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ATM: from gene to function

Galit Rotman* and Yosef Shiloh

Department of Human Genetics and Molecular Medicine, Sackler School of Medicine, Tel Aviv University, Ramat
Aviv 69978, Israel

Received 18 May, 1998

The identification of ATM, the gene responsible for the pleiotropic recessive disease ataxia telangiectasia, has
initiated extensive research to determine the functions of its multifaceted protein product. The ATM protein
belongs to a family of protein kinases that share similarities at their C-terminal region with the catalytic domain

of phosphatidylinositol 3-kinases. Studies with ataxia telangiectasia (A-T) cells and Atm-deficient mice have
shown that ATM is a key regulator of multiple signaling cascades which respond to DNA strand breaks induced
by damaging agents or by normal processes, such as meiotic or V(D)J recombination. These responses involve
the activation of cell cycle checkpoints, DNA repair and apoptosis. Other roles outside the cell nucleus might be
carried out by the cytoplasmic fraction of ATM. In addition, ATM appears to function as a ‘caretaker’, suppressing
tumorigenesis in specific T cell lineages.

ATAXIA TELANGIECTASIA AND THE ATM GENE chemicals, and defective activation of several signal transduction
) ) ) pathways which normally are induced by these agents.
Ataxia telangiectasia The best documented defects are in the radiation-induced cell

- . ., _._...cycle checkpoints (reviewed in refs6). A-T cells do not arrest

Genetic disorders often flag unknown proteins and provide initial; 1o G phase of the cell cycle in response to DNA damage. The

clues to their presumed functions. Identification of a culprit ger%?icm stabilization of the p53 protein, a major activator of the
tl

and subsequent analysis of its product, coupled with the creatigy}s checkpoint and several other damage-induced pathways, is
of the corresponding animal model of the disease, may illuminajgisrqed in A-T cells, which in turn delays the activation of

a novel physiological pathway. Ataxia telangiectasia (A-T) IS onstream geneg,8). A-T cells show less inhibition of DNA
prominent example of a genetic disorder whose investigatioy nesis in S-phase upon irradiation, displaying radioresistant
currently is leading to the elucidation of a central junction oA synthesis (RDS). These cells are also deficient in the

rr;ul;iple Tlignaling pathways that play major roles in the biologyg jnquced phosphorylation of the replication protein A (RPA)
of the cell.

. . . 9,10). RPA phosphorylation has been thought to play a role in the

A-T (MIM 208900) is an autosomal recessive disordels nhase checkpoint in response to DNA damage, although a

expressed as an extensive combination of somatic and physipsgciation between deficient phosphorylation of RPA and RDS
logical defects (for recent reviews see réf§). The clinical

suggests that RPA may not be involved in this checkpbijtl
hallmark of the disease is progressive neuromotor dysfuncti 199 y voved in o rDiptie

. . > eping with the absence of the typical IR-inducedi&ay in
resulting from several neuropathological processes dominated Ry cells, the kinase activity of the cyclin B—cdc2 complex is not
gradual cerebellar cortical atrophy. Telangiectases (dilated blogganated at short times post-irradiation in these cells3)
vessels) in the eyes and sometimes on the facial skin are typi f

X - her radiation-induced responses defective in A-T cells are
but show variable appearance. Additional features are thymiGiniation of the stress-activated protein kinase (SARK) (

degeneration, immune deficiency, recurrent sinopulmonary insq activation of the c-Abl tyrosine kinases,(L6).

fections in some patients, retarded somatic growth, prematurégeyerg| studies have shown that the overall kinetics of DNA
aging, gonadal dysgenesis, extreme predisposition to lymphggang preak repair in A-T cells is not deficient (reviewed in ref.
reticular malignancies and acute sensitivity to ionizing radlatlorh)_ However, a recombination-based mechanism responsible for
A-T carriers were suspected to be cancer-prone. repair of double strand breaks (DSBs) seems to be defective in
A-T cells (18,19). This might account for the higher residual
A-T cells amounts of unrepaired strand breaks detected in irradiated A-T
cells Q0 and references therein).
The cellular phenotype of A-T points to a complex defect in Critical examination of the A-T cellular phenotype, as well as
handling DNA discontinuities formed either by specific types ofesults ofin vitro manipulations of A-T cells, indicated that the
externally inflicted damage or by normal processes such as tradiosensitivity of these cells cannot be attributed to the cell cycle
maturation of the immune system genes or meiotic recombinaheckpoint defects (see réf522and references therein). Rather,
tion. A-T cells show increased chromosomal instability, extrema defect in the recognition or repair of a subclass of DSBs might
sensitivity to ionizing radiation (IR) and various radiomimeticunderlie at least part of this hypersensitivit,22,23).
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A significant feature of the genomic instability of A-T cells isfamily is the ATR/FRP1 protein, encoded by a gene on
increased frequency of end-to-end chromosomal associations ariomosome 3g22—-23, which is the homolog of the Rad3 protein
reduced telomere length in A-T cell lines and peripherabf Schizosaccharomyces pomi@e&,44). No human phenotype
lymphocytes. However, telomerase activity in these cells isas been associated with either protein, but deficiency of
normal @4-26). DNA-PKcs in the mouse leads to the severe combined immune

It is important to note that not only DNA damage-inducedleficiency (SCID) phenotype (reviewed in réf). Despite the
pathways seem to be defective in A-T cells. Khaeinal (27)  resemblance of all members of this family to lipid kinases, it is
observed a general defect in signaling pathways induced bylieved that all or most of them are protein kinases of the
cross-linking the B-cell receptor of A-T lymphoblastsvitro.  serine-threonine type. This activity is clearly characteristic of
Kondoet al (28) described defective calcium-dependent signaDNA-PK (42) and FRAP/mTOR/RAFT1, the mammalian
transduction in T cells of A-T patients, and Rhodesl (29) homolog of theSaccharomyces cerevisi@®R proteins45,46;
recently reported defective activity of potassium ion channels ireviewed in ref47). There is also evidence of associated protein
A-T fibroblasts. These observations point to impairment okinase activity for ATR48). ATM’s catalytic activity is discussed
functions associated with cytoplasmic and membranal organellbslow.
in A-T cells, and call attention to the possible roles of the protein ATM is a 370 kDa highly phosphorylated protein which is

defective in A-T in these cellular compartments. constitutively expressed in numerous tissues, but is present at
elevated levels in testis, spleen and thymus of adult mge (
The ATM gene Although the relative ATM level is not high in adult mice brains,

expression oATM mRNA is highest in the embryonic mouse

The gene responsible for A-ATM, was identified using the nervous system, primarily in regions undergoing mitakiss().
positional cloning approack¥(,31). This gene occupies 150 kb ATM resides primarily in the nucleus, however, with varying
on chromosome 11¢22-23, and contains 66 exons encoding agkdounts identified in microsomal fractior51-53); Watters
kb transcript. Numerou&TM transcripts were identified, all of et al (53) showed that ATM is associated with cytoplasmic
which share the same 9.2 kb open reading frame while exhibitifgsicles. Some of these vesicles have been identified as peroxi-
a variety of 5Suntranslated regions 't9TRs) formed by somes, subcellular organelles involved in oxidative metabolism
complex alternative splicing, and several alternativ®TRs (M. Lavin, personal communication). Interestingly, ATM's levels
(32). The significance of the multiplé-BITRs is still unclear, but - and cellular distribution are not altered following treatment with
may point to the regulation of ATM protein levels by post-transionizing radiation or at different phases of the cell cysle$3).
criptional mechanisms. ThATM gene shares a bidirectional Recombinant ATM was produced in insect and human cells
promoter with another gentPAT/E14/CANE33-39). Interest-  (37,38,54). Similarly to endogenous ATM, most of the recombi-
ingly, theNPATgene recently was found to encode a substrate @fant protein is found in the nucleus, in keeping with its ability to
the cyclin E-CDK2 kinase which is involved in the regulation ocomplement the defective A-T response to DNA damagag).
S-phase entry3(). The ATM protein plays an essential role in meiosis, and its

