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The genomes of eukaryotic cells are under continuous
assault by environmental agents (e.g., UV light and re-
active chemicals) as well as the byproducts of normal
intracellular metabolism (e.g., reactive oxygen interme-
diates and inaccurately replicated DNA). Whatever the
origin, genetic damage threatens cell survival, and, in
metazoans, leads to organ failure, immunodeficiency,
cancer, and other pathologic sequelae. To ensure that
cells pass accurate copies of their genomes on to the next
generation, evolution has overlaid the core cell-cycle
machinery with a series of surveillance pathways termed
cell-cycle checkpoints. The overall function of these
checkpoints is to detect damaged or abnormally struc-
tured DNA, and to coordinate cell-cycle progression
with DNA repair. Typically, cell-cycle checkpoint acti-
vation slows or arrests cell-cycle progression, thereby al-
lowing time for appropriate repair mechanisms to cor-
rect genetic lesions before they are passed on to the next
generation of daughter cells. In certain cell types, such as
thymocytes, checkpoint proteins link DNA strand
breaks to apoptotic cell death via induction of p53.
Hence, loss of either of two biochemically connected
checkpoint kinases, ATM or Chk2, paradoxically in-
creases the resistance of immature (CD4"CD8") T cells
to ionizing radiation (IR)-induced apoptosis (Xu and Bal-
timore 1996; Hirao et al. 2000).

In a broader context, cell-cycle checkpoints can be en-
visioned as signal transduction pathways that link the
pace of key cell-cycle phase transitions to the timely and
accurate completion of prior, contingent events. It is im-
portant to recognize that checkpoint surveillance func-
tions are not confined solely to the happenings within
the nucleus—extranuclear parameters, such as growth
factor availability and cell mass accumulation, also gov-
ern the pace of the cell cycle (Stocker and Hafen 2000).
However, for the purposes of this review we will focus
exclusively on the subset of checkpoints that monitor
the status and structure of chromosomal DNA during
cell-cycle progression (Fig. 1). These checkpoints con-
tain, as their most proximal signaling elements, sensor
proteins that scan chromatin for partially replicated
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DNA, DNA strand breaks, or other abnormalities, and
translate these DNA-derived stimuli into biochemical
signals that modulate the functions of specific down-
stream target proteins.

Despite the recent explosion of information regarding
the molecular components of cell-cycle checkpoints in
eukaryotic cells, we still have only a skeletal under-
standing of both the identities of the DNA damage sen-
sors and the mechanisms through which they initiate
and terminate the activation of checkpoints. However,
members of the Rad group of checkpoint proteins, which
include Rad17, Radl, Rad9, Rad26, and Husl (nomencla-
ture based on the Schizosaccharomyces pombe gene
products) are widely expressed in all eukaryotic cells,
and are prime suspects in the lineup of candidate DNA
damage sensors (Green et al. 2000; O’Connell et al.
2000). Three of these Rad proteins, Radl, Rad9, and
Husl, exhibit structural similarity to the proliferating
cell nuclear antigen (PCNA), and accumulating evidence
supports the idea that this similarity may extend to func-
tion as well (Thelen et al. 1999; Burtelow et al. 2000).
During DNA replication, PCNA forms a homotrimeric
complex that encircles DNA, creating a “sliding clamp”
that tethers DNA polymerase 8 to the DNA strand.
Radl, Rad9, and Husl are also found as a heterotrimeric
complex in intact cells, and it has been postulated that
the Rad1-Rad9-Hus1 complex encircles DNA at or near
sites of damage to form a checkpoint sliding clamp (CSC)
(O’Connell et al. 2000), which could serve as a nucleus
for the recruitment of the checkpoint signaling machin-
ery to broken or abnormally structured DNA. The anal-
ogy between PCNA and the Radl-Rad9-Husl complex
extends even further. The loading of the PCNA clamp
onto DNA is controlled by the clamp loading complex,
replication factor C (RFC). Interestingly, yet another
member of the Rad family, Radl7, bears homology to
the RFC subunits and, in fact, associates with RFC sub-
units to form a putative checkpoint clamp loading com-
plex (CLC) that governs the interaction of the Radl-
Rad9-Hus1 CSC with damaged DNA (Green et al. 2000;
O’Connell et al. 2000). Although this model is fascinat-
ing, rigorous biochemical evaluations of the interplay
between the CLC and CSC complexes, and the interac-
tions of both complexes with damaged chromatin, are
needed before the model can be accepted without reser-
vation.
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Figure 1. A generic cell-cycle checkpoint signaling pathway. (ROI) Reactive oxygen intermediate.

Moving downstream of the sensor apparatus, we find
additional analogies between checkpoint pathways and
standard signal transduction cascades, in that both rely
heavily on protein phosphorylation for signal transmis-
sion and amplification. Cell-cycle checkpoint kinases
belong largely, if not entirely, to the serine-threonine
kinase family, and the proteins they target for modifica-
tion range from more downstream members of the
checkpoint pathway itself (e.g., additional protein ki-
nases or noncatalytic scaffolding proteins) to distal ele-
ments that mediate cell-cycle arrest and DNA repair re-
sponses (e.g., the Cdc25C phosphatase or type 2A his-
tones) (Rogakou et al. 1999; Downs et al. 2000;
O’Connell et al. 2000; Paull et al. 2000).

During the very earliest stages of checkpoint activa-
tion, DNA damage sensors relay information, via a still-
elusive mechanism, to members of a recently defined
family of phosphoinositide 3-kinase related kinases
(PIKKs; Tibbetts and Abraham 2000). In mammalian
cells, two PIKK family members, ATM (ataxia-telangi-
ectasia mutated) and ATR (ATM and Rad 3-related), play
critical roles in early signal transmission through cell-
cycle checkpoints. Homologs of ATM and ATR are
present in all eukaryotic cell types examined to date,
including budding and fission yeast. The present review
focuses on the biochemistry and function of the mam-
malian checkpoint kinases, ATM and ATR, with only
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brief references to the precedent literature from yeast
model systems. For more information regarding the
yeast ATM/ATR homologs, or a more global overview of
cell-cycle checkpoints, the reader is referred to several
recent reviews (Elledge 1996, Weinert 1997; Lowndes
and Murguia 2000; Tibbetts and Abraham 2000; Zhou
and Elledge 2000).

The PIKK family

As mentioned earlier, ATM and ATR belong to a struc-
turally unique family of protein serine-threonine ki-
nases whose catalytic domains share a clear evolutionary
relationship with those of mammalian and yeast phos-
phoinositide 3-kinases (Hunter 1995; Zakian 1995; Tib-
betts and Abraham 2000). The molecular cloning of
PIKK-encoding ¢cDNAs began with the isolation of the
products of the target of rapamycin genes (TORI and
TOR2) from Saccharomyces cerevisiae (Cafferkey et al.
1994; Helliwell et al. 1994), followed by the cloning of
the mammalian ortholog, termed mTOR (also called
FRAP or RAFT1) (Brown et al. 1994; Sabatini et al. 1994;
Sabers et al. 1995). As the TOR acronym indicates, these
PIKK family members are the protein targets of the po-
tent antifungal and immunosuppressive agent, rapamy-
cin (for reviews, see Abraham and Wiederrecht 1996;
Gingras et al. 2001). Shortly thereafter, a flurry of reports



described a series of yeast, fly, worm, and mammalian
proteins that also expressed the characteristic phosphoi-
nositide 3-kinase-like catalytic domain (Zakian 1995;
Tibbetts and Abraham 2000). One of the cloned cDNAs,
termed ATM, attracted widespread attention, because
mutations in this gene underlie the heritable chromo-
somal instability disorder, ataxia-telangiectasia (A-T)
(Savitsky et al. 1995). On the heels of these initial papers,
the ATR ¢cDNA was uncovered during a search of an EST
database for additional gene products bearing the
mTOR/FRAP-like catalytic domain (Cimprich et al.
1996).

Recent studies in the worm, Caenorhabditis elegans,
and in human cells have identified yet another large
(~390 kD) protein kinase whose catalytic domain indi-
cates membership in the PIKK family. The C. elegans
gene, SMG-1, encodes a putative protein kinase that
plays an essential role in the elimination of RNA species
containing premature termination codons, a process
termed nonsense-mediated mRNA decay (NMD;
Maquat 2000). Subsequently, a human PIKK family
member bearing regional sequence homology to SMG-1
was cloned independently by at least two research teams
(Denning et al. 2001; K.M. Brumbaugh, D.M. Otterness,
and R.T. Abraham, in prep.). Although the human cDNA
has been designated hSMG-1 by one group (Denning et
al. 2001), we suggest that this name remain provisional
until a role for this PIKK family member in NMD is
unequivocally shown. Our own results indicate that
hSMGT1 is found in both the nucleus and cytoplasm, and,
like ATM and ATR, exhibits phosphotransferase activity
toward a variety of proteins containing Ser-Gln motifs
under in vitro assay conditions. At this early stage, it
seems quite likely that the putative hSmgl homolog will
join ATM and ATR as a stress-responsive protein kinase,
and that, in addition to its predicted role in NMD, this
intriguing addition to the PIKK family will offer further
insights into stress-induced signaling in mammalian
cells.

In addition to the sequence homology in the catalytic
domains, the PIKK family members exhibit a similar
overall structural organization (see Fig. 2 for examples).
When compared with other kinases (protein or lipid), the
PIKKs stand out immediately as very large polypeptides,
with molecular masses ranging from ~300 kD to >500
kD. The catalytic domains (~300 amino acids) of the
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PIKK family members are located near their carboxyl
termini, and are flanked by two loosely conserved do-
mains termed FAT (FRAP/ATM/TRRAP) and FATC (the
“C” indicates carboxy-terminal) (Bosotti et al. 2000).
Although the FAT/FATC domains contain no identifi-
able catalytic sequences, the fact that these domains are
always expressed in pairs has raised the still untested
hypothesis that they interact in an intramolecular fash-
ion, and thereby regulate the conformation of the in-
terposed kinase domain (Bosotti et al. 2000). Despite
the sequence similarity to phosphoinositide kinases,
the catalytic domains of the PIKKs appear to transfer
phosphate exclusively to protein rather than lipid sub-
strates.

