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Summary

Cell cycle arrest in response to environmental effects can
lead to DNA breaks. We investigated whether inhibition of
DNA replication during the initiation step can lead to DNA
damage and characterised a cell-cycle-arrest point at the
replication initiation step before the establishment of active
replication forks. This arrest can be elicited by the iron
chelators mimosine, ciclopirox olamine or 2,2bipyridyl,
and can be reversed by the removal of the drugs or the
addition of excess iron. Iron depletion induces DNA double-
strand breaks in treated cells, and activates a DNA damage
response that results in focal phosphorylation of histone
H2AX, focal accumulation of replication protein A (RPA)
and ATR (ATM and Rad3-related kinase), and activation
of CHK1 kinase. Abrogation of the checkpoint response

does not abolish the cell cycle arrest before the
establishment of active DNA replication forks. DNA breaks
appear concomitantly with the arrival of cells at the arrest
point and persist upon release from the cell cycle block.
We conclude that DNA double-strand breaks are the
consequence, and not the cause, of cell cycle arrest during
the initiation step of DNA replication by iron chelation.

Supplementary material available online at http://jcs.biologists.org/
cgi/content/full/117/21/4897/DC1
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Introduction

In response, ATR kinase phosphorylates the histone variant

The maintenance of genome stability is essential for norm&l2AX, possibly aided by the DNA-dependent protein kinase
cell proliferation. Genome stability is threatened by genotoxi€DNA-PK) and ATM (ataxia-telangiectasia mutated) kinases
agents that damage DNA, resulting in the direct or indirectvhich are activated by DSBs. The appearance of a focal pattern
induction of DNA breaks. DNA damage can activateof the phosphorylated form-12AX) in the nuclei is generally
checkpoint pathways that lead to cell cycle arrest in the G1, &sed as a marker for DSBs (Rogakou et al., 1998; Rogakou and
or G2 phases of the cell cycle (Bartek and Lukas, 2001a; Barté&€keri-Pataryas, 1999). Indeed, ATR has been shown to
and Lukas, 2001b; Nyberg et al., 2002; O’Connell et al., 2000phosphorylate H2AX in response to replicational stress (Ward
DNA breaks can occur after an interference with the DNAand Chen, 2001), and ATR activity is required to minimise
replication machinery (Michel et al., 1997; Saintigny et al. DNA breakage, because a replication block by aphidicolin
2001). Inhibition of the elongation stage of DNA replicationcauses up to 20-times more DNA breaks in the absence of ATR
activates the replication checkpoint which is closely related t¢Casper et al., 2002).

the S phase DNA damage checkpoint, and leads to cell cycle The key regulatory step of DNA replication is initiation. We
arrest (Nyberg et al., 2002; Osborn et al., 2002). Théherefore set out, to investigate whether interference with
mechanisms proposed to generate DNA breaks during thieplication initiation also leads to DNA damage and poses a
elongation phase of DNA replication rely on localised eventghreat to genome stability. To examine whether inhibition of
arising from the inhibition of replication fork progression replication initiation in human cells, at a stage preceding the
(Hyrien, 2000; Rothstein et al., 2000). At present, it is unclea@stablishment of active replication forks, leads to DNA
what kind of DNA structure is detected at the replicationdamage, we chemically induced cell cycle arrest at or just
checkpoint; inhibition of replication elongation has beenbefore the G1-to-S-phase transition. In human cells, this kind
shown to result in the accumulation of single stranded stretche$ cell cycle arrest is achieved by using the plant amino acid,
of DNA in yeast (Sogo et al., 2002), and can also lead to thmimosine (Krude, 1999; Lalande, 1990). At a concentration of
formation of double-strand breaks (DSBs) in bacteria (MichebOOuM, mimosine arrests asynchronously proliferating human
et al., 1997), yeast (Sogo et al., 2002) and higher eukaryoteslls with a G1-phase DNA-content before replication forks are
(Saintigny et al., 2001). Damage-sensing might be achievezstablished (Krude, 1999; Krude, 2000). The exact point of
when single stranded regions at stalled replication forks, whichrrest is not characterised at the molecular level, however, this
are associated with replication protein A (RPA), are detectedrrest is reversible (Watson et al., 1991). When mimosine is
by the checkpoint kinase ATR when its partner-protein ATRIRremoved, DNA replication soon commences in early, but not
binds to RPA (Costanzo et al., 2003; Zou and Elledge, 2003n late-replicating chromatin domains (Keller et al., 2002).
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More specifically, close examination of an early-firing (Krude et al., 1997) on a Becton-Dickinson FACScan apparatus using

replication origin in human cells has shown that nascent DNAhe CellQuest software. The cell cycle distribution was quantitated

is enriched at the origin when compared with sequences leg8ing the same software.

than 3.5 kb away, indicating an origin-specific initiation of

DNA. r_e_pllcatlon (Keller et aI.., 2002). The.spee.d and Orlgln'Immunocytochemistry, western blot analyses and DNA-

specificity of DNA replication upon mimosine removal yepjication reactions

fSL]gggStS tha't the arrest is very Close. to the events of rep'licatiggr immunofluorescence staining, EJ30 cells were grown on

initiation. This arrest is distinctly different from the mid-S oyersiips, fixed in 4% paraformaldehyde, and blocked in PBS with

phase cell cycle block, caused by activation of the replicatione, BSA, 0.1% Triton X-100 and 0.02% SDS. Primary and secondary

checkpoint (reviewed in Osborn et al., 2002). antibodies were diluted in the same blocking buffer. For BrdU
Mimosine is a well-known iron chelator, and its effects onstaining, cells were treated with 4M HCI for 30 minutes after fixation.

