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The ATM kinase has previously been shown to respond to the DNA damage induced by reoxygenation
following hypoxia by initiating a Chk 2-dependent cell cycle arrest in the G2 phase. Here we show that ATM
is both phosphorylated and active during exposure to hypoxia in the absence of DNA damage, detectable by
either comet assay or 53BP1 focus formation. Hypoxia-induced activation of ATM correlates with oxygen
concentrations low enough to cause a replication arrest and is entirely independent of hypoxia-inducible factor
1 status. In contrast to damage-activated ATM, hypoxia-activated ATM does not form nuclear foci but is
instead diffuse throughout the nucleus. The hypoxia-induced activity of both ATM and the related kinase ATR
is independent of NBS1 and MRE11, indicating that the MRN complex does not mediate the DNA damage
response to hypoxia. However, the mediator MDC1 is required for efficient activation of Kap1 by hypoxia-
induced ATM, indicating that similarly to the DNA damage response, there is a requirement for MDC1 to
amplify the ATM response to hypoxia. However, under hypoxic conditions, MDC1 does not recruit BRCA1/
53BP1 or RNF8 activity. Our findings clearly demonstrate that there are alternate mechanisms for activating
ATM that are both stress-specific and independent of the presence of DNA breaks.

Sensing and responding to DNA damage is crucial for main-
taining cellular homeostasis and preventing the development
of cancer. The cellular response to DNA damage can be di-
vided into three parts: sensing the type of damage, activating
DNA damage signaling pathways, and repairing the damage.
The proteins involved in these three processes act as sensors,
transducers, and effectors of the DNA damage response (41,
54). The ATM kinase is one of the key transducers of the DNA
double-stranded break response. ATM has been identified as
the product mutated or inactivated in ataxia telangiectasia
(AT) patients and belongs to the phosphatidyl inositol-3-ki-
nase-like kinase (PIKK) family, together with its family mem-
bers ATR, DNA-PK, and mTOR. Elegant studies have dem-
onstrated that ATM is present as an inactive dimer that
undergoes rapid autophosphorylation on serine 1981 after
DNA damage (4) and is recruited to sites of DNA strand
breaks (2). Various proteins, such as the MRE11-Rad50-NBS1
(MRN) complex (49) and MDC1 (20, 43), have been described
to be essential for the efficient response of ATM to DNA
damage. Activated ATM phosphorylates downstream targets,
such as p53, Chk2, and BRCA 1 and 2, that are involved in
DNA repair, cell cycle control, and apoptosis.

Low-oxygen tension or hypoxia is a common feature in all
solid tumors (15). It is strongly associated with tumor devel-
opment, malignant progression, metastatic outgrowth, and re-

sistance to therapy and is considered an independent prognos-
tic indicator for poor patient prognosis in various tumor types.
Tumor hypoxia results from an imbalance between the cellular
oxygen consumption rate of cells and the delivery of oxygen to
cells (50). Interestingly, the level of tumor hypoxia varies be-
tween tumors of the same histology. Hypoxia can result from
the consumption of oxygen by successive layers of tumor cells
distal to the lumen of the blood vessel (46). Due to the nature
of tumor vasculature, hypoxic regions can also result from
temporary vessel closure. Hypoxia itself does not induce de-
tectable DNA damage, but significant levels of damage have
been observed in response to reoxygenation that occurs when
vessels reopen (25). This reoxygenation-induced damage is
thought to result from the production of reactive oxygen spe-
cies, as free radical scavengers prevent the activation of the
DNA damage response under these conditions (26). Although
hypoxia does not induce a DNA damage response, Chk2 is
phosphorylated and activated in an ATM-dependent manner
(16, 19). As with the S-phase arrest induced by DNA damage,
hypoxia alone induces a rapid S-phase arrest, although the
underlying mechanism of this arrest is poorly defined. How-
ever, it is clear that oxygen levels of 0.5% or below are needed
to induce this arrest, whereas oxygen concentrations above
0.5% have little effect on proliferation (18, 22, 25). Clinical
data indicate that oxygen levels within a tumor reach levels low
enough to induce an S-phase arrest, contributing to an increase
in resistance to chemotherapeutic agents which target rapidly
proliferating cells (51).

Recently it was proposed that the DNA damage response
acted as a barrier to tumorigenesis and that hypoxia may also
contribute to this barrier (5, 21). We and others have demon-
strated that DNA damage signaling pathways are initiated in
response to hypoxia and hypoxia-reoxygenation (16, 19, 47).
For example, the ATR kinase is active under hypoxic condi-
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tions and phosphorylates numerous targets, including p53 and
Chk 1 (25). Previous studies also indicated that ATM might
play a more significant role during the reoxygenation phase of
hypoxia-reoxygenation due to the induction of DNA damage
by reactive oxygen species. In addition, ATM is required to
maintain phosphorylation of p53 and initiates a cell cycle arrest
in the G2 phase after reoxygenation (16, 26). In this study we
investigate if ATM is both phosphorylated and active during
hypoxia in the absence of reoxygenation and investigate how
the mechanism of hypoxia-induced ATM activation differs
from DNA damage-inducing stress.

MATERIALS AND METHODS

Cell lines. GM0536, GM1526, and Seckel lymphoblastoid cell line (LCL) cells
were grown in RPMI medium supplemented with 15% fetal calf serum (FCS).
Both GM0536 (ATM�/�) and GM1526 (ATM�/�) are Epstein-Barr virus-im-
mortalized LCLs (11). The MO59J, MO59K, and MJ-L24 cells lines were re-
ceived from Ben Chen and were grown in Dulbecco modified Eagle medium
(DMEM) with 10% FCS. HCT116 cells (wild type and ATR�/flox), mouse em-
bryo fibroblasts (MEFs) (MDC1�/� and MDC1�/�), U20S cells, and RKO cells
were maintained in DMEM with 10% FCS. pEBS (ATM�/�) and YZ3
(ATM�/�) fibroblasts were grown in DMEM with 10% FCS supplemented with
100 �M hygromycin (Sigma-Aldrich) (55). F02/98 hTERT (Seckel) and 1BR
hTERT were a generous gift from Penny Jeggo (University of Sussex). A549 and
A549 [rho0] cells were a gift from Darren Magda (PCYC, Inc.) All cell lines were
mycoplasma tested and found to be negative. The inhibitors used were, for ATM,
2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one (Calbiochem number 118500)
and for DNA-PK, 2-(morpholin-4-yl)-benzo[h]chromen-4-one (Calbiochem
number 260961).

