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Glossary

ATM: Ataxia telangiectasia-mutated.

AT: Ataxia telangiectasia.

BRCA1: Breast cancer 1.

BRCAZ2: Breast cancer 2.

druggable: Referring to a molecular species, such as a protein, that has the

structural and functional properties suggesting that low-molecular-weight
therapeutic compounds can be developed that specifically interact with and
perturb its function (85, 108).

DDR: DNA damage response.

DNA: Deoxyribonucleic acid.

DNA-PKcs: DNA-dependent protein kinase, catalytic subunit; encoded by
PRKDC.

DSB: Double-strand break.

dsDNA: Double-stranded DNA.

E3 ubiquitin ligase: Together with ubiquitin-activating (E1s) enzymes and

ubiquitin-conjugating enzymes (E2s), they perform ubiquitylation, targeting
proteins for degradation by the 26S proteasome (71).

EGFR: Epidermal growth factor receptor. The epidermal growth factor receptor
is member of the ErbB (HER) family receptor tyrosine kinases (31). EGFR
regulates cell growth and differentiation and is mutated in many human
malignancies (31).

genotoxic: Referring to an agent that is capable of damaging the genome, i.e.,
is mutagenic (73, 108).

HR: Homologous recombination. Type of DNA repair for double stranded
breaks which is largely restricted to the S- and Gy-phases of the cell cycle
using sequences in a sister chromatid as repair template and thus is error-free
(15).

KRAS: Kirsten Rat Sarcoma virus. KRAS is one of the most frequently

activated oncogenes, with 17 - 25% of all human tumors harboring an
activating mutation in the gene (60). The encoded protein KRAS is a



GDP/GTP-binding protein that in its wildtype form acts as a self-inactivating
signal transducer (60).

NHEJ: Nonhomologous endjoining. Type of DNA repair for double stranded
breaks consisting of fusion of two dsDNA ends involving the protein DNA-PK
(consisting of Ku70, Ku80 and DNA-PKcs). The joining of the two ends is not
informed or directed by sequences in a sister chromatid or homologous
chromosome. Therefore, it is error prone (108).

NSCLC: Non-small cell lung cancer.

oncogene: A gene that, upon alteration by DNA-damaging agents or viral
genomes, can acquire the ability to induce cancer (108).

p53: tumor suppressor encoded by the tumor suppressor gene TP53. Because
of its outstanding role in the DNA damage response it is described as “the
guardian of the genome” (62).

PARP1: Poly(ADP-ribose) polymerase 1.

shRNA: Short hairpin RNA.

SSB: Single-strand break.

ssDNA: Single-stranded DNA.

TSG: Tumor suppressor gene. A gene, which is responsible for constraining
cell proliferation. The partial or complete inactivation of such a gene, occurring
in either germ line or the genome of a somatic cell, leads to an increased

likelihood of cancer development (108).



Introduction

Cancer

Cancer is a heterogeneous group of diseases, which can arise from nearly
every type of tissue (108). It is characterized by an uncontrolled
hyperproliferation of cells (108). The cancerous cells can invade other tissues
per continuitatem or spread into more distant organs via the lymphatic system
or the blood stream, the latter referred to as metastasis (108). In contrast,
benign tumors lack these two invasive properties (85, 108).

In 2008, an estimated 12.7 million people suffered from cancer and an
estimated 7.6 million people died due to a malignancy, worldwide (52). In
economically developed countries, cancer is the leading cause of death (52).
In economically developing countries, the incidence of cancer is only half of
the incidence in the developed world, but as a consequence of later diagnosis
and limited access to medical services, survival is worse and here cancer is
the second leading cause of death (52). Not only because of the aging society,
but also because of widespread cancer-promoting behaviors, notably smoking,
physical inactivity and Western diet, the incidence of cancer increased
continuously during the last decades (9). With a predicted incidence of 22.2
million cases worldwide the incidence of cancer will be nearly the double by
2030 (9).

Traditionally, four distinct treatment strategies for cancer have been pursued,
namely surgery (mostly for limited disease), immunotherapy, radiation and
chemotherapy (5, 14, 108). The latter two are thought to induce genotoxic
stress, ultimately leading to the demise of cancer cells (5, 81, 108).

Due to a lack of knowledge and understanding of the molecular nuts and bolts
of this disease, cancer has been treated mostly with relatively unspecific drugs
for a long time (14). Most of these drugs, often referred to as "classical
chemotherapy", have been found by their capability of harming rapidly dividing
tissues by causing genotoxic stress (14, 56, 81). But as rapid proliferation is a
trait that is not specific for cancerous cells, also healthy tissues with high cell

turnover, such as bone-marrow haematopoietic precursors and



gastrointestinal mucosal epithelial cells, get damaged (56, 81, 108). This leads
to serious and dose-limiting side effects, like myelosupression or
uncontrollable diarrhea, respectively (81). Furthermore, chemotherapeutics
often have characteristic tissue-specific side effects due to their molecular
mechanism of action or chemical properties. The mitotic inhibitor vincristine is
inhibiting the assembly of microtubules (81). Microtubules are not only
indispensable for mitosis but also for the transport of proteins from the nucleus
of an axon to its periphery (81). By disturbing this transport, vincristine typically
can cause peripheral neuropathy (81). Other prominent examples with tissue-
specific side effects include anthracyclines, which can lead to cardiomyopathy,
cyclophosphamide, which can cause hemorrhagic cystitis, bleomycin, causing
pulmonary fibrosis and cytarabine, which is toxic for the cerebellum (56, 81).
Another striking disadvantage of classical chemotherapy is its great potential
to induce secondary malignancies, due to its mutagenic mechanism of action
(20, 29, 59). Thus, newly developed anti-cancer drugs not only need to be
effective against cancerous cells, but also have to come with an acceptable
side-effect profile. By understanding the individual steps, which lead to the
malignant transformation of incipient cancer cells, we might develop
molecularly-tailored strategies to either reverse these steps or to exploit the
altered phenotype of cancerous cells by uncovering tumor-specific liabilities
(44).

Tumorigenesis

Tumorigenesis is a multistep mutational process, which includes genetic and
epigenetic changes ultimately leading to an increased activity of oncogenes
(via gain of function and/or overexpression) and/or a decreased activity of
tumor suppressor genes (via loss of function and/or silencing) (44, 69, 82).

These changes provide the mutated cells with a set of traits that are essential
for the uncontrolled growth of cancer cells, the so-called "hallmarks of cancer"
(44, 45). These hallmarks include different alterations: 1) mitogen
independence, 2) immune evasion, 3) apoptosis resistance and escape from
growth-inhibitory signals, 4) continuous angiogenesis, as well as 5) tissue

invasion and metastasis (44). Altogether, these hallmarks result in the



phenotype of cancer (44). New technologies, which allowed an unprecedented
DNA sequence analysis of individual tumor genomes, made it possible, to
shed light onto the complex genetic alterations, which ultimately result in
cancerous growth (24, 40, 41, 54, 78, 97). Today, we can distinguish a certain
number of high frequency "driver" mutations, which mediate the hallmark
features of cancer cells, from a larger number of less important passenger
mutations, which do not contribute to cancerous growth (24, 40, 66). By
sequencing a large number of tumor genomes, we gained insight into the
nature and frequency of driver mutations and the involved signaling pathways
(24, 40, 41, 54, 69, 78, 97, 113). It appears that there is a limited number of
high frequency mutations, which fall into the category of driver mutations, even
though the precise number is still under debate (69). With an average of 50 to
80 mutations in an analysis of colon- and breast tumors, only less than 15
could be classified as driver mutations (69). This certain number of driver
lesions seems to affect a comparable number of core signaling pathways,
leading to tremendous changes in signal transduction resulting in the
cancerous phenotype (69).

Driver mutations can be classified into two different groups: they either can
result in the gain of function and/or overexpression of oncogenes, or in the
loss of function or silencing of tumor suppressor genes (44, 69).

As we have learned from studies of mouse models of human cancers, the
continuous expression of certain oncogenes e.g. HRAS, KRAS, EGFR or Myc
is often essential for tumor maintenance (17, 32, 49, 94). Here, KRAS-driven
lung adenocarcinomas may serve as an example. In transgenic mice, which

express mutant KRAS4b®'?P

in the presence of doxycycline in alveolar type |l
pneumocystes, we can observe formation of adenomas and adenocarcinomas
of the lungs following doxycycline administration which hence results in

expression of KRAS4b®'?P

within two months (32). However, after withdrawal
of doxycycline, causing a rapid fall in the concentration of KRAS4b®'", the
tumor burden is dramatically decreased by three days and tumors are
undetectable by one month (32). Analogous, transgenic mice expressing
mutant EGFR (EGFR"®*%R or EGFR"-"*"-57%2) in type Il pneumocytes under the
control of a doxycycline-inducible promoter develop lung adenomocarcinomas
after two weeks of induction of mutant EGFR (79). Withdrawal of doxycycline,

which reduces the transgene expression, or treatment with erlotinib, a



reversible tyrosine kinase inhibitor of EGFR, causes rapid tumor regression,
demonstrating that mutant EGFR is required for tumor maintenance (79). This
dependency of tumors on continuous expression of oncogenes led to the term
oncogene addiction (111).

Similar findings have been made for tumor suppressor genes (111). Ventura et
al. designed mice carrying a reactivatable TP53 knock out allele by inserting a
transcription—translation stop cassette flanked by LoxP sites (LSL) in the first
intron of the endogenous wild-type TP53 locus (105). Mice homozygous for
TP53"SMS are functionally equivalent to p53 null animals and therefore are
cancer-prone (105). p53-5“St mice were crossed with mice carrying a Cre-
recombinase-Oestrogen-Receptor-T2 allele targeted to the ubiquitously
expressed ROSA26 locus (R26.Cre-ER™?) (105). Via the administration of
tamoxifen, Cre recombinase can enter the nucleus and restore the function of
p53 by permitting the recombination of genomic LoxP sites and thus
eliminating the previously mentioned stop cassette (105). Depending on the
tissue of origin, the restoration of TP53-function in mice following the formation
of neoplastic lesions lead to tumor regression through apoptosis (lymphomas)
or senescence followed by clearance through the immune system (sarcomas)
(105). Similar findings were reported by others (70, 115). This dependency of
tumors on continuous suppression of tumor suppressor gene activity led to the
term tumor suppressor gene hypersensitivity (111).

As a consequence, oncogene addiction and tumor suppressor gene
hypersensitivity got into the focus of intensive investigation as attractive drug
targets for the treatment of cancer (111).

Targeting kinase oncogenes already has been proven to be relatively easy as
many kinases are directly druggable by ATP-competetive kinase inhibitors (27,
89, 94). Pharmacological inhibition of driver lesions, such as the BCR-ABL
fusion protein by imatinib, the amplified or mutant EGF receptor by erlotinib or
gefitinib or HER2 by trastuzumab already have become therapeutic options
(27) (89, 94).

Patients primary sensible to these compounds often develop secondary drug
resistance after a certain time of treatment. However, there are some
mutations responsible for secondary drug resistances, which are seen with
high frequency. In about 50% of non-small cell lung cancer (NSCLC) patients

who show initial response to the EGFR-inhibitors gefitinib or erlotinib and



subsequently progress, secondary drug resistance occurs due to a single
missense mutation, T790M, within the EGFR-kinase domain (37). This
mutation prevents the binding of gefitinib or erlotinib to the EGFR-kinase
domain (37). With the irreversible EGFR/HER-2 kinase inhibitor neratinib it is
possible to overcome the drug resistance following the T790M mutation in vitro
(37) and another irreversible EGFR/HER-2 kinase inhibitor, afatinib, has been
proven to prolong progression free survival in NSCLC patients following
occurence of the T790M mutation (73). With the development of lapatinib in
trastuzumab resistance and dasatinib in imatinib resistance it also has been
possible to design second generation substances for Her2 and BCR/ABL
mutated malignancies, which are already in clinical use (12, 103).

In contrast, decreased levels of tumor suppressor activity, e.g. of TP53 or
ATM, have been thought to be "non-druggable” for a long time. Depending on
the underlying molecular or genetic mechanism, decreased levels of functional
tumor suppressors can already be restored in certain special cases. MDM2 is
a ubiquitin ligase, which binds and negatively regulates p53 (104). The MDM?2
gene is overexpressed in many human malignancies, leading to decreased
levels of p53 (104). Vassilev et al. identified a group of small-molecule
inhibitors of the MDM2-p53 interaction, called nutlins, which prevent the
interaction of p53 with its negative regulator MDM2, thus leading to an
accumulation of p53 resulting in antitumor activity in vitro and in vivo (104).

In case of loss of function mutation of a tumor suppressor, gene delivery could
restore the lost tumor suppressor function. But, as the integration of a shuttle
vector might be associated wit insertional mutagenesis, which can lead to the
formation of malignancies, such as lymphomas, this strategy still remains in its
infancy (90). However, using the principle of synthetic lethality is a very
elegant and feasible way to target cells with loss of function mutations in tumor
suppressor genes specifically by taking advantage of the disturbed pathways
instead of trying to restore them.

Synthetic lethality

The concept of synthetic lethality has first been described by Theodosius
Dobzhanzki, who experimented with Drosophila melanogaster in 1946 (25).



Two genes A and B are said to engage in a synthetic lethal interaction, if the
mutation of either one of them is tolerated by the affected cell, while
simultaneous mutations in genes A and B are lethal (56).
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Figure 1. Concept of synthetic lethality: Mutation of either gene A or B is tolerated, while
simultaneous mutations of both genes are lethal.

This situation offers an interesting perspective for the development of novel
cancer therapies. Driver mutations leading to cancerous growth frequently
result in an extensive rewiring of signal transduction pathways, which
ultimately produces tumor cell-specific dependencies on otherwise non-
essential genes (56). Druggable protein-products of genes that are in a
synthetic lethal interaction with primarily non-druggable driver mutations (e.g.
loss of function mutations in TSG such as ATM, TP53, BRCA1/2 or gain of
function mutations in oncogenes such as KRAS or MYC) should represent
ideal drug-targets for the development of new anti-cancer therapies (56, 82).
By exploiting the concept of synthetic lethality for non-druggable driver lesions,
it might be possible to target these driver mutations indirectly (56, 82).
Furthermore, pharmacological inhibition of the protein-product of a gene,
which is in a synthetic lethal interaction with a driver lesion should Kill
cancerous cells with high selectivity as healthy cells lack the cancer cell-
specific driver-lesion (56, 82).

The probably most advanced example of synthetic lethality in anticancer
therapies is the use of Poly(ADP-ribose) polymerase 1 (PARP1)-inhibitors,
such as olaparib, in BRCA1- or 2-deficient malignancies. The TSGs BRCA1
and BRCAZ2 are involved in the DSB-repair via homologous recombination
(HR) and mutations of either one of them are found in hereditary breast and
ovarian cancers as well as in sporadic tumors, such as pancreatic cancer (8,
35). Today, there is no viable therapeutic option to directly target the loss of
function of BRCA1/2 (8, 35, 82).



PARP1 is one of the key enzymes involved in base excision repair, which
repairs base modifications prior to S-phase entry (11, 30). PARP1-inhibition
leads to the formation of single strand breaks (SSBs) (11, 30). During S-phase
these SSBs get encountered by DNA replication forks, leading to replication
fork collapse and double strand break (DSB) formation (11, 30). In healthy
cells, the newly synthesized sister chromatid can serve as a template for HR
to repair the DSB (11, 30). However, due to their inherent HR defect, BRCA1-
or -2-mutated cancer cells fail to repair those replication associated DSBs
correctly and inhibition of PARP1 in these cells results in chromosomal
instability, cell cycle arrest and subsequent apoptosis (11, 30).
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Figure 2. Targeted treatment of BRACA1/2-mutated cancer via inhibition of PARP1. (A) In
healthy cells, base modifications get repaired using PARP1 dependent base excision repair
prior to S-phase. (B) Pharmacological PARP1 inhibition results in unrepaired SSBs, leading
to replication fork arrest associated with a DSB. In BRCA proficient cells the newly
synthesized sister chromatid serves as a template for error-free HR of the DSB. (C) In
BRCA-deficient cells HR of PARP1 inhibitor induced DSBs is interrupted and cells must
rely on error-prone DNA repair pathways, such as NHEJ, resulting in genomic instability
and subsequent cell death.