the cell cycle have been attributed to iron depletion (Clemerithe following primary antibodies were used: anti2AX antibodies

et al., 2002; Kulp and Vulliet, 1996). In agreement with this(S139 mouse monoclonal JBW304 and rabbit no. 07-164, both

several other iron chelating compounds have been shown #pstate), anti-RPA antibody [rabbit polyclonal pAb-RPAL (Szlits et
I., 2003) and mouse monoclonal 34A (Kenny et al., 1990)], anti-ATR

block cell cycle progression near the G1-S phase boundafy:. _ X
. ; . tibody (sc-1887, Santa Cruz), anti-phospho-CHK1 antibody (S317,
(Clement et al., 2002, Gao and Richardson, 2001) (re"'e""e%en Signaling), anti-phospho-CHK2 antibody (T68, Cell Signaling)

in Le and Richardson, 2002)..T_herefore, we have used I"Ohg anti-BrduU antibody (MAS 250b, Harlan). Fluorescence-labelled
chelators to study the susceptibility of chromosomal DNA tQsecondary antibodies were obtained from Amersham Biosciences and
damage during a block prior to the establishment of activgom Molecular Probes. Propidium iodide was used at a concentration
DNA replication forks. of 50 pug/ml for DNA counterstaining. Stained cells were analysed
In this study, we demonstrate that mimosine and the othessing a laser-confocal microscope (Leica). Western blot analyses was
iron chelators ciclopirox olamine and bipyridyl (Clement et al. performed using standard techniques, with the phospho-specific
2002; Linden et al., 2003) similarly arrest human cells at théntibodies specified above. o
G1-S phase boundary. The cell cycle arrest can be reversed byNucleic and cytosolic extracts were prepared, and in vitro DNA
either removing the chemicals or restoring the iron level, bot orggatfsqnzsigﬁgv‘ﬁéi;’igﬁrg‘/‘t*:sgl’i‘g‘cg({r:;%ﬁg;g’i?agg”gﬁ al.,
of which leads to the establishment of active DNA replicatio N : o .
forks. In addition to cell cycle arrest, iron depletion als?) Causerep;Icag(O)gs\;vas detected by confocal microscopy as described (Szlts
DNA breaks that are accompanied by the phosphorylation 69? B '
H2AX, the focal accumulation of RPA and ATR, and the
activation of the CHK1 kinase. We show that the damag®etection of DNA breaks by electrophoresis
caused by mimosine is cell cycle dependent and is concomitat million (alkaline gels) or 2 million (pulsed field gels) isolated HeLa
with cell cycle arrest. Release from the cell cycle block allowsell nuclei were used per sample. Nuclei were embedded in a block
entry into and progression through S phase before the dama@fe0.5% low-melting-point agarose in PBS, and incubated with
is repaired, indicating that DNA damage is not the cause of thie Mg/ml proteinase K, 0.5 M EDTA and 1% Sarcosyl (N-
arrest. Rather, we suggest that, DNA damage is a Conseque’l%goylsarcosme, Sigma) at 55°C for 20 hours. For alkaline gel

ctrophoresis, the agarose blocks were equilibrated in 50 mM NaOH
of t.he cell CyC|e. arrgst at the G1-S phase boundary before tﬁ dl rE’IM EDTA anc?inserted into the wglls of a 0.7% agarose gel
active DNA replication forks are establishment. !

prepared with the same buffer. Following electrophoresis at 4 V/cm

for 4 hours, the gels were neutralised in 1 M NaCl with 0.5 M Tris-

Materials and Methods HCI pH 7.2, stained with ethidium bromide and photographed. For
o pulsed field gel electrophoresis, the agarose blocks were equilibrated

Cell culture and synchronisation in 1XTris-HCI-EDTA (TE) buffer pH 8, melted, and poured into the

Human HFF primary fibroblasts, EJ30 and HelLa cells were culturedrells of an 1.2% agarose gel. Following electrophoresis at 195 V

as monolayers in Dulbecco’s modified Eagle’s medium (DMEM)with 40 second pulse-times for 24 hours in a pulsed field gel

supplemented with 10% foetal bovine serum, 10 U/ml penicillin, 0.lelectrophoresis (PFGE) apparatus by Pharmacia, the gel was stained

mg/ml streptomycin and 28g/ml amphotericin B (Fungizone) (all with SYBR® Gold (Molecular Probes).

from Gibco BRL). Cells were arrested at the G1-S phase boundary by

treatment with 50QtM mimosine, 10QuM ciclopirox olamine or 200

UM 2,2-bipyridyl (all from Sigma) as described in the Results sectionReglts

Lower concentrations of each iron chelator resulted in an enrichmejg. . d other i helat I |

of S phase cells, as observed earlier in the case of mimosine (Kru 3mosme and other iron chelators cause cell cycle

1999). Cell cycle arrest owing to iron chelators was released by eithéfTest at the G1-S phase boundary

replacing the medium or by adding 1 mM Fe$©Om a freshly made We first compared the effect of mimosine to that of other iron

stock. Bromodeoxyuridine (BrdU) was added to the medium at @helators implicated in cell cycle arrest. Asynchronously

concentration of 5M where indicated. Mitotic arrest was obtained growing human cells were treated with mimosine, ciclopirox

machinery was either blocked by addition ofu§/ml aphidicolin We found that a treatment with 506M mimosine was

(Sigma) or slowed down by the addition of 2.5 mM thymidine . : : : -

(Sigma). DSBs were induced by treating the cells withug0ml equwalen_t to_a treatme_nt V\."th 10/ (.:'CIOp'rOX olamine or

etoposide (Sigma) or 1-1ag/ml Bleocin™ (Calbiochem). The S- 200 uM bipyridyl, resulting in the enrichment of cells _Wlth a

phase checkpoint was inhibited with P& wortmannin or 5 mm ~ G1 phase DNA content and the near complete depletion of the

caffeine (Sigma). Quiescent EJ30 cells were arrested by culturing Phase population (Fig. 1A). This cell cycle distribution

confluent plates in 0.5% serum for 7 days (Krude, 1999). All cellappears to be similar to that obtained by the inhibition of DNA

synchronisations were verified by flow cytometry of isolated nuclepolymerases using aphidicolin (Fig. 1A).
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Fig. 1.Cell cycle arrest at the G1-S phase
A untreatel B boundary caused by iron chelators. (A) Flow
100 cytometry analysis of propidium iodide stained
] |:| buffer nuclei, isolated from Hela cells that were treated
for 24 hours with the iron chelators mimosine,
ciclopirox olamine or 2,2bipyridyl, and, as

N
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<3

80

mfncq)gs%lgl ] Cicllg%itlc';(" ] control, with the replication-elongation inhibitor
olamine

aphidicolin, at the indicated concentrations. The
positions of unreplicated (2n) and fully replicated
DNA content (4n) are indicated. (B) In vitro
replication reactions of nuclei, isolated from cells
treated with the iron chelators and aphidicolin as in
200 puM 5 pg/ml A. Nuclei were incubated in an elongation buffer
22- aphicolin ] (‘buffer’, light grey bars) or in the same buffer
20 supplemented with 100g HelLa cell cytosolic
1 extract (cytosol, dark grey bars). Percentages of
| nuclei that incorporated labelled nucleotides were
0- ; determined. The mean of 3-4 experiments and the
mim cic bip aph standard deviations are shown.

o
?

