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ABSTRACT: The unique combination of phenotypic manifestations seen in ataxia telangiectasia (AT)
has intrigued neurologists, oncologists, radiation biologists and immunologists for several decades.
Initially, the primary care givers of AT patients are often pediatricians but neurologists will inevitably
becomeinvolved in their care. Over the last few years great strides have been made in understanding the
genetic basis of this disease but useful therapeutic interventions are still not available. In this article, we
review the clinical features and the current understanding of the pathophysiology of the syndrome. In
addition, we address issues related to genetic counseling, prenatal diagnosis, screening and implications
for AT heterozygotes.

RESUME: Fondement moléculaire et prise en charge clinique de I'ataxie-télangiectasie. La combinaison
unigue des manifestations phénotypiques observée dans |’ ataxie-télangiectasie (AT) a intrigué les neurologues, les
oncologues, les radiobiologistes et les immunologistes depuis plusieurs décennies. Initialement, les principaux
dispensateurs de soins a ces patients sont souvent les pédiatres, mais les neurologues sont inévitablement impliqués.
Au cours des derniéres années, des progres importants ont été réalisés dans la compréhension du fondement
génétique de cette maladie, maisil n’ existe pas encore de traitement. Nous revoyons les manifestations cliniques et
les connaissances actuelles de la physiopathol ogie de ce syndrome. De plus, nous discutons des questions relatives

au consell génétique, au diagnostic prénatal, au dépistage et aux implications pour les hétérozygotes.
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Of the hereditary ataxias, one of the most intriguing is that
first identified by Syllaba and Henner in 1926, and further
described by Louis-Bar in 19412 Its detailed description and
labeling as ataxia telangiectasia (AT) by Boder and Sedgwick in
1958° launched the modern era of AT research. AT is a rare
syndrome broadly distributed throughout the world, although
there are areas and specific populations where it is more highly
concentrated, notably in countries with high in-breeding
coefficients, such as Turkey, Norway, Costa Rica, Iran, Saudi
Arabia, among North African Jews and South African Scots.
Inherited in an autosomal recessive fashion, its incidence is
estimated to be somewhere between 1:50,000 and 1:400,000 live
births. The frequency of theAT gene in the general population in
North America is estimated at about 1%.% There are no clear
statistics on the incidence of the syndrome in Canada, but areas
of high concentration have been documented among the
Mennonites of the Alberta/British Columbia border.*

CLINICAL FEATURES NEUROLOGICAL

AT is characterized by five cardinal features, ataxia,
oculocutaneous telangectasia, immunodeficiency, cancer
predisposition and a hypersensitivity to ionizing radiation. The
clinical hallmark of AT, and present in all cases, is the
progressive cerebellar ataxia. Mainly a truncal ataxia, it is
usualy the first presenting symptom, becoming manifest at
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about two years of age and culminating with the affected
individual becoming wheelchair bound by their early teens® The
phenotype is also characterized by oculomotor apraxia, an
impassive facies, a tendency to drool and slow, slurred speech.”
Often thisismistaken for cerebral palsy or mental retardation but
most AT individuals seem to have a normal 1Q.8 Motor
dysfunction is variable, often a combination of ataxia, dystonia
and chorea. A peripheral axona neuropathy is common and is
manifested by decreased deep tendon reflexes.®® An
electrophysiological study of five Chinese AT patients
demonstrated axona neuropathy in all cases with the earliest
detection at six years. Two patients demonstrated mild
degenerative changes on electromyography.® A case study of an
AT patient with a sensory neuropathy reported loss of fibres,
particularly large ones, axonal degenerative changes, Schwann
cell inclusions of various types and rare signs of primary
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demyelination. Teased fiber study showed paranodal myelin
enlargements, segmental demyelination, shortening and/or
variability of internodal length. 1013

The second cardinal feature, the oculocutaneous
telangiectasia, develops later than the ataxia with a mean age of
onset at 72 months™ but sometimes appearing as late as 10 years
of age® The telangiectasia can appear over the body, the
external ear, creases and vee of the neck and the antecubital and
popliteal fossa. On the conjunctiva, the telangiectasia give the
eyesa“bloodshot” appearance, distributing symmetrically on the
conjunctiva as fine, bright, red streaks. This helpful
dermatological finding can disappear later in life.