Republished with kind permission of Hans Christian Reinhardft.

As the surrounding healthy tissue possesses functional BRCA1/2, it can
perform HR and repair the DSB and thus cope with PARP-inhibition (30).
Taken together, the exploitation of the synthetic lethality between BRCA1/2



and PARP1 via PARP1-inhibition offers an opportunity to indirectly target the
loss of function of BRCA1/2 with high specificity.

Here, we focused on the development of novel therapeutic strategies for
neoplasms carrying loss of function mutations in the prominent tumor

suppressor gene ATM.

ATM

The multiple functions of ATM

Ataxia telangiectasia-mutated (ATM) is known to be mutated in the autosomal
recessive disease Ataxia telangiectasia (A-T). A-T patients carry homozygous
mutations in ATM, resulting in cerebellar ataxia, cellular and humoral immune
defects, progeric changes of the skin, including telangiectasia, endocrine
disorders, gonadal abnormalities and an increased sensitivity to ionizing
radiation (IR) (72). Most important, A-T patients suffer from genetic instability
with an extraordinarily high incidence of cancer, especially for the
development of lymphomas (252- and 750-fold increased risk for caucasians
and african americans, respectively) (72, 74, 102).

Today, we know that the ATM protein is one of the main actors involved in
DNA damage response (DDR) signaling, mediating cell cycle arrest, DNA
repair and/or induction of apoptosis (23). ATM is a serine/threonine kinase,
which preferentially selects a (L)-S-Q-(E) or (L)-T-Q-(E) motif and belongs to
the PI3K protein family (57, 95). This protein family, with PI3K as its founding
member, can be further divided into four classes. ATM belongs to class IV, the
phosphatidylinositol 3-kinase (PI3K)-related protein kinases (PIKK) (57, 95).
Today, besides ATM there are five other known human PIKKs: mammalian
target of rapamycin (mTOR), suppressor of morphogenesis in genitalia (SMG-
1), transformation/transcription domain-associated protein (TRRAP), ataxia-
and Rad3-related (ATR) and DNA-dependent protein kinase, catalytic subunit
(DNA-PKcs) (57, 65). Besides ATM, also ATR and DNA-PKcs are involved in
the DDR (57, 65).
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The genome of human nucleated cells is attacked by constant endogenous
and exogenous genotoxic stress, which leads to the formation of many
thousand DNA lesions per day (23). There are many different types of DNA
lesions, but the DSB is arguably the most harmful. DSBs are caused by both,
exogenous and endogenous agents, including IR, radiomimetic chemicals, as
well as reactive oxygen species, naturally formed in the cell's metabolism (46).
Another source of DSBs are specialized cellular processes, such as
recombination during meiosis and processes of the immune system, including
the V(D)J-recombination and immunoglobulin class switching (46). Lastly,
SSBs can be converted into DSBs when the replication fork reaches a
damaged template during DNA synthesis (see above) (46). The DSB is the
most rare type of DNA lesion, but still, there is an estimated rate of 10 to 50
DSBs per cell division (43, 106).

Prior to mitosis, cells progress through a series of highly conserved cell cycle
checkpoints to ensure a correct transmission of the genome to both daughter
cells (48). In response to DNA damage, these checkpoints get activated to
prevent further cell cycle progression (48). This allows time to either repair
existing lesions or, if the lesion is beyond the capacity of DNA repair, to initiate
apoptosis (48). Following encounter of a DSB, ATM is the core kinase
orchestrating these distinct cell fate decision processes (23).

Cell cycle checkpoints

A dividing cell is running sequentially through four different phases of the cell
cycle, G4, S, G2 and M. To guarantee accurate transmission of fully replicated
and undamaged DNA, a cell has to pass three checkpoints before entering
mitosis, the G4/S, intra-S and G,/M checkpoints (109). As shown in Figure 3,
ATM serves as a master regulator initiating these cell cycle checkpoints in
response to DSBs (23, 95).

Even if we know many of the involved factors today, with every new discovery
the picture is getting more complex and there are more questions arising (23,
95).

11
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Figure 3. Simplified model of ATM mediated induction of cell cycle arrest and apoptosis in
response to DSBs. Arrows indicate stimulation; line through an arrow indicates inhibitory
phosphorylation; T-shaped lines mark inhibition; P marks phosphorylation; DeP marks
dephosphorylation; the number refers to the position of the phosphorylated residue;
phosphorylated residues are serines, unless marked with Thr for Threonin.

Apoptosis

If DNA damage is excessive, apoptosis can be initiated (110). Various studies
have shown the ATM-Chk2-p53 axis to be the critical pathway linking the
presence of genotoxic lesions with the induction of apoptosis (13, 53, 77).
Following its activation, ATM phosphorylates p53 directly on serine-15, which
enhances its activity as a transcription factor and prevents interaction with
MDM2 (63, 95). In addition, ATM directly phosphorylates its downstream
effector kinase Chk2 on threonine-68 within a serine/threonine cluster,

12




ultimately leading to the activation of Chk2 (63, 84, 95). Active Chk2 in turn
posphorylates p53 on serine-20, further preventing the interaction between
p53 and MDM2 (23, 63, 95). MDM2 is a negative regulator of p53, which
normally binds and thereby inactivates p53 as a transcription factor and also
serves as an E3 ubiquitin ligase of p53, which leads to the nuclear export and
degradation of p53 (93). MDM2 also gets directly phosphorylated by ATM on
serine-395, which abrogates the nuclear export of the MDM2-p53 complexes
(63, 95). Together, these events lead to the accumulation and a higher level of
activity of p53 (23, 95). Accumulated and activated p53 eventually promotes
cell death via the transactivation of pro-apoptotic genes, such as PUMA,
NOXA and BAX (63). Alternatively, p53 can also lead to sustained cell cycle
arrest as shown in figure 3. How p53 finally makes its choice between cell
cycle arrest and apoptosis is a sophisticated process, including activities from
other signal-transduction pathways and still needs to be further investigated
(83, 87).

DSB-repair

Mammalian cells employ two different pathways to repair DSBs. Non-
homologous end joining (NHEJ) is an error-prone DSB repair pathway that is
preferentially used during early phases of the cell cycle, when no sister
chromatid is available for homologous recombination-mediated repair (46, 47).
During NHEJ the non-cataytic subunits Ku70 and Ku80 form a heterodimer
that binds to the free DNA ends and subsequently recruits the catalytic subunit
DNA-PKcs (encoded by PRKDC) (64, 100). DNA-PKcs kinase activity is
essential for XRCC4 and Lig4-mediated re-joining of the broken ends during
the NHEJ process (22, 64, 99, 100). The second major DSB repair pathway,
homologous recombination (HR), is largely restricted to the S- and Gz-phases
of the cell cycle, when a sister chromatid is available as a template for DSB
repair (15). One of the early events necessary for completion of the HR
process is DSB end-resection to create a single-stranded 3'-overhang, which
becomes rapidly coated by the single strand-binding protein RPA and provides
a substrate for activation of the proximal DDR kinase ATR (18). During
ensuing steps of the HR process, RPA is replaced by Rad51, which mediates
the core reactions of HR - homology searching, strand exchange, and Holliday

13



junction formation (15). There is strong evidence for a role of ATM in HR-
mediated DSB repair, with less pronounced effects on NHEJ (10, 16, 21, 61,
68, 75, 86, 96, 114, 116). Cells derived from A-T patients show a subtle, but
distinct defect in DSB repair, which is due to impaired assembly and
functioning of the RADS1-associated protein complexes in the HR arm of DSB
repair (75, 95, 116). Recruitment of Rad51 to DSBs requires resection of DNA
ends to generate RPA coated 3'-single-stranded overhangs (50). This
resection process and hence the Rad51 focus formation has been shown to
be ATM-dependent (1, 50, 76). Recent reports further refined the current view
of the role of ATM in HR-mediated DSB repair. ATM has been shown to be
required for the HR-dependent DSB repair component in G,. This notion is
further supported by the observation that IR-induced sister chromatid
exchanges in G, require ATM (7, 19, 51). Lastly, ATM appears to specifically
mediate HR-dependent DSB repair in heterochromatin (HC). Indeed, ATM
directly phosphorylates the heterochromatin-building factor KAP-1. This KAP-1
phosphorylation is critical to allow HR-mediated repair in HC areas and KAP-1-
depletion is able to rescue the ATM repair defect in G4- and G (38, 39, 51).
Thus, the apoptosis-evading effect of ATM-deficiency in human neoplasias
likely comes at the cost of a reduced ability to repair chemotherapy-induced
DSB lesions via error-free HR.

Why is ATM mutation a problem?

Intriguingly, ATM is not only mutated in A-T patients, but also in various
human cancer entities, including lung, breast, pancreatic and ovarian cancer,
as well as different Non-Hodgkin lymphomas (3, 8, 24, 26, 82, 88).

By screening blood samples of B-cell chronic lymphatic leukemia (B-CLL)
patients for frequent genomic aberrations, Dohner et al. found, that a deletion
of 11q22-23, which is known to harbor the gene locus of ATM, has been the
second most frequent cytogenetic aberration seen in approximately 33% of
these patients (26). By correlating the aberrations with patient survival, they
could show, that overall survival in patients carrying a CLL clone with deletion
11922-23 has been significantly worse than in those with a normal karyotype
or a deletion on the long arm of chromosome 13 (26). Only the prognosis of

14



patients with a deletion of chromosome 17p13, known to harbor the gene
locus of TP53, has been worse (26). The finding that ATM deletion in patients
with B-CLL is a frequent mutation and associated with short survival and
increased probability of disease progression could be confirmed by others (3,
88). Austen et al. have gone further by dividing the patient groups with a
deletion in 11922-23 into two subgroups, regarding the ATM-status of the
remaining allele (3). Here, there was a trend that patients with a remaining
mutated ATM allele (ATM*"™" had a shorter survival compared with those
with one remaining wildtype copy of ATM (ATM®"™!) (3). They also found a
significant higher frequency of resistance to chemotherapeutic drugs in the
ATM*™ ™ subset compared to the ATM*®™ CLLs (3).

Jiang et al. could recently demonstrate, that a loss of ATM or a decrease in its
concentration, results in a dramatically increased resistance against genotoxic
chemotherapy in TP53 wildtype settings (53). They also could verify these
results by analyzing the 10-year-survival of chemotherapy-treated breast
cancer patients (53). Here, patients with mutant ATM and wildtype TP53 had a
significantly reduced survival compared to patients with wildtype ATM and
wildtype TP53 (53). Jiang et al. further measured the transcriptional levels of
both, pro-apoptotic and cell cycle arrest-mediating p53 target genes, in ATM
wiltype and ATM knockdown cells in the presence of functional p53 (53). Here,
the transcriptional levels of the pro-apoptotic genes PUMA and Noxa have
been significantly reduced in ATM knockdown cells following doxorubicin
treatment (53). In stark contrast, the up-regulation of the cell cycle mediating
genes p21 and Gadd45a in response to doxorubicin treatment has been
nearly unimpaired in ATM-depleted cells compared to their ATM-wildtype
counterparts (53). These findings strongly indicate a specific role of ATM in the
induction of p53-dependent apoptosis, whereas the induction of a p53-
dependent cell cycle arrest seems to be independent of ATM (53).

By performing an expression analysis on a large panel of human epithelial
tumor specimens Jiang et al. found an aberrant expression of ATM and TP53
in about 9% and 29%, respectively (53). These data are well supported by
another study by Ding et al. who performed large-scale sequencing of 188
lung adenocarcinomas (24). Here, mutations in ATM and TP53 have been

seen in about 8% and 36% of the 188 tumors, respectively (24).
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Altogether, mutations in ATM in tumors with a wildtype TP53 are seen at high
frequency. The selective decapitation of the pro-apoptotic p53 response via
the mutation of ATM results in a dramatic resistance to chemotherapy and is
associated with poor prognosis implicating a great need for the development
of therapies targeting ATM-mutated malignancies.

Synthetic lethality between ATM and DNA-PKcs

A first finding leading into the direction of a targeted therapy for ATM-mutated
malignancies was made by Gurley et al.. In 2001 they reported a synthetic
lethality between simultaneous ATM knock out (encoding for the kinase ATM)
and PRKDC mutation (encoding for the kinase DNA-PKcs) in murine embryos
during embryogenesis (42).

Based on the critical roles for ATM and PRKDC for HR and NHEJ,
respectively, Jiang et al. proposed a synthetic lethal interaction between the
two in form of an addiction on NHEJ and thus DNA-PKcs not only during
embryogenesis, but also in ATM deficient malignancies (53). They could
demonstrate hyperphosphorylation of DNA-PKcs on threonine 2606
(corresponding to human threonine 2609) in ATM-deficient MEFs, following
doxorubicin treatment and doxorubicin treated PRKDC/ATM double-
knockdown tumors showed dramatically increased cell-death when compared
with  ATM single-knockdowns (53). This effect could also been shown
pharmacologically, using a DNA-PKcs-inhibitor and Jiang et al. emphasized on
the further investigation of these findings as a potential targeted therapy for
patients bearing an ATM-deficient tumor (53).
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Figure 4. Proposed synthetic lethality between ATM and DNA-PKcs. Following
pharmacological inhibition of DNA-PKcs resulting in abrogation of NHEJ, cells can still rely
on ATM-dependent HR to repair naturally occurring DSBs. Thus, the phenotype is viable.
ATM-deficient cancer cells are unable to perform HR. Pharmacological abrogation of NHEJ
should result in genomic instability ultimately leading to death of the cells.
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Therapeutic Targeting of a Robust Non-Oncogene
Addiction to PRKDC in ATM-Defective Tumors
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When the integrity of the genome is threatened, cells activate a complex, kinase-based signaling network to arrest
the cell cycle, initiate DNA repair, or, if the extent of damage is beyond repair capacity, induce apoptotic cell death.
The ATM protein lies at the heart of this signaling network, which is collectively referred to as the DNA damage
response (DDR). ATM is involved in numerous DDR-regulated cellular responses—cell cycle arrest, DNA repair, and
apoptosis. Disabling mutations in the gene encoding ATM occur frequently in various human tumors, including
lung cancer and hematological malignancies. We report that ATM deficiency prevents apoptosis in human and
murine cancer cells exposed to genotoxic chemotherapy. Using genetic and pharmacological approaches, we dem-
onstrate in vitro and in vivo that ATM-defective cells display strong non-oncogene addiction to DNA-PKcs (DNA-
dependent protein kinase catalytic subunit). Further, this dependence of ATM-defective cells on DNA-PKcs offers a
window of opportunity for therapeutic intervention: We show that pharmacological or genetic abrogation of DNA-
PKcs in ATM-defective cells leads to the accumulation of DNA double-strand breaks and the subsequent CtBP-interacting
protein (CtIP)-dependent generation of large single-stranded DNA (ssDNA) repair intermediates. These ssDNA structures
trigger proapoptotic signaling through the RPA/ATRIP/ATR/Chk1/p53/Puma axis, ultimately leading to the apoptotic
demise of ATM-defective cells exposed to DNA-PKcs inhibitors. Finally, we demonstrate that DNA-PKcs inhibitors are
effective as single agents against ATM-defective lymphomas in vivo. Together, our data implicate DNA-PKcs as a

drug target for the treatment of ATM-defective malignancies.

