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Abstract

Cellular response to genotoxic stress is a very complex
process, and it usually starts with the “sensing” or “detection”
of the DNA damage, followed by a series of events that
include signal transduction and activation of transcription
factors. The activated transcription factors induce expressions
of many genes which are involved in cellular functions such
as DNA repair, cell cycle arrest, and cell death. There have
been extensive studies from multiple disciplines exploring
the mechanisms of cellular genotoxic responses, which have
resulted in the identification of many cellular components
involved in this process, including the mitogen-activated
protein kinases (MAPKs) cascade. Although the initial
activation of protein kinase cascade is not fully understood,
human protein kinases ATM (ataxia-telangiectasia, mutated)
and ATR (ATM and Rad3-related) are emerging as potential
sensors of DNA damage. Current progresses in ATM/ATR
research and related signaling pathways are discussed in
this review, in an effort to facilitate a better understanding
of genotoxic stress response.
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INTRODUCTION

Cellular response to genotoxic stressisavery complex process.
However, it can be“ smply” envisioned asasignal transduction
cascade in which DNA lesions act as theinitial signal that is
detected by sensors and passed down through transducers.
Eventually the effectors receive the signal and execute various
cellular functions (Figure 1). Much knowledge has been gained
over the years concerning the signal transducers, and a large
group of serine-threonine protein kinases, namely the mitogen-
activated protein kinases (MAPKs), along with their upstream
kinases, have been shown to play prominent rolesin cellular

genotoxic responsesY. Three major classes of MAPKs, i.e.,
extracellular signal-regulated kinase (ERK), c-Jun N-terminal
kinase/stress-activated protein kinase (INK/SAPK), and p38
(also known as SAPK 2, RK, CSBP, or Mxi2), could all be
activated by various genotoxic stresses®”. Although the precise
mechanism has not been fully understood, it is known that
damageto cellular DNA somehow leads to the activation of a
group of serine-threoninekinases called MAPK kinase kinases
(MAPKKK, or MEKK, MEK kinase), which phosphorylate
the downstream dual-specificity kinases called MAPK kinases
(MAPKK, or MEK, MAPK/ERK kinase). These MAPKKs
then phosphorylate the threonine and tyrosine residues in
MAPKSs. This three-component module could be assembled
together by scaffold proteins that ensure the efficiency and
specificity of eachindividual MAPK pathway!®%. The activated
MAPKSs then translocate to the nucleus and phosphorylate
scores of target proteins, including many transcription factors.
Among these transcription factorsis the tumor suppressor p53
protein, which plays such an important role in the genotoxic
stress response that has earned the reputation as the “ universal
sensor for genotoxic stress’ 21412,
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Figure 1 A general schematic representation of cellular re-
sponses to genotoxic stress. Ultraviolet (UV), ionizing radia-
tion (IR), and various chemicals can induce DNA damage, such
as double strand breaks (DSBs), which can be detected by
“sensors”. This generates some signal that can be transduced
by the transducers to effector molecules. Finally, there is the
presence of an attenuation mechanism to control the cellular
response to genotoxic stress.

Although studies on MAPKs have provided a lot useful
information about signal transducers, the initial sensors for
DNA damage remain to be identified. Recently, it has been
proposed that some multi-protein complexesthat areinvolved
in DNA maintenance or repair, such asthe Rad family member
Radl, 9, 17, 26, and Husl, might function as DNA damage
sensorg?®18, Members of the phosphatidylinositol 3-kinase
(P1-3) superfamily, which are activated at the very early stages
of DNA damage response, could also serve as sensors, as
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well asinitiators, of the ensuing cellular genotoxic stress
response, including ATM and ATR in humang®®. Although
these proteins share the PI-3-like kinase domain, they could
not function as lipid kinases, but rather as serine-threonine
protein kinaseg 42025,

ATM AND ATR

Biochemistry of ATM and ATR

One distinguishing characterigtic of the PI-3 family members
istheir unusually large size, which ranges from around 300
kDato over 500 kDa. ATM isa 3056 amino acid (aa) protein
while ATR isa 2 644 aa protein, and both have a C-terminal
catalytic domain (-300 aa) which is flanked by two loosely
conserved domains. Although it has not been known how
exactly these two kinases sense the DNA damage, it is clear
that both kinases can be activated by DNA damage. However,
it has been found that ATM responds primarily to double-strand
breaks induced by ionizing irradiation (IR), while ATR also
reactsto UV or stalled replication forkg31426-29,