CLINICAL FEATURES. NON-NEUROL OGICAL

One-third of AT patients have a severe immune deficiency
characterized by absent or low levels of IgA and 1gG2 with
decreased responsiveness to skin antigens underpinned by an
atrophic or absent thymus at postmortem. 46 The recurrent sino-
pulmonary infections, which occasionaly evolve into
bronchiolitis obliterans'” and cause so much of the morbidity and
mortality associated with AT, are often attributed to thisimmune
deficiency. However, theinconsistent nature and poor correlation
between immune deficiency and morbidity suggests that bulbar
dysfunction and recurrent aspiration may be a major
contributor.18

The most tragic manifestation of AT, however, is the cancer
predisposition associated with it. The lifetime frequency of
cancer in AT patients approaches 38%, with 1 in 20 developing
more than one malignancy. Malignancy aone or in combination

22%
neoplasm
alone

26%

pulmonary 44%
infection and pulmonary
neoplasm infection

Figure 1: Cause of Death in Ataxia Telangiectasia Patients based on
Morrell, Chase, Swift, 1990% and Taylor et al., 19962

Despite the high incidence of malignancy, the major cause of mortality
in AT patients is pulmonary infection, which in combination with
malignancy accounts for almost three-quarters of all deaths.
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with sino-pulmonary infection accounts for ailmost half of all AT
deaths (Figure 1).2%2! Lymphoreticular malignancies (mainly T
cell) predominate in the first two decades, solid tumours
thereafter. The most intriguing feature of AT is the radiation
sensitivity, which renders affected individuals particularly
sensitive to therapeutic doses of ionizing radiation, complicating
the management of any malignancy.??? It is presently unclear
whether the cancer predisposition is a consequence of the
immune deficiency or of the inefficient handling of double strand
DNAbreaksthat underliesthe radiation sensitivity. Finaly, some
AT individuals display gonadal atrophy and are assumed to be
sterile. However, the majority of AT patients develop normal
secondary sexual characteristics.

The diagnosis of AT is not immediately obvious in the early
stages when the ataxiais present but the telangiectasiaare not. In
fact, in one study, the median age of diagnosis was 78 months.*2
In two thirds of these cases the diagnosis was made only after
both ataxia and telangiectasia were present. In that study, the
most common misdiagnosis was cerebral palsy followed by
ataxia of unknown origin. It appeared that physicians relied
heavily on the appearance of telangiectasia before they made the
diagnosis. The inexpensive alpha-feto protein test, discussed
later in this paper, would alow for early diagnosis and can be
justified in most patients who present with early onset ataxia of
unknown cause. AT can be distinguished from other autosomal
recessive ataxias such as Friedrich’s Ataxia (FA) by an earlier
age of onset of cerebellar symptoms and the presence of dystonia
and chorea later on in the teens (see Table). Unlike AT, FA
patients have pyramidal weakness of the legs, extensor plantar
responses and symptoms related to posterior column
involvement.*! Non-neurological signs and symptoms can also
help to distinguish these two autosomal recessive ataxias. In
addition to telangiectasia, AT is marked by recurrent sino-
pulmonary infections and a predisposition to malignancy while
FA is associated with kyphoscoliosis, foot deformities, diabetes
and cardiomyopathy. Lastly, genetic testing can distinguish
between the two.

PATHOLOGICAL FINDINGS

It has been assumed that the signs pathognomonic of AT are
related primarily to changes in the cerebellar cortex. Atrophy of
the cerebellar folia and vermis are consistent findings at autopsy
inAT patients and are confirmed by in vivo CTand MRI imaging
studies.* Examination of the cerebellum by light microscopy
shows severe Purkinje cell loss, thinning of the interna
granulocyte layer and marked separation of the molecular and
granular layer by the Golgi epithelia cell layer.?> The number of
Purkinje cells per 1000 nm was reduced but the number of Golgi
epithelial cells increased. Analysis of the Purkinje neurons
reveals abnormally smooth dendrites with reduced arborization
and occasional displacement of the soma to within the molecular
layer. Electron microscopy demonstrates dark degeneration of
Purkinje cell dendrites?:2® However, normal terminalsremainin
contact with the crenated shafts of these dendrites. Cortical inter-
neurones and the ultrastructure of the granular cell layer is
normal. These findings are consistent with a continuous process
of Purkinje cell loss. However, this does not guarantee that the
central lesion of AT isin thiscell layer.?®
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Pathological features are not limited to the cerebellum. In a
sevies of patients, Aguilar et al 2° described chronic degeneration
of the dentate and olivary nucleus, and neuro axona dystrophy
in the tegmentum of the medulla oblongata. Changes were aso
seen in the spina cord with demyelination of the posterior
columns, dystrophic and degenerative changes of the anterior
horn cells and neuromelanosis with ballooning degeneration of
the neurons in spinal ganglia.