% nuclei replicathg

ey
?

bipyridyl

To investigate whether this arrest occurs before or after theours after release. Also, a distinct population of cells were
establishment of DNA replication forks, nuclei were isolatednoving through S phase at later time points (Fig. 2A).
from the treated cells and assayed in vitro for their replicatio@uantification of the flow cytometry results indicates that more
potential. Nuclei from S-phase cells are capable of continuinthan half of the original G1-phase population had moved into
DNA synthesis in vitro in the presence of an ‘elongation bufferS phase 4 hours after mimosine had been removed (Fig. 2B).
containing nucleoside and deoxynucleoside triphosphateSpproximately 16 hours after release, the proportion of cells
(Krude et al., 1997). The in vitro DNA-chain-elongation isin G2 or M-phase reaches its peak, and by 24 hours many of
performed by replication forks that were established in vivahe cells have completed mitosis and return to G1 phase (Fig.
during S phase. Indeed, about 85% of nuclei isolated frorBA,B). No significant cell death was observed during the
aphidicolin-treated cells (which are arrested in S phasg)eriod up to 3 days after the removal of mimosine (data not
continued elongation in vitro (Fig. 1B). By contrast, only 5-shown). A similar release into S phase was observed, when the
15% of nuclei isolated from cells treated with either one of thenedium was replaced or iron was added to ciclopirox olamine
iron chelators were capable of continuing DNA replication,or bipyridyl-treated cells (data not shown). These data suggest
indicating that 85-95% of these cells were not in S phase at ttieat the cell cycle arrest caused by the examined iron-chelating
time of preparation (Fig. 1B). compounds is due to the depletion of free iron.

DNA replication initiation can be elicited in vitro in nuclei  To determine the time of S-phase entry upon release from
isolated from late G1-phase cells by adding cell extracts thaton chelation more accurately, nuclei were isolated from cells
contain essential initiation factors (Krude, 2000; Krude et al.at various time points after the release and were incubated in
1997; Szuts et al., 2003). The addition of cytosolic extract fronelongation buffer to visualise the presence of active DNA
proliferating cells triggers the initiation of DNA replication in replication forks. One hour after the release, cells had not
about 50% of nuclei isolated from mimosine-treated cells (Figentered S phase. However, 2 hours after mimosine removal and
1B) (Krude, 2000). We also observed that 20-30% of nucled hours after iron addition, 30-40% of the cells had progressed
from ciclopirox-treated cells, and 40-50% of nuclei frominto S phase (Fig. 2C), suggesting that the removal of the iron
bipyridyl-treated cells, initiated DNA synthesis when cytosolicchelators is more efficient in reversing the cell cycle block than
extract was added (Fig. 1B). This indicates that all three irothe addition of excess iron. These data are in good agreement
chelators arrest human cells at the same point in the cell cycleith the results obtained by flow cytometry (Fig. 2A). Taken
at or near the G1/S-phase boundary and before active DNgether, they confirm that iron-chelation arrests cell cycle
replication forks are established, with a significant proportioprogression shortly before active DNA replication forks at the
of the cells blocked in a replication initiation competent stateG1/S phase transition are established.

The reversible cell cycle arrest is caused by iron Treatment by iron chelators causes DNA damage

depletion Any interference with DNA replication fork progression is
Cell cycle arrest by mimosine is reversible, as cells progresxpected to cause single-strand nicks and free ends, which can
through S phase after mimosine is removed (Krude, 199%lso be processed into DSBs (Hyrien, 2000; Rothstein et al.,
Lalande, 1990). To investigate, whether the removal 02000). We decided to investigate whether iron depletion, which
mimosine is functionally equivalent to restoring the iron levelresults in a block before the establishment of DNA replication
cells were kept in 50QM mimosine for 24 hours. Then either forks, also causes DNA damage. Proliferating human EJ30
mimosine was removed by replacing the medium, or an excesslls were treated for 24 hours with iron chelators and, as
of iron (1 mM FeS@) was added to the mimosine-containing controls, with a range of compounds commonly used for
medium. In both cases, analysis of DNA content by flowinducing either S-phase arrest or DNA damage. Initially, DNA
cytometry showed a significant widening of the G1 peak, 4lamage was monitored through the phosphorylation of the
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histone variant H2AX. In untreated cells, only a very low levelmore pronounced smear (Fig. 3B, lanes 8-10). The elongation
of focal y-H2AX staining was sporadically detected (Fig. 3A blockers thymidine and aphidicolin also induced DNA breaks,
and data not shown). Treatment with excess thymidine yieldealthough the smear visible after thymidine treatment is rather
a weak focaly-H2AX staining, whereas aphidicolin, an weak (Fig. 3B, lanes 2-3).
inhibitor of DNA polymerases, produced a strong focal pattern The conditions in an alkaline agarose gel do not allow a
of H2AX phosphorylation (Fig. 3A). These data confirm thatdistinction between single and double-strand breaks. To
interference with DNA replication fork progression results ininvestigate, whether iron depletion causes the formation of
DNA damage. Importantly, all three tested iron chelators alsDSBs, we analysed representative samples by neutral pulsed
caused strong and clear fogaH2AX staining (Fig. 3A). As field gel electrophoresis (PFGE). Genomic DNA from
positive control, we also analysed two agents that directlyntreated proliferating cells (Fig. 3C, lane 1) or from cells
cause DNA DSBs. Etoposide, an inhibitor of topoisomerase Ityeated with thymidine (lane 2) showed no migration into the
and Bleocin, a component of the DNA damaging antibiotigel under these conditions, and therefore did not contain a
bleomycin, both produced strong, and in case of Bleocin, dossignificant amount of DSBs. However, both the replication
dependent focaj-H2AX staining (Fig. 3A). Taken together, inhibitor aphidicolin (lane 3) and the iron chelator mimosine
these data suggest that iron chelators cause extensive diahe 4) produced a significant amount of DSBs, indicated by
localised DNA damage, most probably in the form of DSBs. a smear of DNA fragments across a broad size-range (Fig. 3C).
It is possible that phosphorylation of H2AX not only marksThese results confirm that iron depletion causes genomic
DNA strand breaks, but rather some other disturbances at tdeuble-strand DNA breaks under conditions that induce cell
DNA level. Therefore, we obtained independent confirmatiortycle arrest before the establishment of active DNA replication
of DNA damage by separating the DNA content of treated ceforks. Therefore, we asked next whether these breaks result in
nuclei on alkaline agarose gels. Genomic DNA from untreatethe activation of DNA-damage response pathways.
cells showed no migration into the alkaline gel under the
experimental conditions (Fig. 3B, lanes 1 and 7). However, the ) )
tested iron chelators produced a smear of heterogeneous DM&tivation of DNA damage checkpoint and repair
fragments that enter the gel, down to the 1 kb size-rang@athways
indicating the presence of DNA breaks (Fig. 3B, lanes 4-6, sdereviously we observed that treatment with mimosine results
also Fig. 6D). Etoposide and Bleocin produced a similar, buh the appearance of a focal pattern of RPA in the nuclei (Szits