The current members of the PIKK family can be
grouped into six subfamilies on the basis of both se-
quence homology and function (Durocher and Jackson
2001) (Table 1). The mammalian members of five of the
six subfamilies are known to phosphorylate protein sub-
strates on serine or threonine residues. In mammalian
cells, ATM and ATR are thought to share responsibili-
ties as the apical protein kinases in all of known cell-
cycle checkpoints, with the possible exception of the
mitotic spindle checkpoint, which is activated by treat-
ment with nocodazole, an inhibitor of microtubule po-
lymerization. The catalytic subunit of DNA-dependent
protein kinase (DNA-PK_,) functions as a heterotrimeric
complex containing two Ku subunits (Ku-70 and Ku-80),
and makes its own crucial contribution to genome main-
tenance by overseeing the nonhomologous end-joining
(NHEJ) pathway of DNA double-strand break (dsb) repair
(Smith and Jackson 1999). On the other hand, mTOR
plays no identifiable role in genome surveillance; rather,
this PIKK coordinates G, phase progression with the
supply of nutrients and growth factors (Gingras et al.
2001). As discussed previously, a very recent addition to
this list is hSMG-1, which has no yeast counterparts,
but, based on sequence homology to the Caenorhabditis
elegans SMG-1 protein, is predicted to function in NMD
(Denning 2001). Our group has cloned a partially over-
lapping open reading frame, and we have provisionally
termed the encoded polypeptide ATX (K.M. Brumbaugh,
D.M. Otterness, and R.T. Abraham, in prep.). Finally, the
members of the TRAPP subfamily express catalytic do-
mains that have sustained disabling mutations during
eukaryotic evolution (Grant et al. 1998). The latter pro-
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Table 1. Organization of PIKK subfamilies in human
and yeast cells

Subfamily Homo sapiens S. cerevisiae S. pombe
ATM ATM TEL1 tell*
ATR ATR MEC1 rad3*
TOR mTOR/FRAP TOR1 torl™*
TOR2 tor2*
SMG-1 hSMGI1/ATX — —
DNA-PK DNA-PK,, — —
TRRAP TRRAP TRA1 tral*

The organization shown is based on overall deduced amino acid
sequence homology. Dashed lines indicate the absence of ho-
mologs in yeast. Sequence comparisons among the different
subfamilies suggest that the members of the ATM, ATR, SMG-
1, and TOR subfamilies may have diverged from a common
ancestor.

teins may function as molecular scaffolds during eukary-
otic gene transcription (McMahon et al. 1998).

Biochemistry of the ATM and ATR Kkinases

Before launching into a discussion of the roles of ATM
and ATR in checkpoint signaling, it seems appropriate to
review the current state of knowledge regarding their
protein kinase activities, as many laboratories are ac-
tively pursuing the identification of in vivo substrates
for the ATM and ATR catalytic domains. The first PIKK
family member to be characterized as a protein kinase
was DNA-PK (Gottlieb and Jackson 1993; Smith et al.
1999). Like most protein kinases, partially purified
preparations of DNA-PK displayed Mg?*-dependent, ser-
ine-threonine kinase activity in the presence of ATP and
substrate (e.g, the transcription factor, SP1; Gottlieb and
Jackson 1993; Hartley et al. 1995). Consistent with its
role in signaling during DNA dsb repair, the in vitro
kinase activity of DNA-PK was optimal when both en-
zyme and substrate were bound to the same DNA frag-
ment (Gottlieb and Jackson 1993). In addition, the pre-
ferred target sequence for phosphorylation by DNA-PK
was serine or threonine followed by glutamine at the +1
position. Hence DNA-PK is commonly identified as an
“S/T-Q-directed kinase”, based on the single-letter
amino acid code for the consensus phosphorylation site.

The availability of ATM- and ATR-specific antibodies
allowed investigators to determine whether these two
PIKKs also expressed protein kinase activity, at least in
the test tube. Immune complex kinase assays quickly
revealed that, like DNA-PK, ATM and ATR displayed
S/T-Q-directed kinase activities under in vitro condi-
tions, and that a physiologically relevant substrate for
both protein kinases was p53 (Banin et al. 1998; Canman
et al. 1998; Tibbetts et al. 1999; Ziv et al. 2000). The
major in vitro phosphorylation site for ATM and ATR
was Ser 15, which resides in the sequence context, LSQE
(phosphorylation site is underlined). Interestingly, all of
the PIKKs characterized to date, mammalian or other-
wise, function as S/T-Q-directed kinases, with the no-
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table exception of the yeast and mammalian TOR pro-
teins. In the case of mTOR, phosphorylation of the best-
characterized protein substrate, PHAS-I (also termed
4E-BP1) occurs mainly at two threonine residues (Thr 36
and Thr 45) nested within duplicated STTPGG se-
quences (Brunn et al. 1997a,b; Gingras et al. 1999, 2001).
However, mTOR fails to phosphorylate Ser 15 in p53, or
S/T-Q sites in other proteins that are known targets for
ATM/ATR (R.T. Abraham, unpubl.). The reader should
not be confused by ATM and ATR kinase assay protocols
that use PHAS-I as the substrate (e.g., Banin et al. 1998;
Yang and Kastan 2000). The PHAS-I polypeptide is rich
in serine and threonine residues, and, in fact, contains
three S/T-Q sites, one of which (Ser 111) is phosphory-
lated by ATM or ATR in vitro (Yang and Kastan 2000;
R.T. Abraham, unpubl.). The potential relevance of Ser
111 phosphorylation by ATM to PHAS-I function (Yang
and Kastan 2000) is discussed in a later section of this
review. Nonetheless, the major mTOR phosphorylation
sites, Thr 36 and Thr 45, are not targeted by either ATM
or ATR in immune complex kinase assays.

Two parameters related to the protein kinase assays
for ATM and ATR are worthy of mention, in that both
raise some cautionary notes concerning the extent to
which the activities determined in vitro reflect the ac-
tual situation in intact cells. First, the protein kinase
activity of ATM, but not of ATR or DNA-PK, is quite
sensitive to inhibition by the nonionic detergents (e.g.,
Triton X-100, NP-40) commonly used to prepare whole
cell or nuclear extracts (Gottlieb and Jackson 1993;
Sarkaria et al. 1998, 1999; Yavuzer et al. 1998). The in-
hibitory effect of certain nonionic detergents on ATM
kinase activity is not without precedent, in that a similar
result was obtained during the initial characterization of
the catalytic activity of mTOR (Brunn et al. 1997a). In
both cases, the detergent problem was circumvented
through substitution of Triton X-100/NP-40 with a less
stringent detergent (e.g., Tween-20) in the cell lysis
buffer (Brunn et al. 1997a; Banin et al. 1998; Sarkaria et
al. 1998; Tibbetts et al. 1999; Ziv et. al. 2000). Although
the explanation remains unclear, the inhibitory effects of
nonionic detergents on ATM kinase activity may reflect
either the disruption of intramolecular interactions that
are required to maintain the native conformation of the
catalytic domain, or the loss of regulatory protein or lipid
partners during the extraction and purification process.

The protein kinase activities of ATM and ATR, as
measured in immune complex kinase assays, also dis-
play unusually strong dependencies on the presence of
millimolar concentrations of Mn>* in the kinase assay
buffer. Under test-tube conditions, it appears that the
presence of the Mn*>*~ATP complex is virtually essential
for the phosphorylation of various substrates by ATM
and ATR (Kim et al. 1999; Chan et al. 2000; R.T. Abra-
ham, unpubl.). Again, this property of extreme Mn** de-
pendence is shared with mTOR (Brunn et al. 1997a). The
catalytic activities of many conventional protein kinases
(e.g., Src family protein tyrosine kinases) are stimulated
by addition of Mn?>* in lieu of Mg>* as the ATP-binding
cofactor in the kinase reaction buffer (Cooper and King



1986). However, the fact that ATM and ATR display al-
most undetectable phosphotransferase activities in the
presence of the physiologic phosphate donor, Mg>*~ATP,
does raise questions about their actual activities in in-
tact cells. As a cofactor for phosphate transfer from ATP
to substrate, Mn>* is intrinsically far more active than is
Mg>* (Schieven and Martin 1988). Perhaps the low levels
of phosphorylating activity observed in the presence of
Mg>*-ATP complexes accurately reflects the fact that
ATM and ATR turn over their respective protein sub-
strates at relatively low rates in intact cells. This sce-
nario meshes nicely with the idea that substrate phos-
phorylation by ATM/ATR, in the context of a DNA-
bound damage recognition complex, places a higher
premium on spatially restricted substrate modification
than on signal amplification through rapid phosphoryla-
tion of many molecules of the same target protein. An
alternative and equally plausible explanation is that the
processes of extraction and purification compromise the
normally Mg**-dependent kinase activity of ATM/ATR
to the point where significant activity in vitro can only
be visualized in the presence of Mn2*—ATP complexes.

