of genes recurrently mutated in AML. These findings also
highlight the cost and the huge amount of time involved to
investigate the functional and clinical aspects of genetic
lesions that occur at a relatively low frequency in AML.
Researchers should be prepared to take on this difficult task,
since in the future, novel low frequency mutations in other
genes are likely to emerge from the sequencing of addition-
al AML genomes.
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hronic lymphocytic leukemia (CLL) is the most
common leukemia in adults. Though modern treat-
ments are highly effective in most CLL, a challeng-
ing subgroup of patients shows poor response to standard

regimens and a survival of less than two years."® Identifying
chemorefractory patients early, ideally before treatment,
and designing therapeutic strategies tailored to overcoming
chemorefractoriness remain key issues toward an opti-
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mized management of CLL. Early studies of the molecular
genetics of CLL revealed that deletions of cytobands 17p13
and 11q22-q23 are major determinants of chemorefractori-
ness in this leukemia (Figure 1).” Subsequent studies have
reported that disrupting mutations of TP53, the tumor sup-
pressor gene consistently affected by 17p13 deletions, pre-
dict chemorefractoriness in a fashion similar to, but inde-
pendent of, 17p13 deletion, making TP53 disruption by
mutation and/or deletion the predominant mechanism of
chemorefractoriness in approximately 40% of CLL destined
to fail treatment (Figure 1).*” In recent years, major improve-
ments in sequencing technologies have provided the oppor-
tunity to comprehensively examine the CLL genome.®® In
fludarabine-refractory CLL, this approach has allowed the
identification of previously unrecognized mutated genes,
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including NOTCH1, the keystone of the NOTCH signaling
pathway, and SF3B1, that encodes a component of the
RNA splicing machinery (Figure 1).°® Mutations of
NOTCH1 and SF3B1: i) are virtually absent in monoclonal
B-cell lymphocytosis and occur at a low rate at CLL presen-
tation, where they identify poor survival patients; ii) are
recurrent in chemorefractory CLL; and iii) tend to be mutu-
ally exclusive with TP53 disruption, suggesting that they
represent alternative mechanisms contributing to chemore-
fractoriness.”*"* Mutations of NOTCH1 disrupt the protein
domain required to switch off NOTCH1 signaling, and may
impair the cytotoxicity of fludarabine.”” Mutations of
SF3B1 might contribute to chemorefractoriness by favoring
alternative splicing of genes related to cancer, as suggested
by the observation that SF3B1 regulates the production of

Figure 1. A proposed model of CLL
multistep pathogenesis and of its
clinical implications. Although the
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ed by interactions of leukemic cells
with antigens and/or the microenvi-
ronment. During their clinical course,
some patients gain molecular alter-
ations of genes (TP53, ATM, NOTCH1,
SF3B1, and possibly other) that con-
fer a higher degree of clinical aggres-
siveness which translates into refrac-
toriness to conventional treatments
and potential of transformation to
diffuse large B cell ymphoma known

Chemorefractoriness as Richter's syndrome.

Richter transformation

Figure 2. Mechanisms of ATM structural
alterations in CLL. Upper panel: most CLL
patients carry normal (represented by
blue boxes in the figure) ATM genes in
their germline DNA (A), although some
cases may harbor germline mutations of
ATM (represented by red boxes in the fig-
ure) (B). Lower panel: at some stage dur-
ing the clinical history of the disease, CLL
cells may acquire somatic alterations of
ATM, alternatively constituted by: ATM
deletion in the presence of a residual nor-
mal ATM allele (C); somatically acquired
ATM mutations (represented by orange
boxes in the figure) in the presence of a
residual normal ATM allele (D); biallelic
ATM inactivation through deletion of one
allele and somatic mutation (represented
by orange boxes in the figure) of the
residual allele (E); biallelic ATM inactiva-
tion through somatically acquired dele-
tion of one allele and germline mutation
(represented by red boxes in the figure)
of the other allele (G). In some cases,
only a germline ATM mutation (represent-
ed by red boxes in the figure) is detected
in CLL cells (F).
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the anti-apoptotic isoform of BCLxL.*" Overall, this novel
information on the genetics of high-risk CLL has led to the
realization that the molecular basis of fludarabine-refrac-
toriness in this leukemia is more complex than initially
thought, and might involve several alterations in addition to
deletions of 17p13 and 11q23-q23 (Figure 1).°%*

