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Introduction

The DDR is a crucial signaling pathway that serves to coordinate 
the necessary series of biochemical and cellular events in response 
to both exogenous and endogenous induced DNA damage. The 
complexity of the DDR is in part a function of the requirement 
to detect and respond to a wide variety of DNA damage events 
and to regulate the numerous potential outcomes of the genetic 
insult. The clinical use of DNA damage-inducing therapies 
remains a mainstay in the treatment of cancer. Targeting the rap-
idly dividing cancer cells with genotoxic agents has demonstrated 
clinical utility and more recently, it has become apparent that 
the DDR impacts the response to these therapies both in terms 
of anti-cancer activity and toxicity to non-cancer cells. Thus, to 
begin to understand why different cancer types respond to vari-
ous DNA damage therapies, the detailed mechanisms involved 
in the initiation of the DDR in response to these therapies is 
essential and recently has begun to be addressed.

Initiators of the DDR

Phosphatidylinositol-3 kinase-like protein kinases (PIKKs). 
The PIKK family of protein kinases includes ataxia-telangiectasia 
mutated (ATM), ATM and Rad3 related (ATR) and the DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) 
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Chemotherapeutics target rapidly dividing cancer cells by 
directly or indirectly inducing DNA damage. Upon recognizing 
DNA damage, cells initiate a variety of signaling pathways 
collectively referred to as the DNA damage response (DDr). 
interestingly, the pathways used to elicit this response are 
as varied as the types of DNA damage induced. However, 
the activation of these various pathways has similar results 
including DNA repair, suppression of global general translation, 
cell cycle arrest and, ultimately, either cell survival or cell death. 
This review will focus on a series of chemotherapy-induced DNA 
lesions and highlight recent advances in our understanding of 
the DDr, the DNA repair pathways it activates and the cellular 
consequences of these converging pathways.
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(Table 1). These kinases are relatively large in size and show a 
target preference for serine or threonine residues that are followed 
by glutamines. As discussed below, however, some important tar-
gets have recently been identified in non-consensus sequences. 
Despite the fact that the PIKKs are involved in different repair 
pathways, their respective activation involves some common 
themes. They are all initial responders to DNA damage and as 
far as we know the first kinases to initiate the DDR signaling cas-
cade. In addition they are all activated at the site of DNA dam-
age but cannot bind DNA, damaged or undamaged, without the 
assistance of DNA scaffolding proteins. While some early work 
suggested that ATM might bind directly to DNA, no new stud-
ies have confirmed or supported this. Even DNA-PKcs which has 
clearly defined DNA binding domains, does not bind DNA by 
itself under physiological salt concentrations.1 Evidence suggests 
that the scaffolding proteins Ku80, Nbs1 and ATRIP not only 
recruit the kinases to the sites of DNA damage but also play a 
major role in activation of DNA-PKcs, ATM and ATR respec-
tively. Interestingly these scaffolding proteins also share signif-
icant sequence similarity at their extreme C-termini, a feature 
essential for complex formation and DDR signaling.2 The scaf-
folding proteins themselves must also be in complexes in order to 
efficiently activate the signaling kinase. Ku80 must be in complex 
with Ku70 while Nbs1 interacts with Mre11 and Rad50. ATRIP 
interacts with the RPA bound ssDNA complex and TOPBP1.3 
While similarities certainly exist within the PIKKs family, their 
differences become apparent upon examination.

ATM. Ataxia-telangiectasia mutated (ATM) is a 315 kDa pro-
tein that plays a major role in initiating the DDR. ATM remains 
a homodimer while inactive, but upon activation undergoes 
trans-autophosphorylation at serine 1981, leading to disruption 
of the dimer, and allowing monomeric ATM to be recruited 
to dsDNA via an interaction with the MRN complex.4 While 
this phosphorylation event may be necessary for disruption of 
the dimer data suggest that it is not sufficient (see next para-
graph). How this initial autophosphorylation event is stimulated 
is not well understood but may rely on chromatin relaxation.4 
The nuclease activity of the MRN complex results in 3′ssDNA 
which along with its interaction with the C-terminus of Nbs1 
stimulates ATM kinase activity and ultimately promotes homol-
ogous recombination (HR) (Fig. 1A).5 In an independent activa-
tion pathway, ATM has been shown to be activated by ATMIN 
under hypotonic stress which is independent of Nbs1 interac-
tions.6 Interestingly, HR is restricted to S and G

2
 phases of 
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the cell cycle, yet ATM is activated following DSBs regardless 
of cell cycle stage.7 Some data suggests that DNA resection is 
a major component of whether ATM activation promotes HR 
or NHEJ. ATM activation following damage occurring in G

1
 

leads to a minute amount of DNA resection due to low levels 
of cyclin dependent kinases and promotes NHEJ. ATM activa-
tion in S or G