Hypoxia treatment. All hypoxia treatments were carried out in a Bactron II
anaerobic chamber (Shell Labs) at an oxygen concentration of �0.02%, unless
indicated otherwise. Unless specified otherwise, cells were plated on glass dishes.
Where no period of reoxygenation is indicated, cells were harvested inside the
chamber with equilibrated solutions.

Immunoblotting. Cells were lysed in UTB (9 M urea, 75 mM Tris-HCl, pH 7.5,
and 0.15 M �-mercaptoethanol) and sonicated briefly. The antibodies used were
anti-ATM MAT3 (Sigma), anti-ATM protein kinase S1981 (Rockland), anti-
ATM, phospho-S1981 (Upstate), ATR (Santa Cruz), DNA-PKcs phospho
T-2609 (Abcam), hypoxia-inducible factor 1� (HIF-1�) (BD Transduction Lab-
oratories), Kap-1 and Phospho Kap-1 (S824) (Bethyl Laboratories), Phospho-
p53 (S15) (Cell Signal), GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
(Fitzgerald), MRE11 (Novus Biologicals), p53BP1 (Bethyl), histone 4 (Cell Sig-
naling), H4me2K20 (Upstate/Millipore), and �-tubulin (Research Diagnostics,
Inc). Proteins were detected by enhanced chemiluminescence using horse radish
peroxidase secondary antibody with the ECL Plus substrate (Promega) or Alexa
Fluor 680 secondary antibodies (Invitrogen) and Odyssey infrared imaging tech-
nology.

Immunofluorescence. Cells were grown on coverslips at a density of 5 � 104

per slide. After treatment, cells were fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 15 min. Irradiated cells were exposed to 6 Gy
infrared and fixed after 4 h of incubation under normal conditions. The chamber
slides were washed three times with PBS and permeabilized in 0.25% Triton-X
in PBS for 10 min. After being washed twice with PBS, slides were incubated in
primary antibody 1:500 in 1% bovine serum albumin (BSA) in PBS for 1 h in a
humidified chamber at 37°C. Cells were rinsed three times with PBS, and samples
were incubated in secondary antibody Alexa Fluor 488 green and/or Alexa Fluor
594 red (Invitrogen) in 1% BSA in PBS for 1 h in a humidified chamber at 37°C.
Antibodies used for immunofluorescence were ATM-S1981 (Upstate), ATM
(Sigma-Aldrich), CENP-F (Abcam), �-H2AX-S139 (Upstate), FK2 (Santa
Cruz), and BRCA1 (Santa Cruz). MDC1 and 53BP1 antibodies were a kind gift
from Grant Stewart, and replication protein A 32 (RPA32) was from Kai Roth-
kamm. Cells were mounted using Vectashield (VectorLabs) HardSet mounting
media with DAPI (4	,6-diamidino-2-phenylindole). The microscopes used were a
Radiance Bio-Rad confocal microscope and a Nikon 90i epifluorescence micro-
scope.

Biochemical fractionation. Biochemical fractionation was carried out as de-
scribed in reference 2. In brief, hypoxia-, neocarzinostatin (NCS)-, or mock-
treated cells were washed with PBS. Cells were fractionated in three consecutive
steps with two buffers (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA)
containing 0.2% Nonidet P-40 (for fractions I and II) or 0.5% Nonidet P-40 (for

fraction III), supplemented with protease inhibitors (complete EDTA free;
Roche) and phosphatase inhibitors (Phospho-Stop; Roche). The pellets were
lysed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer
(fraction IV). Equal aliquots of each fraction were separated on 6% sodium
dodecyl sulfategels, and Western blotting was carried out.

RESULTS

ATM is phosphorylated and active during hypoxia/reoxy-
genation. GM0536 (ATM�/�) cells were exposed to various
oxygen concentrations, the HIF-inducing agent CoCl2, and the
DNA strand-breaking agent NCS. Cells were then harvested
without reoxygenation in a hypoxia chamber, and Western
blotting was carried out for the proteins or phospho-proteins
indicated. Phosphorylation of ATM on serine 1981 was ob-
served only at 0.02% oxygen or in response to NCS treatment
(Fig. 1A). Phosphorylation of p53 on serine 15 by hypoxia and
NCS paralleled the phosphorylation pattern of ATM (25). This
oxygen dependency of the phosphorylation of ATM indicates
that there is no requirement for HIF-1 as part of this response,
since HIF-1� is induced by all hypoxic levels and by CoCl2, but
only low levels of oxygen were able to induce ATM phosphor-
ylation. However, to fully investigate the possibility that ATM
phosphorylation is a consequence of hypoxia-induced HIF-1
signaling, we have examined ATM phosphorylation in HIF-1�
knockout cells in comparison with control cells (13) (Fig. 1B).
HCT116 and HCT116HIF-1��/� were exposed to hypoxia or
NCS, and Western blotting was carried out for total ATM,
ATM-S1981, and HIF-1�. There was no significant difference
in the levels of ATM-S1981 in response to hypoxia in the two
cell lines, indicating that HIF-1 signaling does not play a role
in the ATM-mediated response to hypoxia. It has previously
been shown that Chk2 is phosphorylated by ATM during both
hypoxia and reoxygenation (16, 19). We show here that ATM
remains phosphorylated after hypoxia and during subsequent
reoxygenation for at least 60 min and attribute this to the
significant level of DNA damage induced upon reoxygenation
(Fig. 1C). We have further investigated the hypoxia-induced
activity of ATM by considering other downstream targets. We
found that both Kap 1 and DNA-PKcs are phosphorylated in
response to hypoxia and that this occurs in an ATM-dependent
manner. Figure 1D shows that when a chemical inhibitor of
ATM is added to cells exposed to hypoxia, the levels of Kap
1-S824 are significantly diminished, indicating that this phos-
phorylation event is ATM dependent. Cells lacking ATM also
show reduced phosphorylation of DNA-PKcs-T2609 (Fig. 1E).
Interestingly, we found that DNA-PKcs was not phosphory-
lated at residue S2056 during exposure to hypoxia (data not
shown). This phosphorylation event is associated with the au-
tophosphorylation activity of DNA-PKcs (14, 37). It should be
noted that using either the chemical inhibition or genetic loss
of ATM, there is some residual phosphorylation of ATM tar-
get proteins. This can be attributed to either the failure of the
chemical to inhibit ATM completely or the activity of another
kinase, such as ATR. Most importantly, these findings indicate
that hypoxia-induced phosphorylation of ATM correlates with
activity.

