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1. Introduction
From all antitumor chemotherapeutics used in the treat-

ment of human cancers, the most prominent group is
constituted of agents which directly or indirectly induce DNA
damage. Radiotherapy also primarily targets DNA and
induces different DNA lesions. This may be surprising given
the fact that DNA is not a perfect target for relatively
unspecific small molecular weight drugs or γ-irradiation.
However, the current view is that cellular response to DNA
damage induced by antitumor agents, the so-called “cell
context-driven effect”, is responsible for their higher killing
effect and relative specificity toward cancerous compared
to normal cells.

DNA damaging agents with antitumor activity include
compounds with divergent activities from drugs which
directly or indirectly induce DNA strand breaks, covalently
modify DNA bases, and change the chromatin structure and
topology by inhibiting chromatin-modifying enzymes, such
as DNA topoisomerases, histone deacetylases, or demethy-
lases. Some drugs, e.g. DNA topoisomerase inhibitors, induce
both DNA breaks and perturbations of the DNA structure.
In addition, although inhibitors of tubulin polymerization are
not classically recognized as DNA damaging agents, interfer-
ence by these drugs with the mitotic spindle functions may
also lead to production of chromosomal breaks during
mitosis. This chromosomal damage could either kill tumor
cells or induce additional genetic changes that may promote
drug resistance.

Successful progression through the cell cycle is controlled
by a number of different regulatory mechanisms termed
checkpoints.1 There are specific cell cycle checkpoints which
are activated by changes in DNA structure and integrity
induced by drug treatment during progression of cells through
G1, S, G2, and M. DNA damage checkpoints are frequently
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defective in cancer cells and therefore play an important role
in the sensitivity of these cells to DNA damage induced by
anticancer treatment. Importantly, nonfunctional cell cycle
checkpoints may greatly influence the efficacy of antitumor
agents toward tumor cells and may be associated with both
drug resistance and oversensitivity to antitumor drugs.

In this article, we will overview different types of DNA
lesions produced by antitumor agents and present how these
lesions could activate various cell cycle checkpoint responses.
In particular, we will concentrate on how DNA damage
checkpoint control mechanisms are influenced and cross-
regulated by other intracellular signaling pathways such as
DNA repair, stress, and survival signaling. We will also

discuss how deregulation of checkpoint mechanisms ob-
served in many tumor types could be exploited to specifically
target tumor cells by anticancer treatment and how defects
in checkpoint regulation could increase or decrease the
sensitivity of tumor cells to DNA damaging agents. Finally,
we will present how the activity of different checkpoint
regulators could be modulated by chemical inhibitors and
how these compounds could increase the efficacy of anti-
cancer therapies, when applied in combination with DNA
damaging agents to treat cancer patients. We believe that a
more comprehensive understanding of the complexity of the
DNA damage checkpoint response could help in the rational
design of new checkpoint abrogators or DNA damaging
agents to assist with the successful discovery of drugs or
innovative combination strategies with improved activity and
selectivity toward tumor cells.

2. Types of DNA Lesions Induced in Tumor Cells
by Anticancer Treatment

It is important to realize that various anticancer agents
induce different types of DNA damage from direct or indirect
breakage of DNA strands to effects on DNA structure,
resulting from the inhibition of nuclear enzymes controlling
DNA topology and/or condensation. The overall perception
is that different types of DNA damage may activate various
checkpoint signaling pathways, but the molecular mecha-
nisms responsible for their activation are still not clear. The
situation may be further complicated by the fact that many
types of DNA damage are processed by DNA replication/
transcription machinery or DNA repair enzymes.

2.1. Direct DNA Damage: Induction of DNA
Strand Breaks and Covalent Binding

At least some antitumor drugs, such as bleomycin, produce
direct DNA strand breaks by free radical-mediated cleavage
of deoxyribose.2 Direct DNA damage, leading to single- and
double-stranded breaks, is also produced by ionizing irradia-
tion during radiotherapy. Many drugs bind covalently to
DNA bases, mostly purines, and form monofunctional or
bifunctional DNA-DNA adducts as well as DNA-protein
cross-links.3 These include Temozolomide, cisplatin and its
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analogues, mitomycin C, nitrosoureas, and others. Incorpora-
tion of nucleoside analogues (5-fluorouracil, cytarabine;
gemcitabine, troxacitabine, etc.) also leads to chemical
changes and structural perturbations in DNA. In Figure 1,
chemical structures of typical anticancer drugs, which induce
different types of DNA lesions, are presented.

Mono- and bifunctional covalent modifications of DNA
bases by antitumor drugs lead to local perturbations of the
DNA helix structure, including changes in DNA curvature
(DNA bending) or mispairing between DNA bases. Some
of DNA binding drugs, such as mitomycin C and doxoru-
bicin, possess planar multiring chromophores and are also
able to bind noncovalently to DNA by intercalation between
base pairs. Other drugs, such as the duocarmycin analogues
Adozelesin and Bizelesin, bind into the minor groove of
DNA.4 This type of DNA binding also introduces local
changes in DNA structure, e.g. may lead to DNA unwinding.

Structural changes induced by covalent and noncovalent
binding of drugs to DNA have important functional conse-
quences, such as changed affinity of different enzymes or
regulatory proteins to DNA, including transcription factors
and DNA structure/topology regulators (DNA topoisomeras-
es, histone deacetylasessHDACs or methylases). These
DNA structure perturbations may, in turn, activate or

inactivate regulatory regions of genes and consequently
change gene expression profiles in tumor cells. Covalent
modifications also lead to mispairing between DNA bases
during DNA transcription and replication, resulting in
erroneous RNA transcripts and unreplicated DNA regions
due to premature termination of DNA replication.

2.2. Indirect DNA Damage
Many clinically important antitumor drugs such as an-

thracyclines (daunorubicin, doxorubicin, and analogues),
podophyllotoxins (etoposide), and camptothecin analogues
(topotecan and irinotecan) inhibit type I and/or type II DNA
topoisomerases (see Figure 1 for chemical structures of the
typical DNA topoisomerase I and II inhibitors), which control
DNA topology and structure by regulating DNA supercoiling,
catenation, and chromatin condensation. The so-called “clas-
sical inhibitors” of DNA topoisomerase I and II stabilize
transient intermediates, where DNA is covalently linked to
topoisomerase I or II (called cleavable complexes). That leads
toDNAstrandbreaksduetothecollisionofdrug-DNA-enzyme
complexes with DNA replication and transcription machin-
ery. Alternatively, the catalytic activity of topoisomerase II
is inhibited by antitumor drugs such as ICRF compounds
(e.g., ICRF-187 or dexrazoxane) by stabilizing a closed
clamp DNA-enzyme complex (for review see ref 5).
Inhibition of both type I and II DNA topoisomerases leads
to changed local supercoiling, which may directly regulate
the expression of genes with supercoiling-sensitive promoter
elements.6 In the absence of topoisomerase II activity,
progression of the transcription complex is also inhibited by
excessive DNA supercoiling, and DNA transcription is
inhibited specifically at the elongation step.7 In addition, type
II topoisomerases, in particular the R isoform, in cooperation
with cohesins play a key role to establish chromatid cohesion,
which is essential for the faithful separation of chromosomes
during mitosis.8 Changed DNA cohesion, induced for
example by the inhibition of topoisomerase II, may greatly
influence the efficiency of DNA repair (for a recent review,
see ref 9).

DNA topoisomerases are part of chromatin modifying
complexes, together with histone acetylases/deacetylases or
methylases/demethylases. Recently, several compounds have
been approved or entered clinical trials, which act by
inhibition of different HDAC enzymes (e.g., SAHA, valproic
acid),10,11 or demethylases (5-azacytidine).12 Inhibition of
HDAC enzymes or demethylases leads to changes in local
DNA structure and activation of cell cycle checkpoints in
early mitosis.13

Finally, antimitotics or drugs that interfere with tubulin
polymerization are usually not perceived as DNA damaging
agents; however, stabilization or destabilization of microtu-
bules by antitumor drugs also induces indirect DNA damage.
This is associated with perturbation of chromosome separa-
tion and segregation during mitotic division in cells with
nonfunctional microtubules.

3. DNA Structure and Integrity Checkpoints
during the Cell Cycle

DNA damage, if left unrepaired, leads to genomic instabil-
ity and cell death. Cells have evolved complex signaling
networks that monitor if the genome was correctly replicated
during the S phase and whether mitotic division was
successful and produced two viable daughter cells, with

Figure 1. Typical anticancer drugs which induce different types
of DNA lesions: antimetabolites (5-fluorouracil and gemcitabine),
mono- and bifunctional DNA binding drugs (Temozolomide and
cisplatin), as well as inhibitors of DNA topoisomerase I (irinotecan)
and II (dexrazoxane, doxorubicin, and etoposide).

DNA Structure and Integrity Checkpoints Chemical Reviews, 2009, Vol. 109, No. 7 2953



unchanged genetic information. If errors in any of these
processes occur, this initiates a cascade of signaling path-
ways, called DNA damage checkpoints, which arrest cell
cycle progression, activate repair of DNA damage, or initiate
cell death responses. During carcinogenesis, tumor cells
acquire many genetic changes, which may relieve at least
some of the restraints imposed by cell cycle checkpoint
mechanisms on cell proliferation. These changes in the
functionality of the checkpoint response sensitize tumor cells
to DNA damaging agents but can also lead to cellular
resistance to anticancer drugs.

All checkpoints activated by DNA lesions have similar
functional components that include early damage sensors,
PIKK kinases (ATM, ATR, and DNA-PK), mediator or
signal transducer proteins (Chk1 and Chk2 signaling kinases),
and effector proteins (phosphatases Cdc25A/B/C and cyclin-
dependent kinases Cdks). It follows that DNA damage is
first recognized and then signals are transmitted to cell cycle
machinery that temporarily arrest cell cycle progression and
allow DNA repair. Finally, DNA lesions are repaired, cell
cycle arrest signaling is switched off, and if repair of DNA
damage is successful, cells resume proliferation. Many
molecular regulators are shared between different DNA
damage checkpoints. Therefore, all checkpoints induced by
DNA damage (G1/S, intra-S, G2, and early M checkpoints)
could be viewed as only one general response mechanism
to genotoxic stress (schematically presented in Figure 2),
where different sensors and regulatory complexes are as-
sembled, such as ATR/ATRIP, ATM/MRN (Mre11-Rad50-
Nbs1 complex), and the replication factor C (RFC/Rad17)
or Rad9-Rad1-Hus1 (9-1-1 complex), described in section
3.1. These complexes promote recruitment of other proteins
to the damaged DNA. Some of these proteins are activated
and immediately released from the site of damage, such as
Chk1 and Chk2 kinases and, by phosphorylating other protein
substrates, activate soluble signals to be transmitted to cell

cycle machinery. Many more proteins remain at or in the
vicinity of the damaged DNA and form multimeric com-
plexes (so-called foci), which protect/stabilize the site of
damage and promote its repair. Depending on when in the
cell cycle different DNA damage sensors are activated,
various cell cycle regulatory mechanisms are switched off
and cell proliferation is temporarily arrested at the G1/S
border, during the S phase or before the onset of mitosis
(G2 and early M). From this perspective, these are different
outcomes of the initial activation of DNA damage sensors,
that define respective checkpoints, and not molecular mech-
anisms which are activated by DNA damage (Figure 2). This
is partially related to the availability of different checkpoint
regulators during the cell cycle. As an example, checkpoint
signaling kinase Chk1 is present in cells in significant
quantities only during S and G2 phases, whereas Chk2 is
expressed throughout the cell cycle.14,15 In addition, the ATM
protein level follows that of Chk1, whereas ATR levels
remain unchanged even after treatment with various DNA
damaging agents or DNA replication inhibitors.16-18

3.1. Initiation Steps in DNA Damage Checkpoint
ActivationsGeneral Mechanisms

In the most widely accepted model for the DNA damage
response, there are two partially independent pathways
involved in the initiation of different cell cycle checkpoints
that are controlled by PIKK kinases, ATR and ATM. It is
believed that ATM and ATR are activated by different types
of DNA damage. ATM is primarily responsible for control-
ling proper responses to agents that induce double-stranded
DNA breaks (DSB), whereas ATR is activated in response
to a variety of damaging agents: UV light, alkylating agents
such as methyl methanesulfonate (MMS), and chemical
inhibitors of DNA replication.19,20

Sensing of DNA damage by both kinases and their
subsequent activation require additional cofactors. ATM
localization to the damage sites occurs in response to DNA
double-stranded breaks and is facilitated by the MRN
complex.21-27 ATR responds to a more complex array of
stimuli which induce single-stranded DNA breaks and gaps
that cause functional uncoupling of the MCM helicase and
DNA polymerases.28 For its efficient binding to damaged
DNA and activation, ATR requires a cofactor ATRIP, an
ATR interacting protein,29-31 but also other factors such as
Rad17/RFC, that promote the loading of the Rad9-Rad1-
Hus1 (9-1-1) clamp complex onto the DNA template.32,33

