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Introduction

Chronic lymphocytic leukemia (CLL) is characterized by a
poor curability and distinctively variable clinical course.1 The
mutation status of the immunoglobulin heavy-chain variable
region (IGHV)2 and the presence of recurrent cytogenetic aber-
rations3 represent two major prognostic factors with clear clin-
ical impact. The worst prognosis is associated with the occur-
rence of 17p deletion (17p-) and/or TP53 mutation.3–5 The het-
erozygous deletion at the locus 11q22-23 (11q-) affecting the
Ataxia Telangiectasia-Mutated (ATM) gene may also signifi-
cantly contribute to inferior patient outcome, especially in
younger patients.3,6,7 The pathogenic role of the ATM gene has
been unambiguously proven by demonstrating the presence of
somatic ATM mutations in a proportion of patients.8–10 ATM
abnormalities (deletions and mutations) are typically associat-
ed with extensive lymphadenopathy in CLL patients11 and
have recently been identified as the most common negative
genetic defect at CLL diagnosis.12 Nevertheless, the functional
impact of ATM defects and their relevance in CLL still remains
controversial13–15 and further studies are needed. 

Patients with both ATM alleles affected (deletion and muta-
tion or two mutations) lack ATM activity, while patients with
monoallelic mutation may have preserved ATM function.16,17

Therefore, it is important to monitor status of both alleles,
because ATM mutations only overlap poorly with 11q-.12,17 In
addition, various types of ATM mutations may have a differ-
ent impact on the resulting ATM activity. In autosomal reces-
sive disorder Ataxia-Telangiectasia (AT), characterized by
progressive neurodegeneration, immunodeficiency, and pre-
disposition to lymphoid malignancies,18 the clinical hetero-
geneity can be attributed to different types of inherited ATM
mutations. While truncating mutations are associated with
full AT phenotype, splicing and missense mutations lead to
milder clinical appearance due to partially preserved ATM
expression and function.19,20

ATM plays a pivotal role in the DNA-damage response
(DDR) pathway after DNA double-strand break (DSBs)
recognition by Mre11/Rad50/Nbs1 (MRN) complex21 through
phosphorylation of many different targets, including p53 pro-
tein.22 In CLL, Stankovic et al.23 demonstrated that transcrip-
tional response to DSBs is entirely dependent on ATM, where
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ATM abnormalities are frequent in chronic lymphocytic leukemia and represent an important prognostic factor.
Sole 11q deletion does not result in ATM inactivation by contrast to biallelic defects involving mutations.
Therefore, the analysis of ATM mutations and their functional impact is crucial. In this study, we analyzed ATM
mutations in predominantly high-risk patients using: i) resequencing microarray and direct sequencing; ii) Western
blot for total ATM level; iii) functional test based on p21 gene induction after parallel treatment of leukemic cells
with fludarabine and doxorubicin. ATM dysfunction leads to impaired p21 induction after doxorubicin exposure.
We detected ATM mutation in 16% (22 of 140) of patients, and all mutated samples manifested demonstrable
ATM defect (impaired p21 upregulation after doxorubicin and/or null protein level). Loss of ATM function in
mutated samples was also evidenced through defective p53 pathway activation after ionizing radiation exposure.
ATM mutation frequency was 34% in patients with 11q deletion, 4% in the TP53-defected group, and 8% in wild-
type patients. Our functional test, convenient for routine use, showed high sensitivity (80%) and specificity (97%)
for ATM mutations prediction. Only cells with ATM mutation, but not those with sole 11q deletion, were resistant
to doxorubicin. As far as fludarabine is concerned, this difference was not observed. Interestingly, patients from
both these groups experienced nearly identical time to first treatment. In conclusion, ATM mutations either alone
or in combination with 11q deletion uniformly led to demonstrable ATM dysfunction in patients with chronic
lymphocytic leukemia and mutation presence can be predicted by the functional test using doxorubicin.
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only part of this activity is transferred to the p53 pathway,
leading to pro-apoptotic signaling. Monitoring of ATM
function may be a feasible tool for disclosing ATM muta-
tions. Several slightly modified tests have been suggested,
based on monitoring p53 and p21 accumulation after cell
exposure to ionizing radiation (IR).17,24–26 An alternative
approach utilizing etoposide and nutlin-3a was also used
which enabled efficient differentiation of TP53 and ATM
defects.27

Despite undeniable progress, ATM mutation identifica-
tion in CLL remains challenging due to: i) an extreme gene
size (62 coding exons) with lack of well-characterized
(hot-spot) mutations; ii) the difficult interpretation of
polymorphisms and pathogenic mutations resulting from
only vague information about their functional conse-
quences. Therefore, relevant information is lacking about
the clinical impact of ATM mutations, including the
response of affected patients to chemoimmunotherapy.

