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a b s t r a c t

Kinases in the phosphoinositide three-kinase-related kinase (PIKK) family include ATM (ataxia-
telangiectasia mutated), ATR (ATM- and Rad3-related), DNA-PKcs (DNA-dependent protein kinase
eywords:
TR
TM
NA-PK

catalytic subunit), mTOR (mammalian target of rapamycin), and SMG1 (suppressor with morphologi-
cal effect on genitalia family member). These atypical protein kinases regulate DNA damage responses,
nutrient-dependent signaling, and nonsense-mediated mRNA decay. This review focuses on the mech-
anisms regulating the PIKK family with a strong emphasis on the DNA damage regulated kinases. We
outline common regulatory themes and suggest how discoveries about the regulation of one PIKK can be

famil

TOR

MG1
IKK

informative for the other

. Introduction

Genome maintenance is critical to prevent disease. Challenges to
enome integrity come from environmental mutagens, byproducts
f cellular respiration, and errors during nucleic acid metabolism
ncluding DNA replication. Cells have DNA damage response (DDR)
ctivities that continually monitor the integrity of the DNA and
unction to prevent the occurrence of deleterious mutations and
earrangements. The DDR is regulated by the phosphoinositide
hree-kinase-related protein kinases (PIKKs). The PIKKs primarily
esponsible for signaling the presence of DNA damage include ATM,
TR and DNA-PKcs. These PIKKs phosphorylate hundreds of pro-
eins that maintain genome integrity through regulation of cell
ycle progression, DNA repair, apoptosis, and cellular senescence.

Human cells also contain three additional PIKKs (SMG1, mTOR,
nd TRRAP) with activities in other biological pathways. SMG1 pri-
arily controls nonsense-mediated mRNA decay, mTOR regulates

utrient-dependent signaling, and TRRAP regulates transcription
ut lacks kinase activity. Insights into mTOR and SMG1 regulation
re pertinent to the DNA damage regulated PIKKs.

. PIKK complexes

The PIKK enzymes are large proteins (between 2547 and 4128
mino acids) that share a common domain structure (Fig. 1). The

inase domain is located near the C-terminus and is flanked by two
egions of sequence similarity among all the PIKKs called the FAT
FRAP, ATM, TRRAP) and FATC (FAT C-terminus) domains. The FAT
omain consists of HEAT (Huntingtin, Elongation factor 3, A subunit
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of protein phosphatase 2A and TOR1) repeats. The FATC domain
is small (32 amino acids) and is required for PIKK kinase activity.
However, the precise functions of these domains remain unclear.
Since the FAT and FATC domains flank the PIKK kinase domain it
has been suggested that they may interact and participate in kinase
regulation [1]. The remainder of each protein consists of more HEAT
repeats with little sequence similarity between the kinases and may
serve as a protein–protein interaction surface [2].

The signal that activates ATM and DNA-PKcs is a double strand
break (DSB), while ATR responds to single-stranded DNA (ssDNA)
gaps. All three kinases are recruited to the DNA lesion site, which
promotes kinase activation (although it is possible that soluble ATM
can be activated indirectly as discussed below). While the PIKKs
are at the apex of their signaling pathways and all three kinases
have been reported to have some affinity for nucleic acids, they
depend on associated proteins for DNA lesion recognition. ATM is
recruited to double strand breaks (DSBs) indirectly through bind-
ing Mre11-Rad50-Nbs1 (MRN), a complex that binds DNA ends [3].
DNA-PKcs is recruited to DSBs by interacting with the end bind-
ing heterodimer Ku70/80 [4]. ATR is recruited to ssDNA through its
binding partner ATRIP, which indirectly recognizes ssDNA through
an interaction with the ssDNA binding protein replication protein
A (RPA) [5]. Where it has been mapped, the primary binding site
for these accessory proteins is within the N-terminal HEAT repeat
region of each PIKK, and is mediated through a common motif near
the C-terminus of Nbs1, Ku70, and ATRIP [6].

The MRN complex and Ku70/80 have functions in double strand
break repair independent of their ATM and DNA-PKcs regulatory

activity. ATRIP, however, has only been shown to function as part of
a complex with ATR. All known functions of ATR require ATRIP and
vice-versa and each protein is dependent on the other for stability
[7], thus ATR–ATRIP is thought to be a holo-enzyme complex. mTOR
also forms one of two holo-enzyme complexes with either Raptor

http://www.sciencedirect.com/science/journal/15687864
http://www.elsevier.com/locate/dnarepair
mailto:david.cortez@vanderbilt.edu
dx.doi.org/10.1016/j.dnarep.2009.04.006
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Raptor- and Rag GTPase-dependent mechanism [37]. This local-
ig. 1. Diagram of PIKK domain structures showing the locations of the kinase, PRD,
AT, and FATC domains.

r Rictor (mTORC1 and mTORC2, respectively) [8,9]. Similar to ATR,
he stability of mTOR also depends on it forming a holo-enzyme
omplex.

