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Introduction

DNA double-strand breaks (DSBs) occur in response to various 
DNA damaging agents such as ionizing radiation (IR), radio-
mimetic drugs and during normal DNA replication. The ability 
to repair DNA damage with the highest fidelity is a fundamental 
part of cell survival.1,2 The cell responds to DNA damage by trig-
gering a number of signaling pathways known as the DNA dam-
age response (DDR). Activation of the DDR triggers cell cycle 
checkpoints that stall cell cycle progression to allow for DNA 
repair or when the damage is too severe initiate apoptosis and 
cell death.3-5

The ATM (ataxia telangiectasia mutated) protein is the prin-
cipal regulator of the DDR in response to IR. ATM phosphory-
lates more than 700 proteins involved in cell cycle control, DNA 
repair, apoptosis and modulation of chromatin structure, includ-
ing p53, Brca1, Chk2, 53BP1, SMC-1 and histone H2AX.6 
ATM-dependent H2AX phosphorylation is one of the earliest 
signs of DNA damage and is necessary for efficient DSB repair.7-9 
ATM is not limited to regulating the response to DSBs but also 
plays an important role in the response to oxidative stress and 
for modulating cell growth through growth factor receptors.10-13

Our previous work with human glioma cells has shown 
that radiation is able to induce ERK signaling important for 
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ATM-dependent foci formation.14 Furthermore, activation of the 
epidermal growth factor receptor (EGFR) by epidermal growth 
factor, transforming growth factor-α and radiation lead to the 
stimulation of prosurvival signaling through the ERK and the 
phosphoinositide 3-kinase (PI3K)/AKT pathways that contrib-
ute to cellular processes that regulate cell survival and apop-
tosis (review in ref. 15). In that vein, we recently showed that 
EGFR-ERK and AKT signaling positively affects DSB repair in 
an ATM-dependent manner.16 Another recent study showed that 
EGFR and hyperactivated PI3K-AKT signaling promotes DNA-
PKcs activation and DSB repair.17

The DDR is very complex as radiation not only elicits DNA 
damage signaling but additionally triggers independent non-
nuclear signaling that emanates from activated growth factor 
receptors and inactivated cytoplasmic protein phosphatases. 
Collectively, these signals influence cell cycle regulation, DNA 
repair and apoptosis.15,18-20 Thus, the effect of DNA damage 
alone on cell fate would be difficult to study in irradiated cells. 
In the present study we used BrdU photolysis,21,22 expression of 
ectopic EcoRI, and electroporation of EcoRI enzyme to gener-
ate DSBs and minimize non-nuclear effects. We then examined 
the signaling responses resulting from these DSBs. We show here 
that ATM regulates ERK phosphorylation and we report on a 
bi-phasic ERK response that could play an important role in 
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signaling in a variety of irradiated human tumor cell lines 
(reviewed in ref. 18).

BrdU photolysis generates DSBs with high effi-
ciency. The introduction of DSBs by non-radiological 
methods might provide a more suitable approach for 
studying the significance of signals that result specifically 
from DNA damage while minimizing non-nuclear influ-
ence. Previously, BrdU photolysis was shown to gener-
ate DSBs at high yields,21,22 suitable for studying DNA 
repair.8 Thus, we treated human glioma cells with BrdU 
for two days followed by the addition of the photosen-
sitizer Hoechst 33258 and UV-A irradiation, which we 
refer to as BrdU photolysis. The UV-A dose was used to 
control the extent of DSBs.

To establish that we indeed generated DSBs after 
BrdU photolysis, we first carried out pulsed-field gel elec-
trophoresis (PFGE) of DNA isolated from treated glioma 
cells (Fig. 2A). DSBs reached maximum levels 1 h after 
UV-A exposure and then began to decline to undetectable 
levels by 24 h (Fig. 2B). PFGE was able to detect DSBs 
resulting from IR in the range of 10–40 Gy, producing 
a linear relationship between dose and DSBs (Fig. 2C). 
We were able to detect DSBs with UV-A doses as low as 
500 J/m2 (Fig. 2D), corresponding to ~5 Gy equivalents 
(5 Gy eq.) derived from the extrapolation of IR-induced 
DSBs and assuming linear IR and UV-A dose responses. 
We found that the level of DSBs resulting from BrdU 
photolysis treatment at a dose of 150 J/m2 was equivalent 
to ~2 Gy, while the level of DSBs resulting from a UV-A 
dose of 1500 J/m2 was equivalent to ~20 Gy (Fig. 2C and 
D). Thus, the extent of BrdU photolysis was defined as 
low (≤2 Gy eq.) or high (>2 Gy eq.).