In our CLL patient cohort, we found that all ATM
defects involving mutation(s) resulted in disruption of
ATM activity towards p53 pathway activation. In addi-
tion, we present a novel functional test based on monitor-
ing p21 induction after parallel treatment of CLL cells with
doxorubicin and fludarabine that have different DNA
damage mechanisms. This test proved to be an effective
means to search for ATM mutations, which had been
selected in a dominant proportion of leukemic cells. 

Design and Methods

Patients’ samples
Peripheral blood mononuclear cells (PBMNC) of 140 CLL

patients were processed after obtaining informed consent in
accordance with the Declaration of Helsinki under protocols of
the University Hospital Brno (Ethics Committee approval
NS10439-3). The proportion of leukemic cells (CD5+/CD19+)
exceeded 80% in all samples. Basic characteristics of the cohort
are summarized in Table 1. The cohort consisted of predomi-
nantly high-risk CLL patients (harboring TP53 defect and/or 11q-
and/or unmutated IGHV), and 45% of patients were treated with
various regimens before ATM mutation analysis (Online
Supplementary Table S1).

ATM mutation analysis
Custom resequencing microarray (Affymetrix, CA, USA) was

used to detect 1-nt substitutions in all 62 coding exons and splicing
sites of the ATM gene. The resequencing procedure was carried
out according to the manufacturer’s protocol (Affymetrix
GeneChip Custom Resequencing Array Protocol). The resequenc-
ing principle is based on allele-specific hybridization. The
hybridization of fluorescently labeled DNA fragments to particu-
lar positions determined the nucleotides in sequence with the abil-
ity to distinguish between homozygous and heterozygous state.
Final sequence data was acquired using The GeneChip Sequence
Analysis Software (GSEQ) processing fluorescence intensity files. 

Direct Sanger sequencing (3130xl Genetic Analyzer, Applied
Biosystems) was used to: i) confirm ATM alterations detected by
microarray analysis; ii) identify other mutations indicated by func-
tional test and/or Western blot (WB) through screening of all 62
coding exons and splicing sites. A search was made for all identi-
fied sequence variations in appropriate databases of single
nucleotide polymorphisms (SNPs) and mutations. 

Variations detected by the resequencing array but not con-
firmed by Sanger sequencing were evaluated by next-generation

deep sequencing technology (GS Junior, Roche) to distinguish sub-
clonal ATM alterations occurring under direct sequencing detec-
tion limit from the array false positivity.

Western blotting
Protein level analysis was performed using the following anti-

bodies (Cell Signaling Technology): anti-ATM (mAb D2E2), anti-
ATM-Ser1981 (mAb D6H9), anti-p53-Ser15 (mAb 16G8), and anti-
b-actin (mAb 13E5). Total p53 level was detected by DO-1 mAb (a
gift from Dr. Vojtesek, MMCI, Brno). For ATM analysis PBMNC
were lysed in RIPA buffer and protein lysates (50 ug for ATM-
Ser1981, 100 mg for total ATM) were run on NuPAGE Novex 3-8
% Tris-Acetate Gel (Invitrogen).

Induction of p53-downstream target gene expression
after DNA damage

Primary CLL cells were subjected to IR (5 Gy in total, 0.3
Gy/min) or treated with fludarabine (Bayer-Schering, 3.6 mg/mL)
or doxorubicin (Teva, 0.25 mg/mL). Cells were seeded in 6-well
plates (2.5 × 107 cells per well, volume 5 mL) and harvested after
2, 10 and 24 h in case of IR or after 24 h drug exposure. Real-time
polymerase chain reaction (PCR) was performed using TaqMan
technology and 7300 Real-Time PCR System (Applied
Biosystems). Primer and probe set was specific for the CDKN1A
(p21), BBC3 (PUMA), BAX, and GADD45 genes (Applied
Biosystems). 