2
, when cyclin dependent kinase levels are high, 

promotes DNA resection by MRN leading to HR promotion via 
ATR signaling.5 Regardless S checkpoint cell cycle arrest is a hall-
mark of ATM activation.8 Upon recruitment of ATM to DSBs 
via the MRN complex, monomeric ATM undergoes autophos-
phorylation at additional sites including the recently identified 
Serine 367 and Serine 2996.9 Importantly, when these sites were 
mutated to phosphor-ablating alanines ATM was unable to arrest 
the cell cycle at the S checkpoint, suggesting these phosphoryla-
tion events are essential in the DDR.9

Unlike ATR and DNA-PK, ATM seems to be activated inde-
pendently of DNA damage through direct exposure to reactive 
oxygen species (ROSs). Guo and colleagues have demonstrated 
and defined a distinct mechanism for activation that is indepen-
dent of DNA or MRN.10 In this pathway, oxidized ATM becomes 
activated and retains autophosphorylation at 1981 but remains a 
dimer. Indeed dimerization via intermolecular disulfide bonds 
involving Cystine 2991, which is near the kinase domain of 
ATM, is essential for this mechanism of activation. Interestingly, 
oxidatively-activated ATM and DNA damage dependent acti-
vated ATM share some, but not all, downstream targets. For 
example both pathways lead to phosphorylation of p53 at Ser15 
and Chk2 at Thr68 but oxidatively activated ATM does not 
phosphorylate H2AX or Kap1. Guo et al. suggest that the speci-
ficity of targets stems from their stable association with DNA, 
i.e., H2AX and Kap1 phosphorylation is restricted to ATM acti-
vated by DNA damage. This seems logical in that DNA dam-
age dependent activation of ATM involves a close association of 
ATM with DNA through MRN interactions. While the distinc-
tion between the activation pathways is apparent both lead to the 
DDR as evidenced by the fact that major downstream signaling 
factors including Chk2 and p53 are induced. This point is appar-
ent in the context of cancer therapies which can produce a tre-
mendous amount of reactive oxygen species (ROSs) that, in turn, 

may cause DNA damage in vivo, leading to both ATM activation 
pathways and the DDR (see below).

ATR. The last member to be identified in the PIKKs is ATR. 
ATR has been demonstrated to respond to DNA replication 
stress and signal to CHK1 via phosphorylation of ser345 in 
an RPA:ATRIP dependent process.11 Consistent with the 
model ATR activation is restricted to S and G

2
 phases of the 

cell cycle. Current models involve RPA detecting and binding 
the single-stranded DNA generated as a function of disrupted 
DNA replication. What distinguishes normal DNA replication-
associated RPA from RPA associated with stalled replication 
forks is a combination of the unique gapped DNA structures 
associated with stalled replication and the proteins bound 
to these structures. The association of ATRIP and ultimate 
activation of ATR required a combination of DNA-protein and 
protein-protein interactions. DNA damage-dependent ATM 
phosphorylation of TOPBP1, mediated in part by CtIP and 
the MRN complex, stimulates association of TOPBP1 with the 
ATR-ATRIP complex. This association has been demonstrated 
to activate ATR leading to downstream target phosphorylation 
(Fig. 1C). The various protein complexes formed by ATR and 
ATRIP are further evidenced by the finding that both ATR and 
ATRIP exist as oligomers. This oligomeric state is not changed as 
a function of DNA damage and ATR oligomers are not dependent 
on ATRIP. Similarly ATRIP oligomers are not dependent on 
ATR.12 This is very different from the ATM dimer which when 
disrupted by phosphorylation leads to ATM activation. Part of 
the difficulty in assessing these differences in activation lies in the 
indirect measures used to measure ATR activation. To date the 
best measure of ATR activation is measurement of downstream 
target phosphorylation though many of the targets are substrates 
for other kinases, thus complicating the analyses. More recently, 
a putative ATR autophosphorylation, site Thr1989, was 
characterized that could potentially be a useful marker for ATR 
activation,13 perhaps enabling the mechanism of ATR activation 
to be more completely elucidated.

DNA-PK. The largest member of the PIKKs is the DNA-
dependent protein kinase catalytic subunit (DNA-PKcs). Indeed 
this protein with the staggering size of 469 kDa is believed to 
be the largest single subunit protein in mammalian cells. It also 

