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Abstract
Ataxia telangiectasia (AT) is a rare multisystem, autosomal, recessive disease
characterised by neuronal degeneration,
genome instability, and an increased risk
of cancer. Approximately 10% of AT
homozygotes develop cancer, mostly of the
lymphoid system. Lymphoid malignancies
in patients with AT are of both B cell and T
cell origin, and include Hodgkin’s
lymphoma, non-Hodgkin’s lymphoma,
and several forms of leukaemia. The AT
locus was mapped to the chromosomal
region 11q22–23 using genetic linkage
analysis in the late 1980s and the causative
gene was identified by positional cloning
several years later. The ATM gene encodes
a large protein that belongs to a family of
kinases possessing a highly conserved
C-terminal kinase domain related to the
phosphatidylinositol 3-kinase domain.
Members of this kinase family have been
shown to function in DNA repair and cell
cycle checkpoint control following DNA
damage. Recent studies indicate that ATM
is activated primarily in response to double strand breaks and may be considered a
caretaker of the genome. Most mutations
in ATM result in truncation and destabilisation of the protein, but certain missense
and splicing errors have been shown to
produce a less severe phenotype. AT
heterozygotes have a slightly increased
risk of breast cancer. Atm deficient mice
exhibit many of the symptoms found in
patients with AT and have a high frequency of thymic lymphoma. The association between mutation of the ATM gene
and a high incidence of lymphoid malignancy in patients with AT, together with
the development of lymphoma in Atm
deficient mice, supports the proposal that
inactivation of the ATM gene may be of
importance in the pathogenesis of sporadic lymphoid malignancy. Loss of heterozygosity at 11q22–23 (the location of the
ATM gene) is a common event in lymphoid malignancy. Frequent inactivating
mutations of the ATM gene have been
reported in patients with rare sporadic T
cell prolymphocytic leukaemia (T-PLL), B
cell chronic lymphocytic leukaemia (BCLL), and most recently, mantle cell
lymphoma (MCL). In contrast to the ATM
mutation pattern in AT, the most frequent
nucleotide changes in these sporadic lymphoid malignancies were missense mutations. The presence of inactivating
mutations, together with the deletion of

www.jclinpath.com

the normal copy of the ATM gene in some
patients with T-PLL, B-CLL, and MCL,
establishes somatic inactivation of the
ATM gene in the pathogenesis of lymphoid
malignancies, and strongly suggests that
ATM functions as a tumour suppressor.
The presence of missense mutations in the
germline of patients with B-CLL has been
reported, suggesting that some patients
with B-CLL may be constitutional AT heterozygotes. The putative hereditary predisposition
of
B-CLL,
although
intriguing, warrants further investigation.
(J Clin Pathol 2001;54:512–516)
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Ataxia telangiectasia (AT) is a rare autosomal
recessive disease, characterised by cerebella
ataxia, immunodeficiency, increased sensitivity
to ionising radiation, and a predisposition to
malignancies, especially lymphoid neoplasms.1 2 The gene mutated in AT was identified through positional cloning and designated
ATM (mutated in AT) in the mid-1990s.3 4
The ATM gene is located at 11q22–23, spans
184 kb of genomic DNA, and has 66 exons.4–7
The ATM gene encodes a nuclear phosphoprotein of approximately 350 kDa (3056 amino
acids) and is ubiquitously expressed.8 9 The
protein is a member of a novel family of large
proteins, which show sequence homology to
the catalytic domain of phosphatidylinositol 3
kinase,3 and are implicated in cell cycle regulation, signal transduction, and the response to
DNA damage.4 10 There is evidence to suggest
that these proteins respond to DNA damage by
phosphorylating one or more substrates, including p53, c-Abl, and replication protein A
(RPA), to recruit proteins to regions of DNA
repair and/or to activate radiation signal transduction pathways.11–14 The kinase activity of
ATM rises as a response to ionising radiation
and recent studies suggest that ATM is
activated in response to double strand breaks,
one of the major consequences of this form of
radiation.12 13 It is now known that ATM is
required for cell cycle checkpoint control at the
G1/S border, S phase, and G2/M checkpoints
after DNA strand breakpoint damage.14 15
Consistent with these observation, it has been
shown that cells derived from patients with AT
are hypersensitive to DNA damaging agents
such as ionising radiation and restriction
