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Mutations in the ataxia telangiectasia gene (ATM) result in an abnormal p53-mediated cellular
response to DNA damage produced by ionising radiation. This deficiency is believed to contribute to
the radiosensitivity and high cancer risk seen in ataxia telangiectasia (AT) patients and AT hetero-
zygotes. Epidemiological studies have demonstrated that relatives of AT patients are particularly
predisposed to breast cancer. This observation, together with the finding that a relatively high pro-
portion of breast cancer patients display an abnormal severe reaction of normal tissues following
radiotherapy, has led to the suggestion that AT heterozygosity plays a role in radiosensitivity and
breast cancer development. The cloning of the 4ATM gene has allowed this possibility to be examined at
the molecular level. The studies reported to date remain inconclusive, with the number of AT hetero-
zygotes being found in radiosensitive breast cancer patients being less than would be expected based on
the family studies. The potential role of several other recently identified genes which are involved in the
cellular DNA damage response to ionising radiation and which could also play a role in radiosensitivity
and breast cancer development are reviewed. © 1999 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

MAMMALIAN CELLS proliferate and divide through an orderly
sequence of four phases that compose the cell cycle. A cell
that is destined to proliferate first enters the G1 phase, a
period during which the cell size increases and preparations
are made to enable DNA replication in the subsequent S
phase. In the following G2 phase preparations are made for
the onset of the M phase in which the duplicated DNA is
equally separated between two daughter cells. As a cell pro-
gresses through these phases, control is exerted at various
checkpoints to ensure the completion of all biochemical
events in one phase before initiating the next.
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The tumour suppressor protein p53 plays an important
role in the DNA damage cell cycle checkpoints [1]. In normal
cells activation of the p53-mediated DNA damage response
pathway has unquestionably been connected with G1 cell
cycle arrest. The p53 protein has also been shown to be
involved in G2 cell cycle arrest [2], but this role remains less
clear. Cell cycle arrest following exposure to radiation
damage is believed to play an essential role in maintaining
genomic stability, as it allows a prolonged period for DNA
damage to be repaired before DNA replication or cellular
division. Indeed, genomic instability is commonly observed in
tumour cells and impaired control of cell cycle progression
might explain this instability [3]. The important role for p53
in tumorigenesis is further demonstrated by the finding that
this gene is mutated in approximately 50% of human cancers
[4].

The p53 protein has been found to play a separate role in
DNA damage-induced programmed cell death (apoptosis)
[1]. Whether a cell undergoes cell cycle arrest or apoptosis
following p53 activation appears to depend on a variety of
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factors, such as the extent of DNA damage, level of p53
expression and cell type, but also on the presence of several
other gene products [5,6]. The products of the ataxia tel-
angiectasia gene (ATM) and the Nijmegen breakage syn-
drome gene (NBS1) have been implicated upstream of the
p53-mediated cellular DNA damage response to ionising
radiation [7-9]. Mutations in these genes confer sensitivity to
ionising radiation and predisposition to cancer [10]. However,
several other genes have also been shown to be involved in the
cellular DNA damage response to ionising radiation [11].

It is well known that cells derived from normal individuals
show variability in their radiosensitivity [12,13]. This may
partly be due to different expression levels of the genes that
affect the radiosensitivity of cells. Given the increased inci-
dence of breast cancer in the human population following
exposure to ionising radiation [14], this would suggest that
the radiosensitive subgroup that exists among the general
population might face special hazards from routine diagnostic
or therapeutic procedures involving radiation. Therefore, a
better understanding of the possible relationship between
genes that influence radiosensitivity and breast cancer devel-
opment is clearly warranted.

ATAXIA TELANGIECTASIA HETEROZYGOSITY
AND BREAST CANCER

Breast cancer is one of the most common malignancies in
the world, affecting 1 in 10 women in the U.K. and 1 in 9 in
the U.S.A. Linkage analysis of certain families with a high
risk of breast cancer has identified two important suscept-
ibility genes, BRCA1 and BRCA2, on chromosome 17921
and 13q, respectively [15]. In addition, germ-line mutations
in the p53 gene on chromosome 17p cause a high risk of
premenopausal breast cancer as part of the Li-Fraumeni
syndrome. However, epidemiological studies have shown that
mutations in these genes are relatively rare in the general
population and each is likely to account for less than 2% of all
breast cancer cases [15]. In principle, a greater proportion of
breast cancer cases within the population could be accounted
for by more common genes that may have relatively low
penetrance with regard to breast cancer.

