronized in G, phase upon treat-
ment with a high concentration of mimosine. Treatment with
mimosine at 1 mM for 24 h synchronized 78% of the cells in G,
phase (Fig. 1B, Mimosine). These results are consistent with
previous studies showing that mimosine has two modes of
action in the cell cycle: enrichment of cells in both S phase and
G, phase (5, 6). In this study, we used mimosine at 1 mm for
synchronizing cells in G, phase.

Mimosine treatment at 1 mm for 24 h synchronized cells as
effectively as thymidine treatment at 4 mm for 24 h (Fig. 1B,
Thymidine). Although apoptotic cells (sub-G; population)
were not seen upon either mimosine or thymidine treatment,
the majority of mimosine-synchronized cells had slightly less
DNA content than thymidine-synchronized cells (Fig. 1B, right
panel). These results suggest that treatment with 1 mm mimo-
sine synchronizes cells in an earlier phase of the cell cycle than
the phase in which cells are synchronized by treatment with 4
mM thymidine.

Thymidine — thymidine synchronization (double thymidine
block, “Thy — Thy”) is an efficient synchronization method in
which cells are treated twice with thymidine (3) (Fig. 1, C and
D). We tested whether sequential treatment with mimosine
after single thymidine treatment could improve the enrichment
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of cells in G, phase. As described in Fig. 1C, HeLa S3 cells were
cultured in the presence of 4 mm thymidine for 15 h. The cells
were subsequently cultured in thymidine-free medium for 9 h,
which allows cells to enter G,/M phase, and then cells were
treated with 1 mm mimosine for a further 15 h. We found that
thymidine — mimosine (“Thy — Mimo”) treatment increased
populations in G; phase in excess of 90% and drastically
decreased populations in S phase (3%) and G,/M phase (2%).
The majority of cells increased DNA content 2 h after release
from mimosine treatment, subsequently progressed through S
phase, and reached G,/M phase at 6 h (Fig. 1, D and E). These
results suggest that Thy — Mimo treatment yields highly syn-
chronized cell populations having G, phase DNA content.
After release from Thy — Mimo treatment, the cell populations
can progress through the cell cycle in a highly synchronous
manner.

Treatment with Thy — Thy efficiently synchronized cells in
G, /S phase (Fig. 1D, Thymidine — Thymidine). However, the
main peak in the DNA histogram of Thy — Thy-synchronized
cells showed a slight shift toward S phase compared with the G,
peaks in the DNA histograms of asynchronous cells (Fig. 1D,
Thymidine — Thymidine, 0 h) and Thy — Mimo-synchronized
cells (Fig. 1D, right panel). In addition, cells released from
Thy — Thy treatment increased DNA contents earlier than
cells released from Thy — Mimo treatment (Fig. 1, D (1-3 h)
and E). These results suggest that thymidine-synchronized cells
are arrested at a point immediately after initiation of DNA syn-
thesis. Given that cells released from mimosine treatment show
a delay in initiating DNA synthesis, we can assume that the
components required to initiate DNA synthesis are not com-
pletely loaded onto the replication origin in mimosine-syn-
chronized cells.

Mimosine-induced Synchronization at the G,/S Phase
Boundary—To precisely determine the phase of the cell cycle in
which cells were synchronized by mimosine treatment, we
asked whether replication origins were activated in mimosine-
synchronized cells. First, we analyzed the levels of cyclin E, one
of the regulatory subunits of S phase Cdk, because the protein
level of cyclin E increases at the G, /S phase border (34, 35). The
protein levels of cyclin E were low in cells treated with mimo-
sine at 1 mm for 24 h, whereas they were high in cells treated
with thymidine at 4 mum for 24 h (Fig. 2A). After release from
mimosine treatment, cells showed increased levels of cyclin E.
Western blot analysis showed that the protein levels of cyclin E
in Thy — Mimo-synchronized cells were as low as those
in asynchronous cells and G, phase cells (14-h release from
Thy — Thy treatment). In sharp contrast, Thy — Thy-synchro-
nized cells showed high protein levels of cyclin E (Fig. 2B). Next,
we examined the formation of PCNA foci on chromatin. PCNA
is known to form chromatin-bound foci in early S phase, which
reflects the formation of the replication fork (2, 36, 37). Quan-
titative analysis showed that cells treated with mimosine at 1
mM for 24 h did not form PCNA foci on chromatin, whereas
cells treated with thymidine at 4 mm for 24 h formed PCNA
foci. 1 h after release from mimosine treatment, the intensities
of PCNA foci on chromatin were increased (Fig. 2C). To further
ascertain the absence of PCNA foci in mimosine-synchronized
cells, we examined the formation of PCNA foci in highly syn-
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FIGURE 1. Enrichment of cells in G, phase using mimosine. A and B, HelLa S3 cells treated for 24 h with 0.5 mm mimosine (A) and with T mm mimosine or 4 mm
thymidine (B) were released for the indicated times and analyzed for DNA content by flow cytometry. Percentages of cells with G;, S, and G,/M DNA content are
shown. The results (percent) represent the mean = S.D. from three independent experiments. The shaded histograms represent DNA content of asynchronous
cells. B, right panel, overlay histogram of cells treated with 1 mm mimosine (solid line) and 4 mm thymidine (dotted line). C, schematic depiction of the two
synchronization methods. Cells were treated with 4 mm thymidine for 15 h, washed with PBS, and incubated in drug-free medium for 9 h. Then, cells were
incubated for a further 15 h with 1 mm mimosine (i) or 4 mm thymidine (ii). D and E, cells were synchronized by treatment with Thy — Mimo or Thy — Thy,
released for the indicated times, and analyzed for DNA content by flow cytometry. Right panel, overlay histogram of cells treated with Thy — Mimo (solid line)
and Thy — Thy (dotted line). Shaded histograms represent DNA contents of asynchronous cells (D) or Thy — Mimo-synchronized cells (release 0 h) (E).

