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    1   An Introduction to ATR 

 Ataxia Telangiectasia Mutated and Rad3-related (ATR) is a vital sensor of a variety 
of DNA lesions and is critical to cell cycle arrest at the S and G2 checkpoints as well 
as initiation of DNA repair via homologous recombination repair (HRR). ATR is a 
member of the PI-3K like family of kinases (PIKKs), which include Ataxia 
Telangiectasia Mutated (ATM) and DNA-PK 

CS
 (DNA-dependent protein kinase cat-

alytic subunit)  [  1  ] ; protein kinases that are also involved in the complex network of 
DNA damage signalling and repair mechanisms known as the DNA damage response 
(DDR). The DDR comprises sensor proteins which detect the DNA damage and 
signal to transducer proteins, e.g. p53 and checkpoint kinases which then transmit 
this information to downstream effector proteins. These effectors activate the appro-
priate damage response, be it cell cycle arrest and DNA repair or apoptosis. Many 
of the phosphorylation substrates of ATR are also common to ATM, and the two are 
both involved in HRR in response to double strand breaks (DSBs). There is also 
crosstalk between the two PIKKs. ATM and ATR phosphorylate >900 sites on >700 
proteins in response to DNA damage induced experimentally, highlighting the 
complexity of the network. The majority of phosphorylated proteins are involved in 
DNA replication, recombination and repair plus cell cycle regulation  [  2  ] . 
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    1.1   Investigating the Role of ATR 

 The  fi rst indications that ATR may be involved in cell cycle checkpoints came from 
the cloning of ATR using homology sequencing with Rad3 of  S. pombe  , which is 
known to be involved in cell cycle arrest  [  3  ] . The critical role of ATR for viability 
was established when it was discovered that ATR −/−  mice die on embryonic day 7 
 [  4  ] . This may explain why no humans with germ-line homozygous ATR deletions 
have been identi fi ed, which, for a long time, made characterising ATR challenging. 
Blastocysts from the ATR −/−  mice could be harvested prior to death, cultured and 
analysed. This showed that this embryonic lethality was due to increased apoptosis 
and chromosomal fragmentation  [  4  ] . Such fragmentation is also observed in cells 
undergoing mitotic catastrophe; a characteristic of cells entering mitosis prema-
turely following incomplete DNA synthesis  [  5  ] . This was one of the  fi rst indications 
that ATR is critical to cell cycle arrest. 

 In humans, the only well characterised disorder associated with ATR is the 
autosomal-recessive disease Seckel syndrome  [  6  ] . Sufferers have a hypomorphic 
mutation in the ATR gene resulting in low levels of the protein and exhibit growth 
retardation and microcephaly; characteristics which are similar to those exhib-
ited by  sufferers of other disorders associated with impaired cell cycle arrest 
such as Nijmegen breakage syndrome  [  7  ] . Examination of lymphoblast cell lines 
from Seckel patients has shown that they exhibit a three- to seven-fold increase 
in chromosomal fragmentation following inhibition of DNA synthesis  [  8  ]  which 
is similar to that seen in ATR −/−  murine cells  [  4  ] . Interestingly, Seckel syndrome 
patients do not have an increased prevalence of cancer, which is surprising as 
in vivo studies showed ATR +/−  mice have an increased incidence of tumour 
formation  [  4  ] . 

 The role of ATR in cell cycle arrest was con fi rmed upon the development of cells 
expressing an inducible ATR kinase-dead (ATR-KD) cell line where the ATR-KD 
acts as a dominant negative inhibitor of the native protein  [  9  ] . When ATR was no 
longer active, these cells did not arrest following DNA damage and, in particular, 
lacked G2 arrest  [  9  ] . Further work in ATR-KD cells showed that ATR becomes 
active following different types of DNA damage compared to ATM  [  10,   11  ] .  

    1.2   ATR: A Sensor of DNA Damage 

 ATR is activated by the single stranded–double stranded DNA (ssDNA–dsDNA) 
junctions, which arise principally at stalled replication forks, resected double 
strand breaks (DSBs) and nucleotide excision repair (NER) intermediates. Stalled 
replication forks occur when the dNTP pool is depleted preventing further DNA 
synthesis, when the number of origins of replication exceeds dNTP supply or 
when the replication machinery encounters a DNA lesion. This tends to occur 
when the advancing replication fork reaches lesions such as single-strand breaks 
(SSBs), bulky adducts and interstrand cross links (ICLs)  [  12,   13  ] . Under these 
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circumstances the polymerase on the damaged strand may arrest while the 
 opposing polymerase continues  [  14  ] , thus creating the ssDNA–dsDNA structure. 
Many of these lesions occur endogenously; reactive oxygen species (ROS) are 
the major source of the 10 4 –10 5  base lesions that are generated per cell each day 
 [  15  ]  which can lead to SSBs and also the 50 DSB generated/cell/day  [  16  ] . Bulky 
adducts and ICLs can be created by environmental mutagens such as UV light 
and tobacco smoke  [  17  ] . 