INTRODUCTION

In response to DNA damage, cells activate a signaling cascade to pre-
vent further cell cycle progression. Activation of this DNA damage
response (DDR) network allows time for DNA repair or, if the lesions
are beyond repair capacity, leads to the induction of apoptosis (1). The
proximal DDR kinase ATM, which is mutated in the human cancer-
prone disorder ataxia-telangiectasia (A-T), is a master regulator of three
essential DDR processes—cell cycle regulation, DNA repair, and apo-
ptosis. ATM affects the different cellular outcomes through the phos-
phorylation of numerous substrates, including H2AX, MDC1, Nbsl,
Chk2, p53, and MDM2 (2, 3). ATM is frequently mutated in various
sporadic human cancers, and biallelic loss of ATM is associated with
chemotherapy resistance and poor survival (4-10). It has been recently
shown that ATM is required for the induction of p53-driven apoptosis
after genotoxic chemotherapy (10). Thus, ATM deficiency is likely a
selected genomic aberration in cancer because it protects from p53-
driven apoptosis. Beyond mediating apoptosis, ATM also plays a crit-
ical role in DNA double-strand break (DSB) repair. Mammalian cells
use two distinct DSB repair pathways. Nonhomologous end joining
(NHE]) is an error-prone DSB repair pathway that is preferentially
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used during early phases of the cell cycle, when no sister chromatid
is available (1I). During NHE], the noncatalytic subunits Ku70 and
Ku80 form a heterodimer that binds to the free DNA ends and sub-
sequently recruits DNA-PKcs (DNA-dependent protein kinase cata-
Iytic subunit). DNA-PKcs kinase activity is essential for XRCC4- and
Lig4-mediated rejoining of the broken ends during NHEJ (12). The sec-
ond major DSB repair pathway, homologous recombination (HR), is
largely restricted to the S and G, phases of the cell cycle, when a sister
chromatid is available as a template for DSB repair (13). One of the
early events necessary for completion of the HR process is DSB end
resection to create a 3’ single-stranded overhang, which becomes rap-
idly coated with RPA and provides a substrate for activation of the
proximal DDR kinase ATR (14). During the ensuing steps of the
HR process, RPA is replaced by Rad51, which mediates the core reac-
tions of HR, namely, homology searching, strand exchange, and Holliday
junction formation (13). There is strong evidence for a role of ATM
in HR-mediated DSB repair, with less pronounced effects on NHE]J
(15-18). Cells derived from A-T patients show a DSB repair defect, which
is due to impaired assembly and functioning of the RAD51-associated
protein complexes in the HR arm of DSB repair (16, 18, 19). Recruitment
of Rad51 to DSBs requires resection of DNA ends to generate RPA-coated
3’ single-stranded overhangs. This resection process and the resulting
Rad51 focus formation are ATM-dependent (20-22). ATM is required
for the HR-dependent DSB repair component in G,, as supported by
the observation that ionizing radiation-induced sister chromatid exchanges
in G, require ATM (23-25). Thus, the apoptosis-evading effect of ATM
deficiency in human neoplasias likely comes at the cost of a reduced
ability to repair chemotherapy-induced DSB lesions via error-free HR.

Because ATM-deficient human tumors frequently display chemo-
therapy resistance (4, 6-10), one might speculate that chemotherapy-
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induced DSBs are repaired in ATM-deficient cancer cells to ensure long-
term survival. It is likely that alternative, error-prone DSB repair pathways,
such as NHEJ, compensate for the HR defect in ATM-deficient cells.
Consistent with the idea that NHEJ might serve as a backup mechanism
for failed HR-mediated DSB repair, mice deficient for both ATM and
PRKDC (encoding DNA-PKcs) display early embryonic lethality (26),
whereas animals lacking either ATM or PRKDC are viable (27, 28). Here,
we aimed to characterize DNA-PKcs as a drug target for the treatment of
inherently chemotherapy-resistant ATM-defective neoplastic disease.

RESULTS

ATM-defective cancer cells display DNA-PKcs addiction
We have recently shown that ATM depletion renders murine cells and
tumors resistant to genotoxic chemotherapy, mimicking the effects

apoptosis in the ATM-proficient cell lines A375 (90.6 + 6.8%) and
A549 (54.6 + 5.4%) (Fig. 1A), whereas ATM-defective HT144 and
H1395 cells were resistant against etoposide with only 14.2 + 2.5%
and 15.0 + 2.6% of apoptotic cells after 24 hours, respectively. When
these cell lines were exposed to KU-0060648, we observed a clear
segregation on the basis of their ATM status. ATM-proficient cells
showed only marginally increased apoptosis, compared to the non-
treated controls (Fig. 1A), whereas the ATM-defective cell lines dis-
played a marked apoptotic response after 24 hours of exposure to
KU-0060648. Specifically, HT144 cells showed 44.3 + 10.3% and
H1395 cells displayed 49.6 + 10.2% apoptotic cells compared to less
than 3% of apoptotic cells in the respective untreated controls (Fig.
1A). Combination treatment with etoposide plus KU-0060648 had
no additional significant effect on the apoptotic response of ATM-
defective cells compared to either drug alone (Fig. 1A). Similar effects

of disabling ATM mutations in human
patients (10). We further showed that
DNA-PKcs repression in ATM-depleted
murine embryonic fibroblasts increases
their sensitivity to DSB-inducing chemo-
therapy (10). However, it remains unclear
whether ATM-defective human cancer
cells display a similar addiction to DNA-
PKcs and whether DNA-PKcs is indeed
a druggable target for the treatment of
ATM-defective cancers. Finally, the molec-
ular details of the apparent synthetic lethal
interaction between ATM and PRKDC re-
main elusive.

To test whether ATM-defective cancer
cells display DNA-PKcs addiction, we in-
vestigated HT144 and H1395 cells. The
human melanoma cell line HT144 car-
ries a homozygous GG to AA substitution
at codon 2845 in ATM, resulting in a pre-
mature stop codon (29). In addition, this
cell line carries a homozygous BRAF'***
mutation. As an ATM-proficient control
for this cell line, we used BRAF"*_driven
A375 melanoma cells. The human non-
small cell lung cancer (NSCLC) cell line
H1395 carries an A to G substitution at co-
don 2666 of ATM, resulting in a Thr to
Ala mutation in the ATM Ser/Thr kinase
domain (30). As an ATM-proficient con-
trol for this cell line, we used A549 NSCLC
cells. All four cell lines are p53-proficient.
We assessed the effects of DNA-PKcs in-
hibition using the DNA-PKcs inhibi-
tor KU-0060648. Cells were treated for
24 hours with KU-0060648 (0.5 uM), the
DSB-inducing topoisomerase II inhibitor
etoposide (10 pM), or a combination of
both compounds (Fig. 1A). Apoptosis was
assessed by flow cytometry after cells had
been stained with antibodies to cleaved
caspase-3. Etoposide induced widespread
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Fig. 1. Non-oncogene addiction to DNA-PKcs in ATM-defective human cancer cells. (A) ATM-
proficient (A375 and A549) and ATM-defective (HT144 and H1395) cells were grown to assess their response
to etoposide (10 uM), the DNA-PKcs inhibitor KU-0060648 (KU) (0.5 uM), or a combination treatment. After
24 hours, cells were harvested, and cleaved caspase-3 staining was analyzed by flow cytometry to assess
the percentage of apoptotic cells (bars indicate means + SEM, n = 12). (B) To exclude off-target effects of
KU-0060648, we treated cells as in (A) with the exception that KU-0060648 was replaced by NU7441 (NU)
as an alternative DNA-PKcs inhibitor (bars indicate means + SEM, n = 12). (C) Clonogenic survival assay.
ATM-proficient (A375 and A549) and ATM-defective (HT144 and H1395) cells were treated with 10 ul of
phosphate-buffered saline (PBS) (vehicle control) or exposed to etoposide (10 uM), KU-0060648 (0.5 uM),
or a combination treatment for 12 hours, washed, and replated at 5000 cells per 10-cm dish. Fourteen
days later, colonies were stained and counted. (D) Quantification of the experiments described in (C) [bars
indicate means + SEM (n = 3), normalized to untreated control]. *P < 0.05, two-tailed Student’s t test.
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Fig. 2. Genetic validation of the synthetic lethal interaction between
ATM and PRKDC. (A to D) Effect of a series of DNA-PKcs-targeting shRNAs
with varying degrees of knockdown efficiency. ATM-defective H1395 (A)
and HT144 (B) cells, as well as ATM-proficient A549 (C) and A375 (D) cells,
were transduced with control shRNAs or three distinct DNA-PKcs-targeting
shRNAs, and population doublings were recorded. Experiments shown in
(A) to (D) were performed at n = 8 (bars indicate means + SEM). (E and F)
ATM-defective HT144 (E) and H1395 (F) cells were transiently transfected
with a plasmid encoding Flag.ATM and GFP. Twenty-four hours later, cells
were treated with etoposide (10 uM) for 24 hours and harvested, and ap-
optosis was assessed by flow cytometry. GFP coexpression was used to
separate ATM-complemented cells from the parental cells [top left panels
in (E) and (F)l. Gate M1 indicates GFP-negative cells, and gate M2 indicates
GFP-expressing cells. The bottom panels in (E) and (F) show histogram
plots of the parental (left) and ATM-complemented (right) HT144 and
H1395 cells. Gates M3 and M4 indicate the fraction of cleaved caspase-3-
positive parental and ATM-complemented cells, respectively. Quantification
of the individual experiments is shown at the top right of (E) and (F). Bars
indicate means + SEM (n = 8). *P < 0.05, two-tailed Student’s t test. (G) A375
and A549 cells were infected with lentiviruses encoding ATM-targeting or
luciferase control shRNAs. Cells were left untreated or exposed to etoposide
(10 uM), KU-0060648 (KU) (0.5 M), or a combination treatment for 24 hours
before apoptosis was quantified using flow cytometry. The experiments
shown in (G) were performed at n = 8 (bars indicate means + SEM). (H)
E:MYGARF~-driven cells were infected with retroviruses encoding ATM-
targeting or luciferase control shRNAs. Upon puromycin selection, cells were
left untreated or exposed to etoposide (10 uM), KU-0060648 (0.5 uM), or a
combination treatment for 24 hours before apoptosis was quantified using
flow cytometry (bars indicate means + SEM, n = 9).

KU-0060648 with NU7441 (0.5 uM) as an alternative DNA-PKcs in-
hibitor (Fig. 1B).

To validate these experiments, we used colony survival assays. Cells
were left untreated and exposed to etoposide, KU-0060648, or a com-
bination treatment consisting of etoposide plus KU-0060648 for 12 hours
(Fig. 1C). Surviving colonies were assayed 14 days after reseeding sub-
sequent to completion of the different treatments. ATM-defective
cells displayed etoposide resistance compared to their ATM-proficient
counterparts, which is reflected in significantly more surviving colo-
nies in HT144 and H1395 cells (Fig. 1, C and D). In contrast, ATM-
defective cells appeared to critically depend on DNA-PKcs signaling
for their survival, even in the absence of exogenous genotoxic stress.
Treatment with KU-0060648 as a single agent resulted in a significant
decrease in the number of surviving colonies in HT144 and H1395
cells compared to untreated controls. This is in contrast to their ATM-
proficient counterparts, which show essentially no difference in the num-
ber of surviving colonies when comparing control cells to those exposed
to KU-0060648 (Fig. 1D). These data suggest that ATM deficiency is
associated with marked etoposide resistance in human cancer cells.
Furthermore, the observation that DNA-PKcs inhibition promotes
apoptosis in ATM-defective cells suggests that these cells are DNA-
PKcs-dependent.

Because studies with adenosine triphosphate-competitive inhibi-
tors are frequently hampered by off-target effects, we next performed
genetic studies to further assess the DNA-PKcs dependence of ATM-
defective cancer cells. To examine whether DNA-PKcs was required for
survival in ATM-proficient and ATM-defective human cancer cells, we
used RNA interference (RNAi) to deplete DNA-PKcs and examined
population doubling rates upon knockdown (Fig. 2, A to D). Cells were
infected with lentiviruses delivering short hairpin RNAs (shRNAs)
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against luciferase (control) or DNA-PKcs. We used three DNA-PKcs-
targeting shRNAs with different degrees of knockdown efficiency,
essentially allowing us to analyze an allelic series of DNA-PKcs ex-
pression levels (fig. S1). DNA-PKcs depletion completely prevented
further proliferation of ATM-defective H1395 and HT144 cells when
we used the two most potent shRNAs (#1 and #2) (Fig. 2, A and B).
When we tested the effects of an shRNA with a less strong knockdown
efficiency (#3), proliferation of both H1395 and HT144 cells was
markedly reduced, but not completely abolished, compared to cells ex-
pressing control shRNA. In contrast, DNA-PKcs repression in ATM-
proficient cells did not significantly reduce the population doubling
rates in these cells, indicating that DNA-PKcs is not essential in
ATM-proficient settings (Fig. 2, C and D).
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We next performed a set of complementation experiments in
which we compared the effect of KU-0060648 in the ATM-defective
parental cell lines H1395 and HT144 and their ATM-complemented
counterparts. Cells were transfected with a plasmid driving the expres-
sion of ATM and green fluorescent protein (GFP) (fig. S2). We chose
conditions under which 40 to 50% transfection efficiency was reached.
Transfected cultures were exposed to etoposide for 12 hours, and ap-
optosis was analyzed by flow cytometry. Coexpression of GFP and
ATM allowed the separate gating of ATM-defective (GFP-negative)
and ATM-complemented (GFP-positive) cells (Fig. 2, E and F). In keep-
ing with our hypothesis, we found that complementation of ATM-
defective and inherently chemotherapy-resistant HT144 and H1395
cells significantly enhanced their apoptotic response to etoposide
(Fig. 2, E and F, bottom panels).

If ATM deficiency was indeed responsible for the etoposide re-
sistance and DNA-PKcs addiction that we observed in HT144 and
H1395 cells, one might expect ATM depletion to produce a similar
phenotype in initially ATM-proficient cells. To test this, we infected
A375 and A549 control cells with lentiviruses expressing ATM-targeting
shRNAs and analyzed the apoptotic response of these cells to KU-
0060648, etoposide, or a combination treatment (Fig. 2G and fig.
S$3). Consistent with our hypothesis, we found that ATM depletion
rendered A375 and A549 cells resistant to etoposide and exquisitely
sensitive to DNA-PKcs inhibition (Fig. 2G). To further prove our
hypothesis that ATM deficiency is associated not only with resistance
against genotoxic chemotherapy but also with DNA-PKcs depen-
dence, we turned to murine Eu:MYCARF '~-driven B-non-Hodgkin’s
lymphoma (B-NHL) cells (Fig. 2H and fig. S4). To address the ef-
fect of ATM depletion in an otherwise isogenic system, we infected
Ew:MYC;ARF '~ -driven lymphoma cells with retroviruses express-
ing ATM-targeting shRNA and compared the effects of KU-0060648,
etoposide, or a combination treatment. In agreement with our initial
experiments, we found that ATM-proficient control cells were highly
sensitive to etoposide, although this sensitivity was completely abol-
ished when ATM was depleted (Fig. 2H). Furthermore, ATM-depleted
Ew:MYCGARF "~ lymphoma cells became DNA-PKcs-addicted because
KU-0060648 exposure induced massive apoptosis in these cells (Fig.
2H). This DNA-PKcs addiction of ATM-depleted cells was likely
not due to DNA-PKcs overexpression in ATM-depleted cells. When
we performed immunoblotting to analyze DNA-PKcs expression levels
and activation (as monitored by an antibody detecting phospho-
Thr**), we found that knockdown of ATM did not result in increased
DNA-PKGcs expression, but in increased DNA-PKcs activity, even in the
absence of genotoxic stress (fig. S5). Together, these data indicate that
ATM deficiency is associated with resistance against genotoxic chemo-
therapy, likely through an abrogation of p53-driven apoptosis. On the
other hand, this apoptosis evasion appears to come at the cost of a non-
oncogene addiction to DNA-PKcs, which could be targeted with DNA-
PKcs inhibitors.