The ATM gene mutated in ataxia telangiectasia (AT)
patients is one candidate for such a susceptibility gene for
breast cancer [16]. AT is an autosomal recessive syndrome
displaying cerebellar ataxia, oculocutaneous telangiectasia,
immunodeficiency, chromosomal instability, radiosensitivity
and a predisposition to lymphoid cancer in childhood [17].
However, epithelial cancers, including breast cancer, have
been reported for older AT patients who show a milder AT
phenotype [17,18]. AT is a relatively rare disorder and has
been estimated to occur in 1 in 40,000 to 1 in 300,000 of the
population in the U.S.A. and Europe [19]. It has been esti-
mated that approximately 1% of the general population is
heterozygous for ATM gene mutations, with some variation
in this frequency in different ethnic populations [19-22]. AT
heterozygotes are clinically asymptomatic. However, there is
consistent evidence that they may be at increased risk of epi-
thelial cancers, especially breast cancer [19,20]. The relative
risk of breast cancer for female AT heterozygotes was esti-
mated to be 3.9-fold higher than that of the general popula-
tion and would suggest that AT heterozygotes could account
for about 4% of all breast cancer cases in the general popu-
lation [19]. In these studies there was little suggestion that
breast cancer risk among AT heterozygotes is age dependent.
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However, a recent study of AT heterozygotes in the U.S.A.
showed that breast cancer risk appears to increase from the
age of 60 years or older [20]. In this age group, breast cancer
risk was found to be 6.6-fold higher than in those less than 60
years of age and, if these figures are correct, up to 8% of all
breast cancers arising in the U.S.A. may occur in AT hetero-
zygotes [20].

The rare autosomal recessive disorder called the Nijmegen
breakage syndrome (NBS) was considered as a variant form
of AT based on biological similarities between the syndromes
[23]. NBS is characterised by microcephaly, growth and
mental retardation, immunodeficiency, chromosomal instabil-
ity, radiosensitivity and a high incidence of lymphoid cancers
in childhood [17]. However, NBS patients show neither the
cerebellar ataxia nor the ocular telangiectasia seen in AT
patients, while AT patients do not show microcephaly or
mental retardation. With the recent identification of several
additional NBS patients in eastern and central Europe [24],
linkage analysis has enabled the mapping of the NBS gene on
chromosome 8q21 [25,26]. This chromosomal localisation is
different to that of the ATM gene on chromosome 11g23.1
and demonstrates that AT and NBS are genetically distinct
diseases [16]. Fine mapping of the chromosomal region 8q21
has recently resulted in the cloning of the NBS! gene, which
was shown to be mutated in NBS patients [27,28]. A higher
risk for epithelial cancers has been found among NBS het-
erozygotes of Czech and Slovakian origin than among the
normal population in these regions [29].

ATM mutation analysis in breast cancer patients

The ATM gene spans approximately 150kb of genomic
DNA, which is composed of 66 small exons [30]. Most of the
mutations in the ATM gene that have been described in more
than 200 different AT families are unique and they are dis-
tributed uniformly along the length of the ATM gene
[16,18,21,31-36]. Approximately 70% of the reported ATM
mutations would result in a truncated and unstable ATM
protein [36]. The remaining ATM mutations are in-frame
insertions/deletions and missense mutations. Two websites
detail the spectrum of ATM mutations reported to date
(http://www.vmmc.org/vmrc/atm.htm and http://www.uwc-
me.ac.uk//uwcm/mg/hgmd0.html).

