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Abstract
Radiation and other types of DNA damaging agents induce a plethora of signaling events
simultaneously originating from the nucleus, cytoplasm, and plasma membrane. As a result, this
presents a dilemma when seeking to determine causal relationships and provide better insight into
the intricacies of stress signaling. ATM plays critical roles in both nuclear and cytoplasmic
signaling, of which, the DNA damage response (DDR) is the best characterized. We have recently
created experimental conditions where the DNA damage signal alone can be studied while
minimizing the influence from the extranuclear compartment. We have been able to document
pro-survival and growth promoting signaling (via ATM-AKT-ERK) resulting from low levels of
DSBs (equivalent to •2 Gy). More extensive DSBs (>2 Gy eq.) result in phosphatase-mediated
ERK dephosphorylation, and thus shutdown of ERK signaling. In contrast, radiation does not
result in such dephosphorylation even at very high doses. We propose that phosphatases are
inactivated perhaps as a result of reactive oxygen species, which does not occur in response to
‘pure’ DNA damage. Our findings suggest that clinically relevant radiation doses, intended to halt
tumor growth and induce cell death, are unable to inhibit tumor pro-survival signaling via ERK
dephosphorylation.
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Introduction
We have reported in several recent studies that DNA DSB (double-strand break) repair
(homologous recombination repair (HRR), as well as nonhomologous end joining (NHEJ))
is modulated by the EGFR-RAF-MEK-ERK and AKT pro-survival signaling axes. Our data
suggest that ATM plays a central role in monitoring growth and well-being of the cell via a
regulatory loop with ERK and AKT, which also influences DSB repair. This review
summarizes our recent work on ATM-dependent pro-survival signaling and DSB repair,
which we formulate into a model providing a new perspective on how radiation-induced
nuclear and cytoplasmic signaling might be coordinated.

Background
ATM is the principal regulator of the DNA damage response

The most toxic DNA damage lesion generated by a wide variety of endogenous and
exogenous sources is the DNA double-strand break (DSB). DSBs resulting from ionizing
radiation (IR) and radiomimetic drugs activate the phosphoinositide 3-kinase-related kinase
(PIKK) ataxia telangiectasia (A–T) mutated (ATM), a member of a family of proteins also
including ATM and RAD3-related protein (ATR) and DNA-dependent protein kinase
(DNA-PK). Together, the PIKKs serve to transduce and amplify the DNA damage signal by
localizing to DNA breaks, activating cell cycle checkpoints, modulating survival and
apoptotic/death signaling pathways, and directly participating in DSB repair (reviewed in
[1]). This process is referred to as the DNA damage response (DDR). ATM phosphorylates
more than 700 proteins, many directly involved in DSB repair and DNA damage
checkpoints such as p53, CHK2, and the histone isoform H2AX to mention only a few [2].

The repair of DSBs in mammalian cells occurs primarily via two pathways -
nonhomologous end joining (NHEJ) and homologous recombination repair (HRR). If left
unrepaired, DSBs result in cell lethality [3]. The two pathways have distinct mechanisms;
HRR requires a homologue, to be found either in a sister chromatid, homologous
chromosome, or repeat sequence, from which the HRR machinery can duplicate an intact
copy of the damaged DNA and ensure high DNA repair fidelity. NHEJ can be an error-free
or error-prone process that is able to rejoin double-stranded ends with no or little sequence
homology [1]. Both HRR and NHEJ are regulated by PIKKs [1]. In human cells, ATM
participates in both HRR and NHEJ through cell cycle control and chromatin-associated
processes [4–6]. Furthermore, NHEJ is coordinated by the direct actions of DNA-PK, a
holoenzyme comprised of the regulatory KU hetero-dimer, KU70 and KU80, and the large
catalytic subunit of DNA-PK (DNA-PKcs) [1]. DNA-PKcs binds to damaged DNA directly
and functions both structurally and as a kinase to synapse the two broken ends of DNA and
help target other NHEJ factors to the site of damage (reviewed in [7]). Misrepair of DSBs
can lead to mutagenic events such as chromosome translocations, deletions, duplications, or
DNA loss that lead to cancer and other diseases (reviewed in [8,9]). The extent to which any
of the PIKKs (ATM, ATR, or DNA-PK) may substitute for another is incompletely
understood and is complicated by substantial evidence for cross-talk between the three
PIKKs [10–12]. Furthermore, DSB repair displays differential reliance on each kinase
during the cell cycle, over the course of development, and whether the DSB resides in eu- or
heterochromatin [6,13,14].