 The nucleotide excision repair (NER) pathway is used to remove bulky adducts 
such as UV-induced (6–4) photoproducts  [  11  ] , which occur on a single strand of the 
DNA  [  18  ] . These adducts are removed by cleaving away 20–30 nucleotides of DNA 
around the damage, leaving a portion of ssDNA and thus generating the ssDNA–
dsDNA structure. 

 Resected double strand breaks (DSBs) also create the ssDNA–dsDNA structures 
that activate ATR  [  19  ] . A major cause of DSBs is ionising radiation (IR). IR has 
been shown to primarily activate ATM rather than ATR. ATM is recruited to DSBs 
by the MRN complex (composed of Mre11, Rad50 and Nbs1) and upon its activa-
tion stimulates resection by phosphorylating the MRN complex and EXO  [  20  ] . 
The exonuclease activity then acts on one of the DNA strands causing the ssDNA–
dsDNA structure to form, thus activating ATR  [  20  ] . In vitro work has shown that 
TopBP1, an important component in HRR, interacts with Nbs1  [  21  ]  and TopBP1 
feeds back to activate ATR  [  22  ] . 

 ATR activation is initiated by the binding of the single-stranded binding replica-
tion protein A (RPA) to the single-stranded portion of the ssDNA–dsDNA junction 
 [  23  ] . The role of RPA is twofold: to protect the single-stranded DNA overhang from 
exonuclease activity thus preventing formation of lethal DSBs, and to activate the 
downstream ATR pathway to initiate cell cycle arrest and DNA repair. RPA inter-
acts with the ATR interacting protein ATRIP which is in complex with ATR, thus 
recruiting ATR to the DNA  [  24,   25  ] . The Rad17-RFC complex is simultaneously 
recruited to the DNA  [  26  ]  mediating loading of the Rad9-Rad1-Hus1 (9-1-1) com-
plex onto the DNA and thus recruiting TopBP1. TopBP1 is ultimately responsible 
for the activation of ATR kinase  [  22  ] . Active ATR kinase can then signal to down-
stream transducer proteins. 

 The mismatch repair system (MMR) is also important in ATR activation. MMR 
repairs any DNA base mismatches or insertion deletion loops that most often 
occur due to alkylating mutagens  [  18  ] .  O  6 -methylguanine is a common result of 
exposure to alkylating agents and is a major target of the MMR machinery. Key 
protein complexes within this repair system are the MutS a  and MutL a  complexes 
which are required for recognition and excision of mis-incorporated bases (includ-
ing  O  6 -methylguanine). Evidence has shown that the ATR-ATRIP complex is 
recruited to  O  6 -methylguanine in a MutL a  and MutS a -dependent manner and that 
this recruitment activates ATR  [  27  ] . The MSH2/MSH6 heterodimer binds the mis-
matched DNA, and immunoprecipitation experiments showed that ATR interacts 
with both of these component proteins. Furthermore, siRNA depletion of MSH2 
has demonstrated that MSH2 is required for CHK1 ser317  phosphorylation  [  28  ] . 
There is additional evidence of the interaction between the MMR machinery and 
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the ATR pathway as MutS a  interacts with ATR, CHK1 and TopBP1 in a puri fi ed 
system  [  29  ] . MMR-pro fi cient cells also form ATR foci following DNA damage 
with the alkylating agent temozolomide (TMZ) whereas their MMR-de fi cient 
counterparts do not  [  30  ] .  

    1.3   Involvement of ATR in S/G2 Arrest 

 To prevent any damaged DNA being replicated, the cell must  fi rst arrest its cell cycle 
in order to repair this damage. ATR kinase is pivotal to arrest at the S and G2 check-
points (Fig.  1 ). A key downstream target of ATR is CHK1. When Rad17 is recruited 
to the DNA, it interacts with claspin  [  31  ] ; a protein responsible for the regulation of 
CHK1 phosphorylation by ATR. CHK1 is an essential kinase  [  32  ]  that is phosphory-
lated by ATR on serine residues 317 and 345. Phosphorylation of CHK1 ser345  by ATR 
is essential for CHK1 kinase activation  [  33  ]  and this phosphorylation event is often 