Ectopic expression of a full-lengTM cDNA complements  apsence in A-T patients and Atm-deficient mice results in
many features of the cellular A-T phenotye,§8), while the  complete absence of germ celi§{57). Spermatocytes of these
corresponding antisense construct imposes an A-T-like phengice show meiotic arrest in early prophase I, followed by severe
type in normal cellsX9). Similarly, expression of the C-terminal chromosome fragmentatiors7). Both ATM and ATR are
portion of ATM, which contains the putative catalytic domain.expressed at high levels in mouse testégl9), and they were
complements certain features of the phenotype of A-T cells, whithown to associate with meiotic chromosomes. ATR is seen as
overexpression of ATM fragments in non-A-T cells induces @jiscrete foci along unpaired (asynapsed) axial elements, whereas
dominant-negative effect creating features of the A-T phenotyp&TM is found along synapsed chromosomal ax%&s RPA and
(40). On the other hand, inactivation of the corresponding mousgrM co-localize along the synaptonemal complex, the special-
geneAtm creates an organismal and cellular phenotype whickged structure in which meiotic recombination occurs, implying
by and large, recapitulates the human disorder (see below). Thiipossible functional interaction between these two profeihs (
ATMis clearly the gene responsible for the A-T phenotype.  Another protein, Chkl, also plays an important role in the

response of cell cycle checkpoints to DNA damage and, like ATM

THE ATM PROTEIN: A BIG MOLECULE WITH MANY and ATR, it is highly expressed in testes (reviewed irb@€)).

FUNCTIONS The association of Chkl along meiotic chromosomes and its
) o . accumulation during prophase | of spermatogenesis are depend-
ATM’s physical characteristics and cellular location ent upon a functionahTM gene productf(l). ATM is also

i[@quired for the proper assembly of Rad51 onto the chromosomal

The predicted ATM protein contains 3056 residues, and ; o=
axial elements during meiosis?).

C-terminal region of 400 amino acids is highly similar to the
catalytic subunit of phosphatidylinositol 3-kinases (Pl 3-kinases).

This PI 3-kinase-related region is common to a series of large

proteins identified in various organisms, which are involved té\TM'’s catalytic activity

different extents in cell cycle progression, cellular responses to

DNA damage and maintenance of genome stability (for a receltost or all members of the Pl 3-kinase-related family are
review see refl1). An extensively studied member of this family expected to be serine-threonine kinases, with DNA-PK being a
is the catalytic subunit of the DNA-dependent protein kinasparadigm. Protein kinase activity was reported to be associated
(DNA-PKcs), which is involved in the processing of DSBswith immunoprecipitates obtained with anti-ATM antibodies
(reviewed in ref42). Another human member of this protein (48). Junget al (63) reported the phosphorylation of the XB-
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inhibitor, IkB-a, by such activity. The biological significance of transport. This finding sheds new light on the previously observed
this observation is not clear. association of ATM with cytoplasmic vesicles3). Lim et al

An essential control in such studies is a kinase-defective ATM§9) also identified arin vitro interaction between ATM and
which would rule out co-immunoprecipitation of another kinas§3-NAP, a neuronal homolog @fadaptin thought to be involved
with the ATM protein. Such controls recently were obtained byn synaptic vesicle transport in neuronal cells. These authors
S. Baniret al (submitted for publication) and C.E. Cannedal  suggested that this interaction could explain at least some of the
(submitted for publication), using patient cell lines and recombireuropathological features of A-T.
nant ATM in which inactivating mutations had been induced.
ATM-specific protein kinase activitin vitro was found in these ™M MUTATIONS AND GENOTYPE—PHENOTYPE
studies to be directed against the translation regulator PHA "ORREL ATION
(64) and the p53 protein. Importantly, the major site o

phosphorylation by ATM on p53) vitro, is a serine residue at Oyer 250ATM mutations have been identified to date in A-T
position 15, whose phosphorylatidn vivo is induced by patients (reviewed in refl0, see also ref§1-73; a web site
treatment of cultured cells with ionizing radiatidib66). The  created by P. Concannon and R. Gatti contains a recent list of
kinetics of this phosphorylation are delayed in A-T céll§.(  these mutations: http:/mww.vmmc.org/vmrc/atm.htm ). Most of
ATM's kinase activity is enhanced within several minuteshese mutations are private, with different extents of founder
following treatment of the cells serving as ATM source with IReffects identified among Moroccan-Jewish, Costa Rican, Norwe-
or radiomimetic chemicals, while the level of the protein remaingian, Polish and British Isles patient&2(75). Despite the
unchanged (S. Baniet al, submitted for publication; C.E. considerable variability in the severity of the clinical features
Canmz;retfil, submitted for publication). The mechanism of thlsamong patients with the classical A-T phenotype, most of the
activation is not clear yet. numerous different mutations seem to be quite uniform in
outcome: the large majority truncate the ATM protein or leave
large deletions in it. In fact, the truncated ATM derivatives appear
to be very unstable, leaving no protein product ofAh®l gene

The catalytic site of ATM is believed to reside within thein these patient$(; R. Khosraviet al, unpublished data). This
C-terminal PI 3-kinase-related domain, while the rest of this bignutation profile indicates that the typical A-T phenotype is
molecule is probably responsible for receiving the stimuli for it§lefined by nullATM alleles, while mutations with less severe
activity and identifying downstream targets. Several protein€ffects on the protein might cause other phenotyf@s (
have been shown to interact with ATM. Wattetsal (57) Milder variants of A-T exist, although they are difficult to
provided evidence fdn vivointeraction between ATM and p53. identify at early ages, and their definition as ‘variants’ is often
This interaction and the ability of ATM to phosphorylate pb3 retrospective. The mutations identified in such cases are either
vitro suggest that ATM activates p53 directly, thereby triggering€ry small in-frame deletions or leaky splicing mutations which
the various p53-dependent signaling pathways in which boglow correct splicing part of the time, leading to considerably
proteins participate. reduced but still detectable levels of ATM rather than complete
Baskararet al (15) and Shafmaret al (16) demonstrated absence of the proteii{,78).
interaction between ATM and the protein product of tleblc-  These observations form the basis for easy and rapid diagnosis
proto-oncogene. This non-receptor tyrosine kinase, which Bf A-T and A-T variants. Since the ATM level is reduced to
involved in several stress responses including activation of ti@rious extents in almost all patients with these disorders, western
SAPK (67), binds to a specific proline-rich motif in ATM via its blotting analysis can provide a firm diagnosis long before it is
SH3 domain 16). Baskararet al (15) also found evidence for established by other laboratory tests.
phosphorylation and activation of c-Abl by the PI 3-kinase
fragment of ATM. Thus, the identification of c-Abl, itself a ATm: A TUMOR SUPPRESSOR GENE?
junction of several signaling pathways, as a downstream target of
ATM demonstrates how ATM can serve as a master controller &xtensive efforts are underway to elucidate the possible role of
NUMeEerous processes. theATMgene in cancers among the general population. While the
This observation was extended recently (E. Lee, persongtesumed cancer predisposition of A-T carriers is still an open
communication) by the finding of a trimolecular complexquestion, recent studies have implicatd@M as a tumor
between ATM, c-Abl and the human RAD5L1 protein, a homologuppressor gene in at least one malignancy, T-prolymphocytic
of the bacterial RecA protein involved in strand break repair andukemia (T-PLL) {9-82). These studies were initiated in view
recombination (for a recent review see 6&). These investiga- of the high frequency of this rare malignancy among A-T patients
tors further observed that the increase in tyrosine phosphorylati¢®i3). Tumor tissues from patients with this malignancy, who are
on Rad51, presumably by c-Abl, and its association with thenrelated to A-T families, show somatic inactivation of BV
Rad52 protein are also ATM dependent. These findings suppateles by rearrangements or point mutations in >50% of the
the notion that ATM is involved in actual repair and recombinaeases. Interestingly, patients in whom the constitutional genotype
tion processes. was tested were not A-T carriers, indicating that in these patients
A somewhat unexpected ATM-interacting protein was identiboth events leading t&TM inactivation appear to occur in
fied recently by Limet al (69): B-adaptin, a component of the somatic cells §2; M. Yuille, personal communication). These
AP-2 adaptor complex which is involved in clathrin-mediatedindings, together with the extreme propensity of A-T patients to
endocytosis of receptors. The interaction, which was confirmdgimphoreticular malignancies, support the possible roksTéf
in vivo and in vitro, points to at least one function of the as a tumor suppressor gene and tie the biology of T-PLL to ATM
cytoplasmic fraction of ATM, possibly in vesicle and/or proteinfunctions.