Deletions of 11q23-q23 almost invariably include the
ATM (for Ataxia Teleangiectasia Mutated) gene. This is
regarded as the relevant tumor suppressor locus affected by
this chromosomal abnormality (Figure 2).* ATM is a large
gene that consists of 66 exons spanning 146 kb of genomic
DNA, and encodes a 370 kD nuclear phosphoprotein shar-
ing homology with phosphatidylinositol 3-kinase (PI-3-K)."
Similar to other PI-3-K related proteins, ATM functions in
controlling the integrity of DNA repair and recombination,
and regulates cell cycle progression.”” Mutations in ATA are
responsible for the autosomal recessive disorder ataxia
teleangiectasia, a condition that predisposes to develop-
ment of lymphoid neoplasms, with a risk for leukemia
approximately 70 times higher than in the normal popula-
tion.” Mutations of ATA in CLL frequently, though not
exclusively, affect the PI-3-K domain, which is highly con-
served among ATM-related proteins and is crucial for the
protein kinase activity of ATM.®** Due to the large size of
the ATM gene and to difficulties in unequivocally distin-
guishing population polymorphisms versus pathogenetic
mutations, AT/ mutation studies in CLL have been chal-
lenging and have left several issues unresolved.

In this issue of Haematologica, the two reports by Guarini
et al.’® and by Skowronska e al” provide new knowledge
on ATM disruption in CLL, and make an important contri-
bution to the systematic clarification of the role of ATM
mutations in the disease. In their report, Guarini et al. have
systematically approached the issue of ATA] mutations in
CLL patients with and without deletion of 11q22-23." The
study was based on a sizeable number of cases that were
methodically screened for mutations of the entire coding
sequence of ATM, represented by 62 exons, as well as for
11q22-23 deletions. The data show that, by combining
mutations and deletions, genetic lesions of ATM occur in
25% of diagnostic samples of CLL." This frequency makes
ATM alterations the most common genetic alteration pre-
dicting poor outcome at CLL presentation. Importantly,
mutations of ATM occurred also in the absence of 11¢22-23
deletions, indicating that AT disruption in CLL may occur
by mutation, deletion, or a combination of both events
(Figure 2)." This scenario is reminiscent of the mechanisms
of TP53 disruption in CLL, and poses the diagnostic dilem-
ma of correctly recognizing patients with mutations in the
absence of deletions.*" In fact, for ATM and TP53, both
mutations and deletions impact on prognosis, but whereas
deletions can be easily and rapidly recognized by FISH stud-
ies, the identification of mutations requires DNA sequenc-
ing analysis that, in the absence of well defined mutational
hotspots, might be particularly demanding especially for
very large genes such as ATA. The pathogenicity of the
ATM mutations detected by Guarini et al. in CLL was for-
mally demonstrated by elegant model studies of the ATM
protein that unambiguously localized the mutations to
functionally relevant sites, including the ATP-binding pock-
et of ATM." Having identified a subset of CLL with ATAM
mutations in the absence of ATM deletions, Guarini et al.

exploited gene expression profiling to document that AT
mutated CLL displays a common signature specifically
associated with this disease genotype and characterized by
the differential expression of genes potentially relevant to
disease pathogenesis."

Beside being somatically acquired, ATV mutations in
CLL may be already present in the patient germline DNA
(Figure 2). The true significance of germline AT/ mutations
in CLL pathogenesis has been a matter of longstanding
debate, that is now largely solved by the new information
reported by Skowrosnska et al. in this issue of the journal.”
To gain a proper understanding of the role of AT disrup-
tion in CLL, the authors have investigated germline ATA]
mutations in patient cohorts with and without 11¢22-g23
deletion using a highly stringent methodological approach
to distinguish ATM germline pathogenic mutations versus
rare population polymorphisms. Overall, the data by
Skowronska et al. document that, compared to controls, the
frequency of germline ATA] mutations is increased in
patients with 11¢23-q23 deletions, but not in patients with
normal 11g22-q23 alleles.” Most CLL carrying germline
ATM mutations presented with advanced stage at diagno-
sis, and carried other unfavorable prognostic markers,
including unmutated /GHV genes.” The model proposed
by Skowronska ez al. is consistent with a multistep process
of ATM disruption in CLL, and shows that patients with
germline AT/ mutations may subsequently acquire 11g22-
q23 deletions encompassing the ATM locus on the other
allele, leading to a complete loss of ATM function and a full
blown aggressive clinical phenotype.” According to this
model, Skowronska et al. argue that ATA] germline muta-
tions predispose to rapid disease progression through ATM
loss, rather than being involved in disease initiation."”