In contrast to the results obtained with IR, which 
instantaneously generates maximal levels of DSBs, BrdU pho-
tolysis produced peak levels of DSBs at 1 h (Fig. 2B), suggesting 
that BrdU photolysis generates DSBs with slower kinetics. The 
half-life of the DSBs resulting from BrdU photolysis was 8–10 h, 
which is considerably slower than the <1 h half-life of IR-induced 
DSBs when p-(ser-139) H2AX (γ-H2AX) was measured,23 sug-
gesting that BrdU photolysis generates more complex DSBs that 
require more time for repair. Our findings are in agreement with 
those of Limoli and Ward.21,22

BrdU photolysis triggers a typical DDR response. To dem-
onstrate that BrdU photolysis triggered a DDR, we carried out 
dose and time course experiments examining p53, Chk2, H2AX 
and ATM phosphorylation using western blot analyses. BrdU 
photolysis increased p53 and Chk2 phosphorylation as early as 
30 min after UV-A exposure and remained maximally elevated 
between 1 and 6 h and then declined between 6 and 24 h (Sup. 
Fig. 1). Such increases did not occur if any of the three treat-
ments, BrdU, Hoechst dye or UV-A was omitted (Sup. Fig. 1A, 
compare lanes 1–4 and 6–8, and data not shown). We observed 
a saturation of p53 (serine-15) phosphorylation at a UV-A dose as 
low as 125 J/m2 (1.5 Gy eq.) which remained unchanged up to 20 
Gy eq. On the other hand, γ-H2AX levels linearly increased with 
escalating doses of UV-A (Sup. Fig. 2). We also observed ATM 

determining cellular fate in response to DNA damage and the 
balance between cell survival and death. Indeed, we show that 
low levels of DSBs stimulate cell proliferation. Furthermore, we 
demonstrate that AKT is positioned downstream from ATM and 
is important for transmitting the DDR to the ERK pathway.

Results

Radiation induces dose-dependent ERK phosphorylation in 
human glioma cells. In general, MAPK signaling pathways 
are activated by extra-cellular or cytoplasmic events that result 
in the translocation of activated MAPKs to the nucleus. While 
radiation directly activates growth factor receptors in the plasma 
membrane additional signals flow in the opposite direction 
from damaged DNA to the cytoplasm (inside-out signaling).15 
To examine the nature of ERK1/2 (ERK) phosphorylation in 
response to DNA damage and establish a reference for further 
investigation, we first carried out an IR dose and time course 
experiment with human U87 glioma cells. We observed a dose-
dependent maximum of approximately 3-fold above basal levels 
that peaked at 5 min and declined over time, but remained ele-
vated for at least 1 h post-irradiation (Fig. 1). These results are in 
agreement with previous reports that demonstrated rapid ERK 

Figure 1. Time course and IR dose response of ERK phosphorylation. (A) U87 cells 
were exposed to 0 Gy (lanes 1, 5, 9 and 13), 2 Gy (lanes 2, 6, 10 and 14), 5 Gy (lanes 
3, 7, 11 and 15) and 20 Gy (lanes 4, 8, 12 and 16). Cells were collected at 5 min 
(lanes 1–4), 15 min (lanes 5–8), 30 min (9–12) and 60 min (13–16) and analyzed for 
ERK phosphorylation by western blotting. ERK denotes equal protein loading. 
The figure shows representative western blots of triplicate repeats.  
(B) Densitometry analysis of (A) presented in graph form. Data points, ERK phos-
phorylation levels plotted against radiation dose. Error bars, SEM; n = 3. Fold (x) 
denotes changes in p-ERK levels compared to control (0 Gy) normalized to total 
ERK protein levels. *p < 0.05.
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doses >500 J/m2 (>5 Gy eq.), p-ERK levels were reduced below 
basal level.

To show that the bi-phasic p-ERK response induced by BrdU 
photolysis was not cell line specific, we examined this response 
in HEK293 cells (ATM+ p53+). A dose response experiment with 
UV-A doses ranging between 15 and 1,500 J/m2 was carried 
out. We observed a maximum increase in ERK phosphorylation 
of 2.6-fold at 50 J/m2, (0.7 Gy eq.), and again at higher UV-A 
doses the level of ERK phosphorylation decreased below basal 
level (Fig. 4). Furthermore, phosphorylation of ATM and p53 
increased with UV-A dose. These results are similar to the ones 
obtained with U87 and MCF-7 cells suggesting that not only are 
the p53 responses superimposable, but the ERK response is also 
almost identical, strengthening the conclusion that the bi-phasic 
effect on ERK phosphorylation is general in nature. In addition, 
the ERK phosphorylation response is not likely p53-dependent 
since we observed a saturation of p53 phosphorylation at very 
low UV-A doses at which p-ERK levels were elevated whereas at 
higher doses ERK phosphorylation was abolished but p53 phos-
phorylation was not (Sup. Fig. 5).

ERK phosphorylation in response to BrdU photolysis is 
ATM-dependent. To further investigate ATM’s role in ERK phos-
phorylation, we examined these responses in SV40-immortalized 
human AT5BIVA (ATM-) and normal GM637 (ATM+) fibro-
blasts. We found that ERK phosphorylation increased in GM637 
cells but not in AT5BIVA cells in response to low levels of BrdU 

(serine-1981) phosphorylation with a UV-A dose as low as 50 J/m2 
or 0.7 Gy eq. (Sup. Fig. 3). Similar results were seen with MCF-7 
cells (ATM+ p53+) (Sup. Fig. 4), suggesting that the response to 
BrdU photolysis is general in nature and not cell line specific. 
Altogether, except for differences in the kinetics of DNA dam-
age accumulation and repair BrdU photolysis resulted in a DDR 
reminiscent of that triggered by IR.