There is also an interplay between ATM and ATR activation
as DSBs could be processed by the MRN complex into single
stranded breaks, which upon binding of RPA (replication
protein A) form RPA-ssDNA structures. These structures
facilitate recruitment and activation of ATR and its target,
Chk1 signaling kinase. Activated ATR may also directly
phosphorylate and activate ATM and strengthen checkpoint
signaling by activation of Chk2 (see Figure 3).34

It should be stressed that activation of ATM and ATR
kinases following DNA damage does not occur on the
catalytic activity level but rather leads to increased ability
of these kinases to bind DNA damage sites, bind other
regulatory proteins, and recognize their substrates. For
example, following binding to damaged DNA, ATM under-
goes autophosphorylation, which induces a dimer-to-
monomer transition.35,36 This is an important kinase-activating
step, as in the absence of DNA damage ATM is predomi-
nantly present as inactive dimers. The molecular mechanism

Figure 2. General mechanism of cell cycle checkpoints induced
by DNA damage. A common sensing mechanism based primarily
on the activation of ATM/ATR kinases phosphorylates and activates
signaling Chk1/2 kinases. DNA damage signaling is then translated
to different effector proteins, such as Cdc25 phosphatases and
cyclin-dependent kinases, that culminates in arrest of the cell cycle
progression in G1, S, or G2 phases.
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that leads to the dimer-to-monomer transition of ATM is not
known, but it was found that ATM autophosphorylation per
se does not appreciably change its catalytic activity.26,37,38

Similarly, it was found that ATR catalytic activity does not
increase in response to various DNA damaging agents or
DNA replication inhibitors.39,40

Similarly to Chk1/2 kinases, there are major differences
in the cellular levels of ATM and ATR kinases throughout
the cell cycle. ATR protein levels do not change appreciably
during the cell cycle, and all its cofactors and substrates are
always present, especially when cells are undergoing DNA
replication.16 This is in contrast to ATM, which is expressed
in a cell cycle dependent manner, and significant levels of
this kinase accumulate only during late S and G2/M.18,41

It also should be mentioned that although ATM and ATR
share many of the same substrates in tissue culture cells,
drastically different phenotypes are observed if the gene for
either kinase is disrupted, especially in the whole organism.
Mutations in the ATM gene in humans are responsible for
the genetic disorder ataxia telangiectasia, which is character-
ized by devastating and progressive neurodegeneration,
increased susceptibility to the development of cancer, and
oversensitivity to radiation.42 On the other hand, disruption
of the ATR gene in mice leads to early embryonic cell death
that is associated with extensive chromosomal fragmenta-
tion.40 A similar effect is observed when somatic cells are
induced to prematurely undergo mitosis, also known as
“mitotic catastrophe”.43 This suggests more fundamental
cellular functions for ATR than ATM kinase.

The role of another PIKK kinase, DNA-dependent protein
kinase (DNA-PKcs) and its regulators Ku70/Ku80 proteins,
in DNA damage signaling has been debated for some time.
Although DNA-PK is involved mainly in DNA repair by
nonhomologous end joining, it also acts on damaged DNA
in a similar way as ATM and ATR.44,45 Therefore, it is
possible that, in addition to ATM and ATR, DNA-PK is
involved in sensing the DNA damage to checkpoint mech-
anisms. Accordingly, it has been shown that Chk2 can be
effectively phosphorylated by DNA-PKcs in Vitro and in cells
exposed to camptothecin or ionizing radiation.46,47 Similarly,
H2AX phosphorylation after exposure to ionizing irradiation
may be mediated by both ATM and DNA-PK.48 It suggests

that DNA-PK, at least in some situations, may augment ATM
and ATR kinases in the activation of the DNA damage
checkpoint regulators such as Chk2.

3.2. G1/S Checkpoint
In the presence of DNA damage, the entry of cells into

the S phase of the cell cycle is prevented. Transition from
G1 to S is regulated positively by G1-specific cyclin-
dependent kinases (Cdks) and negatively by the product of
the retinoblastoma tumor suppressor gene, pRb. Current
evidence suggests the sequence of events for the G1/S
checkpoint activation in mammalian cells, illustrated in
Figure 4. If the DNA damage is double-strand breaks, ATM
kinase is activated and phosphorylates many of its target
molecules, notably p53 and Chk2. These phosphorylations
result in the activation of two signal transduction pathways,
one to initiate and the other to maintain the cell cycle arrest
at the G1/S border. The reaction that initiates the G1/S arrest
is phosphorylation of the checkpoint kinase Chk2, which in
turn phosphorylates Cdc25A phosphatase, causing its inac-
tivation by nuclear exclusion and ubiquitin-mediated pro-
teolytic degradation.49,50 In addition, phosphorylation of
Cdc25A by Chk2 inhibits its catalytic activity.51 Lack of

Figure 3. Cross-talk between ATR by ATM pathways in DNA
damage checkpoint activation. Double-stranded DNA breaks are
sensed by ATM kinase, which leads to its activation but could also
be processed by the MRN complex (Mre11-Rad10-Nsb1) to single-
stranded DNA breaks, which upon binding of RPA proteins form
ssDNA-RPA structures. These structures facilitate recruitment and
activation of ATR and subsequent activation of the signaling kinase
Chk1. Activated ATR may also directly phosphorylate and activate
ATM and strengthen checkpoint signaling by activation of Chk2
kinase.

Figure 4. Activation of G1/S and intra-S checkpoints in response
to genotoxic stress. DNA damage is sensed by ATM/ATR kinases
which activate checkpoint signaling kinases Chk1/2. This leads to
phosphorylation of Cdc25A phosphatase and its degradation, which,
in turn, precludes the activation of S-phase specific Cdks, Cdk2/
cyclin E, and Cdk2/cyclin A. Consequently, DNA replication in
the S phase is prevented by the inhibition of Cdc45-dependent
loading of DNA polymerase R onto chromatin. In parallel,
phosphorylation of p53 by ATM/Chk2 kinases leads to its stabiliza-
tion, by preventing its Mdm2-mediated degradation, and increased
expression of p21, an inhibitor of Cdk2/cyclin E and Cdk4/6/cyclin
A activity. Decreased phosphorylation of pRb protein by Cdks
blocks the activation of S-phase specific DNA expression.
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active Cdc25A results in accumulation of the phosphorylated
(inactive) form of Cdk2, that is incapable of initiating DNA
replication. Alternatively, when the DNA damage signal is
sensed by another PIKK kinase, ATR, this leads to phos-
phorylation of Chk1 checkpoint kinase. The activated Chk1
also phosphorylates Cdc25A and initiates G1 arrest by a
similar mechanism as for Chk2. However, given very low
cellular levels of Chk1 in the early phases of the cell cycle,14

the role of Chk1 in the activation of the G1 checkpoint may
be less important compared to Chk2 kinase.

Irrespective of whether the initial proliferation arrest in
G1 is caused by the ATM-Chk2-Cdc25A pathway or the
ATR-Chk1-Cdc25A pathway, this rapid response is followed
by the p53-mediated G1/S checkpoint maintenance signaling
pathway (reviewed in refs 52 and 53). In the maintenance
stage, ATM or ATR phosphorylates directly the N-terminus
of p53 on Ser15,54,55 or indirectly by activated Chk1 or Chk2
on Ser20,56,57 which inhibits Mdm2-mediated p53 degrada-
tion. Moreover, phosphorylation of p53 on Ser15 or Ser20
increases its interaction with transcription coactivator p300,
that stimulates acetylation of p53 at Lys320 and Lys382
within the C-terminal domain. Both types of post-transcrip-
tional modifications of p53 inhibit the ability of its C-terminal
domain to negatively regulate sequence-specific DNA bind-
ing either by inducing a conformational change in the protein
or by inhibiting its nonsequence-specific DNA binding. To
add to the complexity, modifications of the C-terminal part
of p53 modulate also the oligomerization of p53 and may
promote nuclear import/export by ATM-dependent dephos-
phorylation of serine 376 at the carboxyl terminus of p53
and exposure of the 14-3-3 consensus binding site.58 In
parallel, a safeguard mechanism exists to inactivate p53
inhibitors, Mdm2 and Mdmx. Phosphorylation of both Mdm2
and Mdmx, that is also mediated by ATM,59-64 attenuates
their interaction with the ubiquitin protease HAUSP and
promotes degradation of both p53 regulators that results in
nuclear accumulation of p53 following DNA damage.65-67

Increased levels of p53 and activation of its transcriptional
activity lead to upregulation of inhibitors of cyclin-dependent
kinase (CKIs) such as p21/CDKN1A.68,69 A newly synthe-
sized p21 binds to and inhibits the S-phase-promoting
Cdk2-Cyclin E complex and prevents it from phosphory-
lating pRb.70-73 Hypophosphorylated Rb binds to the E2F
transcription factor and blocks the expression of genes
required for S-phase progression, including Cyclin E itself.74-78

This negative signaling loop is further strengthened by
another CKI, p16CDKN2A, that binds to and inactivates
Cdk4/6-Cyclin D complexes.79

Much less is known about how the G1-S checkpoint
signaling is turned off. It could be speculated that, following
successful repair of DNA lesions, ATM or ATR dependent
phosphorylation of Chk1/2 is no longer sustained and
Cdc25A phosphatase levels and activity gradually increase,
which leads to removal of the inhibitory phosphate groups
from Cdk2, inactivation of Rb, and eventually alleviation of
G1/S arrest. Similarly, in the absence of ATM activation,
p53 and Mdm2 interact in the resting conditions mode, which
finally leads to deactivation of a p53-dependent maintenance
mechanism of the G1/S arrest.

3.3. DNA Replication Checkpoint during S
(intra-S Checkpoint)

Double-stranded DNA breaks or drug-induced replication
fork stalling can transiently inhibit progression through the

S phase by activation of the intra-S checkpoint. Molecular
machinery is very similar to that activated during the G1/S
checkpoint and involves ATM/ATR sensing kinases and
Chk1 and Chk2 checkpoint signaling kinases and leads to
the phosphorylation promoted degradation of Cdc25A phos-
phatase.50 This again prevents dephosphorylation (activation)
of Cdk2 and leads to a transient blockage of S phase
progression (presented in Figure 4). In addition, inhibition
of Cdk2 activity prevents loading of Cdc45 onto replication
origins, a prerequisite for recruitment of DNA polymerase
R, and thereby restart of DNA synthesis is delayed when
the DNA template is damaged.80 The kinase activity of Cdk2
and replicon initiation could be inhibited by both ATM/Chk2
and ATR/Chk1 dependent mechanisms.81

Many proteins are sequentially recruited to DNA damage
foci, including ATM/ATR, claspin, BRCA1/2, and other
proteins with BRCT repeats (53BP1, MDC1), Nbs1, histone
H2AX, or FANCD2, and this multicomponent protein
complex promotes the local concentration of ATM/ATR
kinases and their targets. It also triggers structural changes
within the DNA damage site, resolves some of the topologi-
cal problems produced by stalled replication forks, facilitates
repair of DNA damage, and enables reinitiation of DNA
synthesis (for a review, see ref 82). ATR is recruited to DNA
lesions through its association with ATR-interacting protein
(ATRIP), which in turn interacts with the single-stranded
DNA binding protein RPA (replication protein A). In vitro
studies have shown that RPA stimulates the binding of
ATRIP to ssDNA. On the other hand, the binding of ATRIP
to RPA-coated ssDNA enables the ATR-ATRIP complex to
associate with DNA and stimulates phosphorylation of Chk1
and Rad17.83 ATR kinase activity could also be stimulated
by binding of topoisomerase binding protein 1 (TopBP1) to
ATRIP-ATR, and it can occur independently of the interac-
tion of ATRIP with RPA.84

Another protein that binds very early after induction of
DNA damage is claspin, a ring shaped protein with high
affinity to branched DNA structures. Claspin binds to
damaged DNA and becomes phosphorylated in a ATR-
dependent manner that results in recruitment and phospho-
rylation of BRCA1 and activation of Chk1.85 Similarly,
structural maintenance of chromosome (SMC) proteins,
which are components of the cohesin complex, is an
important effector of the intra-S phase checkpoint. Chromatid
cohesion is established during DNA replication in the S phase
and is required for DNA repair during S and G2 (for a recent
review, see ref 86). SMC proteins, specifically SMC1 and
SMC3, associate with BRCA1 and are phosphorylated in a
NBS1- and ATM-dependent manner.87-89