The cloning of the ATM gene has provided the possibility
of studying the role of ATM heterozygosity in breast cancer
development by germ-line mutational analysis of breast can-
cer patients. In the first study, described by Vorechovsky and
coworkers in 1996, three AT heterozygotes were identified
among 88 selected breast cancer cases of Swedish families
with a history of breast cancer, leukaemia and lymphoma
[37]. In this study, blood DNA samples were screened using
single-strand conformation polymorphism (SSCP) mutation
analysis, which detects all types of ATM mutation. The pro-
portion of 3.4% of primary breast cancer patients being AT
heterozygotes would support the increased risk of breast
cancer among AT heterozygotes. However, all the breast
cancer cases in this study had a family history of cancers
typically seen in AT families and may not be representative of
the situation in sporadic unselected breast cancer cases. That
the cases in this study may possibly have been enriched for
ATM mutations is also suggested by the finding of a cluster-
ing of missense ATM mutations in non-AT patients with
sporadic T-cell prolymphocytic leukaemia [38]. This type of
malignancy is frequently seen in AT patients [39].
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In another study described by FitzGerald and colleagues in
1997, only two AT heterozygotes were found among 401
selected breast cancer cases diagnosed under the age of 40
years and with or without a family history of breast or other
epithelial cancers [22]. This AT heterozygote frequency of
0.5% was even lower than that found in the control group of
healthy individuals, 1% in this study [22]. Although this may
suggest that the ATM gene is not a susceptibility gene for
breast cancer, it should be noted that, in this study, protein
truncation testing (PTT) mutation analysis was used, which
detects ATM protein truncating mutations. Based on current
knowledge of the ATM mutation profile seen in AT patients,
it might be expected that approximately 30% of all ATM
mutations, which would not truncate the ATM protein, will
not be detected by this technique. In addition, recent studies
have indicated that the ATM mutation spectrum may vary
among AT patients from a single ethnic population [18,40].
For instance, 40% of all ATM mutations found among the
German AT patients appear to be missense mutations [40].
Many of the in-frame insertions/deletions and missense 4ATM
mutations that do not truncate the ATM protein are asso-
ciated with some degree of expression of mutant ATM pro-
tein [18,41]. The presence, within the cell, of mutant ATM
protein with residual function may lead to less severe clinical
and cellular phenotypes of AT [18,42-44]. Moreover, it
appears that these types of ATM mutation could be more
relevant in tumour development [18,37,38]. This seems to
be supported by a more recent German study of 200 unse-
lected breast cancer patients, in which several patients carry-
ing a heterozygote missense A7M mutation have been found
with SSCP analysis of genomic DNA [45]. In contrast, in this
study no ATM mutations could be found with PTT mutation
analysis.

RADIOSENSITIVE BREAST CANCER PATIENTS

It is well known from clinical observations that a range of
normal tissue reactions can be seen in cancer patients fol-
lowing treatment with radiotherapy, varying from very mild
to severe and occasionally lethal. Several studies have shown
that approximately 5% of all breast cancer patients show
severe (e.g. EORTC grade 3 or 4) early or late normal tissues
reaction following radiotherapy [46—48]. The most dramatic
examples of severe normal tissue reaction to radiotherapy
have been seen in AT patients who sustained devastating,
life-threatening normal tissue necrosis [49,50]. Cultured
cells derived from AT patients retain their extreme sensitivity
to ionising radiation  virro [51]. AT heterozygotes also dis-
play in witro radiosensitivity when compared with normal
individuals, although not as pronounced as in AT patients
[51].

Epidemiological studies have shown that radiation of the
breast increases the risk of breast cancer, especially among
young women [14]. Increased incidences of breast cancer
were reported in women who were irradiated for childhood
Hodgkin’s disease, exposed during atomic bombing or
occupationally exposed to ionising radiation. Considering
the in wvitro radiosensitivity and increased risk for breast
cancer among AT heterozygotes [19, 20], these findings sug-
gest that AT heterozygotes may face special hazards from
routine diagnostic or therapeutic procedures involving radia-
tion. Accordingly, it may be expected that a substantial pro-
portion of the radiosensitive breast cancer patients are AT
heterozygotes.
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The in vitro radiosensitivity as seen in AT heterozygotes
has been extensively studied in radiosensitive cancer patients
in order to determine whether this could predict their treat-
ment response to radiotherapy. Several studies have shown a
correlation between the i vitro radiosensitivity of breast can-
cer patients and the clinical occurrence of late (e.g. fibrosis,
telangiectasia) normal tissue reaction to radiotherapy
[48,52,53]. This may suggest that a germ-line mutation
could underlie the radiosensitivity of these breast cancer
patients. However, no clear correlation has been found
between the i vitro radiosensitivity of cancer patients and the
clinical occurrence of an early (e.g. erythema, moist desqua-
mation) normal tissue reaction following radiotherapy
[52,54,55]. Remarkably, only mild reactions of normal tissue
following radiotherapy have been reported in breast cancer
patients who were found to be AT heterozygotes [22,56]. It
should be noted that the number of cases examined was small
and individual variation in the degree of i wirro radio-
sensitivity has been observed among AT heterozygotes and
even AT homozygotes [10]. Therefore, it may be expected
that such individual variations will become more apparent
when studying individual cases.