BrdU photolysis at low doses increases ERK phosphory-
lation whereas high doses result in dephosphorylation. To 
determine the effects of DSBs produced by BrdU photolysis on 
pro-survival signaling, we first focused on the ERK pathway. We 
observed ~2-fold increases in ERK phosphorylation when cells 
were exposed to BrdU photolysis with low UV-A doses (≤150 
J/m2) corresponding to ≤2 Gy eq (Fig. 3A). However, at the 
intermediate (5 Gy eq.) and higher doses (≥20 Gy eq.), phos-
phorylation decreased below basal levels without any reduction 
in overall ERK protein levels, reflecting an apparent bi-phasic 
effect on ERK phosphorylation (Fig. 3A). Dephosphorylation 
was more pronounced at 6 h than at 3 h. Omitting either BrdU, 
Hoechst dye or UV-A did not increase ERK phosphorylation 
(data not shown), suggesting that all three components are 
required for triggering ERK signaling. A time course experiment 
revealed that increased p-ERK levels occurred as early as 1 h, 
peaked at 3 h (1.9-fold) and declined by 6 h (Fig. 3B). A UV-A 
dose response at 3 h showed that maximum p-ERK levels (3.3-
fold) occurred after a dose of 50 J/m2 (~0.7 Gy eq.) (Fig. 3C). At 

Figure 2. Double-strand breaks detected by PFGE in response to BrdU photolysis and IR. (A) Autoradiogram showing the extent of DNA released after 
BrdU photolysis and IR. U87 cells were exposed to a UV-A dose of 1,500 J/m2; without BrdU (Lanes 1–6), with BrdU (lanes 7–12) and collected at 0.5, 1, 3, 
6 and 24 h or U87 cells were exposed to 10, 20 and 40 Gy of IR (lanes 13–15) and collected immediately. (B and C) Densitometic analysis of (A) presented 
in graph form. (B) Data points, DNA released from lanes 1–12 plotted over time. (C) Data points, DNA released from lanes 13–15 plotted against IR dose. 
(D) UV-A dose response of DSBs from BrdU photolysis at 1 h. Data points, fraction of DNA released plotted against the indicated UV-A doses. The inter-
cept of the dotted lines indicates the minimum UV-A dose resulting in DSBs detected by PFGE. Using the graphs in (C) and (D) and assuming a linear 
relationship between DSBs and IR and UV-A dose, respectively, the Gy equivalent doses for 150, 500 and 1,500 J/m2 of UV-A corresponds to 2, 5, 6 and 
18–20 Gy, respectively.
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phosphorylation levels remained close to 
basal levels (Fig. 6). This result supports 
the finding with A-T cells and suggests 
that increased ERK phosphorylation in 
response to DSBs induced by BrdU pho-
tolysis is dependent on ATM signaling.

BrdU photolysis increases ERK activa-
tion via MEK. MEK1 and MEK2 are posi-
tioned immediately upstream of ERK.19 To 
determine if the DSB signal that activates 
ERK is transmitted through MEK1/2 
(MEK), U87 cells were treated with the 
MEK inhibitor U0126 prior to low levels of 
BrdU photolysis. In the absence of inhibi-
tor a 1.9-fold increase in ERK phosphory-
lation was observed, and in the presence 
complete inhibition occurred (Sup. Fig. 6). 
Combined, this result suggests that ATM 
signals in response to low levels of DSBs 
generated by BrdU photolysis, which in 
turn activates ERK via MEK.

ATM signals to MEK-ERK via AKT 
in response to DSBs. Recently, ATM was 
implicated as an upstream mediator of radi-
ation-induced AKT (ser-473) phosphoryla-
tion/activation.25 AKT is considered to be 
a pro-survival kinase that prevents stress-
induced JNK signaling and apoptosis and 
promotes growth.15,26 To better define a 
role for AKT in DSB signaling through the 
ERK pathway, we used an experimental 
system based on genetically manipulating 
HEK239 cells. We transfected HEK293 
cells with a plasmid expressing the restric-
tion endonuclease EcoRI to induce DSBs 
enzymatically which is expected to digest 
genomic DNA and trigger the DDR as it 

does in yeast.27 Similar to the results seen with BrdU photoly-
sis, expression of EcoRI resulted in a 2.4-fold increase in ERK 
phosphorylation as well as a similar increase in H2AX phos-
phorylation (Fig. 7A), suggesting that ATM was activated. ERK 
phosphorylation increased in a time and dose-dependent man-
ner likely due to the expression of EcoRI and the generation of 
DSBs (Fig. 7B). Importantly, blocking ATM kinase activity with 
KU-55933 reduced ERK phosphorylation to below background 
levels (Fig. 7C), supporting the result seen with BrdU photoly-
sis and KU-55933 (see Fig. 6). Phosphorylation of AKT at ser-
473 also increased (1.9-fold) in cells expressing EcoRI, and this 
increase was also blocked with KU-55933 (Fig. 7D), suggesting 
that ATM signals to MEK-ERK via AKT.

