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nates a wide spectrum of cellular processes through

the phosphorylation of numerous substrates. ATM,
which is implicated in cellular response to DNA double
strand breaks (DSBs), plays a crucial role in anti-cancer
DNA damage response (DDR) pathway, but also represents
a key sensor to oxidative stress' (Figure 1). Germinal ATM
mutations lead to recessive inherited Ataxia telangiectasia
syndrome characterized by neurodegenerative and
immunological symptoms and an increased risk of tumor
development.” Somatic ATA inactivation is frequently
found in lymphoproliferative diseases, contributing to ele-
vated genomic instability and resulting in the defective acti-
vation of the p53 pathway and poor patient outcome. Thus,
ATM defects represent an important prognostic and poten-
tially predictive marker in chronic lymphocytic leukemia
(CLL). Finally, ATM dysfunction also offers the opportunity

to develop novel therapeutic strategies.
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ATM gene disruption and its functional and clinical
consequences in CLL

A high occurrence of AT/ alterations have been report-
ed in lymphoid malignancies such as CLL, T-cell prolym-
phocytic leukemia, mantle cell lymphoma, and diffuse
large B-cell lymphoma. However, ATM mutation types
and their localization are different among these neo-
plasms.’ In CLL, ATM defects (11q deletion and/or muta-
tion) occur in approximately 25% of patients at diagnosis
and therefore represent the most frequent aberration.’
Biallelic inactivation is typically found in the majority of
cases and results in impaired DDR in vitro, while sole 11q
deletion (11q-) preserves ATM function.” Besides DDR
impairment, other important processes have also been
shown to be affected in ATM-defective CLL cells. Britt-
Compton et al.® observed extremely short telomeres in
ATM mutated and 11g-deleted patient cells, indicating the
impact of ATM functionality on telomere length. The role
of ATM deficiency in oxidative stress response nowadays
seems to have great potential in CLL research, especially
due to its possible therapeutic perspective.

The clinical manifestation of ATM alterations in CLL
patients depends on the defect composition and thus on
its functional impact. Gene mutations accompanied by
11g- have been proved to significantly reduce the time to
first treatment and overall survival compared to sole 11q-
,'” and patients with biallelic defects experienced shorter
progression-free survival compared to monoallelic
defects.® Moreover, the impact of monoallelic ATV loss is
not uniform. While sole 11g- probably influences patient
outcome through the haploinsufficiency of other genes
located in the 11q22-23 region, most single ATA] muta-

tions can still retain partial ATM activity leading to a
milder effect.’ In addition to reduced patient survival, bial-
lelic ATM alterations also result in resistance to cytotoxic
chemotherapy.”® Thus, it is highly desirable to find an effi-
cient therapy for ATM-defective patients who are refrac-
tory to the treatment currently available. Novel therapies
such as chemoimmunotherapy and BCR signaling inhibi-
tion improved patient outcome including those with 11q-
21 A clonal evolution study by Shuch et al."' revealed that
a subclone with AT biallelic loss gained a proliferative
advantage following DNA damaging treatment but was
abolished after chemoimmunotherapy. Nevertheless, the
long-term treatment efficacy in ATM-defective patients is
not completely clear. The great challenge now is to devel-
op therapies that exploit the weakness of CLL cells with
inactive ATM, i.e. impaired DDR or redox homeostasis.
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Figure 1. Schematic depiction of overlapping ATM role in DNA dam-
age and oxidative stress response showing key molecules and cellu-
lar consequences. NRF2 activation could be ATM dependent or inde-
pendent: ROS are able to directly activate NRF2 signaling via cys-
teine oxidation of NRF2 negative regulator KEAP1; indirect activa-
tion of NRF2 involves ATM-mediated block of NRF2 degradation. The
role of p38 MAPK in NRF2 regulation remains to be fully elucidated
(spotted line). p38 MAPK-mediated MK2 activation seems to be
ATM-dependent (dashed line). ATR-mediated signaling is not activat-
ed in predominantly resting CLL cells and therefore is not shown in
the figure.
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Synthetic lethal approach in the context of ATM
deficiency

ATM  together with another member of the
phosphatidylinositol 3-kinase-related kinases family,
Ataxia Telangiectasia and Rad3-related (ATR) kinase, con-
stitutes canonical DDR signaling pathways, which operate
through downstream effector kinases CHK2 and CHKI,
respectively.” Upon DNA damage, the ATM/ATR path-
ways mediate cell cycle checkpoint activation, DNA
repair, senescence or apoptosis. Another stress-response
kinase MAPK14 (p38 MAPK), with its downstream effec-
tor MAPKAP Kinase-2 (MK2), was shown to be involved
in DDR, mainly by activating ATM/ATR-dependent
G2/M checkpoint signaling® (Figure 1).