IN VITRO CHARACTERISTICS

Many of the clinical hallmarks of AT are reflected in the in
vitro behaviour of cells derived from AT patients. For example,
the lymphocyte response to mitogens such as phytohemag-
glutinin (PHA) is reduced in most patients. In addition, AT cells
show increased sensitivity to ionizing radiation and
radiomimetic chemicals, displaying aberrant cell cycle
checkpoints by continuing on through the cell cycle oblivious to
DNA damage that requires repair before the next replication
phase.3°3 This phenomenon is called radio-resistant DNA
synthesis (RDS) and is, in fact, the phenotype on which the
assignment of AT patientsto four complementation groups (A, C,
D, and E) was based.®>%* However, a clinical correlation to the
four complementation groups has never been demonstrated.

GENETICS

Understanding how a single molecular genetic defect could
account for the pleiotropic manifestations of AT has been a
long-term goal of neurologists, oncologists and radiation
biologists — one that may now be within reach. The initia
description of AT implied inheritance in an autosomal recessive
fashion since parents are never affected. Parents of AT patients

are, therefore, obligate heterozygotes, each carrying one
defective copy of the gene. Nevertheless, sporadic cases of AT
have been described.

Identification of AT mutated (ATM)

Inthe late 1980s, the gene for AT was mapped to chromosome
11¢22-23 by Gatti and colleagues® exactly where it was
originally suspected that the genes for each of the four
complementation groups lay in close proximity to each other.3
However, in 1995, Savitsky et al®® using YAC contigs spanning
this region, published the partial sequence of a strong candidate
gene, which they labeled ATM (AT mutated). Mutations in this
gene have been found in more than 90% of AT patients examined
including members of each complementation group.3” To date,
more than 400 mutations have been documented extending over
all 66 exons of the gene.3%4

Function of ATM

Clues to the function of ATM can be gleaned from sequence
comparisons with other genes. Once cloned, it was realized that
ATM shares sequence homology with the yeast gene rad 3
(which regulates passage through the cell cycle after DNA
damage) and with high molecular weight phospho-inositol
kinase 3 (PI-3 kinase), an enzyme involved in signd
transduction.>* Genes that share homology with Rad 3 and PI-
3 kinase include the yeast gene Mecl (Mitosis entry point 1)
which regulates cell cycle checkpoints on induction of DNA
damage and the Drosophila gene mei-41. Mei-41 mutants exhibit
an increase in chromosomal abnormalities, sensitivity to ultra
violet, X-rays and hydroxyurea and reduced meiotic
recombination.*® The human homologue of Mecl, FRP1 (FRAP-
related protein), has recently been cloned and mapped to
chromosome 3g22-g24 and has aso been called ATR (AT-

Table: Summary of the Features of Ataxia Telangiectasiaand Friedreich's Ataxia

CLINICAL FEATURE

ATAXIA TELANGIECTASIA

FRIEDREICH’ S ATAXIA

Main Presentation * progressive cerebellar truncal ataxia e progressive ataxia of gait and limbs, dysarthria

* loss of proprioception and vibratory sense

Onset of symptom 2-5yrs typically before puberty
Neurological features o ataxia e aaxia
* decreased deep tendon reflexes ¢ decreased deep tendon reflexes

 dystoniaand chorea ¢ pyramidal weakness
¢ sensory neuropathy * extensor plantar response
* loss of proprioception and vibratory sense

Associated Problems « conjunctival and cutaneous telangiectasia ¢ kyphoscoliosis
¢ sino-pulmonary infections « foot deformities
« cancer predisposition e diabetes
* radiation sensitivity « cardiomyopathy
Genetics  autosomal recessive ¢ autosomal recessive
e 11g22-23 * 9gl13-g21
« ATM » Frataxin
186
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Figure2: Schematic Representation of ATM Intracellular Role and some of its Putative Phosphorylation Targets.