To monitor the impact of ATM signaling on DSB repair, we have employed engineered
DNA repair cassettes harboring a unique restriction endonuclease site to introduce DNA
breaks at defined locations. This technology uses the rare-cutting endonuclease, I-SceI,
which cleaves an 18-bp long DNA recognition sequence [15]. The DSB ends formed after I-
SceI cleavage have 5 -phosphate and 3 -OH groups suitable for ligation, whereas DSBs
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formed after exposure to IR, radiomimetic drugs, or oxidative damage have chemically
heterogeneous ends that require processing by nucleases or other DNA modifying enzymes
prior to repair by HRR or NHEJ. The I-SceI-based technology has a number of advantages
relative to other methods aimed at measuring DSB repair. First, the integrated repair
cassettes are subject to changes in chromatin structure and therefore the DSB is repaired
under more physiological conditions than, for example, episomal DNA substrates. Second,
this method allows for the direct monitoring of repair at a single DSB rather than
overwhelming the cellular machinery with the excessive DNA damage required to
demonstrate cleavage and re-sealing by pulsed-field electrophoresis or other methods.
Finally, the DNA sequence spanning the DSB is known, so PCR-based detection is possible,
which is not the case with damage resulting from radiation. Stably integrated repair cassettes
expressing fluorescent reporter proteins have been used quite successfully by our group to
monitor HRR and NHEJ events, and we have shown critical involvement of ATM in both
HRR and NHEJ [4,16,17]. However, it is important to remember that these artificial
constructs are only surrogates, and critical findings need confirmation by repair foci assays,
radiosurvival, and other means.

In addition to canonical repair factors, DSB repair is also modulated by EGFR and MAPK
signaling (reviewed in [18]). We have demonstrated that EGFR-RAF-MEK-ERK and JUN
signaling are important for efficient HRR, whereas p38 signaling seems to negatively
modulate this type of repair [17]. Similarly, NHEJ is also affected by EGFR-MEK-ERK
signaling since γ-H2AX foci removal is impaired or promoted when dominant negative
EGFR is expressed or stimulated with EGFRvIII, respectively [16]. The ligand-independent
and, thus, constitutively active EGFRvIII enhances AKT signaling relative to wild type
EGFR [19]. Furthermore, EGFR needs to heterodimerize with ERBB2 to activate AKT
signaling in response to radiation but not EGF [20]. AKT activity is critical for radiation-
induced phosphorylation of DNA-PKcs at T2609 and S2056 and for NHEJ [21,22]. Results
similar to ours regarding EGFR, DNA-PK and DSB repair have also been reported by others
[23]. In addition, ERK signaling, partly under control of ATM and EGFR-MEK-ERK
signaling, is also important for IR-induced p(S1981)-ATM formation [17]. This suggests
that a regulatory loop exists between ATM and MEK/ERK that regulates the DDR, DSB
repair, and the choice between cell survival and death (Fig. 1). In support of this notion, an
important role of MEK-ERK signaling in modulating ATM function in response to the DNA
damaging agent etoposide was revealed in a recent study where ERK was depleted [24].

Cytoplasmic role of ATM
A number of recent reports have found that ATM also plays important roles outside of the
nucleus by regulating reactive oxygen species (ROS) signaling [25]. In response to ROS,
ATM activates TSC2 in a p53-independent manner to suppress mTORC1 signaling, which is
distinct from the DDR. Furthermore, oxidation of ATM at a critical cysteine residue
(C2991) directly induces ATM activation in the absence of DSBs and the MRN complex
[26]. Auto-phosphorylation of ATM at S1981, phosphorylation of p53 (S15), and CHK2
(T68) occurred in response to hydrogen peroxide, whereas H2AX and KAP1 both residing
in the nucleus were not phosphorylated. Thus, only a subset of ATM targets that are
phosphorylated during the DDR are also phosphorylated in response to ROS. The
observation that the ATM R3047X mutation generates an ataxia phenotype in A–T patients
while retaining a normal DDR suggests that most of the clinical manifestations of A–T may
result from an inability to effectively regulate the response to ROS [26]. Since radiation
effectively generates ROS, as well as DNA damage, it seems as if multiple, parallel ATM
signaling pathways are triggered in separate cellular compartments that are somehow co-
regulated.
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Radiation-induced growth factor receptor-mediated signaling
Epidermal growth factor receptor (EGFR) is a member of the receptor tyrosine kinase
superfamily. In response to the binding of epidermal growth factor or other ligands, EGFR
oligomerizes at the plasma membrane, which stimulates its intrinsic protein tyrosine kinase
activity to trans-phosphorylate tyrosine residues on the intracellular portion of the receptor.
In addition, clinically relevant, low dose radiation exposure (1–2 Gy) activates EGFR by
homo- and hetero-dimerization with other members of the EGFR/ERBB receptor family
(ERBB2, ERBB3, and ERBB4) (reviewed in [27]). EGFR auto-phosphorylation triggers
downstream signaling events channeled into different pathways through activating proteins
that bind to phosphorylated tyrosine moieties via their SH2 domains. These signaling
pathways include the ERK, JNK, and phosphatidylinositol-3-kinase (PI3K)/AKT pathways
which regulate a wide variety of cellular processes, including growth, migration, and
senescence. Radiation-induced EGFR activation is believed to result from alterations in the
plasma membrane and/or inactivation of (a) phosphatase(s), which signals into the cell
(“outside-in”) to regulate gene expression and cell growth. However, radiation also produces
DSBs and other types of DNA damage that signal from the nucleus to the cytoplasm
(“inside-out”) (reviewed in [28]). Other growth factor receptors, such as the insulin receptor
(Ins-R) and the insulin-like growth factor 1 receptor (IGF-1R), also modulate cell survival
after radiation (Fig. 2). ATM seems to regulate signaling processes from all three of these
receptors [12,29–31]. For example, insulin signaling is impaired in A–T cells and small
molecule inhibitors of the ATM kinase reduce AKT phosphorylation in cells stimulated with
insulin [12]. Furthermore, the radioresistance of A–T cells increases to normal levels when
IGF-1R is over-expressed [30]. Along that same line, when IGF-1R is down-regulated
normal cells become more radiosensitive [31]. Altogether, ATM regulates nuclear as well as
cytoplasmic signaling responses with documented crosstalk between the two compartments.