ATM mutation analysis in radiosensitive breast cancer patients

The cloning of the ATM gene in 1995 enabled the study of
the role of ATM heterozygosity in the radiosensitivity of cer-
tain breast cancer patients at a molecular level. In the first
study, no AT heterozygotes were detected among 16 British
breast cancer patients showing mainly severe acute normal
tissue reaction to radiotherapy [57]. In this study, SSCP-
based restriction endonuclease fingerprinting (REF) muta-
tion analysis was used, which detects all types of ATM
mutation in AT patients. These results strongly suggest that
AT heterozygotes do not represent a substantial proportion of
the radiosensitive breast cancer patients with severe early
normal tissue reaction to radiotherapy. As mentioned pre-
viously, it appears that the in vitro radiosensitivity seen in
breast cancer patients correlates better with late than with
early normal tissue reactions to radiotherapy. Therefore, a
more substantial proportion of AT heterozygotes may be
found among breast cancer patients with a severe late normal
tissue reaction to radiotherapy. However, in a similar study
among 15 Australian breast cancer patients showing a severe
late normal tissue reaction to radiotherapy, no AT hetero-
zygotes were found with PTT mutation analysis [58]. As
already mentioned, PTT analysis detects only 60-70% of all
ATM mutations in AT patients. In another Dutch study
among 11 breast cancer cases who developed breast cancer
after irradiation for Hodgkin’s disease, one AT heterozygote
was detected using PTT mutation analysis [59].

Although these studies do not exclude a causative role for
ATM heterozygosity in the radiosensitivity of certain breast
cancer patients and the risk of developing breast cancer, it
would appear that the proportion of AT heterozygotes among
the radiosensitive breast cancer patients is less than the
expected 4% of breast cancer patients being AT hetero-
zygotes.

THE p53-MEDIATED CELLULAR DNA DAMAGE
RESPONSE TO IONISING RADIATION
Mammalian cells respond to ionising radiation by inhibit-
ing cell cycle progression and activating the processing of
induced DNA damage or inducing programmed cell death
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(apoptosis). The signal transduction pathways that determine
these cellular responses to ionising radiation are generally
triggered by DNA damage, although oxidative damage to
plasma membrane lipids may also stimulate stress response
pathways that induce apoptosis in certain cell types [60]. The
tumour suppressor protein p53 has been shown to play a
central role in controlling the cellular DNA damage response
following exposure to DNA damaging agents such as ionising
radiation, ultraviolet (UV) light and DNA alkylating agents
[1]. In normal cells following exposure to such DNA dama-
ging agents the cellular content of the p53 protein increases
rapidly. This increase in the p53 protein level results from
enhanced protein stability [61]. The p53 protein is a tran-
scription factor that binds to sequence-specific sites in the
promotor region of several genes, such as WAFI/CIPI,
mdm2, WIP1, GADD45, bax and IGF-BP3. The transcrip-
tional activation of these p53 target genes is associated with
either cell cycle arrest, DNA repair or apoptosis [1,62]. The
p53 protein also represses transcription of a number of cel-
lular genes with promotors lacking p53-binding sites, such as
c-fos, c-jun, Rb and bcl-2 [1]. The potency of p53 as a broad-
range repressor may be an important component of its
tumour suppressor function.