  Fig. 1    Role of ATR in S/G2 checkpoint control and DNA DSB repair via homologous recombination. 
ATR-ATRIP is recruited by RPA to ssDNA–dsDNA junctions. The Rad17-RFC complex is also 
recruited to the DNA leading to TopBP1 recruitment and ultimate activation of ATR kinase. ATR 
phosphorylates a number of downstream targets, the best described of which is CHK1. CHK1 becomes 
active and phosphorylates downstream targets including the Cdc25 phosphatases. Cdc25A mediates 
S-phase entry by dephosphorylating CDK2/Cyclin A and Cdc25C controls G2/M transition via 
dephosphorylation of Cdc2/Cyclin B. Both ATR and CHK1 interact with and phosphorylate proteins 
involved in HRR repair       
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used as a marker of ATR activity  [  34–  36  ] . Upon phosphorylation at these residues 
CHK1 becomes active triggering autophosphorylation at serine 296  [  36  ] . CHK1 then 
dissociates from the chromatin  [  37  ]  and can phosphorylate a number of targets. Cell 
cycle arrest is achieved by phosphorylation of the cell cycle Cdc25 checkpoint phos-
phatase proteins rendering them inactive  [  38  ] . Inactive Cdc25A dephosphorylates 
the CDK2/Cyclin A or E complex that promotes S-phase entry  [  39  ] . Similarly, 
Cdc25C activates the Cdc2/Cyclin B complex by removing the inactivating phos-
phates on threonine 14 and tyrosine 15 of Cdc2  [  39  ]  to promote entry into mitosis. 
These two residues are phosphorylated by Wee1  [  40  ] . The effect of CHK1 on cell 
cycle progression is therefore threefold: Cdc25A is phosphorylated and inactivated 
preventing S phase arrest, Wee1 is phosphorylated and stabilised  [  40  ]  resulting 
in phosphorylation of Cdc2 at Thr14 and Tyr15, and Cdc25C is phosphorylated 
and inactivated allowing Cdc2 to remain phosphorylated thus preventing the 
G2/M transition.   

    1.4   ATR’s Response to Endogenous Damage 

 While much of the research surrounding ATR concentrates on its role following 
exogenous DNA damage, it is important to remember that much of the damage 
incurred by the cell is from endogenous or environmental sources. As previously 
mentioned, ROS generated from metabolism are responsible for a plethora of 
lesions that occur on the DNA  [  15  ] . Skin cells are also exposed to UV radiation on 
a daily basis creating bulky adducts  [  11  ] . Evidence has shown that ATR is also 
vital in the absence of exogenous genotoxic stress  [  41  ] . This was initially demon-
strated in cells from the blastocysts of ATR −/−  mice where 60–65% of mitotic 
spreads contained fragmented chromosomes compared to the 0–2% seen in ATR +/+  
and ATR +/−  mice  [  4  ] . Investigations have shown that ATR is associated with chro-
matin in normal proliferating cells to a greater extent at the S phase of the cell cycle 
 [  23  ]  where the chromatin is most vulnerable to fragmentation. ATR has been shown 
to maintain fragile site stability as siRNA knockdown of ATR or expression of an 
ATR-KD mutant increases the average number of chromosomal breaks per cell 
when DNA replication is reduced using the replication inhibitor aphidicolin  [  42  ] . 
Furthermore, many of the proteins associated with ATR and its activation such as 
Rad17, TopBP1 and claspin are also associated with chromatin during unperturbed 
S-phase  [  43  ] .  

    1.5   ATR and DNA Damage Repair 

 As well as arresting the cell cycle at the S and G2 checkpoints, ATR is pivotal to 
stabilising replication forks and initiating DNA damage repair (Fig.  1 ). This repair is 
primarily via HRR; however, there is considerable crosstalk between ATR and other 
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DNA damage repair pathways  [  41  ] . Some of this crosstalk is due to the  formation of 
the ssDNA–dsDNA junction in repair pathway intermediates, as previously men-
tioned in the case of NER. ATR interacts with machinery from other pathways such 
as the non-homologous end joining (NHEJ) pathway, where ATR phosphorylates 
DNA-PK 

CS
   [  44  ] , and the ICL and translesion synthesis (TLS) pathways in which 

ATR is activated by RPA and phosphorylates FANCD2 allowing cross links to ulti-
mately be removed  [  41,   45  ] . Removal of these cross links leaves behind a gap which 
must be repaired via HRR. Evidence has also shown that G2 arrest to correct the 
mismatch repair (MMR) substrate 6-thioguanine is ATR dependent  [  46  ] , and that 
ATR may indirectly in fl uence the base excision repair (BER) pathway  [  47  ] . 