Despite these uncertainties, recent studies have shed
some meaningful light on the preferred target sequences
for phosphorylation by ATM and ATR. One approach
was based on the earlier finding that ATM phosphory-
lated the physiologically relevant substrate, p53, exclu-
sively within the S-Q motif beginning at Ser 15 (Siliciano
et al. 1997; Banin et al. 1998). Kastan and coworkers
generated a panel of glutathione S-transferase (GST)-p53
fusion proteins in which the residues surrounding the
ATM/ATR target site, Ser 15, were systematically varied
(Kim et al. 1999). The general conclusion from these ex-
periments was that hydrophobic or acidic residues sur-
rounding the targeted Ser-Gln motif favored phosphory-
lation of the Ser residue by immunopurified ATM,
whereas positively charged amino acids were inhibitory.
Furthermore, ATM exhibited a strong preference for Ser
over Thr as the phosphoacceptor site, at least in the con-
text of the p53 amino-terminal sequence. A second group
of investigators used an iterative peptide library screen-
ing approach to define an optimal sequence context for
phosphorylation by ATM (O’Neill et al. 2000). These ef-
forts identified a consensus phosphorylation site [[M/F)-
(Q/P)-L-S-Q-(E/Q)] that was in reasonable agreement
with that defined by Kastan and coworkers (Kim et al.
1999). Remarkably, the relatively unbiased peptide se-
lection strategy zeroed in on a core L-S-Q-E target se-
quence, which was identical to that surrounding the Ser
15 site in p53.

The available evidence suggests that the consensus se-
quence for phosphorylation by ATR overlaps extensively
with that defined for ATM (Kim et al. 1999). The simi-
larity in terms of substrate preference contrasts sharply
with the differential activities of these proteins during
DNA damage responses (see below for discussion). Once
again, these results suggest that proximity, rather than
sequence context, plays a pivotal role in the selection of
those substrates that undergo phosphorylation by ATM
versus ATR in response to genotoxic stress. In general,
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the specific activity of ATR toward most substrates in
vitro is significantly lower than that displayed by ATM
(Canman et al. 1998; R.S. Tibbetts and R.T. Abraham,
unpubl.). One notable exception is the human check-
point protein, hRad17, which contains two S-Q sites that
are phosphorylated by both ATM and ATR in immune
complex kinase assays. A peptide containing these sites
was phosphorylated at a higher rate by ATR than by
ATM (Kim et al. 1999), and we have found that a GST-
hRad17 fusion protein is a significantly better substrate
for ATR than for ATM (Bao et al. 2001; R.S. Tibbetts and
R.T. Abraham, unpubl.).

The identification of favorable sequence contexts for
phosphorylation by ATM/ATR prompted in silico
searches for candidate physiological substrates for these
protein kinases (Kim et al. 1999; O'Neill et al. 2000).
These database mining efforts yielded a rich harvest of
checkpoint/DNA repair proteins, including p53, hRadl17,
hChk1, the Nijmegan breakage syndrome protein (NBS1,
also termed p95 or nibrin), BRCA1, and BRCA2. Many of
these early candidates have now been established as sub-
strates for either ATM only, or both ATM and ATR. As
will become apparent from the remaining sections of
this review, substrate identification has become a very
hot topic in the ATM/ATR field, and the search has now
expanded to include novel suspects in various check-
point signaling pathways, based, in part, on the presence
of conserved S-Q target motifs in the primary sequences
of these proteins.

The final, and possibly the most controversial, aspect
of ATM/ATR biochemistry concerns the mechanism
whereby DNA damage triggers substrate phosphoryla-
tion by these protein kinases. The standard paradigm for
protein kinase signaling suggested that the stimulus (i.e.,
genotoxic stress) would somehow shift the ATM/ATR
kinase domains from low-activity to high-activity states.
This prediction held true for ATM, as the protein kinase
activity of the immunoprecipitated enzyme increases
several fold within 1 h after cellular exposure to IR or
radiomimetic agents (Banin et al. 1998; Canman et al.
1998). On the other hand, our group has failed to detect
any increases in the in vitro kinase activity of ATR after
treatment of cells with various genotoxic agents, includ-
ing IR and UV light (R.S. Tibbetts and R.T. Abraham,
unpubl.). However, immunofluorescence microscopy re-
vealed that ATR responded to DNA damage by undergo-
ing a dramatic shift in intranuclear localization, from
diffuse to focal in nature (Tibbetts et al. 2000; see below
for discussion). Under identical experimental conditions,
ATM did not enter into nuclear foci in cells damaged
with IR or other DNA-damaging agents. Collectively,
these results hint that ATM and ATR respond to DNA
damage in fundamentally different fashions: One check-
point kinase (ATM) becomes -catalytically active,
whereas the other (ATR) redistributes into DNA dam-
age-induced nuclear foci, where it presumably gains ac-
cess to its substrates.

As is usually the case with “simple” models, the bi-
furcating DNA damage response mechanism proposed
earlier will undergo substantial embellishment during
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the next few years. Although immunoprecipitation of
ATR from whole cell extracts provides no evidence for
activation of the ATR kinase domain by genotoxic
agents, it is possible that enzyme activation in fact oc-
curs, but is restricted to the subpopulation of ATR mol-
ecules that migrates into nuclear foci. In this situation,
the increase in activity may be lost in the background
noise generated by immunoprecipitation of the entire
extractable pool of ATR from the damaged cells. Bio-
chemical strategies directed toward selective recovery of
focally localized ATR might simultaneously enrich for
the activated form of this protein kinase. Conversely,
recent findings from Shiloh and coworkers suggest that
ATM might also undergo relocalization to nuclear foci in
response to radiomimetic agents (Andejecko et al. 2001).
These ATM-containing complexes are colocalized with
the phosphorylated form of histone H2AX, which sug-
gests that they are generated in close proximity to DNA
dsbs (Downs et al. 2000; Paull et al. 2000). Thus, future
experiments may lead us to conclude that the early re-
sponses of ATM and ATR to DNA damage are not as
mechanistically distinct as they now appear.

A major area of uncertainty surrounds the mechanism
whereby IR treatment of intact cells leads to an increase
in the protein kinase activity of ATM. An obvious pos-
sibility is that reactive oxygen intermediates or DNA
dsbs produced during IR exposure triggers a posttransla-
tional modification (e.g., phosphorylation) of ATM that
activates the kinase domain. Interestingly, a candidate
autophosphorylation site (Ser 440) has been identified in
the amino-terminal region of ATM, but whether this site
is actually phosphorylated in response to IR remains un-
known (Kim et al. 1999). An alternative model, which
has garnered some experimental support, is based on the
DNA-PK paradigm. Binding of the DNA-PK holoenzyme
complex to free DNA ends stimulates the activity of the
DNA-PK_, subunit (Smith et al. 1999). The familial re-
lationships among ATM, ATR, and DNA-PK prompted
speculation that ATM and ATR activities might also be
regulated, in a more or less direct fashion, through inter-
actions with DNA. Subsequent studies revealed that bio-
chemically purified ATM could be captured from solu-
tion by immobilized DNA fragments (for review, see Du-
rocher and Jackson 2001). The association of ATM with
free DNA ends was also visualized directly by atomic
force microscopy (Smith et al. 1999). Similarly, studies
in the Xenopus model system indicate that ATR binds to
DNA, although specific DNA end-binding activity was
not investigated (Guo et al. 2000). Nonetheless, these
results are consistent with the notion that ATM and
ATR are capable of interacting directly with DNA.

A far more contentious issue is whether single- or
double-stranded DNA stimulates the rates of substrate
phosphorylation by ATM and ATR in vitro. Unfortu-
nately, several groups have recently addressed this
model, and diametrically opposite results were ob-
tained—some investigators observe DNA-dependent ac-
tivation, and others do not (Guo et al. 2000; Durocher
and Jackson 2001). In certain, but not all, cases (Guo et
al. 2000), the apparent stimulatory effect of DNA on
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ATM/ATR kinase activity may stem from the use of
DNA-binding substrates, such as full-length p53 or rep-
lication protein A. The concern here is that the effect of
DNA is entirely indirect, that is, the DNA-bound form
of the substrate is in a more favorable conformation for
phosphorylation by the soluble ATM or ATR kinase. As
discussed earlier, it might be argued that the presence of
Mn?* in the kinase assay buffers alleviates a biologically
relevant dependency of ATM/ATR activity on DNA.
However, Kastan and coworkers have reported that the
complete replacement of Mn>* with Mg>* in the assay
buffer fails to uncover any stimulatory effect of DNA on
ATM/ATR kinase activity (Kim et al. 1999). The discrep-
ant outcomes in these assays might be attributable to the
different preparations of ATM and ATR (e.g., biochemi-
cally purified vs. immunoprecipitated protein) used by
the different laboratories. Perhaps some groups copurify
ATM and ATR with sheared chromosomal DNA, which
causes the resulting protein kinase activities to appear
refractory to stimulation by exogenously added DNA in
vitro.

The strongest case for DNA-dependent activation of
ATR comes from recent studies of Xatr derived from
Xenopus egg extracts (Guo et al. 2000; Hekmat-Nejad et
al. 2000). An intriguing enzyme purification scheme was
used in one of these studies, beginning with the capture
of a subpopulation of the total pool of Xatr molecules on
DNA cellulose, followed by digestion of the DNA with
DNase I (Guo et al. 2000). The resolubilized Xatr was
then immunoprecipitated with anti-Xatr antibodies for
immune complex kinase assays. Remarkably, the spe-
cific kinase activity of the DNA-binding subpopulation
of Xatr molecules was 10- to 20-fold higher than that of
Xatr immunoprecipitated directly from the egg cytosol.
These results suggest either that binding to DNA-cellu-
lose triggers an increase in Xatr kinase activity, or that
the DNA-cellulose selectively binds to a preactivated
form of Xatr.