The two reports by Guarini et al.' and Skowronska et al.”
clarify and unequivocally and substantiate the role of AT
mutations in CLL pathogenesis and in determining the clin-
ical aggressiveness of the disease, but also pose new ques-
tions that need to be addressed. The first question stems
from the observation that only 20-40% of 11g22-q23 dele-
tions associate with AT/ mutations on the remaining allele.
What happens to the remaining allele in CLL with 11q22-
q28 deletions but without AT mutations is still unknown.
Although ATAM haploinsufficiency might be a putative
explanation, it is also possible that genes other than ATAM
might be affected on the remaining allele. A search for
structural alterations of alternative genes mapping to 11q22-
q28 should thus be encouraged to address this issue. A sec-
ond unresolved question concerns the exact prognostic role
of ATM mutations in fit CLL patients treated with
immunochemotherapy, since clinical trials have shown that
FCR (fludarabine, cyclophosphamide, rituximab), but not
FC (fludarabine, cyclophosphamide), is able to overcome
the chemorefractoriness associated with 11q22-q23 dele-
tions."*"

Thanks to the application of next generation sequencing
to CLL investigations, research on the molecular pathogen-
esis of high-risk CLL has advanced at a sustained pace dur-
ing the last few months and hopefully will progress further
in the near future. In addition to ATM and TP53, cancer
genes recurrently affected by mutations in high-risk CLL
now also include NOTCH1 and SF3B1 (Figure 1).°%"
Mutations of all these genes predict poor prognosis in con-
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secutive CLL series, mainly because of refractoriness to
standard treatment.””*" The occurrence of 7P53 mutations
in CLL is a well codified indication for treating patients with
alemtuzumab-containing regimens followed by transplant
consolidation.” But will mutations of ATAM, NOTCH1 and
SF3B1 translate into clinically meaningful molecular mark-
ers for a personalized approach to CLL managementé Or
will they remain one of the many (and perhaps dispensable)
biological prognosticators of CLL¢ It might still be too early
to say. One remarkable feature of ATA], NOTCH1 and
SF3B1 mutations, however, is that these molecular markers
are true structural alterations of the CLL genome that con-
ceivably have exerted a direct causative role at some stage
of the leukemogenesis process. The example of many other
tumors, both hematologic and solid, has taught us that bio-
logical markers, whose nature is to be cancer genetic
lesions, harbor an added value in terms of clinical relevance.
In fact, cancer genetic lesions not only are frequently robust
prognosticators revealing an otherwise undetectable clini-
co-biological heterogeneity of the disease, but might also
provide a suitable target for molecular therapy. In the case
of ATM disruption, ATM mutant cells exhibit an impaired
DNA double strand break repair.” Inhibition of poly (ADP-
ribose) polymerase (PARP) imposes the requirement for
DNA double strand break repair, and selectively sensitizes
ATM-deficient tumor cells to killing. On these grounds,
PARP inhibitors have been proposed as appropriate agents
for treating refractory ATA] mutant lymphoid malignan-
cies.” These clinical trials are currently ongoing. If success-
ful, mutations of AT/ will provide a potentially important
target for novel therapeutic strategies devoted to CLL
patients who are refractory to currently available treat-
ments.
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Note
Since the acceptance of this manuscript, two novel studies
(Quesada et al, Nat Genet. 20141 Dec 11. doi: 10.1038/ng.1032;

Wang et al, N Engl ] Med. 2011 Dec 12) have appeared in the
literature reporting SF3B1 mutations in chronic lymphocytic
leukemia
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