ATM’s interactions
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ATM-DEFICIENT MICE lack mature sperm, but testes of male double mutants are larger
L . ) than those of Atm single null mice, although they do not reach the
Mutant mice in which theAtm gene was disrupted through gjze of wild-type testes. Accordingly, the degree of apoptosis
homologous recombination were created in several laboratoriggiected in seminiferous tubules from double null mice was
and have already proved extremely useful in clarifying some Qonsiderably reduced, and spermatogenesis was improved,
the functions of the ATM protein. These mice are viable and;qqressing through later stages of meiosis. No normal pachytene
display most of the pleiotropic features of the A-T phenotyp ynaptonemal complexes were seen in spermatocytes of Atm-

(56,57,84,85; Y. Gu, personal communication). deficient mice, but nearly normal pachytene complexes were
observed in double null spermatocytes, although later stages of
Growth defects meiosis were not achieved. The Rad51 assembly defects were not

- . . . . rescued in spermatocytes of double mutaiits (
Atm-deficient mice exhibit growth retardation. Although their Surprisingly, the basal levels of p21 and Bax in testes of

growth rate appears normal, they are 10—-25% smaller and wei)g\nﬂ/p53 double mutant mice were as high as those im/Atm

less tha}n W|_Id—type or hete_rozygous I|ttermat¢s of the SAME SeRice. This suggests that in these cells, as opposed to MEFs, p21
and this difference persists through nursing, weaning a

adulthood §6,57,84) n be activated via a p53-independent pathway. Basal levels of

Unlike normal mouse embryo fibroblasts (MEFs) ex Iante@sg and Bax in testes of Atm/p21 double null mice were also high.
: ; yo. P hese higher baseline levels were dependent on loss of Atm, since
into culture, cells derived from tails or embryos of homozygoug

: i B53 and p2l single mutants show no basal elevation in the

mutant mice proliferate very slowly and reach a senescence-li
growth arrest after only a few passages,g6). Similarly to
primary fibroblast cell lines derived from A-T patients, Atm . "
MEFs display high levels of chromosomal breaRs).( In Immunologic abnormalities
addition, these cells exhibit increased constitutive levels of th&ithough the structure of lymphoid organs from Afrmice is
cell cycle inhibitor p2#AFL/CIP1 (hereafter, p21)86,87), which histologically normal, they are generally smaller than those of
is normally up-regulated by p53 as part of the growth arreslormal littermates, and the number of thymocytes is considerably
response in the {phase following DNA damagég). reduced$6,57,84). Atm is probably required for T-cell develop-

Atm/p53 and Atm/p21 double null MEFs proliferate rapidly ment, since its absence leads to a marked reduction in the relative
and do not exhibit the premature growth arrest observed in AtRumber of mature thymocytes, in particular ¢Bihgle positive
single null MEFs (87,89). In addition, Atm/p53 double null MEFsthymocytes$6,57; Y. Gu, personal communication). A defective
show undetectable levels of p21 (87). Taken together, theggaturation of thymocytes probably predisposes to the large
observations suggest that p21 is activated in a p53-dependgsdiuction of mature lymphocytes in the peripheral lymphoid
manner in Atm-deficient MEFs, and activation of the pS3—p2brgans of At~ mice 66,57). A decrease in the number of pre-
pathway contributes to the growth retardation observed in mousad immature B cells in the bone marrow of Atncells was
fibroblasts lacking functional Atm, probably due to the accuopbserved as well, although the composition of mature peripheral

?(pression of these gene produétd.(

mulation of unrepaired DNA damage. B cells was not affected,57,84; Y. Gu, personal communica-
tion).
Meiotic defects The abnormal maturation of lymphocytes in Atnmice most

. , . . likely results from defective processing of V(D)J recombination.
Both male and female Atm-deficient mice are infertile. Althoughym activity might be required to halt the cell cycle until
they have grossly normal reproductive organs, the gonads Ofb‘?f&npletion of V(D)J recombination, which appears to be
sexes are extremely small and show a complete absence of mafdt&ricted to the §G; phase ¢0). In the absence of Atm,
gamete356,57,8_4)_. Analysis of spermatogenesis in these mice mphocytes could enter S phase prematurely, leading to a
revealed a meiotic arrest at the zygotene—pachytene stageg@treased frequency of productive V(D)J recombination, and

prophase | due to abnormal chromosomal synapsis and Sl,él?/‘entually to a reduction in mature lymphocytes.
sequent chromosomal fragmentation, resulting in apoptotic

degeneration and meiotic disruptid®i7/62). Interestingly, the
time when the initial disruption of meiotic events seems to occur
in Atm~- spermatocytes correlates with the association of thatm=— mice develop aggressive malignant thymic lymphomas
Atm protein along synapsed chromosomal axes of homologoasd usually succumb to the disease by 4 months of age
chromosomeg@). Moreover, assembly of Rad51 on chromoso{56,57,84,91). In a recently developed Atm-deficient mouse
mal axial elements during early prophase | of meiosis is defectiveodel, the average onset of such tumors was considerably later,
in Atm-deficient mice §2). with >50% of these animals surviving 10 months or longer (Y.

These observations suggest involvement of Atm in the repaBu, personal communication). The difference in cancer suscepti-
of DNA breaks that normally occur during meiotic recombinability between these and previously reported Atm-deficient mice
tion. Lack of functional Atm compromises the integrity ofis not clear, but might be due to a different genetic background or
synapsed meiotic chromosomes, resulting in chromosome frag-different environment.
mentation and meiotic failure. Unrepaired DNA breaks might be The tumors in Atm-deficient mice invariably develop from
the trigger for the higher baseline levels of p53 and itslonal expansions of immature CDX@D8" double positive
downstream genes, p21 and Bax1, which are observed in testt@gmocytes that bear translocations involving chromosome 12 or
of Atm-deficient mice §2). 14, near the T cell receptor (TCR) loci6(7; C. Barlow,

A partial rescue of meiosis was observed in Atm/p53 angersonal communication). These findings are very similar to
Atm/p21 double null mice. These animals are still infertile andhose observed in lymphoid tumors of A-T patienss).(

ancer predisposition
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Defective processing of V(D)J recombination in Atmhymo- p53 has been shown to be required for the activation of
cytes may contribute to an increased frequency of chromosonagdoptosis after DNA damage in cultures of thymocyié®6),
translocations involving these loci, leading eventually to deregwerebellar neuron®9{) and hippocampal and cortical neurons
lated expression of proto-oncogenes and tumorigerigdislif  (98). Thymic apoptosis is inhibited in p53 null mi&s). In stark
support of this idea, loss of RAG2, which abolishes V(D)&ontrast, thymi of Atm null mice are as sensitive as controls
recombination, resulted in a complete absence of T cell lymph{85,94). Absence of p53 most likely accounts for the radio-
mas in Atm-deficient mice (C. Barlow, personal communicatioriesistance of Atm/p53 double null thymi, while those of Atm/p21
Y. Xu, personal communication). mice display a normal apoptotic response. Radiation-induced
p53 null mice, like Atm null mice, primarily develop T cell apoptosis in the lung of wild-type, Atm and p53 single null mice
lymphomas $2). While many Atm or p53 null animals survive was similar 94).
beyond 100 days of age, Atm/p53 double null mice die before 70In contrast to the thymus, pronounced resistance to radiation-
days of age and the spectrum of tumors in these animals is alteriedluced apoptosis was observed in the developing central
with appearance of B cell lymphomas, sarcomas and teratomasyvous system (CNS) of Atm null mice, including the cerebel-
in addition to T cell ymphomas. Thus, loss of p53 in an Atm nullum (85). p53 null mice show a similar lack of radiation-induced
background dramatically accelerates tumorigen@dis How-  apoptosis in the developing CN85(99). Consistent with a
ever, loss of p21 delays the onset of lymphomas in Atm-deficiergquirement for p53 in Atm-dependent apoptosis, p53 stabiliz-
mice, probably because of the higher levels of apoptotic celgion in the thymus and developing CNS coincided with cell death
present in tumors from Atm/p21 double null mige)( (85). Interestingly, certain regions of the CNS of Atm null mice
exhibit a normal apoptotic respon§&)( These regions were the
subventricular zone of the lateral ventricle and the marginal zone
of the developing retina. Notably, these regions contain relatively