To further pinpoint the role of AKT in DSB signaling 
through the ERK pathway, we electroporated EcoRI restriction 
enzyme into HEK293 cells and determined the effect on ERK 
phosphorylation. We were able to recapitulate the DSB dose-
dependency seen with BrdU photolysis and show that only very 
low levels of EcoRI were able to increase ERK phosphorylation 

photolysis (Fig. 5), suggesting that ATM is important for ERK 
phosphorylation in response to DSBs. On the other hand, at 
higher levels ERK was similarly dephosphorylated in both GM637 
and AT5BIVA cells. However, ERK dephosphorylation occurred 
in AT5BIVA cells at the considerably lower UV-A dose of 150 J/
m2 (2 Gy eq.), a dose which increased p-ERK levels in GM637 
cells (Fig. 5B). Thus, increased phosphorylation of ERK at lower 
levels of BrdU photolysis was dependent on ATM whereas ERK-
dephosphorylation was ATM-independent but DSB dose-depen-
dent. These results suggest that ERK pro-survival or growth 
stimulatory signals are generated by DSBs at lower levels whereas 
at higher levels they are reduced or abrogated altogether.

To further support the finding that ATM is involved in caus-
ing the increase of ERK phosphorylation in response to low levels 
of BrdU photolysis, we examined ERK phosphorylation with or 
without the presence of a specific ATM inhibitor, KU-55933.14,24 
In the absence of KU-55933, we noted a ~2-fold increase in ERK 
phosphorylation after a dose of 2 Gy eq. However, in the pres-
ence of KU-55933 this increase was greatly diminished and ERK 

Figure 3. Bi-phasic effects on ERK phosphorylation in response to BrdU photolysis. (A) U87 cells 
were treated with BrdU, Hoechst dye and increasing doses of UV-A [0 J/m2 (lanes 1 and 9); 15 J/
m2 (lanes 2 and 10); 50 J/m2 (lanes 3 and 11); 150 J/m2 (lanes 4 and 12); 500 J/m2 (lanes 5 and 13); 
1,500 J/m2 (lanes 6 and 14); 3,000 J/m2 (lanes 7 and 15) and 6,000 J/m2 (lanes 8 and 16)]. Cells were 
collected at 3 and 6 h and analyzed by western blotting. ERK and β-actin denote equal loading. 
(B) Time course response of ERK phosphorylation. U87 cells were labeled with BrdU, treated with 
Hoechst dye and irradiated with UV-A at 150 J/m2 (+) or not (-). Cells were collected at 1, 3 and 6 h 
after UV-A treatment for western blotting and quantification by densitometric analysis.  
(C) UV-A dose response. U87 cells were labeled with BrdU, treated with Hoechst dye and irradi-
ated with UV-A at 15, 50, 150, 500 and 1,500 J/m2 or left untreated (0). Cells were collected after 
3 h for western blot analyses and subsequent densitometric determination. Data points, ERK 
phosphorylation levels. Error bars, SEM; n = 3. Fold (x) denotes changes in p-ERK levels compared 
to control (no UV-A) normalized to total ERK protein levels. *p < 0.05.
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cell survival, we examined the effects of electroporating increas-
ing doses of EcoRI on U87 proliferative capacity. U87 (p53+) 
cells are known to respond to repeated low doses of radiation by 
senescing instead of undergoing apoptosis and cell death.28 Thus, 
we also monitored senescence by staining for β-galactosidase. 
Indeed, we show that low levels of EcoRI resulted in significant 
1.1 to 1.4-fold increases in proliferation over a 4 day period (Fig. 
10A). Whereas there was a clear dose-dependent increase in 
H2AX phosphorylation indicative of escalating extent of DSBs 
(Fig. 10B), it is apparent that these cells are not as amenable to 
electroporation as the HEK293 cells (see Fig. 8 and Sup. Fig. 7). 
We were unable to induce significant cell killing even with EcoRI 
as high as 1,500 units (data not shown). Nevertheless, at the rela-
tive low effective EcoRI doses used (compare γ-H2AX signals 
in Figs. 8 and 10B), we also did not see significant increases in 
senescence as determined by β-galactosidase staining (Fig. 10C). 
On the other hand, 3 days of serum starvation clearly induced 
a large extent of senescence/autophagy. Altogether, these results 
show that low levels of DNA damage inflicted by EcoRI increases 
cell proliferation in a dose-dependent manner in line with pro-
survival responses elicited via ERK and AKT signaling.

Discussion

The primary objective of this study was to shed light on the role 
of ATM-dependent “inside-out” signaling in response to DSBs 
and the effect on ERK and AKT pro-survival signaling.15 We 
have previously shown that EGFR signaling via ERK is important 

whereas higher levels did not, but, in fact, reduced them (Fig. 8A 
and B). On the other hand, γ-H2AX levels, indicative of DSBs, 
showed a linear increase with the highest units of EcoRI produc-
ing the most significant increase (Fig. 8A and C and Sup. Fig. 7).