In summary, although an increasingly compelling
body of evidence argues that ATM and ATR are capable
of associating directly or indirectly with DNA, the im-
pact of DNA binding on their catalytic activities remains
a matter of debate. The most parsimonious model would
suggest that, like the DNA-PK holoenzyme (Smith et al.
1999), ATM and ATR are attracted to sites of DNA dam-
age through constitutive or inducible associations with
DNA-binding regulatory subunits. Members of the Rad
family of checkpoint proteins are presently the best can-
didates for the putative Ku analogs in the ATM/ATR
pathway. Recent studies have identified Rad26 and
LCD1/PIE1/DDC2 as potential regulatory subunits of
the ATM/ATR homologs expressed in fission and bud-
ding yeast, respectively (Edwards et al. 1999; Paciotti et
al. 2000; Rouse and Jackson 2000; Wakayama et al.
2001), and many laboratories are undoubtedly engaged in
the search for the mammalian Rad26 homolog. Although
there is no reason to expect that Rad26 itself would
tether ATM/ATR to damaged DNA, it may place these
protein kinases in a DNA-responsive conformation. A
second potential DNA-targeting subunit is Radl7 (S.



pombe nomenclature). In fission yeast, rad17" associates
with chromatin throughout the yeast cell cycle, and this
basal level of DNA-bound rad17* is either increased or
decreased in response to genotoxic stress, with the direc-
tion of change determined by the type of DNA damage
incurred by these cells (Griffiths et al. 2000; Kai et al.
2001). In addition to its predicted role as a checkpoint
clamp loader for the Rad1-Rad9-Husl complex (Thelen
et al. 1999; Venclovas and Thelen 2000), our group has
shown that treatment of human cells with genotoxic
agents triggers rapid associations of ATM and ATR with
hRad17 (Bao et al. 2001). Thus, it is conceivable that
chromatin-bound Rad17 might regulate the trafficking of
ATM and ATR onto and off of damaged DNA in verte-
brate cells. The next few years should provide a much
clearer view of both the recruitment of ATM/ATR to
sites of DNA damage, and of the proximal events that
couple DNA damage recognition to enhanced phos-
phorylation of substrates by both of these protein ki-
nases.

The ATM/ATR-associated signaling machinery:
complex complexes

Like other members of the PIKK family, ATM and ATR
contain very large amino-terminal domains, the func-
tions of which are largely unknown. However, it has
long been speculated that the very extended amino-ter-
mini of the PIKKs also play central roles in scaffolding
these protein kinases into macromolecular signaling
complexes. Indeed, gel filtration analyses indicate that
both ATM and ATR are constitutive residents of very
high molecular weight (Mg, >2 x 10® D) protein com-
plexes in mammalian cells (Wright et al. 1998; Shiloh
2001). The identification of the components of these
complexes is an area of burgeoning interest, with the
expected payoff being novel insights into both the up-
stream regulators and downstream targets of ATM and
ATR in cell-cycle checkpoint pathways.

An intriguing first step toward the elucidation of the
ATM- and ATR-associated signaling complexes comes
from mass spectrometric analysis of anti-BRCA1 immu-
noprecipitates prepared from mammalian cell extracts
(Wang et al. 2000). The breast cancer susceptibility pro-
tein, BRCAL, is a critical component of the checkpoint
signaling and DNA repair machinery, and is a direct tar-
get for phosphorylation by ATM and ATR in cells ex-
posed to genotoxic stress (Cortez et al. 1999; Scully and
Livingston 2000; Scully et al. 2000; Tibbetts et al. 2000).
The sequencing of BRCAIl-associated polypeptides
yielded a remarkably broad array of proteins with clear
connections to checkpoints, DNA repair, and human
chromosomal instability syndromes, an outcome that
prompted the authors to coin the acronym BASC
(BRCA1-associated genome surveillance complex) as a
global descriptor for this complex (Wang et al. 2000). In
addition to ATM, the members of the BASC include the
mismatch repair proteins, MLH1, MSH2, and MSHS6, the
Bloom’s syndrome helicase (BLM), and the Mrell-
Rad50-NBS1 complex. The latter complex plays impor-
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tant roles in the recombinational repair of DNA dsbs,
and the loss of one of the components of this complex,
NBS1, gives rise to the Nijmegen breakage syndrome, a
chromosomal instability disorder that bears several
similarities to A-T (Shiloh 1997). Two independent stud-
ies of BRCAIl-associated proteins added components of
the chromatin remodeling apparatus and the Fanconi
anemia-related protein FANCD2 to an expanding list of
BASC components (Bochar et al. 2000; Garcia-Higuera et
al. 2001).

The identification of the BASC represents the start of
a challenging but much needed effort to understand the
afferent inputs that regulate ATM and ATR function,
and the intermolecular interactions that control the pre-
sentation of appropriate substrates to these checkpoint
kinases. It is important to recognize that the BASC is
likely not a single entity, but rather a dynamic collection
of protein complexes whose compositions change with
the type of DNA damage, location relative to the dam-
aged site, and time after initiating genetic insult. If
BRCALI is indeed a central scaffold for complex assem-
bly, then it will be important to determine whether site-
specific phosphorylation of BRCAl by ATM/ATR
(Cortez et al. 1999; Tibbetts et al. 2000), hChk2 (J.S. Lee
et al. 2000), and other protein kinases controls the mi-
gration of specific checkpoint and repair proteins into
and out of the BASC.

A related area that requires additional investigation
concerns the relationship between the biochemically de-
fined complexes containing ATR and BRCAI, and the
DNA damage-induced nuclear foci that have been ob-
served by immunofluorescence microscopy (Scully et al.
1997; Tibbetts et al. 2000). Many of these foci react with
both ATR- and BRCAIl-specific antibodies, suggesting
that the two proteins colocalize at sites of DNA damage.
The colocalization of a checkpoint kinase with its sub-
strate seems quite logical; however, this simple model is
complicated by the recognition that, to be detected as
immunofluorescent nodes, DNA damage-induced foci
must contain hundreds of ATR and BRCA1 polypep-
tides. If we assume that nuclear foci mark individual
sites of DNA damage, then, in lieu of trivial explana-
tions, such as fixation-induced structural artifacts, it be-
comes important to understand why each DNA lesion
triggers the coalescence of so many ATR and BRCAI
polypeptides. In keeping with the potentially dynamic
state of the BASC at various stages of the DNA damage
responseg, it is plausible that a single damaged site stimu-
lates the generation of a dynamic, interactive series of
ATR-BRCAI1 complexes, each comprising a subset of the
BASC components described earlier.

Cell-cycle checkpoint functions of ATM and ATR

Investigations of the checkpoint signaling functions of
ATM and ATR have largely followed a time-tested strat-
egy for protein kinases, which begins with the identifi-
cation of substrates and proceeds through analyses of the
functional consequences of substrate phosphorylation.
Before the cloning of the ATM gene, the dedicated efforts
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of many laboratories documented that ATM-deficient
cells displayed significant defects in the G;, S, and G,
checkpoints. These observations prompted intensive
searches for ATM substrates among the numerous pro-
teins that function in each of these checkpoints. Most of
these ATM targets have also been tested, in an empirical
fashion, as substrates for ATR. Although the empirical
approach has been rewarding, the inevitable outcome
has been that the list of documented ATR substrates
overlaps largely, if not entirely, with that linked to
ATM. Despite the seeming overlap, the emerging picture
suggests that the checkpoint signaling functions of ATM
and ATR are far from redundant—a conclusion that
should become apparent as we march through the G, S,
and G, checkpoints in the following sections.

The G, checkpoint

At the heart of the G, checkpoint lies the series of events
leading to the accumulation of the tumor suppressor pro-
tein, p53. Although p53 exerts a pervasive influence on
checkpoint functions during the mammalian cell cycle,
the G, checkpoint represents the only case in which loss
of p53 leads to total checkpoint abrogation (Ko and
Prives 1996; Giaccia and Kastan 1998; North and Hain-
aut 2000). DNA damage induced by most, if not all,
forms of genotoxic stress induces a rapid increase in the
level of p53, a response that is mediated primarily
through an increase in protein stability. In addition to
triggering the accumulation of p53, genotoxic stress in-
duces posttranslational modifications that regulate the
transcriptional activating functions of this protein. With
respect to the G, checkpoint, a key target for transcrip-
tional activation by p53 is the cyclin-dependent kinase
inhibitor, p21 (also termed WAF1 or CIP1). The p53-de-
pendent increase in p21 expression suppresses cyclin E-
and cyclin A-associated cdk2 activities, and thereby pre-
vents G,-to-S phase progression. In addition to p21, the
activated form of p53 stimulates the expression of a large
panel of genes, which, depending on the cellular context
and type of initiating insult, may modulate intracellular
redox status, or induce the host cell to undergo apoptosis
(Yu et al. 1999).

An intricate web of protein kinases and phosphatases,
as well as histone acetylases and ubiquitin-conjugating
enzymes, regulates the accumulation and transcrip-
tional-activating functions of p53 (Ko and Prives 1996;
Giaccia and Kastan 1998). A link between ATM and p53
was predicted on the basis of earlier studies, which dem-
onstrated that A-T cells exhibited a delayed and reduced
level of p53 protein induction following exposure to IR
(Kastan et al. 1992; Lu and Lane 1993). The subsequent
cloning of ATM allowed several groups to test the
straightforward hypothesis that ATM was a direct effec-
tor of p53 phosphorylation in IR-damaged cells (Banin et
al. 1998; Canman et al. 1998). These studies pinpointed
a single serine residue (Ser 15) in the amino-terminal
region of p53 as a phosphorylation site for the ATM ki-
nase in vitro. Moreover, phosphorylation of Ser 15 was
rapidly induced in IR-treated cells, and this response was
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ATM dependent, as IR-induced Ser 15 phosphorylation
was significantly, but not completely, suppressed in A-T
cells (Siliciano et al. 1997; Banin et al. 1998; Canman et
al. 1998). The residual phosphorylation at Ser 15 in A-T
cells hinted that ATM was not the only IR-regulated Ser
15 kinase, and this suspicion was confirmed with the
observation that UV-induced Ser 15 phosphorylation
was virtually unimpaired in A-T cells. Subsequent stud-
ies showed that ATR was also capable of phosphorylat-
ing p53 at Ser 15 in immune complex kinase assays
(Hall-Jackson et al. 1999; Lakin et al. 1999; Tibbetts et al.
1999). In cells rendered functionally deficient for ATR by
overexpression of a kinase-inactive ATR® mutant (Cliby
et al. 1998), the early phase (0-2 h) of IR-induced p53
phosphorylation was not impaired, which is consistent
with the idea that ATM serves as the major Ser 15 kinase
during the acute response to IR (Tibbetts et al. 1999).
However, the ATR®-overexpressing cells did show a sig-
nificant defect in their ability to maintain phosphoryla-
tion of Ser 15 at later times, which suggests that the
maintenance phase of p53 phosphorylation was more
highly dependent on ATR. On the other hand, treatment
of human fibroblasts with UV light triggered a Ser 15
phosphorylation response that was largely independent
of ATM expression, and was strongly reduced, at all
times postirradiation, by overexpression of ATR¥! (Tib-
betts et al. 1999).