; ; ; ; - undifferentiated multipotent precursor cells, whereas the regions
Mice _hc_)mozygous_ for Atm disruption d |spla_y acute rad|at|or+1f the CNS of Atm/P micepthat were radioresistant contgin
sensitivity, which is manifested selectively in certain tissue

including the gastrointestinal tract, salivary glands and skifi€uroblasts that generally give rise to a single lineage. This

Irradiated mutant mice die rapidly from gastrointestinal toxicity>U99€sts that Atm function following irradiation might become
parent as neuronal cells move towards a more differentiated

rather than bone marrow failure, following exposures that have K
deleterious effects on control mices(91). Radiation resulted in - St29€ €9)-
a similar depletion of the lymphoid system in both types of mice,
but the gastrointestinal tract of Atm mutant mice displayed sevef@urodegeneration
degeneration56,91), and their skin showed radiation dermatitis
and hair loss not observed in control mi&l)( Increased Unlike A-T patients, Atm-deficient mice are not grossly ataxic.
radiation sensitivity of salivary gland tissues was also né®d ( However, the performance of these mice was impaired in several
Loss of p53 in an Atm null background does not alter thenotor function tests, such as the rota-rod and the open-field tests
radiation sensitivity further, suggesting that the radiosensitivit{56), as well as motor learning on an accelerating rotating rod (R.
observed in At~ mice is most likely not mediated by p33).  Segal, personal communication). Furthermore, the hind-paw
In agreement, p53 null mice are not radiosensit?&9@).  footprint analysis showed that these mice had significantly
Surprisingly, loss of p21 in Atm-deficient mice increases theishorter stride lengths than controls, and less consistency in their
sensitivity to IR. p21 single null mice show a certain degree aftepping patterns56). These results are indicative of neuro-
sensitivity to radiation due to toxic effects on their intestines, bubgical deficiencies, although no histological abnormalities were
their radiosensitivity is not nearly as acute as that of Atm nuthbserved in the brains of Atm-deficient mice in most laboratories
animals. It seems then, that p21 and Atm normally cooperate tinat analyzed then®6,57,84; P. McKinnon, personal communi-
preventing radiation-induced toxicity of the intestinal epitheliumgation). However, electron microscopic evidence for neuronal
so that the absence of both proteins leads to an acceleratigdjeneration in mutant mice was reported by Katjisl (100),
radiation toxicity 89). who noticed degeneration of granule cells, Purkinje neurons and
Defects in the activation of the)& and S phase checkpoints molecular layer neurons in the cerebellar cortex. Other alterations
by irradiation were detected in Atm-deficient fibroblasts, embryin their cerebellum included glial activation, deterioration of
onic stem cells and thymocytés5(86,87,94). Concordantly, the neuropil structure, and both pre- and postsynaptic degeneration.
up-regulation of p53 in response to IR, but not to UV, wadhe reason for the discrepancy between these findings and those
defective in At~ MEFs @6). The IR-induced @S checkpoint  of other laboratories, is not clear. Abnormal morphology and
of MEFs deficient for both Atm and p53 is as impaired as in MEF®cation of Purkinje cells, as well as thinning of the cerebellar
lacking either gene, suggesting that Atm and p53 function in molecular layer, were observed in Atm-deficient mice developed
common pathway mediating the activation of thgSGcheck- in one laboratory (Y. Gu and R. Segal, personal communication).
point in response to I1R3Y). As mentioned before, these particular Atm mutant mice survive
Detailed studies of the apoptotic response of Atm-deficieribnger due to a later onset of lymphomas, allowing the analysis
thymocytes showed them to be as sensitive as controls aftdrage-dependent progression of the neurological deficits. The
irradiation in vivo (56) or in vitro (84). However, a high abnormalities described above did not progress with age in these
percentage of immature CHEDS8' double positive thymo- mutant animals.
cytes, which are the most susceptible to apoptosis in wild-typeA selective loss of dopaminergic neurons restricted to the
mice, were found to be radioresistasit)( This may account for striatum was observed recently in Atm-deficient mice (R. Eilam
the partial resistance of Atrft thymocytes to radiation-induced et al, submitted for publication). The reduction in nigrostriatal
apoptosis reported by Westphal), neurons was reflected in the supersensitivity of these mice to

Radiation responses
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treatment with the dopaminergic drug amphetamine. Treatmeecglls derived from them are highly radiosensitive. The hyper-
of these mice with the dopamine precurs@OPA, which has sensitivity and cancer susceptibility observed in the case of
been shown to enhance dopaminergic transmission, corrected BIA-PK deficiency must stem from defects in repair of DSBs,
stride-length asymmetry observed in the animals (R. Etaahy  since IR-induced cell cycle checkpoints and apoptosis are normal
submitted for publication). in Scid cells and mice, and in other cell lines lacking DNA-PK
activity (42).

The phenotype of Atm null mice and humans suggests that,
unlike Rad51, Brcal and Brca2, Atm is not required for repair of

ATM s involved in the cellular response to DNA breaks at severafNA damage during embryonic development, but is crucial
levels, including cell cycle checkpoint activation, DNA repairdUrfing meiosis, and plays an important role during lymphocyte
and induction of apoptosis. It most likely acts as a sensor forgaturation. DNA-PK is essential for V(D)J recombination but is
specific type of strand break, such as those created by free radid¥é "equired for embryogenesis or meiosis.
or during DNA recombination, subsequently activating several [N addition, like ATM, DNA-PK functions as a tumor
key regulators of the DNA damage response and triggerirRjiPPressor of T _c_eII lineage. These two proteins, as well as t_he
multiple signaling cascades. cancer susceptibility gene products BRCA1 and BRCA2, partici-
Cells that normally maintain certain levels of DSBs, such agate in the DSB repair pathway<)(). These gene products and
those created during meiotic or V(D)J recombination, are likef10S€ involved in other types of DNA repair, namely excision
to be more sensitive to the absence of this function. The abnornf@Pair and mismatch repair, are responsible for maintenance of the
chromosomal synapsis and subsequent fragmentation that leadggiome integrity through DNA repair function. Their loss is
meiotic arrest in Atm-deficient mice can be explained in thi€xPected to result in genetic instability and additional mutations,
context. Similarly, defective processing of V(D)J recombinatioftltimately increasing the likelihood of neoplasia. Cancer sus-
intermediates in A-T patients and Atm-deficient mice wouldceptibility genes of this type, which include #téMgene, were

result in abnormal maturation of lymphocytes on the one hanéi€fined recently as ‘caretakers(().
and in increased frequency of translocations involving the TCR Unlike the ‘caretakers’ described above (BRCA1, BRCAZ and

locus on the other, eventually resulting in clonal expansion &#NA-PK, whose association with the DNA damage response is