. Localization

.1. ATR and ssDNA gaps

ATR appears to be the most versatile of the PIKK family of DNA
amage-responsive kinases, being activated by a variety of DNA

esions including base adducts, cross-links, DSBs, and compounds
hat directly promote replication stress such as hydroxyurea and
phidicolin. In addition to responding to environmental mutagens
hat induce replication stress, ATR is essential for the viability of
eplicating cells [7,10]. ATR is activated during every cell cycle to
egulate replication origin firing and repair damaged replication
orks. Disruption of ATR results in an accumulation of DSBs during
phase, cell cycle arrest or apoptosis, and early embryonic lethality

n mice [7,11].
ATR-activating DNA lesions have in common the ability to

xpose single-stranded DNA (ssDNA), often as a consequence of
talling the replicative polymerases. The relative insensitivity of
he replicative helicase to these lesions causes an uncoupling of
olymerase and helicase activities resulting in ssDNA gaps [12]. The
sDNA is a common ATR-activating signal [13,14].

ssDNA is rapidly coated by the heterotrimeric ssDNA binding
rotein RPA [15]. Several observations have highlighted the impor-
ance of RPA-coated ssDNA in ATR activation. The extent of ssDNA
enerated by a lesion influences the amount of DDR activation
bserved, with larger regions producing greater ATR activation [12].
dditionally, S. cerevisiae ATR (Mec1) activation is compromised
y mutations in RPA, and knockdown of RPA in mammalian cells
mpairs ATR activation [14,16,17]. These defects may be partially
eflective of the important role that RPA has in the recruitment of
TR to DNA lesions in eukaryotic organisms. ATR–ATRIP recruit-
ent to ssDNA gaps is dependent on both ATR and ATRIP [7,14]. An

volutionarily conserved RPA binding surface called the checkpoint
rotein recruitment domain (CRD) binds an N-terminal domain of
PA70 [18]. Deletion of the ATRIP CRD severely compromises the

ocalization of ATR–ATRIP to DNA lesions, although it has only mild
ffects on ATR signaling [18,19]. The lack of strong phenotype may
e explained by additional RPA interactions, alternative mecha-
isms of ATR–ATRIP recruitment, or possibly ATR activation with
nly transient localization to ssDNA gaps.

The interaction with RPA-coated ssDNA may be sufficient for
he recruitment of ATR–ATRIP to DNA lesions, but it is not suf-
cient to activate ATR. Co-localization of the RAD9-RAD1-HUS1
9-1-1) complex to ssDNA gaps is also required. The 9-1-1 het-
rotrimeric ring is similar to the replicative sliding clamp PCNA,
nd is loaded onto ssDNA–dsDNA junctions by the RAD17-RFC2-5
lamp loader [20–23]. In vitro, the 9-1-1 complex is preferentially

oaded at ssDNA gaps at the free 5′ DNA end [20], and a 5′ primer
nd appears to be the relevant checkpoint activating structure
24]. A ssDNA gap with a 5′ primer end can be found at resected
SBs, unprotected telomeres, during nucleotide excision repair, and
pair 8 (2009) 1004–1008 1005

at stalled replication forks. Thus, all of these structures can acti-
vate ATR. RPA directs the recruitment of the 9-1-1 complex to the
5′ primer ends, effectively placing the components of the check-
point activating structure in close proximity [20,21]. A checkpoint
recruitment domain on RAD9 with sequence similarity to the ATRIP
CRD binds the same RPA70N binding surface as ATRIP and may
help direct 9-1-1 loading or retain it at the 5′ junction [25]. Thus,
multiple RPA-checkpoint protein interactions promote assembly of
two checkpoint complexes (ATR–ATRIP and 9-1-1) at ssDNA gaps
formed as a consequence of many types of DNA lesions.