This pattern of dual regulation of substrate phosphory-
lation by ATM and ATR in cells exposed to different
forms of genotoxic stress has become a recurrent theme
in the checkpoint-signaling field. Of the PIKK family
members, ATM represents the primary responder to IR-
or radiomimetic agent-induced DNA damage. In the ab-
sence of ATM, or in normal cells that incur a high level
of IR-induced DNA damage, ATR serves mainly as a
backup kinase for ATM. On the other hand, ATR takes
on the front-line signaling responsibilities when cells are
challenged with other forms of genotoxic stress, such as
UV light exposure or treatment with agents that inter-
fere with DNA replication (aphidicolin, hydroxyurea; HU).

As is frequently the case, deciphering the functional
consequences of p53 phosphorylation by ATM and ATR
proved far more challenging than identification of the
phosphorylation. The location of Ser 15 at the p53 amino
terminus suggested that modification of this residue
might trigger the dissociation of p53 from MDM?2, a pro-
tein that targets p53 for ubiquitination, nuclear export,
and proteosomal degradation (Freedman et al. 1999; Ju-
ven-Gershon and Oren 1999). Therefore, if the model
were correct, ATM/ATR-dependent phosphorylation of
Ser 15 would free p53 from its destabilizing binding part-
ner, thereby favoring p53 accumulation. It turns out,
however, that Ser 15 phosphorylation is not sufficient to
disrupt the p53-MDM2 interaction; rather, this modifi-
cation stimulates the transactivating function of p53 by
enhancing the binding of this protein to the transcrip-
tional coactivator, p300 (Dumaz and Meek 1999). How-
ever, these results do not rule out the possibility that
phosphorylation of p53 at Ser 15 sets this protein up for
a secondary modification that does modify the binding of



MDM?2 to p53, thereby inhibiting p53 degradation. In-
deed, Dumaz et al. (1999) have shown that Ser 15 phos-
phorylation greatly enhances the subsequent phosphory-
lation of p53 at Ser 18 by casein kinase I, at least under
test-tube assay conditions with purified proteins. The
presence of phosphates at Ser 15 and Ser 18 reduces the
avidity of full-length p53 for MDM2 by approximately
threefold. Further studies are required to determine
whether, and under what conditions, the tandem modi-
fication of p53 by ATM/ATR and casein kinase I con-
tributes to p53 accumulation in intact cells.

Recent findings have reinforced the notion that ATM
enhances p53 accumulation by triggering the release of
this protein from MDM2. One mechanism for p53 sta-
bilization involves an intermediate protein kinase,
hChk2 (also named hCdsl), which relays ATM-depen-
dent signals to p53 and many other downstream target
proteins in IR-damaged cells. ATM activates hChk2 by
phosphorylating an amino terminal Thr residue (Thr 68)
(Ahn et al. 2000; Melchionna et al. 2000), and hChk2, in
turn, phosphorylates yet another amino-terminal Ser
residue (Ser 20) in p53 (Chehab et al. 2000; Hirao et al.
2000; Shieh et al. 2000). Unlike the Ser 15 modification
mentioned earlier, phosphorylation at Ser 20 interferes
directly with the binding of p53 to MDM?2, thereby fa-
voring p53 accumulation in response to IR-induced DNA
damage. The physiological relevance of hChk2 in the
regulation of p53 is supported by the finding that loss-
of-function mutations in hChk2 can give rise to a variant
form of Li-Fraumeni syndrome, a heritable, cancer-prone
disorder typically associated with germ-line mutations
in p53 (Bell et al. 1999).

It now seems likely that ATM also targets the p53—
MDM2 interaction via direct modification of the partner
protein, MDM2 (Maya et al. 2001). In this report, the
authors followed a circuitous but rewarding line of in-
vestigation, which began with the identification of anti-
MDM?2 antibody epitopes that governed the ability of
MDM?2 to target p53 for degradation. These efforts un-
covered a carboxy-terminal motif that contained the
now-familiar S-Q target sequence, and Ser 395 in this
sequence was identified as a phosphorylation site for
ATM, both in vitro and in intact cells. It appears that Ser
395 phosphorylation favors stabilization of p53 by inter-
fering with the shuttling activity of MDM?2, which nor-
mally exports p53 out of the nucleus for proteosomal
degradation in the cytoplasm.

These findings demonstrate that ATM establishes
multiple regulatory contacts with p53 during the activa-
tion of the G, checkpoint by DNA dsbs (Fig. 3). In con-
trast, the potential role of ATR in the activation of the
G, checkpoint by any form of genotoxic stress remains
relatively obscure. It is conceivable that a parallel ATR-
Chk1 pathway also drives p53 accumulation in cells that
have incurred IR or UV light-induced DNA damage. De-
finitive answers to this and many other questions await
the development of an ATR-deficient cell line that re-
tains an intact G; checkpoint. For the time being, the
real action with respect to ATR begins with the entry of
cells into S phase.

ATM/ATR kinases and checkpoint signaling
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G, phase arrest Apoptosis

Figure 3. ATM/ATR-dependent signaling through the G,
checkpoint. Cells that have incurred DNA double-strand breaks
(dsbs) during G, phase activate p53 primarily via an ATM-de-
pendent pathway. In cells that express both ATM and ATR, the
activation of p53 is reinforced and maintained by ATR (pathway
indicated by dotted lines). ATM regulates p53 accumulation by
indirect pathways involving the Chk2-mediated phosphoryla-
tion of Ser 20 on p53, by promoting casein kinase-I-dependent
phosphorylation of Ser 18 (not shown), and by directly phos-
phorylating MDM2 on Ser 395 (see text for details). ATR may
influence Ser 20 phosphorylation through activation of Chkl.

The S-phase checkpoint

During DNA replication, mammalian cells must be on
high alert for DNA structural abnormalities, such as
strand breaks or base modifications that interfere with
the accurate copying of the genome. In addition to the
usual array of environmental insults, the process of
DNA replication itself adds intrinsic risks, such as base
misincorporation errors and stalled replication forks,
which demand an immediate response from the check-
point machinery if genome integrity is to be preserved.
Fortunately, DNA damage detected during S phase is apt
to be repaired precisely via homologous recombination
mechanisms involving sister chromatids (Johnson and
Jasin 2000). Indeed, studies in bacteria suggest that S
phase cells rely heavily on homologous recombination to
restart stalled replication forks, even in the absence of
genotoxic agents (Cox 1999; Cox et al. 2000). Nonho-
mologous repair mechanisms also play very prominent
roles in DNA dsb repair during all phases of the cell
cycle; however, these mechanisms are inherently less
precise, and therefore confer an increased risk that inac-
curately repaired DNA will be carried forward into M
phase. Although the G, checkpoint should, in principle,
catch any cells that have exited S phase with damaged
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DNA, these cells may have already missed their best
opportunity to perform error-free repair via homologous
recombination.

Given this state of affairs, it comes as no surprise that
the S-phase checkpoint is considerably more multifac-
eted than this blanket descriptor implies (Fig. 4). The
canonical checkpoint defect displayed by A-T cells is
radioresistant DNA synthesis (RDS; Painter and Young
1980). In normal cells, exposure to IR provokes a rapid
but reversible decrease in DNA synthesis, which reflects
decreases in the rates of both replication origin firing and
DNA strand elongation (Painter and Young 1980). In the
absence of ATM, the IR-induced decrease in DNA syn-
thesis is dampened significantly, giving rise to the RDS
phenotype. Treatment of cells with wortmannin, at drug
concentrations that abrogate ATM kinase activity, also
induces RDS in normal (ATM-proficient) cells (Sarkaria
et al. 1998). Although loss of ATM function is causally
related to RDS, the downstream effectors in this S-phase
pathway checkpoint pathway have largely eluded iden-
tification, that is, until very recently. An intriguing re-
port now shows that the surveillance functions of the
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ATM-hChk2 pathway are not confined to G, phase
(Falck et al. 2001). IR exposure during S phase activates
the same pathway, except that, in this setting, an impor-
tant outcome is the degradation of Cdc25A, a protein
tyrosine phosphatase that activates cyclin A.cdk2 com-
plexes as cells transit from G, to S phase. The results
obtained by Falck et al. (2001) show that hChk2 phos-
phorylates Ser 123 in Cdc25A, and that this modification
targets Cdc25A for ubiquitin-dependent degradation.
The down-regulation of Cdc25A interferes with the
timely activation of cyclin A-cdk2, which is a requisite
event for the firing of early origins of replication during
S phase (Donaldson and Blow 1999; Takisawa et al.
2000). Genetic manipulations that disrupt any step in
the pathway from hChk2 to cyclin A-cdk2 also give rise
to the RDS phenotype. Remarkably, mutant hChk2 al-
leles associated with a variant form of Li-Fraumeni syn-
drome (Bell et al. 1999) failed to bind and/or phosphory-
late Cdc25A (Falck et al. 2001), which implies that ge-
netic lesions in the RDS pathway promote genome
instability and cancer development.