ATM undergoes autophosphorylation under hypoxic condi-
tions. Previous reports have described how, in response to the
presence of DNA breaks, hypertonic salt, and HDAC inhibi-
tors, ATM undergoes autophosphorylation and separates,
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from an inactive dimer, into active monomers (4). To address
the role of PIKK family members in ATM activation under
hypoxia, we investigated the requirement of DNA-PK, ATR,
and ATM to phosphorylate ATM in response to hypoxia. To
asses any involvement of DNA-PK in the hypoxia-induced
phosphorylation of ATM, we initially used the MO59 cell lines,
which have been described and classified extensively within the
literature (17). However, these cells lines proved to be unsuit-
able to study ATM autophosphorylation because the loss of
DNA-PK also correlated with decreased ATM levels. The lev-
els of ATM protein increased after the reintroduction of DNA-
PKcs, as seen in the MO59J derivative MJ-L24, indicating that
DNA-PK plays a role in maintaining basal levels of ATM (Fig.
2A). As an alternative, we used a pharmacological inhibitor of
DNA-PK to rapidly inactivate DNA-PK (Fig. 2B) (52). Addi-
tion of the DNA-PK inhibitor had no effect on the total levels
of ATM or the hypoxia-induced induction of ATM phosphor-
ylation, indicating that DNA-PK activity is not required. We
then investigated the contribution of ATR to hypoxia-induced
ATM phosphorylation. As a result of a truncating mutation in
one ATR allele, Seckel patients have very low levels of the
ATR protein and have an impaired DNA damage response
(39). We compared the phosphorylation of ATM during hyp-
oxia in cells isolated from patients with either AT or Seckel
cells to that from a healthy individual (Fig. 2C). Decreased
levels of ATR had no effect on ATM phosphorylation under
hypoxic conditions. The HCT116ATR/flox cell line has a signif-
icantly reduced level of ATR expression compared to the pa-

rental cell line, but as in the previous experiment, we did not
find any impairment in the ATM response to hypoxia (Fig.
2D). These findings are in contrast to those showing that in
response to UV exposure, ATR phosphorylates ATM (45). It
should be noted, however, that both the Seckel and
HCT116ATR/flox cells express low levels of functional ATR,
which could be responsible for phosphorylating ATM in re-
sponse to hypoxia. We are unable to reduce ATR levels further
in these systems, either by using small interfering RNA or
expressing the Cre recombinase in the HCT116ATR/flox cell
line, as we have demonstrated that this leads to the accumu-
lation of DNA damage, which will in turn lead to the activation
of ATM (27). We asked if hypoxia-induced phosphorylation of
ATM was the result of an autophosphorylation event, as has
been described, in response to DNA damage. GM0536
(ATM�/�) cells were treated with hypoxia or NCS in the pres-
ence or absence of a pharmacological inhibitor of ATM. Im-
munoblotting shows the levels of phosphorylated ATM and
GAPDH as a loading control (Fig. 2E). We found that the
inhibitor had a significant effect on both hypoxia and the NCS-
induced levels of ATM phosphorylation. Data from three in-
dependent experiments are also shown and indicate that the
inhibitor reduces hypoxia-induced ATM phosphorylation by
approximately 40%, while ATM levels are reduced by 60%
during NCS treatment. These data indicate that phosphoryla-
tion of serine 1981 under hypoxic conditions is primarily the
result of ATM autophosphorylation.

FIG. 1. ATM is phosphorylated and active during both hypoxia and reoxygenation. GM0536 cells were exposed to the levels of hypoxia shown,
to hypoxia-mimetic CoCl2 for 6 h, or, as a positive control, to the DNA-damaging agent NCS (5 ng/ml) for 10 min. Shown is a Western blot for
the proteins or protein modifications indicated. (A) GAPDH is shown as a loading control. (B) HCT116wt and HCT116HIF-1��/� cells were exposed
to hypoxia (Hyp) for 16 h or NCS for 2 h. Western blotting was carried out for the proteins indicated. (C) The GM0536 cell line was exposed to
hypoxia as shown and then reoxygenated for the time periods indicated. The levels of phosphorylated and total ATM are shown. (D) LCLs from
either a healthy control (GM0536) or an AT patient (GM1526) were exposed to hypoxia for the times indicated, and Western blotting was carried
out for Kap1-S824, DNA-PKcs-T2609, and GAPDH as a loading control. (E) GM0536 cells were exposed to hypoxia for 8 h in the presence of
the ATM inhibitor (ATMi) (10 �M). Cells were also treated with NCS for 10 min as a positive control. The levels of phosphorylated Kap1 (residue
serine 824) are shown. wt, wild type; N, normoxic.
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Mitochondrial signaling is not required for hypoxia-induced
ATM phosphorylation. Recently ATM has been described as
being partially cytoplasmic in localization and having specific
roles to play in the mitochondria (1). We have further inves-
tigated both the cellular localization of ATM and the role of
the mitochondria in hypoxia-induced ATM signaling. In order
to determine whether mitochondrial signaling may be involved
in the ATM-activating signal during hypoxic exposure, we took
two complementary approaches; firstly we exposed HCT116
cells to either 2% or 0.02% oxygen in the presence of mito-
chondrial inhibitors. The inhibitors used were myxothiazol,
which inhibits the coenzyme Q-cytochrome c reductase com-
plex (complex II) and antimycin A, which inhibits the oxidation
of ubiquinol in complex III in the cytochrome b subunit of the
electron transport chain. The addition of mitochondrial inhib-
itors had no effect on hypoxia-induced phosphorylation of
ATM, indicating that this signaling is not required for ATM
activation in hypoxic conditions. In contrast, the levels of
HIF-1� induced at 2% oxygen were decreased in the presence
of mitochondrial inhibitors (Fig. 3A), consistent with previous
reports (6, 12). Exposure of cells to 2% oxygen induced a small
increase in the phosphorylation of ATM. Our second approach
was to compare hypoxia-induced ATM activities in normal
cells (A549) and those lacking mitochondria DNA (A549
[rho0]). Cells were exposed to either hypoxia or NCS (Fig. 3B).
Despite the complete lack of mitochondrial DNA, hypoxia-
induced phosphorylation of Kap1 is unchanged, indicating that
mitochondrion-associated signaling is not required for ATM
activation under these conditions.