chronized cell populations yielded by Thy — Mimo or Thy —
Thy synchronization. Thy — Mimo-synchronized cells did not
form PCNA foci on chromatin, whereas Thy — Thy-synchro-
nized cells formed PCNA foci. 1 h after release from Thy —
Mimo treatment, the intensities of PCNA foci on chromatin
were increased (Fig. 2D). These results suggest that mimosine
treatment synchronizes cells prior to replication fork assembly,
whereas thymidine treatment arrests cells after the establish-
ment of replication forks. Considering that the levels of PCNA
foci were increased rapidly after release of cells from mimosine

askviEe
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treatment (Fig. 2, C and D), these results also suggest that
mimosine-synchronized cells are arrested immediately before
replication fork assembly.

It is known that pre-RC assembly, which occurs during G,
phase, is mediated by the replication licensing factor Cdt1. Cdt1
associates with the replication origin during G, phase, which
leads to the loading of the MCM complex onto chromatin. Cdt1
predominantly localizes to the nucleus in G; phase because
Cdtl1 is degraded at the end of G, and early S phase (38, 39).
Thus, we compared pre-RC assembly between mimosine-syn-

JOURNAL OF BIOLOGICAL CHEMISTRY 5733



Mimosine Blocks S Phase Entry through ATM Activation

(/]
A B &
QO N
S
Mimosine Thymidine Time after ,&\s & é,;e
S
w a8y 0 3 4 0 3 release (h) % ,ﬁfé ———— Time after
c ¥ 0 14 release (h)
S Anti-Cyclin E | s s s
>
< A , . Anti-Actin |.-.|
1 v VE % /
o G oy 4 300
(a] w
, {i £
© 5200
KN Mimosine Thymidine _ 5@,
(] Time after 2O
A4 0 3 4 0 3 release (h) >3
Anti-Cyclin E | s — — —— %_ 100
o
Anti-Actin 0 K 2 0 Time after
A 4 .¢° ,§ o release (h)
9 %3
3 .8
5 N S N
&S 8§
C Time after release (h) RS
1 I
<
o 5 _ux_l
c _txt_l
.g g 1000 28
2@ ] =8, n=28
g s é Hkk S 2 LI
= =1 O 800 Ak | N
awn dkk .
o Y-
>3 28 i
28 =28 n= 2
0|2 ® B =
<O =P n=24 . : .. (465) s
oo S c ! aie . (@) bt
‘s £T T i : 3
E. Op puit = 2 (253)H . se
5 S ne2s (162 & oS
Z = SR
n T T T T 1
1 3 0 1 3 Time after
Mimosine Thymidine release (h)
Q o
£ £ n=60
S o 1601 42 n=60
£ | —
> g g 14071 =60 dkk
£ = o i n=60
- & 1201 n=60 [
— n=60 1 .
© 01007 i ]
=8 o O
0 o | c
€ c 8 & 60 i ol Lo 2N
T T €= n=60 (46)—iz G2EIER  (gg[ 122
E—»’E = £ 401 e 1 XX o Gt
> > S pof22)iazi e
[} 20 g"g
I-E I-E = 0 e (15%$
Asy o0 1 3 "0 1 3  Timeafter
Thymidine Thymidine release (h)
Mimosine Thymidine

5734 JOURNAL OF BIOLOGICAL CHEMISTRY YASEWB\  VOLUME 289-NUMBER 9-FEBRUARY 28, 2014



Mimosine Blocks S Phase Entry through ATM Activation

A Triton-insoluble
Thymidine Thymidine Asy Thymidine  Thymidine
Mimosine Thymidine Mimosine Thymidine
g 2N
o 4N
= AT T — -
<
g 2|
o g —34%
1 —6%)
3} ——
& , o
g o]
af = :
e N FN
1 87% ; 94%
DNA content ”
B Thymidine Thymidine
Mimosine Thymidine
= Whole cell lysate
28 ]
o g &
< N N S
z S &R
o < &1 L5
Q
C D Triton-insoluble
Triton-insoluble 0. & ° Kz
(/] &
0.8 o NG $ e\b
S &8 s.& )
$& 8§ §§ NS
s S§ &8 LA NI
2 @$ S0 Time after
T K22 K7 0 1 3 0 1 3 el (h)
Anti-Cdcas [ | Anti-Cdcds [ o s e e —
Anti-pMCM2 Anti-pMCM2
(pS41) — —— (ps41) e —— — .
Anti-MCM2 |GG S ANLENCNMZ | e o o ——
ANt-PCNA EI Anti-PCNA I —_— - = “|