Cell viability after doxorubicin and fludarabine
administration

CLL cells were seeded in quadruplicates using 96-well plates (5
x 105 cells per well) and treated for 48 h with chemotherapeutics
at four different concentrations. The viability was assessed by the
metabolic WST-1 assay (Roche) using spectrophotometer 1420
Multilabel Counter Victor (PerkinElmer).

Impact of ATM mutations in CLL
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Table 1. Clinical and biological characteristics of CLL patients.
Patients (n)                                     Cohort I                    Cohort II

                                                           (107)                          (33)

Age at diagnosis: median,                   61 (34-79)                     62 (38-81)
range (years)                                                  
Sex (M/F)                                                    65/42                                24/9
Clinical stage* (%)

Low risk: Rai 0                                             20                                    30
Intermediate risk: Rai I, II                        36                                    30
High risk: Rai III, IV                                    44                                    40

Therapy status* (%) 
Untreated                                                    51                                    67
Treated                                                         49                                    33
IGHV status (%)

Unmutated                                                   83                                    75
Mutated                                                        17                                    25

Hierarchical I-FISH* (%)
17p-                                                                21                                     9
11q-                                                                47                                    24
+12                                                                  3                                     12
13q- sole                                                       17                                    43
Normal                                                          12                                    12

TP53 defect (%)#                                            44                                    12

Cohort I: patients investigated by resequencing array, functional test and WB; Cohort II:
patients investigated only by functional test and WB. *Assessed at the time of ATM muta-
tion examination. #Mutation and/or deletion.
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Results

ATM mutations identification by resequencing microarray 

Chronic lymphocytic leukemia samples from 107
patients were investigated for ATM mutations using the
resequencing array as a pre-screening method. This cohort
(Cohort I) was intentionally selected and biased towards
high-risk CLL patients (Table 1). In total, 46 different ATM
alterations were identified in a variable number of
patients, and 29 of these variants were readily confirmed
by direct Sanger sequencing. Next-generation deep
sequencing applied to unconfirmed variants revealed only
two real substitutions that were present in 16% and 10%
of molecules, which is under the direct sequencing detec-
tion limit. The rest represented array false positivity
(Online Supplementary Table S2). 

In total, only 29 properly selected and clearly confirmed
alterations were further considered as real ATM substitu-
tions. Among them 13 represented different known SNPs,
and their frequencies in our cohort are listed in the Online
Supplementary Table S3. The remaining 16 alterations

detected in 13 patients (P1-P13 in Table 2) included two
nonsense mutations, one known splicing mutation28 lead-
ing to null expression of normal transcript (data not shown),
and missense mutations. 

With regards to allele composition, 10 of 13 mutated
patients (77%) manifested 11q- in addition to ATM muta-
tion. Another patient (P2) having homozygous mutation
and no 11q- demonstrated uniparental disomy of 11q arm
(detected by CytoScan HD array, Affymetrix) (data not
shown). Two remaining patients exhibited heterozygous
mutations, and we searched for a second potential muta-
tion by direct sequencing. Such a mutation was disclosed
in patient P12, while the last patient (P13) harboring a
well known pathogenic mutation Arg3008Cys in het-
erozygous state did not exhibit another mutation. This
mutation may, therefore, have a predicted dominant-neg-
ative effect (DNE) on wt allele.18 Interestingly, patient P12
with two mutations recorded during the original investi-
gation manifested only mutation Arg3008His in a sample
obtained 12 months later. This further supports the
notion that alterations in this mutable codon are connect-
ed with DNE. 