FIG. 2. Hypoxia-induced ATM-S1981 is a result of an autophosphorylation event. (A) MO59K (DNA-PKcs�/�), MO59J (DNA-PKcs�/�, and
MJ-L24 (complemented DNA-PKcs�/�) cell lines were exposed to hypoxia, and Western blotting was carried out for ATM-S1981 and ATM.
(B) GM0536 (ATM�/�) cells were exposed to hypoxia (Hyp) for 7 h in the presence or absence of DNA-PK inhibitor II (10 �M) as indicated. The levels
of total ATM and phosphorylated ATM are shown. (C) GM0536 (ATM�/�), GM1526 (ATM�/�), and DKOO64 (ATR/Seckel) were exposed to hypoxia
for 6 h, and then Western blotting was carried out for total and phosphorylated ATM. (D) HCT116 or HCT116ATR�/� cells were exposed to 0.02% O2
for 16 h. Western blotting was carried out for total and phosphorylated ATM. (E) GM0536 (ATM�/�) cells were exposed to 0.02% O2 for 6 h, plus and
minus the ATM inhibitor (ATMi) (10 �M). The results of three identical experiments are also shown graphically. Con, control.

FIG. 3. Mitochondrial signaling is not required for hypoxia-in-
duced activation of ATM. (A) GM0536 (ATM�/�) cells were exposed
to 0.02% or 2% O2 for 8 h in the presence of mitochondrial inhibitors
(1 �M myxothiazol [Myx] or 10 �M antimycin A[AntA]). Western
blotting was then carried out for ATM-S1981, HIF-1�, and p53-S15.
Con, control. (B) A549 and A549 [rho0] cells were exposed to hypoxia
(Hyp) for 16 h or NCS for 4 h. The levels of Kap1-S824 were then
determined as a marker of ATM activity. wt, wild type. N, normoxic.
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The MRN complex does not mediate the ATM response to
hypoxia. The complex of MRE11, Rad50, and NBS1 (MRN
complex) has been described as mediating the ATM response
(49). Studies have shown that ATM activation is influenced by
the presence of MRN and that MRN is required for the initial
and rapid ATM response to DNA damage. Wild-type, NBS1,
and ATLD cells were exposed to NCS for 10 min before
harvesting and immunoblotting for phospho-ATM (Fig. 4A).
Under these conditions, there is a strong dependency on the
presence of both MRE11 and NBS1 for serine 1981 phosphor-
ylation, as cells lacking either MRE11 or NBS1 show almost no
induction of phosphorylated ATM compared to wild-type cells.
However, when this experiment was repeated with longer ex-
posure times to NCS, the contribution of MRE11 or NBS1
becomes less apparent, indicating that the MRN complex af-
fects the early kinetics of ATM phosphorylation (Fig. 4B). We
investigated whether either MRE11 or NBS1 is required for
hypoxia-induced phosphorylation of ATM using the same cell
lines. We carried out these experiments over a range of time
points in order to determine if, like with the response to NCS,
there was a dependency at some time points but not others. In
contrast to what occurred after treatment with NCS, at no
point was the hypoxia-induced phosphorylation of ATM af-
fected by the loss of either MRE11 or NBS1. Time points for
5 and 12 h of exposure to hypoxia are shown in Fig. 4C. Our

experiments ranged from 2 to 24 h, and we did not see phos-
phorylation of ATM until 3 to 4 h for these cell lines (data not
shown).

A recent report describes a novel p53 gain-of-function mu-
tation in inducing genetic instability by inactivating ATM (42).
Mutations in the DNA binding region (R248W and R273H)
were proposed to interact with MRE11 and suppress the bind-
ing of the MRN complex to DNA double-stranded breaks and
therefore abrogate ATM activation after exposure to ionizing
radiation or UV treatment. We investigated this using both
human tumor cells carrying known p53 mutations and a p53-
inducible system. In support of our finding that the MRN
complex is not required for hypoxia-induced activation of
ATM, we saw no difference between the levels of ATM-S1981
induced in the presence of either the wild type or these p53
DNA binding domain mutations (data not shown). Recently it
was shown that the MRN complex is also involved in mediating
the ATR response to UV (44). We have previously shown that
the ATR kinase is active under hypoxic conditions, and so we
investigated whether the MRN complex was involved in this
signaling (Fig. 4D) (25). As with our findings on the indepen-
dence of ATM on MRN, we found that ATR signaling to any
of the targets tested, Rad 17, p53, or Chk 1, was unaffected by
the loss of either MRE11 or NBS1. These findings indicate that
the MRN complex has little effect on ATM and ATR under