To confirm a regulatory role for AKT in ERK signaling, we 
established HEK293 cells harboring pcDNA3 (empty) or dom-
inant-negative (K179M) AKT1 expression plasmids. A radia-
tion dose response of these two cell populations showed that the 
expression of Myc-tagged DN-AKT1 reduced radiation-induced 
ERK phosphorylation levels (Fig. 9A). Interestingly, when 
DN-AKT was expressed γ-H2AX levels increased. EcoRI at very 
low levels (2.5 units) was then electroporated into the two cell 
populations and the effect on ERK phosphorylation determined. 
We found that cells expressing DN-AKT completely blocked 
ERK phosphorylation whereas control cells produced a 2-fold 
increase suggesting an important role of AKT in directing DSB 
signaling to the ERK pathway (Fig. 9B). All combined, electro-
poration of EcoRI showed similar if not identical ERK phosphor-
ylation responses as those from BrdU photolysis, i.e., low levels of 
DSBs increased phosphorylation whereas higher levels decreased 
it. Whereas ERK phosphorylation was bi-phasic and AKT-
dependent, γ-H2AX levels increased linearly with the amount 
of EcoRI electroporated. Thus, pro-survival signaling through 
ERK in response to low levels of DSBs is modulated by AKT.

Low levels of DSBs increase human glioma cell prolifera-
tion. To determine the impact of low levels of DNA damage on 

Figure 4. Brdu photolysis dose response of ERK phosphorylation in 
HEK293 cells. (A) HEK293 cells were treated by BrdU photolysis with 
increasing doses of UV-A; 15 J/m2 (lane 2), 50 J/m2 (lane 3), 150 J/m2 (lane 
4), 500 J/m2 (lane 5), 1,500 J/m2 (lane 6) or untreated (lane 1). Cells were 
collected after 3 h for western blot analyses. ERK and β-actin denote 
equal loading. (B) Densitometic analysis of (A) presented in graph form. 
Data points, ERK phosphorylation levels plotted against UV-A dose. 
Fold (x) denotes changes in p-ERK levels compared to control (no UV-A) 
normalized to total ERK levels.

Figure 5. ERK phosphorylation in response to BrdU photolysis is im-
paired in A-T cells. (A) AT5BIVA (lanes 1–4) and GM637 (lanes 5–8) cells 
were labeled with BrdU, treated with Hoechst dye, and irradiated with 
UV-A [no UV-A (lanes 1 and 5); 150 J/m2 (lanes 2 and 6); 500 J/m2 (lanes 
3 and 7); and 1,500 J/m2 (lanes 4 and 8)]. Cells were collected 1 h after 
irradiation and processed for western blot analyses. ERK denotes equal 
loading. (B) Densitometic analysis of (A) presented in graph form. Data 
points, ERK phosphorylation levels plotted against UV-A dose. Fold (x) 
denotes changes in p-ERK levels compared to control (no UV-A) normal-
ized to total ERK levels.
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together, even though other types of DNA damage, including 
single-strand breaks and DNA-protein cross-links, were reported 
to occur by BrdU photolysis,22 our results show a strong depen-
dence on ATM that firmly support the idea that it is the DSBs 
that trigger these responses and not other types of DNA damage.

We documented a strict linear relationship between IR dose 
and ERK phosphorylation in human glioma cells. Because of the 
relatively high basal ERK phosphorylation levels in cancer cells 
compared to normal cells it is very difficult to discern increases 
in ERK phosphorylation at doses <2 Gy (unpublished observa-
tions). However, this is possible in primary human diploid cells.32 
On the other hand, ERK responses generated by either BrdU 
photolysis or electroporated EcoRI enzyme were bi-phasic in 
nature with increased ERK phosphorylation seen at low levels of 
DSBs that decreased and even dropped below basal levels at high.

The bi-phasic ERK response seen with BrdU photolysis was 
not detected after treatment with IR as the induction of DSBs 
is considered to be rapid and removal occurs in a matter of min-
utes to hours. In contrast, BrdU photolysis produced maximum 
DSBs at 1 h and the half-life of removal was extended to 8 h. The 
difference in time needed to reach peak ERK phosphorylation 
in response to IR and BrdU photolysis, respectively, could per-
haps be explained by differences in the kinetics of generating and 
removing (DNA repair) the DSBs. Thus, the prolonged half-life 
of the more severe BrdU DNA lesions might sustain the DDR 
so that it can be detected by western blotting. However, we were 
also able to document the same bi-phasic ERK reponse by EcoRI 
electroporation. Thus, it appears as if it is not the complexity and 
the sustained nature of the DNA damage that is critical since 
EcoRI cuts are considered relatively benign and quickly repaired. 
Rather, we favor the idea that IR is able to prevent or counteract 
ERK dephosphorylation occurring at high levels of DSBs. This 
is an important observation since this would mean that clinically 
relevant doses of radiation could be counter-productive and, in 
fact, might stimulate cancer growth.