 The repair pathway in which ATR is most strongly associated is the HRR path-
way which is also activated by ATM  [  48  ] . The precise role of ATR in HRR is yet 
to be con fi rmed; however, the plethora of experimental evidence surrounding ATR 
and other proteins implicated in HRR has demonstrated that it has a signi fi cant 
role in this DNA repair pathway. HRR is only active during S and G2-phases of 
the cell cycle as it relies on the use of the homologous sister chromatid as a tem-
plate for DNA repair. It is a complex repair pathway in which the ssDNA over-
hang, generated at stalled replication forks or following the ATM-dependent 
resection of DSBs  [  49,   50  ] , is rapidly coated with RPA, preventing DNA degrada-
tion and recruiting the ATRIP-ATR complex. ATM and ATR both phosphorylate 
BRCA1 stimulating its E3 ubiquitin ligase activity that is needed for activation of 
the G2 checkpoint  [  51  ] . BRCA2, which also interacts with PALB2 and BRCA1 
 [  52  ]  delivers RAD51 to the break and aids its displacement of RPA to form the 
nucleoprotein  fi lament that can invade the complementary duplex DNA  [  53–  55  ] . 
The sequence from this chromatid is then replicated at the point of damage, 
making this repair pathway error-free  [  18  ] . 

 Phosphorylation of HRR proteins by ATR is critical to HRR pro fi ciency. HRR 
assays in ATR-KD cells have shown that cells lacking ATR kinase function have 
reduced levels of HRR  [  56  ] . CHK1 is also vital for HRR. An HRR model system 
where only colonies that have undergone HRR survive was used to show that inhibi-
tion of CHK1 and ATR by UCN-01 and caffeine, respectively, reduces HRR by 
three- to fourfold. Inhibition of CHK1 by UCN-01 or siRNA knockdown of CHK1 
also reduces RAD51 focus formation, further con fi rming the requirement of active 
CHK1 in HRR  [  57  ] . 

 Histone H2AX is a substrate common to both ATR and ATM, and is required for 
DSB repair. Phosphorylation of H2AX ( g -H2AX) is a marker of DSB and occurs in 
an ATR-dependent manner following treatment with the replication-arresting agent 
hydroxyurea (HU) and also UV  [  58  ] . Investigations have indicated that H2AX facil-
itates HRR, as  g -H2AX foci co-localise with foci of repair proteins including 
RAD51, BRCA1 and 53BP1  [  58,   59  ] . 

 A number of other HRR-associated proteins are directly phosphorylated by ATR. 
These include BLM which is a RecQ helicase that is de fi cient in Bloom’s syndrome; 
a condition that predisposes to cancer  [  60  ] . BLM has been shown to be directly 
phosphorylated by ATR, and co-localises with ATR, RAD51 and  g -H2AX in 
response to HU  [  61  ] . 
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 Another RecQ helicase—WRN, de fi cient in Werner’s syndrome—also interacts 
with and is phosphorylated by ATR. WRN co-localises with the HRR proteins 
RAD51 and RAD54 in response to the DNA cross-linking agent Mitomycin C 
(MMC), and immunoprecipitates with ATR demonstrating a direct interaction 
between these proteins  [  62  ] . ATR, BLM, WRN and 53BP1 interact with one 
another to promote RAD51 foci formation  [  63,   64  ] . These interactions are depen-
dent on ATR activity; siRNA knockdown of ATR prevents phosphorylation of 
BLM and reduces formation of 53BP1 foci in response to HU. BLM and 53BP1 no 
longer co-localise in cells with siRNA knockdown of CHK1 following the same 
treatment  [  63  ] . 

 More recently, the role of ATR in phosphorylating proteins in the Fanconi anae-
mia pathway has been highlighted. These proteins are involved in removing DNA 
ICLs and initiating repair of the DNA via HRR  [  65–  67  ] . Following treatment with 
MMC, cells with active ATR and ATRIP phosphorylate FANCI and FANCD2, the 
nuclease responsible for DNA incisions on either side of the cross link, and target 
it for ubiquitylation and degradation  [  45  ] .  

    1.6   Importance of the Target in Cancer Therapy 

 ATR has long been thought of as a suitable target for anticancer therapy because of 
the variety of DNA lesions that activate it. Many of the anticancer agents that are in 
routine clinical use act by damaging the DNA either by causing bulky adducts that 
are repaired by NER, e.g. cisplatin, or by inducing DNA DSBs, e.g. IR or topoi-
somerase II poisons (such as doxorubicin, mitoxantrone or etoposide), or stalled 
replication forks. Stalled replication forks occur when nucleoside triphosphates 
(dNTPs) are in limited supply e.g., due to HU therapy or when unrepaired DNA 
lesions encounter the advancing replication fork. Such lesions may be (1) single 
base damage induced by DNA methylating agents such as temozolomide (TMZ) or 
dacarbazine (DTIC) or oxidative damage resulting from IR-induced ROS, (2) single-
strand breaks induced by topoisomerase I poisons such as irinotecan or topotecan, 
(3) or the most dif fi cult of all lesions to repair, ICLs, induced by cisplatin and the 
bifunctional alkylating agents. Since all these lesions trigger ATR to promote 
survival, inhibition of ATR should promote cell killing. 