immature thymocytes and the development of thymic |ymph0_or|ma_rily _throughtheirrole in DNA repair), ATM is_al_so involved
mas. The rescue of the predisposition for these tumors if activation of cell cycle checkpoints or apoptosis in response to
Atm/RAG2-deficient mice supports this notion. DNA damage. Like p53, ATM-dependent activation of either
RAD51 is involved in DNA DSB repair, and physically Pathway probably depends on cell type and degree of DNA
associates with proteins that participate in this type of repair, sug@mage. ATM most likely acts upstream of p53 in a signal
as BRCA1, BRCA2 (reviewed in ref01) and ATM (E. Lee, transduction pathway leading to the activation of thgSG
personal communication). Mice homozygous for null mutation§heckpoint. However, the apoptotic response of different cell
in Rad51, Brcal or Brca2 display early embryonic deatHypes and tissues lacking Atm or p53 is not entirely equivalent.
Similarly to loss of Atm function, the absence of Brcal, Brca2 dR-induced apoptosis in most of the CNS seems to depend on both
Rad51 results in reduced levels of cellular proliferation, radiatioAtm and p53. However, while thymic apoptosisvivo andin
hypersensitivity, genomic instability and elevated baseline leveldtro depends heavily on p53, it is only partially dependent on
of p21 (in the case of Brcal and Brca2 deficiencies) (reviewed M. Radiation-induced apoptosis of the lung does not depend on
refs102103. either gene, but rather on a ceramide-dependent path@@y (
Mutations in either p53 or p21 partially rescue the embryonic The recent observations of defects in receptor function and ion
lethality of Rad51, Brcal or Brca2 mutanit9%), as well as the channels in A-T cells, together with ATM’s localization to
defective spermatogenesis of Afrrmice ¢2). Defects in DNA  cytoplasmic vesicles and its interaction with proteins of the
damage repair would result in massive DNA strand breaks durifigadaptin family, draw attention to roles for ATM beyond
meiotic recombination or as a consequence of the frequent mitofsponses to DNA damage. Recently we proposed a more general
events that typify early embryogenesis, activating a p53/p210le for ATM in coordinating acute phase stress responses with
mediated growth arrest. Relief of this arrest by disruption of eith@ell cycle checkpoint control and repair of oxidative damage to
p53 or p21 rescues the defective processes only partially, since thacromolecules, compatible with the broad phenotype of A-T
DNA breaks remain unrepaired and are incompatible with norm&k1). Absence of ATM could limit the repair of oxidative damage
completion of embryogenesis or meiosis. that occurs under normal physiological conditions, creating an
The recent development of viable Brca2 mutant mice is dficreased state of oxidative stress which might underlie the
particular significance in the analogy between Brca2 and Atnpremature aging observed in A-T, as well as the preferential loss
These animals, which probably have only a partial loss aif sensitive cells, such as thymocytes and certain neurons.
function of Brca2, exhibit a wide range of defects; most of them The editorial that accompanied the report of the discovery of
show a striking resemblance to those of Atm-deficient mice, su¢he ATM gene stated that it ‘sparked a biomedical research
as growth retardation, absence of mature gametes, developmeainanza’' {09). The fierce efforts to elucidate the functions of the
of thymic lymphomas, defective proliferation of MEFs andATM protein were spurred by the striking A-T phenotype, the
overexpression of p53 and p20Y). involvement of theATM gene in cancer predisposition and the
Complete inactivation of thérkdc gene in mice, which functional ramifications of the ATM protein’s sequence. While
encodes DNA-PKcs, results in profound immune deficiency antthese efforts are still far from reaching final conclusions, itis clear
a strong predisposition for thymic lymphoma&%). Scid mice, at this point that ATM is a key regulator of basic, diverse cellular
which carry a nonsense mutation at therfl of thePrkdcgene, functions whose complete understanding should have implica-
have only a low incidence of lymphomd$¢). These mice and tions for many fields in biomedical research.

CONCLUSIONS



ACKNOWLEDGEMENTS

The authors are indebted to Charles Sherr, Carrolee Barlow, Pe2ter

Human Molecular Genetics, 1998, Vol. 7, No. 10 Review

23

4

McKinnon, Martin Lavin and Tony Wynshaw-Boris for their

valuable comments on this manuscript. 25
26

REFERENCES
27
1. Lavin, M.F. and Shiloh, Y. (1997) The genetic defect in ataxia-telangiectasia.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Annu. Rev. Immungoll5, 177-202.

. Shiloh, Y. (1997) Ataxia-telangiectasia and the Nijmegen breakage syn}-B

drome: related disorders but genes aparmhu. Rev. GeneB1, 635-662.

. Gatti, R.A. (1998) Ataxia-telangiectasia. In Vogelstein, B. and Kinzler, K.W.

(eds),The Genetic Basis of Human CandécGraw-Hill, New York, pp.
275-300.

. Morgan, S.E. and Kastan, M. (1997) p53 and ATM: cell cycle, cell death, argP

cancerAdv. Cancer Resr1, 1-25.

. Westphal, C.H. (1997) Cell cycle signaling: ATM displays its many talents.

Curr. Biol., 7, R789-R792.

. Kaufmann, W.K. and Paules, R.S. (1996) DNA damage and cell cyclé0

checkpointsFASEB J, 10, 238—247.

. Khanna, K.K., Beamish, H., Yan, J., Hobson, K., Williams R., Dunn, I. and

Lavin, M.F. (1995) Nature of G1/S cell cycle checkpoint defect in
ataxia-telangiectasi@ncogengll, 609-618.

. Canman, C.E., Wolff, A.C., Chen, C.Y., Fornace, A.J. and Kastan, M.B.

(1994) The p53-dependent; @ell cycle checkpoint pathway and ataxia-

telangiectasiaCancer Res54, 5054-5058. 31

. Liu, V.F. and Weaver, D.T. (1993) The ionizing radiation-induced replication

protein A phosphorylation response differs between ataxia-telangiectasia and
normal human celldVol. Cell. Biol, 13, 7222—7231.

Cheng, X., Cheong, N., Wang, Y. and lliakis, G. (1996) lonizing radiation
induced phosphorylation of RPA p34 is deficient in ataxia-telangiectasia an
reduced in aged normal fibroblag®adiother. Onco) 39, 43-52.

Morgan, S.E. and Kastan, M. (1997) Dissociation of radiation-induced
phosphorylation of replication protein A from the S-phase checkpoint.
Cancer Res57, 3386-3389.

Paules, R.S., Levedakou, E.N., Wilson, S.J., Innes, C.L., Rhodes, N., Tlsﬁ
T.D., Galloway, D.A., Donehower, L.A., Tainsky, M.A. and Kaufmann, W.K.
(1995) Defective @ checkpoint function in cells from individuals with
familial cancer syndrome€ancer Res55, 1763-1773.

Beamish, H., Williams, R., Chen, P. and Lavin, M.F. (1996) Defect in muItipI§4-

cell cycle checkpoints in ataxia-telangiectasia postirradiatidiol. Chem

271, 20486-20493.

Shafman, T.D., Saleem, A., Kyriakis, J., Weichselbaum, R., Kharbanda, S.
and Kufe D.W. (1995) Defective induction of stress-activated protein kinasg5
activity in ataxia-telangiectasia cells exposed to ionizing radigfiancer

Res, 55, 3242-3245.

Baskaran, R., Wood, L.D., Whitaker, L.L., Canman, C.E., Morgan, S.E., Xu,
Y., Barlow, C., Baltimore, D., Wynshaw-Boris, A., Kastan, M.B. and Wang,
J.Y.J. (1997) Ataxia-telangiectasia mutated protein activates c-Abl tyrosingg
kinase in response to ionizing radiatidlature 387, 516-519.

Shafman, T., Khanna, K.K., Kedar, P., Spring, K., Kozlov, S., Yen, T,
Hobson, K., Gatei, M., Zhang, N., Watters, D., Egerton, M., Shiloh, Y.37
Kharbanda, S., Kufe, D. and Lavin, M.F. (1997) Interaction between ATM
protein and c-Abl in response to DNA damageture 387, 520-523.

Shiloh, Y. (1995) Ataxia-telangiectasia: closer to unraveling the mystery. g
J. Hum. Genet3, 116-138.

Luo, C.-M., Tang, W., Mekeel, K.L., DeFrank, J.S., Anné, P.R. and Powell,
S.N. (1996) High frequency and error-prone DNA recombination in ataxia
telangiectasia cell lines. Biol. Chem 271, 4497-4503.

Dar, M.E., Winters, T.A. and Jorgensen, T.J. (1997) Identification of defectiva?
illegitimate recombinational repair of oxidatively-induced DNA double-
strand breaks in ataxia-telangiectasia cMlistat. Res384, 169-179.

Foray, N., Priestley, A., Alsbeih, G., Badie, C., Capulas, E.P., Arlett, C.F. arftf
Malaise, E.P. (1997) Hypersensitivity of ataxia telangiectasia fibroblasts to
ionizing radiation is associated with a repair deficiency of DNA double-
strand breakdnt. J. Radiat. Bio 72, 271-283. 41
Rotman, G. and Shiloh, Y. (1997) Ataxia-telangiectasia: is ATM a sensor of
oxidative damage and stre®i@Essays19, 911-917.

Jeggo, P.A., Carr, A.M. and Lehmann, A.R. (1998) Splitting the Afévds
Genet, in press.