In contrast to the G1/S checkpoint, activation of the intra-S
checkpoint does not require p53 function.90 It seems that there
is no p53-dependent signaling loop which prolongs S phase
arrest after DNA damage. For this reason, growth arrest
mediated by the intra-S checkpoint after treatment with DNA
damaging agents is usually relatively short, on the order of
2-4 h.91 However, one study strongly suggests the important
role of the transactivation activity of p53 in the maintenance
of the intra-S checkpoint activated in immortalized breast
cells by SN38. The authors showed that p53 transactivated
the expression of p21, and this led not only to Cdk2 inhibition
but also to decreased Cdc25A transcription.92

Termination of the intra-S checkpoint signaling is mediated
by Plk-1 dependent phosphorylation of claspin followed by
its removal from DNA and Chk1 inactivation.93 Moreover,
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successful recovery from S-phase arrest induced by inhibitors
of DNA replication is critically dependent on DNA helicases
such as BLM and WRN. BLM protein, a member of a ReQ
helicase family, physically associates with ATM and ATR
and is phosphorylated by these kinases.94,95 Since BLM
protein accumulates to high levels in the S phase, persisting
in G2/M and sharply declining during mitosis, it suggests a
possible implication of BLM not only in the intra-S phase
but also in the G2 phase checkpoint signaling.96 Another
DNA helicase WRN is also a substrate of ATM and ATR.97

Both BLM and WRN colocalize with components of DNA
damage-induced foci, including H2AX, BRCA1, Nbs1, RPA,
and Rad51 and are required for the recovery to normal fork
topology, resolution of recombination intermediates, that
arises from replication arrest, and effective repair of DNA
damage induced during unperturbed or stressed S phase
progression.94,95,98,99

3.4. G2 Checkpoint
If DNA damage produced during the S phase is not

effectively repaired, it activates the DNA damage checkpoint
in G2 and postreplicative DNA repair. Interestingly, when
DNA lesions are induced during G2, only some types of
DNA damage are able to activate the G2 checkpoint. Elegant
studies with a psolaren derivative, that directly binds DNA
and forms DNA-DNA cross-links after UV irradiation,
showed that the G2 checkpoint is activated only after
progression through the next S phase.100 On the other hand,
interference with chromatin condensation/decatenation during
G2 by catalytic inhibitors of DNA topoisomerase II (e.g.,
ICRF compounds) effectively arrests cell cycle progression
in the same G2.101

The major players which regulate induction and mainte-
nance of the G2 checkpoint are very similar to those involved
in the G1/S and intra-S checkpoints. These include the sensor
kinase complexes ATR/ATRIP and ATM/MRN and the
checkpoint kinases Chk1/Chk2 and p53 (see Figure 5).
Generally, there are two partially independent pathways of
the G2 checkpoint induced by DNA damage. One, that is
independent of p53 function and relatively fast, is responsible
for the initiation of checkpoint signaling. Both sensor kinases
activate Chk1/Chk2 signaling kinases which phosphorylate
Cdc25C phosphatase, that promotes its 14-3-3ε-dependent
nuclear exclusion.102 Active cdc2/cyclin B1 complexes can
also be exported out of the nucleus by a Crm1-mediated
mechanism. It requires inhibition of Plk1-dependent phos-
phorylation of Ser 147 in the nuclear export sequence (NES)
region of cyclin B1, that promotes its nuclear export.103

Activation of Cdk1 may be delayed by nuclear retention of
inactive cyclinB1/Cdk1 complexes, promoted by their as-
sociation with p21.104 Chk1 leads to hyperphosphorylation
of Wee1, and this results in maintenance of Tyr 15
phosphorylation and hence G2 delay.105 Similarly, Myt1,
another tyrosine kinase that inhibits Cdc2, is positively
regulated by the DNA damage checkpoint by Chk1-depend-
ent phosphorylation and stabilization of this protein.106 All
these mechanisms delay activation (dephosphorylation) or
nuclear localization of catalytically active Cdk1 and prevent
initiation of G2 to M transition.

There is also a p53-dependent G2 checkpoint maintenance
mechanism that is relatively slow and inhibits mitotic onset
through regulation of gene expression, similarly as during
the G1/S checkpoint (see section 3.2). Transcription of the
Cdk1 gene can be inhibited simultaneously by Gadd45, p21,

and 14-3-3σ, which are upregulated after DNA damage in a
p53-dependent manner.107,108 P53 by itself represses the
expression of many mitotic regulators, including cyclin B1
and Cdk1, to help ensure that cells do not escape the initial
G2 block and enter long-term G2 arrest.109 High levels of
p21 inhibit Cdk1 activity; however, the role of p21 in the
G2 arrest induced by DNA damage by suppressing of Cdk1
activity has been debated for some time. P21 binds and
strongly inhibits Cdk2/cyclin E complexes, but its affinity
toward Cdk1/cyclin B1 and Cdk2/cyclinA is much lower.110

It was shown that p21 does not interfere with the dephos-
phorylation of two inhibitory phosphorylation sites on Cdc2,
Thr 14, and Tyr 15; however, it blocks the activating
phosphorylation of Cdc2 on Thr 161, that is required for
cyclin B1 binding.110

The G2 checkpoint must be eventually inactivated to allow
entry into mitosis and resumption of cell proliferation;
however, the molecular mechanism of checkpoint inactiva-
tion is not well characterized (for a recent, review see ref
111). Similarly to what was described for the intra-S
checkpoint (see above), termination of the G2 DNA damage
checkpoint is dependent on Plk1 activity and involves PP1
phosphatase-mediated Chk1 inactivation,114 as shown in the
yeast model,115 and PP2A that dephosphorylates Chk2.114 PP1
and PP2A phosphatases have been shown to mediate 14-
3-3 release from Cdc25C and,115,116 in this way, may be
involved in G2 checkpoint inactivation and control of mitosis.
Finally, the role of ARTEMIS, a phosphorylation target of
ATM and ATR, in G2 checkpoint recovery has been
documented.117

Figure 5. Molecular mechanisms of G2 arrest induced by
genotoxic lesions. DNA damage leads to activation of checkpoint
kinases Chl1/2 by ATM/ATR kinases. This prevents the activation
of the master mitotic kinase Cdk1/cyclin B1, by nuclear/cytoplasmic
extrusion of Cdk1-activating phosphatase, Cdk25C, or Plk-1-
mediated inhibition of nuclear/cytoplasmic transport of the
Cdk1-cyclin B1 complex. Plk-1 is also postulated to be involved
in the decatenation checkpoint, where Plk-1 activity is inhibited
by ATR/BRCA1, that leads to exclusion of activated Cdk1-cyclin
B1 from the nucleus and inhibition of the G2 to M transition. N/C
and C/N, nuclear-cytoplasmic and cytoplasmic-nuclear transport,
respectively. Dashed arrows show the proposed mechanism of the
“decatenation” checkpoint.
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3.5. Decatenation Checkpoint
Inhibition of DNA topoisomerase II by its catalytic

inhibitors does not produce direct DNA damage such as
strand breaks (for a review, see ref 118). However, catalytic
inhibitors of topoisomerase II, such as bisdioxopiperazine
compounds, e.g., ICRF-193, have been proposed to activate
a so-called “decatenation checkpoint” that delays G2 to M
progression.119-121 In this way, using this checkpoint mech-
anism, cells are able to monitor chromatid catenation status
and inhibit progression into mitosis until the chromatids are
correctly decatenated by topoisomerase II. Entanglements of
sister chromatids may arise not only as a result of topoi-
somerase II inhibition by antitumor drugs but also as a
consequence of DNA replication or nonreplicative catena-
tions produced incidentally during the interphase.122 Subse-
quent studies have shown that activation of the decatenation
checkpoint is independent of ATM but relies on ATR/
BRCA1 activity, inhibition of the Plk1, and nuclear exclusion
of cyclin B1.123,124 It is believed that the decatenation
checkpoint is independent of the DNA damage checkpoint,
that operates in G2, although both checkpoints share all their
molecular components and regulators. Signal transduction
leading to G2 arrest in response to ICRF-193 treatment was
found to be sensitive to caffeine, 2-aminopurine, and
phosphatase inhibitors such as okadaic acid.119,125,126

The idea of the decatenation checkpoint has been chal-
lenged by several independent studies. First, activation of
the decatenation checkpoint has never been shown in normal
human cells and all experimental evidence for its existence
is based on the use of the ICRF-193 derivative. Other
catalytic inhibitors such as merbarone and aclarubicin and
even other ICRF compounds (ICRF-159 and ICRF-187) do
not induce this checkpoint.125,127 Second, it was shown that
ICRF-193 is able to induce DNA damage128-132 and activate
the DNA damage checkpoint in G2, in an ATM/ATR- and
Chk1-dependent manner.133,134

ICRF-193 and aclarubicin as well as inhibitors of histone
deacetylase have been shown to activate a functionally
similar checkpoint, called the chromatin deacetylation check-
point, that responds to structural changes in DNA and delays
entry into and exit from mitosis.132 This chromatin deacety-
lation checkpoint is also independent of ATM activity but
may be overcome by the inhibitor of p38 kinase. Interference
with histone acetylation leads to production of structural and
topological changes in DNA, as does inhibition of the
catalytic activity of topoisomerase II; therefore, signals that
activate the p38 MAPK checkpoint are similar to those of
the decatenation checkpoint. Intriguingly, earlier studies with
the same cellular system (rat kangaroo kidney Ptk1 cells)
showed no abnormalities in the entry to mitosis after
treatment with ICRF compounds.127 Other studies revealed
that, after treatment with histone deacetylase inhibitors, both
normal and tumor cells arrested in G2 with high levels of
p21, greatly decreased Cdc25C content, low Cdk2 activity,
and no effect on Cdk1 phosphorylation.135 The authors also
postulated that this histone deacetylase inhibitor-sensitive
checkpoint is distinct from G2/M checkpoints activated by
genotoxic stress and may be the human homologue of the
yeast G2 checkpoint, which responds to aberrant histone
acetylation states.136 Whether both these checkpoints, the
decatenation checkpoint and the chromatin deacetylation
checkpoint, are part of the same signaling pathway or
completely independent requires further studies.

3.6. DNA Damage during Mitosis and the Spindle
Checkpoint

Until recently, it was not known whether DNA damage
can arrest cell cycle progression, when it is produced during
mitosis. In other words, it was not clear whether mitotic
checkpoints can sense DNA breaks or changes in DNA
structure and topology and arrest the G2-M transition. There
are two checkpoints during mitosis which are activated in
response to problems with microtubule attachment to kine-
tochores (the spindle assembly checkpoint, SAC) and
interference in centrosome separation (regulated by ubiquitin
ligase Chfr), both effects induced primarily by inhibitors of
tubulin polymerization (for recent reviews, see refs 137 and
138). However, the spindle assembly checkpoint can also
be induced by interference with the kinetochore assembly
and impairment of microtubule motors (for example, dynein
or CENP-E). The spindle assembly checkpoint is regulated
by a number of regulatory proteins, including MAD1/2,
Bub3, and BubR1 and many others. The Chfr-dependent
checkpoint is activated in the prophase and senses if
chromosomes are effectively separated, which is also de-
pendent on the functionality of microtubules.

There are two conflicting reports on whether DNA damage
induces mitotic arrest. First, it was shown that human cells,
in which chromosomal damage was induced by laser
microsurgery or topoisomerase II R inhibitors, arrested in
the metaphase, but this effect was dependent on the dose
and timing of DNA damage.139 If low levels of DNA damage
were generated during the prophase, they did not impede
entry into the metaphase and cells completed mitosis on time.
In contrast, more severe damage substantially delayed mitotic
transit by metaphase arrest, after the formation of the bipolar
spindle and destruction of cyclin A, which was independent
of the p53 functionality and ATM kinase. Cells with
damaged chromosomes and blocked in the metaphase
contained Mad2-positive kinetochores. Consequently, the
block was overridden by inactivation of Mad2.139 These
studies were supported by results obtained by another group
where DNA damage during the spindle assembly checkpoint
led to degradation of Cdc25A and inhibition of Cdk1 and
consequently reversed cells to a G2-like state with 4N DNA
content.140 A different scenario was recently reported for cells
which arrested in the prometaphase, after induction of
double-stranded DNA breaks during entry into mitosis. DNA
damage resulted in prolonged hyperphosphorylation of
BubR1 and its association with kinetochores, a phenomenon
observed during activation of SAC.141 Downregulation of
BubR1 by siRNA led to abrogation of the mitotic delay in
response to chromosome damage, suggesting the involvement
of SAC in the DNA damage response.

Other studies provided evidence that DNA strand breaks
induced by γ-irradiation or doxorubicin do not delay mitotic
transit in tumor cells.142 A durable metaphase arrest was only
induced if these cells were treated with ICRF-193 or high
doses of etoposide. Since arrest after treatment with ICRF-
193 was not accompanied by recruitment of Mad2 or Bub1
to kinetochores, nor by histone H2AX phosphorylaton, it was
concluded that metaphase arrest was not due to activation
of the spindle assembly checkpoint or response to DNA
damage. The effect of very high doses of etoposide on the
metaphase-anaphase transit could be explained by its
possible inhibitory action toward microtubules.