FIG. 4. The MRN complex is not required for the ATM response to hypoxia. LCLs of the genotypes shown were used for these experiments.
(A) Cells were treated with NCS (5 ng/ml) for 10 min before harvesting. (B) A longer time course was then carried out with NCS (5 ng/ml). (C
and D) Cells were then exposed to 0.02% O2 for the times indicated, and Western blotting was carried out for the proteins/modifications shown.
(E) RKO cells were exposed to hypoxia for the times indicated in the presence/absence of PARP inhibitor (PARPi), 4-amino-1,8-naphthalimide
(10 �M). Western blotting was carried out for the proteins indicated. WT, wild type.
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hypoxic conditions. More recent findings have demonstrated
that poly(ADP-ribose) polymerase (PARP) also has a role in
the initial sensing of double-stranded breaks and the subse-
quent activation of ATM signaling (24). We have investigated
the role of PARP in hypoxia-induced ATM activation (Fig.
4E). Cells were exposed to short periods of hypoxia in the
presence or absence of a specific PARP inhibitor, and Western
blotting was carried out. There was no observable decrease in
the levels of hypoxia-induced ATM-S1981 in the presence of
the PARP inhibitor, indicating that functional PARP is not
required for this response. The levels of phosphorylated p53
were also unaltered, which suggests that PARP inhibition also
had no effect on hypoxia-induced ATR signaling.

Nuclear localization of hypoxia-induced ATM. In order to
determine the subcellular localization of hypoxia-induced
ATM, we prepared nuclear and cytoplasmic extracts of
HCT116 cells treated with either NCS or hypoxia and probed
for both total ATM and phospho-ATM. The efficiency of the
fractionation was determined by blotting for MRE11, which is
a nuclear protein, and �-tubulin, which is a cytoplasmic protein
(Fig. 5A). In untreated or NCS-treated cells, ATM was found
to be predominantly in the nucleus, although a small fraction
(�10%) of the total ATM appeared cytoplasmic. Under
hypoxic conditions, ATM appeared entirely nuclear. Western
blotting of the fractions for phosphorylated ATM showed that
this was entirely nuclear under all conditions. It has previously
been shown that in response to DNA damage, ATM is retained
at the sites of DNA damage and as a result becomes more
resistant to biochemical extraction (2). We have used this ap-
proach to determine if, in response to hypoxia, ATM also
becomes more associated with chromatin. Our data indicate
that in contrast to treatment with NCS, hypoxia exposure does
not lead to a stronger interaction between ATM and chromatin
(Fig. 5B). This finding prompted us to examine the cellular
localization of ATM immunohistochemically. In response to
agents which induce double-stranded breaks, ATM has been
found to relocalize to the sites of breaks and in doing so form

large nuclear foci. We have investigated the nuclear distribu-
tion of ATM during hypoxia treatment which, as previously
mentioned, does not induce detectable double-stranded
breaks. Wild-type and ATM-deficient cells were exposed to
either hypoxia or NCS and then stained for total ATM (Fig.
5C) or phosphorylated ATM (Fig. 5D). In response to NCS,
both total ATM and ATM-S1981 can be seen as discrete, large
nuclear foci, as would be expected in response to DNA dam-
age. In contrast, this did not occur in the cells exposed to
hypoxia. Instead, during hypoxia, total ATM remained diffuse
throughout the nucleus and, although the phospho-ATM ap-
pears somewhat punctuate, it is clearly distinct from the pat-
tern seen in response to NCS. Previous studies have reported
that in response to non-DNA damaging agents, such as HDAC
inhibitors, high salt, or chloroquine, ATM is activated but does
not form foci (4, 30). Our immunofluorescence staining of
ATM in hypoxic cells indicates that hypoxia represents a
unique stress and that the activation of ATM in response to
this stress may be through an alternate mechanism.

The pattern of hypoxia-induced ATM was surprising in part
because we have previously described the formation of
�-H2AX foci in response to hypoxia, despite the absence of
detectable double-stranded breaks (26). We have character-
ized the response of H2AX to hypoxia further here. Firstly, we
show that both phosphorylation and focus formation of H2AX
in response to hypoxia is independent of ATM status. pEBSATM�/�

and YZ3ATM�/� cells were exposed to hypoxia for the time
periods indicated, and Western blotting was carried out for
�-H2AX (Fig. 6A). In parallel, cells were also immunostained
for �-H2AX (Fig. 6B). These data demonstrate that there is no
role for ATM in hypoxia-induced H2AX phosphorylation and
focus formation. In contrast, cells with reduced ATR activity
showed a decrease in hypoxia-induced H2AX phosphorylation
(Fig. 6C). In support of this finding we also show here that
hypoxia-induced phosphorylation of H2AX is oxygen depen-
dent and that this correlates with the conditions in which we
have previously observed replication arrest and ATR activity

FIG. 5. Hypoxia-activated ATM is nuclear but does not form foci. (A) GM0536 cells were treated with NCS (5 ng/ml) for 20 min or hypoxia
(Hyp) for 8 h. Cell fractionation was then carried out to isolate cytoplasmic (Cyt) or nuclear (N) preparations. MRE11 was used as a nuclear
marker, and tubulin was used for the cytoplasm. (B) Cell fractionation was carried out as described previously (2). HeLa cells were treated for 1 h
with 5 ng/ml NCS or hypoxia (18 h). The levels of ATM and HIF-1� are shown for fractions I and III. (C and D) ATM does not form large nuclear
foci in response to hypoxia. YZ3 (ATM�/�) and pEBS (ATM�/�) cells were exposed to either hypoxia (18 h) or NCS (2 h, 5 ng/ml). Cells were
then stained for total ATM protein (C) or ATM-S1981 (D).
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(25). RKO cells were exposed to a range of oxygen concentra-
tions for 8 h, and Western blotting was carried out for �-H2AX
(Fig. 6D). There was little or no phosphorylation detected until
a level of 0.1% O2 was reached. The most significant increase,
however, was observed at 0.02% O2, approximately 10-fold the
levels seem in normoxic conditions. We noted previously and
here that not all cells exposed to hypoxia accumulate �-H2AX.
In order to investigate this further, we carried out fluores-
cence-activated cell sorter analysis for �-H2AX under hypoxic
conditions (Fig. 6E). We have compared the percentages of
�-H2AX-positive cells in U2OS cells exposed to either 0.2 or
0.02% O2 and found that at the lower of these concentrations
almost 50% of cells are positively stained. We found this to be
similar in other cell lines and that this percentage did not
increase with extended times under hypoxia. This suggests that