A | Oh B DNA content of isolated nuclei
| 1hrel llh Fe G2/M
2h rel 2h Fe T 60 I S

S a []

Fig. 2. The cell cycle arrest caused ] S . =REEn G1
; N ; S 40
by iron chelation is reversible. ah rel 4h Ee 7] -
(A) HelLa cells were kept in 500M
mimosine for 24 hours. Then, either ‘ 20
mimosine was removed by replacing ) ]
the medium (mimosine release, rel) 6h rel 6h Fe 1
or 1 mM FeSQ (Fe) was added. ‘ 1
H H 0 T T T T T T T T T

Nuclei were prepared and their .__L__,. Oh 1h 2h 4h 6h 8h 12h 16h 24h 36h
DNA content was analysed by flow 8h rel 8h Fe ——
cytometry at the indicated time mimosine removal
points. The ‘0 h’ control indicates a ‘. ‘I
24-hour treatment with mimosine ) 40 ]
only. (B) Proportion of cells in the 12hrel 12h Fe 351 ]
G1, S or G2-M phases of the cell o 1 ]
cycle at the indicated time points h__‘-—» p__ﬂ“-.p £ 304
after release from mimosine- 16h rel 16h Fe 8 o5
induced cell cycle arrest, as S ]
determined from the flow cytometry hw ‘ = 2075
histograms shown in A. (C) In vitro S 154
replication assay of nuclei from the 24hrel 24h Fe 2
0, 1, 2 and 4-hour samples from A. ‘ R 104
Nuclei were incubated in elongation P__,‘-_-», 5;
buffer and the percentage of nuclei 36h rel 36h Fe ] |—| |_|
that incorporated labelled 0 ‘ ‘ ‘ ‘
nucleotides is shown for each time ‘ 0Oh 1h 2h 4h 1h 2h 4h
point. 2n 4n 2n 4n mimosine removal Fe addition
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et al., 2003). The formation of RPA foci at sites of both singlgpossibly ATM. These results indicate that DNA damage
and double-strand DNA breaks is a known phenomenon (Burrssgnalling pathways are activated during the cell cycle arrest
et al., 1996; Golub et al., 1998; Lao et al., 2000). Thereforenduced by iron chelation.
we investigated the localisation of chromatin-bound RPA in
relation to y-H2AX after treating proliferating cells with ) o
mimosine. As seen before (Sziits et al., 2003), RPA assume&&ll cycle arrest by iron chelators is independent of
focal pattern in nuclei of mimosine-treated cells, in contrast t6heckpoint activation
a low level of staining in the majority of untreated cells (Fig.The activation of DNA damage response pathways operating
4A). Upon close observation, most of these RPA foci colocalisthrough the CHK1 and CHK2 kinases raises the possibility that
with y-H2AX, because mostH2AX-staining patches have a the cell cycle arrest observed under conditions of iron depletion
bright RPA focus in the centre. The signalling protein kinasés the result of a DNA damage checkpoint. To test this
ATR, which has been shown to move to sites of DNA repaihypothesis, we first performed a set of experiments using
(Tibbetts et al., 2000), perfectly colocalised with RPA inwortmannin, an inhibitor of ATM, ATR and DNA-PK (Sarkaria
mimosine-treated cell nuclei (Fig. 4B). This result, togetheet al., 1998). We found that the inclusion of&8 wortmannin
with the observation that ATR and RPA relocalisation into fociduring a 24-hour treatment of EJ30 cells with mimosine or
depends on ATR activity (Barr et al., 2003), indicates that aaphidicolin, completely prevents H2AX phosphorylation (Fig.
ATR-dependent DNA damage pathway is activated in respong). Wortmannin treatment also prevented the accumulation of
to iron depletion by mimosine. RPA into strong intranuclear foci in the presence of mimosine,
Amongst the downstream targets of ATR is the checkpoiribut not in the presence of aphidicolin (Fig. 5B). These results
kinase CHK1 (Zhao and Piwnica-Worms, 2001). ATR activitystrongly suggest that wortmannin abolishes the DNA damage
should therefore result in the phosphorylation of CHK1, whiclresponse in mimosine-arrested cells, whereas the remaining
can be assayed using a phospho-specific antibody. Updocal RPA in cells treated with aphidicolin and wortmannin is
mimosine treatmenty-H2AX-positive cells showed uniform because of the continued presence of stalled replication forks.
nuclear staining with the phospho-CHK1 antibody (Fig. 4C). Next, we investigated whether this checkpoint inhibition
In addition, we observed the phosphorylation of both CHKIabolishes cell cycle arrest by iron depletion. We included
and CHK2 after mimosine treatment in whole-cell extractgaffeine in this analysis as an alternative to wortmannin,
(see below, Fig. 7), which provides further evidence for théecause caffeine is a more potent inhibitor of ATR, while it has
activation of checkpoint pathways acting through ATR andnly little effect on DNA-PK (Sarkaria et al., 1999). When