 It is important that the enhanced cell killing is directed at tumour cells and not 
normal tissues otherwise there would be no patient bene fi t. There are two key 
characteristics of cancer that indicate that ATR is likely to be a highly attractive 
target for  selective  cancer therapy: (1) continuous proliferation and (2) dysregula-
tion of their G1 control  [  68  ] , making them reliant on their remaining S and G2 
checkpoints (Fig.  2 ). This situation can be brought about by multiple mechanisms, 
for example, activation of oncogenes that drive proliferation or up-regulation of 
the cyclins and CDKs that promote S-phase entry and/or loss of  tumour-suppressor 
genes such as p53 and Rb that control entry into S-phase. This means that 
 cancerous cells are much more likely than normal cells to enter S-phase with 
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 damaged DNA or when appropriate biomolecules (e.g. dNTPs) are limited. 
Therefore, they have a high level of replicative stress, stalled replication forks and 
replication-associated DSBs. In addition, there are higher levels of ROS in 
tumours due to a number of factors, including increased metabolic activity, mito-
chondrial dysfunction, various oxidases  [  69,   70  ]  and in fl ammation  [  71  ] . These 
give rise to approximately 100-fold higher levels of oxidative DNA lesions in 
tumours than in normal tissues  [  72  ] . It is apparent therefore that the DNA in a 
tumour cell is in a more fragile state. In response to this damage tumour cells 
lacking G1 control are much more likely to be dependent than normal cells on the 
S and G2 checkpoint function that they retain.   

  Fig. 2    Selective sensitization of cancer cells with dysfunctional G1 control by ATR inhibition. 
Loss of G1 control, e.g. by mutation of p53, frequently occurs during neoplastic transformation. 
While the normal cell ( left ) has all cell cycle checkpoints intact, the cancer cell relies on the S 
and G2 checkpoints it has retained. Both normal and cancer cells may be able to survive DNA 
damage ( lightening  fl ash   symbol ) by activation of cell cycle checkpoints. However, if ATR is inhib-
ited the cancer cell will be unable to arrest and will die, but the normal cell may engage the G1 
checkpoint and survive       
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    1.7   Validation of the Target by Genetic Inactivation 

 Abrogation of the S and G2 checkpoint has been the major rationale for the develop-
ment of inhibitors of the ATR/CHK1 pathway. Whereas CHK1 inhibitors are in 
advanced clinical evaluation  [  73  ]  ATR inhibitor development has lagged behind, 
which may re fl ect the dif fi culty of assaying an enzyme that requires a complex of 
co-activators and regulators  [  74  ] . Until recently, most of the studies demonstrating 
chemo- and radiosensitisation by ATR inactivation have used genetic manipulation. 
Two early independent “proof of principle” genetic studies with cells expressing 
ATR-KD mutants demonstrated abrogation of DNA damage-induced G2 arrest 
and sensitization of cells to a variety of DNA damaging chemotherapeutic agents 
 [  9,   75  ] . In the  fi rst study human SV40 transformed  fi broblasts transfected with a 
doxycycline-inducible ATR-KD mutant were used. When the ATR-KD was 
expressed clonogenic survival following exposure to the DNA cross-linking 
agents cisplatin and MMC and the antimetabolite HU was profoundly reduced 
with a modest increase in UV sensitivity  [  9  ] . Further studies by this group also 
demonstrated sensitization to topoisomerase I poisons by activation of the 
ATR-KD in these cells  [  10  ] . In the second study, premature chromatin condensa-
tion (PCC) was used to demonstrate cell death in ATR-KD U2OS cells exposed to 
UV irradiation or HU  [  75  ] . These studies demonstrated that the previously 
observed enhancement of HU cytotoxicity by caffeine was due to ATR inhibition. 
Another approach used cells transfected with the Seckel mutant ATR that have 
very low levels of ATR activity. These cells were sixfold more sensitive to IR and 
the topoisomerase II poison doxorubicin, 10 to 20-fold more sensitive to the anti-
metabolites 5-Fluorouracil, gemcitabine, HU and methotrexate and >400-fold 
more sensitive to cisplatin than isogenic ATR expressing DLD1 cells  [  76  ] . ATR 
knockdown also caused a profound sensitization to cisplatin and gemcitabine in 
HeLa, HCT116 and U2OS cells  [  77  ] . ATR knockdown has also been shown to 
enhance the cytotoxicity of DNA methylating agents, such as TMZ,  [  78  ] , and this 
may be dependent on a functional MMR pathway  [  30  ] . 