The fact that the increase in BrdU photolysis-induced ERK 
phosphorylation was accompanied by ATM phosphorylation 
that was abolished with KU-55933 suggests an important role 
for ATM in ERK signaling in agreement with our previous 
study in reference 14. Moreover, the absence of such increase 
in ERK phosphorylation in A-T cells also suggests that ERK 
phosphorylation is dependent on ATM. These results are in 
agreement with a previous report demonstrating that ERK acti-
vation in response to the DNA damaging agent etoposide was 
abolished in ATM- fibroblasts.33 When human glioma M059J 
(DNA-PKcs-) and M059K (DNA-PKcs+) cells were examined 
for the ability to trigger a DDR in response to BrdU photolysis 
we found them both competent and indistinguishable from U87 
cells, suggesting that DNA-PKcs is not important for ERK sig-
naling in response to DSBs (data not shown). Also in agreement 
with this report, we found that the increased ERK phosphoryla-
tion by low levels of BrdU photolysis appears to be p53-inde-
pendent. The M059K and M059J cells express mutant p53,34 
whereas U87 cells are p53 wild-type. Thus, neither DNA-PKcs 
nor p53 seem critical for increasing ERK phosphorylation by low 
levels of BrdU photolysis.

for repair foci formation and ATM-mediated activation of AKT 
phosphorylation in response to IR.14,16 To further delineate the 
nuclear signals generated by DSBs while minimizing the influ-
ence of non-nuclear signaling, we utilized BrdU photolysis to 
generate DSBs and for studying the ensuing signaling events.21,22

We found that although the kinetics of formation and 
removal of DSBs caused by BrdU photolysis were different from 
those seen after IR, still many of the DNA damage responses 
were similar. BrdU photolysis was strictly dependent on all three 
components, i.e., BrdU incorporation into DNA, Hoechts dye 
and UV-A, for triggering of the DDR. We were able to show 
that ATM autophosphorylation occurred at UV-A doses 1,000-
fold lower than those used previously for studying ATM activa-
tion with UV-A alone.12 We extensively demonstrated that BrdU 
photolysis increased ATM-dependent phosphorylation of various 
proteins involved in the classical DDR signaling network,29-31 
suggesting that BrdU photolysis can be used to study DSB signal-
ing and at the same time minimize non-nuclear signaling. Taken 

Figure 6. ATM inhibitor KU-55933 inhibits ERK phosphorylation in 
response to BrdU photolysis. (A) U87 cells labeled with BrdU, either left 
untreated lane (lane1–4) or treated with KU-55933 at 10 μM (lane 5–8) 
for 30 min before treatment with Hoechst dye and UV-A irradiation 
(Lanes 1 and 5, no UV-A; 2 and 6, 15 J/m2; 3 and 7, 50 J/m2; and 4 and 8, 
150 J/m2). Cells from each set were collected 3 h after irradiation and 
processed for western blotting. ERK denotes equal loading. The figure 
shows representative western blots of triplicate repeats.  
(B) Densitometic analysis of (A) presented in graph form. Data points, 
ERK phosphorylation levels plotted against UV-A dose, error bars. SEM; 
n = 3. Fold (x) denotes changes in p-ERK levels compared to control (no 
UV-A) normalized to total ERK levels. *p < 0.05.
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When we examined the effect of a 
MEK inhibitor on ERK activation in 
response to BrdU photolysis, we found 
that the inhibitor abrogated ERK phos-
phorylation, suggesting that the signal 
that activates ERK is transmitted via 
MEK. Taken together, our results sug-
gest that BrdU photolysis separately acti-
vates ERK and p53 signaling pathways 
in ATM-dependent manners. However, 
these pathways might still function 
cooperatively in controlling cell cycle 
checkpoints, DNA repair and apoptosis 
depending on the extent of the DNA 
damage. A similar dose-dependent, bi-
phasic response to DNA damage was 
recently reported to occur when cells 
switch from a senescent to a quiescent 
state as a result of p53’s ability to sup-
press mTOR signaling at high levels of 
DNA damage.35,36 However, whether 
this response is related to our bi-phasic 
ERK response is currently not known. 
The increase in ERK and AKT signaling 
resulted in increased cell proliferation 
after electroporation with EcoRI at low 
doses unable to induce senescence.

Our data did not indicate a direct 
activation of the MEK-ERK pathway 
by ATM, but rather suggest the involve-
ment of an unknown intermediate. On 
the other hand, ERK dephosphorylation 
in response to high levels of DSBs could 
occur through the alleviation of a nega-
tive regulatory loop, for example by (a) 
member(s) of the dual-specificity MAPK 
phosphatase family.37 We found here 
that dephosphorylation of ERK occurs 
in both ATM+ and ATM- cells suggest-
ing that ATM does not regulate ERK 
dephosphorylation under these condi-
tions. In a recent study it was reported 
that ATM negatively regulates radia-
tion-induced ERK signaling via MKP1 
dephosphorylation of ERK,38 a finding which is in agreement 
with our BrdU photolysis results at doses >2 Gy eq. except in our 
study this occurred independently of ATM. The reason for this 
difference is presently unclear but could be related to how the 
cells were propagated and maintained in the two studies.