Table 1

DNA-PKcs ATM ATR

DNA tethering complex
Ku70/80 MrN rPA, rad9/rad1/Hus1

H2AX/MDC1

Activating protein Ku80 Nbs1 ATriP

Activating DNA substrates
ds-DNA termini, higher activation 

with 5′ss overhangs
Long 3′ ss regions

Short 3′ ss regions near ds  
junctions

Unique phosphorylation targets
Multiple sites of  

autophosphorylation
Chk2 Chk1

rPA phosphorylation
Ser 4, Ser 8, Ser 12

Ser 33
Ser 21

Quaternary structure Dimer when active Dimer when inactive
Multimer upon activation  

in complex wih rPA
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seems to be the most abundant member of the kinase family 
with approximately 500,000 molecules per nucleus in human 
cells (Meek, personal communication). Unlike ATM and ATR, 
DNA-PKcs plays a major, direct role in DNA repair and also 
initiates the DDR. Similar to ATM, DNA-PKcs forms homodi-
mers; however the nature and role of these dimerization events 
are completely different. Dissimilar to the inactive ATM dimer 
and active monomer form, DNA-PKcs exists as a monomer in 
the cell when inactive. Following a DSB, the Ku70/80 protein 
binds to both termini of the break and recruits monomeric DNA-
PKcs to both sides.14 Together, Ku70/80 and DNA-PKcs form 
the heterotrimeric DNA-PK. The DNA-PKcs molecules dimer-
ize and interact across the DNA termini forming the synaptic 
complex (Fig. 1B). As part of these interactions, DNA-PK under-
goes trans-autophosphorylation at over 40 sites.15 A substantial 
amount of data suggests that Ku70/80 is required for DNA-PK 
formation and activation.16-18 Several groups including our own 
have presented evidence for a direct protein/protein interaction 
between the carboxy-terminus of Ku80 and DNA-PKcs.19 While 
some early work suggested that these interactions are necessary for 
kinase activity, more recent work has questioned this, concluding 
that the C-terminus is dispensable for activation.16,18 Bridging the 
divide in the contrasting conclusions of previous studies, work 
from our group shows that the influence of the C-terminus of 
Ku80 on DNA-PK activation varies depending on the structure 
of the DNA cofactor to which DNA-PK is bound (data not pub-
lished). Keeping with this theme SAXS structural studies have 
shown that the nature of DNA-PK dimerization across the syn-
apse is different depending on the structure of the dsDNA ter-
mini to which the complex is bound.20 Thus, it seems that the 
structure of the DNA termini induce different protein/protein 
and protein/DNA interactions. Further, structural studies have 
revealed an extensive interface between the Ku and DNA-PKcs 
that does not involve the C-terminus of Ku80.20 It is possible that 
these interactions contribute to Ku80 C-terminus independent 
DNA-PK activation; however, it is also possible that the binding 
of Ku to the DNA changes the conformation of the DNA which 
subsequently promotes DNA-PK activation. Distinguishing 
between these two possibilities has proven difficult.

Similar to ATM and ATR regulation, DNA-PKcs activity 
seems tunable. Two important components of the control of this 
activity are the proteins with which DNA-PK interacts and the 
structure of the DNA to which DNA-PKcs is bound. A prob-
able result of the DNA substrate specific tuning is its regulation 
of DNA termini processing and facilitating DNA repair. Our 
group was the first to show that DNA-PKcs is activated by the 5' 
end of the DNA terminus while the 3' end is involved in medi-
ating microhomology pairing across the synapse.21 Additionally, 
DNA-PK autophosphorylation at the ABCDE cluster promotes 

Figure 1. Summary of PiKK Activation pathways. Preferential DNA sub-
strates and recognition complexes are presented. (A) ATM responds to 
long 3′ single stranded regions via the MrN complex. (B) ATr is activat-
ed by short 3′ regions near duplex junctions via rPA:ATriP and TopBP1. 
Protein complexes that tether the PiKKs to DNA are colored green while 
proteins involved in activating the PiKKs are indicated by the squares. 
(C) DNA-PKcs recognizes double stranded DNA termini via Ku.
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through phosphorylation and transcription while indi-
rectly regulating each other by promoting the path-
ways which in turn activate other PIKKs (Fig. 2).

While not as clearly defined as signaling in DSB 
repair, the repair of bulky lesions such as those result-
ing from platinum damage may trigger the DDR as 
well.29 These lesions are primarily repaired by the 
nucleotide excision repair (NER) pathway which 
removes bulky, helical distorting intrastrand lesions 
via endonuclease activity on both sides of the insult.30 
Unlike DSB repair, NER does not necessarily activate 
the DDR during normal repair scenarios. However, 
dysfunctional NER may lead to longer resection via 
ExoI, activity which in turn may provide an adequate 
ssDNA substrate to initiate the DDR.31 Supporting 
DDR initiation, phosphorylation of serine 317 of 
ChK1 was shown to increase in this system. Because 
this is a specific downstream target of ATR, it is likely 

that ATR initiates the DDR following dysfunctional NER. This 
model is attractive because RPA plays an essential role in initiat-
ing NER and also is implicated in activating ATR (see above). 
It will be interesting in the next few years to see if any direct 
evidence will show that ATR initiates the DDR when NER is 
dysfunctional.