As is usually the case in signal transduction research,

UV light
Replication errors

Stalled replication
fork

[ 2
L replication origin firing: homoalogous recombination,
S phase delay replication fork restart

Figure 4. Roles of ATM and ATR in signaling through S-phase checkpoints. The ATM-dependent pathway shown in the left panel
is initiated by the presence of a DNA dsb in an S-phase cell. The checkpoint response leads to the proteosome-mediated degradation
of Cdc25A, and, in turn, the failure to maintain activation of cyclin-cdk2 complexes and a resultant inhibition of DNA synthesis.
Disruption of this pathway yields the radioresistant DNA synthesis (RDS) phenotype. In the right panel, the checkpoint pathway is
triggered by intrinsic events or environmental insults that impair replication fork progression during S phase. The pathway is governed
primarily by ATR, and may use members of the Rad family of checkpoint proteins as damage sensors and as scaffolds for the assembly
of checkpoint signaling complexes. The operation of this pathway prevents mitotic catastrophe that results from incomplete or
inaccurate DNA replication, and orchestrates high-fidelity DNA repair through homologous recombination. Complete loss of this
pathway is likely incompatible with viability, even in the absence of genotoxic agent-induced DNA damage.
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the simple linear pathway outlined earlier almost cer-
tainly oversimplifies the actual situation in vivo. Over-
expression of the previously described ATR®™ mutant
in SV40-transformed (but ATM-positive) human fibro-
blasts also induces RDS (Cliby et al. 1998). With the
caveat in mind that overexpressed ATR¥ may nonspe-
cifically cross-inhibit ATM function, these results sug-
gest either that ATR also resides upstream of hChk2, or
that ATR regulates a parallel pathway that contributes
to the suppression of DNA synthesis in IR-damaged
cells. By analogy to the p53 phosphorylation mechanism
discussed earlier, it will be interesting to determine
whether the down-regulation of Cdc25A by UV light
(Mailand et al. 2000) or HU (if this occurs) is mediated
predominantly through an ATR-dependent pathway,
perhaps via an alternative avenue involving the hChkl
kinase.

A second participant in the DNA damage-induced S-
phase checkpoint is NBS1 (also termed nibrin), the prod-
uct of the gene mutated in the human chromosomal
instability disorder, NBS (Shiloh 1997; Carney 1999; Pet-
rini 1999). The clinical features of NBS show consider-
able but not complete overlap with those displayed by
A-T patients. Interestingly, NBS cells also display the
RDS phenotype, which suggests that the NBS1 protein is
an upstream regulator of Cdc25A stability in IR-treated
cells. The NBS1 protein is found in a complex with two
other genome maintenance proteins, Mrell and Rad50,
which play important roles in the recombinational repair
of DNA dsbs. Treatment of cells with IR induces the
rapid formation of nuclear foci containing the NBS1-
Mrell-Rad50 complex, and a technologically elegant
study offered strong evidence that the foci assemble in
close proximity to DNA dsbs (Nelms et al. 1998). The
appearance of these foci is dependent on the expression
of NBS1; however, the absence of major DNA repair de-
fects in cells from NBS patients indicates that the
Mrell-Rad50 complex carries out its repair functions
quite capably in NBS1-deficient cells (Petrini 1999). The
overlapping clinical phenotypes of A-T and NBS
prompted speculation that the two proteins might be
functionally interconnected. This prediction was vali-
dated by reports that ATM phosphorylates NBS1 on up
to three serine residues (Ser 343, Ser 397, and Ser 615),
and that Ser — Ala substitutions at any one of these sites
generated a mutant NBS1 protein that failed to comple-
ment the checkpoint defects in NBS cells (Gatei et al.
2000Db; Lim et al. 2000; Wu et al. 2000; Zhao et al. 2000).
At present, we do not understand the exact roles of these
phosphorylation events in the function of NBS1. None-
theless, the functional linkage between ATM and the
NBS1-Mrel1-Rad50 complex becomes even more com-
pelling with the discovery that hypomorphic Mrell al-
leles give rise to an A-T-like disorder in humans (Stewart
et al. 1999).

The connection between S-phase checkpoint proteins
and human disease does not end with the NBS1-MRE11-
Rad50 complex. Recent findings position ATM and ATR
as critical upstream modulators of the breast cancer sus-
ceptibility protein, BRCA1, which was discussed previ-
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ously as the central component of the BASC (Wang et al.
2000). Accumulating evidence suggests that BRCALI is a
critically important caretaker of the replicating genome
in vertebrate cells. Like the NBS1 complex, BRCA1 par-
ticipates in both checkpoint and repair pathways in
DNA-damaged cells (Scully and Livingston 2000; Scully
et al. 2000; Xu et al. 2001). Studies of the DNA damage
responses in BRCA1-deficient cells are focusing increas-
ing attention on the role of BRCA1 in promoting high-
fidelity DNA repair through homologous recombination
between sister chromatids (Moynahan et al. 1999; Scully
et al. 2000).

Several groups have documented that BRCA1 is phos-
phorylated in vitro on multiple sites by the ATM and
ATR kinases (Cortez et al. 1999; Chen 2000; Gatei et al.
2000a; Tibbetts et al. 2000). The carboxy-terminal region
of BRCA1 contains numerous S-Q motifs (total of 14,
and, of these potential ATM/ATR target sequences, 10
are localized in an ~300 amino acid stretch (residues
1250-1550) termed the SQ cluster domain (SCD) (Cortez
et al. 1999). Cortez et al. (1999) observed that the phos-
phorylation of BRCA1 in IR-damaged cells was signifi-
cantly impaired in the absence of ATM, and demon-
strated that at least five of the predicted S-Q target sites
in the SCD were phosphorylated by ATM in vitro. Three
of these sites, Ser 1387, Ser 1423, and Ser 1524, were
identified as major IR-induced phosphorylation sites in
intact cells (Cortez et al. 1999; Gatei et al. 2000a). Fi-
nally, a BRCA1 double mutant containing Ala substitu-
tions at Ser 1423 and Ser 1524 showed a modest impair-
ment in terms of its ability to correct the radiosensitive
phenotype of a BRCA1l-deficient breast cancer cell line
(HCC1937). The finding that ATM is an upstream regu-
lator of BRCAL1 is consistent with the highly publicized,
but hotly debated, finding that human ATM heterozy-
gotes are at increased risk for the development of breast
cancer (Meyn 1999). As is the case for p53, ATM makes
indirect as well as direct connections to BRCAIL. Once
again, the indirect pathway proceeds through the ATM-
regulated checkpoint kinase, hChk2 (J.S. Lee et al. 2000).
Phosphorylation of BRCA1 at a single site (Ser 988)
by hChk2 terminates an IR-stimulated interaction be-
tween these two proteins in cell nuclei, and is also re-
quired for the radioprotective effect of ectopically ex-
pressed BRCA1 in the HCC1937 cell line mentioned
earlier.

The earlier studies clearly hinted that at least one ad-
ditional BRCAI-directed kinase was activated by DNA-
damaging agents, because significant BRCA1 phosphory-
lation was observed in cells that lacked either ATM or
DNA-PK (Scully et al. 1997; Cortez et al. 1999; Tibbetts
et al. 2000). ATR was the obvious suspect, and subse-
quent studies showed that ATR phosphorylated the car-
boxyl terminus of BRCA1 at six Ser/Thr residues in im-
mune complex kinase assays (Tibbetts et al. 2000). The
ATR phosphorylation sites partially overlapped with
those modified in vitro by ATM. Studies with phospho-
Ser 1423-specific antibodies indicate that ATM and ATR
share responsibilities for the modification of BRCA1 dur-
ing IR-, UV-, and replication inhibitor-induced genotoxic
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stress. As is the case with p53, BRCA1 phosphorylation
induced by IR was strongly dependent on ATM, whereas
the phosphorylation of this protein in UV- or HU-dam-
aged cells was more heavily reliant on ATR (Tibbetts et
al. 2000). Given the complexity of the BRCA1 phos-
phorylation response, and the pleiotropic functions of
this tumor suppressor in checkpoint signaling, BASC as-
sembly, protein ubiquitination, and homologous recom-
bination (Lorick et al. 1999; Scully et al. 2000; Wang et
al. 2000), a complete understanding of the interplay be-
tween the checkpoint kinases and BRCA1 could take
quite some time.

BRCALI is the archetypal member of a family of check-
point repair proteins that contain the conserved BRCA1
carboxy-terminal (BRCT) structural motif (Callebaut and
Mornon 1997). In addition to BRCA1, another member of
this BRCT domain-containing family has recently been
identified as a substrate for ATM, and likely ATR as
well. The p53 binding protein 1 (53BP1) is a nuclear pro-
tein that rapidly localizes to sites of DNA damage in
cells treated with IR and other DNA-damaging agents
(Schultz et al. 2000; Rappold et al. 2001). This protein
contains numerous Ser/Thr-Gln sites, and is phosphory-
lated by ATM in vitro (Rappold et al. 2001). In intact
cells, the phosphorylation of 53BP1 increases rapidly af-
ter IR exposure, and this response is partially dependent
on the expression of ATM, with ATR acting as the pre-
sumptive p53BP1 kinase in ATM-deficient cells (Rap-
pold et al. 2001). Although the function of p53BP1 is
unclear, it has been speculated that this protein is a ho-
molog of the S. cerevisiae Rad9p and S. pombe Crb2
proteins, which play important roles in multiple DNA
damage-induced checkpoints in these microorganisms
(Elledge 1996). If 53BP1 is indeed the vertebrate counter-
part of yeast Rad9p/Crb2, this protein could be an ATM/
ATR substrate of paramount relevance to checkpoint
signaling throughout the cell cycle. The results of DNA
damage response experiments with 53BP1-deficient cells
are eagerly anticipated.