AKT phosphorylation at ser-473 is critical for full AKT kinase 
activation.39 Using the ATM kinase-specific inhibitor KU-55933, 
we showed that AKT phosphorylation was blocked in response 
to DSBs generated by EcoRI expression thus supporting earlier 
findings demonstrating that ATM is critical for regulating insulin 
and IR-induced AKT activation.25,40 In our study, we now also 
show that AKT regulates ERK signaling in response to low levels 

Figure 7. EcoRI-induced DSBs increase H2AX, ERK and AKT phosphorylation in an ATM-dependent 
manner. (A) HEK293 cells were transfected with 5 μg of either pcDNA3 or pcDNA3-NLS-HA-EcoRI 
and cells collected for western blotting 72 h post transfection. Fold (x) denotes changes in p-ERK 
levels compared to control (no EcoRI) normalized to total ERK levels. (B) HEK293 cells transfected 
with increasing quantities of pcDNA3-NLS-HA-EcoRI (0.1–5.0 μg) and pcDNA3 to a total of 5 μg. 
Cells were collected after 24, 48 and 72 h for western blotting and subsequent densitometric 
analysis. (C and D) HEK293 cells were transfected with pcDNA3-NLS-HA-EcoRI (5 μg) and treated 
or not with KU-55933 at 10 μM and collected after 72 h for western blotting and densitometric 
analysis. Data points, phosphorylation levels as a function of plasmid DNA quantity, error bars. SEM; 
n = 3. Fold (x) denotes changes in phosphorylation levels compared to control (pcDNA3, no EcoRI) 
normalized to ERK levels. *p < 0.05.

of DSBs. We were able to recapitulate the BrdU photolysis effects 
with the use of an EcoRI expression plasmid and by direct elec-
troporation of the enzyme to generate ‘pure’ DSB signaling. The 
two latter experimental approaches provided further evidence that 
ATM and AKT control ERK phosphorylation in response to low 
levels of DSBs. Importantly, we were able to demonstrate a signifi-
cant and dose-dependent increase in cell numbers with escalating 
doses of EcoRI suggesting that at the low levels of DSBs able to 
induce ERK and AKT signaling results in proliferative responses.

Collectively our data show that cross-talk between the AKT 
and ERK pathways and survival signaling occur during the 
DDR triggered by low levels of DSBs without any influence from 
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Materials and Methods

Cell culture, chemicals and irradiation. Cells were obtained 
from ATCC (Manassas, VA) and the Coriell Cell Repository 
(Camden, NJ). U87 (p53+), M059K (DNA-PKcs+) and M059J 
(DNA-PKcs-) human glioma cells were cultured at 37°C and 5% 
CO

2
 in α-MEM medium (Invitrogen, Carlsbad, CA). AT5BIVA 

(ATM-) and GM637 (ATM+) SV40-transformed human fibro-
blasts, MCF-7 human breast carcinoma cells and HEK293 
human embryonic kidney cells were cultured in DMEM 
medium (Invitrogen, Carlsbad, CA), supplemented with 10% 
fetal bovine serum (Irvine Scientific, Santa Ana, CA) and peni-
cillin/streptomycin as described in reference 45. All chemicals 
were obtained from Sigma-Aldrich (St. Louis, MO) and Fisher 
Scientific (Pittsburgh, PA) unless otherwise indicated. KU-55933 
(2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one) (KuDOS 
Pharmaceuticals, Cambridge, United Kingdom) was dissolved in 
DMSO, stored at -20°C and used at a final concentration of 10 
μM added to cell culture medium such that the final DMSO 
concentration was ≤0.1%.24 The MEK1/2 inhibitor U0126 
[1,4-diamino-2,3-dicyano-1,4-bis (2-aminophenylthio) butadi-
ene] (EMD Biosciences, San Diego, CA) was dissolved in DMSO 
and stored at -20°C. U0126 was used at a final concentration of 5 
μM.46,47 The inhibitors were added 30 min prior to the addition 
of the DNA intercalator/photosensitizer Hoechst 33258 dye and 
UV-A irradiation or transfection and remained in the medium 
throughout the experiment. Cell irradiations were performed 
using an MDS Nordion Gammacell 40 (ON, Canada) research 
irradiator with a Cs-137 source delivering a dose of 1.05 Gy/min.

non-nuclear sources. How AKT transmits a pro-survival signal 
to ERK is presently not known except that the signal seems to go 
through MEK. RAS and RAF have both been associated with 
AKT-ERK cross-over signaling,15 thus making it possible that the 
DDR is shunted from AKT to ERK. Alternatively, rather than 
being controlled by (a) kinase(s), (a) protein phosphatase(s) could 
regulate the DSB-induced prosurvival signaling. For example, 
we recently reported on the possibility that a phosphatase might 
negatively control the phosphorylation of AKT at ser-473 in an 
ATM-dependent manner.40 Protein phosphatase 2A has strong 
links with ATM, AKT and ERK signaling and could possibly 
control a multitude of these DSB-induced responses.41-44