Recent evidence has shown that the mdm2 gene product
functions as a negative feedback regulator of p53 [63, 64].
Expression of the mdm2 gene is regulated by p53, while the
mdm?2 protein stimulates the proteolytic degradation of p53.
This mechanism normally maintains p53 at very low levels.
However, phosphorylation of p53 following ionising radiation
has been shown to inhibit the mdm?2-induced proteolytic
degradation of p53 and results in the increase of p53 protein
levels [65]. In approximately 50% of all human tumours, the
p53 gene has been found to be mutated [4]. The function of
p53 may be inactivated owing to mdm2 gene amplification in
some of the remaining tumours containing wild-type p53
[66].

Inhibition of cell cycle progression following exposure to ionising
radiation

The WAF1/CIPI gene encoding p21 is one of the best-
documented genes transcriptionally activated by p53 follow-
ing DNA damage [67]. The p21 protein plays an essential
role in G1 cell cycle arrest in response to radiation damage,
because of its role as an inhibitor of G1 cyclin-dependent
kinases [68]. Several of the G1 cyclin-dependent kinases tar-
get the retinoblastoma protein, pRb, for phosphorylation.
Hyperphosphorylation of pRb is required to advance G1 to S
phase transition. The p53-mediated G1 cell cycle arrest fol-
lowing exposure to ionising radiation appears to differ among
different cell types. In tumour-derived cells expressing wild-
type p53, exposure to ionising radiation was originally found
to result in a transient G1 cell cycle arrest [69]. In normal
human fibroblasts, ionising radiation appears to result in a
permanent G1 cell cycle arrest with prolonged induction of
p21, resembling senescence [70]. Although these differences
in the G1 cell cycle arrest could be due to the inactivation of
components upstream or downstream of p53 during tumour
formation, cell-type specific differences in the cell cycle
checkpoint response have recently also been shown in normal
human cells [71].

The p21 protein appears to have a second, separate func-
tion in the inhibition of DNA replication during the S-phase
by acting as an inhibitor of the human proliferating cell
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nuclear protein (PCNA), an auxiliary protein for DNA poly-
merases delta and epsilon [72].

DNA repair of ionising radiation-induced DNA damage

Ionising radiation is known to induce a broad variety of
DNA lesions, such as single-strand breaks, double-strand
breaks, base damages and protein—-DNA cross-links. Among
these different lesions, DNA double-strand breaks are
thought to be the most important lesions with respect to
chromosomal aberrations and cell death observed following
the exposure of cells to ionising radiation.

At least two distinct pathways (e.g. non-homologous and
homologous recombinational repair) have been shown to
facilitate the repair of DNA double-strand breaks induced by
ionising radiation [73]. The DNA-dependent protein kinase
(DNA-PK) plays an important role in the non-homologous
recombinational repair of DNA double-strand breaks and
cells defective in any one of the subunits of DNA-PK are
extremely sensitive to ionising radiation [11]. DNA-PK is a
multiprotein complex composed of a DNA-binding subunit,
Ku, and a catalytic subunit, DNA-PKcs, which is a nuclear
serine—threonine protein kinase. DNA-PKcs is active when
bound to DNA ends by Ku, a heterodimeric protein of
70000 (Ku70) and 86000 mol. wt (Ku86) subunits. Once
bound to the DNA ends by Ku, DNA-PKcs may activate
signalling pathways that facilitate the processing of DNA
double-strand breaks induced either by ionising radiation or
during diverse non-homologous DNA recombination pro-
cesses, such as V(D)] recombination [74].

The p53 protein is found to regulate the expression of the
KARP-1 protein following ionising radiation. This Ku86-
related KARP-1 protein is expressed from a promotor
upstream of the human Ku86 locus and appears to function
as a regulator of DNA-PK activity [75]. This suggests a reg-
ulatory role for p53 in the repair of ionising radiation-induced
DNA double-strand breaks. Other indications that p53 is
involved indirectly in the repair of DNA damage is suggested
by the interaction of the proteins of two p53 target genes,
WAF1/CIP(p21) and GADD45, with PCNA [72,76]. The
binding of p21 to PCNA inhibits the function of PCNA in
DNA replication, whereas it appears not to inhibit its func-
tion in DNA repair [77]. The interaction of p53 with DNA
repair proteins, such as the replication-repair protein RPA, the
redox-repair protein Ref-1 and subunits of the transcription-
repair factor TFIIH (e.g. XPB, XPD and p62), may also
suggest that p53 is directly involved in the repair of DNA
damage and cell cycle arrest [1, 78]. However, the interaction
of p53 with the subunits of TFIIH may also be linked to p53-
mediated apoptosis [79].