V. Navrkalova et al.
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Table 2. ATM mutations identified in CLL patients.
Patient ATM gene mutation ATM analysis 11q- (%)

Nucleotide change Amino acid change Type Origin Reported previously ATM level ATM function

P1 c.875C>G p.Pro292Arg ms ND no null norm 97
c.7375C>T p.Arg2459Cys ms ND no

P2 c.902-1G>T p.Ala302fs spl ND AT null def no1

P3 c.2950C>G p.Gln984Glu ms som no null def 94
c.4724G>A p.Arg1575His ms germ no
c.6820G>A p.Ala2274Thr ms germ CLL

P4 c.3075T>G p.Phe1025Leu ms som no pos def 93
P5 c.3250C>T p.Gln1084* ns ND no pos norm 99
P6 c.5789A>T p.Asp1930Val ms som no null norm 88
P7 c.6101G>C p.Arg2034Pro ms som no null NA 95
P8 c.6559G>T p.Glu2187* ns som no null def 96
P9 c.7280T>C p.Leu2427Pro ms ND no pos def 94
P10 c.7463G>A p.Cys2488Tyr ms germ no pos def 90
P11 c.8194T>G p.Phe2732Val ms som no pos def 98
P12# c.8668C>G p.Leu2890Val ms som MCL, PLL, CLL pos def no

c.9023G>A p.Arg3008His ms som CLL, MCL, DLBCL
P13 c.9022C>T p.Arg3008Cys ms som CLL, MCL, PLL pos def no
P14 c.3_21del p.Met1? fs som no pos def 55

c.2329_2332del p.Arg777fs fs som no
P15 c.877A>T p.Lys293* ms som no null def 92
P16 c.1402_1403del p.Lys468fs fs som AT, CLL null norm 91
P17 c.3802del p.Val1268* ns ND AT null NA no

c.5748_5750del p.Met1916delinsIle if ND no
P18 c.7996A>G p.Thr2666Ala ms som LC null def 91
P19 c.5044G>C p.Asp1682His ms som PLL pos def 93
P20 c.6185C>T p.Ala2062Val ms som no pos def 87
P21 c.7089+1del p.Asn2326_Lys2363del spl som no pos def 98
P22 c.7515+1_2del p.Arg2506_Asn2543del spl som no null def 95

Cohort I: patients P1-P18. Cohort II: patients P19-P22. Mutations in P1-P13 were detected by microarray; ms: missense; spl: splicing (skipping of exon confirmed by cDNA analysis);
ns: nonsense; fs: frameshift; if: in-frame; ND: not determined; som: somatic; germ: germline; AT: Ataxia Telangiectasia; MCL: mantle cell lymphoma; PLL: prolymphocytic leukemia;
DLBCL: diffuse large B-cell lymphoma; LC: lung cancer; norm: normal; def: defective; NA: not applicable due to presence of TP53 defect; pos: positive. #Only mutation Arg3008His
was detected 12 months since the original investigation (mutation Leu2890Val disappeared), 1 uniparental disomy of 11q.
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Functional test and Western blot reveal ATM protein
inactivation in mutated patients

In order to directly assess overall ATM status in affected
patients, samples from all 13 patients (P1-P13) with array-
identified mutation were subjected to the ATM protein
functional analysis and to ATM protein level assessment. 

We designed the functional test based on parallel treat-
ment of CLL cells with doxorubicin and fludarabine fol-
lowed by CDKN1A (p21) gene expression monitoring.
The impaired p21 induction as an ATM dysfunction mark-
er was selected on the basis of its demonstrated ATM-
dependent upregulation following DSBs after IR.25 We pre-
sumed that: i) doxorubicin as a radiomimetic drug has a
similar effect to IR; ii) mutations leading to ATM protein
dysfunction should impair p21 induction during response
to DSBs imposed by doxorubicin,29 while p21 activation
should be preserved after fludarabine, creating a broader
spectrum of DNA (and also RNA) damage;30 iii) TP53
defects should result in reduced p21 induction after expo-
sure to both drugs. The proposed principle of our func-
tional test was proven by testing 3 TP53-wt/ATM-wt sam-
ples with and without the presence of ATM-specific
inhibitor KU5593331 (Figure 1).