enzymes that produce double stranded DNA
breaks.16 17 It is becoming increasingly clear
that ATM is a key player in DNA damage
recognition and in activating cell cycle
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The ATM gene and AT
To date, more than 100 mutations have been
identified among patients with AT, and these
occur over the entire coding region of the ATM
gene.18–21 Most mutations (70–80%) are predicted to produce either a truncated protein
product or no product at all.18 21 22 Inactivation
of the ATM gene is caused primarily by small
deletions or insertions. Missense mutations
have been described but they do not seem to be
common in AT.20 21 Individuals heterozygous
for mutations have an increased risk of cancer,
particularly breast cancer.23–25 Patients with
homozygous ATM mutations are predisposed
to cancer, with a proportion of patients
developing multiple neoplasms.12 24 The cancers found most frequently are malignancies of
the lymphoid system.2 A 250 fold and 750 fold
increase in the risk of lymphoma has been
determined for white and African–American
patients with AT, respectively, compared with
the normal population.26 The increase in
lymphoid malignancy includes both T and B
cell tumours.2 B cell non-Hodgkin’s lymphoma
(B-NHL) is the most frequent B cell malignancy in patients with AT.2 The pronounced
predisposition of patients with AT to develop
neoplasms of the T cell lineage is well
recognised and can occur at any age.1 2 24 It has
been estimated that T cell tumours occur
approximately four to five times more frequently than B cell tumours, and comprise T
acute lymphocytic leukaemia (T-ALL), T cell
lymphoma, or T prolymphocytic leukaemia
(T-PLL).2
Lymphoid defects and malignancy in the
AT mouse model
Several mouse models for AT have been generated using gene targeting. These murine models have lost functional Atm protein.27–29 Atm
deficient mice (Atm−/− mice) have characteristics that are similar in many respects to those
of human AT and these AT mouse models
confirm that the correct gene had been
cloned.27–29 Atm deficient mice are immunodeficient, display severe defects in T cell maturation, and show a high incidence of thymomas
or thymic lymphoblastic lymphomas.27–29 Primary cells derived from the Atm−/− mice also
show cell cycle checkpoint defects in common
with AT, including hypersensitivity to ã irradiation and defective cell cycle checkpoint control
after ã irradiation.14 15 27
The AT related immune defects in Atm−/−
mice comprise thymus hypoplasia defective
lymphoid diVerentiation, and impaired T
dependent immune responses.27–29 Several
groups have established that ATM mice
develop thymic lymphomas by the age of 4
months.27–29 Multiple chromosomal abnormalities involving the T cell receptor â locus have
also been reported in the monoclonal cells
derived from Atm−/− mice.29 Thus, as for lymphoid tumorigenesis in patients with AT,
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genetic instability seems to be a key feature in
the early onset of the lymphoid tumours in
Atm−/− mice.
The study of Atm−/− mice has been of value
in the elucidation of the pathogenesis of
lymphoid tumorigenesis in AT. Of particular
interest are the recent data suggesting that Atm
is involved in the regulation of V(D)J recombination, and that impairment in this process
could contribute to genetic instability and
tumorigenesis in ATM−/− lymphocytes.30 This
proposal is supported by the observation that
the onset of thymic lymphoma is greatly
suppressed in Atm−/− and RAG2−/− double
null mice, which are totally deficiency in V(D)J
recombination.30
The ATM gene in human lymphoid
malignancies
The ATM gene is assigned to 11q22.3.5 Chromosome loss at 11q22–23 is a frequent event in
a range of sporadic malignancies, supporting a
role for the ATM gene in tumorigenesis. It is of
interest to haematopathologists that deletion of
the long arm of chromosome 11 (del(11q)) is
one of the most common chromosomal aberrations observed in lymphoid neoplasms.31 32 For
example, it has been estimated by Johansson et
al that 16% of patients with non-Hodgkin’s
(NHL) show deletions of 11q22–23,31 and a
similar incidence has been reported in B cell
chronic lymphocytic leukaemia (B-CLL).33
The association between mutation of the ATM
gene and a high incidence of lymphoid neoplasia in patients with AT, together with the development of lymphoma in Atm deficient mice,
supports the hypothesis that inactivation of the
ATM gene might be of importance in the
pathogenesis of lymphoid neoplasms. The frequency of del(11q) in lymphoid malignancy
adds further weight to this proposal.