= e
P [ ———————

FIGURE 3. Inhibition of the activation of the pre-RC upon mimosine synchronization. HelLa S3 cells were synchronized by the indicated methods. A, the
Triton-resistant fraction was fixed and stained for MCM3, PCNA, and DNA. Right panels, the Triton-resistant fraction was analyzed by flow cytometry. PCNA and
MCM3 levels (y axis) are plotted against DNA contents (x axis). PCNA-positive or -negative cells (boxed areas) or MCM3-positive cells (boxed areas) are shown as
percentages. DNA histograms are shown at the top. Asy, asynchronous cells; DIC, differential interference contrast. Scale bars = 10 um. B, cells were fixed in
methanol and stained for Cdt1, PCNA, and DNA. Right panel, whole cell lysates were analyzed by Western blotting. Scale bars = 10 um. C and D, the
Triton-resistant fraction was analyzed by Western blotting.

chronized cells and thymidine-synchronized cells. The levels of Cdc45, one of the pre-RC-activating factors, is loaded onto
chromatin-bound MCM3, one of the components of the MCM  the pre-RC following phosphorylation of the MCM complex by
complex, in Thy — Mimo-synchronized cells were as high as  the S phase kinases Cdk2 and Cdc7, and this event is required
those in Thy — Thy-synchronized cells (Fig. 3A). Intriguingly, for the transition of the pre-RC to the preinitiation complex (2,
we found that Cdtl was degraded in Thy — Mimo-synchro- 40). Because the behaviors of cyclin E, PCNA, MCM3, and
nized cells (Fig. 3B). These results suggest that pre-RC assembly ~ Cdt1 (Figs. 2 and 3, A and B) suggest that mimosine treatment
is completed in mimosine-synchronized cells. synchronizes cells at the G,/S phase boundary by preventing

FIGURE 2. Mimosine-induced synchronization at the G,/S phase boundary. Hela S3 cells were synchronized by the indicated methods and released for the
indicated times. A, cells were fixed in methanol and stained for cyclin E. DIC, differential interference contrast. Bottom panel, cell lysates were analyzed by
Western blotting. Asy, asynchronous cells. Scale bars = 10 um. B, cell lysates were analyzed by Western blotting. G, phase cells were prepared by 14-h release
from Thy — Thy treatment. The results (percent) represent the mean = S.D. from three independent experiments (bottom panel). C and D, the Triton-resistant
fraction was fixed and stained for PCNA and DNA. Right panels, mean fluorescence intensities of PCNA immunostaining in the nucleus were plotted. ***, p <
0.001, calculated by Student’s t test.
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the activation of the pre-RC, we examined Cdc45 loading onto
chromatin in mimosine-synchronized cells. Western blot
analysis showed that Cdc45 was not loaded onto chromatin in
Thy — Mimo-synchronized cells, whereas Thy — Thy-syn-
chronized cells had high levels of Cdc45 on chromatin (Fig. 3C).
In addition, Thy — Mimo-synchronized cells had low levels of
phosphorylation of MCM2 at Ser-41, one of the phosphoryla-
tion sites by Cdk2 (41) (Fig. 3C). The levels of Cdc45 loading
and MCM2 phosphorylation on chromatin increased 1 h after
release from Thy — Mimo treatment (Fig. 3D). Taken together,
these results suggest that mimosine treatment prevents the
transition of the pre-RC to the preinitiation complex by block-
ing the activation of the pre-RC, which results in synchroniza-
tion of cells at the G,/S phase boundary.