Activation of ATM and ATR

Several mechanisms have been proposed for the activation of
ATM and ATR by DNA damage: @) direct activation through
interaction with damaged DNA, b) indirect activation through
interaction with DNA repair or maintenance proteins, or ¢) a
combination of both!®. Existing experimental data support
the third mechanism, that they are activated both through
interactionswith DNA and members of the repair complexes.
For example, ATM could bind directly to DNA. Furthermore,
pre-treatment of DNA-cellulose matrix with IR or restriction
enzymes could stimulate ATM binding, suggesting that ATM
binds to DNA endg®*2, ATR could also bind to DNA, with a
higher affinity to UV-damaged than undamaged DNA. In
addition, damaged DNA could stimulate the kinase activity of
ATR to asignificantly higher level than undamaged DNAR34,
ATM and ATR asointeract with many proteinsthat co-locdize
at the site of DNA damage. For example, ATM as apart of a
super protein complex called BRCA 1-associated genome
surveillance complex (BASC), isinvolved in the recognition
and repair of aberrant DNA structures. It has been found this
complex contains several other proteins such as breast cancer
gene 1 (BRCAL), mismatch-repair protein hRad50, and BLM
helicase®. ATM could bind to histone deacetylase HDAC1
both in vitro and in vivo, and the extent of this association was
increased after exposure of MRC5CV 1 human fibroblasts to
IR, ATR was also able to bind to Rad17:*1 and BRCA 1,
and associated with components of the nucleosome remodeling
and deacetylating (NRD) complex such as chromodomain-
helicase-DNA-binding protein 4 (CHD4) and histone-
deacetylase-2 (HDAC2), All these data support the model
that multiple checkpoint protein complexeslocalize at the Sites
of DNA damage independently and interact to trigger the
checkpoint-signaling cascade.

Interaction with c-Abl

c-Abl, a non-receptor tyrosine kinase that is ubiquitously
expressed and localized in both nucleus and cytoplasm, could
be up-regulated following exposure to IR or genotoxic
chemicals such as cisplatin, methyl methane sulfonate (MMYS),
mitomycin-C, hydrogen peroxide, but not UV34-42, | R-induced
activation of c-Abl has been shown to require theinvolvement
of ATM in some cases, with ATM phosphorylating serine
residue 465 located within the kinase domain of c-Abl!4-41,
However, other studiesfound that c-Abl was not essential for
ATM function in chromosomal maintenance, suggesting that
c-Abl and ATM are at least partially independent!“®!,

An important effect which has been found following the
activation of c-Abl, istheinduction of cdll cycle arrest in ap53-
dependent manner, with the possible involvement of Rb, but not
p21°r4748 c-Abl could directly interact with and phosphorylate
p53, and regulate the level of p53 by preventing its nuclear
export and ubiquiti nation-dependent degradation!“>*., It could
also induce apoptosis in response to DNA damagel55?),
although this activity involved collaboration with p73 more
than p535%%!, ¢c-Abl binds to p73 through its Src-homology
(SH3) domain to phosphorylate p73 at tyrosine residues, which
in turn activates p73-dependent apoptosis pathway.

Regulation of the tumor suppressor p53 protein

Since p53 is such an important mediator in cellular response
to genotoxic stress, it is no wonder that ATM/ATR can
regulate p53 activity at multiple levels (Figure 2). The most
straightforward way to manage p53 is through direct
interaction, e.g., phosphorylation of p53. Both ATM and ATR
have been shown to phosphorylate p53 protein at serine 15to
enhance its transactivating activity!®%, ATM is also required
for dephosphorylation of Ser 376, which can create a binding
stefor 14-3-3 protein. The association of p53 and 14-3-3 could
increase the affinity of p53 for its specific DNA sequence,
therefore enhancing its transcriptional activity!®!. Other sites
that could be phosphorylated by ATM on p53 include Ser 6,
9, 46, and Thr 18, which may be important for the apoptotic
activity of p53 (Ser 46) or may enhance the acetylation of p53
(Ser 6, 9, Thr18)®4. |n addition, ATM/ATR could regulate
p53 through the action of other kinases. For example, ATM-
activated c-Abl could phosphorylate p53 at Ser 20, which is
important for the stabilization of p53 since this modification
interfereswith the binding between p53 and itsregulator murine
double minute 2 (Mdm2)1“962, ATM-activated Chk2 could also
phosphorylate p53 protein at Ser 20 and possibly at other sites,
leading to the activation of p53%!, Furthermore, ATM has
been found able to bind and phosphorylate Mdm2 and HDM 2
(the human homologue of Mdm2), thus inhibiting p53
degradation and promoting its accumulation in cell %669,

ATR
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Figure 2 Regulation of p53 protein by ATM and ATR. ATM
and ATR can influence the activity of p53 directly through phos-
phorylation or indirectly through the action of other kinases.
Furthermore, ATM can regulate p53 through phosphorylation
of Mdm2 molecule, the negative regulator of p53, which can
be up-regulated by p53.