DNA damage sensors activating p53

DNA damage cell cycle checkpoints are postulated to act in
a signal-transduction system that communicates information
between a DNA lesion and components of the cell cycle. In
recent years, exciting progress has been made in under-
standing how mammalian cells detect ionising radiation-
induced DNA damage and transduce signals mediated by
p53 to the regulatory machinery of the cell. The genes
defective in AT and NBS patients have been implicated
upstream of p53 in the cellular response to DNA damage
induced by ionising radiation. p53 induction is found to be
delayed and reduced following exposure to ionising radiation
in AT and NBS cell lines [7,9,80]. Subsequently, the
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increase in the level of the transcripts of genes that are acti-
vated by p53, such as the WAF1/CIP1(p21) gene, is reduced
in AT and NBS cells following exposure to ionising radiation
[8,9]. Accordingly, AT and NBS cells are impaired in the
regulation of cell cycle arrest following exposure to ionising
radiation [9,23, 81, 82]. In contrast, the increase in p53 pro-
tein and WAF1/CIPI1(p21) mRNA expression following
exposure to UV light or DNA alkylating agents is similar in
AT, NBS and normal cells [8,9,83]. These results suggest
that the ATM and NBS! gene products are involved in the
signalling of some form of DNA strand breaks induced by
ionising radiation.

The carboxyl-terminal region of the ATM protein shows
similarities with the catalytic domains of phosphatidylinositol
3-kinases [16]. This similarity is shared with a family of
ATM-related proteins which includes Meclp and Tellp in
budding yeast, Rad3p in fission yeast, Drosophila melanogaster
mei-41, mammalian DNA-PKcs and ATR [84, 85]. Interest-
ingly, these proteins are involved in the control of cell cycle
progression, processing of DNA damage and maintenance of
genome stability, all processes found to be defective in AT as
well as NBS cells [10]. The phosphatidylinositol 3-kinase
domain of the ATM protein functions as a protein kinase
[86,87], as appears to be the case for most ATM-related
proteins. The similarity between DNA-PKcs and the ATM
protein strongly supports the hypothesis that the ATM pro-
tein is involved specifically in the signalling of DNA double-
strand breaks induced by ionising radiation [88].

The NBS1 gene mutated in NBS patients has recently
been cloned [27,28]. It spans a chromosomal region of 50 kb
on chromosome 8q21 and is composed of 16 exons. This
gene encodes for a novel 95000 mol. wt protein, nibrin.
Sequence comparisons of nibrin with other proteins revealed
two domains in the amino-terminal region, a fork-head-
associated domain and a breast cancer carboxy-terminal
domain. Notably, both domains have been found separately
in proteins that function in the DNA damage cell cycle
checkpoints. Interestingly, nibrin has been identified as a
member of the hRAD50/hMRE11 double-strand break repair
complex [28] which together with DNA-PK is implicated in
the non-homologous recombinational DNA double-strand
break repair pathway [89]. Thus, these new findings may
suggest the following model for the activation of the p53-
mediated cellular response to ionising radiation (Figure 1). In
this model, DNA double-strand breaks induced by ionising
radiation are directly sensed and stabilised by the Ku pro-
teins. The DNA-Ku protein complex then activates DNA-
PKcs to facilitate the non-homologous recombinational
rejoining of the DNA double-strand breaks. The non-
homologous recombinational DNA double-strand break
repair pathway comprises several successive steps [74]. The
exact involvement of the hRAD50/hMRE11/nibrin complex
and the XRCC4/ligase IV complex in these steps needs to be
elucidated. Analogous to the DNA-Ku protein complex acti-
vating DNA-PKcs, the hRAD50/hMRE11/nibrin complex
may activate ATM to act as a protein kinase. Subsequently,
activated ATM may phosphorylate p53 and activate the cel-
lular DNA damage response to ionising radiation.