Prevention of DNA Damage upon Mimosine Synchronization—
It has been reported that mimosine treatment induces DNA
damage in several cell lines (42, 43). However, mimosine treat-
ment of HeLa S3 cells did not generate apoptotic cells (sub-G,
populations) (Fig. 1), suggesting the possibility that mimosine
treatment does not give rise to high levels of DNA damage. We
examined whether mimosine treatment induced DNA damage
in HeLa S3 cells. First, we treated asynchronous cells with
mimosine at 1 mM for 24 h and analyzed them for phosphory-
lated histone H2AX (yH2AX), a sensitive marker of DNA dam-
age (44). As a positive control, we treated cells with the DNA
damaging agent Adriamycin at a subcytotoxic concentration
(20 ng/ml) for 24 h, which does not induce cell death in HeLa
cells (13). Microscopic analysis showed that treatment of asyn-
chronous cells with mimosine induced yH2AX foci, consistent
with previous observations (43). The levels of YH2AX in mimo-
sine-synchronized cells were as high as those in thymidine-
synchronized cells and Adriamycin-treated cells (Fig. 4A).
Next, cells were synchronized by Thy — Mimo treatment and
analyzed for yH2AX levels. We found that Thy — Mimo syn-
chronization induced low levels of yH2AX foci. The majority of
the yH2AX levels in Thy — Mimo-synchronized cells were as
low as those in untreated cells. In contrast, thymidine synchro-
nization induced high levels of YH2AX foci irrespective of sin-
gle thymidine treatment or Thy — Thy synchronization (Fig.
4B). Western blot analysis confirmed that yH2AX levels in Thy —
Mimo-synchronized cells were lower than those in Thy — Thy-
synchronized cells (Fig. 4C). These results suggest that Thy —
Mimo synchronization prevents the induction of DNA damage.
It is known that inhibition of the elongation step of DNA rep-
lication causes replication fork stalling, which leads to DNA
damage (45). Upon Thy — Mimo synchronization, the effect of
mimosine treatment on DNA replication could be negligible
because the majority of cells exited S phase and entered G,/M
phase when cells were exposed to mimosine (Fig. 1). Given that
thymidine treatment synchronizes cells after the initiation of
DNA synthesis (Figs. 1 and 2), it is assumed that DNA damage
induced by thymidine treatment is attributable to replication
fork stalling.

Mimosine-induced Activation of ATM/ATR-mediated Cell
Cycle Checkpoint Signaling without DNA Damage—It is known
that cells are arrested at particular phases of the cell cycle by
activation of cell cycle checkpoints in response to replication
stress or DNA damage (46, 47). We asked whether Thy —
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Mimo synchronization activated cell cycle checkpoint signal-
ing. The major regulators of the cell cycle checkpoints are ATM
and ATR kinases. ATM and its substrate Chk2 are activated in
response to DNA damage, and activation of ATM-mediated
cell cycle checkpoint signaling inhibits the G;/S-phase transi-
tion (46, 48). ATR and its substrate Chkl are activated in
response to replication fork stalling, and the resulting ATR-
mediated checkpoint signaling inhibits S phase progression
(47, 49).

Using highly synchronized cell populations yielded by Thy —
Thy or Thy — Mimo synchronization, we examined the phos-
phorylation status of these kinases for their activation: auto-
phosphorylation of ATM at Ser-1981, phosphorylation of Chk2
at Thr-68 by ATM (50), and phosphorylation of Chk1 at Ser-
317 and Ser-345 by ATR (49). Western blot analysis showed
that phosphorylation of Chk1 was detected in Thy — Thy-syn-
chronized cells (Fig. 5A, Thymidine — Thymidine, 0 h), sug-
gesting that thymidine treatment activates S phase checkpoint
signaling in response to replication fork stalling. In addition,
Thy — Thy-synchronized cells showed slight phosphorylation
of Chk2, despite the lack of phosphorylation of ATM at Ser-
1981, in agreement with previous observations that thymidine
treatment induces activation of ATM only in an early stage of
checkpoint signaling (51). Thus, we assume that Chk2 activa-
tion may be attributed to DNA damage following replication
fork stalling (Fig. 3B).

In marked contrast, Thy — Mimo-synchronized cells
showed high levels of phosphorylation of ATM and Chk2 and
moderate levels of phosphorylation of Chkl (Fig. 54, Thymi-
dine — Mimosine), suggesting the activation of the ATM- and
ATR-mediated checkpoint pathways despite the absence of the
stalled replication fork (Figs. 1-3). Thy — Mimo synchroniza-
tion induced ATM/Chk2 phosphorylation at much higher lev-
els than Thy — Thy synchronization, although little DNA dam-
age was induced by Thy — Mimo synchronization (Fig. 4). To
exclude the possibility that the phosphorylation of ATM in
Thy — Mimo-synchronized cells is caused by only a fraction of
cells that underwent DNA damage, Thy — Mimo-synchro-
nized cells were doubly stained for phosphorylation of ATM
and yH2AX. Despite low levels of yH2AX, Thy — Mimo-syn-
chronized cells had high levels of phosphorylation of ATM in
the nucleus (Fig. 5B). Therefore, these results suggest that
mimosine synchronization activates ATM/ATR-mediated cell
cycle checkpoint signaling without replication fork stalling or
DNA damage.

Role of ATM/ATR-mediated Cell Cycle Checkpoint Signaling
upon Mimosine Synchronization—To examine the relationship
between mimosine-induced checkpoint activation and cell
cycle arrest, Thy — Mimo-synchronized cells were treated with
the ATM/ATR inhibitor caffeine (52). The inhibition of ATM
and ATR was confirmed by decreased levels of phosphoryla-
tions of Chk2 at Thr-68 and Chk1 at Ser-317 and Ser-345 (Fig.
64, left panel). Treatment of Thy — Mimo-synchronized cells
with caffeine increased the levels of Cdc45, PCNA, and MCM2
phosphorylation on chromatin (Fig. 6A, right panel), suggesting
that caffeine treatment induces cells to enter S phase and initi-
ate replication fork assembly in Thy — Mimo synchronization.
In Thy — Thy-synchronized cells, caffeine treatment decreased
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the levels of Chkl phosphorylation and increased the levels of
Cdc45, PCNA, and MCM2 phosphorylation on chromatin,
suggesting that ATR-mediated checkpoint signaling arrests
cells in S phase upon thymidine synchronization. Although the
level of Chk2 phosphorylation was increased even upon caf-
feine treatment, this may be attributed to the replication fork
damage induced by thymidine treatment in the absence of
Chk1 activity (53). Microscopic analysis ascertained that caf-
feine treatment induced the formation of PCNA foci on chro-
matin in Thy — Mimo and Thy — Thy-synchronized cells (Fig.
6B). The assembly of the replication fork was further ascer-
tained by measuring the binding of RPA on chromatin, a