Other important regulators of the DDR are the Poly (ADP-
ribose) polymerases including PARP-1 and PARP-2. These 
enzymes modulate signaling by producing poly ADP-ribose 
chains on target proteins and become activated as part of the sin-
gle strand break repair and base-excision repair. In recent years, 
these proteins have been investigated extensively in the context 
of targeting DDR in cancer therapies, particularly in those can-
cers with defective BRCA1 and BRCA2. For more information 
concerning the role of PARPs in DDR and DNA repair we refer 
you to the excellent reviews by Gibson and Kraus32 and Jackson.33

Downstream Targets in the DDR

The PIKKs are known to phosphorylate at least 700 downstream 
targets upon activation.14 This section will highlight recent work 
on a few of the targets to which a significant advance in our 
mechanistic understanding has been made.

H2AX. The phosphorylation status of H2AX is one of the 
most monitored targets of the PIKKs in the DDR. Upon phos-
phorylation of serine 139, H2AX is referred to as γ-H2AX and 
has been shown by several groups to be important in DSB repair 
and, more recently, in response to UV induced damage.34,35 
Interestingly, while each of the PIKKs has been shown to phos-
phorylate serine 139, dysfunction in any of the members leads 
to prolonged γ-H2AX35,36 suggesting that repair is compromised 
(Table 1). Tyrosine 142 is constitutively phosphorylated under 
basal conditions but is dephosphorylated by the protein tyrosine 
phosphatase EYA.37 This dephosphorylation event is crucial for 
MDC1 binding to γ-H2AX and foci formation.38 In ATM-
mediated γ-H2AX signaling, the MRN complex recruits ATM 
to DNA where it is activated and subsequently phosphorylates 
H2AX at serine 139. Following MDC1 binding to γ-H2AX, 

Figure 2. Summary of intra- and inter-PiKK regulation. DNA-PKcs and ATM undergo 
autophosphorylation. DNA-PKcs is a phosphorylation target of ATM and ATr while 
DNA-PKcs promotes ATM transcription.

DNA processing, while phosphorylation at the PQR cluster 
limits processing.22 More recently, related work has shown that 
DNA-PK autophosphorylation at the JK cluster and threonine 
3950 promotes DNA double strand break repair through homol-
ogous recombination (HR) and inhibits NHEJ.23 This same 
study identified a novel phosphorylation site at the N-terminus 
of DNA-PKcs which seems to ablate DNA-PK activity. Whether 
the phosphorylation status of this site is regulated by ATM, ATR, 
DNA-PKcs itself or some combination therein is yet to be seen.

Interplay of PIKKs. A theme in the initiation of DDR by the 
PIKK is the interdependence of the kinases in regulation. Among 
the 40 sites of DNA-PKcs that become phosphorylated only a few 
have been shown to significantly alter repair. Of these sites the 
ABCDE cluster mentioned above is perhaps the most significant 
and is phosphorylated by ATM following DSBs and ATR follow-
ing UV irradiation.24,25 DNA-PKcs, on the other hand, seems to 
be involved in a feedback loop regulating the expression of ATM 
as evidenced by the fact that cells with knocked down DNA-PKcs 
have reduced levels of ATM. Further, it was shown that when 
cell lines that were DNA-PKcs null were transfected with DNA-
PKcs plasmids, ATM levels rose.26 The control of both of these 
events was shown to be at the transcriptional level suggesting that 
DNA-PKcs regulates the transcription of ATM. Additionally, the 
autophosphorylation of DNA-PKcs at the JK and N sites pro-
motes HR, which activates ATR and ATM.23 Recently, MRN 
and CtIP, whose resection activity has been shown to promote 
HR and stimulate ATM activity, were shown to promote NHEJ 
following etoposide treatment of cells in G

1
.27 This is seemingly 

in contrast to work in yeast which suggests that Mre11 and CtIP 
are responsible for the release of Ku from dsDNA termini and 
promoting HR.28 Whether this functional relationship is also 
retained in mammals remains untested. Because Ku activates and 
regulates DNA-PKcs activity, it is important that the influence 
of Mre11 and CtIP on displacing Ku from DNA be investigated 
further. This model however, is consistent with data demonstrat-
ing that ATM phosphorylation of TOPbp1 in conjunction with 
NBS1 stimulated ATR activity. These and other data provide 
convincing evidence that the PIKKSs regulate each other directly 
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DNA-PKcs.42 Chk2, on the other hand, is a major downstream 
target of ATM and perhaps DNA-PKcs, which phosphorylate 
Chk2 at Thr6842,48 (Table 1). This event is believed to stimu-
late Chk2 kinase activity but does not appear to be essential, as 
the Thr38Ala mutation does not completely abolish IR-induced 
Chk2 activation.49 Thr68 phosphorylation does, however, appear 
to prime trans-autophosphosphorylation activity at Thr 383 and 
387 and in cis at Ser516, ultimately leading to maximum activa-
tion, likely through oligomerization.50

Following activation, the Chk1 and Chk2 arms of the DDR 
converge on the regulation of the Cdc25 family of dual-specificity 
phosphatases. Chk1 and Chk2 inactivate these proteins and keep 
them from removing important inhibitory phosphorylation sig-
nals on Cdk/Cyclin complexes ultimately leading to cell cycle 
arrest.51 Cdc25A has been shown to be an important substrate 
of Chk1, which leads to Cdc25A degradation and limits cell 
cycle progression at the S-phase checkpoint and the G