Double strand (ds) DNA breaks activate ATM protein, the ATM gene product. Through its kinase activity ATM in turn
phosphorylates several substrates including p53, Mre-11, p95, c-abl, Mdm-2 and Brca-1 at the indicated serine site. The
interaction of these molecules then likely determines the fate of the cell: apoptosis vs cell cycle arrest vs cell cycle
progression. The precise mechanism by which ds DNAbreaks are sensed is unclear. Other forms of DNAdamage (alkylation,
UV induced damage) also lead to the activation by phosphorylation of p53 but by an ATM independent pathway. The

phosphorylation of p53 by ATM can be blocked by caffeine.

related, rad3-related). Using antibodies to either ATR or ATM, it
has been possible to show that these two homologous molecules
form part of synaptonemal complexes during meiosis.*

Current observations suggest that ATM directly activates p53
on the serine 15 residue when cells are subjected to a DNA
damaging agent such as ionizing radiation. Activation of p53,
labeled the “guardian of the genome” is a pivota event in
determining which of three potential outcomes a cell may take:
cell cycle arrest, cell cycle progression or apoptosis.4’#8 ATM
also phosphorylates c-abl, another protein kinase implicated in
the growth arrest response to DNA damage.*®® Other ATM
targets include BRCA1, p95, mdm2, Mrell as well as the IkBa
subunit of NF-kB, implicated in various stress and apoptotic
responses (see Figure 2).5-%5 |n addition, ATM itself appears to
be a target of the caspase cascade that implements the apoptotic
process.

Collating al this information still leaves an incomplete
picture of ATM function (Figure 2). On the basis of comparative
analysis, it seems probable that ATM is involved in regulating
numerous cell cycle checkpoints and apoptosis in response to
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damage to DNA. All the pathways found to be defective in AT
are functional when triggered by stimuli other than ionizing
radiation. This suggests that the ATM mediated mechanism
depends on an ability to “sense” the presence of double-strand
DNA damage and mediate an appropriate response. This
inability to process double-strand bresks correctly would
account for aberrant meiosisin ATM-1-mice, T-cell receptor and
immunoglobulin gene rearrangements, somatic recombination
and the response to DNAdamaging agents. However, it still does
not help in generating a unifying model that will explain all the
seemingly diverse clinical features of the AT syndrome. Hence,
athough much has been learned in the five years since the gene
was cloned and sequenced, the full role of the ATM protein
within the cell is still incompletely defined and why its absence
generates the AT phenotype remains unclear.

ATM deficient mice

ATM “knockout mice” have provided additional information
about the role of ATM.5 The murine equivalent maps to
chromosome 9.8 In many respects, the phenotype of ATM
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knockout mice is remarkably analogous to the human condition.
They show severe gastrointestinal and salivary mucosal
conseguences to 4G of in vivo ionizing radiation, a dose well-
tolerated by norma mice. This sensitivity is also displayed in
vitro. Within four months of birth, all mice develop malignant
thymic lymphomas. On the other hand, although these mice
display subtle motor dysfunction, as evaluated by rota rod, open
field and gait analysis, they do not exhibit the progressive ataxia
characteristic of the human condition. Neither do they exhibit the
cerebellar degeneration and loss of Purkinje cells that is
characteristic of AT.5%63 This may partly be accounted for by the
limited life expectancy of these mice but likely also reflects some
genetic redundancy that allows alternate bypass of crucia
signaling pathways.

Attempts have been made to further characterize the
mechanism of neuro-degeneration in the human brain. The loss
of Purkinje cells seems to occur by the process of apoptosis but
the underlying trigger is elusive. Northern blotting of human and
murine samples has demonstrated that ATM message is not
limited to the cerebellum but is ubiquitously distributed in brain
tissue; amygdala, caudate, corpus callosum, thalamic nuclei
hippocampus.®? In the devel oping human brain, ATM protein can
be demonstrated in the cerebellar but not cerebral cortex at the
late gestational stage, but the cerebellar degeneration associated
with AT seems not to occur until well after birth. Only the
migration of ectopic Purkinje cells suggests an earlier
pathogenesis. Immunohistochemistry has shown immune-
reactivity of ATM mainly in the cytoplasm of Purkinje cells
during late prenatal and early postnatal periods. However, ATM
has also been detected in the locus coeruleus, substantia nigra
and inferior olive as well as in the bronchia epithelium and
developing testes, but reliable antibodies to human ATM are still
not available.%