All samples with an array-identified mutation excepting
one (n=12) showed ATM dysfunction using the described
functional test and/or manifested null ATM protein level
on Western blot (WB) (Table 2 and Online Supplementary
Figure S1); the last sample (P5) harboring nonsense muta-
tion and 11q- exhibited no defect in these tests due to
incomplete mutation selection (data not shown). Therefore,
all patients with ATM mutation identified by resequenc-
ing microarray (which is neutral regarding identified
mutation function) can be considered as having disturbed
ATM activity. Furthermore, in 2 samples with detectable
ATM level (P9 and P13), we performed additional Western
blots analyzing ATM function. ATM-Ser1981 autophos-
phorylation was obviously diminished in one sample,
while p53-Ser15 phosphorylation and p53 accumulation
was completely lost in both samples, confirming the elim-
ination of ATM activity towards p53 pathway activation
(Online Supplementary Figure S2). 

By contrast, all tested samples with only ATM polymor-
phism and no mutation (11 of 13 detected polymorphisms

were tested) (Online Supplementary Table S3) displayed nor-
mal profile in the functional test.

Functional test and Western blot disclosed other
patients with ATM mutation 

In order to identify other potential causal mutations
undetectable by resequencing microarray (nonmissense
mutations), we employed the functional test and WB
analysis on samples from 64 patients with no detected
mutation and with material available. Either one or both
of these tests indicated a mutation presence in 7 patients
(11%), and in 5 cases the mutation(s) were indeed found
by direct sequencing. In 2 patients (P14, P17) there were
two short deletions, and another (P16) harbored one short
deletion accompanied by 11q-. Two other patients (P15,
P18) manifested nonsense and missense mutation that
was not recognized by array, again together with 11q-.
The situation of the last 2 patients remains unclear as no

Impact of ATM mutations in CLL
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Figure 1. The p21 expression induction after ATM inhibition. CLL
cells were pre-treated with ATM inhibitor (KU55933; 10 mM) for 1 h
and exposed to fludarabine (3.6 mg/mL) or doxorubicin (0.25
mg/mL) for 24 h. The level of p21 expression was determined by
real-time PCR in comparison with untreated control set to 100%.
Sample’s Ct values were subjected to 2-ΔΔCt analysis.

Figure 2. The p21
expression induction in
individual genetic
groups. Medians of p21
expression and the sig-
nificance (Kruskal-
Wallis ANOVA test)
related to wt group
were following: (A) after
doxorubicin treatment
– wt: 815%; del-ATM:
731%; non-significant
(NS); mut-ATM: 182%,
P<0.001; def-TP53:
250%, P<0.001. (B)
after fludarabine treat-
ment – wt: 718%; del-
ATM: 639%, NS; mut-
ATM: 617%, NS; def-
TP53: 190%, P<0.001. 
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mutation was found. In total, using resequencing microar-
ray, functional test, and WB, we identified 18 patients
(17%) in Cohort I having ATM mutation confirmed by
Sanger sequencing and exhibiting ATM dysfunction. 

The additional analysis performed on 33 randomly
selected samples (Cohort II; Table 1) was carried out to
evaluate the efficiency of our functional test. The test indi-
cated ATM mutation in 4 patients, and in all cases a muta-
tion was identified by direct sequencing (P19-P22) (Table
2). The final cut-off value for ATM dysfunction was deter-
mined using receiver operation characteristic analysis
(Online Supplementary Figure S3) applied on selected sam-
ples with known ATM mutation status (omitting the
TP53-defective group). The p21 expression induction of
less than 300% in comparison with untreated control
(100%) after doxorubicin treatment defined dysfunctional
cases. The functional test showed 80% sensitivity and
97% specificity in this setting. Using a dilution series of wt
cells and ATM mutated cells, we determined that this test
is able to detect mutation, if present in at least 80% of cells
(Online Supplementary Figure S4); our test is, therefore, suit-
able for detection of properly selected ATM mutations. 

Based on our retrospective analysis, the sample should
be screened for TP53 defect if p21 induction does not
exceed 400% after exposure to each drug.

ATM mutations are unevenly distributed in genetic
groups and frequently occur upon CLL diagnosis

Collectively in Cohorts I and II, we detected ATM muta-
tion(s) in 16% (22 of 140) of CLL patients. Mutated patient
proportions in groups divided according to high-risk
genetic features were as follows: 34% (17 of 50) in
patients with 11q-; 4% (2 of 51) in patients having TP53
mutation and/or deletion 17p; and 8% (3 of 39) in patients
without these defects. The association between ATM
mutation presence and IGHV mutation status was not
assessed because of predominant 11q- occurrence in
IGHV-unmutated samples.