askviEe
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marker of single-strand DNA on the replication fork (54, 55).
Caffeine treatment induced the formation of RPA foci on chro-
matin in Thy — Mimo-synchronized cells (Fig. 6C).

To examine DNA synthesis in Thy — Mimo-synchronized
cells, we used BrdU, a thymidine analog, which was incorpo-
rated into DNA during the elongation step of DNA replication
(56). Treatment of Thy — Mimo-synchronized cells with caf-
feine did not increase DNA content and BrdU incorporation
(Fig. 6D). Then, we analyzed the effect of mimosine on the
elongation step of DNA replication. S phase cells were treated
with 1 mM mimosine, and flow cytometry analysis showed that
mimosine treatment strongly inhibited S phase progression
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(Fig. 6E). These results suggest that ATM/ATR-mediated cell
cycle checkpoint signaling prevents cells from entering S phase
upon mimosine synchronization. In addition, mimosine treat-
mentin S phase inhibits the elongation step of DNA replication,
irrespective of the generation of ATM/ATR-mediated cell cycle
checkpoint signaling.

Inhibition of S Phase Entry by ATM-mediated Cell Cycle
Checkpoint Signaling upon Mimosine Synchronization—Be-
cause mimosine treatment strongly activates ATM-mediated
checkpoints (Fig. 5), we asked whether ATM inhibition could
induce mimosine-arrested cells to enter S phase. We treated
Thy — Mimo-synchronized cells with the ATM-specific inhib-
itor KU-55933 (57), and the inhibition of ATM was confirmed
by a decreased level of Chk2 phosphorylation in Adriamycin-
treated cells (Fig. 7A, Adriamycin). In Thy — Mimo-synchro-
nized cells, KU-55933 treatment specifically decreased the level
of Chk2 phosphorylation, whereas the levels of Chk1 phosphor-
ylation by ATR were unchanged (Fig. 7A, Thymidine — Mimo-
sine). Intriguingly, we found that the levels of PCNA and Cdc45
on chromatin were increased by KU-55933 treatment of Thy —
Mimo-synchronized cells, suggesting that specific ATM inhi-
bition by KU-55933 can induce cells to enter S phase and that
the replication fork becomes assembled even in Thy — Mimo
synchronization. The levels of MCM2 phosphorylation at
Ser-41 were almost unchanged. Because ATR-mediated check-
point signaling partly inhibits Cdk2 activity (49), it is assumed
that MCM2 phosphorylation at Ser-41 by Cdk2 (41) is inhibited
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by ATR even upon KU-55933 treatment. In addition, KU-
55933 treatment did not increase the DNA content of Thy —
Mimo-synchronized cells (Fig. 7A, right panel). This is consist-
ent with results showing that mimosine treatment inhibits the
elongation step of DNA replication, irrespective of the genera-
tion of ATM/ATR-mediated cell cycle checkpoint signaling
(Fig. 6).

In contrast, KU-55933 treatment of Thy — Thy -synchro-
nized cells did not affect the levels of PCNA, Cdc45,and MCM2
phosphorylation on chromatin (Fig. 7A, Thymidine — Thymi-
dine), in agreement with results showing that ATR-mediated
checkpoint signaling arrests cells in S phase upon thymidine
synchronization (Fig. 6, A and B). In addition, KU-55933 treat-
ment decreased not only the level of phosphorylation of Chk2
but also that of Chk1 in Thy — Thy-synchronized cells. Given
that thymidine treatment induces DNA damage (Fig. 4), this
may be attributed to the cross-talk between ATM and ATR
signaling upon the DNA damage response (49).

To substantiate that ATM-mediated checkpoint signaling
blocks S phase entry upon mimosine synchronization, we
established ATM knockdown cell lines (HeLa S3/shATM) (Fig.
7B). Western blot analysis showed that ATM knockdown
decreased Chk2 phosphorylation and increased the binding of
PCNA and Cdc45 on chromatin upon Thy — Mimo synchro-
nization (Fig. 7C). Consistent with the results of ATM inhibi-
tion by KU-55933 treatment (Fig. 7A), DNA content and the
level of MCM2 were not affected by ATM knockdown upon
Thy — Mimo synchronization. To verify that the blockade of S
phase entry is mediated by ATM kinase activity, cells were
transfected with ATM-WT or ATM-kinase-dead (ATM-kd).
Because a very small number of cells showed the expression of
ATM-WT or ATM-kd (<1%), we quantitatively analyzed the
levels of PCNA on chromatin by microscopy (Fig. 7D). We
found that the binding of PCNA to chromatin was increased in
ATM-kd-expressing cells upon mimosine treatment, suggest-
ing that ATM-kd functions as a dominant negative mutation.
Taken together, these results suggest that the activation of
ATM-mediated checkpoint signaling blocks S phase entry
upon mimosine synchronization.