The DNA-PK protein has also been implicated in the p53-
mediated DNA damage response to ionising radiation, since
it was found to phosphorylate p53 in the amino-terminal
transactivation domain i vitro [90]. However, several studies
have shown that cells lacking DNA-PK function display
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normal induction of p53 protein levels and WAF1/CIPI gene
expression, and subsequently arrest at G1-S and G2-M fol-
lowing exposure to ionising radiation [91,92]. These results
suggest that DNA-PK is not essential for activating the p53-
mediated cell cycle arrest in response to ionising radiation
[see also Ref. 93]. However, DNA-PK might be involved in
p53-mediated apoptosis which occurs without p53 stabilisa-
tion [94], e.g. when irreparable DNA damage is induced by
ionising radiation.

Induction of apoptosis following exposure to ionising radiation

Apoptosis, also known as programmed cell death, is a
genetically controlled cellular process that results in cell death
[95]. Apoptosis occurs normally during embryonic develop-
ment of the limbs, immune regulation and normal cell turn-
over. Therefore, decreased apoptosis may contribute to
neoplastic transformation. It is becoming increasingly clear
that apoptosis also functions as a cancer prevention mechan-
ism that eliminates cells with severe DNA damage induced by
ionising radiation, UV light or a variety of cytotoxic drugs
[96]. An early event during DNA damage-induced apoptosis
of most mammalian cells is the cleavage of a number of sub-
strates such as poly(ADP-ribose)polymerase and DNA-PKcs
by interleukin-1B-converting enzyme-related proteases (cas-
pases) [97]. The role of these DNA-repair proteins in apop-
tosis is still not clear, but their cleavage may reduce the
efficiency of DNA-repair processes.

The p53 protein has been found to play a separate role in
DNA damage-induced apoptosis in certain cell types, but
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how this role is linked to its cell cycle function is not yet clear.
The p53 protein can induce apoptosis by transcriptional
activation of the BAX gene [98] and the insulin-like growth
factor binding protein 3 (IGF-BP3) gene [99]. IGF-BP3 is an
antagonist of insulin-like growth factor-1 (IGF-1) and
downregulation of IGF-1 is correlated with the apoptotic
response [100]. The pro-apoptotic Bax protein prevents the
ability of the Bcl-2 protein to suppress apoptosis by forming
heterodimers with the Bcl-2 protein. The intracellular ratio of
the Bax protein to the Bcl-2 protein has been proposed to
regulate apoptosis through the formation of homodimers and
heterodimers [98].

The regulatory role of ATM in p53 activation following
exposure to ionising radiation suggests that the ATM protein
could control radiation-induced apoptosis [101]. However, it
remains unclear whether the increased cell killing of AT cells
following irradiation is due to a deregulated radiation-
induced apoptotic response [102], or whether this is a con-
sequence of the prolonged block of AT cells in G2 phase
owing to the irreparable DNA damage inflicted in G1 or S
phase.

Regulation of p53-mediated cellular DNA damage responses

The mechanisms that govern the p53-mediated cellular
DNA damage response still remain elusive. However, several
variables, such as the extent of DNA damage and the levels of
p53 in cells, may influence the balance between p53-mediated
cell cycle arrest and repair of DNA damage or induction of
apoptosis following exposure to ionising radiation [5]. Phos-
phorylation of p53 at several sites by multiple protein kinases
such as ATM, DNA-PK, mitogen-activated protein kinase,
cyclin-dependent kinase and Jun amino-terminal kinase, has
also been proposed as a mechanism to modulate the relative
efficiency of activation or repression of the different p53 tar-
get genes [1, 86,87,103].

The p53-mediated cellular DNA damage response also
depends on several gene products that co-operate with p53
[6]. Interferon regulatory factor (IRF)-1 is another gene product
that has recently been implicated in the DNA damage response
to ionising radiation. The cellular IRF-1 protein levels
increase following ionising radiation by post-transcriptional
stabilisation [104]. Although the expression of IRF-1 and p53
is independent of one another, the transcriptional induction
of the WAF1/CIP1(p21) gene and subsequent G1 cell cycle
arrest following ionising radiation is found to be dependent
on both p53 and IRF-1 [104]. However, IRF-1 and p53 are
required for distinct pathways in DNA damage-induced
apoptosis [105]. The way in which IRF-1 participates in co-
operation with p53 in the DNA damage response to ionising
radiation remains unknown.