Activation of MAPKs

Accumulative data support the notion that the activation of
MAPKSs in response to genotoxic stress is ATM/ATR
dependent. For example, DNA damaging stimuli, including
etoposide (ETOP), adriamycin (ADR), IR, and UV could
activate ERK1/2 in primary (MEF and IMR90), immortalized
(NIH3T3) and transformed (MCF-7) cells. It has further been
shown that ERK activation in response to ETOP could be
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Figure 3 The relationship between ATM and carcinogenesis.

abolished in ATM-/- fibraoblasts (GM 05823) independenty of
p53'%. UVA (320-400 nm) triggered ATM-dependent p53
phosphorylation and INK activation that resulted in apoptos's,
while ATR wasrequired for UV C (200-290 nm)-mediated p53
phosphorylation and JNK activation!™. In addition, activation
of ATM by gammairradiation could lead to the activation of
MKK6 and p38gisoform, and that activation of both MKK6
and p38g was essential for the proper regulation of G2
checkpoint in mammalian cell§™.

Although the link between ATM/ATR and MAPKSs has
been established, it is still not clear how ATM/ATR activates
MAPKs. In general, MAPK pathways are activated by
extracellular signals or signals generated in the cytoplasm, and
then the activated MAPK s transduce the specific “ messages”
to the nucleus. However, in response to genotoxic stress, the
signal seems to flow from the nucleus to the cytoplasm to
activate MAPKSs. In this case, c-Abl kinase may provide an
explanation. It has been found that c-Abl can activate p38
through MKK 627, and JNK by translocating from nucleus
to cytoplasm to phosphorylate hematopoietic progenitor kinase
(HPK1), an upstream kinase of INK!™!, Therefore, c-Abl may
fulfill arole asthe message carrier to transduce signals between
subcellular locations. Thismay further explain why in response
to genotoxic stress the activation of p38 was rather late (- 1 h)
and prolonged!™, while the cytokine activation of p38 was
rapid and transient (maximum around 30-60 min)",

In addition to their ability to activate MAPKs, ATM/ATR
may also regulate these kinases through their negative
regulators, the dual specificity of phosphatase MAPK and
phosphatase family (MKP). One member of the MKP family,
MKP-5, isknown to dephosphorylate and inactivate the stress-
activated JNK and p38. The phosphorylation-
dephosphorylation cycle of INK and p38 stimulated by
radiomimetic chemical neocarzinostatin (NCS), which can
induce double strand breaks (DSBs), could be attenuated in
A-T cellg™, further emphasizing the role of ATM as a master
regulator in the cellular response to genotoxic stress.

Mutations in ATM in association with cancer

Homozygous mutations in the ATM gene can cause human
genetic disorder ataxia-telangiectasia (A-T), which is
characterized by cerebellar degeneration, immunodeficiency,
cancer predisposition, and acute sengitivity to IR. The affected
individual has been found to be prone to develop T cell pro-
lymphocytic leukemia, B cell chronic lymphocytic leukemia,
aswell as sporadic colon cancer with microsatellite instability!™.
Atm-deficient mice also showed a striking predisposition to
lymphoid malignancies, particularly thymic lymphomas, to
which they succumbed before the age of 1 year. However, much
of theliterature on ATM mutations and cancer was not about A-
T patients, but was, instead, on heterozygous carriers of A-T
mutations. For example, recent studies have found an unusually
high occurrence of breast cancer intherelatives of A-T patients,
and that loss of heterozygosity of ATM occurred frequently
during the early stages of breast cancer development!™!.
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Furthermore, heterozygous micewere more sendtive to radiation-
induced cataracts than their wild-type counterparts®. Spring
et al, established aknock-in mouse mutant in which an inframe
deletion was previously found to cause A-T in humans was
induced. Mice homozygous for this mutation could produce
small amounts of inactive ATM and usually showed the
hallmarks of the Atm-knockout phenotype. Notably, mice
heterozygous for this mutation were predisposed to various
cancers, unlike the animals that carry a single knockout
allele that does not produce any proteini®l. Therefore, ATM
heterozygotes in human population might also be more
radiosensitive, and have a higher risk for cancer®(Figure 3).