42

1561

. Brown, J.M. (1997) Correspondence re: M.Stephen Meyn, ataxia telangiecta-
sia and cellular responses to DNA damdzgncer Res57, 2313-2315.

. Pandita, T.K., Pathak, S. and Geard, C.R. (1995) Chromosome end

associations, telomeres and telomease activity in ataxia telangiectasia cells.

Cytogenet. Cell Genef’1, 86-93.

. Xia, S.J., Shammas, M.A. and Shmookler Reis, R.J. (1996) Reduced
telomere length in ataxia-telangiectasia fibroblddtgat. Res 364, 1-11.

. Metcalfe J.A., Parkhill, J., Campbell L., Stacey, M., Biggs, P., Byrd, P.J. and
Taylor, A.M.R. (1996) Accelerated telomere shortening in ataxia telangiecta-
sia.NatureGenet, 13, 350-353.

. Khanna, K.K., Yan, J., Watters, D., Hobson K., Beamish, H., Spring, K.,
Shiloh, Y., Gatti, R.A. and Lavin, M.F. (1997) Defective signalling through
the B cell antigen receptor in ataxia-telangiectasia delBiol. Chem 272
9489-9495.

. Kondo, N, Inoue, S., Nishimura, S., Kasahara, K., Kameyama, T., Miwa Y.,
Lorenzo, P.R. and Orii, T. (1993) Defective calcium-dependent signal
transduction in T lymphocytes of ataxia-telangiecte&&iand. J. Immungl
38, 45-48.

. Reinhart, P.H., D’Souza, T., Rhodes, N., Foster, C.D., Ziv, Y., Kirsch, D.G.,
Shiloh, Y., Kastan, M.B. and Gilmer, T.M. (1998) Defective potassium
currents in ataxia telangiectasia. Annual Meeting of the Society for
Neuroscience, Los Angeles, CA.

. Savitsky, K., Bar-Shira, A., Gilad, S., Rotman, G., Ziv, Y., Vanagaite, L.,
Tagle, D.A., Smith, S., Uziel, T., Sfez, S., Ashkenazi, M., Pecker, |., Frydman,
M., Harnik, R., Patanjali, S.R., Simmons, A., Clines, G.A., Sartiel, A., Gatti,
R.A., Chessa, L., Sanal, O., Lavin, M.F.,, Jaspers, N.G.J., Taylor, AM.R.,
Arlett, C.F., Miki, T., Weissman, S.M., Lovett, M., Collins, F.S. and Shiloh, Y.
(1995) A single ataxia-telangiectasia gene with a product similar to PI-3
kinase.Science268 1749-1753.

. Savitsky, K., Sfez, S., Tagle, D.A., Ziv, Y., Sartiel, A., Collins, F.S., Shiloh, Y.
and Rotman, G. (1995) The complete sequence of the coding region of the
ATM gene reveals similarity to cell cycle regulators in different spddies.

Mol. Genet, 4, 2025-2032.

. Savitsky, K., Platzer, M., Uziel, T., Gilad, S., Sartiel, A., Rosenthal, A.,
Elroy-Stein, O., Shiloh, Y. and Rotman, G. (1997) Ataxia-telangiectasia:
structural diversity of untranslated sequences suggests complex post-trans-
criptional regulation ofATM gene expressiorNucleic Acids Res25,
1678-1684.

. Byrd, P.J., Cooper, P.R., Stankovic, T., Kullar, H.S., Watts, G.D., Robinson,

P.J. and Taylor, A.M.R. (1996) A gene transcribed from the bidirecAdmal

promoter coding for a serine rich protein: amino acid sequence, structure and

expression studieslum. Mol. Genet5, 1785-1791.

Imai, T., Yamauchi, M., Seki, N., Sugawara, T., Saito, T., Matsuda, Y., Ito, H.,

Nagase, T., Nomura, N. and Hori, T. (1996) Identification and characteriz-

ation of a new gene physically linked to th€M gene.Genome Res6,

439-447.

. Chen, X,, Yang, L., Udar, N., Liang, T., Uhrhammer, N., Xu, S., Bay, J.-O.,
Wang, X., Dandakar, S., Chiplunkar, S., Klisak, I., Telatar, M., Yang, H.,
Concannon, P. and Gatti, R.A. (199ZAND3 A ubiquitously expressed
gene immediately adjacent and in opposite transcriptional orientation to the
ATM gene at 11g23.Mamm. Genome, 129-133.

. Zhao, J., Dynlacht, B., Imai, T., Hori, T. and Harlow, E. (1998) Expression of
NPAT, a novel substrate of cyclin E-CDK2, promotes S-phase &gnes
Dev, 12, 456-461.

. Ziv, Y., Bar-Shira, A., Pecker, I., Russell, P., Jorgensen, T.J., Tsarfati, |. and
Shiloh, Y. (1997) Recombinant ATM protein complements the cellular A-T
phenotypeOncogengl5, 159-167.

. Zhang, N., Chen, P., Khanna, K.K., Scott, S., Gatei, M., Kozlov, S., Watters,
D., Spring, K., Yen, T. and Lavin, M.F. (1997) Isolation of full-length ATM
cDNA and correction of the ataxia-telangiectasia cellular phend®pe.

Natl Acad. Sci. US4, 8021-8026.

. Zhang, N., Chen, P., Gatei, M., Scott, S., Khanna, K.K. and Lavin, M.F.
(1998) An anti-sense construct of full-length ATM cDNA imposes a
radiosensitive phenotype on normal ceéllecogenein press.

. Morgan, S.E., Lovly, C., Pandita, T.K., Shiloh, Y. and Kastan, M. (1997)
Fragments of ATM which have dominant-negative or complementing
activity. Mol. Cell. Biol, 17, 2020-2029.

. Hoekstra, M.F. (1997) Responses to DNA damage and regulation of cell
cycle checkpoints by the ATM protein kinase fan@wrr. Opin. Genet. Dey
7,170-175.

. Jeggo, P.A. (1997) DNA-PK: at the cross-roads of biochemistry and genetics.
Mutat. Res 384 1-14.



1562 Human Molecular Genetics, 1998, Vol. 7, No. 10 Review

43.
44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.
55.
56.

57.

58.
59.

60.
. Flaggs, G., Plug, A.W., Dunks, K.M., Mundt, K.E., Ford, J.C., Quiggle,81'

62.

63.

64.
65.

66.

Bentley, N.J., Holtzman, D.A., Flaggs, G., Keegan, K.S., DeMaggio, AG7.
Ford, J.C., Hoekstra, M. and Carr, A.M. (1996) Behizosaccharomyces
pombe radZheckpoint gendEMBO J, 15, 6641-6651.

Cimprich, K.A., Shin, T.B., Keith, C.T. and Schreiber, S.L. (1996) cDNAgS.
cloning and gene mapping of a candidate human cell cycle checkpoint
protein.Proc. Natl Acad. Sci. USA3, 2850—-2855. 69.
Brunn, G.J., Hudson C.C., Sekulic, A., Williams, J.M., Hosoi, H., Houghton,
P.J., Lawrence, J.C. and Abraham, R.T. (1997) Phosphorylation of the
translational repressor PHAS-I by the mammalian target of rapamycin.
Science277, 99-101.
Burnett, P.E., Barrow, R.K., Cohen, N.A., Snyder, S.H. and Sabatini, D.M.
(1998) RAFT1 phosphorylation of the translational regulators p70 S6 kinasg;
and 4E-BP1Proc. Natl Acad. Sci. USA5, 1432-1437.

Thomas, G. and Hall, M.N. (1997) TOR signalling and control of cell growth.
Curr. Opin. Cell Biol, 9, 782—787.

Keegan, K.S., Holtzman, D.A., Plug, A.W.,, Christenson, E.R., Brainerd, E.E.,
Flaggs, G., Bentley, N.J., Taylor, E.M., Meyn, M.S., Moss, S.B., Carr, A.M.72
Ashley, T. and Hoekstra, M.F. (1996) The Atr and Atm protein kinases ="
associate with different sites along meiotically pairing chromosd@eres

Dev, 10, 2423-2437.

Chen, G. and Lee, E.Y.P. (1996) The product oAffid gene is a 370-kDa
nuclear phosphoproteid. Biol. Chem 271, 33693-33697.