ATM-defective cells fail to repair DSBs when DNA-PKcs

is inhibited

We next aimed to mechanistically characterize the DNA-PKcs addic-
tion of ATM-defective cells. Beyond mediating apoptosis (19), ATM
has also been shown to be an important driver of HR-mediated DSB
repair (15-18). However, because ATM-defective cancers appear to be
largely resistant against genotoxic chemotherapy, these HR-defective
malignancies may use alternative DSB repair pathways, such as DNA-
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PKcs-dependent NHE], to repair DSBs. If this was the case, one might
expect to observe the prolonged persistence of unrepaired DSBs in
ATM-defective cells that had been exposed to DNA-PKcs inhibitors.
To test this, we used immunofluorescence to monitor the persistence of
etoposide-induced YH2AX and 53BP1 nuclear foci in ATM-proficient
and ATM-deficient cells exposed to KU-0060648 or vehicle control.
We chose to monitor YH2AX and 53BP1 foci because both are es-
tablished markers of DSBs (31, 32).

We treated ATM-proficient (A375 and A549) and ATM-deficient
(HT144 and H1395) cells for 20 min with a low-dose etoposide pulse
(0.1 uM) to induce DSBs. In a parallel experiment, cells were pre-
treated with KU-0060648 for 1 hour before addition of etoposide.
KU-0060648 remained present in the medium after etoposide removal.
In both experiments, cells were protected from premature apoptosis by
addition of the irreversible pan-caspase inhibitor Z-VAD (10 uM),
which was applied together with etoposide. Consistent with the induc-
tion of DSBs by etoposide, we detected similar numbers of yH2AX and
53BP1 foci in all cell lines 1 hour after etoposide removal (Fig. 3, A to
D). Furthermore, there were no detectable differences in the repair ki-
netics of all cell lines, when the number of YH2AX/53BP1 foci-positive
cells was assessed at 72 and 96 hours. However, marked differences in the
DSB repair kinetics could be observed in ATM-proficient and ATM-
deficient cells that were treated with KU-0060648. ATM-proficient
cells showed no evidence of increased YH2AX or 53BP1 foci at 72 and
96 hours compared to vehicle-treated controls. This picture was differ-
ent in ATM-defective cells treated with KU-0060648. Both HT144 and
H1395 cells displayed persistent YH2AX and 53BP1 foci even 96 hours
after etoposide removal, when DNA-PKcs was inhibited (Fig. 3, A
to D). These observations are in line with a DSB repair defect being
present in cells lacking both ATM and DNA-PKcs activity.

ATM- and DNA-PKcs-defective cancer cells generate
RPA-coated single-stranded DNA intermediates

We next aimed to further characterize the DSB repair defect in ATM-
defective cells. Recruitment of Rad51, the core component of the HR
machinery, to DSBs requires resection of DNA ends to generate RPA-
coated 3’ single-stranded DNA (ssDNA) overhangs. To assess whether
ATM-defective cells that were exposed to KU-0060648 initiated early
steps of the HR process, we submitted ATM-proficient and ATM-
deficient cells to the same treatment regimen as in Fig. 3 to monitor
the occurrence and persistence of nuclear RPA foci, markers of ssDNA
repair intermediates (33). All four cell lines displayed prominent RPA
foci 1 hour after removal of etoposide, regardless of ATM status and
independent of the presence or absence of a DNA-PKcs inhibitor (Fig.
4, A and B). At 72 and 96 hours after etoposide exposure, the ATM-
proficient cells (A375 and A549) remained largely RPA foci-negative,
paralleling their lack of YH2AX and 53BP1 foci and indicative of com-
pleted DSB repair at these late time points. There was no difference
among the ATM-competent cells that were exposed to either KU-
0060648 or vehicle. Furthermore, RPA foci were largely undetectable
in ATM-defective HT144 and H1395 cells at 72 and 96 hours, when no
DNA-PKcs inhibitor was present. In contrast, when ATM-defective
cells were treated with an etoposide pulse and KU-0060648, large
RPA foci were detectable in these cells 72 and 96 hours after etoposide
removal. These data indicate that DSBs not only persist for extended
periods in ATM-defective cells that are exposed to DNA-PKcs inhibitors
but also are extensively modified in these cells to yield RPA-coated
ssDNA structures.
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Fig. 3. DSB repair defect resulting from DNA-PKcs inhibition in ATM-defective cells.
(A and B) Treatment of ATM-defective cells with KU-0060648 (KU) results in persistent DSBs
as indicated by persistent nuclear YH2AX staining. ATM-proficient (A375) and ATM-defective
(HT144) human melanoma cells (A), as well as ATM-proficient (A549) and ATM-defective
(H1395) human NSCLC cells (B), were exposed to a low-dose etoposide pulse (0.1 uM,
20 min) and harvested 1, 72, and 96 hours later. Control cells were left untreated. In
a parallel experiment, cells were pretreated with KU-0060648 (0.5 uM) for 1 hour before
addition of etoposide. Top panels show a quantification of these experiments (n = 9; bars
indicate means + SEM). Bottom panels depict representative original immunofluorescence
data. (C and D) Exposure of ATM-defective HT144 and H1395 cells to KU-0060648 results in
persistent DSBs as indicated by persistent 53BP1 nuclear foci. A375, A549, HT144, and
H1395 cells were treated as in (A) and (B) and stained with antibodies detecting 53BP1.
Top panels show a quantification of these experiments (n = 7, bars indicate means + SEM).
Bottom panels depict representative original immunofluorescence data.
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RPA-coated ssDNA triggers activation of the
ATR/Chk1/p53/Puma axis

We next asked whether ssDNA repair intermediates
might induce proapoptotic signaling in ATM-defective
cells. Because both the HT144 and H1395 cell lines
are p53-proficient, we reasoned that the KU-0060648-
induced apoptosis of these cells might be p53-dependent.
Numerous kinases can activate p53, including ATM,
DNA-PKcs, and ATR (34). Intriguingly, RPA-coated
ssDNA recruits ATR through binding of its regulatory
subunit ATRIP to RPA (14). We reasoned that the RPA-
coated ssDNA that we had observed in ATM-defective cells
treated with KU-0060648 might trigger an ATR-
dependent p53 activation, ultimately promoting p53-
driven apoptosis. To test this, we used immunoblotting
to assess the activation status of the ATR/Chk1/p53
signaling axis in ATM-proficient and ATM-deficient
cells that were treated with etoposide, KU-0060648, or
vehicle control. ATR activation was monitored with an
antibody detecting a phospho-epitope on Thr'*®. Chk1
activation was assessed with an antibody to phospho-
Ser’'”. p53 activation was assessed with an antibody de-
tecting total (stabilized) p53 and an antibody directed
against phospho-Ser®’, the residue targeted by Chkl.
Using these assays, we found the ATR/Chk1/p53 axis
to be activated in the ATM-defective cell lines 24 hours
after addition of KU-0060648 (Fig. 5A). Consistent with
the primary resistance of these ATM-defective cells, we
failed to detect any activation of the ATR/Chk1/p53 axis
after etoposide treatment. A strikingly different activation
pattern of the ATR/Chk1/p53 axis emerged in ATM-
proficient cell lines. Twenty four hours after etoposide,
these cells displayed prominent activation of ATR, Chkl,
and p53, whereas KU-0060648 treatment did not result
in any substantial activation of the ATR/Chk1/p53 axis
(Fig. 5A). These data suggest that DNA-PK inhibition
leads to ATR/Chk1-dependent p53 activation in ATM-
defective cells.

To assess the outcome of this p53 accumulation, we
used quantitative polymerase chain reaction (qPCR) to
monitor the expression of the p53 target genes PUMA,
BAX, BAK, GADD45A, and RPRM. KU-0060648 treat-
ment markedly increased mRNA expression of the pro-
apoptotic p53 target gene PUMA in ATM-defective cells
(Fig. 5, B and C). In contrast, etoposide treatment did
not result in a significant change in the expression level
of any of the investigated p53 target genes. These obser-
vations agree with a primary resistance of ATM-defective
cells to DNA damage-induced apoptosis through the
p53 pathway. However, this resistance appears to be over-
come by exposure of ATM-defective cells to KU-0060648,
suggesting that repression of DNA-PK activity in ATM-
defective cells leads to an ATR/Chkl1-dependent activation
of the proapoptotic p53/Puma axis, likely as a result of
aberrant ATR activation downstream of RPA-coated
ssDNA repair intermediates.

We next asked whether interception of signaling
through the ATR/Chk1/p53/Puma axis would abolish
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KU-0060648-induced apoptosis in ATM-defective cells. To this end,
we exposed ATM-proficient and ATM-deficient cells to either etoposide,
etoposide plus KU-0060648, or etoposide plus KU-0060648 plus the
Chk1 inhibitor AZD-7762 (200 nM) for 12 hours. Addition of either
KU-0060648 or KU-0060648 plus AZD-7762 did not significantly al-
ter the degree of apoptosis in ATM-proficient cells when compared to
the effects of etoposide alone (fig. S6, A and B). In contrast, exposure of
ATM-defective cells to a combination treatment consisting of etoposide
plus KU-0060648 led to the robust induction of apoptosis. Addition of
AZD-7762 to this regimen led to a precipitous drop in the percentage
of apoptotic cells, suggesting that signaling through the ATR/Chk1
axis is involved in mediating apoptosis in DNA-PKcs inhibitor-treated
ATM-defective cells (fig. S6, C and D).

To further interrogate the contribution of the ATR/Chk1/p53/Puma
axis in mediating KU-0060648-induced apoptosis in ATM-defective
cells, we next assessed the effects of Puma repression in this setting.
ATM-proficient and ATM-deficient cells were infected with lenti-
viruses encoding either control or Puma-targeting shRNAs. Cells were
then treated with KU-0060648, etoposide, or a combination of both com-
pounds for 24 hours before apoptosis was assessed. As expected, deple-
tion of Puma resulted in marked resistance of ATM-proficient cells to
etoposide or combination treatment with etoposide plus KU-0060648
(fig. S7, A and B). Loss of Puma also repressed the apoptotic response
of ATM-deficient HT144 and H1395 cells treated with KU-0060648
or a combination of etoposide plus KU-0060648 (fig. S7, C and D). These
data lend further support to our hypothesis that signaling through the
ATR/Chk1/p53/Puma axis is involved in mediating KU-0060648-
dependent apoptosis in ATM-defective cells.
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Fig. 4. RPA-coated ssDNA intermediates in ATM-defective cells with-
out functional DNA-PKcs. (A and B) ATM-proficient (A375) and ATM-
defective (HT144) melanoma cells, as well as ATM-proficient (A549) and
ATM-defective (H1395) NSCLC cells, were exposed to a low-dose etoposide
pulse (0.1 uM, 20 min) and harvested 1, 72, and 96 hours later. Control cells
were left untreated. In a parallel experiment, cells were pretreated with
KU-0060648 (KU) (0.5 uM) for 1 hour before addition of etoposide. RPA foci
were visualized using indirect immunofluorescence. Top panels show a
quantification of these experiments (n = 12; bars indicate means + SEM).
Bottom panels depict representative original immunofluorescence data.
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Fig. 5. Activation of apoptosis through ATR in ATM-defective cells treated
with DNA-PKcs inhibitors. (A) ATM-proficient (A375 and A549) and ATM-
deficient (HT144 and H1395) cells were left untreated, exposed to etoposide
(10 uM), or treated with KU-0060648 (KU) (0.5 uM). Cells were harvested after
24 hours and analyzed by immunoblotting using the indicated antibodies.
B-Actin staining served as a loading control. (B and C) To assess the functional
consequence of the p53 accumulation depicted in (A), we used qPCR to monitor
the expression level of the p53 target genes PUMA, BAX, BAK, GADD45A, and
RPRM in ATM-defective HT144 (B) and H1395 (C) cells after exposure to either
etoposide (10 uM) or KU-0060648 (0.5 M). Cells were treated as in (A), har-
vested, and analyzed by qPCR. Expression levels of the indicated p53 target
genes were normalized against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression (bars indicate means + SEM, n = 4).
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Repression of CtBP-interacting protein abolishes

3'-ssDNA repair intermediates and prevents apoptosis
CtBP-interacting protein (CtIP) is required for the resection of DNA
ends to generate RPA-coated 3'-ssDNA overhangs (35, 36). There
is accumulating evidence suggesting a two-step model for DSB re-
section where CtIP and the Mrel1/Rad50/Nbsl complex cooperate
to initiate resection before the exonuclease Exol continues the re-
section process to generate the 3'-ssDNA tails required for the HR
process (37). Our data suggested that the generation of RPA-coated
ssDNA repair intermediates triggered ATR/Chk1 activation, ulti-
mately promoting p53-dependent PUMA induction and subse-
quent apoptosis of ATM-defective cells treated with KU-0060648.
We hence speculated that repression of CtIP might prevent the
generation of ssDNA intermediates and thus might preclude activa-
tion of the proapoptotic ATR/Chk1/p53/Puma axis in ATM-defective
cells treated with KU-0060648. To test this, we compared the dynam-
ics of nuclear RPA foci formation in ATM-defective HT144 and
H1395 cells expressing either control or CtIP-targeting shRNAs
(fig. S8). As shown in fig. S9A, CtIP depletion significantly reduced
the number of RPA foci-positive HT144 and H1395 cells 1 hour after
etoposide removal and almost completely blocked the generation of
RPA foci at 72 and 96 hours. As described by others, we found that
shRNA-mediated depletion of CtIP caused hypersensitivity toward
etoposide (fig. S9B) (38). CtIP depletion also resulted in a significant
(P < 0.05) reduction of KU-0060648 toxicity when applied alone or
in combination with etoposide (fig. S9B). These results point toward
a critical role for CtIP not only in mediating the resection of DSBs in
DNA-PK inhibitor-treated ATM-defective cells but also in promot-
ing subsequent activation of apoptosis.

ATM-defective chronic lymphocytic leukemia cells display
DNA-PKcs addiction

Deletions on the long arm of chromosome 11 (harboring the ATM
gene located at 11g22.3-11¢g23.1) are found in about 20% of patients
with chronic lymphocytic leukemia (CLL) and identify a subgroup
with poor outcome (9). CLL with del(11g) can be further divided into
two subgroups based on the integrity of the residual ATM allele. Pa-
tients with biallelic ATM alterations display defective responses to cy-
totoxic chemotherapeutics in vitro and a poorer clinical outcome (4).
Hence, we next aimed at validating our findings in primary CLL cells
derived from patients with either del(11g) or a wild-type configuration
on 11q. Patients were stratified as being wild type or del(11q) by clinical-
grade fluorescence in situ hybridization (FISH) analysis (Fig. 6, A
and B). Primary CLL cells were seeded onto a feeder layer of CD40
ligand-expressing NIH 3T3 cells before treatment with KU-0060648,
etoposide, or a combination of both compounds. Wild-type CLL cells
were highly sensitive to etoposide but resistant against KU-0060648
(Fig. 6). Addition of KU-0060648 to the etoposide regimen did not sig-
nificantly enhance the response of the ATM-proficient CLL cells. In con-
trast, del(11q) CLL cells were exclusively sensitive to KU-0060648 but
largely resistant to etoposide (Fig. 6). These data suggest that DNA-PK
inhibition might be a useful strategy to treat chemotherapy-resistant,
ATM-defective CLLs.