2
/M check-

point.52,53 Further, oncogene Survivin was recently reported to 
be regulated by Chk2, where Chk2 targets Survivin for degra-
dation leading to cell cycle arrest.54 Besides targeting other sig-
naling proteins, Chk2 may directly influence cell cycle progress 
by regulating replication enzymes. Recently Chk2 was shown 
to inhibit the CMG replicative helicase complex in Drosophila 
melanogaster.55 Similarly, it was recently observed in fission yeast 
that the Chk2 homolog Cds1 targets and activates the nuclease 
Dna2 which is necessary to prevent stalled replication forks from 
regressing.56 In summary the activation of Chk1 and Chk2 are 
crucial events in the DDR and regulate cell cycle arrest directly 
through the regulation of DNA repair and replication proteins 
and indirectly by propagating DDR signaling cascades.

DNA Damaging Cancer Therapeutics

DNA damaging cancer therapeutics can be divided into groups 
based on their mechanism of action and type of damage induced 
though there is considerable crossover between classes (Table 2). 
Alkylating agents directly modify DNA and often induce bulky 
DNA damage that is repaired via the nucleotide excision repair 
pathway (NER). Platinum-based agents also induce bulky DNA 
damage repaired by the NER pathway and are effective in treat-
ing a wide array of cancers. Other non-traditional alkylators 
include direct methylating agents. Aberrant methylation of DNA 
bases such as that induced by temozolomide is repaired via the 
base excision repair pathway (BER). The induction of DNA DSB 
via radiation or radiomimetics is also an effective method to 
induce cellular death as DSB are considered the most toxic form 
of DNA damage. The NHEJ and HR pathways are involved 
in repair DNA DSBs. A large class of agents ultimately target 
DNA metabolism and include DNA intercalating agents, topoi-
somerase poisons and antimetabolites. Eventually these result in 
DNA adducts, strand breaks or stalled/collapsed DNA replica-
tion forks, the repair or restart of which often requires HR and 
Fanconi anemia proteins. In addition, treatment with many of 
these agents results in the generation of ROSs in the cell. ROSs 
can directly induce a wide array of DNA damage including base 
oxidation, sugar fragmentation and single strand DNA breaks. 

ATM by way of an interaction to Nbs1 which interacts with 
MDC1 becomes tethered to the focus (Fig. 1A). The active 
ATM can propagate γ-H2AX foci formation from 2–30 Mbp 
surrounding the break.39 Similarly, evidence suggests that the 
TopBP1/ATR complex, which is activated following stalled DNA 
replication, can be recruited to γ-H2AX foci by MDC1 and ATR 
and propagates γ-H2AX foci formation.40

Replication protein A (RPA). RPA is a heterotrimeric, ssDNA 
binding protein consisting of the 70, 32 and 14 kDa subunits.41 
Because of its ability to bind ssDNA, RPA has been shown to be 
involved in several nuclear pathways including DNA replication 
and DNA repair. RPA is an important target of the PIKKs par-
ticularly on the 32 kDa subunit. There are at least 7 sites which 
undergo phosphorylation during the DDR at the N-terminus of 
RPA 32. The regulation of the phosphorylation status of each 
of these sites and their influence on the neighboring sites within 
the N-terminus is complex. Recently, however, Oakley and col-
leagues reported some elegant work that demystifies the pro-
cess.42 Using in vivo and in vitro data they convincingly show 
that Ser4 and Ser8 are phosphorylated by DNA-PKcs and, to a 
lesser extent by ATM. The phosphorylation of these serines seems 
to moderately stimulate the phosphorylation of Ser33 by ATR 
and significantly stimulates the phosphorylation of Ser12 by 
ATM and DNA-PKcs. Interestingly, ATR activation was shown 
to be influenced by RPA phosphorylation at Ser4 and Ser8, as 
RPA S4A/S8A mutants caused a decrease in phosphorylation of 
the ATR-activating protein TopBP1 at sites essential in stimulat-
ing ATR activity (Table 1).

Besides regulating ATR activity, there are several important 
cellular consequences of RPA hyperphosphorylation following 
the initiation of the DDR (Table 1). A recent study showed that 
RPA interacts with the tumor suppressor p53 and that this inter-
action is ablated upon hyperphosphorylation of RPA32 at the 
N-terminus and phosphorylation of p53 at Ser37 and Ser46.43 
Interestingly, this regulation requires participation of DNA-PK, 
ATM and ATR, as DNA-PK primarily phosphorylates RPA and 
ATM and ATR phosphorylate p53 at Ser46 and Ser37, respec-
tively. In this study, the authors suggest that this dissociation 
may be important for RPA to function in DNA repair pathways. 
Others have shown that RPA32 hyperphosphorylation facilitates 
NHEJ by suppressing sister chromatid exchange.44 Ser4/6, Thr21 
and Ser33 phosphorylation mark checkpoint arrest and S12 phos-
phorylation marks replication recovery. While hyperphosphor-
ylation of RPA is critical in cell cycle arrest and DNA repair, 
removing these posttranslational modifications is important 
in relieving these effects. For example, PPA2-mediated RPA32 
dephosphorylation of Thr21 and Ser33 is required for checkpoint 
release and cell cycle re-entry.45