only cells in certain phases of the cell cycle form �-H2AX foci
in response to hypoxia. To test this hypothesis, we exposed
cells to hypoxia and then immunostained for both �-H2AX and
the G2/M marker CENP-F (Fig. 6F). The levels of CENP-F
have been shown to increase throughout the G2 phase and
reach maximum levels in mitosis. Our data indicate that there
was no overlap between CENP-F staining and phosphorylation
of H2AX, indicating that this does not occur in G2/M. Previ-
ously, we proposed that in response to hypoxia, replication
arrest occurs due to stalling of replication forks, and we
demonstrated this through the visualization of BrdU in single-
stranded regions of DNA (27). Here, we have used the single-
stranded DNA binding protein RPA to confirm that replica-
tion fork stalling occurs during exposure to hypoxia and that
cells with RPA foci also accumulate �-H2AX (Fig. 6G).

FIG. 6. Hypoxia-induced �-H2AX is dependent on ATR in S-phase cells. (A) pEBS (ATM�/�) and YZ3 (ATM�/�) cells were exposed to
hypoxia for the time periods indicated. The levels of �-H2AX are shown. (B) In an experiment parallel to the one shown in panel A, cells were
also immunostained for �-H2AX. (C) FO2/98/hTERT (Seckel) cells and a matched control, IBR hTERT, were treated as shown, and the induction
of �-H2AX was determined. (D) RKO cells were exposed to the oxygen tensions shown for 8 h. Western blotting was carried out for �-H2AX and
� actin. (E) U2OS cells were exposed to either 0.2% or 0.02% O2 for 16 h. �-H2AX-positive cells were then quantified with a fluorescence-
activated cell sorter. (F) U2OS cells were exposed to hypoxia for 6 h or NCS for 6 h. Cells were then costained for �-H2AX and CENP-F.
(G) U2OS cells were exposed to hypoxia for 6 h and then stained for RPA32 and �-H2AX. DAPI was used as a nuclear stain.
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RPA32 foci were clearly visible in approximately 50% of cells
during exposure to hypoxia, indicating the presence of single-
stranded DNA. The same cells that exhibited RPA32 foci also
had �-H2AX staining; we found no cells that stained positively
for one and not the other. Interestingly, when we merged the
RPA32 and �-H2AX images, we found that although there was
a significant colocalization, there was not a total overlap. This
raises the possibility that as with DNA double-stranded breaks,
the �-H2AX signal may extend away from the stalled replica-
tion fork. In the majority of cells, hypoxia-induced �-H2AX is
found in foci, whereas hypoxia-induced ATM is diffuse
throughout the nucleus. While some cells had clear �-H2AX
foci which were indistinguishable from those induced by NCS,
other cells had a more diffuse staining pattern, like that ob-
served for ATM (data not shown).

The mediator protein 53BP1 has been described as having a
role in sensing alterations in chromatin structure and conse-
quently contributing to the ATM response, and it is also often

used as an alternate to �-H2AX as a marker of DNA breaks
(3). We investigated the pattern of 53BP1 staining in response
to hypoxia. U2OS cells were exposed to NCS or hypoxia, as
indicated, and then stained for 53BP1 and �-H2AX. In re-
sponse to NCS, we saw clear, large nuclear 53BP1 foci which
completely colocalized with �-H2AX foci, as would be ex-
pected. In contrast, in the hypoxia-treated cells, we saw no
53BP1 foci, despite the presence of �-H2AX foci (Fig. 7A). We
investigated the nuclear localization of 53BP1 over a range of
exposure times to hypoxia (30 min to 18 h) and detected no
foci at any point (data not shown). These findings support the
concept that hypoxic induction of ATM is not the consequence
of DNA double-stranded breaks but are in direct contrast to
the results of staining for �-H2AX and suggest that in response
to hypoxia, ATM is activated through a unique mechanism. We
then examined the levels of both total 53BP1 and phosphory-
lated 53BP1 (p53BP1) during hypoxia. Despite the lack of
hypoxia-induced 53BP1 foci, we saw a robust phosphorylation

FIG. 7. 53BP1 and BRCA1 do not form nuclear foci in response to hypoxia. (A) U2OS cells were treated with hypoxia (6 h) or NCS (5 ng/ml
6 h) and stained for 53BP1 and �-H2AX. (B) YZ3(ATM�/�) and pEBS(ATM�/�) cells were exposed to hypoxia for the times indicated, and Western
blotting was carried out for p53BP1, 53BP1, and GAPDH. (C) RKO cells were exposed to hypoxia (Hyp) as shown, and Western blotting was
carried out for the proteins and modifications indicated. (D) U2OS cells were exposed to hypoxia for 16 h followed by periods of reoxygenation;
shown is 1 h of reoxygenation (Reox). Cells were then stained for 53BP1 and DAPI. U2OS cells were treated as described for panel A and stained
for BRCA1 (E) and mono- and polyubquitinated substrates using the FK2 antibody (F). Con, control.
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in response to hypoxia. This was very apparent by 4 h but
decreased at later time points (8 and 16 h). This phosphoryla-
tion was entirely abrogated in the pEBS cell line, which lacks
ATM, indicating that it is dependent on ATM (Fig. 7B). In-
trigued by the decrease in p53BP1 observed at longer hypoxia
exposure (8 h), we asked if this was a cell line-specific obser-
vation. We investigated the kinetics of 53BP1 phosphorylation
in both the RKO and U2OS cell lines (Fig. 7C and data not
shown) and found that in both cases, 53BP1 was rapidly phos-
phorylated, but equally rapid levels dropped back to control
levels. Interestingly, in both the RKO and U2OS cell lines, the
total levels of 53BP1 also appeared to decrease during hypoxia
exposure, although this was not observed in the YZ3 and pEBS
cells. We and others have previously shown that components of
the DNA damage response, for example BRCA1 and Rad51,
can be repressed at the protein level by exposure to hypoxia (7,
9). Decreased levels of 53BP1 could, in part, explain why we do
not observe hypoxia-induced 53BP1 foci after longer exposures
(16 h) but do not explain why the p53BP1 seen after 4-h
exposure does not form foci. In response to DNA damage,
the tudor domain of 53BP1 has been shown to interact with
dimethylated lysine 20 (K20) on histone 4, which is responsible
for the relocalization of 53BP1 to sites of damage (10). Expo-
sure to hypoxia has been demonstrated to induce a novel
signature of chromatin modifications, although to our knowl-
edge, histone H4 (me)2K20 has not been studied (31). We
hypothesized that if this histone modification was affected by
hypoxia exposure, this might explain the failure of 53BP1 to
form foci. RKO cells were exposed to hypoxia, and Western
blotting was carried out for both H4 (me)2K20 and total H4
(Fig. 7C). We saw no change in the levels of H4 or the mod-
ified H4, suggesting that this is not the cause of the lack of
hypoxia-induced 53BP1 foci. Previous studies have shown that
while hypoxia does not lead to an accumulation of double-
stranded breaks, reoxygenation is a potent inducer of damage
(26). We hypothesized that reoxygenation-induced damage
would lead to the formation of 53BP1 foci. In order to inves-
tigate this, U2OS cells were exposed to hypoxia and then
reoxygenated for varying time periods. We found that 53BP1
did indeed form foci after reoxygenation and that this occurred
as early as 1 h and persisted for at least 16 h (Fig. 7D and data
not shown). Reoxygenation-induced 53BP1 focus formation
was found to be dependent on ATM activity, as cells treated
with an ATM inhibitor prior to reoxygenation did not accu-
mulate foci (data not shown).