Activation of ATM through ROS-mediated Hypoxic Stress
upon Mimosine Synchronization—It recently became known
that ATM is activated in the absence of DNA damage in
response to hypoxic stress (58, 59). Iron chelators, including
mimosine and deferoxamine, are hypoxia-mimetic agents (60).
Therefore, we examined whether the activation of ATM was
induced by hypoxic stress upon mimosine treatment. In agree-
ment with previous reports, Western blot analysis showed that
the protein levels of Hif-1«, a marker of hypoxic stress (61, 62),
were high in mimosine-synchronized cells (Fig. 84). When
Hif-1a was immediately degraded 10 min after release from
Thy — Mimo synchronization, the levels of ATM phosphory-
lation were also decreased (Fig. 8B), suggesting the possibility
that ATM phosphorylation is induced by hypoxic stress upon
mimosine treatment.

Itis known that hypoxic stress is mediated by reactive oxygen
species (ROS) (63, 64). Because mimosine treatment has been
reported to increase the production of ROS such as H,O, (65,
66), we tested whether treatment with N-acetyl-L-cysteine
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(NAC), a ROS scavenger, could prevent ATM activation upon
mimosine treatment. Consistent with the results that Adriamy-
cin treatment activates ATM through ROS production (10),
NAC treatment decreased the level of ATM phosphorylation in
Adriamycin-treated cells (Fig. 8C, Adriamycin). In Thy —
Mimo-synchronized cells, we found that NAC treatment
decreased the level of ATM phosphorylation (Fig. 8C, Thy —
Mimo). Moreover, flow cytometry analysis showed that NAC
treatment upon Thy — Mimo synchronization increased the
populations in S and G,/M phases, whereas it decreased the
populations in G, phase (Fig. 8D), suggesting that NAC treat-
ment induces cells to progress through the cell cycle even upon
Thy — Mimo synchronization. Taken together, these results
suggest that mimosine treatment blocks S phase entry by acti-
vating ATM through ROS-mediated hypoxic stress.

Efficient BrdU Incorporation Following Release from Mimo-
sine Treatment—It is known that treatment with excess thymi-
dine induces the imbalance in deoxy-NTP (dANTP) pools and
up-regulates the deoxy-TTP (dTTP) concentration and com-
petitively interferes with BrdU incorporation (67). Thus, we
compared the levels of BrdU incorporation in Thy — Mimo-
synchronized cells with those in Thy — Thy-synchronized
cells. Thy — Mimo-synchronized cells showed a rapid increase
in the number of BrdU-positive cells (40%) 1 h after release and
a further increase (64%) at 3 h (Fig. 9). In contrast, Thy —
Thy-treated cells did not incorporate BrdU efficiently after
release. BrdU-positive cells did not start to increase until 2 h
after release from Thy — Thy treatment and increased (53%) at
3 h, although the DNA content of the cells was increased more
than that of cells released from Thy — Mimo treatment. These
results suggest that Thy — Mimo synchronization is suitable
for measurement of an initial stage of DNA replication by BrdU
incorporation.

DISCUSSION

In this study, we show that mimosine treatment synchro-
nizes cells at the G,/S phase boundary by inhibiting the activa-
tion of the pre-RC. Mimosine treatment activates ATM-medi-
ated checkpoint signaling, which blocks activation of the
pre-RCand prevents cells from entering S phase. The activation
of ATM is induced by ROS-mediated hypoxic stress without
DNA damage.

We illustrate a model for cell cycle synchronization by
mimosine treatment in Fig. 10. We show that mimosine treat-
ment synchronizes cells at the G,/S phase boundary. Mimo-
sine-synchronized cells do not show binding of PCNA and RPA
to chromatin, suggesting that the replication fork and the
resulting single-stranded DNA are not formed. Although
pre-RC assembly is completed and Cdtl is degraded, Cdc45,
one of the pre-RC-activating factors, is not loaded onto chro-

matin in mimosine-synchronized cells. Therefore, mimosine
treatment prevents the transition of the pre-RC to the preini-
tiation complex by blocking the activation of the pre-RC, which
results in synchronization of cells at the G, /S phase boundary.

In contrast to mimosine treatment, thymidine treatment
arrests cells after initiation of DNA synthesis (Figs. 1 and 2).
Treatment with excess thymidine induces an imbalance in
dNTP pools, which results in feedback inhibition of RNR (67,
68). RNR inhibition blocks the elongation step of DNA replica-
tion, which generates stalled replication forks. Then, stalled
replication forks induce the activation of the S phase check-
point (Fig. 4) (49). Therefore, these results suggest that thymi-
dine treatment inhibits the elongation step of DNA replication
and, subsequently, activates the S phase checkpoint, which
results in synchronization of cells in S phase.