MOLECULAR DIAGNOSIS

Identification of the ATM gene has made diagnosis of the
condition more certain. However, screening for ATM mutations
is still impractical, as more than 400 mutations have been
documented to date and they are spread over the entirety of this
large gene3”® To confirm a clinical diagnosis, a sequential
approach is suggested using: (a) the serum apha fetoprotein
level (elevated in 90% of AT patients), followed by (b) the
protein truncation tests (PTT) which will detect 70% of ATM
mutations. Western blotting, (c) will show little or absent ATM
protein in 85% of patients and colony survival assay, (d) will
confirm the radio-sensitivity in > 95% of AT patients.%* When
only DNA is available, (e) specific mutations can be detected
using the mega-single stranded conformational polymorphism
(SSCP) technique. When these tests are used sequentially, the
estimated rate of missing a diagnosis of AT is about 1%.

AT VARIANTS AND NIJMEGEN BREAKAGE SYNDROME

The Nijmegen Breakage Syndrome (NBS) had its origins in
the cytogenetics laboratory when Weemaes et al®® noted multiple
chromosomal rearrangements involving chromosomes 7 and 14
in two siblings of consanguineous Dutch parents. Although this
finding was almost pathognomonic of AT, the patients had
neither ataxia nor telangiectasia. Nor did they resemble any of
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the other hereditary chromosome breakage syndromes, such as
Bloom's or Fanconi’s anemia. Thus, it was given its own name.
NBS children are microcephalic and mentally retarded and the
females do not mature after puberty. Nonetheless, AT and NBS
share radiosensitivity (as measured by colony survival assay
(CSA) or radioresistant DNA synthesis (RDS), immuno-
deficiency, increased cancer risk, translocations of chromosomes
7 and 14, and absent or atrophic thymus. In 1989, Curry et al%
described twins with all the symptoms of both syndromes; this
was called ATFresno. Later, a German Breakage Syndrome
(GBS) with many similar findings was described®” but now
including anal atresia and occasional limb defects.

When Jaspers et al® noted that RDS was abnormal in all four
of the above syndromes, he attempted to analyze how many
genes might be involved. Their data indicated that while some
AT fibroblast strains did not complement one another, the NBS,
GBS and ATFresno strains complemented all AT cells, but not
one another. The latter three were subsequently referred to as
“AT variants’. Once the AT gene was fine mapped at
chromosome 11g22-¢23, it became clear that NBS and GBS did
not link to this region of the genome. ATFresno, in contrast, did
link to this region. Once the ATM gene was isolated,* ATM
mutations were found in ATFresno patients,® but not in NBS or
GBS patients. NBS was linked to 89217t and NBS-1 was
isolated shortly thereafter — again by positional cloning.”? Both
NBS and GBS patients had mutations in the NBS-1 (p95) gene
and are today considered to be the same disorder. The overlap of
clinical phenotype between AT and NBS are due to the fact that
ATM phosphorylates nibrin.

CLINICAL MANAGEMENT

Management of the AT patient, once the diagnosis has been
made, poses many problems. There is no effective therapy for
slowing the progression of the ataxia However, some
interventions are clearly of benefit. Since the greatest mortality
is caused by sino-pulmonary infections, prompt treatment with
antibiotics, especially to cover aspiration pneumonia, is
recommended. Some AT patients are placed on prophylactic
antibiotics. In addition, intravenous gamma globulin is used in
several AT centres. However, there have been no clinical trialsto
document the benefit of these therapies. The single most
important supportive therapy for AT patients is aggressive
physica therapy. This will help prevent the development of
contractures later in life.