In response to DNA damage, chromatin-bound substrates,
such as H2AX, H2A, and others, are ubquitylated and, as a
result, recruit factors, including 53BP1 and BRCA1 (29, 33, 36,
53). In the case of BRCA1, this is via the intermediate Rap80
(32). We show here that in contrast to how it responds to NCS,
BRCA1 does not form nuclear foci in response to hypoxia (Fig.
7E). The E3 ubiquitin ligase RNF8 has been shown to ubiq-
uitinate H2AX and to be required for focus formation by both
53BP1 and BRCA1 (29). The FK2 antibody, which recognizes
mono- and polyubiquitinated proteins, has been widely used as
a means of visualizing DNA damage-associated ubiquitin con-
jugates (29, 40). We hypothesized that 53BP1 and BRCA1 may
not form foci at hypoxia-induced replication forks due to a lack
of the required chromatin remodeling. Using the FK2 anti-
body, we stained cells which had been treated with either NCS

or hypoxia (Fig. 7F). As expected, we saw an increase in nu-
clear foci with FK2 in NCS-treated cells but, in support of our
hypothesis, did not observe any foci in the hypoxia-treated
cells, indicating that the lack of ubiquitination could explain
the lack of 53BP1 and BRCA1 foci.

MDC1 amplifies the hypoxia-induced ATM response. Re-
cently it was shown that MDC1 is required for both 53BP1
phosphorylation and focus formation in response to DNA
damage, suggesting that MDC1 is an upstream regulator of
53BP1 (38). Data from several complementary studies suggest
that this is through the recruitment of RNF8 by MDC1 to the
sites of DNA damage. We proposed that the lack of ubiqui-
tinated substrates detectable with the FK2 antibody in hypoxia-
treated cells may result from a failure of MDC1 to relocalize to
hypoxia-induced stalled replication forks. We have therefore
investigated the cellular distribution of MDC1 in hypoxia-
treated cells. We found that, in contrast to ATM and 53BP1,
MDC1 did form nuclear foci in hypoxia-treated cells which
also had RPA foci (Fig. 8A). From this we concluded that
MDC1 relocalized in hypoxic S-phase cells, although as we saw
with �-H2AX, the overlap with RPA32 did not always colocal-
ize exactly, indicating that MDC1 may not be present exactly at
the stalled fork but in a region surrounding it. We determined
that MDC1 focus formation was independent of ATM status,
as indistinguishable foci formed in both YZ3ATM�/� and
pEBSATM�/� cells in response to hypoxia (Fig. 8B). However,
analysis of the MDC1 foci formed in hypoxic conditions
showed a complete overlap with �-H2AX foci (Fig. 8C). In
contrast to the MRN complex, the MDC1 protein, although
also described as a mediator of the DNA damage checkpoint,
has also been shown to amplify the ATM response without
being required for the initial activation or phosphorylation of
ATM (35, 43). We have investigated the requirement of
MDC1 for both ATM phosphorylation and activity in response
to hypoxia. MEFs, MDC1�/�, and MDC1�/� were exposed to
hypoxia or NCS for the times indicated and then to Western
blotting for ATM and Kap1 (Fig. 8D). Our data show that
ATM is phosphorylated at normal levels in response to hyp-
oxia, despite the loss of MDC1, whereas Kap1 shows signifi-
cantly diminished phosphorylation in the absence of MDC1.
Phosphorylation of Kap1 remained low in MDC1�/� cells for
16 to 24 h compared to that in MDC1�/� cells (data not
shown). These data indicate that, as reported for DNA dam-
age, MDC1 is required to amplify the ATM signal induced by
hypoxia. In conclusion, we have described here the activation
of ATM by a physiologically relevant non-DNA-damaging
stress and have compared this activation to the response to
DNA damage-induced ATM. It seems that while the pathways
downstream of ATM may be similar in both cases, the initial
signals and mediator requirements are significantly different.