It is not clear whether mitotic delay observed after
induction of DNA damage is indeed associated with the
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activation of SAC or rather reflects functional redundancy
between the DNA damage checkpoint during G2 and mitotic
spindle checkpoints induced in the prophase and metaphase.
For example, Plk-1 kinase may be targeted by both DNA
damage and spindle assembly checkpoints.143-146 Plk-1 is also
directly ubiquitinylated by Chfr, which leads to Plk-1
degradation and delays activation of Cdc25C and inactivation
of Wee1 and arrests cells at the entry into mitosis.147 It should
also be pointed out that degradation of cyclin B1 before the
metaphase to anaphase transition is regulated by the anaphase-
promoting complex (APC/C) and activation of the spindle
assembly checkpoint, which inhibits APC/C activity, delays
degradation of cyclin B1, and blocks G2-M progression at
the metaphase.148

3.7. The G1 Postmitotic Checkpoint (Tetraploidy
Checkpoint)

In addition to the spindle assembly checkpoint, the fidelity
of chromosome segregation during mitosis can be controlled
by the G1 postmitotic checkpoint. The functional significance
of the tetraploidy checkpoint is to detect and eliminate cells
that have undergone aberrant chromosome segregation and
are susceptible to entering the next replication round in the
following S phase. Since cancer cells usually have an
abnormal number of chromosomes, it has been postulated
that aneuploidy stems from the inefficiency of checkpoint
mechanisms during mitosis, which allows polyploidy. Ad-
ditional events, such as loss of at least some extra chromo-
somes in subsequent mitotic divisions, lead to aneuploid cells,
with genetically unstable genomes.

Tetraploidy may be stimulated by different agents and
drugs such as the following: (i) inhibitors of microtubule
polymerization and assembly; (ii) inhibitors of DNA topoi-
somerase II, especially catalytic inhibitors of this enzyme;
(iii) abrogators that cause override of mitotic checkpoints;
(iv) inhibitors of actin polymerization and cell division
(cytokinesis), such as cytochalasins.149 Tumor cells which
have only partially functional DNA damage and spindle
assembly checkpoints may respond to DNA damaging agents
by arresting in G1 after abnormal mitosis without cytokinesis.
Tetraploidy may also be induced during combination thera-
pies when tumor cells are treated with both DNA damaging
agents and microtubule inhibitors or checkpoint abrogators.

There is a controversy whether the tetraploidy checkpoint
really exists. Initial studies have shown that nontransformed
rat embryo fibroblasts, following defective cytokinesis, arrest
indefinitely in tetraploid G1.149 However, the authors them-
selves postulated that the spindle assembly checkpoint and
the tetraploidy checkpoint are likely to be equivalent, since
both involve inactivation of Cdk2 kinase, hypophosphory-
lation of retinoblastoma protein, and increased levels of
p21(WAF1) and cyclin E, and both are p53-dependent. An
important role in preventing endoreduplication is played by
p21, which directly inhibits Cdk2/cyclin E and inhibits S
phase entry of cells with 4N DNA.150

Further studies showed that both normal and immortalized
human fibroblasts, exposed to low concentrations of cy-
tochalasin D, became binuclear and did not arrest at 4NG1
but underwent mitosis and normal cytokinesis.151 Similarly,
fusion of two human foreskin fibroblasts produced a bi-
nuclear cell, that entered the S phase without any delay.152

It was concluded that polyploidy per se does not activate
the tetraploid G1 arrest nor do failed cytokinesis, binuclear
cells, and numerical chromosomal and centrosomal changes.

These observations provide a functional demonstration that
the tetraploidy checkpoint does not exist in normal mam-
malian somatic cells and most probably in human tumor cells.
The tetraploidy checkpoint has many features of p53-
dependent arrest induced by DNA damage in diploid G1153,154

and can be triggered by chromosomal damage produced
during aberrant mitotic division.

4. Different Outcomes Initiated by DNA Damage
Checkpoint Signaling

Tumor cells in which DNA checkpoints have been
activated may undergo long-term proliferation arrest at the
G1/S border and in G2 or slow down cell cycle progression
during the S or M phase. During this long- or short-term
arrest, cells activate different DNA repair pathways, which
remove DNA lesions, which leads to deactivation of check-
point signaling and recovery of cell proliferation. If repair
of DNA lesions is not successfully completed due to, e.g.,
defects in checkpoint maintenance mechanisms or defective
DNA repair systems, this activates different cell death
pathways such as apoptosis, mitotic catastrophe, or necrosis.
It is currently not clear whether a particular cell death
pathway or other drug-induced cellular outcomes (discussed
below) are associated with the activation of a specific DNA
damage checkpoint.

Apart from cell death induced by antitumor drugs that
damage DNA, they produce other cytostatic effects such as
long-term growth arrest of tumor cells with a senescent
phenotype, called drug-induced premature senescence. This
process is induced when tumor cells with functional p53 have
greatly suppressed cell death pathways by overexpression
of apoptosis inhibitor proteins (IAPs) or hyperactivation of
survival pathways such as PI3K/PKB/Akt.155-158 It has been
proposed that induction of premature senescence by antitu-
mor treatment may constitute a new therapeutic strategy that
leads to “proliferative death” of tumor cells, without actually
killing them.159,160 Several studies have shown that induction
of premature senescence depends on DNA damage signaling
and engages some of the DNA damage checkpoint regulators
(for a review, see ref 161 and references therein).

Yet another effect that frequently follows DNA damage
induced by anticancer treatment of tumor cells is induction
of the epithelial-to-mesenchymal transition (EMT). The EMT
is a process by which cells acquire molecular alterations,
that facilitate cell motility and invasion by enhanced expres-
sion of EMT-related genes. This process was initially
recognized to be associated with several critical stages of
embryonic development but, more recently, has also been
implicated in the switch from proliferating to a very invasive
phenotype of tumor cells (for a recent review, see ref 162).
Accordingly, the epithelial-to-mesenchymal transition has
been associated with drug resistance of tumor cells exposed
to DNA damaging agents, oxaliplatin, and other antitumor
drugs.163,164 One of the mechanisms that may be responsible
for decreased drug sensitivity of tumor cells which underwent
EMT could be decreased propensity to ensue apoptotic cell
death following, e.g., UV irradiation.165 Interestingly, the EM
transition may also promote the generation of cancer stem
cells (CSC) from more differentiated neoplastic cells, as has
been shown for breast carcinomas both in cell culture and
in mice.166

Another biological function for the DNA damage-activated
signaling network could be regulation of cell differentiation.
It has been shown that treatment of tumor cells with
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topoisomerase I/II inhibiting drugs induces differentiation
both in cell culture and in tumor xenografts.167-169 Dif-
ferentiation induced by topoisomerase II inhibitors such as
doxorubicin was associated with lower sensitivity to apop-
tosis-inducing topoisomerase II-directed drugs (for a review,
see refs 170 and 171).

5. Cross-talk between Cell Cycle Checkpoints
DNA Repair and Other Intracellular Signaling
Pathways

It is important to note that activation of DNA damage
checkpoints may be cross-regulated by several stress and
antiapoptotic signaling pathways, which operate during
progression through the cell cycle, particularly during G2
and M.

An important component of stress signaling is related to
the activity of mitogen-activated protein kinases (MAPKs).
Antiapoptotic signaling, which promotes cell survival during
checkpoint activation, is associated with the IAPs, such as
survivin; another is regulated by phosphatidylinositol 3-ki-
nases, including Akt/PKB.172,173 A member of the family of
dimeric transcription factors, NF-kB, is also involved in the
regulation of DNA damage response and cell survival
following treatment with genotoxic drugs. Finally, DNA
repair pathways are implicated in the activation of DNA
damage checkpoints during S and G2, and direct interaction
between checkpoint and DNA repair regulators has been
observed, especially those involved in mismatch repair (for
a review, see ref 174).

5.1. MAPK Stress Signaling and DNA Damage
Checkpoints

There are numerous reports that show involvement of
MAPKs in the regulation of G1/S and G2/M transit in
unstressed cells and following DNA damage. MAPKs is a
family of serine/threonine kinases which regulate divergent
processes, including proliferation, differentiation, stress
adaptation, and apoptosis, through phosphorylation of a wide
range of effector proteins, most notably transcription factors.
The MAPK family is divided into three multimember
subfamilies: the extracellular signal-regulated kinases (ERK),
the c-Jun N-terminal kinases (JNK), and the p38 kinases.
All enzymes promote both cell death and survival following
different types of cellular stress, including DNA damage.

A number of independent studies have shown that the ERK
signaling pathway is strongly activated by DNA damaging
agents such as ionizing radiation (IR) (for a review, see ref
175). Exposure of MCF-7 cells to IR irradiation resulted in
ERK1/2 activation and induction of G2/M arrest. Further-
more, inhibition of ERK1/2 signaling resulted in more than
85% attenuation of IR-induced G2/M arrest and concomitant
diminution of IR-induced activation of ATR, Chk1, and
Wee1 kinases as well as phosphorylation of Cdc25A-Thr506,
Cdc25C-Ser216, and Cdc2-Tyr15. Inactivation of ATR, by
either incubation of cells with caffeine, a well-known but
unspecific ATR/ATM inhibitor, or transfection of cells with
siRNA targeting ATR, abrogated IR-induced Chk1 phos-
phorylation and G2/M arrest but had no effect on IR-induced
ERK1/2 activation. In contrast, inhibition of ERK1/2 signal-
ing resulted in marked attenuation in IR-induced ATR
activity with little, if any, effect on IR-induced ATM
activation. These results implicate IR-induced ERK1/2
activation as an important regulator of the G2/M checkpoint

response to IR in tumor cells.176 It is interesting that
pharmacological inhibition of Chk1 by UCN-01 leads to
activation of ERK1/2.177 Chk1 knockdown by itself reduced
basal ERK1/2 activation and antagonized the ability of UCN-
01 to activate ERK1/2, implying the existence of a still
unrecognized link between Chk1 and ERK1/2 signaling.178

When UCN-1 was combined with an MEK inhibitor,
compound PD184352, UCN-01-induced MAPK activation
was blocked and accompanied by marked mitochondrial
damage and apoptosis.179 More recent studies showed direct
interaction between another component of DNA damage
signaling, BRCA1, and ERK1/2 in both nonirradiated and
irradiated cells, and BRCA1 was shown to be necessary for
ERK1/2 activation.180

In addition to ERK1/2 signaling, two other mitogen-
activated protein (MAP) kinase kinases, MEK1 and MEK2
kinases, are activated by DNA damage induced by IR.
Blockage of this activation, through the use of dominant
negative MEK2, increased the sensitivity of cells to ionizing
radiation and decreased their ability to recover from G2
arrest.181 There are also conflicting data concerning the role
of MAPKAP2 (MK2) in checkpoint control following DNA
damage. MK2 shares substrate specificity with Chk1 and
Chk2 and has been proposed to be involoved in S-phase and
G2 arrest induced by DNA damage.182 However, downregu-
lation of MK2 was unable to abrogate camptothecin-, SN38-,
or 5-fluorouracil-induced cell cycle arrest in the S phase, as
well as doxorubicin-induced G2-phase arrest.183,184

To add to the complexity of intracellular signaling induced
by DNA damage, activation of the MAPK signaling pathway
seems to play an important role in DNA repair by homolo-
gous recombination (HRR); however, different MAPKs have
divergent effects on HRR. Accordingly, signaling through
ERK1/2 and JNK was shown to be an important positive
regulator of HRR, whereas the p38 MAPK pathway inhibited
HRR.185 Chemical inhibition of ATM blocked radiation-
induced ERK1/2 phosphorylation, suggesting that ATM
directly regulates ERK1/2 signaling. Conversely, inhibition
of MAP/ERK kinase signaling resulted in severely reduced
levels of DNA damage foci containing phosphorylated
S1981-ATM but not γ-H2AX foci.185 Collectively, these
results show that ATM-dependent signaling through the
RAF/MEK/ERK pathway is critical for radiation-induced
ATM activation and efficient HRR, suggestive of a regulatory
feedback loop between ERK and ATM kinases.