No human disease has been found to link to defectsin ATR,
although it was found that defectsin ATR led to embryonic
lethality in mice, suggesting that ATR is essential for of
development of ATRI®#, Nonetheless, it is known that over-
expressing the inactive form of ATR had adominant negative
effect, causing increased sensitivity to DNA damaging stimuli
and failure to activate cell cycle checkpointsin response to
IR2881 Finally, over-expressing active ATR could restore S
phase checkpoint defect in A-T cells, suggesting that ATM
and ATR may complement each other in the cellular genotoxic
stress response®,

Down-regulation of ATM and ATR

Oncethe sensorsdetect DNA damage and initiate the signaling
pathway, and the biological conseguences (including DNA
repair, cell cycle arrest, and apoptosis) take effect, the signals
need to be inactivated or attenuated. The regulation of some
downstream components in the cellular genotoxic stress
response has been rather clearly defined, and usually involves
anegative feedback mechanism. One such exampleisthe p53-
Mdm2 regulation loop. In this loop p53 could activate the
expression of Mdm2, and Mdm2 could mediate the rapid
degradation of p53 through the ubiquitin pathway!®2. MAPKs
have a similar feedback regulation mechanism with MKPs.
MAPK s could induce the expression of MKPs, and MKPsthen
could interact with specific MAPK sto deactivate them through
dephosphorylation¥!, On the other hand, the mechanisms for
the regulation of ATM and ATR, remain obscure, although
some recent studies have significantly advanced our
understanding.

In contrast to the vast volume of reports about the activation
of ATM under genotoxic stress, very few studies have been
conducted to evaluate how ATM was inactivated. The results
from these studies so far al pointed toward inactivation of ATM
through Caspase-mediated cleavage during apoptosis®®l. This
same mechanism has also been shown to regulate many other
proteins involved in apoptosis, including serine/threonine
protein kinase Cd (PKCd), Mdm2, PARP, replication factor
C, 70 kDa U1snRNP, fodrin and laming®?. It was reported
that during apoptosis induced by c-Myc or DNA-damaging
agents (such as etoposide or IR), ATM but not ATR, was
specifically cleaved by members of the Caspase family.
Detailed studies revealed that the Caspase responsible for this
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cleavage was either Caspase-3 or -7, but not Caspase-6. This
cleavage abrogated the kinase activity of ATM to phosphorylate
p53, although the resulting two fragments retained their DNA
binding ability and interacted with each other. This finding
led to the hypothesis that cleaved ATM protein, without its
kinase activity, might act in atrans-dominant-negative fashion
to compete with the intact ATM, thus preventing DNA repair
and DNA damage signaling through its binding to DNA[&83],
Even lessinformation isavailable regarding the inactivation
of ATR. However, the recent identification of an ATR-
interacting protein (ATRIP) might provide alead for future
studies®. ATRIP is an 86-kDa protein with a coiled-coil
domain near its N-terminal and its expression is regulated by
ATR. Thededletion of ATR mediated by Crerecombinase could
cause the loss of both ATR and ATRIP expression, along with
the loss of DNA damage checkpoint responses and cell death.
ATRIP could be phosphorylated by ATR and co-localized at
intranuclear foci with ATR after DNA damage caused by
hydroxyurea(HU), IR, or UV, or inhibition of DNA replication.
Conversely, ATRIP could also regulate the expression of ATR,
asinhibition of ATRIP expression with small interference RNA
(SRNA) would result in decreased ATR protein expression,
while ATR mRNA levelswould not be affected. Interference
with ATRIP function could cause the same loss of G2-M
response to DNA damage as that seen in the case of ATR
deletion, suggesting that these two proteins work as mutually
dependent partnersin cell cycle checkpoint pathwayg®.

CONCLUSION

Human cancer is a magjor health issue for society, causing
millions of deaths each year and huge economical losses. Since
most of human carcinogens are genotoxing®®!, considerable
resources have been and are being expended in efforts to
understand the mechanism of genotoxin-induced
carcinogenesis, thus leading to a better prevention or even the
treatment of cancer. Since the sensing of DNA damageisone
of the earliest stepsin the cellular response to gentoxic stress,
identification of these “sensors” is the most prominent
challenge. As discussed in thisreview, ATM and ATR are
showing their promise as potential candidates. However, what
we should keep in mind isthat detection of DNA damage may
not be such a simple process, and may regquire more than just
one or two proteins to fulfill this role. Supporting thisideais
the finding of “foci” at damaged DNA sites, where many
proteinsinvolved in DNA repair and maintenance aggregate.
It ismore likely that interactions of these proteins, combined
with some unidentified factors might function as DNA damage
sensord®, Further elucidation of these“ foci” will bean exciting
areafor future research.
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