3.2. ATM, DNA-PK, and DNA double strand breaks

ATM and DNA-PKcs are also recruited to DNA lesion sites through
their accessory binding proteins NBS1 and Ku70/80. In the case of
DNA-PKcs, it is clear that its function and activation is dependent
on Ku70/80-dependent localization [26,27]. Ku70/80 form a ring
shaped molecule with high affinity for DNA ends [28]. Binding of
Ku70/80 to DNA ends provides a scaffold for the association of DNA-
PKcs and other proteins involved in non-homologous end joining.
DNA-PKcs activation requires both the Ku proteins and DNA.

Whether ATM must be recruited to a double strand break to
be activated is less clear. ATM autophosphorylates (a measure of
activation) when cells are treated with agents like chloroquine
or placed in hypotonic conditions, which reportedly do not cause
DNA strand breaks [29]. In these conditions, ATM activation may
depend on a protein, ATMIN, that is dispensable for DSB-induced
ATM activation [30]. It is unclear what physiological stimulus these
treatments mimic.

Considerable data indicate that recruitment to the damage site
is important for ATM activation in response to DNA damage. Dis-
ruption of MRN function through mutation or viral infection causes
defects in ATM localization and activation [31–33]. The MRN com-
plex directly binds DNA through DNA binding domains in Mre11,
and Nbs1 contains a region with sequence similarity to both ATRIP
and Ku70/80 that binds ATM and is important for ATM signaling
[6,34]. Thus, the MRN complex bridges ATM with the DNA end.

Controversy remains, however, about where the initial activa-
tion of ATM occurs in response to a DSB. The chloroquine/hypotonic
ATM activation data and chromatin immunoprecipitation experi-
ments indicating that kinase activity and ATM autophosphorylation
are important for ATM localization [35] have been interpreted as
evidence that chromatin structure changes initiate ATM activa-
tion. In this model, the recruitment of an already active ATM to
DSBs by Nbs1 amplifies ATM activity and allows it to phosphory-
late additional proteins on chromatin. The alternative model is that
the initial ATM activation happens at the DSB site. Support for this
idea includes experiments in Xenopus egg extracts that demonstrate
both the DSB end and the flanking chromatin provide a platform for
ATM autophosphorylation and activation [36]. Both ATM autophos-
phorylation and substrate phosphorylation depended on the DNA
end in this system. While further experiments will be needed to
distinguish between these ideas, both models agree that amplifica-
tion of ATM signaling and phosphorylation of most ATM substrates
requires the concentration/localization of ATM at the DSB site.

3.3. mTOR, endomembranes, SMG1, and mRNA

Other PIKKs are also regulated by dynamic changes in cellu-
lar localization. Amino acid stimulation causes mTOR to localize
to distinct perinuclear, endomembrane compartments using a
ization is important for mTOR activation because it co-localizes
mTOR and its protein activator, Rheb (see below). SMG1 binds
to protein complexes at premature termination codons and
exon-junction complexes on mRNA. This localization regulates
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onsense-mediated mRNA decay. Thus, localization is a common
heme for PIKK regulation.

. PIKK activators

The localization of PIKKs to subcellular compartments pro-
otes kinase activation by concentrating each kinase with an

ctivating protein. ATM, ATR, and DNA-PK are activated through
rotein–protein interactions with Mre11, TopBP1, and Ku70/80,
espectively.

.1. ATR activation by TopBP1

Topoisomerase binding protein 1 (TopBP1) directly stimulates
TR kinase activity [38]. TopBP1 is not required for the localization
f ATR to sites of damage or for the basal kinase activity of ATR
39,40]. However, TopBP1-mediated activation of ATR is required
or the damage-induced phosphorylation of ATR substrates, and is
ssential for cell viability in the absence of exogenous DNA damage
39]. TopBP1 is recruited to lesions independently of ATR–ATRIP
y binding the phosphorylated C-terminal tail of RAD9 [41–45].
he concentration of these proteins at sites of DNA damage is
ypothesized to facilitate an interaction between TopBP1 and the
TR–ATRIP holo-enzyme complex, which allows TopBP1 to pro-
ote activation of ATR kinase activity.
TopBP1 functions in both replication initiation and DDR signal-

ng [46]. However, its activity in ATR activation is largely separable
rom its replication function. An “ATR activation domain” (AAD)
ithin TopBP1 binds directly to ATR–ATRIP [38] primarily through
binding surface on ATRIP [39]. TopBP1 also makes contact with
region on ATR called the PIKK regulatory domain (PRD) that lies
etween the kinase and FATC domains (Fig. 1) [39]. These interac-
ions are essential for ATR activation and checkpoint signaling.