We did not observe any tendency towards ATM muta-
tion accumulation in previously treated patients; the fre-
quency of ATM mutations was 18% (14 of 77) in untreat-
ed and 13% (8 of 63) in treated patients. The retrospective
analysis of 9 mutated patients disclosed a mutation pres-
ence at the time of diagnosis or up to one year after in 8
cases. Moreover, the ATM mutation germline origin was
disclosed in 2 (P3, P10) of 17 analyzed patients with avail-
able material (buccal swab). These observations all indi-
cate that the genesis of a substantial proportion of ATM
mutations can be considered primarily as an early event in
CLL pathogenesis.

Cells with ATM mutation exhibit impaired overall
response to doxorubicin 

The strong association between presence of ATM muta-
tion and dysfunction status prompted us to compare p53-
downstream gene induction and overall cell viability after
doxorubicin and fludarabine exposure in the following
genetic categories: cells without any TP53 or ATM abnor-
mality (“wt”), with sole 11q- (“del-ATM”), with ATM
mutation regardless of 11q- presence or absence (“mut-
ATM”), and TP53 defect (“def-TP53”). 

Data concerning p21 induction after cell exposure to
doxorubicin and fludarabine is summarized in Figure 2A
and B, respectively. It is evident that mut-ATM (n=20) and
def-TP53 (n=30), but not del-ATM (n=23) samples exhib-

ited significantly impaired induction after doxorubicin
exposure in comparison with wt cells (n=31). By contrast,
after treating the same samples with fludarabine, we
observed that mut-ATM samples manifested similar p21
induction compared to wt and del-ATM groups. The def-
TP53 samples exhibited diminished induction similarly to
doxorubicin exposure. 

In addition to impaired p21 induction, ATM mutated
samples displayed also identically disturbed induction of
pro-apoptotic genes BBC3 (PUMA) and BAX, and DNA
damage response gene GADD45 after doxorubicin expo-
sure (Online Supplementary Figure S5). Similarly to doxoru-
bicin, a series of the samples with different ATM muta-
tions also exhibited defective p53-downstream gene
induction after IR exposure, which is commonly used for
DSBs induction and for ATM function testing. However,
the difference in gene expression was obvious only for
three out of the four studied genes (i.e. p21, PUMA,
GADD45) at certain times after radiation (Online
Supplementary Figure S6). 

In agreement with the data regarding p53-downstream
gene induction, we observed significantly higher resist-
ance of mut-ATM (n=8) and def-TP53 (n=5) samples to
doxorubicin when compared with wt samples (n=5); del-
ATM samples (n=9) behaved similarly to the wt group
(Figure 3A). The contrasting negligible effect of ATM
mutations on p53-downstream gene induction elicited by
fludarabine was also in compliance with cell viability in
the tested groups (Figure 3B). Only def-TP53 (n=13), but
neither mut-ATM (n=14) nor del-ATM samples (n=8),
showed higher resistance to fludarabine compared with
the wt group (n=8).  

Patients having ATM mutation and those with sole 
11q- have identical time to first treatment

The above data confirm that cells with sole 11q- ("del-
ATM") have preserved ATM activity,17 while defects
involving ATM mutation ("mut-ATM") in our study exclu-
sively led to ATM dysfunction. We, therefore, focused on
a correlation between these defects and the time to first
treatment (TTFT). We limited our analysis to patients
with unmutated IGHV locus (n=41) because of the strong
association with ATM defects and to those with ATM
abnormality observed at the diagnosis or up to one year
after. TTFT medians in the group mut-ATM (n=8), del-
ATM (n=15), and wt (n=18) were as follows: 7, 9.5, and 27
months (Figure 4). Both defective groups exhibited signif-
icantly reduced TTFT in comparison with wt patients
(both P=0.04) and did not differ mutually (P=0.6). 

We also performed a progression-free survival (PFS)
analysis after the first therapy consisting of chemoim-
munotherapy (76%, 25 of 33 patients) and chemotherapy
(24%, 8 of 33 patients) with a similar proportion in indi-
vidual genetic groups. PFS medians were 9, 16 and 16.5
months in the mut-ATM, del-ATM and wt group, respec-
tively, with no statistical significance among tested groups
(Online Supplementary Figure S7). Overall survival analysis
was not performed due to short median follow up. 