DNA-PKGcs is a valid target for the therapy of
ATM-defective lymphoma

To validate our observations in vivo, we used the Fu:MYCARF~-driven
B-NHL model (10). Lymphoma cells derived from Eu:MYC,ARF”~

www.ScienceTranslationalMedicine.org

mice were infected with lentiviruses encoding either luciferase con-
trol or ATM-specific shRNAs. C57BL/6] recipient mice were trans-
planted with 1.5 x 10° transduced lymphoma cells. Upon lymphoma
manifestation, treatment with either KU-0060648, etoposide, or a
combination of KU-0060648 plus etoposide was initiated. Untreated
control animals carrying either luciferase sShARNA- or ATM shRNA-
expressing lymphomas were used to monitor the natural course of
the disease. The entire cohort of animals bearing untreated control
tumors succumbed to their disease within 25 days after initial man-
ifestation (Fig. 7A). The overall survival of animals carrying control
shRNA-expressing lymphomas could be significantly enhanced when
these animals were treated with etoposide (Fig. 7A). KU-0060648
treatment did not produce a significant extension in overall survival
of these animals. Furthermore, addition of KU-0060648 to the etoposide
regimen did not result in significant additional survival gains beyond
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Fig. 6. Etoposide resistance and DNA-PKcs addiction in CLL cells carrying
del(11q). (A and B) CLL patients were stratified as wild type on 71922 (n = 13)
or del(11g) (n = 13) through FISH analysis (left panels). Primary CLL cells freshly
isolated from 26 patients were seeded onto a feeder layer of CD40 ligand-
expressing NIH 3T3 cells before treatment with KU-0060648 (KU) (0.5 uM),
etoposide (10 uM), or a combination of both compounds. After 24 hours, cells
were harvested and incubated with 7-aminoactinomycin D (7AAD) and fluores-
cein isothiocyanate-labeled annexin V and then analyzed by flow cytometry.
Survival was quantified as the percentage of 7AAD'®"/annexin V" cells (bars
indicate means + SEM, n = 9). *P < 0.05, two-tailed Student’s t test.
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Fig. 7. Validation of DNA-PKcs as a drug target for the treatment of ATM-
defective B-NHL in vivo. (A and B) RNAi-mediated suppression of ATM in
Ew:MYCARF~-driven lymphomas confers etoposide resistance and DNA-PKcs
dependence in vivo. Lymphoma cells were transduced with luciferase shRNA-
or ATM shRNA-expressing retroviruses and injected into isogenic C57BL/6 re-
cipient mice. Upon lymphoma manifestation, animals were treated with one
course of KU-0060648 (KU) [blue lines in (A) and (B)], etoposide [red lines in (A)
and (B)], or a combination of both compounds [purple lines in (A) and (B)] or
left untreated [black lines in (A) and (B)]. Overall survival is shown in Kaplan-
Meier format. Recording of survival was initiated on day 1 of each treatment
regimen. In total, 23 mice in each treatment cohort carrying luciferase ShRNA-
expressing lymphomas and 34 animals in each treatment cohort carrying ATM
shRNA-expressing lymphomas were included. Statistically significant survival
differences are indicated (two-tailed Student’s t test). (C) Proposed mechanism
of DNA-PKcs addiction of ATM-defective cancer cells and the therapeutic tar-
geting of the synthetic lethal interaction between ATM and PRKDC.
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those that were achievable with etoposide. In contrast, survival of un-
treated animals bearing ATM-depleted lymphomas was slightly reduced
compared to untreated control lymphomas, likely reflecting a more
aggressive phenotype. Furthermore, ATM-depleted lymphomas were
resistant to etoposide, with no significant survival gains compared to
the untreated cohort. ATM-depleted lymphomas were highly sensitive
to KU-0060648, leading to significant (P < 0.05) survival gains when
compared with untreated and etoposide-treated animals. Combination
treatment with KU-0060648 and etoposide prolonged the survival of
ATM-depleted lymphoma-bearing animals even further, and a plateau
was reached at about 20% (Fig. 7B). This plateau persisted for up to
140 days after initiation of treatment, suggesting that a cure rate of 20%
might be achievable with a single course of KU-0060648 plus etoposide
in this model. These data strongly suggest that DNA-PKcs inhibitors
either alone or in combination with DSB-inducing genotoxic agents
might be a valuable strategy to target ATM-defective human cancers.

DISCUSSION

Loss of ATM is associated with addiction to DNA-PKcs

Loss of ATM in neoplastic disease is associated with resistance against
genotoxic therapies (4, 7-10, 39, 40). This resistance has been attributed
to a functional interception of the ATM/Chk2/p53 DDR signaling axis,
which relays the presence of genotoxic lesions to an apoptotic cellular
outcome (10, 40) (Fig. 7C). However, ATM not only mediates apoptosis
but also plays a critical role in HR-mediated DSB repair (16, 18, 19).
Thus, apoptosis resistance is associated with reduced HR-driven DSB
repair capacity in ATM-defective neoplastic disease. The observation
that ATM-defective cells not only proliferate but also are resistant
against genotoxic chemotherapy suggests that these cells can repair
DSBs. Mammalian cells exploit two major DSB repair pathways—the
ATM-dependent HR pathway and DNA-PKcs-mediated NHE]. We
show that ATM-defective cells rely on functional DNA-PKcs signaling
for their survival, even in the absence of exogenously induced DNA
damage. Our data suggest that the NHE] pathway is a backup pathway
for DSB repair in ATM-defective HR-impaired cells. Thus, although
isolated loss of ATM appears to protect cancer cells from genotoxic stress
by blunting the proapoptotic p53 response, it renders these cells exquis-
itely susceptible to DNA-PKcs inhibition. Our data are reminiscent of
those seen in a synthetic lethal interaction between BRCA1/2 and PARPI
(41, 42). Cells exposed to a PARP1 inhibitor accumulate DSBs, likely as a
result of impaired base excision repair. Although these lesions are typ-
ically resolved through HR-dependent DSB repair, BRCA1/2-defective
cells, as a result of their inherent HR defect, fail to repair PARP1 inhibitor—
induced DSBs, ultimately resulting in cell death (41, 42).

Targeting the synthetic lethal interaction between

ATM and PRKDC

We focused on the exploitability of DNA-PKcs inhibitors for the
treatment of ATM-defective cancers. We showed that both cancer-
associated ATM mutations and ATM depletion resulted in DNA-PKcs
dependence. To validate DNA-PKcs as a drug target for the treatment
of ATM-defective human cancers, we used two distinct DNA-PKcs
inhibitors, namely, KU-0060648 [a dual DNA-PKcs and phospha-
tidylinositol 3-kinase (PI3K) inhibitor (43)] and NU7441 [a DNA-PKcs
inhibitor with only weak activity against PI3K (44)]. Both compounds
displayed cytotoxic activity specifically in ATM-defective cells. Given
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that both compounds display at least some degree of activity against
PI3K as an off-target effect, it is conceivable that the effects we observed
were at least partially due to PI3K inhibition. However, we believe that
the contribution of PI3K inhibition to the cytotoxic effects of KU-0060648
and NU7441 is only marginal because RNAi-mediated DNA-PKcs de-
pletion in ATM-defective human cancer cells mimicked the cytotoxic
effects of KU-0060648 and NU7441. Furthermore, DNA-PKcs depletion
produced dose-dependent effects, with potent shRNAs resulting in com-
plete prevention of cell proliferation, whereas a less efficient sShRNA al-
lowed minimal residual growth of ATM-defective cells. Together, these
data indicate that activity against DNA-PKcs mediates the cytotoxic
effects of KU-0060648 and NU7441 in ATM-defective cells.

Clinical perspective

Disabling ATM mutations occur in about 10% of human tumors (5, 10).
Recently, two large CLL genome resequencing projects analyzing dis-
tinct patient cohorts have been published (45, 46). One cohort only in-
cluded treatment-naive patients (45), whereas the second cohort also
included pretreated patients (46). Consistent with our hypothesis that
ATM deficiency is associated with resistance against frontline genotoxic
chemotherapy, the number of ATM mutations was lower in the un-
treated cohort [4 of 105 patients (45)] than in the cohort that included
pretreated patients [8 of 91 patients, 5 of whom were in the pretreated
group (46)]. These independent observations suggest that ATM muta-
tions accumulate in therapy-refractory CLL patients. Therapeutic options
are currently very limited for these patients because they typically do
not qualify for allogeneic transplantation. Thus, it will be interesting to
test DNA-PKcs inhibitors in CLL patients who have been stratified on
the basis of their ATM status. One such molecule might be CC-115, a
dual mammalian target of rapamycin (mTOR)/DNA-PKcs inhibitor,
currently in phase 1 clinical trials (47). Additional tumors in which ATM
is frequently inactivated include head and neck squamous cell carcinoma
and mantle cell lymphoma (48-50). Given the availability of DNA-PKcs
inhibitors that are in clinical testing, as well as the various human ma-
lignancies with high rates of ATM inactivation, there will be ample op-
portunity to validate our findings in human patients with ATM-defective
neoplastic disease.

MATERIALS AND METHODS

Lymphoma model

C57BL/6] recipient mice were anesthetized with isoflurane, and 1.5 x 10°
Ew:MYGARF "~ lymphoma cells were injected intravenously. Lymphoma
cells had been isolated from the spleen of Ew:MYGARF '~ lymphoma-
bearing animals. Lymphoma burden was monitored by palpation of
the axillary and brachial lymph nodes. Upon the appearance of sub-
stantial tumor burden (palpable lesions with a diameter of >0.5 cm,
usually 11 to 13 days after injection), mice were exposed to the indicated
treatments. KU-0060648 was administered at 10 mg/kg, twice daily, on
days 1 to 4, and etoposide was given at 20 mg/kg, once daily, on days
1 to 4. Overall survival was measured as an end point of the current
study. Experiments were approved by the local animal care committee
of the University of Cologne.

Statistics
Values reported represent means + SEM. P values were calculated with
GraphPad Prism, with P < 0.05 considered significant. Experiments
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were done 3 to 12 times, and the particular statistical analyses used
in the experiments are noted in the figure captions. Statistics were per-
formed to illustrate significance between groups where n > 3.

Cell culture methods, virus production, immunoblotting, immuno-
fluorescence, clonogenic survival assay, fluorescence-activated cell sorting
and FISH analyses, and all reagents are described in detail in the Supple-
mentary Materials and Methods.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/5/189/189ra78/DC1

Materials and Methods

Fig. S1. shRNA-mediated knockdown of DNA-PKcs.

Fig. S2. ATM complementation of HT144 and H1395 cells.

Fig. 3. shRNA-mediated knockdown of ATM in A375 and A549 cells.

Fig. S4. shRNA-mediated knockdown of ATM in Ei:zMYCGARF ™~ lymphoma cells.

Fig. S5. ATM depletion in Ew:MYCARF~ lymphoma cells leading to DNA-PKcs hyperactivation.
Fig. S6. Induction of apoptosis in DNA-PKcs inhibitor-treated ATM-defective cells rescued
through Chk1 inhibition.

Fig. S7. Induction of apoptosis in DNA-PKcs inhibitor-treated ATM-defective cells rescued by
suppressing Puma.

Fig. S8. shRNA-mediated knockdown of CtIP in ATM-defective HT144 and H1395 cells.

Fig. S9. Prevention of apoptosis by CtIP repression in DNA-PKcs inhibitor-treated ATM-defective
cells.
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Discussion

Loss of ATM promotes resistance against chemotherapy and is
associated with molecular addiction DNA-PKcs

Due to the functional interception of the ATM/Chk2/p53/Puma DDR signaling
axis, which mediates apoptosis in the presence of genotoxic lesions, loss of
ATM is associated with resistance against genotoxic chemotherapies (3, 26,
53, 58, 88, 98, 101). However, ATM is also known to play a major role in HR-
mediated DSB repair, which is essential for an error-free repair of DSBs during
late S- and G»-phase, when an intact sister chromatid is present as a template
(15). Thus, the resistance to apoptosis is accompanied by a reduced capacity
of HR for DSB repair (75, 95, 116). To compensate this defect in HR in order
to survive after genotoxic therapies, cells must rely on another DSB repair
pathway. We could demonstrate, that this pathway is NHEJ, which is
dependent on DNA-PKcs function (85). To further validate whether there is a
synthetic lethal interaction between ATM and DNA-PKcs, we have shown that
ATM mutation, as well as ATM depletion result in a robust non-oncogene
addiction to DNA-PKcs (85). This opens a therapeutic window for the
treatment of ATM defective malignancies via inhibition of DNA-PKcs. We could
demonstrate a dose-dependent cytotoxic effect of DNA-PKcs inhibition by the
use of different shRNAs with different degrees of DNA-PKcs knockdown
efficiency (85). Furthermore, the significance of DNA-PKcs as a drug target
could be shown via the use of two distinct, ATP-competitive DNA-PKcs
inhibitors (KU-0060648 and NU7441), with both compounds displaying a high
cytotoxic specificity for ATM-defective cells (85). We could demonstrate the
efficiency of these DNA-PKcs inhibitors in the treatment of ATM-deficient

malignancies in vitro and in vivo (85).

Resistance

A common problem in the treatment of cancer with ATP-competitive kinase
inhibitors is the development of mutations inducing secondary resistance.
These mutations can generally be divided into two groups. (1) There are "on-
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target" mutations, which change the configuration of the kinase and intercept
the interaction between the kinase and its inhibitor. This process is frequently
seen in chronic myeloid leukemia (CML) patients receiving the first-line BCR-
ABL kinase inhibitor imatinib (4). With the development of second-generation
BCR-ABL kinase inhibitors i.e. dasatinib and nilotinib this resistance could be
overcome (4).

Another example for on-target drug resistance is the missense mutation
T790M within the EGFR-kinase domain which frequently occurs in erlotinib
treated EGFR-mutaded NSCLC (37). Here, the irreversible EGFR/HERZ2
inhibitor afatinib has recently been shown to prolong the progression free
survival in erlotinib resistant patients in a clinical phase Il trial (73).

A similar tumor evolution can be expected in the treatment of ATM-deficient
malignancies with DNA-PKcs inhibitors and the development and evaluation of
second generation DNA-PKcs inhibitors could become necessary.

(2) Mutations leading to drug-resistance can also be seen "off-target". In
patients with tumors bearing loss-of-function mutations in BRCA71- or 2 the
treatment with PARP1 inhibitiors recently has become a therapeutic option (2,
11, 28, 30, 33, 34). However, in pancreatic and ovarian tumors treated with
PARP1 inhibitors, re-gain of function in BRCAZ2 via intragenic deletion of small
regions carrying the initial disabling frameshift mutation is described, leading
to secondary resistance via generation of an HR competent isoform of BRCA2
(28, 91). Analogous to this model, re-gain of function in the ATM gene could

lead to secondary resistance against DNA-PKcs inhibition.

Off-target effects

We have been able to demonstrate the efficacy of DNA-PKcs-inhibition in
inherently chemotherapy resistant ATM-deficient malignancies in vitro and in
vivo (85). As kinase inhibitors that we used in our study not only inhibit DNA-
PKcs, but also have a known low level inhibitory off-target effect against PI3K,
it would have been possible, that this effect is due to PI3K-inhibition, at least to
a certain extent. By performing RNAi-mediated DNA-PKcs-knock downs with
different shRNAs with different knock down efficacy, we could show a
significant inhibitory dose-dependent effect on population doubling times of
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ATM-deficient tumor cell lines compared to ATM-proficient counterparts (85).
This finding may be substantiated by the described lethal phenotype for
double knock out mice for DNA-PKcs and ATM, leading to a developmental
arrest at ED7.5 (42). Thus, we propose that the effect of PI3K-inhibition is
negligible and the observed cytotoxic effect of the DNA-PKcs inhibitors used in
our study is indeed due to DNA-PKcs-inhibition.

Enhanced effectiveness of DNA-PKcs inhibition in ATM-deficient
malignancies via combinatorial treatment with PARP inhibitors

As mentioned above PARP1 inhibitors have already become a therapeutic
option in BRCA1- or 2-deficient malignancies (with BRCA1- or 2-deficiency
causing a defect in HR). As a logical consequence PARP1 inhibitors also got
tested in ATM-deficient malignancies and there is first evidence that PARP1
inhibition might also be a successful strategy in the treatment of those (112).
The inhibition of PARP1 leads to the conversion of SSBs to DSBs during cell
division. As SSBs occur with a frequency of tens of thousands per day
(instead of only 10 DSB per day), the combinatorial treatment of ATM-deficient
malignancies with PARP1-inhibitors might potentiate the effect of DNA-PKcs
inhibition and needs further investigation. A further consequence of our recent
study must be the testing of a combinatorial treatment with DNA-PKcs and
PARP1 inhibitors in BRCA1- or 2-deficient malignancies, as DNA-PKcs
inhibition should also potentiate the effect of PARP1 inhibition.