.2. Activation of ATM, DNA-PK and mTOR by protein activators

In vitro, ATM is activated by Mre11/Rad50, particularly in the
resence of DNA [47]. Ku70/80 activates DNA-PK in the presence of
NA ends [27]. A small GTPase, Rheb, activates mTOR [48]. The exact
inding surfaces for these protein activators on their respective
IKK are unknown.

The ATM PRD is a site for acetylation by the Tip60 acetylase
49]. Mutations in the ATM PRD that prevent acetylation also pre-
ent ATM activation. It will be important to test whether the ATM
RD acetylation alters its interaction with Mre11/Rad50, or perhaps
hanges its interaction with another ATM regulator such as Aven.
ven is an apoptotic inhibitor that also binds ATM and stimulates

ts activity [50].
Ku70/80 combined with DNA ends activates DNA-PKcs kinase

ctivity. Mutations in the DNA-PKcs PRD block autophosphory-
ation [39], and low-resolution structures suggest Ku70/80 may
ontact the C-terminal region of DNA-PKcs containing the PRD.
urther experiments will be needed to determine whether the DNA-
Kcs PRD does make contact with either DNA or Ku70/80.

mTORC1 kinase activity is stimulated by mLST8 and Rheb-GTP.
heb binds to a C-terminal portion of mTOR that includes the PRD
48]. Binding of an antibody to or deletion of the mTOR PRD creates
constitutively active mTOR kinase [51], consistent with the model

hat protein interactions with the PRD regulate mTOR activation.
Thus, specific protein activators regulate ATR, ATM, DNA-PKcs

nd mTOR. Where it has been investigated, the binding of the acti-

ator to the kinase complex causes a conformational change that
llows increased substrate access to the kinase domain (see below).
he PRD of each kinase has sequence conservation among orthologs
ut lacks significant similarity between paralogs. In each case, with
he exception of SMG1, this region is small and is unlikely to fold
pair 8 (2009) 1004–1008

into an independent protein domain. As a linker region between the
kinase and FATC domains with divergent amino acid sequence, the
PRD provides an opportunity for unique regulatory inputs (post-
translational modifications and protein–protein interactions) for
each of the PIKKs.

5. Post-translational modifications and PIKK structures

How does the interaction of TopBP1 with ATR or MRN with ATM
activate these kinases? Most likely, these interactions cause a con-
formational change that increases the ability of these kinases to
access substrates [52]. In response to DNA damage, ATM transitions
from an inactive dimer to an active monomer [29]. This transition
may be facilitated by the MRN complex and function to release
ATM autoinhibition. ATM autophosphorylation correlates with the
transition. Mutations that remove these autophosphorylation sites
impair ATM activation in human cell culture models [29,53]. How-
ever, in mouse models, ATM autophosphorylation mutants are
completely functional [54]. Furthermore, in vitro activation of ATM
by the MRN complex does not appear to require autophosphory-
lation [47]. It is possible that autophosphorylation stabilizes the
active ATM conformation or amplifies ATM activation, but may not
be essential in all biological contexts.

ATR also forms a higher order oligomeric complex in cells; how-
ever, it is unclear whether it is regulated in response to DNA damage
or TopBP1 binding [55]. Both ATR–ATR and ATRIP–ATRIP contacts
participate in the oligomerizations. It is possible that the ATR–ATR
contacts could be disrupted upon activation but the ATRIP–ATRIP
contacts remain intact. ATR is also autophosphorylated, but again
there is no data indicating whether any ATR post-translational mod-
ification regulates its activity. ATRIP is phosphorylated, and this
modification modulates the checkpoint function of ATR [56,57].
Specifically, serines 224 and 239 are phosphorylated in cells. S224
is a cyclin-dependent kinase site, but the kinase for S239 has not
been identified. Non-phosphorylatable ATRIP mutants do not sup-
port G2 checkpoint responses as well as wild type ATRIP; however,
the mechanism(s) underlying this regulatory effect remain unde-
termined.

DNA-PKcs also forms a dimeric complex at the double strand
break. Single particle electron microscopy images suggest that
dimeric DNA-PKcs/Ku structures may help tether two DNA ends
together [58]. Tethering the ends may be essential for end join-
ing. The presence of DNA-PKcs at the DNA end prevents premature
end processing. Current models suggest that ligation requires DNA-
PKcs displacement that is triggered by the trans-phosphorylation
of the DNA-PKcs dimer [59]. While the details of this process are
unclear, many of the DNA-PKcs autophosphorylation sites have
been mapped and non-phosphorylatable mutants cause radiosen-
sitivity and defects in NHEJ [60,61].