Discussion

ATM defects are commonly assessed as 11q- presence,
but sole deletion does not mean ATM inactivation if the
other allele remains intact.17,24 Resulting ATM activity

V. Navrkalova et al.
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depends on the defect composition (monoallelic vs. biallel-
ic) and, additionally, on functional consequences of indi-
vidual ATM mutations, which have a decisive impact
according to type and position.19,20 Thus, it is difficult to
properly distinguish patients with clear ATM dysfunction.
With the advent of next-generation sequencing technolo-
gies that provide a more sensitive test for ATM mutation,
a function assessment will be crucial to set aside real path-
ogenic mutations. 

We detected ATM mutation(s) in 16% (22 of 140) of the
patients. Since we analyzed predominantly high-risk CLL
patients, this frequency is not representative of CLL
cohorts in general. The occurrence of ATM mutated
patients in individual genetic groups matched previously
reported observations. The highest frequency was noted
in the 11q- group (34%), which is nearly identical to the
36% presented in the study by Austen et al.17 Mutations
were rare in patients with TP53 defects (4%), confirming
mutual exclusivity of p53 and ATM inactivation.24,25

Interestingly, in 3 patients experiencing progression after
therapy (P10, P17, P19), during routine TP53 examinations
we observed an emergence of new mutations accompany-
ing ATM dysfunction. This suggests that TP53 mutation
may provide further advantage to an ATM mutated clone
under therapy pressure.

Using several complementary methodologies proved to
be beneficial for effective ATM status assessment. The
functionally neutral resequencing array enabled fast analy-
sis of point mutations, but false positivity reached 30%
and false negativity 11%. Also, its inability to detect other
mutations is a clear drawback32 since the proportion of
short deletions detected by functional approach was high
(25%, 7 of 28 mutations). In our study, all mutated
patients exhibited obvious ATM dysfunction, which was
predominantly caused by biallelic defects (95%, 21 of 22)
but also in one case by sole heterozygous mutation in
codon 3008 (P13). In addition, alteration in the same
codon was found as the only selected mutation in the sec-
ond investigation of patient P12, who originally harbored
two mutations. Interestingly, both of these samples with
sole mutation in codon 3008 showed null p53 down-
stream gene induction after both IR and doxorubicin, con-

firming their presumed DNE. Our proposed functional
test is, therefore, suitable for common identification of all
mutation types that lead to ATM dysfunction. By contrast,
none of the SNPs detected in our study disturbed ATM
activity, supporting the view they do not contribute to
adverse prognosis in CLL patients.33 Our observations con-
clusively suggest that complete disruption of ATM func-
tion in DDR is prominently selected among high-risk CLL
patients. 

ATM mutation occurrence during the disease course is
an important issue to clarify. ATM activation in DDR is a
critical defensive mechanism already in early cancerogen-
esis when genomic instability begins.34 The recurrent pres-
ence of 11q- in patients with monoclonal B-cell lymphocy-
tosis35 can indicate a similar ATM role in early CLL devel-
opment. ATM mutations may already be present in
germline8,10 or in hematopoietic precursor cells,24 and may
contribute to rapid disease progression through loss of the
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Figure 3. CLL cell viabil-
ity after doxorubicin
and fludarabine expo-
sure. Significance (two-
factorial ANOVA with
subsequent Dunnett
post-hoc test) related to
wt group was: (A) after
doxorubicin treatment -
del-ATM: non-significant
(NS), mut-ATM:
P<0.001; def-TP53:
P<0.001; (B) after flu-
darabine treatment -
del-ATM: NS; mut-ATM:
NS, def-TP53: P<0.001.
Vertical lines represent
95% confidence inter-
vals.