 It has been postulated that targeting of the ATR/CHK1 pathway is only relevant 
in cells with defective G1 control through loss of the tumour suppressor gene p53. 
However, the selectivity of ATR inactivation may not be restricted to p53 defective 
cells. ATR silencing sensitised both HeLa (p53 defective) and U2OS (p53 wild-
type) to topoisomerase I poisons  [  79  ] . It should be noted that U2OS cells do have an 
element of G1 dysfunction by virtue of p16 deletion, and following further impair-
ment of the Rb pathway by over-expression of cyclin D, cyclin E or CDK2, there 
was enhanced UV-induced PCC in the ATR-KD cells, but not ATR-wt U2OS cells 
 [  75  ] . Inactivation of the p53 pathway in these ATR-KD U2OS cells, by MDM2 or 
human papilloma virus E6 expression, also increased the level of PCC threefold. 
This con fi rmed previous studies indicating that abrogation of G2 arrest and radio-
sensitisation by caffeine is greater in p53 null cells than p53 wt cells  [  80  ] . 
Sensitization was speci fi c to replicating cells and selective to cells defective in the 
G1 checkpoint, although there is not a clear relationship to p53 status.  
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    1.8   Development of Inhibitors 

 Caffeine (Fig.  3 ) was the  fi rst small molecule inhibitor of G2 arrest  [  81  ]  to be 
identi fi ed as an inhibitor of ATR  [  82  ] ; however it was weak (IC 

50
  = 1.1 mM) and 

was a more potent inhibitor of the other PI-3K family members ATM and mTOR, 
and weakly active against DNA-PK. Radiosensitisation by caffeine was attributed 
to both ATM and ATR inhibition but UV sensitization was dependent on ATR 
inhibition rather than ATM inhibition  [  82  ] . Enhancement of UV-induced PCC was 
also speci fi c to ATR  [  75  ] . Despite its lack of potency, its easy availability has led 
to several studies investigating abrogation of S and G2 checkpoints and chemo 
and radiosensitisation by caffeine. Caffeine also enhanced DNA damage and the 
cytotoxicity of TMZ in combination with IR in a glioblastoma model  [  83  ] . 
Schisandrin B (Fig.  3 ), a natural product, was identi fi ed as an inhibitor of ATR 
with an IC 

50
  of 7.25  m M, and abrogated the UV-induced S and G2/M checkpoint 

and increased UV cytotoxicity in human lung cancer cells  [  84  ] . In a screen of 
PI-3K inhibitors PI-103 and PI-124 (Fig.  3 ) were identi fi ed as being more potent 
than previously identi fi ed ATR inhibitors with IC 

50
  values of 0.9 and 2  m M, respec-

tively  [  85  ] ; however, these inhibitors have not been taken forward as ATR inhibi-
tors due to their pan PI-3K family activity.  

 Recently, progress has been made on two fronts;  fi rstly, by development of a high 
throughput cell-based screen to measure ATR activity and its inhibition and sec-
ondly, by the identi fi cation of novel inhibitors. The cell-based screen employed 
cells expressing a fusion of the ATR-activating domain of TopBP1 with a fragment 
of the oestrogen receptor such that ATR was activated on exposure to tamoxifen. 
ATR activity was then measured by phosphorylation of histone H2AX by 
immuno fl uorescence. Using this screen NVP-BEZ235 (Fig.  3 ), which had previ-
ously been thought to be selective for PI-3K and mTOR, was demonstrated to be a 
potent inhibitor of ATR (IC 

50
  = 100 nM)  [  86  ] . The most potent ATR inhibitor, ETP-

46464 (IC 
50

  = 25 nM) (Fig.  3 ), identi fi ed using the screen inhibited the restart of 
stalled replication forks and abrogated S-phase arrest after HU exposure. 