In summary, our observations suggest that the “inside-out” 
signaling events resulting from low levels of DSBs are mediated 
by ATM and signal through AKT to the MEK-ERK pathway. 
This is in line with pro-survival roles for ATM, AKT and ERK 
in regulating DSB repair at low levels of DNA damage, thus pre-
serving cellular homeostasis and promoting cell proliferation and 
survival.16,17 At higher levels of DSBs, however, ERK signaling is 
blunted by ERK dephosphorylation in an ATM-independent fash-
ion expected to stop growth, trigger senescence, and even result 
in cell death or apoptosis. Our study has uncovered important 
AKT-ERK signaling mechanisms stemming from DNA damage 
that are separate from radiation-induced growth factor receptor-
mediated signaling previously reported by our group. “Inside-out” 
and “outside-in” signaling are both expected to occur during stan-
dard radiotherapy. With proper molecular targeting using small 
molecule inhibitor(s), growth-promoting signaling could perhaps 
be reduced while cell killing is increased by inhibiting the DDR.

Figure 8. EcoRI-induced DSBs stimulate ERK phosphorylation similar to BrdU photolysis. (A) HEK293 cells were electroporated with either electro-
poration buffer only (lane 1–4) or increasing doses of EcoRI enzyme as indicated. Cells were collected at 2, 10, 30 and 60 min for western blotting. 
ERK denotes equal loading. (B and C) Densitometic analysis of (A) presented in graph form. Data points, phosphorylation levels plotted against time 
normalized to ERK.
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washing cells three times with serum-free media and maintained 
in serum free medium throughout the experiment. Under these 
conditions >95% of the cells were positive for BrdU incorpora-
tion by using anti-BrdU-fluorescence-based flow cytometry and 
in situ immunofluorescence microscopy. To generate DSBs, 

Plasmids. The EcoRI expression plasmid pcDNA3-NLS-
HA-EcoRI was generated by assemblying DNA from PCR 
of pJR1152,27 and Ad-I-SceI-NG,48 and cloned into pcDNA3 
(Invitrogen, Carlsbad, CA). The EcoRI plasmid was propagated 
in EcoRI methylase expressing bacteria to prevent digestion of 
DNA by EcoRI endonuclease and the DNA sequence verified 
by DNA sequencing prior to use. pcDNA-NLS-HA-EcoRI has a 
nuclear localization signal (NLS) fused to the HA epitope at the 
N-terminus of EcoRI. The pcDNA3-DN-AKT1 plasmid was 
constructed from pUSEamp-AKT1 (K179M) expressing Myc-
tagged, dominant-negative mouse AKT1 (K179M) from Upstate 
(Lake Placid, NY) and pcDNA3.

BrdU photolysis and pulsed-field gel electrophoresis (PFGE). 
Sub-confluent cells were treated with 5-bromo-2'-deoxyuridine 
(BrdU)/thymidine at final concentrations of 0.3 and 2.4 μM, 
respectively and cultured for 48 h,21 serum starved for 12 h by 

Figure 9. Dominant-negative AKT reduces ERK phosphorylation in 
response to IR and EcoRI-induced DSBs. HEK293 cells stably expressing 
pcDNA3 or DN-AKT-Myc plasmids were: (A) exposed to 0, 5 or 10 Gy and 
collected after 10 min for western blotting and subsequent densito-
metric analysis. ERK denotes equal loading. Myc indicates expression of 
DN-AKT. Data points, phosphorylation levels plotted against radiation 
dose normalized to ERK or (B) electroporated with either buffer alone 
or buffer with EcoRI enzyme (2.5 units) and cells collected after 5 min 
for western blotting and subsequent densitometric analysis. Data 
points, ERK phosphorylation levels plotted against buffer alone or EcoRI 
normalized to ERK. Error bars, SEM; n = 3. Fold (x) denotes changes in 
p-ERK levels compared to control (pcDNA3, no EcoRI) normalized to 
ERK. *p < 0.05.

Figure 10. Low levels of DSBs increase cell proliferation. (A) Human 
U87 cells were electroporated with buffer alone, 2.5 U or 200 U of EcoRI 
enzyme as described in the legend to Figure 8. Four days after electro-
poration cells were collected from triplicate dishes, stained with Trypan 
Blue and cell viability determined by flow cytometry as described.40  
(B) Electroporated U87 cells from (A) were cultured for 1 or 6 h and then 
collected and processed for western blotting with GAPDH serving as 
loading control. (C) Electroporated U87 cells from (A) were stained for 
β-galactosidase (top fields). Starved or unstarved U87 cells were stained 
for β-galactosidase after 72 h (bottom fields). Data points, survival frac-
tion as a function of electroporated EcoRI. Error bars, SEM; n = 3. Fold 
(x) denotes changes in live cell levels compared to control (buffer, no 
EcoRI). *p < 0.05; ***p < 0.0005.
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detected using a Bio-Rad Molecular Imager FX and the extent 
of DNA released quantified using Quantity-One software (Bio-
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