c-Abl tyrosine kinase is another protein implicated in the
DNA damage response to ionising radiation. c-Abl activation
following ionising radiation is associated with G1 cell cycle
arrest or induction of apoptosis [106, 107]. The c-Abl medi-
ated G1 cell cycle arrest is induced by a p53-dependent, but
WAF1/CIP1(p21)-independent mechanism that inhibits the
G1 cyclin-dependent kinase, CDK2. However, the stabilisa-
tion of p53 does not seem to require c-Abl, nor is p53 needed
for activation of c-Abl following ionising radiation [106—-108].
The additional interaction of c-Abl with the retinoblastoma
protein, pRb, another key regulator of the G1 to S phase
transition, may suggest an alternative pathway regulating the
cellular DNA damage response to ionising radiation [109].
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Functional pRb is necessary for the p53-mediated G1 cell
cycle arrest following ionising radiation. Loss of functional
pRb may contribute to p53-mediated apoptosis due to inap-
propriate cell proliferation signals by entering into S phase
[110]. Recent work has shown that DNA-PK as well as ATM
may activate c-Abl in response to ionising radiation
[108,111,112]. Assuming that DNA-PK is involved in the
induction of apoptosis and ATM in cell cycle regulation in
response to ionising radiation, the balance between the acti-
vation of c-Abl and p53 by these protein kinases could
determine the fate of cells, with repair of DNA damage and
survival or the induction of apoptosis.

The novel ING1(p33) gene product has also been shown
to interact with p53 and modulates the ability of p53 to act as
a transcriptional activator [113]. The growth-suppressive
activity of p53 by the activation of WAFI1/CIPI1(p21) gene
transcription depends on the expression of INGI(p33).
Ectopic expression of the ING1 gene leads to G1 cell cycle
arrest or induces apoptosis in several cell types [114,115].
Reduced expression of ING1(p33) has been found in several
breast tumour cell lines [115].

CONCLUSIONS

The large size of the ATM gene and the numerous distinct
ATM mutations that have been reported among AT patients
make identification of A7TM mutations in the general popu-
lation for clinical diagnosis laborious and impractical. Initial
studies indicated that approximately 90% of all ATM muta-
tions found in AT patients would truncate the ATM protein
and should be detectable by PTT mutation analysis [33].
However, recent studies have shown that this figure may be
as low as 60-70% of all ATM mutations, depending on the
ethnic population [18,36,40]. Moreover, certain missense
ATM mutations that do not truncate the ATM protein
appear to be more associated with breast tumour develop-
ment [18]. Such associations may also explain the differences
in breast cancer risk in AT families from different ethnic
populations [19]. Unfortunately, many of the studies con-
cerning the role of ATM heterozygosity in breast cancer have
used PTT mutation analysis, which will only detect ATM
protein truncating mutations. In addition, many of these stu-
dies have statistical margins that would not allow accurate
risk estimates to be made [116]. Therefore, large-scale
population-based studies, which pay attention to all possible
ATM mutations, as well as the selection of breast cancer
cases and matched controls, will be required to answer the
precise role of ATM heterozygosity in breast cancer.

From the available data it would appear that ATM hetero-
zygosity plays only a partial role in the radiosensitivity of cer-
tain breast cancer patients and subsequently in the risk of
developing radiation-induced breast cancer. Several other
gene products, such as NBS1, DNA-PK, c-Abl, IRF-1 and
ING1(p33), have recently been shown to be involved in the
p53-mediated DNA damage response to ionising radiation.
Mutations in these genes confer sensitivity to ionising radia-
tion or predisposition to cancer, or both. Therefore, several of
these genes may also be the underlying cause of a proportion
of the radiosensitive breast cancer patients and need to be
investigated in the near future. In light of the similarities
between the NBS and AT syndrome and the finding that the
NBS1 gene product co-operates with ATM in activating the
p53-mediated DNA damage response, it may be expected
that female relatives of NBS patients might also have an
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increased risk for breast cancer. The recent cloning of the
NBS1 gene should now allow the investigation of a possible
similar increased risk for breast cancer among NBS hetero-
zygotes.
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