A

2.5 mM thymidine
1 2 3 4 M2
— thy aph mim

500 pM mimasipe
2Y Fig. 3. Treatment with iron
chelators causes DNA breaks.
(A) EJ30 cells were treated with the
indicated compounds for 24 hours,
fixed, treated with RNase A and
stained with propidium iodide for
DNA (red) and with antibodies for
y-H2AX (green). Merged images
are shown. (B) HelLa cells were
subjected to treatments exactly as in
A and the generated DNA breaks
were analysed by alkaline-agarose-
gel electrophoresis. Lanes 1 and 7,
untreated control; 2, thymidine; 3,
aphidicolin; 4, mimosine; 5,
ciclopirox olamine; 6, bipyridyl; 8,
etoposide; 9, ug/ml Bleocin; 10,
10 pg/ml Bleocin. The marker (M)
is a 1 kb ladder (Roche).
(C) Samples 1-4 from B were
subjected to neutral pulsed-field-gel
electrophoresis to assay for the
presence of DSBs. The markers
cover the 0.1-200 kb (M1) or 50-
1000 kb (M2) size-range.

thy aph mim cic bip
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wortmannin or caffeine were added for 4 hours to cells arresteshown). We analysed the in vitro replication potential of nuclei
with mimosine, no release from the G1-S block and entrysolated from cells treated for 24 hours with mimosine and
into S phase was observed by flow cytometry (Fig. 5C)wortmannin together (Fig. 5D), or with caffeine (Fig. 5E).
Simultaneous 24-hour treatment with mimosine and either dmportantly, the elimination of checkpoint signalling by either
the inhibitors produced a similar cell cycle profile, but alsovortmannin or caffeine did not increase the proportion
caused significantly high incidences of cell death (data naif mimosine-treated cell nuclei capable of run-on DNA
replication in elongation buffer (Fig. 5D,E). Furthermore,
neither inhibitor abolished the ability of these nuclei to initiate
+H2AX merge DNA replication in the presence of cytosolic extract. We
L : conclude that cell cycle arrest by iron depletion is independent
of checkpoint signalling through ATR or ATM.

>

untreated

Mimosine-induced DNA damage detected by H2AX
phosphorylation is cell cycle dependent and is
concomitant with the arrest

As shown above, cell cycle arrest by iron chelation is not
dependent on DNA-damage signalling. This raises the
possibility that DNA damage is a consequence of the cell cycle
arrest rather than its cause. We began to address this issue by
asking if damage induction is restricted to a particular phase
of the cell cycle. First, we examined whether DNA damage can
be elicited in non-cycling, quiescent cells. Quiescent human
EJ30 cells were treated with 5Q®1 mimosine for 24 hours.
We found that less than 5% of the cells displayed a fpcal
H2AX pattern both before and after the mimosine treatment
(Fig. 6A), indicating that iron depletion does not cause DSBs
in non-proliferating cells. By contrast, mimosine treatment of
asynchronously proliferating EJ30 cells resulted in the
appearance ofH2AX in 75-95% of the cells (Fig. 6B).

Next we investigated, whether the induction of DNA damage
is restricted to a particular phase of the proliferative cell cycle.
To examine G1 phase and the G1-S transition, EJ30 cells were
released from a mitotic arrest induced by nocodazole, and
treated with mimosine or aphidicolin for 4-hour intervals,
starting 4, 8 or 12 hours after the removal of nocodazole. Cell
cycle progression of untreated control cells was monitored by
flow cytometry and BrdU incorporation. In these experiments,
S-phase cells were first seen in significant numbers 12 hours
after the release from the nocodazole-induced arrest (Fig. 6D).
In parallel, DNA damage after the 4-hour treatments was
visualised by y-H2AX immunofluorescence (Fig. 6C).
Intriguingly, almost no cells showed-H2AX staining
following the 4-8-hour post-mitotic treatment, whereas a
significant number of cells displayed fogaH2AX staining
after the 8-12-hour treatment with either mimosine or
aphidicolin (Fig. 6C). The number of cells wilH2AX foci
further increased after the 12-16 hour treatment, in good
agreement with the number of control cells that enter S phase
during this period (Fig. 6C,D). These results show that
DNA damage induced by mimosine becomes detectable
approximately the same time untreated control cells enter S
Fig. 4. Activation of DNA damage response pathways. EJ30 cells  phase. Aphidicolin only causes DNA damage in S phase, when
were grown on coverslips an_d were either used as (_:ont_rol (untreateq) inhibits DNA polymerases. The close similarity in the
or treated with 50@M mimosine for 24 hours. After fixation, the  ymper of cells with damaged DNA after mimosine or
cells were stained with antibodies against{Aj2AX (green) and aphidicolin treatment, therefore supports the conclusion that

RPA (red), (B) RPA34 (green) and ATR (red) and y&E)2AX . . - .
(green) and phosphorylated CHK1-S317-P (red). Representative damage induced by mimosine occurs at a time when cells have

nuclei are shown in A and B. (C) To illustrate the correlation entered S phase. _

between the intensity gfH2AX staining and the level of CHK1-P, a As a control, we performed, in parallel, 4-hour-long
low magnification field of nuclei is shown. Merged RGB images are etoposide treatments of cells synchronised in G1 and S phase.
shown in the right hand panels. We found that etoposide damages DNA and induces H2AX

mimosine

untreated

mimosine

v-H2AX

Chk1-P (S317)

O

untreated

mimosine




phosphorylation in all cells, regardless of their cell c
position (not shown). Taken together, we conclude
DNA damage is induced by mimosine in a cell-cy
specific manner, concomitant with the cells’ arrival a
arrest point at the G1-S phase boundary.