Low levels of DSBs trigger pro-survival signaling
To address the origin of the signal that activates pro-survival responses - either nuclear via
DNA damage or cytoplasmic through plasma membrane events or ROS - we first generated
DSBs by BrdU photolysis [32]. We demonstrated that low levels of DSBs (equivalent to •2
Gy) resulted in increased ERK and AKT phosphorylation. This prosurvival signaling was
dependent on ATM for transmitting the signal to ERK, via AKT and MEK. Greater levels of
DSBs (>2 Gy eq.) resulted in ERK dephosphorylation which was ATM-independent,
suggesting that excessive DNA damage shuts down prosurvival signaling. Similar results
were seen after transient expression of a restriction endonuclease from a plasmid or by
electroporation of the same endonuclease into cells [32]. Altogether, this bi-phasic ERK
response likely plays an important role in determining cellular outcomes in response to DNA
damage and the balance between cell survival and death.

Whereas ERK phosphorylation was bi-phasic and AKT-dependent, γ-H2AX levels
increased in linear fashion with increasing DSBs. Interestingly, low levels of DSBs
introduced by a restriction endonuclease actually increased cell proliferation over several
days. Contrary to the observed bi-phasic effect on ERK and the threshold effect on p53
signaling [32], neither MKK6-p38 or c-Jun signaling increased after photolysis (Fig. 3).
Ultraviolet light, and to some extent IR, activated both signaling pathways, and all three
treatments increased p53 phosphorylation. The increased p53 phosphorylation observed
after treatment with either photolysis, ultraviolet light, or IR indicate that each treatment
successfully induced DNA damage. However, while phosphorylated MKK6, Jun, and p38
can be seen after treatment with ultraviolet light or IR, each are absent in the samples
generated from photolysis, suggesting that MKK6-p38 and JNK-Jun signaling are triggered
by non-DNA damage events. A likely candidate for the induction of MKK6-p38 and JNK-
Jun signaling is the generation of ROS that accompanies both IR and ultraviolet light
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treatment [33,34]. All combined, our findings suggest that the low levels of DSBs, which the
cell is able to handle and repair, result in ATM- and AKT-dependent MEK-ERK pro-
survival signaling. Extensive DSBs trigger an ATM-independent phosphatase(s) that prevent
ERK signaling, and, thus, inhibits proliferation and growth. Conversely, radiation increases
ERK phosphorylation in a dose- and time-dependent manner but dephosphorylation of ERK
is not observed [32].

Phosphatases in the DNA damage response
Inactivation of negative regulatory components, such as protein tyrosine phosphatases
(PTPs), is one mechanism that results in increased protein phosphorylation [35]. For
example, ROS inactivates a PTP that results in EGFR activation [36]. However, most key
proteins involved in the DDR are controlled by serine-threonine (S–T) phosphatases
including ATM (reviewed in [37]). This type of phosphatase, including PP1, PP2A, and
MKP3, can also be inactivated by ROS, which is indeed what occurs during cellular
senescence [38].