 Three novel small molecules, VE-821, AZ-20 and NU6027 (Fig.  3 ), have recently 
been identi fi ed as being ATR inhibitors  [  34,   87–  89  ] . All compounds inhibited CHK1 
phosphorylation at Ser 345  but there were some subtle differences in their cytotoxic-
ity. NU6027 ( K  

 i 
  = 100 nM in biochemical assays and IC 

50
  = 6.7  m M in cell-based 

assays) enhanced the sensitivity of MCF7 cells to representatives of the major 
classes of DNA damaging agents: IR, DNA methylating agents (TMZ), antimetabo-
lites (HU), topoisomerase I and II poisons (camptothecin and doxorubicin), and the 
DNA cross-linking agent, cisplatin, but not to the antitubulin agent, paclitaxel  [  34  ] . 
The speci fi city of NU6027 for ATR was con fi rmed using ATR-KD cells. In line 
with previous suggestions that TMZ and 6-thioguanine potentiation by ATR inacti-
vation required an intact mismatch repair system  [  30,   46  ] , NU6027 potentiation of 
TMZ was greater in MMR-defective cells than in the parental and MMR corrected 
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  Fig. 3    Chemical structures of ATR inhibitors. Structurally diverse inhibitors of increasing potency 
have been identi fi ed since the prototype inhibitor, caffeine, was  fi rst described including the natu-
ral product Schisandrin B, pan PI-3K inhibitors (PI-103 and PI-124), those identi fi ed by high 
throughput screening (NVP-BEZ 235 and ETP-46464) and novel small molecule inhibitors 
(NU6027, VE-821 and AZ-20)       

 



222 F.K. Middleton and N.J. Curtin

counterparts  [  34  ] . In the studies with NU6027 both p53 wt and mutant cell lines 
were potentiated with sensitization of TMZ being greatest in p53 mutant cells but 
cisplatin sensitization was greater in cells with functional p53. 

 VE-821 is a highly potent and speci fi c ATR inhibitor ( K  
 i 
  = 13 nM), which enhanced 

the cytotoxicity of cisplatin, gemcitabine, camptothecin, etoposide and IR, but not 
docetaxel in HCT116 colon cancer cells. Cisplatin potentiation by VE-821 was much 
greater in a panel of human cancer cell lines in comparison to normal human cell lines 
and was more active in cells lacking p53 or ATM. In contrast to NU6027, VE-821 
only caused a very modest sensitization of wild-type p53 MCF7 cells to cisplatin  [  88  ] . 
Recently, VE-821 has been investigated as a radiosensitiser in hypoxic cells. Regions 
of hypoxia develop in solid tumours because of inef fi cient tumour vasculature and this 
contributes to chemoresistance and radioresistance  [  90  ] . Not only did VE-821 enhance 
IR-induced cytotoxicity in a panel of 12 human cancer cell lines, but it also caused a 
more profound radiosensitisation in cells cultured in levels of hypoxia typically found 
in solid tumours. VE-821 also increased re-oxygenation-induced DNA damage and 
decreased the survival of cells undergoing re-oxygenation  [  91  ] . 

 AZ-20 is reported to be an even more potent ATR inhibitor with an IC 
50

  of 4.5 nM 
in biochemical assays and 51 nM in cellular assays. This inhibitor was active as a 
single agent both in vitro and in vivo, and at an oral dose of 25 mg/kg bid or 50 mg/
kg qd; it inhibited the growth of LoVo xenografts  [  89  ] . This is the  fi rst report of an 
ATR inhibitor in an in vivo model and although only published in abstract form the 
full data on this compound are eagerly awaited.  

    1.9   Single Agent Activity and Potential Synthetic Lethalities 

 In addition to the single agent activity of AZ-20, described above, the synthetic 
lethality of ATR inhibitors has been investigated. Synthetic lethality is an exciting 
concept in cancer therapy; it is used to describe the phenomenon where inactivation 
(or dysregulation) of two complementary pathways results in cell death but inactiva-
tion of either alone does not compromise viability. If one of the pathways is already 
compromised in the cancer cell then targeting of the other pathway can result in 
tumour-selective cell kill. The concept was applied to cancer to explain the selective 
killing of cancer cells with particular molecular defects, by some agents over 15 
years ago. More recently synthetic lethality by agents that are not cytotoxic in their 
own right has been demonstrated. Inhibitors of poly(ADP-ribose) polymerase, an 
enzyme that plays a critical role in the repair of DNA SSB by the BER pathway were 
profoundly cytotoxic to HRR-defective cancer cells but did not affect the viability of 
cells with functional HRR  [  92,   93  ] . As described above, ATR plays an important role 
in HRR and NU6027 inhibited RAD51 focus formation (indicative of HRR suppres-
sion), so it was a logical extension of this work to investigate ATR inhibition in cells 
with BER defects. NU6027 was more cytotoxic in cells lacking the BER scaffold 
protein, XRCC1, and also in the presence of a PARP inhibitor, suggesting the poten-
tial for synthetic lethality  [  34  ] . These  fi ndings are relevant to the molecular biology 
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of cancer because polymorphisms in XRCC1 and other defects in DNA single-strand 
break repair e.g. those due to aberration in DNA pol b  are also associated with cancer 
 [  94,   95  ]  and this may be exploitable by ATR inhibition. Other recent data demon-
strate that caffeine selectively radiosensitises pol b  defective cells  [  96  ]  implicating 
that ATR inhibition would have broad applicability in cancer. 