5.2. NF-kB and DNA Damage Checkpoints
Almost all chemotherapeutic DNA-damaging agents influ-

ence NF-kB signaling by either its activation or inhibition.
Activation of NF-kB was reported for doxorubicin,186-191

camptothecin,192-196 melphalan,197,198 nitrosourea,199 and
etoposide.188,192,200,201 There are also reports which show that
some DNA damaging agents, such as daunorubicin, doxo-
rubicin, and camptothecin, may actually suppress NF-kB
signaling.202,203

Two parallel cascades are necessary for NF-kB activation
by DNA damage. The first one depends on ATM and is
activated by DNA double-strand breaks induced by, e.g.,
topoisomerase inhibitors.193,204,205 The second cascade is
dependent on a p53-induced protein with a death domain
(PIDD) and is activated by an unknown stress signal. The
point of convergence of these two cascades is the NF-kB
essential modulator (NEMO), that is phosphorylated by
ATM.206 Surprisingly, it was recently found that ATR also
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interacts with NEMO but does not cause its phosphorylation.
Consequently, ATR repressed NF-kB activation following
replication stress, induced by hydroxyurea or aphidicolin,
most probably by competing with ATM for NEMO associa-
tion.207 In agreement, analysis of gene expression profiles
in cells treated with two different DNA damaging drugs
showed two opposing effects and hydroxyurea induced
mostly pro-apoptotic, whereas etoposide promoted expression
of antiapoptotic genes, with different biological outcomes.
Thus, ATM and ATR may regulate the balance between these
opposing signals during activation and maintenance of
different DNA damage checkpoints.

5.3. Survival Signaling during G2-M
An important survival signaling during G2 and mitosis is

associated with survivin. It was evidenced that tumor cells
exposed to DNA damage counteract cell death by releasing
the antiapoptotic protein survivin from mitochondria, in a
process that involves activated Chk2.208 In addition, survivin
acts in concert with Aurora B and Plk-1 during mitosis to
block mitotic cell death.209,210 This is especially important
in the situation when DNA damage activates mitotic
checkpoints or the G2 checkpoint is not fully functional and
cells with damaged genomes progress from G2 into mitosis.
Expression of survivin is regulated in a p53-dependent
fashion,211,212 and DNA damage downregulates survivin in
cells with a functional p53 pathway and upregulates it when
p53 is mutated.213 More importantly, survivin expression is
frequently deregulated in tumor cells,172 that can greatly
influence the sensitivity of these cells to DNA damaging
agents.

Another important antiapoptotic signaling, that may influ-
ence both checkpoint response and cell survival during G2
and M, is regulated by the PI3K/PKB/Akt pathway. How-
ever, conflicting data have been reported concerning the role
of PKB/Akt in the G2 checkpoint induced by DNA damaging
agents. Akt has been shown to phosphorylate the Wee1
kinase, resulting in inhibitory phosphorylation of Cdk1, thus
blocking G2/M progression.214 In contrast, it has also been
reported that activated Akt shortens the G2/M arrest induced
by DNA damage.215,216 The important function of the PI3K/
Akt signaling is to protect cells during mitosis from cell
death, since chemical inhibition of PI3K/Akt is accompanied
by mitotic catastrophe.217 This protective effect of PI3K/Akt
operates also in tumor cells undergoing long-term G2 arrest
following treatment with DNA damaging drugs such as
cisplatin. It was shown that chemical inhibition of PI3K/
Akt in G2-arrested myeloid leukemia cells by wortmannin
or LY294002 strongly enhanced the cytotoxicity of cisplatin,
without influencing the G2 checkpoint.218

There is also a direct link between the ATM/ATR and
PI3K/Akt pathways, as it was shown that Chk1 is a substrate
of Akt kinase.219 When Chk1 protein is phosphorylated by
Akt on serine 280, it does not enter into protein complexes
after replication arrest and fails to undergo activating
phosphorylation on serine 345 by ATM/ATR. Reciprocal
regulation of Akt by the ATM/ATR pathway has also been
observed, and full activation of this kinase following DNA
damage is mediated by ATM.220 Moreover, overexpression
of ATM greatly enhanced phosphorylation of Akt at Ser473
but had little effect on the phosphorylation at Thr308. The
ATM-induced Akt phosphorylation at Ser473 was blocked
by the PI3K inhibitors LY-294002 and wortmannin as well
as by siRNA for ATM.217 A recent study showed that PKB/

Akt could also be activated by DNA damage induced by
Temozolomide in a ATR-dependent fashion.221

5.4. DNA Damage Checkpoints and DNA Repair
Pathways

Results of numerous studies show that some of the
checkpoint signaling regulators and proteins involved in
DNA repair functionally interact with each other. For
example, Chk1 binds and phosphorylates the essential
recombination repair protein Rad51 and Chk1-depleted cells
fail to activate the homologous recombination repair sys-
tem.222 Furthermore, Chk1 phosphorylates RPA at stalled
replication forks that enable its dissociation from ssDNA and
subsequent formation of Rad51 repair foci.223

Several reports show the important role of the mismatch
repair system (MMR) pathway in the activation of S-phase
and G2 cell cycle checkpoints. It was evidenced that cells
defective in MMR show tolerance to DNA damage, the so-
called radio-resistant DNA synthesis (RDS), suggestive of
defects in S-phase checkpoint activation.224 In cells with
defective MMR, activation of ATM occurred normally but
the activation of the checkpoint kinase Chk2 and subsequent
degradation of Cdc25A was abrogated. Further studies
showed that two MMR regulators, MSH2 and MLH1, bind
to Chk2 and ATM, respectively. In this way, the MMR
complex formed at the DNA damage sites facilitates activa-
tion of Chk2 by ATM,224 and possibly also Chk1, in an ATR-
dependent manner.225 MLH1 and MSH2 have also been
implicated in G2 arrest induced by IR or antimetabolites.224,226

The two checkpoint kinases have different functions, and
phospho Ser317-Chk1 is involved in a MMR-mediated G2
arrest induced by 6-thioguanine (6-TG), whereas phospho
Thr68-Chk2 has been postulated to be involved in a
subsequent tetraploid G1-S checkpoint.227 The possible
function of MLH1 could be either proofreading or sensing
of DNA lesions228 or may directly function in DNA damage-
induced G2 arrest, by, e.g., influencing Cdk1 signaling during
G2 through p38 kinase.226,229

The relationship between MMR status and DNA damage
checkpoints is particularly important, since loss of DNA
mismatch repair is observed in a variety of human cancers.
It is also of concern, as it may directly or indirectly induce
cellular resistance to chemotherapeutic agents. First, MMR
defects may impair the ability of the cell to detect DNA
lesions and activate apoptosis, or second, these MMR defects
increase the mutation rate in the genome and thereby promote
drug resistance (for a review, see ref 230). A classical
example is platinum drugs, for which a functional MMR
system is required to detect DNA adducts formed by, e.g.,
cisplatin and carboplatin. It leads to activation of the so-
called futile DNA repair and eventually cell death.231 When
MMR is deficient, platinum adducts are rapidly recognized/
repaired by other DNA repair systems and cells become drug
resistant.232 MMR proteins do not recognize the adducts
formed by oxaliplatin, a newer platinum analogue, and the
MMR repair pathway is not triggered.233 Consequently,
oxaliplatin preserves its activity toward cells with MMR
defects, that are resistant to cisplatin and carboplatin.

It should be noted that MMR deficiency does not always
lead to drugs resistance. For example, cells with defects in
MMR are resistant to alkylating agents such as N-methyl-
N′-nitro-N-nitrosoguanidine (MNNG), 6-TG, or Temozo-
lomide.234,235 Other studies have shown that MMR nonfunc-
tionality leads to an increased cytotoxic effect of camptoth-
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ecin and etoposide;236,237 however, treatment of MMR-
deficient cells with high-dose IR produced a similar cytotoxic
effect to that of MMR-proficient cells.226 This apparent
discrepancy between the effect of MMR deficiency and the
cytotoxic effect of antitumor agents has recently been
clarified, at least for drugs that induce DNA-DNA cross-
links, such as psolaren. These studies showed that MSH2
was involved in error-free repair of DNA-DNA cross-links
whereas MLH1 participates in Chk1-dependent G2 check-
point activation following treatment with psolaren + UVA.238

Consequently, MSH2-defective cells were more sensitive to
DNA-DNA cross-links but MLH1-deficient cells were more
resistant to these lesions.

Finally, DNA damage checkpoint proteins may directly
interact with components of the BER repair pathway. It was
shown that the BER scaffold protein XRCC1 forms com-
plexes with and is phosphorylated by ATM-activated Chk2.
This seems to increase interaction between XRCC1 and
glycosylases, but not other BER proteins,239 and may promote
repair of DNA lesions by BER. Accordingly, XRCC1-
deficient cells are hypersensitive to alkylating agent MMS.240

6. Defects in DNA Damage Checkpoints in Tumor
Cells

There are many studies describing defects in checkpoint
signaling in tumor cells in Vitro; relatively much less attention
has been devoted to the in ViVo situation, especially changes
in the expression/functionality of different checkpoint regula-
tors in tumor cells from cancer patients. Even less is known
about the correlation between the functionality of checkpoint
signaling in clinical tumor samples and the efficacy of
anticancer therapies using DNA damaging drugs. The
situation is further complicated by the fact that many of the
DNA damage checkpoint regulators are involved in both
DNA damage signaling and DNA repair. For this reason, it
is not always clear whether the changed response to
anticancer treatment of human tumors in patients is related
to defects in DNA damage checkpoint functionality in tumor
cells or noneffective repair of DNA lesions induced by
anticancer treatment. However, this fundamental aspect could
be less important from the clinical perspective, where
increased activity and selectivity of DNA damaging drugs
toward tumor cells is expected, regardless of whether it is
associated with defective cell cycle checkpoints or noneffi-
cient DNA repair.

6.1. Defects in DNA Damage Sensing and
Signaling Pathways of the Cell Cycle Checkpoint
Response in Tumor Cells

Tumor cells have usually defective expression or activity
of sensing kinases, in particular ATM and BRCA1/2. About
1% of the general human population is estimated to carry
heterozygotic mutations in the ATM gene. Reduced or absent
expression of ATM has been documented for breast cancer,
where it occurs in about 30-50% of invasive breast
carcinomas (for review, see ref 241). Moreover, the study
of p53 status in some of these tumors has revealed that the
ATM/p53 signaling pathway is frequently altered by either
a very low ATM expression or mutation in the P53 gene or
both.242 Reduced ATM expression observed, for example,
in breast cancer is frequently due to epigenetic silencing by
methylation of the gene promoter.243 Low levels of ATM
are sometimes observed in tumor cells with decreased DNA-

PK expression. This might result from a cross-regulation of
gene expression between ATM and the catalytic subunit of
DNA-PK, since downregulation of the latter protein leads
to low ATM levels.244 In some tumors, such as malignant
melanomas, increased expression of ATM is observed.245

No deleterious mutations were identified in the ATR gene
in the human population, although haplotype analysis showed
the ATR gene polymorphisms. In addition, none of the
mutated variants of the ATR gene found in breast/ovarian
families from different regions support a major role for ATR
mutations in hereditary susceptibility to breast and ovarian
cancer.246,247 No information could be found in the literature
whether ATR mutations are related to the susceptibility of
tumors to anticancer therapy.

Other checkpoint signaling kinases BRCA1/2 are also
frequently mutated in many different ethnic populations (for
a review, see ref 248). Tumors that arise in individuals
carrying BRCA1 or BRCA2 germline mutations usually
show loss of the wild-type allele (loss of heterozygosity),
and the remaining mutated gene encodes for proteins which
are defective in checkpoint signaling and/or DNA repair. In
about 5% of breast and ovarian cancers, germline mutations
in BRCA1 and BRCA2 are observed (for a review, see ref
249). In parallel, somatic mutations in BRCA1 or BRCA2
genes are also infrequently detected in sporadic (nonfamilial)
breast cancers.250 Mutational analysis of BRCA1/2 is usually
carried out to estimate the potential risk for breast and ovarian
cancers but also to relate specific mutations with the
clinicopathological characteristics of these tumors in cancer
patients. However, much less is known about the potential
impact of different mutant forms of BRCA1/2 on tumor
sensitivity to DNA damaging agents in cancer patients.

Even in the absence of BRCA1 mutations, a significant
fraction of breast and ovarian cancers expresses low levels
of BRCA1 protein, mostly due to hypermethylation of
BRCA1 promoter. It occurs with 10-30% frequency in
various nonfamilial breast tumors251 and 15-31% ovarian
carcinomas.252,253 Low expression levels of BRCA1 in
ovarian cancer patients are often associated with loss of
heterozygosity in this gene.254 In contrast, BRCA2 is
generally hypomethylated and overexpressed in breast and
ovarian cancers.255 BRCA 1/2 deficiency not only leads to
defects in the functionality of the intra-S checkpoint but is
also associated with nonefficient DSB repair by homologous
recombination.