To digress a bit, the importance of understanding the
molecular machinery that drives the various S-phase
checkpoint pathways cannot be overstated. Proliferating
cells must traverse S phase, and, in spite of the magnifi-
cent accuracy of the DNA replication apparatus, the
sheer magnitude of the task of DNA replication dictates
that errors will inevitably occur with each pass through
S phase. If uncorrected, these errors, and the resultant
loss of replication fidelity, may not only lead to the
nucleotide sequence alterations and gross chromosomal
rearrangements traditionally associated with cellular
transformation, but may also favor the aberrant expan-
sion and contraction of repetitive DNA sequences. Com-
pelling results implicate instability of triplet repeat
DNA sequences in the pathogenesis of neurodegenera-
tive diseases (Kroutil and Kunkel 1998). The strong con-
nections between DNA replication fidelity and human
disease warrant an intensive effort to define both the
checkpoint and repair mechanisms that ensure the accu-
racy with which the genome is duplicated during S
phase.
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The G, checkpoint

The final gatekeeper that blocks the entry of DNA-dam-
aged cells into mitosis is the G, checkpoint. Although
we now have a relatively detailed view of the distal
events that link this checkpoint pathway to the machin-
ery that controls mitotic entry (for review, see O’Connell
et al. 2000), the contributions of ATM and ATR to the
early stages of G, checkpoint activation remain far less
clear. Studies of the G, checkpoint in A-T cells led to
some confusing results, at least until the emergence of
ATR as a parallel initiator of checkpoint signaling. When
A-T cells are exposed to IR during G, or S phase, any
cells that reach G, phase are effectively arrested before
they initiate mitosis. In fact, these cells show a more
protracted G, arrest than do ATM-expressing cells. On
the other hand, if A-T cells are irradiated while in G,
phase, then the cells fail to arrest, and proceed on into
mitosis (Beamish and Lavin 1994; Scott et al. 1994).
These results indicate that ATM is dispensable for acti-
vation of checkpoint-mediated G, arrest, unless the
DNA damage occurs during G, itself.

The ATM-independent pathway that initiates G, ar-
rest in cells that have experienced a genotoxic insult
before G, phase has not been defined. However, it seems
virtually certain that ATR and Chk1 will be central play-
ers in this alternative pathway of G, checkpoint activa-
tion. Accumulating evidence supports the idea that ATR
is primarily responsible for the activation of the Chkl
kinase by DNA damaging agents in vertebrate cells.
Studies in the Xenopus model system identified 4 S/T-Q
sites in Xchkl that were phosphorylated by ATR in
vitro, and whose modification in oocyte extracts was
ATR-dependent (Guo et al. 2000). Moreover, mutated
Xchkl containing Ser — Ala substitutions at all four
sites failed to complement the DNA replication check-
point defect in extracts that were depleted of endogenous
Xchkl1. Similarly, overexpression of a kinase-inactive ATR¥!
mutant inhibited DNA damage-induced hChkl phos-
phorylation in a human fibroblast cell line (Liu et al. 2000).

The regulatory linkage between ATR and Chkl
strongly implicates ATR as a proximal component of the
DNA damage-induced G, checkpoint in mammalian
cells. Studies in yeast have defined an elegant mecha-
nism for the negative regulation of mitotic entry by
Chkl1, and the fundamental characteristics of this path-
way seem to be conserved during vertebrate evolution
(Peng et al. 1997; Sanchez et al. 1997; O’Connell et al.
2000). The current model posits that DNA damage leads
to the activation of Chk1, which, in turn, phosphorylates
the mitosis-promoting phosphatase, Cdc25C. Phos-
phorylation of Cdc25C by hChk1 creates a binding site
for 14-3-3 proteins, and, in the 14-3-3-bound form,
Cdc25C is either catalytically inhibited or sequestered in
the cytoplasm (or both). In any case, the phosphorylated,
14-3-3-bound form of Cdc25C is prohibited from dephos-
phorylating and activating the mitotic cyclin B-Cdc2 ki-
nase, and the damaged cells are effectively blocked from
entering mitosis. The critical role of Chkl1 in the imple-
mentation of the G, checkpoint is underscored by the



finding that Chk1~/~ embryonic stem cells display a sub-
stantial reduction in G, arrest following IR exposure (Liu
et al. 2000). The G, checkpoint model outlined in Figure
5 tentatively inserts ATR as the upstream activator of
hChkl1 in human cells.

In light of the ATR-Chk1 pathway outlined earlier,
how do we explain the fact the ATM-deficient cells fail
to activate the G, checkpoint when DNA damage occurs
during G, phase? One possibility is that ATM also con-
tributes to the inhibition of Cdc25C activity, particu-
larly in IR-damaged cells, by activating Chk2, which is
capable of phosphorylating Ser 216 of Cdc25C, at least in
vitro (Brown et al. 1999). In cells that express both ATM
and ATR, ATM may activate Chk2 to reinforce the block
to cyclin B-Cdc2 activation imposed by the ATR-hChk1
pathway. A defect in the maintenance of the checkpoint-
induced G, arrest has been observed in Chk2~/~ embry-
onic stem cells (Hirao et al. 2000). Hence, the ATM-
Chk2 pathway may play a secondary role in G, check-
point activation when cells incur DNA dsbs during G, or
S phase. On the other hand, the cell cycle phase-specific
defect in G, checkpoint function observed in ATM-null
cells suggests that ATM is essential for G, checkpoint
activation after cells have traversed G, and S phase. The
failure of ATR to engage the G, checkpoint machinery in
cells that have completed DNA replication suggests that
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the sensor and/or effector apparatus through which ATR
operates is fully functional only during S phase.

The switch to ATM dependence for G, checkpoint ac-
tivation when DNA damage occurs in G, phase also
raises a provocative correlation with the rise to promi-
nence of homologous recombination as the major mode
of DNA dsb repair. Studies in the DT40 chicken B cell
line indicate that DNA-PK-dependent NHE] serves as
the major mode of DNA dsb repair during G, and early S
phase, whereas homologous recombination assumes
center stage in late S and G, phases (Takata et al. 1998).
A later report from the same research group provided
genetic evidence that ATM and the late S-G, recombi-
national repair mechanism resided in the same genome
maintenance pathway (Morrison et al. 2000). The au-
thors disrupted either the homologous recombination
pathway (via targeted deletion of the Rad54 gene) or the
NHE] pathway (via targeted deletion of the Ku70 gene) in
ATM~/~ DTA40 cells. Whereas loss of the recombinational
repair pathway marginally increased the incidence of IR-
induced chromosome aberrations in the ATM ™/~ cells,
Ku70 deficiency dramatically enhanced both the chro-
mosomal damage and radiosensitivity of the ATM-defi-
cient cells. The synergistic increase in IR-induced chro-
mosomal abnormalities observed in ATM/Ku70 doubly-
deficient cells suggested that the ATM-dependent repair

IR
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G, phase

-
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P
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Figure 5. Roles of ATM and ATR in G, checkpoint activation. The Ieft branch of this pathway is activated when cells incur DNA
damage before completion of S phase, and is governed primarily by ATR. The right branch of the pathway is activated by DNA damage
during the G, phase itself, and depends largely on the activation of ATM. Both branches converge on the Cdc25C phosphatase, and
prevent activation of the mitotic cyclin B-cdc2 complex by inducing the cytoplasmic sequestration and/or catalytic inhibition of

Cdc25C.
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pathway (presumably homologous recombination) and
the Ku70-dependent repair pathway (NHE]) act in a
complementary fashion to restore chromosomal integ-
rity after IR exposure. Although these studies provide
solid evidence for functional ties between ATM and the
homologous recombination pathway, a major uncer-
tainty surrounds the nature of this relationship. The con-
nection could be very direct; for example, phosphoryla-
tion of one or more members of the homologous recom-
bination pathway by ATM. Alternatively, the available
evidence does not exclude the possibility that loss of
ATM-dependent checkpoint functions indirectly im-
pairs the ability of the homologous recombination ma-
chinery to accurately repair DNA dsbs.

Extranuclear targets for ATM?

Although early studies of the subcellular distribution of
ATM were plagued with questions surrounding the
specificities of the anti-ATM antibodies, the presence of
ATM in the cytoplasm of certain cell types, particularly
neurons, is now well documented (Barlow et al. 2000).
The expression of cytoplasmic ATM has prompted
speculation that the signaling functions of this PIKK
family member may not be restricted solely to the
nucleus. One as yet unproven hypothesis holds that cy-
toplasmic ATM responds to certain genotoxic insults,
such as an increase in reactive oxygen intermediates, and
coordinates cytoplasmic responses with the nuclear
events associated with checkpoint activation. A protec-
tive role for cytoplasmic ATM against oxygen-derived
free radicals is consistent with the notion that A-T pa-
tients, and the cells derived from these patients, show
signs of chronic oxidative stress (Rotman and Shiloh
1997).

The subject of extranuclear functions for ATM has
stirred particular interest with respect to the devastating
neurodegenerative pathologies associated with A-T
(Crawford 1998). Young A-T patients invariably suffer
from progressive neuronal cell death that initially affects
the cerebellar Purkinje neurons. Interestingly, Purkinje
cells contain a substantial pool of cytoplasmic ATM
(Barlow et al. 2000). Neurons in general are notoriously
sensitive to oxidative stress, and undergo apoptosis
when exposed to an unmanageable level of reactive
oxygen intermediates in vitro. These observations have
fostered speculation that cytoplasmic ATM protects Pur-
kinje neurons from oxidative stress by stimulating anti-
oxidant defenses in the host cells. The induction of
NF-kB-dependent genes by ATM could represent one
such antioxidant defense mechanism (Jung et al. 1995,
1997), although another group has disputed the evidence
for a direct linkage between ATM and NF-kB activation
(Ashburner et al. 1999).