 It is well recognised that oncogene activation and hyperactive growth factor 
 signalling itself causes oncogenic stress, characterised by stalled/collapsed replica-
tion forks, making such cancer cells particularly dependent on the ATR pathway for 
survival  [  97  ] . It was exciting to discover that inactivation of ATR or CHK1 is syn-
thetically lethal in oncogene-activated cancer cells. Knocking down ATR to 16% of 
normal levels was synthetically lethal in ras-transformed cells  [  98  ] . By analogy, 
inhibition of both CHK1/CHK2 with AZD7762 induced cell death and signi fi cantly 
delayed disease progression of Myc-over-expressing lymphoma cells in vivo  [  99, 
  100  ] . Cyclin E, which promotes S-phase entry, is commonly over-expressed in can-
cer and leads to replication stress and DNA damage. The ATR inhibitor, ETP-46464 
was cytotoxic to cells with induced over-expression of cyclin E  [  86  ] .  

    1.10   Differences Between ATR Inhibitors and CHK1 Inhibitors 

 A number of CHK1 inhibitors are undergoing clinical evaluation and it could be 
argued that ATR inhibitors will have a very similar pro fi le. However, although CHK1 
is thought to be the major target of ATR, ATR inhibitors are not necessarily the same 
as CHK1 inhibitors and key differences have been observed. For example the inhibi-
tion of cisplatin, carboplatin and oxaliplatin by ATR siRNA seen in a variety of cell 
lines was not replicated when CHK1 was inhibited  [  77  ] . DLD-1 cells expressing 
Seckel mutant ATR were much more sensitive to cisplatin and MMC than those 
expressing mutant CHK1; indeed the ATR mutant cells were generally more sensitive 
to a range of cytotoxic drugs showing the importance of other ATR substrates  [  101  ] . 
The effects of the CHK1 inhibitor, PF-00477736, was compared with those of 
NU6027: unlike NU6027, PF-00477736 caused only modest sensitization of cisplatin 
and camptothecin but did enhance the cytotoxicity of paclitaxel in MCF7 cells in line 
with previous studies with PF-00477736  [  102  ] . Interestingly, PF-00477736 did not 
inhibit the formation of RAD51 foci and, instead, increased them, suggesting that 
PF-00477736 stimulates HRR rather than inhibiting it  [  34  ] . Clearly therefore inhibi-
tors of ATR will have a different spectrum of activity compared to CHK1 inhibitors.  

    1.11   Pharmacodynamic Biomarkers of ATR Inhibition 

 Since ATR inhibitors are proposed to have minimal toxicity in normal cells MTD 
may not be the best endpoint for clinical trials with ATR inhibitors. Pharmacodynamic 
biomarkers of ATR inhibition are needed to guide these trials. One possibility is 
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CHK1 phosphorylation, which has been used in in vitro studies. However, it may be 
easier to use a general marker of DNA damage signalling, such as the phosphoryla-
tion of histone H2AX ( g H2AX) by ATR. Although not speci fi c for ATR, as ATM 
and DNA-PK also phosphorylate H2AX in response to DNA DSB and stalled 
 replication forks, methods already exist to determine  g H2AX nuclear foci, or levels 
by immuno fl uorescence microscopy,  fl ow cytometry or immunoblotting.  

    1.12   Future Prospects 

 The accumulating preclinical data demonstrates that the inactivation of ATR, by 
genetic means or small molecule inhibitors, enhances the cytotoxicity of all classes 
of DNA damaging anticancer agents. Moreover, these data support the premise that 
sensitization is greatest in cells with dysfunctional G1 control that distinguishes 
tumour cells from normal tissues. This evidence indicates that ATR inhibitors will 
have broad application as chemo- and radiosensitisers with minimal toxicities. In 
the last few years a number of potent and chemically diverse small molecule inhibi-
tors of ATR have been identi fi ed and it is to be hoped that these will enter clinical 
evaluation in the near future. 

 Perhaps the most exciting aspect is the potential for synthetic lethality of ATR 
inhibitors in cells lacking BER or undergoing replication stress due to oncogene 
activation, ampli fi cation of growth factor signalling or cell cycle pathways. More 
work is needed to con fi rm these initial  fi ndings and establish biomarkers for the 
determinants of sensitivity to ATR inhibitors.       
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