Individual DDR pathway components have been
reported to exhibit synthetic lethal interactions; i.e. cells
defective in one key DDR molecule might be particularly
sensitive to another DDR factor abrogation (or might
exhibit specific drug cytotoxicity) and may not be able to
overcome “suprathreshold” levels of genotoxic stress,
resulting in cell death.”® Multiple experimental studies, as
well as clinical experience, revealed synthetic lethality
interaction between the ATM/CHK2 pathway and p53
disruption. In their seminal paper, Jiang et al' provided
evidence that, while isolated ATM or p53 loss promotes
tumor cell chemoresistance, ATM or CHK2 inhibition in a
p53-deficient background sensitizes tumor cells to DNA-
damaging chemotherapy. Another well-documented pro-
tein with synthetic lethal interaction is non-homologous
end-joining kinase DNA-PK, whose activity was shown to
be essential for DNA DSBs repair in the context of ATM
dysfunction. DNA-PK inhibition leads to the inability of
ATM-deficient cells to cope with DSB induced by doxoru-
bicin and this resulted in the death of these cells."
Regarding CLL, poly-(ADP-ribose) polymerase (PARP)
inhibitor olaparib has been shown to efficiently target
ATM-deficient CLL cells due to their defect in DSB repair®
(Figure 2).

The role of ATM in oxidative stress response: utilization
in selective killing of ATM-defective CLL cells

Undoubtedly, reactive oxygen species (ROS) cause

Synthetic lethality

pendent cell death. Ineffective therapy with
DNA damaging chemotherapy is shown in
black. MAbs: monoclonal antibodies; ADCC:
antibody dependent cellular cytotoxicity;
CDC: complement-dependent cytotoxicity;
iPARP: inhibitor of poly (ADP-ribose) poly-
merase; iDNA-PK: inhibitor of DNA-depen-
dent protein kinase.

lipid, protein and DNA oxidation, contribute to genomic
instability and additional mutation acquisition in cancer
cells, and in that sense oxidants fuel tumor progression.'
On the other hand, increasing oxidative stress above a
certain threshold may not be compatible with tumor cell
survival and may result in cell death.” In order to elimi-
nate the detrimental effect of severe oxidative stress, can-
cer cell survival depends on the functional antioxidant
defense involving ATM. Clear evidence for the role of
ATM in the oxidative stress response comes from Ataxia
telangiectasia patients with complete ATA inactivation
who experience increased oxidative stress due to the ele-
vated ROS level."*® Regarding the necessity to constantly
regulate redox balance, an increase in oxidative stress of
cancer cells renders them vulnerable to therapeutic inter-
ventions resulting in the further augmentation of ROS
and oxidative damage.'* Collectively, these recent find-
ings suggest that there is a possible therapeutic window
for ATM-deficient CLL cells, in which a synthetic lethali-
ty-based approach can be exploited to selectively target
these cells by escalating the oxidative stress to the level
that induces cell death (Figure 2).

In this issue of Haematologica, Agathanggelou er al.”
propose a novel original p53 independent therapeutic
strategy utilizing a defective antioxidant response in CLL
patients with ATA inactivation. The authors demonstra-
ted that pro-oxidant treatment (parthenolid or NAPQI)
enhances oxidative stress resulting in cell death that
bypasses the DDR pathway and acts in a p53 and caspase
independent manner. They show that ATM-null cells are
defective in NRF2 dependent antioxidant response, which
results in their increased sensitivity to treatment with pro-
oxidants both in vitro and in vivo. Indeed, these cells mani-
fested a higher ROS level and simultaneously a lower
antioxidant level. This strategy employs two main ATM
roles that cannot be accomplished in ATM-null CLL cells,
since ROS induce ATM-mediated DDR in addition to
oxidative ATM response, which acts independently of
DNA lesions (Figure 1). Another study indicates that ben-
damustine, used in CLL and other B-cell neoplasms, could
serve as an alternative pro-oxidant drug because, in addi-
tion to the alkylating mechanism, it induces ROS produc-
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tion and pd3-independent apoptosis.”’ Nevertheless, fur-
ther studies to confirm pro-oxidant effect on ATM-null
cells in larger cohorts are warranted.

Future directions in targeting ATM-deficient CLL cells
through elevated oxidative stress

Despite the indisputable importance and novelty of the
investigation by Agathanggelou et al.,” several issues need
to be further clarified. One of the concerns is the pro-oxi-
dant dosage to be used for selective ATM-null CLL cells
targeting. In this study, pro-oxidants were deliberately
used in levels below the limit known to cause oxidative
damage in ATM-wild-type cells. However, this may be
difficult to achieve consistently in clinical settings; there-
fore, a high dosage could lead to undesirable DNA damage
and DDR activation in healthy cells. In this regard, the
sensitivity to pro-oxidant therapeutics, as well as any pos-
sible side-effects, could also be influenced by additional
ROS production triggered through ongoing inflammation
in the CLL cell microenvironment, an aspect not addressed
in the article by Agathanggelou et al. Another important
question is how different CLL subclones existing in indi-
vidual patients would respond to pro-oxidant therapy.
Considering the fact that ROS and oxidative stress con-
tribute to tumor development and progression, it is not
clear how other co-existing clones harboring diverse
genomic defects would react to the therapeutic augmenta-
tion of ROS. In some CLL subclones, increased oxidative
stress resulting from pro-oxidant therapy could cause
accelerated mutational rate and reinforced progression
towards a more aggressive CLL. From a clinical point of
view, it would be convenient to test pro-oxidants in com-
bination with other p53-independent agents (e.g. mono-
clonal antibodies) to identify the most efficient treatment
for ATM-defective CLL patients (potential therapeutic
options are summarized in Figure 2). Collectively, the
development of novel therapeutic strategies specifically
targeting the ATM-null phenotype further emphasizes the
importance of precise genetic characterization of CLL
patients to allow the selection of individualized therapy.
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