Given the cancer predisposition, early detection of any
underlying malignancy is paramount. This can be accomplished
by aggressive screening protocols, which may include annual or
six monthly full physical examinations, complete blood counts
and the monitoring of serum tumour markers. Once detected,
special consideration must be made in the choice of treatment for
such malignancies. For example, the use of ionizing radiation
must be avoided if possible. Agents that are myo- and neurotoxic
such as vincristing, vinblastine and the taxols must be
minimized. Topoisomerase inhibitors should also be avoided
since they also have an increased risk of inducing secondary
malignancies.”>"*

Although oxidative stress has been put forward as the
mechanism underlying cerebellar degeneration in AT, courses of
antioxidants have failed to halt the progressive nature of the
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disease.”® Despite this, Vitamin E and alpha lipoic acid are
recommended, as is folic acid because it reduces chromsomal
breaks and may prevent cancer causing translocations and
inversions.”

A small trial reported at the 8th International Workshop on AT
in 1999, looked at the use of L-dopa in treating the neurological
symptoms of AT.”® Although there was no benefit in the ataxic
symptoms, there was a trend to benefit in extrapyramidal
symptoms in young patients. Further work is needed in this area.
Partial success of treating Parkinson’s Disease with human fetal
transplants has raised hopes that a similar approach might be
successful in AT but at present there is no immediate promise of
successful treatment of AT with neural transplantation.

AT HETEROZYGOTES, GENETIC COUNSELING AND PRENATAL
DIAGNOSIS

Heter ozygotes

Although AT carriers, i.e. AT heterozygotes, have no obvious
clinical manifestations, two vexing issues complicate their health
care. The first is the matter of cancer predisposition — in
particular, the much publicized relationship to breast cancer. For
over twenty years, epidemiological evidence has suggested that
AT heterozygotes have a three to five-fold increased risk of
developing breast cancer.”8! To date, there has been no
molecular evidence to confirm this in any breast cancer
population®?8 put thisissueis currently unresolved. The second
matter is that of radiation sensitivity in the AT heterozygote.
Although in vitro studies show that AT cells display an
intermediate degree of radiation sensitivity,8%8 there is no
confirmation to date that this has clinical correlates.
Nevertheless, there is some evidence that mice heterozygous for
the ATM knockout gene may display a delayed radiation
sensitivity.® It has been suggested that judicial minimization of
radiation-based investigations of carriers is warranted. In the
case of mammograms, the potential increased cancer risk from
this low dose of radiation must be compared with the proven
reduction in mortality from breast cancer by screening the over-
50 population,®® a population that must include ~1% AT
heterozygotes. At present, it would seem that female carriers
over the age of 50 years will benefit from regular mammography.

Prenatal diagnosis

Prenatal diagnosis of AT has been available since 1993.% This
became possible by haplotype analysis once the gene had been
clearly localized to chromosome 11022-23.3* Today, the genetic
markers used to define familial haplotypes are al within <1cM
of the gene, thus minimizing the recombination fraction to <1%.
However, prenatal testing by haplotyping requires DNA from a
prior affected child, one with a bona fide diagnosis of AT. In
some families in whom the mutations have been clearly defined,
prenatal diagnosis is aso possible by direct identification of
those carrying mutations. However, since most AT patients are
compound heterozygotes, (i.e they carry two different mutations
within the ATM gene) mistakes can be made. In addition,
because different mutations require aslightly different laboratory
protocol and many polymorphisms are present that may be
misinterpreted as mutations, it is best to use haplotyping aways
with the same markers to follow the affected chromosomes. The
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use of chromosome breakage or RDS studies is not
recommended.

CONCLUSION

Ataxia telangiectasia is a syndrome with pleiotropic
manifestations that is inherited in an autosomal recessive
manner. Great strides have been made in understanding the
genetic basis of this disease in the last five years but there are
still no therapeutic interventions to date that will abrogate the
progressive neurological degeneration. Although we do not
understand the precise molecular pathophysiology of AT, our
comprehension of the genetic defect has allowed for prenatal
diagnosis, genetic counseling and molecular confirmation of the
clinica diagnosis. While some of the molecular pathways
regulated by ATM are understood, the pathways by which ATM
causes the many manifestations of AT, especially the cerebellar
degeneration, remain to be clarified. Current AT research is
focusing on defining the precise means by which CNS cells die,
analyzing the phenotype of heterozygous knockout mice and
studying the association between ATM mutations, breast cancer
and lymphoproliferative disease. It is hoped that further
advances will help to clarify the risk of malignancy to AT
heterozygotes and also translate into useful therapeutic
interventionsfor AT patients.
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