As both treatments are based on synthetic lethal interactions in HR-defective
cells, this combinatorial treatment should selectively kill the cancerous cells by
sparing their HR-competent neighbors. Furthermore, this dual kinase inhibition
would spare any genotoxic compounds and thus should have a decreased
frequency of secondary malignancies compared to established treatment

regimens.

Long-term effects of DNA-PKcs inhibition

There are no data about the long-term effects of DNA-PKcs inhibition in
humans. Mice treated with the two different DNA-PKcs inhibitors used in our
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study did not show any long-term toxicities. However, Gao et al. have shown,
that mice bearing a targeted homozygous DNA-PKcs null mutation are viable
but are not capable to perform normal B and T cell differentiation via V(D)J-
recombination and therefore suffer from immunodeficiency (36). V(D)J-
recombination is a mechanism of genetic recombination, which assembles
immunoglobulin and T cell receptor genes during lymphocyte development
(55, 92). This process is responsible for the plethora of different
immunoglobulins and T cell receptors, which enable specific responses to an
enormous number of different antigens (55, 92). V(D)J-recombination includes
a series of controlled DNA breakage and rejoining events, with the latter
dependent on functional NHEJ and thus on DNA-PKcs (55, 92).

As most of the V(D)J-recombination takes place during embryogenesis and
childhood and as the intermittent administration of a DNA-PKcs inhibitors will
not block the V(D)J-recombination at all times, a treatment started in adult
patients might not result in a major immunodeficiency as described for DNA-
PKcs null mutant mice. Nevertheless there might be a certain degree of
immunodeficiency predisposing for infectious diseases and secondary
malignancies, especially if a lifelong treatment course with DNA-PKcs
inhibitors will turn out to be necessary to successfully keep ATM-deficient

malignancies under control.

Clinical Perspective

Shown for different tumor entities, disabling ATM mutations seem to occur in
about 10 percent of human malignancies (6, 8, 24, 53, 80, 82). Furthermore,
there is strong evidence for a poor prognosis for patients harboring ATM
mutated tumors (3, 26, 88). The resistance to chemotherapy for tumors with
loss of ATM previously described by Jiang and Reinhardt et al. could be
further sustained by two large CLL re-sequencing projects (53, 80, 107). In
one study only patients without any pretreatment were included (80), while the
other one also included pretreated patients (107). With a relative mutational
rate of under 4 percent in the untreated cohort (4/105 patients) and a relative
mutational rate of more than 8 percent in the pretreated cohort (8/91 patients),
the frequency of ATM mutation has been dramatically higher in the pretreated
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group, indicating the accumulation of ATM mutations in therapy-refractory CLL
patients (80, 107).

As there are only very limited therapeutic treatment options especially for
these therapy-refractory CLL patients today, CLL patients stratified by their
ATM-status might be an ideal collective to test the efficacy of DNA-PKcs
inhibitors in ATM-mutated malignancies in men. CC-115 is a dual mTOR/DNA-
PKcs inhibitor, which already has entered phase | clinical trials, could be an
ideal candidate for the evaluation of DNA-PKcs inhibition these patients (67).
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Zusammenfassung

Als Antwort auf genotoxischen Stress aktivieren Zellen eine komplexe, Kinase-
basierte Signalkaskade um einen Zellzyklusarrest einzuleiten. In Abhangigkeit
vom Umfang des Schadens wird ferner entweder eine Reparatur der DNA
oder, bei zu ausgedehnten Schaden, die Apoptose initiiert. Diese
Signalkaskade wird im Englischen unter dem Begriff DNA damage response
(DDR) zusammengefasst. Die Kinase ATM bildet das Zentrum der DDR. Als
solches ist sie sowohl am Zellzyklusarrest, der DNA-Reparatur sowie der
Einleitung der Apoptose beteiligt. Mutationen, welche die Funktion von ATM
beeintrachtigen, werden in unterschiedlichen Tumorentitaten sehr haufig
nachgewiesen. Unter ihnen sind sowohl solide Tumoren, wie das
Bronchialkarzinom als auch maligne hamatologische Erkrankungen, wie die
chronisch lymphatische Leukamie.

Wir konnten zeigen, dass ATM-defiziente humane und murine Tumoren
apoptoseresistent gegenuber genotoxischen Therapien sind. Mit Hilfe von
genetischen und pharmakologischen Ansatzen konnten wir in vitro und in vivo
eine starke Non-Oncogene Addiction von der Kinase DNA-PKcs in ATM-
defekten humanen und murinen Zellen nachweisen. Des Weiteren gelang es
zu zeigen, dass diese Abhangigkeit von DNA-PKcs in ATM-defekten Zellen
eine Moglichkeit der therapeutischen Intervention bietet. Sowohl eine
pharmakologische als auch eine genetische Hemmung von DNA-PKcs fuhren
in ATM-defizienten Tumoren zur Akkumulation von DNA-Doppelstrangbrichen
mit anschlieBender CtIP-abhangiger Generierung groler einzelstrangiger
DNA-Reperaturintermediate. Diese wiederum I6sen eine Aktivierung
proapoptotischer Signale aus, welche uber die
RPA/ATRIP/ATR/Chk1/p53/Puma-Achse vermittelt werden. Diese
proapoptotischen Signale resultieren in apoptotischem Untergang DNA-PKcs-
Inhibitor-exponierter ATM-defizienter Zellen. Zusatzlich konnten wir praklinisch
in vivo eine deutliche monotherapeutische Wirksamkeit von DNA-PKcs-
Inhibitoren gegen ATM-defekte Lymphome zeigen. In Zusammenschau
unserer Daten scheint die Kinase DNA-PKcs eine vielversprechende
Zielstruktur in der Behandlung ATM-defizienter maligner Erkrankungen zu

sein.
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Summary

In response to genotoxic stress, cells activate a complex, kinase-based
signaling network to arrest the cell cycle, initiate DNA repair, or, if the extend
of damage is beyond repair capacity, induce apoptotic cell death. ATM lies at
the heart of this signaling network, which is collectively referred to as the DNA
damage response (DDR). ATM is involved in all three of these DDR-regulated
cellular responses — cell cycle arrest, DNA repair and apoptosis. Disabling
ATM mutations occur frequently in various human tumor entities, including
lung cancer and hematological malignancies. Here we show that ATM-
deficiency protects human and murine cancer cells from apoptosis induced by
genotoxic chemoptherapy. Using genetic and pharmacological approaches we
then demonstrate in vitro and in vivo that ATM-defective murine and human
cells display a strong non-oncogene addiction to DNA-PKcs signaling. We
further show that this dependence of ATM-defective cells on DNA-PKcs offers
a window for therapeutic intervention. We show that pharmacological or
genetic abrogation of DNA-PKcs in ATM-defective settings leads to the
accumulation of DNA double-strand breaks (DSBs) and the subsequent CtIP-
dependent generation of large single-stranded DNA (ssDNA) repair
intermediates. These ssDNA structures trigger the activation of pro-apoptotic
signaling through the RPA/ATRIP/ATR/Chk1/p53/Puma axis, ultimately
leading to the apoptotic demise of ATM-defective cells exposed to DNA-PKcs
inhibitors. Lastly, we demonstrate that DNA-PKcs inhibitors show remarkable
preclinical activity as single agents against ATM-defective lymphomas in vivo.
Together, our data implicate DNA-PKcs as a novel drug target for the
treatment of ATM-defective malignancies.

35



References

1. Adams KE, Medhurst AL, Dart DA, Lakin ND. Recruitment of ATR to
sites of ionising radiation-induced DNA damage requires ATM and
components of the MRN protein complex. Oncogene 25: 3894—-3904, 2006.

2. Audeh MW, Carmichael J, Penson RT, Friedlander M, Powell B,
Bell-McGuinn KM, Scott C, Weitzel JN, Oaknin A, Loman N, Lu K,
Schmutzler RK, Matulonis U, Wickens M, Tutt A. Oral poly(ADP-ribose)
polymerase inhibitor olaparib in patients with BRCA1 or BRCAZ2 mutations and
recurrent ovarian cancer: a proof-of-concept trial. The Lancet 376: 245-251,
2010.

3. Austen B, Skowronska A, Baker C, Powell JE, Gardiner A, Oscier
D, Majid A, Dyer M, Siebert R, Taylor AM, Moss PA, Stankovic T. Mutation
status of the residual ATM allele is an important determinant of the cellular
response to chemotherapy and survival in patients with chronic lymphocytic
leukemia containing an 11q deletion. J. Clin. Oncol. 25: 5448-5457, 2007 .

4. Baker SJ, Reddy EP. Targeted inhibition of kinases in cancer therapy.
Mt. Sinai J. Med. 77: 573-586, 2010.

5. Baskar R. Cancer and Radiation Therapy: Current Advances and
Future Directions. Int. J. Med. Sci. 9: 193-199, [no date].

6. Bell D, Berchuck A, Birrer M, Chien J, Cramer DW, Dao F, Dhir R,
DiSaia P, Gabra H, Glenn P, Godwin AK, Gross J, Hartmann L, Huang M,
Huntsman DG, lacocca M, Imielinski M, Kalloger S, Karlan BY, Levine DA,
Mills GB, Morrison C, Mutch D, Olvera N, Orsulic S, Park K, Petrelli N,
Rabeno B, Rader JS, Sikic Bl, Smith-McCune K, Sood AK, Bowtell D,
Penny R, Testa JR, Chang K, Dinh HH, Drummond JA, Fowler G,
Gunaratne P, Hawes AC, Kovar CL, Lewis LR, Morgan MB, Newsham IF,
Santibanez J, Reid JG, Trevino LR, Wu YQ, Wang M, Muzny DM, Wheeler
DA, Gibbs RA, Getz G, Lawrence MS, Cibulskis K, Sivachenko AY,
Sougnez C, Voet D, Wilkinson J, Bloom T, Ardlie K, Fennell T, Baldwin J,
Gabriel S, Lander ES, Ding L, Fulton RS, Koboldt DC, McLellan MD, Wylie
T, Walker J, O’Laughlin M, Dooling DJ, Fulton L, Abbott R, Dees ND,

36



Zhang Q, Kandoth C, Wendl M, Schierding W, Shen D, Harris CC,
Schmidt H, Kalicki J, Delehaunty KD, Fronick CC, Demeter R, Cook L,
Wallis JW, Lin L, Magrini VJ, Hodges JS, Eldred JM, Smith SM, Pohl CS,
Vandin F, Raphael BJ, Weinstock GM, Mardis ER, Wilson RK, Meyerson
M, Winckler W, Getz G, Verhaak RGW, Carter SL, Mermel CH, Saksena G,
Nguyen H, Onofrio RC, Lawrence MS, Hubbard D, Gupta S, Crenshaw A,
Ramos AH, Ardlie K, Chin L, Protopopov A, Zhang J, Kim TM, Perna |,
Xiao Y, Zhang H, Ren G, Sathiamoorthy N, Park RW, Lee E, Park PJ,
Kucherlapati R, Absher DM, Waite L, Sherlock G, Brooks JD, Li JZ, Xu J,
Myers RM, Laird PW, Cope L, Herman JG, Shen H, Weisenberger DJ,
Noushmehr H, Pan F, Triche T Jr, Berman BP, Van Den Berg DJ, Buckley
J, Baylin SB, Spellman PT, Purdom E, Neuvial P, Bengtsson H, Jakkula
LR, Durinck S, Han J, Dorton S, Marr H, Choi YG, Wang V, Wang NJ, Ngai
J, Conboy JG, Parvin B, Feiler HS, Speed TP, Gray JW, Levine DA, Socci
ND, Liang Y, Taylor BS, Schultz N, Borsu L, Lash AE, Brennan C, Viale A,
Sander C, Ladanyi M, Hoadley KA, Meng S, Du Y, Shi Y, Li L, Turman YJ,
Zang D, Helms EB, Balu S, Zhou X, Wu J, Topal MD, Hayes DN, Perou
CM, Getz G, Voet D, Saksena G, Zhang J, Zhang H, Wu CJ, Shukla S,
Cibulskis K, Lawrence MS, Sivachenko A, Jing R, Park RW, Liu Y, Park
PJ, Noble M, Chin L, Carter H, Kim D, Karchin R, Spellman PT, Purdom E,
Neuvial P, Bengtsson H, Durinck S, Han J, Korkola JE, Heiser LM, Cho
RJ, Hu Z, Parvin B, Speed TP, Gray JW, Schultz N, Cerami E, Taylor BS,
Olshen A, Reva B, Antipin Y, Shen R, Mankoo P, Sheridan R, Ciriello G,
Chang WK, Bernanke JA, Borsu L, Levine DA, Ladanyi M, Sander C,
Haussler D, Benz CC, Stuart JM, Benz SC, Sanborn JZ, Vaske CJ, Zhu J,
Szeto C, Scott GK, Yau C, Hoadley KA, Du Y, Balu S, Hayes DN, Perou
CM, Wilkerson MD, Zhang N, Akbani R, Baggerly KA, Yung WK, Mills GB,
Weinstein JN, Penny R, Shelton T, Grimm D, Hatfield M, Morris S, Yena P,
Rhodes P, Sherman M, Paulauskis J, Millis S, Kahn A, Greene JM, Sfeir
R, Jensen MA, Chen J, Whitmore J, Alonso S, Jordan J, Chu A, Zhang J,
Barker A, Compton C, Eley G, Ferguson M, Fielding P, Gerhard DS, Myles
R, Schaefer C, Mills Shaw KR, Vaught J, Vockley JB, Good PJ, Guyer MS,
Ozenberger B, Peterson J, Thomson E. Integrated genomic analyses of
ovarian carcinoma. Nature 474: 609-615, 2011.

37



7. Beucher A, Birraux J, Tchouandong L, Barton O, Shibata A,
Conrad S, Goodarzi AA, Krempler A, Jeggo PA, Lobrich M. ATM and
Artemis promote homologous recombination of radiation-induced DNA double-
strand breaks in G2. EMBO J. 28: 3413-3427, 2009.

8. Biankin AV, Waddell N, Kassahn KS, Gingras M-C, Muthuswamy
LB, Johns AL, Miller DK, Wilson PJ, Patch A-M, Wu J, Chang DK, Cowley
MJ, Gardiner BB, Song S, Harliwong |, Idrisoglu S, Nourse C,
Nourbakhsh E, Manning S, Wani S, Gongora M, Pajic M, Scarlett CJ, Gill
AJ, Pinho AV, Rooman |, Anderson M, Holmes O, Leonard C, Taylor D,
Wood S, Xu Q, Nones K, Fink JL, Christ A, Bruxner T, Cloonan N, Kolle
G, Newell F, Pinese M, Mead RS, Humphris JL, Kaplan W, Jones MD,
Colvin EK, Nagrial AM, Humphrey ES, Chou A, Chin VT, Chantrill LA,
Mawson A, Samra JS, Kench JG, Lovell JA, Daly RJ, Merrett ND, Toon C,
Epari K, Nguyen NQ, Barbour A, Zeps N, Australian Pancreatic Cancer
Genome Initiative, Kakkar N, Zhao F, Wu YQ, Wang M, Muzny DM, Fisher
WE, Brunicardi FC, Hodges SE, Reid JG, Drummond J, Chang K, Han Y,
Lewis LR, Dinh H, Buhay CJ, Beck T, Timms L, Sam M, Begley K, Brown
A, Pai D, Panchal A, Buchner N, De Borja R, Denroche RE, Yung CK,
Serra S, Onetto N, Mukhopadhyay D, Tsao M-S, Shaw PA, Petersen GM,
Gallinger S, Hruban RH, Maitra A, lacobuzio-Donahue CA, Schulick RD,
Wolfgang CL, Morgan RA, Lawlor RT, Capelli P, Corbo V, Scardoni M,
Tortora G, Tempero MA, Mann KM, Jenkins NA, Perez-Mancera PA,
Adams DJ, Largaespada DA, Wessels LFA, Rust AG, Stein LD, Tuveson
DA, Copeland NG, Musgrove EA, Scarpa A, Eshleman JR, Hudson TJ,
Sutherland RL, Wheeler DA, Pearson JV, McPherson JD, Gibbs RA,
Grimmond SM. Pancreatic cancer genomes reveal aberrations in axon
guidance pathway genes. Nature 491: 399-405, 2012.