Cells released from a cell cycle arrest by iron
depletion replicate DNA in the presence of DNA
damage

To address further whether DNA damage is the cau
consequence of the cell cycle arrest induced by
chelators, we released EJ30 cells from a mimo
induced cell cycle block by either the removal mimo
or by the addition of iron (as in Fig. 2), and then follo
the fate of the DNA damage. If DNA damage cause:
cycle arrest, one expects a complete repair of the d¢
before the cells exit from the block. However, we fo
that the strong focal-H2AX staining observed in mc
cells after mimosine treatment (Fig. 7A), remained ali
constant for up to 16 hours after the removal of mimo
Even after 24-48 hours, approximately half of the
still containedy-H2AX (Fig. 7B,D). Adding an exce
amount of iron to the mimosine-containing medium
a similar effect ory-H2AX foci in the released cells (F
7C,D). Interestingly, the proportion of cells wiH2AX
initially remained constant, whereas the overall amoL
y-H2AX in whole-cell extracts significantly decrea
within 4-8 hours after mimosine removal (Fig. 7E).
also observed the rapid dephosphorylation of both C
and CHK2 after the removal of mimosine, followed
fluctuating levels of phosphorylation at later time pc
(Fig. 7E).

By using alkaline gel electrophoresis, we found tha
extent of DNA damage in nuclei from released cells
not significantly changed 4 hours after release by ¢
method, and even 24 hours after release there was
much higher level of DNA breakage than in the untre
control sample (Fig. 7F). Bearing in mind that alrea
hours after the release most of the cells had left the
and made significant progression into S phase (Fig.
these results show that DNA damage alone doe
sustain the cell cycle arrest caused by iron chel:
Therefore, DNA damage is not the cause of the cell
arrest, but appears to be its consequence.

Finally, we investigated the spatial relationship betv
DNA damage and DNA replication within the se
nuclei. Mimosine-containing medium was removed f
cells after 24 hours and replaced with fresh mes
containing BrdU to label the sites of DNA replication &
release. We observed strong BrdU incorporation witl
hour, indicating that DNA replication had begun.
expected, approximately half of the cell nu
incorporated BrdU, and these cells all showed fge
H2AX in a similar pattern (Fig. 7G, top panels). Ar
vitro equivalent of this experiment was also perforr
because entirely semi-conservative  origin-spe

A wortmannin

O
O
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Fig. 5. The iron depletion-induced cell cycle arrest is independent of
checkpoint activation. (A) EJ30 cells were subjected to 24-hour
treatments with mimosine or aphidicolin in the absence or presence of 25
UM wortmannin, and stained for DNA (red) apti2AX (green).

(B) Representative cell nuclei from these experiments, stained for RPA.
(C) Flow cytometry profiles of HeLa cells treated with mimosine for 28
hours (top); with mimosine only for 24 hours, followed by mimosine plus
wortmannin for 4 hours (middle); or with mimosine only for 24 hours,
followed by mimosine plus caffeine for 4 hours (bottom). (D) Nuclei from
cells subjected to 24-hour treatments with mimosine (mim) or
wortmannin (wort) or both (mim/wort) as in A were analysed by in vitro
replication reactions. Nuclei were incubated in an elongation buffer
(buffer) or in the same buffer supplemented with ilgMHeLa cell

cytosolic extract (cytosol). Percentages of nuclei incorporating labelled
nucleotides are shown. (E) Nuclei from cells subjected to 24-hour
treatments with caffeine (caff), mimosine (mim) or both (mim/caff) were
analysed by in vitro replication reactions as in D.

chromosomal DNA-replication can be initiated in nucleinuclei in vitro, in all cases in the presence of foebd2AX
isolated from mimosine-treated cells by the addition of(Fig. 7G, bottom panels), similarly to the in vivo release from

cytosolic extract (Keller et al.,

2002; Krude, 2000). After 5mimosine. Thg-H2AX staining seen in these nuclei probably

minutes, DNA replication was observed in 30-40% of thendicates phosphorylation that originated from the arrested
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state in vivo, as the signal rapidly disapp: A quiescent cells
in vitro with longer incubations, and it

therefore unlikely that significant H2A
phosphorylation would take place in the
vitro system. Most-H2AX foci colocalise
with sites of DNA replication in vitro. |
addition, the overall patterns ¢iH2AX and
DNA replication look similar in vivo and
vitro, suggesting that iron chelators ca
DNA damage in early replicating chrome

O

release from mitosis

untreated mimosine

. 3 4h
domains. B proliferating cells 3 6% BrdU
Discussion E ‘ '
Inhibition of DNA replication forl E
progression is known to cause DNA bre 4 5
and elicit cellular responses leading to & y | = E ; 8h
cycle arrest. In the present work we sl “ . E & Brol
that blocking the human cell cycle sho . E
before the initiation of DNA replication al untreated mimosine i
induces DNA breaks. These breaks are E
consequence of a cell cycle arrest C treatment after release from mitosis )
compounds that share one key property 50 ] 12h
ability to chelate iron and other transit " ] 37% BrdU
metal ions. Upon removal of the chemic o 404 D *on 3
or restoration of iron levels, cells can el i I:‘ 812 h 3
and make significant progress througl £ 30- E
phase with DNA that has not been repai © . 12-16 h :

Therefore, whilst cell cycle arrest by ir o 16 h

chelators can lead to DNA damage at 2 20 ] 45% BrdU

initiation stage, this damage itself can - ]

cause or maintain the arrest at the C ;{ i1 E

phase boundary. J |— ' ‘ ‘
Human cell populations treated with £ 0 . : 3

HM mimosine have a Gl_phase DNA con' untreated mimosine aphidicolin 2n 4n

(Krude, 1999; Lalande, 1990). In this st Fig. 6. Mimosine-induced DNA damage is cell cycle dependent. (A) Quiescent EJ30

we found that analogous 24-hour treatn  ¢gjis were incubated in 5@ mimosine for 24 hours, fixed, treated with RNase A, and

of hgman cells with 10_QJ'V_| ciclopirox stained for DNA (red) and forH2AX (green). (B) Proliferating EJ30 cells were

olamine or 200uM 2,2-bipyridyl has th incubated for 24 hours and stained as in A. (C) EJ30 cells were arrested in mitosis by a
same effect on cell cycle distribution. For 24-hour nocodazole treatment, released by replacing the medium, and then subjected to
following reasons, the arrest takes pl a treatment of 50QM mimosine or 5ug/ml aphidicolin in intervals of 4-8, 8-12 and 12-
before the cells enter the S phase (at the 16 hours post release. The percentage of cells showingyfet2AX staining were