Mimosine treatment also inhibits the elongation step of
DNA replication through impairing RNR (7, 8). However, this
mechanism cannot explain the synchronization of cells at the
G, /S phase boundary. We show that thymidine and mimosine
differently activate the ATM/Chk2 and ATR/Chk1 kinases for
cell cycle checkpoints (Fig. 5). The mimosine-activated cell
cycle checkpoint prevents cells from entering S phase through
inhibiting the activation of the pre-RC (Figs. 5 and 6). In addi-
tion, mimosine treatment inhibits the elongation step of DNA
replication, irrespective of ATM/ATR-mediated cell cycle
checkpoint signaling (Fig. 6, D and E). Therefore, we hypothe-
size that mimosine treatment synchronizes cells through two
independent mechanisms: the activation of ATM/ATR-medi-
ated cell cycle checkpoint signaling (enrichment of cells at the
G, /S phase boundary) and the inhibition of the elongation step
of DNA replication (enrichment of cells in S phase). In contrast
to treatment of asynchronous cells with mimosine, Thy —
Mimo treatment minimizes the inhibition of the elongation
step of DNA replication because 9-h release from thymidine
treatment depletes S phase cells, and the resulting G,/M-en-
riched cells are treated with mimosine (Fig. 1C, Thy — Mimo).
Then, cells can progress through G, phase in the presence of
mimosine and are prevented from entering S phase by the mimo-
sine-activated cell cycle checkpoint. Therefore, Thy — Mimo
treatment highly enriches cells at the G,/S phase boundary.

Mimosine-synchronized cells show a strong activation of
ATM/Chk2 compared with thymidine-synchronized cells (Fig.
5). We further show that specific ATM inhibition can induce
cells to enter S phase and that the replication fork becomes
assembled even upon mimosine synchronization (Fig. 7). The
ATM/Chk2 pathway is known to inhibit the G,/S phase transi-
tion through inactivation of the cyclin E-Cdk2 complex, which
has a role in activating replication origins (46, 48). We observed
a decrease in the levels of cyclin E protein (Fig. 2, A and B), and

FIGURE 6. Inhibition of S phase entry by mimosine-activated cell cycle checkpoint signaling. A-D, Hela S3 cells were synchronized by the indicated
methods in the presence or absence of 10 mm caffeine during the last 3 h. A, cell lysates were analyzed by Western blotting. Band C, the Triton-resistant fraction
was fixed and stained for DNA and PCNA (B) or RPA (C). Bottom panels, mean fluorescence intensities of PCNA (B) or RPA (C) immunostaining in the nucleus were
measured. ***, p < 0.001, calculated by Student’s t test. Scale bars = 10 um. Asy, asynchronous cells; DIC, differential interference contrast. D, cells were
pulse-labeled with BrdU during the last 30 min and analyzed by flow cytometry. BrdU levels (y axis) are plotted against DNA content (x axis), and BrdU-positive
cells (boxed areas) are shown as percentages. DNA histograms are shown at the top. E, S phase cells prepared by 3-h release from Thy — Thy synchronization
were further incubated in the presence or absence of T mm mimosine for the indicated times. Shaded histograms represent DNA content of cells released for
3 h from Thy — Thy synchronization. Bottom panels, overlay histograms of cells incubated in the presence (solid line) and absence (dotted line) of 1 mm

mimosine.
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FIGURE 8. ATM activation through ROS-mediated hypoxic stress. A, HelLa S3 cells treated with 150 um CoCl, for 24 h (positive control) or cells synchronized
by the indicated methods were analyzed by Western blotting. B, Thy — Mimo-synchronized cells released for the indicated times were analyzed by Western
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histograms represent DNA content of asynchronous cells. Right panel, overlay histogram of cells synchronized by Thy — Mimo in the presence (solid line) and
absence (dotted line) of NAC during mimosine treatment. Asy, asynchronous cells.

previous reports showed that Cdk2 activity is down-regulated plex and prevent cells from entering S phase. In addition, the
in mimosine-synchronized cells (69, 70). Therefore, mimosine- ~ ATR/Chk1 pathway may contribute to mimosine synchroniza-
activated ATM/Chk2 may inactivate the cyclin E-Cdk2 com- tion because ATR-mediated checkpoint signaling inhibits the