THE ATM GENE IN HUMAN LEUKAEMIA

Complete or partial loss of the long arm of
chromosome 11 is one of the most common
karyotypic abnormalities seen in sporadic
T-PLL,34 a rare aggressive mature T cell
leukaemia, with similarities to the mature T
cell leukaemia seen in patients with AT.35
Indeed, the critical region of chromosome 11q
in T-PLL has been mapped to 11q22.3, and
includes the ATM locus.34 In 1997, loss of
function mutations in the remaining allele of
the ATM gene were demonstrated in six of six
cases of T-PLL with loss of one allele of the
ATM gene.36 Thus, both ATM alleles can be
disrupted by deletion and/or point mutation in
T-PLL suggesting, for the first time, that ATM
functions as a tumour suppressor gene in
tumours of individuals without AT.36 Similarly,
Vorechovsky et al reported inactivating mutations of the ATM gene in 17 of 37 patients with
T-PLL. The ATM mutations seen in T-PLL
were primarily missense mutations occurring
in the region corresponding to the kinase
domain, which is highly conserved among
ATM related proteins and is believed to be
involved in cell cycle regulation and in the
response to DNA damage.10 34 Although very
diVerent to the ATM mutation pattern seen in
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checkpoints to reduce the progress of cells harbouring damaged DNA through the cell cycle.
Like p53, the guardian of the genome, ATM is
fundamental to genomic stability.
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It has long been recognised that there is a
familial aspect to susceptibility to B-CLL, and
it has been suggested that ATM carrier status is
a predisposing factor.43 In support of this
proposal, two independent studies have each
reported two missense mutations in the germline of patients with B-CLL, supporting the
increased prevalence of germline carriers of
mutated ATM alleles among patients with
B-CLL.43 44 However, others have suggested
that at least some of these changes may simply
reflect rare variants in ATM rather than genuine cancer predisposing mutations.45 The existence of two distinct AT carrier populations;
one group with a truncating allele together with
a normal allele, and a second group with a missense mutation coupled with a normal allele,
with the latter group at greater risk for tumorigenesis, has been recently hypothesised.46 47
THE ATM GENE IN HUMAN LYMPHOMA

Further support for the proposal that inactivation of the ATM gene may be of importance to
the pathogenesis of a wide range of human
lymphoid malignancies came very recently,
with several groups showing inactivation of the
ATM gene in the mature, virgin B cell
neoplasm, mantle cell lymphoma (MCL).48 49
MCL usually presents as advanced stage
disease and is characterised genetically by the
t(11;14)(q13;q32) translocation and overexpression of the cyclin D1 gene.50 In common
with T-PLL and B-CLL, del(11q) is also
reported frequently in MCL, and the ATM
gene maps to the deleted segment in this
malignancy.49 51 SchaVner et al performed
mutation analysis on the ATM gene in 12 sporadic cases of MCL; all seven cases with a deletion of one ATM allele showed mutation of the
remaining ATM allele, resulting in aberrant
transcript splicing, truncation, or alteration of
the protein.48 In addition, in two cases without
del(11q), biallelic ATM mutations were
found.48 In those cases investigated, the ATM
mutations were shown to be somatic rather
than germline in origin.48 The inactivation of
both alleles of the ATM gene in a high
proportion of patients with MCL supports the
proposal that ATM functions as a tumour suppressor in MCL and plays an important role in
the pathogenesis of this malignancy.48
How relevant inactivation of the ATM gene
is to the pathogenesis of other forms of
lymphoma requires further analysis. AT homozygotes show an increased risk of developing B cell malignancies, particularly B-NHL.2
However, missense mutations in the ATM gene
were reported in tumour DNA from only a
small proportion of patients with B-NHL or
B-NHL cell lines (three of 37) in one earlier
investigation.37 More recently, a large study to
investigate the clinicobiological importance of
acquired del(11q) involving loss of one ATM
allele in B-NHL has been performed.52 One
hundred and thirty five patients with B-NHL
were studied and a highly significant association was found between deletion of one ATM
allele and shorter survival (p < 0.0001). It has
been suggested that, although possibly not a
primary genetic lesion in most cases of
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AT, the missense mutations observed in T-PLL
were still thought to be inactivating because of
the change of conserved residues in the active
site of the ATM kinase.37 38 The mutations
described are predicted to interfere with the
catalytic function of ATM or directly prevent
ATP binding or substrate recognition.37 It has
been suggested that the frequency of ATM
mutation in T-PLL (around 50%) may in fact
be underestimated as a result of the ineYciency
of mutation detection for this large gene.38 It is
interesting to note that ATM is usually
structurally rearranged in T-PLL.39
Intriguingly, Vorechovsky et al raised the
possibility of a putative increase of AT heterozygotes in patients with T-PLL, but because
constitutional DNA was not available for
analysis, a hereditary predisposition to T-PLL
could not be investigated.37 The acquired character of ATM mutations has been demonstrated in three patients with T-PLL in one
other study.34 The predominance of truncating
mutations in most AT aVected families does
suggest, however, that patients with cancer and
ATM missense mutations are not AT heterozygotes.38 Large data sets and prospective studies
will be needed to establish that constitutional
AT heterozygosity is associated with a risk of
T-PLL.