S phase boundary): First, it has been st determined by immunofluorescence microscopy. (D) Flow-cytometry analysis of the

in the case of mimosine that these cells DNA content of untreated control cells at the indicated time points after release from
not incorporate BrdU when it is adc nocodazole as used in C. The percentages of cells that incorporated BrdU in the 15

together with the drug, before the arriva minutes before preparation are shown in each panel.

the cells at the point of arrest (Keller et

2002; Watson et al., 1991). Second,

results of in vitro replication run-on experiments provideHowever, the point of arrest appears to be close to S phase,
evidence that the arrest happens before S-phase entry. Nudbeicause cells released from the block soon start replication. In
of S-phase cells are capable of continuing the elongation ®fvo, BrdU incorporation has been seen within 1 hour (this
DNA-replication in vitro at pre-existing sites, using replicationstudy) or 15 minutes (Watson et al., 1991) of release from
forks and their accessory factors established in vivo (Krude @imosine; DNA synthesis in vitro is detectable in as little as
al., 1997). On the other hand, although nuclei of late G1-phageminutes. DNA synthesis observed in vivo and in vitro cannot
cells cannot replicate DNA under the same conditions, they cawolely be due to DNA repair for the following reasons: In vivo,
initiate DNA replication in vitro in the presence of extractscells synthesise large amounts of DNA (detectable by flow
from proliferating cells (Krude, 2000; Krude et al., 1997). Thiscytometry) within hours (Fig. 2A) and eventually complete S
property was also observed for nuclei from cells that werghase. In vitro, isolated nuclei synthesise less DNA, but the
arrested with the iron chelators ciclopirox olamine or bipyridylobserved DNA synthesis has been shown to be entirely
(this study). Therefore, unlike an arrest caused by aphidicolisemiconservative (Krude, 2000). Therefore, upon iron
or hydroxyurea, this arrest takes place before S-phase entphelation, human cells are arrested in a replication—initiation-
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release from 24h mimosine
- Oh 1h 2h  4h 8h bleo
1 2 3 4 5 6 7

chk1-P -

the presence of DNA breaks upon
release from mimosine. (A) Control
EJ30 cells and cells treated with 50
UM mimosine for 24 hours were
stained fory-H2AX (green) and DNA
(red). (B) Cells, stained asin A, 4 0
24 hours after the removal of
mimosine. (C) Cells, stained as in £
4 or 24 hours after the addition of 1
mM FeSQ, which was added 24
hours after the addition of 5Q0M
mimosine. (D) Graph, showing the
percentage of cells with strong foca
y-H2AX staining, as seen in B-C, at
the indicated time points after cells
had been released from arrest by
either mimosine removal (squares)
iron addition (circles). (E) Western
blot, showing the phosphorylation o
the CHK1, CHK2 and H2AX protein
in whole cell extracts, prepared at tl
indicated time points after release
from a mimosine arrest; the arrow
indicates the specifigH2AX band.
(F) HelLa cells, subjected to identice
treatments as in A-C. The presence D
DNA breaks was analysed by alkali

gel electrophoresis as in Fig. 3B.

(G) EJ30 cells were treated with 50

UM mimosine for 24 hours and

assayed for their competence to

initiate DNA replication in the

presence of DNA damage in vivo (tt
panels) or in vitro (bottom panels). |

vivo, cells were released into fresh 0 12 o4 a6 48
medium containing BrdU for 1 hour, time after release (h)

fixed and stained for-H2AX (using a

rabbit polyclonal antibody, green) and BrdU (red). For the in vitro test, nuclei of mimosine-treated cells were incubatétlitessn a
replication assay mix containing cytosolic extract and digoxigenin-dUTP (Roche), fixed and stayrd@A4ot (green) and digoxigenin (red).
Representative nuclei of the class that stains forptRAX and replication markers are shown. Merged RGB images are shown in the right
hand panels.