Figure 4. Time to first treatment analysis limited to patients with
unmutated IGHV. Mut-ATM and del-ATM groups related to wt
patients: both P=0.04. Kaplan-Meier curves were created and statis-
tically evaluated using the GraphPad Prism version 5.00 for
Windows (GraphPad Software, San Diego, CA, USA). 
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other allele.36 At the same time, ATM mutations have been
observed as clonal variants contributing further to the 11q-
subclone expansion.17 The considerable proportion of
ATM mutations in our study can be regarded as an early
event in the CLL course, which is supported by their fre-
quent presence before first therapy, at the time of diagno-
sis or even in germline form. Nonetheless, Landau et al.37

recently reported that ATM mutations also frequently
occur in subclonal form, contributing later to disease pro-
gression.

The defects in ATM-p53-p21 pathway integrating
response to DNA damage have shown independent prog-
nostic value in CLL,38 and effective functional testing of
this pathway is, therefore, desirable. Initially, two basic
defect types after IR exposure were defined as “type A”,
which associates with TP53 mutation, and “type B” con-
nected with ATM mutation.25 Later, “type C” that was cor-
related with polymorphism in p21 gene39 and “type D”,
having unclear association with any gene defect38 were
described. The functional test based on IR may not, how-
ever, be convenient for all laboratories, and use of
radiomimetic drugs seems to be a reasonable alternative
approach.27 In our study, we show that CLL cells with
ATM mutation(s) have an analogously poor response to IR
and doxorubicin; both agents should primarily create
DNA DSBs.25,40 Our functional test using doxorubicin and
fludarabine in parallel enables effective identification of
ATM mutations (sensitivity 80%, specificity 97%) and dis-
tinguishing between ATM and TP53 defects based on dif-
ferent DNA damaging mechanisms of these drugs (data not
shown). In our study, this test failed in several cases for
unknown reasons. We also assume that samples without
ATM mutation that were approaching the cut-off value
could potentially harbor other defect types in the ATM-
p53-p21 pathway, e.g. “type C” defect.

ATM dysfunction might play a role in patient response
to the conventionally used DNA damaging drugs. In this
respect, our data suggest that doxorubicin, which is
included in CHOP and R-CHOP regimens employed in
lymphoproliferative disorders,41 is most probably ineffec-
tive in ATM mutated patients. Notably, low ATM expres-
sion level was associated with resistance to doxorubicin in
breast cancer patients.42 With regards to fludarabine, the
situation remains to some extent more elusive. It was
reported that ATM deficiency leads to impaired ATM-
mediated phosphorylation17 and higher in vitro resistance
of CLL cells to this drug.43 Despite recorded observations,
we have demonstrated that cells with obvious ATM dys-
function had preserved response to fludarabine; i.e. nor-
mal p53-downstream gene induction and similar in vitro

sensitivity as wt and 11q- cells. We propose that overall
response to fludarabine could be mediated through other
proteins involved in DDR in ATM-deficient patients,
although our findings are not conclusive. Thus, primary
response to fludarabine seems to be less influenced by
ATM inactivation than generally anticipated.

Although patients with sole 11q- have preserved ATM
function,13,17 it has been reported that this defect is associ-
ated with reduced TTFT44 and distinctive gene expression
profile.12 Our analysis recorded almost identically reduced
TTFT in groups with sole 11q- and ATM mutation in com-
parison with wt patients. A potential explanation for the
observed clinical impact of sole 11q- may possibly result
from a gene dosage effect of ATM12,45,46 or other genes
located in deleted region at 11q,13 or from mutations
affecting genes like BIRC3 located at 11q. This gene could
be an interesting candidate because its mutations are
recurrent in CLL and have been recognized as mutually
exclusive with TP53 defects,47 similarly to ATM
mutations.25

In conclusion, ATM defects involving mutation uniform-
ly resulted in obvious ATM dysfunction throughout our
study. By contrast, sole 11q- does not affect ATM func-
tion, and simultaneous ATM mutation analysis is, there-
fore, warranted. Currently, prediction of mutation pres-
ence is feasible through functional testing using IR or
based on our study using doxorubicin, and this will be crit-
ical for distinguishing CLL patients with unambiguously
inactive ATM. Indeed, this has potential predictive value
and may also offer novel therapeutic strategies utilizing
the synthetic lethality concept based on DDR inhibitor
application in ATM-defective patients.48 Furthermore,
knowledge of ATM mutations will be important to delin-
eate their association with mutations in newly described
CLL-related genes, e.g. SF3B1.49
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