Understanding the conformational changes in the PIKKs that
result in activation will require structural studies of these kinases.
Unfortunately, no high-resolution structures have been described.
The low-resolution data indicates DNA-PKcs is globular. The
Ku70/80 heterodimer appears to bridge the N-terminal HEAT
repeats and a C-terminal region distal to the kinase domain [58]. It
is possible that the Ku proteins in combination with DNA may alter
the position of the C-terminal region freeing the kinase domain
so it can phosphorylate substrates. High-resolution structures of
DNA-PK and the other PIKKs are required to test these hypotheses.
6. Summary and perspective

The PIKKs are unusual protein kinases in that their sequence sug-
gests common evolution from lipid kinases. The common evolution
is apparent in the similarity of their regulation. While responding
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ig. 2. Common themes of PIKK regulation. Each PIKK is regulated through localizat
oth the recruitment and activation of the kinase, and a protein or protein/nucleic a

o different input signals, recurrent themes of regulation include
ynamic localization dependent on partner proteins and a protein
r protein/nucleic acid activator (Fig. 2).

PIKK relocalization concentrates the kinases to where their
ctivator is found. This concentration may be primarily respon-
ible for activation since regulation of both ATR and ATM
an by bypassed in experimental systems that increase the
inase/activator local concentrations. For example, overexpression
f the TopBP1 ATR-activating domain induces ATR activation in the
bsence of DNA damage, producing pan-nuclear �H2AX staining
nd cellular senescence [18,38,62]. Furthermore, concentrating the
ec1ATR–DDC2ATRIP and 9-1-1 complexes together on chromatin is

ufficient to activate ATR without a DNA lesion in S. cerevisiae [63].
herefore, RPA-coated ssDNA primarily serves as a scaffold for the
ssembly of proteins required for ATR activation, with the indepen-
ent recruitment of checkpoint activating complexes providing a
echanism of regulation to ensure that ATR is not inappropriately

ctivated. Similarly, immobilizing and concentrating ATM or key
TM regulators on chromatin also activates ATM signaling [64].

Kinase signaling is further regulated by post-translational mod-
fications on the PIKKs, accessory proteins, and activator proteins.
hese modifications may provide opportunities for fine-tuning
r amplifying the signal. Finally, conformational changes under-
ie PIKK activation. We do not yet understand why the dimer to

onomer ATM transition is important or how TopBP1 interaction
ith ATR–ATRIP allows greater substrate access. Further mutagen-

sis and domain mapping approaches will be useful, but ultimately
igh-resolution structures will be critical.

While the amount of information about how the PIKKs are acti-
ated has exploded in recent years, there remain many unanswered
uestions about this interesting family of kinases. Experimental
esults such as the lack of phenotype of the ATM S1981A mutant
n mice, and relatively minor defects associated with mutations in
he ATRIP-RPA binding surfaces, suggest that the simple activation

odels need further revision. New proteins like Aven must be incor-
orated into the models. Of course, the signaling downstream of
hese kinases has not been addressed in this review, but is equally
omplex.

Future research into the PIKKs will surely help us to under-
tand not only how cells maintain genome integrity to prevent
iseases such as cancer, but also may point to opportunities for
rug development. mTOR has been targeted for decades with the
atural product rapamycin – an antiproliferative antibiotic useful
o cause immunosuppression. ATM and ATR pathway inhibitors
re being developed as potential radio- and chemo-sensitizing
gents for cancer therapy. Since cancer cells exhibit have defects
n genome maintenance activities and experience considerable
enome integrity challenges due to their microenvironment and

ncogene-induced replicative stress, targeting the DDR pathways
ay be useful as a monotherapy in cancer. However, successful tar-

eting of these pathways requires that we understand their genome
aintenance activities, how they are regulated, what genome
aintenance activities are defective in cancer cells, which pro-

[

o a nucleic acid or intracellular compartment), a partner protein that is required for
tivator.

teins might provide the best targets, and which patients might
benefit most from this type of therapeutic approach. Further-
more, biomarkers for patient selection and drug evaluation will be
needed. Thus, filling in the details of the PIKK signaling pathways
is critical. Fortunately, our task is made easier by the significant
similarities between the mechanisms regulating these kinases.

7. Note added in proof

TopBP1 was recently discovered to function to recruit the 9-1-1
complex to stalled replication forks placing it both upstream and
downstream of Rad9 (S. Yan and W.M. Michael, TopBP1 and DNA
polymerase-alpha directly recruit the 9-1-1 complex to stalled DNA
replication forks, J Cell Biol. 184 (2009) 793-804).
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