Chk1 and Chk2. A major downstream target of ATR that 
elicits the DDR is Chk1 (Table 1). ATR phosphorylates Chk1 at 
Ser317 and Ser345, which results in stimulation of Chk1’s kinase 
activity.46 This event requires the scaffolding protein Claspin, 
whose recruitment itself requires ATR-mediated phosphoryla-
tion of Rad17.47 Further, even though Chk1 is a major target of 
ATR through direct phosphorylation, Oakley et al. show that 
this event is dependent on RPA32 S4 and S8 phosphorylation via 
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The same study also revealed increased sensitivity to the Chk1 
inhibitor UCN-01 but not a Chk2 inhibitor consistent with an 
ATR Chk1 driven DDR pathway. Clearly it will be of interest 
to determine if ATR inhibitors alter sensitivity to bendamustine 
and melphalan treatment.

Platinum-based drugs, cisplatin and carboplatin induce bulky 
DNA adducts through coordinate-covalent bonds between DNA 
and the platinum moiety (Fig. 3C–E). Technically, platinum 
agents are therefore not alkylators in that no carbon groups are 
transferred. It is well established that the intrastrand adducts 
formed by cisplatin are repaired via NER and can be tolerated via 
HRR dependent mechanisms or via by-pass DNA polymerases.65 
The DDR as a function of platinum treatment has also been 
studied in a variety of model systems and yielded varying results. 
DNA-PK, ATM and ATR have each been implicated in mediating 
the response to cisplatin-induced DNA damage. In some cases, 
the response is dependent on genetic defects in specific repair 
pathways. Cells defective in by-pass polymerase pol eta display 
increased DNA-PK dependent signaling, as measured by RPA2 
hyperphosphorylation following cisplatin treatment.66 Similar 
effects were observed with oxaliplatin treatment, though ATM 
was not implicated in the response to cisplatin and oxaliplatin, 
consistent with Chk1 phosphorylation via ATR. More recently, 
an examination of RPA phosphorylation in response to DNA 
damage and replication stress revealed a complex coordination 
of RPA phosphorylation via ATM, ATR and DNA-PK to initiate 
replication arrest and recovery after cisplatin induced DNA 
damage.42 These data are consistent with earlier studies suggesting 
that activation of ATR signaling pathway results in both Chk1 
and Chk2 phosphorylation in response to cisplatin,67 though the 
Chk2 phosphorylation is likely to be indirect. While a direct 
link was suggested, an alternative possibility is that the temporal 
events in cisplatin-induced DNA damage and processing lead to 
activation of in vivo activation of DNA-PK and ATM that may 
not be accurately measured in pull-down assays of cell extracts 
prepared relatively soon < 8 h after cisplatin treatment.67 ATM 
has been implicated in the response to cisplatin and proposed to 
impact NER-catalyzed repair.68 This study using normal human 
fibroblasts and XPA and XPG mutants demonstrated decreased 

Clearly, cancer therapy presents a plethora of insults to chromo-
somal DNA and a considerable challenge for DDR.

Alkylating agents. Alkylating agents are perhaps the oldest 
class of agents used to treat cancer and result in the covalent 
transfer of alkyl-groups to DNA resulting in DNA damage and 
includes nitrogen mustards and nitrosoureas (Fig. 3A and B). 
There has been considerable recent excitement over bendamus-
tine, an alkylating agent originally developed in the 1960s and 
approved in 2008 for treatment of lymphoma.57 Despite the recent 
clinical implementation, there is dearth information concerning 
its mechanism of action.58 While bendamustine forms mono 
adducts on purine bases as a function of the 2-cloroethylamine 
moiety, there is only limited evidence for the formation of purine 
intra or interstrand crosslinks.59 Significant levels of DNA double 
strand breaks have been observed when compared with compa-
rable alkylating agents.60 COMPARE analysis revealed limited 
similarity with other agents including similar alkylating agents 
like melphalan.58 Gene ontology analyses of bendamustine 
treated cells indicated DDR as the top regulated pathway with 
some evidence that the BER pathway is in part responsible for 
processing bendamustine induced DNA adducts.58 While there 
is also evidence that melphalan mono and di-adducts melpha-
lan are repaired via the NER pathway as demonstrated by the 
hypersensitivity of NER deficient cells to treatment,61 this has 
not been addressed for bendamustine. Bendamustine activation 
of the DDR has been studied in a few models. Initial studies 
in a myeloma cancer model revealed activation of ATM and 
Chk2, but not Chk1.62 However this study was limited by use 
of non-specific DDR inhibitors which led to the conclusion that 
inhibition of ATM/ATR Chk1/2 does not alter bendamustine 
sensitivity. More recently in a nice series of experiments, a more 
specific inhibitor of Chk1 (AZD7762) was shown to potentiate 
the activity of both melphalan and bendamustine which did so 
with an accompanying increase Chk2 phosphorylation.63 The 
authors suggested that this sensitivity was a function of the gen-
eration of more DNA DSBs, though this was not directly mea-
sured. A study of the effects of differing doses of bendamustine 
revealed differential activation of cell cycle checkpoints, consis-
tent with the multiple mechanisms of bendamustine action.64 