9. Bray F, Jemal A, Grey N, Ferlay J, Forman D. Global cancer
transitions according to the Human Development Index (2008-2030): a
population-based study. Lancet Oncol. 13: 790-801, 2012.

10. Bredemeyer AL, Sharma GG, Huang C-Y, Helmink BA, Walker LM,
Khor KC, Nuskey B, Sullivan KE, Pandita TK, Bassing CH, Sleckman BP.
ATM stabilizes DNA double-strand-break complexes during V(D)J

38



recombination. Nature 442: 466—-470, 2006.

11. Bryant HE, Schultz N, Thomas HD, Parker KM, Flower D, Lopez E,
Kyle S, Meuth M, Curtin NJ, Helleday T. Specific killing of BRCA2-deficient
tumours with inhibitors of poly(ADP-ribose) polymerase. Nature 434: 913-917,
2005.

12. Cameron D, Casey M, Press M, Lindquist D, Pienkowski T, Romieu
CG, Chan S, Jagiello-Gruszfeld A, Kaufman B, Crown J, Chan A,
Campone M, Viens P, Davidson N, Gorbounova V, Raats JI, Skarlos D,
Newstat B, Roychowdhury D, Paoletti P, Oliva C, Rubin S, Stein S, Geyer
CE. A phase lll randomized comparison of lapatinib plus capecitabine versus
capecitabine alone in women with advanced breast cancer that has
progressed on trastuzumab: updated efficacy and biomarker analyses. Breast
Cancer Res. Treat. 112: 533-543, 2008.

13. Cao L, Kim S, Xiao C, Wang R-H, Coumoul X, Wang X, Li WM, Xu
XL, De Soto JA, Takai H, Mai S, Elledge SJ, Motoyama N, Deng C-X. ATM-
Chk2-p53 activation prevents tumorigenesis at an expense of organ
homeostasis upon Brca1 deficiency. EMBO J. 25: 2167-2177, 2006.

14. Chabner BA, Roberts TG. Timeline: Chemotherapy and the war on
cancer. Nat. Rev. Cancer 5: 65-72, 2005.

15. Chapman JR, Taylor MRG, Boulton SJ. Playing the end game: DNA
double-strand break repair pathway choice. Mol. Cell 47: 497-510, 2012.

16. Chen G, Yuan SS, Liu W, Xu Y, Trujillo K, Song B, Cong F, Goff
SP, Wu Y, Arlinghaus R, Baltimore D, Gasser PJ, Park MS, Sung P, Lee
EY. Radiation-induced assembly of Rad51 and Rad52 recombination complex
requires ATM and c-Abl. J. Biol. Chem. 274: 12748-12752, 1999.

17. Chin L, DePinho RA, Tam A, Pomerantz J, Wong M, Holash J,
Bardeesy N, Shen Q, O'Hagan R, Pantginis J, Zhou H, Horner JW,
Cordon-Cardo C, Yancopoulos GD. Essential role for oncogenic Ras in
tumour maintenance. Nature 400: 468—-472, 1999.

18. Cimprich KA, Cortez D. ATR: an essential regulator of genome

39



integrity. Nature 9: 616—627, 2008.

19. Conrad S, Kiinzel J, Lobrich M. Sister chromatid exchanges occur in
G2-irradiated cells. Cell Cycle 10: 222-228, 2011.

20. Czyz A, Ltojko-Dankowska A, Matuszak M, Dytfeld D, Kazmierczak
M, Komarnicki M. Second malignancies after autologous haematopoietic
stem cell transplantation following modified BEAM conditioning regimen in
patients with Hodgkin lymphoma — characteristics and risk factors analysis. wo
2:200-204, 2013.

21. Dar ME, Winters TA, Jorgensen TJ. Identification of defective
illegitimate recombinational repair of oxidatively-induced DNA double-strand
breaks in ataxia-telangiectasia cells. Mutat. Res. 384: 169-179, 1997.

22. DeFazio LG, Stansel RM, Griffith JD, Chu G. Synapsis of DNA ends
by DNA-dependent protein kinase. EMBO J. 21: 3192-3200, 2002.

23. Derheimer FA, Kastan MB. Multiple roles of ATM in monitoring and
maintaining DNA integrity. FEBS Lett. 584: 3675-3681, 2010.

24. Ding L, Getz G, Wheeler DA, Mardis ER, McLellan MD, Cibulskis K,
Sougnez C, Greulich H, Muzny DM, Morgan MB, Fulton L, Fulton RS,
Zhang Q, Wendl MC, Lawrence MS, Larson DE, Chen K, Dooling DJ, Sabo
A, Hawes AC, Shen H, Jhangiani SN, Lewis LR, Hall O, Zhu Y, Mathew T,
Ren Y, Yao J, Scherer SE, Clerc K, Metcalf GA, Ng B, Milosavljevic A,
Gonzalez-Garay ML, Osborne JR, Meyer R, Shi X, Tang Y, Koboldt DC,
Lin L, Abbott R, Miner TL, Pohl C, Fewell G, Haipek C, Schmidt H,
Dunford-Shore BH, Kraja A, Crosby SD, Sawyer CS, Vickery T, Sander S,
Robinson J, Winckler W, Baldwin J, Chirieac LR, Dutt A, Fennell T, Hanna
M, Johnson BE, Onofrio RC, Thomas RK, Tonon G, Weir BA, Zhao X,
Ziaugra L, Zody MC, Giordano T, Orringer MB, Roth JA, Spitz MR,
Wistuba Il, Ozenberger B, Good PJ, Chang AC, Beer DG, Watson MA,
Ladanyi M, Broderick S, Yoshizawa A, Travis WD, Pao W, Province MA,
Weinstock GM, Varmus HE, Gabriel SB, Lander ES, Gibbs RA, Meyerson
M, Wilson RK. Somatic mutations affect key pathways in lung
adenocarcinoma. Nature 455: 1069-1075, 2008.

40



25. Dobzhansky T. Genetics of Natural Populations. Xiii. Recombination
and Variability in Populations of Drosophila Pseudoobscura. Genetics 31:
269-290, 1946.

26. Dohner H, Stilgenbauer S, Benner A, Leupolt E, Krober A,
Bullinger L, Dohner K, Bentz M, Lichter P. Genomic aberrations and
survival in chronic lymphocytic leukemia. N. Engl. J. Med. 343: 1910-1916,
2000.

27. Druker BJ, Tamura S, Buchdunger E, Ohno S, Segal GM, Fanning
S, Zimmermann J, Lydon NB. Effects of a selective inhibitor of the Abl
tyrosine kinase on the growth of Ber—Abl positive cells. Nat Med 2: 561-566,
1996.

28. Edwards SL, Brough R, Lord CJ, Natrajan R, Vatcheva R, Levine
DA, Boyd J, Reis-Filho JS, Ashworth A. Resistance to therapy caused by
intragenic deletion in BRCA2. Nature 451: 1111-1115, 2008.

29. Engert A, Diehl V, Franklin J, Lohri A, Dorken B, Ludwig W-D,
Koch P, Hanel M, Pfreundschuh M, Wilhelm M, Trimper L, Aulitzky W-E,
Bentz M, Rummel M, Sezer O, Miller-Hermelink H-K, Hasenclever D,
Loffler M. Escalated-dose BEACOPP in the treatment of patients with
advanced-stage Hodgkin's lymphoma: 10 years of follow-up of the GHSG HD9
study. J. Clin. Oncol. 27: 4548-4554, 2009.

30. Farmer H, McCabe N, Lord CJ, Tutt ANJ, Johnson DA, Richardson
TB, Santarosa M, Dillon KJ, Hickson |, Knights C, Martin NMB, Jackson
SP, Smith GCM, Ashworth A. Targeting the DNA repair defect in BRCA
mutant cells as a therapeutic strategy. Nature 434: 917-921, 2005.

31. Ferguson KM, Berger MB, Mendrola JM, Cho H-S, Leahy DJ,
Lemmon MA. EGF Activates Its Receptor by Removing Interactions that
Autoinhibit Ectodomain Dimerization. Mol. Cell 11: 507-517, 2003.

32. Fisher GH. Induction and apoptotic regression of Ilung
adenocarcinomas by regulation of a K-Ras transgene in the presence and
absence of tumor suppressor genes. Genes Dev. 15: 3249-3262, 2001.

41



33. Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui-Roelvink M,
Mortimer P, Swaisland H, Lau A, O'Connor MJ, Ashworth A, Carmichael
J, Kaye SB, Schellens JHM, de Bono JS. Inhibition of Poly(ADP-Ribose)
Polymerase in Tumors from BRCAMutation Carriers. N. Engl. J. Med. 361:
123-134, 2009.

34. Fong PC, Yap TA, Boss DS, Carden CP, Mergui-Roelvink M,
Gourley C, De Greve J, Lubinski J, Shanley S, Messiou C, A'Hern R, Tutt
A, Ashworth A, Stone J, Carmichael J, Schellens JHM, de Bono JS, Kaye
SB. Poly(ADP)-Ribose Polymerase Inhibition: Frequent Durable Responses in
BRCA Carrier Ovarian Cancer Correlating With Platinum-Free Interval. J. Clin.
Oncol. 28: 2512-2519, 2010.

35. Friedenson B. BRCA1 and BRCA2 Pathways and the Risk of Cancers
Other Than Breast or Ovarian. Medscape General Medicine 7: 60, 2005.

36. Gao Y, Chaudhuri J, Zhu C, Davidson L, Weaver DT, Alt FW. A
targeted DNA-PKcs-null mutation reveals DNA-PK-independent functions for
KU in V(D)J recombination. Immunity 9: 367-376, 1998.

37. Godin-Heymann N, Ulkus L, Brannigan BW, McDermott U, Lamb J,
Maheswaran S, Settleman J, Haber DA. The T790M “gatekeeper” mutation
in EGFR mediates resistance to low concentrations of an irreversible EGFR
inhibitor. Mol. Cancer Ther. 7: 874-879, 2008.

38. Goodarzi AA, Jeggo P, Lobrich M. The influence of heterochromatin
on DNA double strand break repair: Getting the strong, silent type to relax.
DNA Repair9: 1273-1282, 2010.

39. Goodarzi AA, Noon AT, Deckbar D, Ziv Y, Shiloh Y, Lobrich M,
Jeggo PA. ATM signaling facilitates repair of DNA double-strand breaks
associated with heterochromatin. Mol. Cell 31: 167-177, 2008.

40. Greenman C, Stephens P, Smith R, Dalgliesh GL, Hunter C,
Bignell G, Davies H, Teague J, Butler A, Stevens C, Edkins S, O'Meara S,
Vastrik |, Schmidt EE, Avis T, Barthorpe S, Bhamra G, Buck G,
Choudhury B, Clements J, Cole J, Dicks E, Forbes S, Gray K, Halliday K,

Harrison R, Hills K, Hinton J, Jenkinson A, Jones D, Menzies A,

42



Mironenko T, Perry J, Raine K, Richardson D, Shepherd R, Small A, Tofts
C, Varian J, Webb T, West S, Widaa S, Yates A, Cahill DP, Louis DN,
Goldstraw P, Nicholson AG, Brasseur F, Looijenga L, Weber BL, Chiew
Y-E, DeFazio A, Greaves MF, Green AR, Campbell P, Birney E, Easton DF,
Chenevix-Trench G, Tan M-H, Khoo SK, Teh BT, Yuen ST, Leung SY,
Wooster R, Futreal PA, Stratton MR. Patterns of somatic mutation in human
cancer genomes. Nature 446: 153—-158, 2007.

41. Greenman C, Wooster R, Futreal PA, Stratton MR, Easton DF.
Statistical analysis of pathogenicity of somatic mutations in cancer. Genetics
173: 2187-2198, 2006.

42. Gurley KE, Kemp CJ. Synthetic lethality between mutation in Atm and
DNA-PK(cs) during murine embryogenesis. Curr. Biol. 11: 191-194, 2001.

43. Haber JE. DNA recombination: the replication connection. Trends in
Biochemical Sciences 24: 271-275, 1999.

44. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell 100: 57-70,
2000.

45. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell 144: 646-674, 2011.

46. Hartlerode AJ, Scully R. Mechanisms of double-strand break repair in
somatic mammalian cells. Biochem. J. 423: 157-168, 2009.

47. Hoeijmakers JH. Genome maintenance mechanisms for preventing
cancer. Nature 411: 366374, 2001.

48. Jackson SP, Bartek J. The DNA-damage response in human biology
and disease. Nature 461: 1071-1078, 2009.

49. Jain M. Sustained Loss of a Neoplastic Phenotype by Brief Inactivation
of MYC. Science 297: 102-104, 2002.

50. Jazayeri A, Falck J, Lukas C, Bartek J, Smith GCM, Lukas J,
Jackson SP. ATM- and cell cycle-dependent regulation of ATR in response to
DNA double-strand breaks. Nature 8: 37-45, 2005.

43



51. Jeggo PA, Geuting V, Lobrich M. The role of homologous
recombination in radiation-induced double-strand break repair. Radiother
Oncol 101: 7-12, 2011.

52. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global
cancer statistics. CA Cancer J Clin 61: 69-90, 2011.

53. Jiang H, Reinhardt HC, Bartkova J, Tommiska J, Blomqvist C,
Nevanlinna H, Bartek J, Yaffe MB, Hemann MT. The combined status of
ATM and p53 link tumor development with therapeutic response. Genes Dev.
23: 1895-1909, 2009.

54. Jones S, Zhang X, Parsons DW, Lin JC-H, Leary RJ, Angenendt P,
Mankoo P, Carter H, Kamiyama H, Jimeno A, Hong S-M, Fu B, Lin M-T,
Calhoun ES, Kamiyama M, Walter K, Nikolskaya T, Nikolsky Y, Hartigan
J, Smith DR, Hidalgo M, Leach SD, Klein AP, Jaffee EM, Goggins M,
Maitra A, lacobuzio-Donahue C, Eshleman JR, Kern SE, Hruban RH,
Karchin R, Papadopoulos N, Parmigiani G, Vogelstein B, Velculescu VE,
Kinzler KW. Core signaling pathways in human pancreatic cancers revealed
by global genomic analyses. Science 321: 1801-1806, 2008.

55. Jung D, Alt FW. Unraveling V(D)J recombination; insights into gene
regulation. Cell 116: 299-311, 2004.

56. Kaelin WG. The concept of synthetic lethality in the context of
anticancer therapy. Nat. Rev. Cancer 5: 689—698, 2005.

57. Kastan MB, Lim DS. The many substrates and functions of ATM. Nat.
Rev. Mol. Cell Biol. 1: 179-186, 2000.

58. Knappskog S, Chrisanthar R, Lokkevik E, Anker G, Ostenstad B,
Lundgren S, Risberg T, Mjaaland I, Leirvaag B, Miletic H, Lenning PE.
Low expression levels of ATM may substitute for CHEK2 /TP53 mutations
predicting resistance towards anthracycline and mitomycin chemotherapy in
breast cancer. Breast Cancer Res. 14: R47, 2012.