Regulatory proteins involved in DNA repair foci formation
after DNA damage which interact with checkpoint signaling
kinases are also inactivated in some tumors. For example,
Fanconi anemia (FA) proteins are frequently nonfunctional
in pancreatic cancers as well as carcinomas of the lung,
ovary, and cervix.256 Defects in the Fanconi anemia pathway
(e.g., mutations of FANCC and FANCG proteins or silencing
the FANCF gene) render tumor cells hypersensitive to
antitumor drugs inducing DNA-DNA cross-links, such as
mitomycin C, cisplatin, and nitrosoureas. Current efforts are
aimed at identifying compounds that inhibit the FA pathway
in tumor cells that could chemosensitize FA-competent tumor
cells to commonly used DNA cross-linking drugs.257 Simi-
larly, functional deficiency of the MRN complex in tumor
cells has been reported, for example in three of seven colon
carcinoma cell lines of the NCI Anticancer Drug Screen.258

Activation of Chk2 was also defective in three of four MRN-
proficient colorectal cell lines because of low Chk2 levels.
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There are conflicting data about genetic and functional
changes of checkpoint signaling kinases Chk1/2 in human
tumors. Mutations in Chk1 are observed in both sporadic
and hereditary colorectal cancers.259 Another study reported
that expression of Chk1 and Chk2 and their phosphorylated,
i.e. active, forms (pChk1, pChk2) is downregulated in about
50% colon cancers,260 whereas mutations of Chk2 are rare
in sporadic osteosarcoma, breast, lung, and ovarian can-
cers.261 In some tumors, there is a significant correlation
between p53 status and Chk1/2 expression; for example, a
majority (>70%) of gastric tumors with high levels of Chk1
and Chk2 expression also had mutated p53.262 There are also
the BRCA1-associated cancers with Chk2 mutations which,
in addition, contain mutations in p53.263

Multiethnic studies revealed that Chk2 mutations occur
with a low frequency of about 0.5% and are associated with
a moderate risk factor for breast and prostate cancer.264-267

Different variants of Chk2 mutants have been observed with
large germline deletions (del5395) or truncating mutations
(IVS2+1G>A and 1100delC) as well as missense variants
(I157T and H143Y).267,268 In vitro studies revealed that
expression of some variants (e.g., R145W or H143Y) resulted
in gross protein destabilization whereas others (e.g., 1100del,
D347A, or D438Y) had greatly suppressed in Vitro kinase
activity.266 At least some of these genetic Chk2 changes may
directly influence the sensitivity of breast and prostate cancers
in patients.

6.2. Deregulation of Checkpoint Maintenance
Mechanisms in Tumor Cells

The most extensively studied component of the mainte-
nance mechanism of G1/S and G2 checkpoints induced by
DNA damage is p53. Mutation of p53 is the most frequently
observed genetic lesion in human tumors (for most recent
information see http://www-p53.iarc.fr). Mutations of p53
usually lead to inactivation of p53 function. However,
specific p53 mutations could change the expression of
checkpoint regulatory proteins, especially these that produce
gain-of-function alterations in p53 protein. There is at least
one example of mouse cells carrying common p53 cancer
mutations (R248W and R273H) which have impaired the
G2 checkpoint induced by DNA damage. Detailed studies
on the molecular mechanism of this phenomenon revealed
that these mutant p53 proteins interacted with Mre11
nuclease and suppressed the binding of the MRN complex
to DNA double-stranded breaks, leading to impaired ATM
activation.266 Our own results confirm that human colon
carcinoma HT-29 cells, expressing R273H mutant p53
protein, are able to activate the G2 checkpoint following
DNA damage but are defective in maintaining the G2 arrest,
progress into mitosis with damaged DNA, and undergo
mitotic catastrophe.269

In addition, in human tumors in which the P53 gene is
not mutated, the p53 function may be disrupted by alterations
in cellular proteins that modulate the expression, localization,
and activity of the protein. For example, during normal
cellular growth, Mdm2 binds p53 and targets it for ubiquitin-
mediated degradation (for a review, see ref 270). The Mdm2
gene has been shown to be up-regulated in human tumors
and tumor cell lines by gene amplification, increased
transcript levels, and enhanced translation. A detailed study
using about 4000 samples from tumors or xenografts of 28
different tumor types showed that, in about 7% of human
tumors, mostly with wild-type p53, the Mdm2 gene was

amplified, with the highest frequency observed in soft tissue
tumors (20%), osteosarcomas (16%), and esophageal carci-
nomas (13%).271 Alternatively, HPV-encoded E6 protein
binds p53 and targets it for ubiquitin-mediated degradation,
thus abrogating p53-dependent signaling.272 This mechanism
of p53 inactivation is characteristic for cervical carcinomas
(for a recent review, see ref 273).

Inactivation of p53 functions leads to a general defect in
the G1/S checkpoint response to DNA damage and partial
inactivation of the G2 checkpoint, at least its p53-dependent
branches. It is believed that these two defects in both G1/S
and G2 checkpoint functionality explain higher sensitivity
of tumors to DNA damaging agents. The situation is of
course much more complex, as p53 is also involved in the
activation of cell death pathways and, in many tumors,
inactivation of p53 may lead to drug resistance. In this way,
checkpoint functionality in tumor cells with inactive p53
contributes to a delicate balance between sensitivity and
resistance to antitumor therapies based on genotoxic drugs.

6.3. Defects of Effector and Regulatory Proteins
Involved in the DNA Damage Checkpoint
Response

Deregulation of the intracellular protein levels of check-
point effector and regulatory proteins is frequently observed
in many different tumors. For example, expression levels of
cyclin-dependent kinases cdks are elevated in many tumor
cells (for a review, see ref 274). This may greatly influence
the stringency of DNA damage checkpoints. Reduced
background expression levels of cdk inhibitor p21 are also
observed, e.g., in a majority of melanoma cell lines.275 This
could be associated with increased sensitivity of p21-deficient
cells to DNA alkylators, as observed in in Vitro tumor
models.276 The expression of 14-3-3σ is down-regulated by
its gene promoter methylation in several types of human
cancer, among them prostate, lung, breast, and several types
of skin cancer (for a review, see ref 277). Alternatively,
proteolytic inactivation of 14-3-3σ has been found in breast
and prostate cancers. Interestingly, in breast cancer, the
estrogen-responsive E3 ubiquitin ligase Efp specifically
targets 14-3-3σ for degradation.278 In agreement, cellular
levels of 14-3-3σ increase with malignant tumor progression
in endometrial carcinoma, and this is inversely correlated
with estrogen receptor R and the progesterone receptor.279

A similar situation may occur after antihormone therapy of
hormone-dependent breast tumors, and this effect may lead
not only to hormone independence of tumor cells but also
to their resistance to DNA damaging drugs. Changes in the
expression of different DNA damage checkpoint regulators
are frequently correlated with tumor grade, e.g., of breast
carcinomas.280

6.4. Other Specific Changes in the DNA Damage
Checkpoint Response in Tumor Cells

Some specific defects in DNA damage checkpoint regula-
tion in tumor cells have been reported. Deficiency of the
decatenation checkpoint has been observed in small lung
cancer cells in Vitro, and it was independent of the impaired
DNA damage G2 checkpoint. It was postulated that the
nonfunctional decatenation G2 checkpoint is implicated in
the development of human lung cancers but can also be
responsible for selective killing of lung cancer cells with such
defects by catalytic inhibitors of topoisomerase II.281 Un-
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fortunately, no specific molecular changes have been reported
in relation to inactivation of the decatenation checkpoint in
these cells. Other in Vitro studies showed that transitional
bladder carcinomas had severe defects in the decatenation
checkpoint,282 again with no molecular mechanism provided
for these defects.

6.5. Cancer Stem Cells and DNA Damage
Checkpoint Defects

There is growing evidence that tumors contain a small
fraction of cells, with stem cell-like properties, called cancer
stem cells (CSCs) or cancer initiating cells, that maintain
the heterogeneity of the tumor and appear to be resistant to
apoptosis induced by therapeutic agents (for a review, see
ref 283). The existence of CSCs may explain why standard
anticancer treatment, that frequently successfully eliminates
differentiated cancer cells, does not lead to cancer cure.284-286

The cancer stem cell hypothesis has recently created great
interest but also many controversies,287 mostly due to the
fact that the biology of CSCs and their importance for tumor
sensitivity to anticancer treatment are still largely unknown.

Interestingly, some of the DNA damage checkpoints are
not functional in stem cells and possibly also in CSCs. For
example, it has been reported that the decatenation check-
point is not functional in stem cells,288 with no data available
so far on whether a similar effect is observed for CSCs. There
are also reasons to believe that other components of the DNA
damage response are changed in CSCs, due to deregulated
induction of p53 and ATM/ATR pathways or defects in cell
cycle checkpoint control, as reported for embryonic stem
cells or teratocarcinomas.289,290 After treatment with antitumor
drugs, dysfunctional DNA damage checkpoints may enable
cancer stem cells, to survive and produce cell progeny with
modified/unstable genomes. This could lead either to in-
creased cell killing or to genetic changes and drug resistance.
If changes in the functionality of DNA damage checkpoints
observed in stem cells are confirmed in CSCs, this could
explain the resistance of CSCs to standard DNA damaging
agents, such as cisplatin, that has been recently observed in
a mouse mammary tumor model.291

7. DNA Damage Checkpoint Functionality and
Sensitivity of Tumors to DNA Damaging Agents

Numerous studies have shown defects in the expression
or activity of different DNA damage checkpoint regulators
in tumor cells. However, the question remains if and how
changed functionality and/or expression of checkpoint regu-
lators translates into differential sensitivity of tumor cells to
anticancer agents that induce DNA damage, especially in
cancer patients.

Lack of normal ATM function in the inherited ataxia-
telangiectasia (A-T) syndrome patients results in profound
hypersensitivity to genotoxic agents. Much less is known
about the drug sensitivity of ATM-deficient tumors in cancer
patients. Additionally, increased levels and activity of ATM
have been observed in some tumors, but it is not clear
whether this leads to drug resistance.245 The possible
resistance phenotype of tumor cells overexpressing ATM can
be inferred from the fact that in nonsmall lung cancers
increased expression of ATM is associated with a notably
shorter median survival than that in patients with low levels
of these checkpoint regulators.292 It should also be mentioned
that the function of the ATM kinase declines significantly

with age, at least in mice, that may then be responsible for
the decline of the p53 response to γ-irradiation observed in
aged subjects.293 The importance of ATM functionality for
the sensitivity of tumor cells to DNA damage is probably
more complex, as recent studies have shown the existence
of the redundant G2 checkpoint mechanism in cells with
inactivated ATM, that is regulated by DNA-PK.294 This
suggests that very specific ATM inhibitors, with no effect
on other PIKK kinases, may be, in fact, less efficient in
sensitizing tumor cells to genotoxic drugs than the relatively
less specific abrogator, that is able to suppress the activity
of both ATM and DNA-PK.

BRCA-deficient breast and ovarian cancers are generally
more sensitive to drugs that produce single- and double-
stranded lesions in DNA, such as mitomycin C, cisplatin,
topotecan, doxorubicin, etoposide, and others (for a review,
see ref 295). This is particularly well-documented for
cisplatin-based therapies in cancer patients. For example,
retrospective analysis of clinical and histopatological data
showed that BRCA heterozygotes had a better response to
platinum chemotherapy, compared with women who had
sporadic disease with no BRCA mutations.296 Recent clinical
data confirmed that cisplatin-based neoadjuvant therapy,
followed by mastectomy and conventional chemotherapy, is
effective in a higher proportion in patients with BRCA1-
associated breast cancers.297 Conversely, suppression of
BRCA1 levels is associated with marked resistance of breast
and ovarian tumors to the taxanes and navelbine (for a
review, see ref 298). This observation supports the idea that
BRCA1 plays an important role not only in the DNA damage
checkpoint but also in the mitotic spindle assembly check-
point.299 Finally, the relationship between tumor sensitivity
to DNA damaging drugs and BRCA1/2 functionality has
been confirmed by recent studies on the molecular mecha-
nism of acquired resistance to platinum analogues in tumors
carrying frame-shift BRCA1/2 mutations. These studies have
shown that cisplatin resistance in these tumors originates
from restored BRCA1/2 expression, as a result of a secondary
intragenic mutations that corrected the open reading frames
of mutated BRCA1/2.300-302 This mechanism may explain
why the majority of BRCA1/2-deficient cancers become
resistant to DNA damaging agents during anticancer treat-
ment and patients frequently die from refractory diseases.

So far, no systematic studies have been performed which
show that Chk1 and Chk2 mutations change tumor sensitivity
to anticancer treatment with DNA damaging agents in human
patients. All published data revealed a strong correlation
between Chk1/2 mutations and predisposition to different
cancers (discussed in section 6.1). However, the same genetic
data could be analyzed retrospectively to find out if cancer
patients with specific Chk1/2 mutations respond differentially
to DNA damaging drugs.