Table 2

Agents Indication DNA damage
DDR pathways 

engaged
DNA repair  

pathways engaged

Alkylating 
agents

Bendamustine Lymphoma Predominantly monofunctional ATM ATr/Chk1 Der

Melphalan Multiple myeloma Monofunctional and bifunctional ATr/Chk1 Ner/Ber

Platinums

Cisplatin various intra-strand and interstrand ATM/ATr/DNA-PK Ner/Hr

Carboplatin Lung ovarian intra-strand and interstrand Ner/Hr

Oxaliplatin Colon intra-strand and interstrand ATr-DNA-PK Ner/Her

Replication  
disrupting 

agents

Gemcitibine Pancreatic Chain termination/stalled replication ATr Hr

Ara-C Hematologic Stalled replication ATr Hr

etoposide SCLC DSB topo-DNA adducts ATr Hr

Doxorubicin Breast DSB topo-DNA adducts ATr Hr

Radiomimetics
Bleomycin Testicular DSB, SSB, oxidized bases ATM/DNA-PK NHeJ/Hr

C-1027 Pre-clinical DSB, SSB, oxidized bases ATM/ATr/DNA-PK NHeJ
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ATM phosphorylation and increased Chk1 phosphorylation in 
the NER mutants in response to cisplatin treatment.68 In the 
absence of measuring DNA-PK or ATR activity, expression was 
unchanged; it is difficult to pinpoint the pathways involved in the 
presence of an active NER system. The data do suggest that an 
active NER system increases the potential that ATM is activated 
as measured by S1981 phosphorylation. This is consistent with a 
model for a low level of aberrant repair resulting in the generation 
of DNA DSB’s which could activate ATM directly.

The role of ATR in response to cisplatin has gained consider-
able attention with the demonstration and genetic knockdown 
of ATR-sensitized p53 null cancer cells to cisplatin.69 The effect 
of ATR-induced S-phase arrest was found to be a significant 
contributor to cisplatin-induced apoptosis, though oxaliplatin-
induced apoptosis was less sensitive to ATR inhibition.70 The 
recent development of ATR inhibitors has reinvigorated the field 
and notable synergy with cisplatin has been observed in con-
junction with ATR inhibition.71,72 Analysis of the VE-821 ATR 
inhibitor revealed impressive synergy with cisplatin over a wide 
range of drug concentrations.71 The demonstration of synthetic 
lethality with ATM in a cisplatin treatment model suggests that 
aberrant or reduced ATR signaling leads to the generation of col-
lapsed replication forks in S-phase and the activation of ATM-
dependent signaling and S-phase arrest. How ATR inhibition 
impacts NER catalyzed repair is an interesting question that has 
yet to be directly addressed. The canonical pathway from ATR 
to Chk1 first demonstrated to be induced by cisplatin73 has led 
to a series of studies of assessing the effect of Chk1 inhibition on 
cisplatin sensitivity and clinical trials of putative Chk1 inhibi-
tors.74 Modest results led to the development of more potent and 
specific Chk1 inhibitors, though similar lack of synergy has been 
observed, calling into question the utility of targeting Chk1 as a 
mechanism to sensitize cell to cisplatin based therapy.75

DNA replication targets. Blockage of DNA replication 
is often an effective therapy for rapidly dividing cells and can 
be achieved either through direct DNA damage or indirectly 
through inhibition of replication proteins such as that observed 
with topoisomerase inhibitors, camptothecin and etoposide 
(Fig. 4A). Numerous anti-metabolites target DNA metabolism 
for instance thymidylate synthase, ribonucleotide reductase and 
dihydrofolate reductase, via agents including 5-fluorouracil, 
gemcitabine and methotrexate respectively and are often used in 
combination (Fig. 3F and G).76 These agents along with the labo-
ratory workhorse for inducing replication stress, HU, are strong 
activators of the ATR pathway. Similar to HU, gemcitabine has 
been demonstrated to inhibit ribonucleotide reductase; thus, the 
activation of ATR is not unexpected.77 However, gemcitabine 
can also be incorporated into a growing DNA chain acting as a 
chain terminator like cytosine arabinoside (Ara-C). Interestingly 
Ara-C sensitivity is increased in cells with defective ATR signal-
ing77 suggesting that in the ATR activation via gemcitabine is, in 
part, a function of both its activities, inhibition of ribonucleo-
tide reductase and acting as a chain terminator. This data are 
consistent with a more recent finding that the small molecule 
ATR VE82 sensitizes cells to gemcitibine71 treatment suggesting 
that ATR inhibition could be an effective strategy to increase the 

anticancer activity of gem and other DNA damaging therapeu-
tics that activates the ATR pathway.