FIGURE 7. Inhibition of S phase entry by ATM-mediated checkpoint signaling. A, HelLa S3 cells treated with 100 ng/ml Adriamycin for 1 h in the presence
or absence of 25 um KU-55933 or cells synchronized by the indicated methods in the presence or absence of 25 um KU-55933 during the last 3 h were analyzed
by Western blotting. Right panel, top, cells were analyzed for DNA content by flow cytometry. Shaded histograms represent DNA content of asynchronous cells.
Right panel, bottom, overlay histogram of cells synchronized by Thy — Mimo treatment in the presence (solid line) and absence (dotted line) of KU-55933 during
the last 3 h. B, HeLa S3/Mock and HeLa S3/shATM cells were analyzed by Western blotting. Right panel, cells were analyzed for DNA content by flow cytometry.
Shown is an overlay histogram of HeLaS3/Mock (dotted line) and HeLaS3/shATM (solid line). C, HeLaS3/Mock and HeLaS3/shATM cells were treated with 100
ng/ml Adriamycin for 1 h or synchronized by the indicated methods. Cell lysates were analyzed by Western blotting. Right panel, top, cells were analyzed for
DNA content by flow cytometry. Right panel, bottom, overlay histogram of HeLaS3/Mock (dotted line) and HeLaS3/shATM (solid line). Asy, asynchronous cells. D,
COS-1 cells transfected with vector, ATM-WT, or ATM-kd were cultured for 48 h in the presence of 1 mm mimosine during the last 24 h. The Triton-resistant
fraction was fixed and stained for FLAG (expressed proteins) and PCNA. Right panel, mean fluorescence intensities of PCNA immunostaining in the nucleus were
plotted. DIC, Differential-interference-contrast. Scale bars = 10 um. ***, p < 0.001, calculated by Student'’s t test.
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FIGURE 9. Efficient BrdU incorporation following release from mimosine treatment. Hela S3 cells synchronized by the indicated methods were released
for the indicated times and pulse-labeled with BrdU during the last 30 min of the release. BrdU levels (y axis) are plotted against DNA content (x axis), and
BrdU-positive cells (boxed areas) are shown as percentages. DNA histograms are shown at the top. Bottom panels, cells were fixed and stained for BrdU and DNA.
Asy, asynchronous cells; DIC, differential interference contrast. Scale bars = 10 um.

activation of late origins (2, 46). However, given that ATR-me-
diated checkpoint signaling arrests cells after initiation of DNA
synthesis upon thymidine treatment (Figs. 1, 2, and 4), we can
assume that mimosine treatment blocks S phase entry by pre-
venting the activation of early origins through ATM-mediated
checkpoint signaling in addition to late origins through ATR-
mediated checkpoint signaling.

Our results suggest that ATM/ATR-mediated cell cycle
checkpoint signaling is activated without replication fork stall-
ing or DNA damage upon mimosine synchronization (Figs.
2-5). It has recently become known that ATM is important not
only for DNA damage responses but also for oxidative stress
responses (59). For instance, ATM is activated in the absence of

askviEe
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DNA damage in response to hypoxic stress (58, 59). Mimosine
is a hypoxia-mimetic agent, and mimosine treatment has been
reported to increase the production of ROS, one of the hypoxia
mediators (60, 65, 66). We show that the activation of ATM
upon mimosine treatment is induced in response to ROS-me-
diated hypoxic stress (Fig. 8, A—C). Moreover, treatment of cells
with the ROS scavenger NAC is capable of inducing progres-
sion of the cell cycle even upon mimosine treatment (Fig. 8D).
Therefore, we hypothesize that the activation of ATM in
response to ROS-mediated hypoxic stress blocks S phase entry
upon mimosine synchronization. In addition, the ATR/Chk1
pathway is activated in response to oxidative and hypoxic
stress, and H,O, treatment activates Chkl in an ATM-depen-
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FIGURE 10. Model for the cell cycle synchronization by mimosine. Mimosine
treatment synchronizes cells at the G,/S phase boundary by blocking the activa-
tion of the pre-RC. Mimosine treatment strongly activates ATM-mediated cell
cycle checkpoint signaling, which prevents cells from entering S phase. In con-
trast, thymidine treatment synchronizes cells after the initiation of DNA replica-
tion and activates the S phase checkpoint. Pre-IC, preinitiation complex.

dent manner (58, 71). These results suggest the possibility that
mimosine treatment activates the ATR/Chk1 pathway through
ROS-mediated ATM activation.

In response to DNA damage, the activation of ATM-medi-
ated checkpoint signaling is important for controlling cell cycle
arrest, DNA repair, and apoptosis (46, 48). Similar to the roles
of ATM in DNA damage responses, ATM has a protective role
against oxidative stress upon mimosine treatment. Blockade of
S phase entry by ATM prevents induction of DNA damage aris-
ing from replication fork stalling. The levels of DNA damage in
Thy — Mimo-synchronized cells are much lower than those in
Thy — Thy-synchronized cells (Fig. 4), although thymidine is
less of a DNA-damaging agent compared with other G,/S syn-
chronization reagents, such as hydroxyurea and aphidicolin
(72,73). In addition, apoptotic cells (sub-G, population) are not
seen upon mimosine treatment (Fig. 1). Our results provide
new details on the protective role of ATM against oxidative
stress in cell cycle arrest at the G,/S phase boundary. Further
studies using mimosine synchronization will help us to gain
new insights into the precise mechanisms that control the onset
of DNA replication.
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