DISCUSSION

The DNA damage response is initiated by both classical
DNA-damaging agents, such as NCS, and nondamaging
agents, such as hypoxia, high salt concentrations, histone
deacetylase inhibition, and chloroquine (4, 16). Of these non-
damaging agents, hypoxia is the most relevant to tumorigene-
sis, as regions of hypoxia occur early and in most, if not all,
solid tumors. Most models on the mechanism of ATM activa-
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tion rely on the induction of DNA damage and do not include
situations where DNA damage is not detected, such as hyp-
oxia. In this study we have shown that in response to hypoxia,
ATM is not only phosphorylated but also active. In contrast to
its response to DNA-damaging agents, the ATM response to
hypoxia is independent of the MRN complex. This finding is
supportive of a model whereby the MRN complex acts up-
stream of ATM in the rapid detection of DNA breaks and then
recruits ATM. However, the MRN complex is not needed in
the absence of DNA damage for the activation of ATM. It
should be noted that NBS1 is phosphorylated during hypoxia,
most likely by both ATR and ATM, and so, although it may not
have a role in the initial activation of the DNA damage re-
sponse, it is activated as part of the overall response (28). We
have also shown that PARP activity is not required for hypoxia-
induced activation of ATM. This is also supportive of a model
whereby hypoxia induces ATM activity in the absence of DNA
breaks and hence is not reliant on molecules which act as
sensors of breaks (24). We predict that other molecules dem-
onstrated to function in this way, for example, Aven and
FoxO3a, may also be of less importance to the hypoxia re-
sponse, although this remains to be formally tested (23, 48).
Once activated, hypoxia-induced ATM seems to behave in a
similar manner to damage-activated ATM, in that it phosphor-
ylates downstream targets, and this is, in part, dependent on
MDC1. However, another critical difference between hypoxic
and DNA damage-induced activation of ATM is the cellular
localization of ATM. In response to hypoxia, ATM remains
diffuse through the nucleus, as does phosphorylated ATM. The
staining pattern we observe is reminiscent of that seen in re-
sponse to high salt and chloroquine, indicating that there may
be a similar mechanism of activation for non-DNA-damaging
stresses (4). The mechanism(s) by which stresses such as chlo-
roquine exposure or high salt induce ATM phosphorylation
has not been described but has been broadly attributed to
chromatin modifications. Given the replication arrest induced
by the levels of hypoxia used in this study, it is conceivable that
chromatin modifications may also be the activating signal in-
duced by hypoxia. As a part of this study, we have investigated
the involvement of other DNA damage response proteins un-
der hypoxic conditions. In contrast to ATM, both �-H2AX and
MDC1 formed clear nuclear foci in response to hypoxia which
partially overlapped RPA foci. The implications of this are
twofold; firstly this confirms the presence of single-stranded
DNA in hypoxic cells, indicating the presence of stalled repli-
cation forks. Secondly, this demonstrates that foci involving
some of the DNA damage response proteins do form in hy-
poxic S-phase cells. From these data we can start to build a
picture of the unique DNA damage response signaling that

FIG. 8. MDC1 is required to amplify the ATM response to hyp-
oxia. (A) U20S cells were exposed to hypoxia for 6 h and then stained
for MDC1 and RPA32. (B) YZ3 (ATM�/�) and pEBS (ATM�/�) cells
were exposed to hypoxia (Hyp) for 16 h and then stained for MDC1,
�-H2AX, and DAPI. Con, control. (C) Cells were exposed to either 6 h
of hypoxia or 6 Gy. Irradiated cells were fixed 4 h after treatment. Cells
were stained for MDC1 and �-H2AX, and nuclei were visualized using
DAPI. (D) MDC1�/� and MDC1�/� MEFs were exposed to hypoxia,
and Western blotting was carried out for the proteins indicated.
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occurs in the absence of an initiating double-stranded break.
We propose that during hypoxia exposure, replication stalling
leads to the accumulation of regions of single-stranded DNA;
these in turn become RPA bound and signal to the ATR-
ATRIP complex and potentially also ATM. The ATR kinase
then phosphorylates H2AX in the region including and sur-
rounding the stalled fork. Once phosphorylated, �-H2AX re-
cruits MDC1 to the stalled replication fork in hypoxic S-phase
cells. In the response to DNA damage, phosphorylated MDC1
recruits the RNF8/Ubc13 ligases, which then ubiquitinate
�-H2AX. Our data suggest that while MDC1 and H2AX are
present at stalled forks in a similar manner to that seen for
DNA double-stranded breaks and while MDC1 contributes to
hypoxia-induced ATM activity, the downstream signaling path-
ways dependent on ATM diverge at this point. We saw no foci
with the FK2 antibody, indicating a failure to ubiquitinate
�-H2AX, most probably due to a failure of MDC1 to recruit
RNF8. We hypothesize that RNF8 would also fail to form foci
in hypoxic cells. The consequence of this is that neither
BRCA1 nor 53BP1 is recruited to chromatin, and thus, they
fail to form foci. This is compounded by the falling levels of
these proteins, which we observed under hypoxic conditions. It
was recently shown that 53BP1 phosphorylation and colocal-
ization are required for correct phosphorylation of Chk2 (38).
We show here and showed previously that 53BP1 is phosphor-
ylated after short exposures to hypoxia before levels begin to
decrease but that Chk2 phosphorylation is robust and constant
throughout hypoxia and reoxygenation (16).

There have been several studies recently describing the
downregulation of DNA repair pathways in response to hyp-
oxia, most notably homologous recombination but also mis-
match repair (7, 8, 34). It is unclear what the evolutionary
benefit is to a hypoxic cell to repress repair, although the
finding that this occurs under conditions of extreme levels of
hypoxia where DNA damage has not been detected may be the
answer. When a cell reaches a level of hypoxia that leads to
replication stalling, it also enters a state where it is difficult to
maintain protein levels, and energy needs to be reserved;
global transcription and translation are both repressed at these
oxygen tensions. The undesirable consequence of this is that if
a tumor cell becomes reoxygenated as, for example, a result of
improved blood flow, the cell sustains reoxygenation-induced
damage but lacks the machinery to repair it. Our previous
work, however, showed that one of the roles of hypoxia/reoxy-
genation-induced ATM is to induce a cell cycle arrest in the G2

phase, which allows time for the reexpression of DNA proteins
to promote repair and replication restart. The recruitment of
MDC1 to hypoxia-induced �-H2AX foci but not 53BP1 is
intriguing, in particular, and indicates that in response to hyp-
oxia, ATR and ATM induce pathways associated more with
cell cycle checkpoints than with DNA repair.
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