Topoisomerase II poisons doxorubicin and etoposide (Fig. 4) 
also are effective anticancer agents and act through the inhibition 
of topoisomerase II which is necessary for relieving the positive 
supercoiles associated with both DNA replication and transcrip-
tion. Etoposide stabilizes the covalent DNA-protein complex and 
imparts significant replication stress, while doxorubicin interca-
lates into DNA to inhibit topo II. This general mechanism of 
action is consistent with the strong activation of the DDR. Similar 
to the effect of cisplatin, etoposide induces RPA hyperphosphory-
lation via DDR kinases42 as well as histone H2AX phosphoryla-
tion.78 Interestingly, while etoposide has been demonstrated to 
activate ATM and ATR42 doxorubicin showed dose dependent 
activation of ATM and no ATR activation as determined by 
Ser428 phosphorylation.78 However, there is no data to suggest 
that p-428 is in fact a measure of ATR activation. This remains 
an open questions and the use of a phosphospecific antibody 
should be avoided until there is convincing demonstration that 
the specific phosphorylation site is a true measure of activation. 
In fact the demonstration that the ATR inhibitor Nu6027 sensi-
tized cells to doxorubicin argues that ATR is a contributor to the 
cellular response to doxorubicin treatment.72 Similarly, activation 
of ATR by the topoisomerase I poison camptothecin and increase 
sensitivity observed in ATR or CHK1 knockdown has been dem-
onstrated.79 The NU6027 inhibitor also potentiated the effect of 
camptothecin in breast cancer cell culture models.72 One would 
expect considerable synergy with small molecule ATR inhibitors 
with second generation topo I inhibitors including irinotecan and 
topotectan although this has not yet been demonstrated.

Figure 3. Chemical structures of DNA damaging chemotherapeutics.
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Chk2 and p53 phosphorylation has been demonstrated to be sig-
nificantly reduced.49 Interestingly, the ATM-independent sig-
naling in response to C-1027 was attributed to the formation of 
interstrand crosslinks and activation of ATR, suggesting a replica-
tion stress model.81 With the development of effective and specific 
inhibitors of ATM, ATR and DNA-PK it should be possible to 
rationally combine these agents with individual DNA damaging 
therapies to maximize anti-cancer efficacy.

Conclusion

DNA damaging agents have been and will continue to be a main-
stay in numerous cancer therapies. These drugs induce a variety 
of different DNA lesions which the cell must recognize and coun-
ter in order to survive. The pathways utilized in this endeavor 
converge on the DDR. Originally thought to be three separate 
pathways, we are just beginning to elucidate the network of inter-
actions and regulations that impact the outcome following DNA 
damage. The dysregulation of DNA repair and damage response 
a contributing factor in carcinogenesis, can be exploited for 

Direct DNA DSB inducing therapies. DNA damage in the 
form of DNA double strand breaks can be induced by IR therapy 
as well as radiomimetic agents, including bleomycin and enediyne 
compounds (Fig. 4C). There have been a number of excellent 
reviews on the roles of NHEJ and HR in the response to IR. The 
cellular response to radiomimetic agents appears to be somewhat 
more variable and clear exceptions to the canonical DDR path-
ways have been demonstrated. These differences may be a func-
tion of either the temporal differences in DNA damage induction 
or in the variability or complexity of the damage induced. The 
antitumor enediyne antibiotic C-1027 (Fig. 4D) induced direct 
DNA DSB and was demonstrated to activate ATM as assessed by 
Ser1981 phosphorylation and downstream target phosphorylation 
of Chk1 and 2 and p53.80 Interestingly, in the absence of ATM, 
the same downstream targets were effectively phosphorylated 
suggesting ATR or DNA-PK dependent signaling. Knockdown 
of ATR decreased Chk1 phosphorylation, but not phosphoryla-
tion of Chk2 or p53 and only with combined ATM and ATR 
deficiency was downstream signaling reduced. This is in direct 
contrast to IR-induced DNA DSB’s where in the absence of ATM, 

Figure 4. Chemical structures of natural product-based DNA damaging therapeutics.
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cancer therapy. Effectively targeting the DDR and DNA repair 
requires the thorough understanding of the interactions between 
the pathways being induced. An important consideration is how 
one pathway compensates for the decreased activity of another as 
a function transient inhibition induced by therapies targeting the 
DDR. With this knowledge there are unlimited opportunities 
for targeting the DDR to in combination with DNA damaging 
therapies to enhance cancer treatment.
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