Thus, rather than being controlled by kinases, protein phosphatases could regulate the DSB-
induced pro-survival signaling we observe. For example, we recently reported on the
possibility that a phosphatase might negatively control the phosphorylation of AKT at S473
in an ATM-dependent manner [12]. Protein phosphatase 2A has strong links with ATM,
AKT, and ERK signaling, and could control a multitude of these DSB-induced responses
[12]. It is also tempting to speculate on the role of inactivated phosphatases and activation of
ATM in states of redox stress. Oxidation of a cysteine-disulfide bond (C2991) in the FRAP/
ATM/TRRAP C-terminal (FATC) domain of ATM could very well occur after IR as it does
after hydrogen peroxide or bleomycin treatment [26]. A summary of the signaling occurring
from nuclear and cytoplasmic compartments in response to BrdU photolysis at low and high
levels of DSBs as well as radiation is shown in Fig. 4. Photolysis and restriction
endonucleases trigger nuclear signaling that can be divided into minor (•2 Gy eq.) or
extensive (>2 Gy eq.) DNA damage. Minor DNA damage activates ATM, ERK and AKT
signaling, promotes DSB repair, and increases cell survival. Extensive DNA damage
activates ATM and ATM-independent phosphatases, which abrogate ERK phosphorylation
and cause apoptosis/cell death by signaling conflicts and extensive damage. The tumor
suppressor p53 is activated at very low levels of DSBs and acts as a threshold switch for the
DDR. On the other hand, radiation activates ATM in the nucleus and separately in the
cytoplasm (via ROS) in a dose-dependent manner. ROS inactivates phosphatases by
oxidation preventing dephosphorylation of p-ERK and possibly many other phosphorylated
proteins. Based on our recent findings, this inactivation might start occurring at about 2 Gy
since at 2 Gy eq. of DSBs ERK dephosphorylation is seen [32]. Sustained phosphorylation
of ERK, AKT, and other proteins results in proliferative responses and senescence at low
doses, and apoptosis/cell death at higher doses.

Why is the regulation of phosphatases relevant?
Most clinical protocols deliver radiation in 2 Gy fractions. The case has been made that this
relatively low dose, under protracted fractionation, could possibly result in accelerated
repopulation in certain types of tumors [39–41]. We and others have demonstrated that
radiation at low and clinically relevant doses increases ERK signaling. However, ERK
dephosphorylation does not occur at higher doses. The reason behind this could be that
critical phosphatases are inactivated. Sustained ERK signaling could lead to growth and/or
tumor senescence, both undesirable effects of radiotherapy. Our studies have revealed an
interesting observation that is worthy of further investigation. Of course, explaining tumor
repopulation by a single mechanism is too simplistic since many responses aside from ERK
and AKT signaling also occur and play a role in determining cell fate. Yet, targeting and
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manipulating phosphatases for clinical benefit could perhaps hold the key to better
constraining tumor repopulation.
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Fig. 1.
Regulatory loop between ATM and AKT-ERK signaling. A dynamic relationship between
survival and death pathways is regulated by ATM, AKT and ERK that together control DSB
repair (HRR – homologous recombination repair, and NHEJ – nonhomologous end joining).
When damage is low and the cell can manage to repair its DNA, cell survival ensues. When
severe damage occurs, the cell shuts down repair and the cell dies. Green arrows and text;
survival signaling, red arrows and text; death signaling. This schema summarizes findings
from several of our recent publications [12,16,17].
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Fig. 2.
ATM separately regulates DNA damage responses in the nucleus and cytoplasm. Cross-talk
exists and is referred to as “inside-out” and “outside-in” signaling [28]. Growth factor
receptors, the insulin receptor (Ins-R), the insulin growth factor 1 receptor (IGF-1R), and the
epidermal growth factor receptor (EGFR), residing in the plasma membrane are regulated by
ATM and transmit growth and radioresistance signaling through the RAS-RAF-MEK-ERK
and AKT signaling pathways. ATM has well-established nuclear function and binds to or
close to the DSB after DNA damage and mediates the DDR. ATM plays a separate role in
the cytoplasm where it regulates ROS signaling [25,26]. The schema merely provides a
basic overview of functions and interactions, and does not reflect the specific characteristics
of the receptors and mediators depicted.
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Fig. 3.
Nuclear signaling from DSBs does not activate the p38 and Jun signaling pathways. (A) U87
cells were treated with IR (20 Gy), UV-C (20 J/m2), or labeled with BrdU, treated with
Hoechst dye and UV-A irradiated with 1500 J/m2 [32]. Cells were collected after 1 h and
samples processed for western blot analysis. (B) MCF-7 cells were treated with IR (20 Gy),
UV-C (20 J/m2), or treated with BrdU as in (A). UV-A was applied at 150, 500 or 1500 J/
m2. Cells were harvested after 1 h and samples processed for western blot analysis [32].
Membrane was probed with anti-phospho antibodies for p53 (S15), MKK6 (S189/207), p38
(T180/Y182), and c-Jun (S63). Anti- -actin antibody was used to normalize protein loading.
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Fig. 4.
Summary of “inside-out” and “outside-in” signaling and the importance of phosphatases.
See text for explanation. Green arrows and text denote survival signaling, and red arrows
and text denote growth inhibitory and death signaling. Yellow denotes unique effects.
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