Fig. 7.DNA replication proceeds in untreated 24h mimosine ‘
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competent state in late G1 phase, near the G1-S phagetential cell-cycle-independent effect of mimosine that
boundary. possibly induces apoptosis (Mikhailov et al., 2000), is
What might cause the formation of DNA breaks indistinctly different from the generation of DNA breaks as a
cells arrested at the G1-S-phase boundary? Our celtonsequence of a G1/S phase cell cycle arrest, caused by iron
synchronisation experiments show that mimosine, used asdapletion.
representative for iron chelators, does not cause H2AX A known mechanism of indirectly generating DNA breaks
phosphorylation in early G1 phase, and that the formation aind H2AX phosphorylation is by inhibiting the progression
DNA damage coincides with the time when cells are enteringf the replication fork (Michel et al., 1997), as done by
S phase. Moreover, the cells can progress into S phase wabphidicolin or hydroxyurea. In this case, breaks are thought to
unrepaired DNA as soon as the iron chelators are removed @sult from fork-reversion by annealing the nascent strands,
iron levels are replenished, indicating that the arrest is not dund the resolution of the resulting Holliday junction. However,
to damaged DNA, nor is the maintenance of the arrestells treated by mimosine do not replicate any detectable
dependent upon persistent DNA breaks. Therefore, the DNaAmount of DNA before the G1-S arrest (Keller et al., 2002),
breaks have to be a consequence of the cell cycle arrest. Oneking it unlikely that the DNA damage arises from collapsed
of the iron chelators, mimosine, was shown before (in ameplication forks. An additional argument against this
alkaline comet assay) to generate DNA breaks (Mikhailov gbossibility is provided by observations on focus formation by
al., 2000). These authors concluded that the induced damaB®A. In the nuclei of cells arrested by mimosine, RPA appears
is independent of the cell cycle phase, and can even liea focal pattern (Szits et al., 2003). Importantly, this amount
generated in quiescent cells. In our experiments, mimosing RPA is not sufficient to initiate replication (Szits et al.,
clearly did not induce H2AX phosphorylation in either 2003). In the presence of wortmannin, an inhibitor of DNA
quiescent or G1 phase cells. Therefore, our celldamage signalling, mimosine does not induce the formation of
synchronisation experiments allow us to conclude that anRPA foci. Therefore, it is more plausible that RPA is recruited
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to nuclear sites in mimosine-treated cells predominantly iproteins p21 or p27 (Alpan and Pardee, 1996; Chang et al.,
response to the formation of DNA breaks. By contrast, RPA999; Wang et al., 2004). However, in HelLa cells we did not
foci, that are visible after the inhibition of DNA replication by see a significant change in the level on any of these proteins
aphidicolin are not abolished by wortmannin, showing tha{D.S. and T.K., unpublished results). Nevertheless, it is
focus formation of RPA at sites of replication is independenpossible that the cell cycle arrest at the G1-S boundary operates
of checkpoint signalling. through a direct or indirect inhibition of kinases, required for
DNA breaks are only generated by iron depletion when cellsell cycle progression through this point. A decrease in the
arrive at the G1-S phase boundary. Many of these breaks seawtivity of either CDK2 or CDC7 would prevent the firing of
to colocalise with sites of replication immediately after theearly-replication origins (Jares and Blow, 2000; Walter, 2000).
release of arrest. Therefore, it is possible that the breaks are @n intriguing explanation for the mechanism of G1-S arrest
consequence of early stages in the series of events leadingbtp iron chelation would be the activation of the hypoxia-
the initiation of replication. For example, if origin unwinding response pathway. Hypoxia-induced genes are regulated by
occurred in the presence of iron chelators, it could explain thihe HIF-1 transcription factor (Wang and Semenza, 1993),
localised recruitment of ATR and the activation of ATR andwhich under normoxic conditions is targeted for degradation
CHK1, because the prolonged presence of single-strandéy the iron-dependent HIFalprolyl hydroxylase enzymes
regions can activate an ATR-dependent checkpoint mechanigfivan et al., 2001; Jaakkola et al., 2001). Iron depletion has
(Costanzo et al., 2003). The DNA DSBs visualised by PFGHEyeen shown to inhibit the HIFadprolyl hydroxylases, thereby
on the contrary, cannot be explained by this mechanism. It tsiggering the hypoxic response. Indeed, both mimosine
possible that they are the consequence of long, continuouglWarnecke et al., 2003) and ciclopirox olamine (Linden et al.,
unwound regions of DNA that might be more susceptible t@003) have been shown to activate the HIF-1 pathway. The
nucleolytic attacks. Alternatively, the base-pairing of potentiabctivation of the hypoxic response, in turn, leads to the
inverted repeats in the unwound regions might give rise to thahibition of DNA replication initiation in SV40 viral
phenomenon of cruciform extrusion, and the resolution of theeplication (Riedinger et al.,, 1999) and in human HelLa
resulting Holliday junction would produce a DSB. Clearly, cellular replication (Probst et al., 1999). Although the method
more experiments are required to explain the formation of thes# inhibition is not clear, the hypoxia-arrested nuclei contain
breaks at the molecular level. the components of the pre-replication complex (pre-RC) but
An interesting aspect of the studied cell cycle arrest is itaot PCNA (van Betteraey-Nikoleit et al., 2003). This scenario
reversibility. Unexpectedly, cells can progress through S phaseould be consistent with properties of mimosine-arrested
in the presence of damaged DNA and phosphorylated H2AXdeLa cells, which are very near S-phase entry and have pre-
The fact that these cells take at least 16 hours to complete tR€ proteins present, but which have much lower nuclear
S phase, and that both CHK1 and CHK2 seem to get réound RPA levels than S-phase Hela cells (Szuts et al., 2003).
activated during this period in a fluctuating manner suggests will be interesting to see whether HIF-1 directly regulates
that DNA breaks are indeed still present and replication ithe expression of any of the proteins involved in the initiation
slowed by the need to repair the breaks. Eventually, those ced$ replication.
that completed S phase also manage to go through mitosis,Cell cycle arrest by iron depletion seems to operate through
losing the remaining-H2AX at the same time. By this time a unique checkpoint mechanism, because the known p53,
and in this proportion of cells, DNA repair is probably ATM or ATR-dependent G1 or S-phase arrests all result in a
complete. By contrast, the DNA damage that is still observedifferent arrest state. The Gl-phase DNA content of the
24 hours after the release of the cell cycle arrest caused byrested cells, and their inability to support chromosomal
mimosine, is most probably present in those cells that did n@NA replication in the absence of initiation factors in vitro,
manage to be efficiently released from the cell cycle block. makes this arrest distinct from those triggered by the S-phase
We considered the possibility that the observed behaviour eéplication or damage checkpoints. A p53-dependent, late
the tumour cell lines used throughout this study is influence@1-phase arrest can also be ruled out. Although activation
by potential abnormalities of their checkpoint mechanisms. Wef p53 in response to iron chelation has been shown
therefore repeated most of the key experiments with humgbeysinghe et al., 2001), it is unlikely to be important in
primary fibroblasts and found that they produce a very similaHelLa cells, where the half-life of p53 is much reduced (Talis
response to iron chelators, including arrest at the G1-8t al., 1998). Moreover, mimosine also arrests p53-null-
boundary, induction of DNA damage and release from thenutant SaOS cells at the G1-S phase boundary (D.S. and
arrest in the presence of damaged DNA (see Fig. S1 ifiK., unpublished observation). Most importantly, however,
supplementary material). cell cycle arrest caused by iron depletion does not depend on
While the iron chelators used in this study are useful toolprior DNA damage, but rather causes DNA breaks as a
to investigate the initiation of replication, the results presentedecondary effect. Therefore, while the iron chelating drugs
in this article might also shed some light on their mode ofised in this work are very useful to study the initiation of
action. How can iron depletion lead to cell cycle arrest at thehromosomal DNA replication, their DNA damaging effect
G1-S boundary? A reduction of certain cell-cycle-proteinmust also be taken into account in cell-synchronisation
levels upon iron chelation, including the ones of cyclin D,experiments.
cyclin A, cyclin B and CDK2 has been reported (Alcantara et

al., 2001; Gao and Richardson, 2001) as has the hypo-we thank Rolf Knippers, Manuel Stucki, Tony Mills and Arman
phosphorylation of Rb (Gao and Richardson, 2001; Kulp anfapatiyan for critically reading this manuscript and for discussions.
Vulliet, 1996; Terada et al., 1991). Iron chelators have alsghis work was supported by Cancer Research UK (Project Grant
been reported to increase the level of the cdk inhibitorf1471/A2612) and the Isaac Newton Trust.
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