Patients with AT frequently develop T
lineage ALL2 and most Atm−/− mice develop
T cell lymphomas.27 These data suggest that
the ATM gene might play a role in the
malignant transformation of T cells. The
importance of inactivation of the ATM gene in
T-PLL is now clear.34 36 37 How frequently inactivation of this gene occurs in other T cell
malignancies requires further investigation.
Children with AT often develop T lineage
ALL.2 However, Takeuchi et al failed to
demonstrate the presence of inactivating mutations in 18 patients with childhood T-ALL,
although three of these cases showed loss of
heterozygosity at the ATM locus.40
B-CLL is one of the most common forms of
adult leukaemia and is characterised by the
accumulation of mature CD5+ B cells.41
Approximately 14% of patients with B-CLL
show deletion of 11q22–23, and it is associated
with extensive lymph node involvement and
poor survival.33 42 Recent data have shown
inactivation of the ATM gene in B-CLL.43
Mutation of the ATM gene was reported in six
of the 32 patients examined and comprised
point mutations, deletion, and insertions and
occurred over the entire coding region of the
ATM gene.43 Total or partial inactivation of
ATM protein expression was seen in eight of
the 20 B-CLL tumours examined. Similarly,
others have also shown that ATM mutations
occur in a proportion of patients with B-CLL.44
The role of the ATM gene in the molecular
pathogenesis of B-CLL is not known. However, the ATM protein mediates the p53
response during cell apoptosis, and it is tempting to speculate that loss of the ATM protein
may result in B-CLL resistance to apoptosis,43
a characteristic feature of this form of leukaemia.41
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B-NHL, the deletion of ATM may be a major
cytogenetic determinant of outcome.52
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Future directions
Inactivation of the ATM gene clearly plays an
important role in the pathogenesis of some
sporadic lymphoid malignancies including
T-PLL, B-CLL, and MCL. The identification
of inactivating mutations of the ATM gene in
these lymphoid malignancies furthers our
understanding of the molecular pathology of
these disorders and oVers some hope for future
management using genetic based treatments.
In particular, the use of ATM antisense
technology to combat various lymphoid malignancies is an exciting possibility. What is less
clear is the frequency of inactivating mutations
of ATM in other forms of lymphoid malignancy, both leukaemias and lymphomas. The
strong association between inactivating mutations of the ATM gene and the presence of
del(11q) in B-CLL, T-PLL, and MCL indicates that other lymphoid malignancies possessing del(11q) are a priority for ATM mutation screening. The degree to which the risk of
cancer is increased in AT heterozygotes also
require further study. The determination of the
frequency of ATM missense mutations in the
general population is the subject of intensive
investigation and should shed some light on
this important question.
Studies in Atm−/− mice have provided
evidence suggesting that ATM plays a role in
the regulation of V(D)J recombination, and
impairment of this process could contribute to
genetic instability and tumorigenesis in
ATM−/− lymphocytes. It will be necessary to
elucidate the precise mechanism of these
potential functions of ATM to understand AT
lymphoid tumorigenesis fully.
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