Soares, H.D., Morgan, J.I. and McKinnon, P.J. (1998) Atm expression
patterns suggest a contribution from the peripheral nervous system to tha-
phenotype of ataxia-telangiectasiuroscience36, 1045-1054.

Lakin, N.D., Weber, P., Stankovic, T., Rottinghaus, S.T., Taylor, AM.R. and
Jackson, S.P. (1996) Analysis of the ATM protein in wild-type and
ataxia-telangiectasia cel®ncogenel3, 2707-2716.

Brown, K.D., Ziv, Y., Sadanandan, S.N., Chessa, L., Collins, F.S., Shiloh, ¥4
and Tagle, D.A. (1997) The ataxia-telangiectasia gene product, a constitutive-
ly expressed nuclear protein that is not upregulated following genome
damageProc. Natl Acad. Sci. USA4, 1840-1845.

Watters, D., Khanna, K.K., Beamish, H., Birrell, G., Spring, K., Kedar, P.75.
Gatei, M., Stenzel, D., Hobson, K., Kozlov, S., Zhang, N., Farell, A., Ramsay,
J., Gatti, R. and Lavin, M. (1997) Cellular localisation of the ataxia-telangiec-
tasia (ATM) gene product and discrimination between mutated and normal
forms.Oncogenel4, 1911-1921. 76.
Scott, S.P., Zhang, N., Khanna, K.K., Khromykh, A., Hobson K., Watters, D.
and Lavin M.F. (1998) Cloning and expression of the ataxia-telangiectasia
gene in baculoviruBiochem. Biophys. Res. Comm@45 144-148.

Sedgwick, R.P. and Boder, E. (1991) Ataxia-telangiectasia. In Vinken, P.J.,
Bruyn, G.W. and Klawans, H.L. (edsjandbook of Clinical Neurologyol. 77.
16. Elsevier Scientific Publishers, Amsterdam, pp. 347-423.

Barlow, C., Hirotsune, S., Paylor, R., Liyanage, M., Eckhaus, M., Collins, F.,
Shiloh, Y., Crawley, J.N., Ried, T., Tagle, D. and Wynshaw-Boris, A. (1996)7g.
Atm-deficient mice: a paradigm of ataxia-telangiectaSeil, 86, 159-171.

Xu, Y., Ashley, T., Brainerd, E.E., Bronson, R.T., Meyn, S.M. and Baltimore,
D. (1996) Targeted disruption of ATM leads to growth retardation,
chromosomal fragmentation during meiosis, immune defects and thymigg
lymphoma.Genes Dey10, 2411-2422.

Plug, A.W., Peters, AH.FM., Xu, Y., Keegan, K.S., Hoekstra, M.F,,
Baltimore, D., deBoer, P. and Ashley, T. (1997) ATM and RPA in meiotic80
chromosome synapsis and recombinatiteture Genet17, 457-461. '
Weinert, T. (1997) A DNA damage checkpoint meets the cell cycle engine.
Science277, 1450-1451.

Nurse, P. (1997) Checkpoint pathways come ofGele 91, 865-867.

M.R.E., Taylor, E.M., Westphal, C.H., Ashley, T., Hoekstra, M.F. and Carr,
A.M. (1997) Atm-dependent interactions of a mammalian Chk1 homolog
with meiotic chromosome<urr. Biol, 7, 977-986.

Barlow, C., Liyanage, M., Moens, P.B., Deng, C.X., Ried, T. and Wynshavﬁz'
Boris, A. (1997) Partial rescue of the prophase | defeétsmileficient mice

by p53andp21 null alleles.Nature Genet17, 462—-466.

Jung, M., Kondratyev, A., Lee, S., Dimtchev, A. and Dritschilo, A. (1997)83-
ATM gene product phosphorylatadB-a. Cancer Res57, 24-27.

Lin, T.-A, Kong, X., Haystead, T.A.J., Pause, A., Belsham, G., Sonenberg, R4.
and Lawrence, J.C. Jr (1994) PHAS-I as a link between mitogen-activated
protein kinase and translation initiati®@cience266, 653-656.

Siliciano, J.D., Canman, C.E., Taya, Y., Sakaguchi, K., Appella, E. an8b.
Kastan, M.B. (1997) DNA damage induces phosphorylation of the amino
terminus of p53Genes Dey11, 3471-3481.

Shieh, S.-Y., Ikeda M., Taya, Y. and Prives, C. (1997) DNA damage-inducesb.
phosphorylation of p53 alleviates inhibition by MDM2ell, 91, 325-334.

Kharbanda, S., Ren, R., Pandey, P., Shafman, T.D., Feller, S.M., Weichsel-
baum, R.R. and Kufe, D.W. (1995) Activation of the c-Abl tyrosine kinase in
the stress response to DNA-damaging agétatire 376 785-788.

Ivanov, E.L. and Haber, J.E. (1997) DNA repRifD alert.Curr. Biol., 7,
R492—-R495.

Lim, D.-S., Kirsch, D.G., Canman, C.E., Ahn, J.-H., Ziv, Y., Newman, L.S.,
Darnell, R.B., Shiloh, Y. and Kastan, M.B. (1998) Atm bifidsdaptin: a

novel explanation for pleiotropic abnormalities in ataxia telangieckrsia.

Natl Acad. Sci. USAn press.

70. Concannon, P. and Gatti, R.A. (1997) Diversit%Hf mutations detected in

patients with ataxia-telangiectasidum. Mutat, 10, 100-107.

Gilad, S., Khosravi, R., Harnik, R., Ziv, Y., Shkedy, D., Galanty, Y., Frydman,
M., Levi, J., Sanal, O., Chessa, L., Smeets, D., Shiloh, Y. and Bar-Shira, A.
(1998) Identification of ATM mutations using extended RT-PCR and
restriction endonuclease fingerprinting, and elucidation of the repertoire of
A-T mutations in IsraeHum. Mutat, 11, 69-75.

Stankovic, T., Kidd, A.M.J., Suttcliffe, A., McGuire, G.M., Robinson, P.,
Weber, P., Bedenham, T., Bradwell, A.R., Easton, D.F., Lennox, G.G., Haites,
N., Byrd, P.J. and Taylor, A.M.R. (1998Y M mutations and phenotypes in
ataxia-telangiectasia families in the British Isles: expression of mutant ATM
and the risk of leukaemia, lymphoma and breast cafwer]. Hum. Gengt

62, 334-345.

Telatar, M., Teraoka, S., Wang, Z., Chun, H.H., Liang, T., Castellvi-Bel, S.,
Udar, N., Borresen, A.-L., Chessa, L., Bernatowska-Matuszkievicz, E.,
Porras, O., Watanabe, M., Junker, A., Concannon, P. and Gatti, R.A. (1998)
Ataxia-telangiectasia: identification and detection of founder-effect muta-
tions in theATM gene in ethnic populatiordm. J. Hum. Geng62, 86-97.
Gilad, S., Bar-Shira, A., Harnik, R., Shkedy, D., Ziv, Y., Khosravi, R., Brown,
K., Vanagaite, L., Xu, G., Frydman, M., Lavin, M.F., Hill, D., Tagle, D.A. and
Shiloh, Y. (1996) Ataxia-telangiectasia: founder effect among North African
Jews.Hum. Mol Genet, 5, 2033—-2037.

Laake, K., Telatar, M., Geitvik, G.A., Hansen, R., Heiberg, A., Andersen, A.,
Gatti, R.A. and Borresen-Dale, A.-L. (1998) Identical mutation in 55% of the
ATM alleles in 11 Norweigian A-T families: evidence for a founder effect.
Eur. J. Hum. Genetin press.

Gilad, S., Khosravi, R., Shkedy, D., Uziel, T., Ziv, Y., Savitsky, K., Rotman,
G., Smith, S., Chessa, L., Jorgensen, T.J., Harnik, R., Frydman, M., Sanal, O.,
Portnoi, S., Goldwicz, Z., Jaspers, N.G.J., Gatti, R.A., Lenoir, G., Lavin, M.F,,
Tatsumi, K., Wegner, R.D., Shiloh, Y. and Bar-Shira, A. (1996) Predominance
of null mutations in ataxia-telangiectagttum. Mol. Genet5, 433—-439.
McConville, C.M., Stankovic, T., Byrd, P.J., McGuire, G.M., Yao, Q.-Y.,
Lennox, G.G. and Taylor, A.M.R. (1996) Mutations associated with variant
phenotypes in ataxia-telangiectagian. J. Hum. Geng&9, 320-330.