8. Chemical Inhibition and Modulation of the
DNA Damage Checkpoint Signaling and
Sensitization of Tumor Cells to Anticancer Drugs

As mentioned previously, experimental data, mostly from
the in Vitro studies, showed that tumor cells with defects in
checkpoint pathways have frequently increased sensitivity
to antitumor agents, which induce DNA damage. Moreover,
genetic studies suggested that drug resistance may be
associated with an increased ability to arrest cell cycle
progression after genotoxic stress, especially in the G2 phase,
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that promotes more efficient repair of drug-induced DNA
lesions.303 Accordingly, it was postulated that, by developing
strategies to attenuate or disable checkpoint functionality in
tumor cells, one could sensitize these cells to antitumor
agents. This, of course, was only possible after a sufficient
knowledge had been accumulated about molecular mecha-
nisms, which regulate the induction and maintenance of DNA
damage checkpoints. In this way, using chemical inhibitors
of checkpoint regulators, in combination with DNA damag-
ing agents, we could mimic inherent defects in checkpoint
control observed in many tumor cells and increase the
efficacy of anticancer therapies based on genotoxic drugs.

Generally, two basic approaches have been proposed to
abrogate or modulate DNA damage checkpoints to sensitize
tumor cells to DNA damaging agents. The first is based on
suppressing the p53-independent checkpoint mechanisms by
chemical inhibition of different checkpoint kinases; the other
could target its p53-dependent components. In addition to
that, inhibition of different enzymes involved in the regula-
tion of cell cycle machinery is also considered, mainly
because the intracellular levels and activity of these proteins
are frequently deregulated in tumor cells. Targeting of the
DNA damage checkpoint pathway by chemical inhibitors
involves three strategies, which are aimed at the following:

(1) inactivation of DNA damage sensing kinases, currently
limited to chemical inhibitors of ATM and to some
extent DNA-PK;

(2) inhibition of signaling kinases, mostly Chk1, Chk2,
and Plk1;

(3) inhibition of effector and regulatory proteins such as
different cyclin-dependent kinases Cdks, phosphatases
(cdc25A/B/C), or p53.

The rationale for DNA damage checkpoint abrogation as
a way to sensitize tumor cells to anticancer treatment is that
these cells have frequently inactivated the DNA damage
checkpoint in G1, largely due to a deficiency of p53 or pRB.
Thus, these tumor cells solely rely on maintaining S or G2
arrest in response to DNA damage, whereas normal cells
have a functional G1 arrest mechanism conferred by the p53
pathway. Consequently, inhibition of the S- and G2-
checkpoints in p53-deficient tumor cells would drive them
to cell death by, e.g., mitotic catastrophe, but normal cells
would be less affected due to the existence of p53-mediated
G1 arrest or more stringent arrest in G2. Many different in
Vitro studies have indeed shown that tumor cells treated with
a combination of DNA damaging drugs and checkpoint
abrogators, such as caffeine or UCN-01, are sensitized to a
greater extent if they have an inactivated p53 pathway.304,305

However, this intellectually elegant concept has never been
conclusively proved in the clinical setting. Moreover, other
studies did not confirm an increased cell killing effect of
DNA damaging drugs by checkpoint abrogation in p53-
deficient cells, and even the whole concept has been
challenged.306,307

8.1. Chemical Inhibitors and Modulators of the
DNA Damage Checkpoint Regulatory
ProteinssActivity and Specificity

Several checkpoint abrogators and modulators, including
broadly unspecific inhibitors of ATM (pentoxyfylline) as well
as checkpoint kinases Chk1/2, Cdks, and Plk1, have entered
clinical trials (see Figures 6 and 7 for chemical structures
and Table 1 for details). Many more compounds are in

preclinical studies (for chemical structures of exemplary
inhibitors, see Figures 6 and 8). It is interesting to note that
a wide diversity of chemical structures serves as a basis for
the development of new checkpoint abrogators and modula-
tors. These include analogues of natural compounds such as
staurosporin (e.g., UCN-01),308 methylxanthines (pentoxy-
fylline),309 flavones (flavopiridol),310 or purines (rosco-
vitine),311 but also synthetic derivatives such as modified
peptides (CBP501),312 diazapinoindolones (PF-477736),313

and macrocyclic urea analogues,314 to name just a few
exemplary compounds. It is also worth mentioning that
searching for inhibitors of checkpoint kinases or Cdks leads
to the development of very unspecific compounds, with
inhibitory activity toward many different substrates, very
often not even related to checkpoint regulation. For example,
roscovitine, that was developed as a “specific inhibitor of
cyclin-dependent kinases”, showed inhibitory activity toward
more than 150 different enzymes.315 UCN-01 can be another
example of a checkpoint abrogator that was reported to be a
relatively selective inhibitor of Chk1 and cTak1 kinases.316,317

However, initial studies identified UCN-01 as a protein
kinase C inhibitor, and further studies showed that it targets
also Cdks and PDK1 kinase.318 It should be noted that,
despite many possible targets of UCN-01, the only docu-
mented mechanism that is responsible for the abrogation of
the DNA damage checkpoint is its inhibitory activity toward
Chk1.

Finally, for some inhibitors it is their general toxicity, and
not checkpoint abrogation potential, that limits their clinical

Figure 6. Chemical structures of inhibitors of checkpoint signaling
kinases, which are currently under preclinical development or
undergoing clinical trials (see Table 1 and www.ClinicalTrials.gov
for details).
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application. Pentoxyfylline could serve here as an example
of a less toxic caffeine analogue, that is currently undergoing
clinical trials in combination with DNA damaging agents
(radiation, mitoxantrone, and cytarabine), despite the fact that
it has many different cellular targets, from adenosine
receptors to PIKK kinases (for a recent review, see ref 319).

8.2. Checkpoint Inhibitors and
ModulatorssCurrent Developments and
Perspectives

Several checkpoint abrogators and modulators are active
alone (see Table 1 and www.ClinicalTrials.gov for details);
for example, flavopiridol showed high clinical activity toward
refractory chronic lymphocytic leukemia.320 Most checkpoint
inhibitors are also being tested in combination with many
different DNA damaging drugs, including antimetabolites (5-
fluorouracil, cytarabine, gemcitabine), topoisomerase inhibi-
tors (doxorubicin, topotecan, and irinotecan), or platinum
drugs (cisplatin and carboplatin). Although many clinical
trials with different drugs and checkpoint modulators are still
under way, some disclosed results are rather disappointing.
A phase II trial with topotecan and UCN-01 used in
combination toward advanced ovarian carcinomas showed

no significant antitumor activity.321 Similarly, alvocidib
(flavopiridol) and seliciclib (roscovitine) are in late-stage
clinical trials; however, so far both checkpoint modulators
have demonstrated only modest activity (for a recent review,
see ref 322). One possibility could be that the synergistic
effect of checkpoint modulators used in combination with
DNA damaging drugs is obscured by their relatively high
toxicity. Many second-generation inhibitors of Chk2 kinase
or Cdc25 phosphatases, such as compounds BN82002 and
NSC109555323,324 (see Figures 6 and 8 for the chemical
structures), are in preclinical studies and will hopefully show
a better therapeutic effect than their forerunners.

Chemical inhibitors of ATM and other PIKK kinases could
lead to an increased antitumor effect of DNA damaging drugs
toward tumor cells. The recent advent of more specific ATM
inhibitors, CGK733, KU55933, and compound CP466722
(see Figure 8 for chemical structures), made it possible to
show that even transient inhibition of ATM is sufficient to
potentiate the effect of ionizing radiation.325-327 These results
show that specific ATM inhibitors, as part of combination
regimens with DNA damaging agents, may be used in
clinical practice. In addition, cells with defects in PARP-1
activity, an enzyme involved in DNA damage signaling and
repair,328 are hypersensitive to ATM inhibitors.325 Conversely,
cells with nonfunctional ATM or BRCA1/2 are extremely
sensitive to PARP-1 inhibitors.325,329,330 Based on these
studies, a very promising therapeutic approach has been
proposed where recombination repair deficient cancers may
be selectively eradicated by chemical inhibitors of PARP-1.

Finally, a novel direction has recently emerged, where in
the same chemical entity one could combine DNA damaging
activity and inhibitory action toward checkpoint kinases, as
exemplified by new derivatives of a structural analogue of
staurosporine, rebeccamycin. Rebeccamycin is an inhibitor
of DNA topoisomerase I; however, its new analogues have
been developed which showed a potent inhibitory activity
toward Chk1. Interestingly, some of these compounds
retained a genotoxic activity either through intercalation into
the DNA and/or by topoisomerase I-mediated DNA cleavage
(see Figure 6 for the chemical structure of the rebeccamycin
analogue).331 Therefore, rebeccamycin derivatives may rep-
resent a novel class of potential antitumor agents, that have
a dual effect; that is, they induce DNA damage and inhibit
Chk1 DNA damage checkpoint kinase. Rebeccamycin ana-
logues recently entered clinical trials, and it will be interesting
to see whether such compounds show comparable or higher
antitumor effects as combinations of DNA damaging agents
and checkpoint abrogators.

9. Concluding Remarks and Perspectives
Many cancer cells have defects in checkpoint control

mechanisms induced by DNA damage. These defects include
not only changed expression or activity of checkpoint
regulators but also inactivation of the p53 pathway. This leads
to two opposing effects, that is, reduced DNA repair capacity
due to inability to sustain DNA damage-induced arrest in S
and G2 phases but at the same time to attenuation of G1/S
and G2 checkpoints as well as to lower propensity to undergo
cell death, e.g., by apoptosis. Defects in checkpoint response
initiated by DNA damage are also responsible, at least in
some situations, for higher efficiency of antitumor drugs
toward tumor cells.

During the past decade, an enormous amount of data was
accumulated about the basic mechanisms responsible for

Figure 7. Chemical structures of inhibitors of cyclin-dependent
kinases, which are currently undergoing clinical trials (see Table 1
for details).
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induction and maintenance of DNA damage checkpoints.
With this knowledge, new therapeutic strategies were
developed which exploit defects in cell cycle checkpoint
responses to enhance the efficacy of antitumor DNA damag-
ing agents. Two approaches are currently explored: (i)
specific targeting of tumor cells with enhanced sensitivity
to DNA damaging drugs by selection of patients with defects
in checkpoint control; (ii) applying new therapeutic regimens,
where specific chemical abrogators or modulators of check-
point control are used in combination with standard DNA
damaging drugs.

9.1. Possible Adverse Effects of DNA Damage
Checkpoint-Targeted Chemotherapy

There are some concerns about the use of checkpoint
abrogating compounds in the treatment of cancer patients.
One possible problem could be that checkpoint regulators
play an important role in DNA repair in nonstressed cells,

for example during DNA replication. The fundamental role
of Chk1 kinase during the normal S phase is to avoid
aberrantly increased initiation of DNA replication and DNA
breakage, even in the absence of genotoxic stress, that was
confirmed by the early embryonic lethality of Chk1-/-
mice.332 Consequently, inhibition of Chk1 kinase during
anticancer treatment, which is per definition not specific to
tumor cells, may lead to accumulation of DNA lesions in
normal cells and, in this way, promote secondary tumors. In
contrast, Chk2-deficient cells from Chk2-/- mice have an
intact DNA damage response and, surprisingly, are resistant
to ionizing irradiation.333 This suggests that selective inhibi-
tion of Chk2 during, e.g., radiotherapy may be used to protect
normal cells in sensitive tissues from the toxic effects of
DNA damage induced by irradiation and possibly other DNA
damaging agents. Another effect that could be envisaged as
a result of combined treatment with DNA damaging agents
and checkpoint abrogators is possible potentiation of the
mutagenic effects of antitumor drugs that induce genotoxic
stress.

9.2. Future Directions in DNA Damage
Checkpoint-Targeted Chemotherapy

There are important questions which still remain largely
unanswered and concern rational drug design of new DNA
damaging agents as well as new and more specific DNA
damage checkpoint abrogators or modulators, which include
the following:

(1) Are there any DNA lesions which are more effective
in activating specific types of checkpoint response in
tumor cells compared to others?

(2) Is inhibition of particular DNA damage checkpoint
pathways more specific and toxic to certain tumor cells
compared to others?

(3) Is a particular combination of a DNA damaging agent/
drug, which induces specific DNA lesions, and a given
checkpoint abrogator more efficient in inducing cell
death of tumor cells?

If answers to these questions were known, they would
provide important directions for medicinal chemists of which
of very many types of DNA damaging compounds should
be developed and which DNA damaging drug-checkpoint
abrogator combinations are more effective and specific in
killing tumor cells in patients.