59. Kollmannsberger C, Hartmann JT, Kanz L, Bokemeyer C. Risk of
secondary myeloid leukemia and myelodysplastic syndrome following

44



standard-dose chemotherapy or high-dose chemotherapy with stem cell
support in patients with potentially curable malignancies. Journal of Cancer
Research and Clinical Oncology 124: 207-214, 1998.

60. Kranenburg O. The KRAS oncogene: Past, present, and future.
Biochimica et Biophysica Acta (BBA) - Reviews on Cancer 1756: 81-82, 2005.

61. Kuhne M, Riballo E, Rief N, Rothkamm K, Jeggo PA, Lobrich M. A
double-strand break repair defect in ATM-deficient cells contributes to
radiosensitivity. Cancer Res. 64: 500-508, 2004.

62. Lane DP. Cancer. p53, guardian of the genome. Nature 358: 15-16,
1992.

63. Lavin MF, Kozlov S. ATM activation and DNA damage response. Cell
Cycle 6: 931-942, 2007.

64. Lees-Miller SP, Meek K. Repair of DNA double strand breaks by non-
homologous end joining. Biochimie 85: 1161-1173, 2003.

65. Lempiainen H, Halazonetis TD. Emerging common themes in
regulation of PIKKs and PI3Ks. Nature 28: 3067-3073, 2009.

66. Li H, Pan Y, Li Y, Li C, Wang R, Hu H, Zhang Y, Ye T, Wang L,
Shen L, Sun Y, Chen H. Frequency of well-identified oncogenic driver
mutations in lung adenocarcinoma of smokers varies with histological
subtypes and graduated smoking dose. Lung Cancer (October 22, 2012). doi:
10.1016/j.lungcan.2012.09.018.

67. Lord CJ, Ashworth A. The DNA damage response and cancer
therapy. Nature 481: 287-294, 2012.

68. Luo CM, Tang W, Mekeel KL, DeFrank JS, Anné PR, Powell SN.
High frequency and error-prone DNA recombination in ataxia telangiectasia
cell lines. J. Biol. Chem. 271: 4497-4503, 1996.

69. Luo J, Solimini NL, Elledge SJ. Principles of cancer therapy:
oncogene and non-oncogene addiction. Cell 136: 823—-837, 2009.

70. Martins CP, Brown-Swigart L, Evan Gl. Modeling the therapeutic

45



efficacy of p53 restoration in tumors. Cell 127: 1323-1334, 2006.

71. Metzger MB, Hristova VA, Weissman AM. HECT and RING finger

families of E3 ubiquitin ligases at a glance. jecs.biologists.org.

72. Meyn MS. Ataxia-Telangiectasia and Cellular Responses to DNA
Damage.

73. Miller VA, Hirsh V, Cadranel J, Chen Y-M, Park K, Kim S-W, Zhou
C, Su W-C, Wang M, Sun Y, Heo DS, Crino L, Tan E-H, Chao T-Y, Shahidi
M, Cong XJ, Lorence RM, Yang JC-H. Afatinib versus placebo for patients
with advanced, metastatic non-small-cell lung cancer after failure of erlotinib,
gefitinib, or both, and one or two lines of chemotherapy (LUX-Lung 1): a phase
2b/3 randomised trial. Lancet Oncol. 13: 528-538, 2012.

74. Morrell D, Cromartie E, Swift M. Mortality and cancer incidence in
263 patients with ataxia-telangiectasia. J. Natl. Cancer Inst. 77: 89-92, 1986.

75. Morrison C, Sonoda E, Takao N, Shinohara A, Yamamoto K,
Takeda S. The controlling role of ATM in homologous recombinational repair
of DNA damage. EMBO J. 19: 463471, 2000.

76. Myers JS, Cortez D. Rapid activation of ATR by ionizing radiation
requires ATM and Mre11. J. Biol. Chem. 281: 9346-9350, 2006.

77. Nur-E-Kamal A, Li T-K, Zhang A, Qi H, Hars ES, Liu LF. Single-
stranded DNA induces ataxia telangiectasia mutant (ATM)/p53-dependent
DNA damage and apoptotic signals. J. Biol. Chem. 278: 12475-12481, 2003.

78. Parsons DW, Jones S, Zhang X, Lin JC-H, Leary RJ, Angenendt P,
Mankoo P, Carter H, Siu I-M, Gallia GL, Olivi A, McLendon R, Rasheed
BA, Keir S, Nikolskaya T, Nikolsky Y, Busam DA, Tekleab H, Diaz LA,
Hartigan J, Smith DR, Strausberg RL, Marie SKN, Shinjo SMO, Yan H,
Riggins GJ, Bigner DD, Karchin R, Papadopoulos N, Parmigiani G,
Vogelstein B, Velculescu VE, Kinzler KW. An integrated genomic analysis of
human glioblastoma multiforme. Science 321: 1807-1812, 2008.

79. Politi K. Lung adenocarcinomas induced in mice by mutant EGF

46



receptors found in human lung cancers respond to a tyrosine kinase inhibitor
or to down-regulation of the receptors. Genes Dev. 20: 1496-1510, 2006.

80. Quesada V, Conde L, Villamor N, Ordériez GR, Jares P,
Bassaganyas L, Ramsay AJ, Bea S, Pinyol M, Martinez-Trillos A, Lépez-
Guerra M, Colomer D, Navarro A, Baumann T, Aymerich M, Rozman M,
Delgado J, Giné E, Hernandez JM, Gonzalez-Diaz M, Puente DA, Velasco
G, Freije JMP, Tubio JMC, Royo R, Gelpi JL, Orozco M, Pisano DG,
Zamora J, Vazquez M, Valencia A, Himmelbauer H, Bayés M, Heath S, Gut
M, Gut I, Estivill X, Lépez-Guillermo A, Puente XS, Campo E, Lépez-Otin
C. Exome sequencing identifies recurrent mutations of the splicing factor
SF3B1 gene in chronic lymphocytic leukemia. Nat. Genet. 44: 47-52, 2012.

81. Rang HP, Dale MM, Ritter JM, Flower RJ. Cancer chemotherapy. In:
Rang and Dale's Pharmacology, edited by Dimock K. Churchill Livingstone,
[no date], p. 718-735.

82. Reinhardt HC, Jiang H, Hemann MT, Yaffe MB. Exploiting synthetic
lethal interactions for targeted cancer therapy. Cell Cycle 8: 3112-3119, 2009.

83. Reinhardt HC, Schumacher B. The p53 network: cellular and
systemic DNA damage responses in aging and cancer. Trends Genet. 28:
128-136, 2012.

84. Reinhardt HC, Yaffe MB. Kinases that control the cell cycle in
response to DNA damage: Chk1, Chk2, and MK2. Curr. Opin. Cell Biol. 21:
245-255, 2009.

85. Riabinska A, Daheim M, Herter-Sprie GS, Winkler J, Fritz C, Hallek
M, Thomas RK, Kreuzer K-A, Frenzel LP, Monfared P, Martins-Boucas J,
Chen S, Reinhardt HC. Therapeutic targeting of a robust non-oncogene
addiction to PRKDC in ATM-defective tumors. Sci Transl Med 5: 189ra78,
2013.

86. Riballo E, Kiihne M, Rief N, Doherty A, Smith GCM, Recio M-J,
Reis C, Dahm K, Fricke A, Krempler A, Parker AR, Jackson SP, Gennery
A, Jeggo PA, Lobrich M. A pathway of double-strand break rejoining

dependent upon ATM, Artemis, and proteins locating to gamma-H2AX foci.

47



Mol. Cell 16: 715724, 2004.

87. Riley T, Sontag E, Chen P, Levine A. Transcriptional control of
human p53-regulated genes. Nature 9: 402—412, 2008.

88. Ripollés L, Ortega M, Ortuiio F, Gonzalez A, Losada J, Ojanguren
J, Soler JA, Bergua J, Coll MD, Caballin MR. Genetic abnormalities and
clinical outcome in chronic lymphocytic leukemia. Cancer Genet. Cytogenet.
171: 57-64, 2006.

89. Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-activated
protein kinase cascade for the treatment of cancer. Oncogene 26: 3291-3310,
2007.

90. Romano G. Development of Safer Gene Delivery Systems to Minimize
the Risk of Insertional Mutagenesis-Related Malignancies: A Critical Issue for
the Field of Gene Therapy. ISRN Oncology 2012: 1-14, 2012.

91. Sakai W, Swisher EM, Karlan BY, Agarwal MK, Higgins J,
Friedman C, Villegas E, Jacquemont C, Farrugia DJ, Couch FJ, Urban N,
Taniguchi T. Secondary mutations as a mechanism of cisplatin resistance in
BRCA2-mutated cancers. Nature 451: 1116-1120, 2008.

92. Schatz DG, Swanson PC. V(D)J Recombination: Mechanisms of
Initiation. Annu. Rev. Genet. 45: 167-202, 2011.

93. Shadfan M, Lopez-Pajares V, Yuan Z-M. MDM2 and MDMX: Alone
and together in regulation of p53. Transl Cancer Res 1: 88-89, 2012.

94. Sharma SV, Bell DW, Settleman J, Haber DA. Epidermal growth

factor receptor mutations in lung cancer. Nat. Rev. Cancer 7: 169-181, 2007.

95. Shiloh Y. ATM and related protein kinases: safeguarding genome
integrity. Nat. Rev. Cancer 3: 155-168, 2003.

96. Shrivastav M, Miller CA, De Haro LP, Durant ST, Chen BPC, Chen
DJ, Nickoloff JA. DNA-PKcs and ATM co-regulate DNA double-strand break
repair. DNA Repair 8: 920-929, 2009.

48



97. Sjoblom T, Jones S, Wood LD, Parsons DW, Lin J, Barber TD,
Mandelker D, Leary RJ, Ptak J, Silliman N, Szabo S, Buckhaults P, Farrell
C, Meeh P, Markowitz SD, Willis J, Dawson D, Willson JKV, Gazdar AF,
Hartigan J, Wu L, Liu C, Parmigiani G, Park BH, Bachman KE,
Papadopoulos N, Vogelstein B, Kinzler KW, Velculescu VE. The
consensus coding sequences of human breast and colorectal cancers.
Science 314: 268-274, 2006.

98. Skowronska A, Parker A, Ahmed G, Oldreive C, Davis Z, Richards
S, Dyer M, Matutes E, Gonzalez D, Taylor AMR, Moss P, Thomas P,
Oscier D, Stankovic T. Biallelic ATM inactivation significantly reduces
survival in patients treated on the United Kingdom Leukemia Research Fund
Chronic Lymphocytic Leukemia 4 trial. J. Clin. Oncol. 30: 4524-4532, 2012.

99. Smith GC, Jackson SP. The DNA-dependent protein kinase. Genes
Dev. 13: 916-934, 1999.

100. Spagnolo L, Rivera-Calzada A, Pearl LH, Llorca O. Three-
Dimensional Structure of the Human DNA-PKcs/Ku70/Ku80 Complex
Assembled on DNA and Its Implications for DNA DSB Repair. Mol. Cell 22:
511-519, 2006.

101. Squatrito M, Brennan CW, Helmy K, Huse JT, Petrini JH, Holland
EC. Loss of ATM/Chk2/p53 pathway components accelerates tumor
development and contributes to radiation resistance in gliomas. Cancer Cell
18: 619-629, 2010.

102. Swift M, Reitnauer PJ, Morrell D, Chase CL. Breast and other
cancers in families with ataxia-telangiectasia. N. Engl. J. Med. 316: 1289-
1294, 1987.

103. Talpaz M, Shah NP, Kantarjian H, Donato N, Nicoll J, Paquette R,
Cortes J, O'Brien S, Nicaise C, Bleickardt E, Blackwood-Chirchir MA, lyer
V, Chen T-T, Huang F, Decillis AP, Sawyers CL. Dasatinib in imatinib-
resistant Philadelphia chromosome-positive leukemias. N. Engl. J. Med. 354
2531-2541, 2006.

104. Vassilev LT. In Vivo Activation of the p53 Pathway by Small-Molecule

49



Antagonists of MDM2. Science 303: 844-848, 2004.

105. Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J,
Lintault L, Newman J, Reczek EE, Weissleder R, Jacks T. Restoration of

p53 function leads to tumour regression in vivo. Nature 445: 661-665, 2007.

106. Vilenchik MM. Endogenous DNA double-strand breaks: Production,
fidelity of repair, and induction of cancer. Proceedings of the National
Academy of Sciences 100: 12871-12876, 2003.

107. Wang L, Lawrence MS, Wan Y, Stojanov P, Sougnez C, Stevenson
K, Werner L, Sivachenko A, DeLuca DS, Zhang L, Zhang W, Vartanov AR,
Fernandes SM, Goldstein NR, Folco EG, Cibulskis K, Tesar B, Sievers
QL, Shefler E, Gabriel S, Hacohen N, Reed R, Meyerson M, Golub TR,
Lander ES, Neuberg D, Brown JR, Getz G, Wu CJ. SF3B1 and other novel
cancer genes in chronic lymphocytic leukemia. N. Engl. J. Med. 365: 2497—
2506, 2011.

108. Weinberg RA. the biology of CANCER. 1st ed. Garland Science,
Taylor & Francis Group, LLC, [no date].

109. Weinberg RA. pRb and Control of the Cell Cycle Clock. In: the biology
of CANCER. Garland Science, Taylor & Francis Group, LLC, [no date], p.
255-306.

110. Weinberg RA. p53 and Apoptosis: Master Guardian and Executioner.
In: the biology of CANCER. Garland Science, Taylor & Francis Group, LLC,

[no date].

111. Weinstein IB. Cancer. Addiction to oncogenes--the Achilles heal of
cancer. Science 297: 63—64, 2002.

112. Weston VJ, Oldreive CE, Skowronska A, Oscier DG, Pratt G, Dyer
MJS, Smith G, Powell JE, Rudzki Z, Kearns P, Moss PAH, Taylor AMR,
Stankovic T. The PARP inhibitor olaparib induces significant killing of ATM-
deficient lymphoid tumor cells in vitro and in vivo. Blood 116: 4578-4587,
2010.

50



113. Wood LD, Parsons DW, Jones S, Lin J, Sjoblom T, Leary RJ, Shen
D, Boca SM, Barber T, Ptak J, Silliman N, Szabo S, Dezso Z, Ustyanksky
V, Nikolskaya T, Nikolsky Y, Karchin R, Wilson PA, Kaminker JS, Zhang
Z, Croshaw R, Willis J, Dawson D, Shipitsin M, Willson JKV, Sukumar S,
Polyak K, Park BH, Pethiyagoda CL, Pant PVK, Ballinger DG, Sparks AB,
Hartigan J, Smith DR, Suh E, Papadopoulos N, Buckhaults P, Markowitz
SD, Parmigiani G, Kinzler KW, Velculescu VE, Vogelstein B. The genomic
landscapes of human breast and colorectal cancers. Science 318: 1108-1113,
2007.

114. Xie A, Puget N, Shim |, Odate S, Jarzyna |, Bassing CH, Alt FW,
Scully R. Control of sister chromatid recombination by histone H2AX. Mol.
Cell 16: 1017-1025, 2004.

115. Xue W, Zender L, Miething C, Dickins RA, Hernando E,
Krizhanovsky V, Cordon-Cardo C, Lowe SW. Senescence and tumour
clearance is triggered by p53 restoration in murine liver carcinomas. Nature
445: 656-660, 2007.

116. Yuan S-SF, Chang H-L, Lee EYHP. lonizing radiation-induced Rad51
nuclear focus formation is cell cycle-regulated and defective in both ATM(-/-)
and c-Abl(-/-) cells. Mutat. Res. 525: 85-92, 2003.

51



Lebenslauf

Mein Lebenslauf wird aus Griinden des Datenschutzes in der elektronischen
Fassung meiner Arbeit nicht veroffentlicht.

52