A provocative model for the neuroprotective functions
of ATM has emerged from studies of insulin/insulin-like
growth factor (IGF) receptors in nonneuronal cells. The
authors show that insulin stimulation triggers a rapid
increase in ATM kinase activity in human embryonic
kidney cells, and provide evidence that a physiologic tar-
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get for ATM is the translational repressor protein PHAS-
I/4E-BP1 (Yang et al. 2000). The authors propose that
ATM-dependent phosphorylation of PHAS-I at Ser 111
phosphorylation sets the stage for subsequent phos-
phorylations at Thr 69 and Ser 64, which are mediated by
mTOR or other protein kinases (Gingras et al. 1999;
Mothe-Satney et al. 2000). These events culminate in the
release of PHAS-I/4E-BP1 from the translation initiation
factor, elF-4E, and the stimulation of cap-dependent
translation (Gingras et al. 2001). Although further work
is required to fully document these results (for discus-
sion, see Lavin 2000), the unexpected implication is that
ATM plays a direct role in insulin/IGF-stimulated pro-
tein synthesis. This scenario positions ATM as a rela-
tively proximal component of the insulin/IGF-1-depen-
dent signaling pathways leading to critical cellular re-
sponses, ranging from glucose uptake and metabolism,
to cell growth and survival. Given the preliminary evi-
dence that a similar pathway may be present in neuronal
cells (Yang et al. 2000), it is conceivable that ATM is an
important transducer of survival-promoting signals from
IGF receptors in CNS neurons. In A-T patients, defects
in IGF and insulin responsiveness could contribute to
both the neurodegeneration and the occurrence of insu-
lin-resistant diabetes in a subpopulation of A-T patients.

The proposed linkage between ATM and IGF receptor
signaling was further tightened with the recent finding
that intracellular ATM positively regulates the expres-
sion of IGF-1 receptors at the level of gene transcription
(Peretz et al. 2001). Fibroblasts from A-T patients were
shown to exhibit depressed levels of IGF-1 receptor pro-
tein, and this defect was corrected by transfection of
these cells with an expression vector encoding wild-type
ATM. Most importantly, forced expression of IGF-1 re-
ceptors in A-T fibroblasts reduced the radiosensitivity of
these cells to a level similar to that observed in their
ATM-transfected counterparts. If these findings can be
extrapolated to CNS neurons, then defects in IGF-1 re-
ceptor expression could be a major contributor to the
various neuropathologies associated with the A-T syn-
drome. It would be of interest to examine cell lines from
NBS patients for similar defects in IGF-1 receptor expres-
sion and IGF-1-dependent radioprotection. As discussed
previously, the ATM and NBS1 proteins appear to lie in
the same checkpoint pathway, and the clinical features
of A-T partially overlap with those of NBS1 (Shiloh
1997). However, cerebellar neurodegeneration is not a
prominent feature of NBS. If loss of NBSI fails to sup-
press IGF-1 receptor expression, then we could tentative-
ly conclude that the stimulatory effect of ATM on IGF-1
promoter activity is not obligatorily linked to its role in
DNA dsb-induced signaling. Whatever the outcome, the
available data strongly argue that further investigations
of the impact of ATM deficiency on IGF-1 receptor ex-
pression and signaling functions could radically alter
current concepts regarding the pathogenesis and treat-
ment of A-T.

As intriguing as the ATM-IGF-1 receptor connections
seem, other findings provide equally strong support for
the concept that defective DNA damage responses pre-



dispose A-T patients to premature neurodegeneration
(Rolig and McKinnon 2000). These studies began with
the finding that neurons from ATM-deficient mice dis-
played, quite unexpectedly, a heightened level of resis-
tance to killing by IR (Herzog et al. 1998). Subsequently,
it was shown that mice deficient in DNA ligase IV, an
enzyme required for the nonhomologous end-joining
pathway of DNA dsb repair, died in utero due to massive
apoptosis of the developing central nervous system
(CNS) neurons. Crossing of these Ligd /- mice onto the
ATM nullizygous background results in a dramatic res-
cue of both the embryonic lethality, and the apoptotic
death of CNS neurons (Y. Lee et al. 2000). These results
suggest that, during early CNS development, ATM func-
tions as a caretaker that marks genetically damaged neu-
rons for elimination, at a time when their healthy co-
horts can readily replace them. In the absence of ATM,
damaged neurons are neither eliminated nor replaced,
and, postpartum, these functionally compromised cells
are destined to undergo an early demise in the brains of
young A-T patients. If this model is correct, then defini-
tive therapy aimed toward the prevention of neurodegen-
eration in A-T patients could be very difficult, as it
would need to be initiated during gestation.

Conclusions

The identification of the full-length ¢cDNAs encoding
ATM and ATR ushered in an explosive era of research
focused on cell-cycle checkpoint signaling in mamma-
lian cells. Without a doubt, much of the recent progress
in this area rests squarely on the shoulders of elegant
studies performed in genetically tractable model sys-
tems, particularly fission and budding yeast. The conser-
vation of many of the core components of checkpoint
signaling pathways, as well as of the cell-cycle apparatus
itself, has facilitated efforts to define the mechanisms
through which mammalian cells guard the integrity of
their genomes. A general model for the division of labor
between ATM and ATR is emerging from work per-
formed primarily in mammalian cells and Xenopus egg
extracts. In a sense, ATR might be considered the house-
keeping member of this duo, in that genome mainte-
nance during normal cell proliferation hinges on the sur-
veillance functions of ATR. The early embryonic lethal-
ity induced by ATR gene disruption may reflect the
breakdown of both the DNA replication checkpoint, and
the checkpoint responses to overt DNA damage incurred
during S phase (Brown and Baltimore 2000; de Klein et al.
2000).

ATR also plays a central role in the response to certain
types of genotoxic agents, including hydroxyurea and UV
light. Again, we can draw a clear link to S phase, as cells
are normally alerted to the lesions induced by these
agents when deoxyribonucleotide depletion or abnormal
DNA structures impede the progress of advancing repli-
cation forks. In this regard, it is intriguing that the bind-
ing of ATR to DNA and the activation of the replication
checkpoint require RNA primer synthesis by DNA poly-
merase-a (Hekmat-Nejad et al. 2000; Michael et al.
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2000). A synthesis of the available data suggests that
ATR might play a critical role in the S and G, check-
points (although additional functions in the M-phase
checkpoint should not be discounted), and ATM might
assume primary responsibility for management of the G,
checkpoint.

In contrast to ATR, ATM seems dedicated to providing
the cell with a rapid protective response to an extremely
lethal form of DNA damage, the DNA dsb. Although
ATM research has focused heavily on the response to
IR-induced DNA dsbs, it is likely that, outside of the
laboratory setting, the intrinsic accoutrements of life as
a multicellular organism, such as continuous assaults by
oxygen-derived radicals, and the need to generate a di-
verse repertoire of antigen-responsive lymphocytes, gen-
erated evolutionary pressure for the development of a
checkpoint signaling module geared toward sounding
the DNA dsb alarm at the first sign of trouble. The iden-
tification of ATM as a key regulator of p53 in cells that
have incurred DNA dsbs not only links ATM to the G,
checkpoint, but also suggests that ATM participates di-
rectly in making life and death decisions in certain cell
types, particularly thymocytes and early-stage neurons.
In A-T patients, disruption of the p53-dependent path-
ways that would normally direct irreparably damaged
cells to undergo apoptosis during embryonic or early
postnatal life may sow the seeds for the neurodegenera-
tion and cancer predisposition that are so characteristic
of this disease. An intriguing possibility, which demands
additional attention, is that ATM plays a more general
role in cytoprotection against oxidative stress, possibly
by inducing the expression of NFkB-regulated genes (Li
et al. 2001).

Finally, considerable interest has developed in the area
of drug discovery related to ATM, ATR, and other check-
point proteins. Small molecule inhibitors of these pro-
teins would undoubtedly find widespread applications at
the laboratory bench, as investigators continue to dissect
the contributions of these protein kinases to various sig-
naling pathways, checkpoint or otherwise. However, the
real impetus for drug discovery in this area rests on the
notion that specific inhibitors of ATM and ATR, and of
their downstream target proteins, might find clinical ap-
plications, particularly in the treatment of cancer. A cen-
tral premise of modern cancer cell biology is that cancer
development is a hyperevolutionary process fueled by
genetic instability (Hartwell and Kastan 1994; Weinert
1997; Lengauer et al. 1998; Cahill et al. 1999). A major
mechanism whereby tumor cells acquire genetic insta-
bility is through the acquisition of mutations that
weaken or eliminate cell-cycle checkpoints. Loss of
checkpoint controls is particularly prevalent in the later
stages of cancer development, and it is these tumor cells
that tend to be especially refractory to killing by conven-
tional anticancer agents, many of which either damage
DNA directly or interfere with DNA replication. Per-
haps pharmacologic inhibitors of ATM and/or ATR
would allow clinical oncologists to beat tumor cells at
their game. On a background of compromised check-
points, it is conceivable that combined therapy with, for
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example, an inhibitor of DNA synthesis (e.g., 5-fluoro-
uracil or gemcitibine) and an ATR kinase inhibitor
would drive checkpoint-compromised tumor cells into a
premature, lethal mitosis, while sparing nonmalignant
cells, which retain the full complement of cell-cycle
checkpoints. The finding that caffeine, an inhibitor of
mammalian ATM and ATR (Sarkaria et al. 1999), selec-
tively sensitizes p53-deficient tumor cells to killing by
IR lends credibility to this therapeutic strategy (Powell
et al. 1995; Yao et al. 1996). The discovery of highly
specific inhibitors of ATM and ATR, and their successful
application to the therapy of human cancer, would make
the long journey through checkpoint signaling pathways
a rewarding one indeed.
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