Table 1. Chemical Checkpoint Abrogators and Modulators Undergoing Clinical Trials

checkpoint mechanism compound proposed target(s) clinical trials ref

DNA damage sensing kinases pentoxyfylline ATM/ATR/DNA-PK in combination, phase I 309

signaling kinases UCN-01 Chk1 in combination, phase I/II 308

CBP501 MK2/cTak1/Chk1 alone and in combination, phase I/II 312

XL844 Chk1/Chk2 alone and in combination, phase I 341

AZD7762 Chk1 in combination, phase I 342

PF477736 Chk1 in combination, phase I 313

BI 2536 Plk1 alone, phase I/II 343

ON01910 Plk1 alone and in combination, phase I/II 344

GSK461364 Plk1 alone, phase I undisclosed
effector proteins alvocidib (flavopiridol) Cdks alone and in combination, phase I/II 310

seliciclib (roscovitine) Cdks alone, phase II 311

PD-0332991 Cdks alone and in combination, phase I/II 345

P1446A-05 Cdks alone, phase I undisclosed
P276-00 Cdks alone, phase I/II 346

R547 Cdks alone, phase I 347

BMS-387032/SNS-032 Cdks alone, phase I 348

SCH-727965 Cdks alone and in combination, phase I/II 349

AT7519 Cdks alone, phase I 350

Figure 8. Chemical structures of several inhibitors of DNA damage
signaling pathways, which are currently under preclinical develop-
ment (inhibitors of ATM, ATR, and Cdc25 phosphatases) or are
undergoing clinical trials (inhibitors of Plk1 kinase).
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Several other aspects of the checkpoint response activated
by DNA damage still await further clarification. For example,
a considerable amount of data has been accumulated about
different mechanisms involved in the DNA damage check-
point signaling and maintenance. In contrast, still relatively
little is known about checkpoint termination signals (for a
recent review, see ref 111). It could be envisaged that,
similarly to sensitization of tumor cells to genotoxic therapies
by inhibition of checkpoint activation, another approach
could be equally effective, that would lead to premature
termination of the DNA damage checkpoint signaling. This
should also increase the sensitivity of tumor cells to DNA
damaging agents by shortening the time required for repair
of DNA lesions.

An alternative approach to sensitize tumor cells to DNA
damage may be to use rationally designed small molecules,
which specifically bind to important regulatory domains of
checkpoint regulators or protein-protein interface regions.
Such molecules may both inhibit checkpoint activity or
correct its defects. Currently, this approach is limited to
inhibition of Chk1/2 kinases334 and reactivation of p53
functions, mostly by small peptides and synthetic low
molecular weight compounds (for a recent review, see ref
335). However, it is not clear whether reactivation of p53
leads to re-establishing important functions of p53 in
checkpoint maintenance or, rather, increased cytotoxic activ-
ity of chemotherapeutics is only related to its pro-apoptotic
action. A peptidic inhibitor of checkpoint kinases Chk1 and
Chk2, compound CBP501, was approved for clinical trials
in combination with gemcitabine;336 clinical applications of
p53 reactivating compounds to treat human tumors in patients
are still only planned.

Another direction is to apply the knowledge about possible
differences in DNA damage checkpoint functions to target
cancer stem cells by DNA damaging agents. As mentioned
above (see section 6.5), data available in the literature suggest
that normal stem cells and possibly also cancer stem cells
have nonfunctional decatenation checkpoints288 and may have
only partially active p53-dependent checkpoint signaling.289,290

However, our knowledge in this area is still too rudimentary
to determine whether these differences can be exploited in
selective targeting of these cancer-producing cells.

The problem of possible interactions between different cell
cycle checkpoints is, in our opinion, still underestimated.
Most, if not all, anticancer treatment regimens are based on
multiple antitumor agents, where drugs activating different
checkpoints are used in combination, for example antimitotics
and DNA damaging agents. As was mentioned above, at least
in some situations, treatment of tumor cells with genotoxic
drugs not only induces DNA damage checkpoints in G1, S,
and G2 but also activates the spindle checkpoint and arrest
cell cycle progression in mitosis.137 It is important to establish
whether abrogation of DNA damage checkpoints in tumor
cells with an inactive or partially active spindle checkpoint
mechanism leads to increased cytotoxicity of DNA damaging
drugs.

It should be borne in mind that, in some situations,
nonfunctional G2 and mitotic checkpoints may allow cells
with damaged genomes to progress through mitosis, divide,
and survive. This is possible, for example, when survival
signaling during the G2/M transition is hyperactivated by
overexpression of antiapoptotic proteins (IAPs), such as
survivin,337 or increased acitvity of PI3/PKB kinases observed
in many tumor types.338 In the original model, it is expected

that mitotic checkpoints, including those initiated in response
to DNA damage, prevent mitotic exit of tumor cells with
damaged DNA. If this condition is not met, relaxed mitotic
checkpoint control will lead to aberrant mitotic division and
result in tumor cells with modified genomes, with possibly
increased proliferative potential or resistance to anticancer
drugs.339 As mentioned above, at least one component of
the DNA damage response, BRCA1 kinase, which is
frequently inactivated in human tumors, is also involved in
the spindle checkpoint activation.299 To avoid this problem,
a multikinase targeting approach has been proposed,340 where
both cell cycle checkpoints and survival signaling pathways
are inhibited. This may also lead to increased activity of DNA
damaging agents, especially in cells with strong antiapoptotic
signaling. Again, the situation may be more complex, since
abrogation of G2 arrest induced by cisplatin in acute myeloid
leukemia cells, combined with inhibition of the survival
signaling associated with PI3 kinases, was actually less
efficient in sensitizing tumor cells to cisplatin than inhibition
of PI3K alone.337 From this perspective, it is even more
important to perceive the functioning of DNA damage
checkpoints in relation to other cell cycle checkpoints, in
particular those activated in G2 and M.

Finally, one of the strategies to specifically target tumor
cells by DNA damaging drugs is based on the selection of
patients with defects in DNA damage checkpoint control.
However, analysis of the available literature data points to
the importance of using functional assays with tumor samples
from patients, to screen for potential defects in the func-
tionality of checkpoint kinases. These functional assays may
complement mutational and mRNA level analysis of genes
coding for checkpoint signaling proteins, such as ATM,
components of the MRN complex, BRCA1/2, or Chk1/2.
Combined results from the two approaches could then be
used in selection of patients, with specific defects in DNA
damage response, who will most likely benefit from che-
motherapy based on genotoxic drugs. A recent report shows
that this type of analysis of the functionality of the
homologous recombination pathway can be successfully used
in clinical samples.298
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J.; Pondarré, C.; Aubert, G.; Morizet, J.; Lavelle, F.; Vassal, G.
Cancer Res. 2004, 64, 3223.

(170) Larsen, A. K. Ann. Oncol. 1994, 5, 679.
(171) Pantazis, P.; Dejesus, A.; Early, J.; Rodriguez, R.; Chatterjee, D.;

Han, Z.; Wyche, J.; Giovanella, B. Anticancer Res. 1995, 15, 1873.
(172) Altieri, D. C. AdV. Cancer Res. 2003, 88, 31.
(173) Bellacosa, A.; Kumar, C. C.; Di Cristofano, A.; Testa, J. R. AdV.

Cancer Res. 2005, 94, 29.
(174) O’Brien, V.; Brown, R. Carcinogenesis 2006, 27, 682.
(175) Dent, P.; Yacoub, A.; Fisher, P. B.; Hagan, M. P.; Grant, S. Oncogene

2003, 22, 5885.
(176) Yan, Y.; Black, C. P.; Cowan, K. H. Oncogene 2007, 26, 4689.
(177) Dai, Y.; Yu, C.; Singh, V.; Tang, L.; Wang, Z.; McInistry, R.; Dent,

P.; Grant, S. Cancer Res. 2001, 61, 5106.
(178) Pei, X. Y.; Li, W.; Dai, Y.; Dent, P.; Grant, S. Mol. Pharmacol.

2006, 70, 1965.
(179) Dai, Y.; Chen, S.; Pei, X. Y.; Almenara, J. A.; Kramer, L. B.; Venditti,

C. A.; Dent, P.; Grant, S. Blood 2008, 112, 2439.
(180) Yan, Y.; Black, C. P.; Cao, P. T.; Haferbier, J. L.; Kolb, R. H.;

Spieker, R. S.; Ristow, A. M.; Cowan, K. H. Cancer Res. 2008, 68,
5113.

(181) Abbott, D. W.; Holt, J. T. J. Biol. Chem. 1999, 274, 2732.
(182) Reinhardt, H. C.; Aslanian, A. S.; Leesm, J. A.; Yaffe, M. B. Cancer

Cell 2007, 11, 175.
(183) Xiao, Z.; Xue, J.; Sowin, T. J.; Zhang, H. Mol. Cancer Ther. 2006,

5, 1935.
(184) Zhang, W. H.; Poh, A.; Fanous, A. A.; Eastman, A. Cell Cycle 2008,

7, 1668.
(185) Golding, S. E.; Rosenberg, E.; Neill, S.; Dent, P.; Povirk, L. F.;

Valerie, K. Cancer Res. 2007, 67, 1046.
(186) Wang, C.; Mayo, M. W.; Baldwin, A. S. Science 1996, 274, 784.
(187) Boland, M. P.; Foster, S. J.; O’Neill, L. A. J. J. Biol. Chem. 1997,

272, 12952.
(188) Arlt, A.; Vorndamm, J.; Breitenbroich, M.; Folsch, U. R.; Kalthoff,

H.; Schmidt, W. E.; Schafer, H. Oncogene 2001, 20, 859.
(189) Lavon, I.; Pikarsky, E.; Gutkovich, E.; Goldberg, I.; Bar, J.; Oren,

M.; Ben-Neriah, Y. Cancer Res. 2003, 63, 25–30.
(190) Spalding, A. C.; Jotte, R. M.; Scheinman, R. I.; Geraci, M. W.; Clarke,

P.; Tyler, K. L.; Johnson, G. L. Oncogene 2002, 21, 260.
(191) Ashikawa, K.; Shishodia, S.; Fokt, I.; Priebe, W.; Aggarwal, B. B.

Biochem. Pharmacol. 2004, 67, 353.
(192) Piret, B.; Piette, J. Nucleic Acids Res. 1996, 24, 4242.
(193) Piret, B.; Schoonbroodt, S.; Piette, J. Oncogene 1999, 18, 2261.

2970 Chemical Reviews, 2009, Vol. 109, No. 7 Skladanowski et al.



(194) Huang, T. T.; Wuerzberger-Davis, S. M.; Seufzer, B. J.; Shumway,
S. D.; Kurama, T.; Boothman, D. A.; Miyamoto, S. J. Biol. Chem.
2000, 275, 9501.

(195) Habraken, Y.; Piret, B.; Piette, J. Biochem. Pharmacol. 2001, 62,
603.

(196) Aleyasin, H.; Cregan, S. P.; Iyirhiaro, G.; O’Hare, M. J.; Callaghan,
S. M.; Slack, R. S.; Park, D. S. J. Neurosci. 2004, 24, 2963.

(197) Donepudi, M.; Raychaudhuri, P.; Bluestone, J. A.; Mokyr, M. B.
J. Immunol. 2001, 166, 6491.

(198) Donepudi, M.; Jovasevic, V. M.; Raychaudhuri, P.; Mokyr, M. B.
Cancer Immunol. Immunother. 2003, 52, 162.

(199) Galter, D.; Mihm, S.; Droge, W. Eur. J. Biochem. 1994, 221, 639.
(200) Kasibhatla, S.; Brunner, T.; Genestier, L.; Echeverri, F.; Mahboubi,

A.; Green, D. R. Mol. Cell 1998, 1, 543.
(201) Arlt, A.; Gehrz, A.; Muerkoster, S.; Vorndamm, J.; Kruse, M. L.;
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Christen, R. D.; Howell, S. B. Cancer Res. 1996, 56, 4881.

(234) Hawn, M. T.; Umar, A.; Carethers, J. M.; Marra, G.; Kunkel, T. A.;
Boland, C. R.; Koi, M. Cancer Res. 1995, 55, 3721.

(235) Caporali, S.; Falcinelli, S.; Starace, G.; Russo, M. T.; Bonmassar,
E.; Jiricny, J.; D’Atri, S. Mol. Pharmacol. 2004, 66, 478.

(236) Pichierri, P.; Franchitto, A.; Piergentili, R.; Colussi, C.; Palitti, F.
Carcinogenesis 2001, 22, 1781.

(237) Jacob, S.; Aguado, M.; Fallik, D.; Praz, F. Cancer Res. 2001, 61,
6555.

(238) Wu, Q.; Vasquez, K. M. PLoS Genet. 2008, 4, e1000189.
(239) Chou, W. C.; Wang, H. C.; Wong, F. H.; Ding, S. L.; Wu, P. E.;

Shieh, S. Y.; Shen, C. Y. EMBO J. 2008, 27, 3140.
(240) Brem, R.; Fernet, M.; Chapot, B.; Hall, J. DNA Repair (Amsterdam)

2008, 7, 849.
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