Gilad, S., Chessa, L., Khosravi, R., Russell, P., Galanty, Y., Piane, M., Gatti,
R.A., Jorgensen, T.J., Shiloh, Y. and Bar-Shira, A. (1998) Genotype—pheno-
type relationships in ataxia-telangiectasia (A-T) and A-T variaats. J.

Hum. Genet 62, 551-561.

Stilgenbauer, S., Schaffner, C., Litters, A., Liebish, P., Gilad, S., Bar-Shira, A.,
James, M.R., Lichter, P. and Dohner, H. (1997) Biallelic mutations Afitkie

gene in T-prolymphocytic leukemiblature Med, 10, 1155-1159.

Vorechovsky, ., Luo, L., Dyer, M.J.S., Catovsky, D., Amlot, P.L., Yaxley, J.,
Foroni, L., Hammarstrom, L., Webster, A.D.B. and Yuille, M.A.R. (1997)
Clustering of missense mutations in the ataxia-telangiectasia gene in a
sporadic T-cell leukaemid&lature Genet17, 96-99.

Yuille, M.A.R., Coignet, L.J.A., Abraham, S.M., Yaqub, F., Luo, L., Matutes,
E., Brito-Babapulle, V., Vorechovsky, 1., Dyer, M.J.S. and Catovsky, D.
(1998) ATM is usually rearranged in T-cell prolymphocytic leukemia.
Oncogengl6, 789—-796.

Stoppa-Lyonnet, D., Soulier, J., Lauge, A., Dastot, H., Garand, R., Sigaux, F.
and Stern, M.H. (1998) Inactivation of tA&M gene in T-cell prolympho-
cytic leukemiasBlood, in press.

Taylor, A.M.R., Metcalfe, J.A., Thick, J. and Mak, Y.F. (1996) Leukemia and
lymphoma in ataxia telangiectasilood 87, 423—-438.

Elson, A., Wang, Y., Daugherty, C.J., Morton, C.C., Zhou, F., Campos-Torres,
J. and Leder, P. (1996) Pleiotropic defects in ataxia-telangiectasia protein-
deficient miceProc. Natl Acad. Sci. USA3, 13084-13089.

Herzog, K.H., Chong, M., Kapsetaki, M., Morgan, J.I. and McKinnon, P.J.
(1998) Requirement of Atm in ionizing radiation-induced cell death in the
developing central nervous systeatience280, 1089-1091.

Xu, Y. and Baltimore, D. (1996) Dual roles of ATM in the cellular response to
radiation and in cell growth contrékenes Dey10, 2401-2410.



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Human Molecular Genetics, 1998, Vol. 7, No. 10 Review 1563

Westphal, C.H., Schmaltz, C., Rowan, S., Elson, A., Fisher, D.E. and Lede9. Xiang, H., Hochman, D.W., Saya, H., Fujiwara, T., Schwartzkroin, P.A. and

(1997) Genetic interactions betweetm and p53 influence cellular Morrison, R.S. (1996) Evidence for p53-mediated modulation of neuronal

proliferation and irradiation-induced cell cycle checkpoi@tncer Res57, viability. J. Neurosci 16, 6753-6765.

1664-1667. 99. Wood, K.A. and Youle, R.J. (1995) The role of free radicals and p53 in neuron

El-Deiry, W.S., Harper, J.W., O'Connor, P.M., Velculescu, V.E., Canman, apoptosisn viva. J. Neuroscj 15, 5851-5857.
C.E., Jackma, J., Pietenpol, J.A., Burrell, M., Hill, D.E., Wang, Y., Wiman,100.Kuljis, R.O., Xu, Y., Aguila, M.C. and Baltimore, D. (1997) Degeneration of
K.G., Mercer, W.E., Kastan, M.B., Kohn, K.W., Elledge, S.J., Kinzler, K.W. neurons, synapses, and neuropils and glial activation in a misime

and Vogelstein, B. (1994)/AF1/CIP1is induced imp53mediated G1 arrest knockout model of ataxia-telangiectasiroc. Natl Acad. Sci. USA4,

and apoptosiCancer Res54,1169-1174. 12688-12693.

Wang, Y.A., Elson, A. and Leder, P. (1997) Logdincreases sensitivityto  101.Hendrickson, E.A. (1997) Cell-cycle regulation of mammalian DNA
ionizing radiation and delays the onset of lymphometrimdeficient mice. double-strand break repaftm. J. Hum. Geng61, 795-800.

Proc. Natl Acad. Sci. USA4, 14590-14595. 102.Brugarolas, J. and Jacks, T. (1997) Double indemnity: p53, BRCA and
Lin, W.-C. and Desiderio, S. (1995) V(D)J recombination and the cell cycle. cancerNature Med 7, 721-722.

Immunol. Todayl6, 279-289. 103.Zhang, H., Tombline, G. and Weber, B.L. (1998) BRCA1, BRCA2, and DNA

Westphal, C.H., Rowan, S., Schmaltz, C., Elson, A., Fisher, D.E. and Leder, P. damage response: collision or collusi@#ll, 92, 433-436.
(1997)atmandp53cooperate in apoptosis and suppression of tumorigenesid,04.Connor, F., Bertwistle, D., Mee, P.J., Ross, G.M., Swift, S., Grigorieva, E.,
but not in resistance to acute radiation toxidigture Genet16, 397—-401. Tybulewicz, V.L.J. and Ashworth, A. (1997) Tumorigenesis and a DNA
Jacks, T., Remington, L., Williams, B.O., Schmitt, E.M., Halachmi, S.,  repair defect in mice with a truncatilgca2 mutation.Nature Genet 17,
Bronson, R.T. and Weinberg, R.A. (1994) Tumor spectrum analysis in  423-430.

p53mutant miceCurr. Biol., 4, 1-7. 105.Jhappan, C., Morse, H.C. lll, Fleishmann, R.D., Gottesman, M.M. and
Kemp, C.J., Wheldon, T. and Balmain, A. (1994) p53-deficient mice are Merlino, G. (1997) DNA-PKcs: a T-cell tumour suppressor encoded at the
extremely susceptible to radiation-induced tumorigeniisiture Genet8, mousescid locus.Nature Genet 17, 483—-486.

66—69. 106.Bosma, M.J. and Carroll, A.M. (1991) The scid mouse muianiu. Rev.
Barlow, C., Brown, K.D., Deng, C.X., Tagle, D.A. and Wynshaw-Boris, A. Immunol, 9, 323-350.

(1997) Atm selectively regulates distinct p53-dependent cell-cycle checkt07.Kinzler, K.E. and Vogelstein, B. (1997) Gatekeepers and carefdkars

point and apoptotic pathwaysature Genef 17, 453-456. 386, 761-763.

Clarke, A.R., Purdie, C.A., Harrison, D.J., Morris, R.G., Bird, C.C., Hooper108.Santana, P., Pena, L.A., Haimovitz-Friedman, A., Martin, S., Green, D.,
M.L. and Wyllie, A.H. (1993) Thymocyte apoptosis induced by p53-depend-  McLoughlin, M., Cordon-Cardo, C., Schuchman, E.H., Fukz, Z. and
ent and independent pathwal&ture 362 849-852. Kolesnick, R. (1996) Acid sphingomyelinase-deficient human lymphoblasts
Lowe, S.W., Schmitt, E.M., Smith, S.W., Osborne, B.A. and Jacks, T. (1993) and mice are defective in radiation-induced apoptGsil, 86, 189—199.

p53 is required for radiation-induced apoptosis in mouse thymobigese 109.Novak, R. (1995) Discovery of AT gene sparks biomedical research bonanza.
362 847-849. Science268 1700-1701.

Enokido, YI., Araki, T., Tanaka, K., Aizawa, S. and Hatanaka, H. (1996)

Involvement ofp53in DNA strand break-induced apoptotis in postmitotic

CNS neuronskEur. J. Neuroscj 8, 1812-1821.



