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DNA REPAIR

Transient ATM Kinase Inhibition Disrupts DNA
Damage-Induced Sister Chromatid Exchange

Jason S. White,"? Serah Choi,? Christopher J. Bakkenist'**
(Published 1 June 2010; Volume 3 Issue 124 ra44)

Cells derived from ataxia telangiectasia (A-T) patients exhibit defective cell cycle checkpoints because of
mutations in the gene encoding ATM (ataxia telangiectasia mutated). After exposure to ionizing radiation
(IR), A-T cells exhibit sensitivity to IR-induced cellular damage that results in increased chromosome aberra-
tions and cell death (radiosensitivity). ATM is a member of a family of kinases that become activated in re-
sponse to DNA damage. We showed that even transient inhibition of ATM kinase for 1 hour 15 min after
cellular irradiation resulted in an accumulation of persistent chromosome aberrations and increased cell
death. Using reversible inhibitors of DNA-PK (DNA-dependent protein kinase), another kinase involved in
responding to DNA damage, and ATM, we showed that these two kinases acted through distinct DNA repair
mechanisms: ATM resolved DNA damage through a mechanism involving sister chromatid exchange (SCE),
whereas DNA-PK acted through nonhomologous end joining. Furthermore, because DNA damage—induced
SCE occurred in A-T fibroblasts that lack functional ATM protein, and the inhibitors of ATM kinase had no
effect on DNA damage—-induced SCE in A-T fibroblasts, we showed that the consequences of short-term
inhibition of the kinase activity of ATM and adaptation to ATM protein disruption were distinct. This suggests

that A-T fibroblasts have adapted to the loss of ATM and have alternative mechanisms to initiate SCE.

INTRODUCTION

Ataxia telangiectasia (A-T) is a childhood disorder characterized by neu-
rodegeneration, predisposition to cancers, and profound, lethal sensitivity
to ionizing radiation (radiosensitivity). A-T is caused by either compound
heterozygosity or homozygosity for truncating mutations (frameshift or
nonsense mutations) in the ataxia telangiectasia mutated (ATM) gene, re-
sulting in an absence of detectable ATM protein (1, 2). ATM encodes a pro-
tein kinase that is critical for the initiation of DNA damage responses in
mammalian cells exposed to ionizing radiation (IR) or to other agents that
introduce double-strand breaks (DSBs) into DNA (7, 3, 4). Cells derived
from A-T patients exhibit defective cell cycle checkpoint responses, in-
creased chromosome aberrations, and increased cell death after IR, thus re-
vealing the importance of ATM-dependent signaling in irradiated cells (3).

ATM belongs to a family of kinases, the phosphoinositide 3-kinase—
related protein kinases, that function in DNA damage responses. The kinase
activity of ATM is extremely sensitive to DNA damage and is activated in
cells within seconds of exposure to doses as low as 0.1 gray (Gy) IR (6).
The kinase activity of ATM is essential for the activation of downstream ef-
fector kinases, such as checkpoint kinase 2 (CHK2) (7), and the phospho-
rylation of numerous substrates that impede origin firing (the initiation of
DNA replication at a particular origin) during S phase (8) and that halt
the progression of the cell cycle at the G;-S phase (9) and G,-M phase
(10) transitions. Such cell cycle checkpoints were envisioned as transient de-
lays of the cell cycle that allow sufficient time for chromosome repair and
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that prevent cell cycle progression in the presence of chromosome damage
(11). However, the chromosomal instability of A-T cells may not be entirely
due to defective cell cycle checkpoints. Chromosome aberrations accumu-
lated in irradiated A-T cells arrested in Gy, for up to 48 hours, indicating this
damage is not a consequence of defective cell cycle checkpoints (12, 13).
Similarly, when aphidicolin was used to block the G;-S phase transition in
A-T cells, no decrease in cell death was observed after IR (/4). Because
increased chromosome aberrations and cell death were evident in cells that
were not progressing through the cell cycle, these data are indicative of a
DNA repair defect in A-T cells that is independent of cell cycle checkpoints.

The repair of DSBs can occur through nonhomologous end joining
(NHEYJ) or homologous recombination (HR) and the kinase activity of
ATM has been implicated in both mechanisms. HR is a high-fidelity DSB
repair mechanism that is generally restricted to the S and G, phases of the cell
cycle when a sister chromatid is available as a repair template (15). ATM
promotes the HR-mediated repair of DSBs in various systems, including in
DT40 chicken cells in response to IR (/6) and in Chinese hamster cells in
response to inhibition of poly(adenosine diphosphate ribose) polymerase
(PARP) (17). Furthermore, the kinase activity of ATM participates in DSB
end resection, which is a key step in HR (/8). Nevertheless, sister chromatid
exchange (SCE), which occurs through HR-mediated repair, is normal in
A-T cells (19-21). NHE] operates throughout the cell cycle but is particularly
important in G; when a sister chromatid is not available as a repair template
(22). The NHEJ machinery includes the DNA-dependent protein kinase
(DNA-PK), a heterotrimer comprising a catalytic subunit and KU70 and
KU80, a heterodimer of LIG IV and XRCC4 that has ligase activity, and
the Artemis endonuclease. ATM-dependent Artemis activity is required for
the resolution of ~10% of DSBs by NHE]J that are repaired within several
hours after IR (23).

Although the ATM-dependent mobilization, modification, and stimu-
lation of proteins after IR is well documented (24, 25), the mechanisms by
which ATM ensures cellular radioprotection and genome stability are not
fully understood. Indeed, it is particularly challenging to causally relate the
changes in ATM activity to changes in the phosphorylation status of a spe-
cific substrate that may cause a particular disease or phenotype, because
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there appears little selective pressure to restrict functionally insignificant
phosphorylation events, as suggested by the >1000 ATM and ATR (ATM
and Rad3-related) substrates identified (24, 25). However, better understand-
ing of the mechanisms by which ATM contributes to radioprotection and
genome stability may allow the rational design of clinical protocols that
use inhibitors of ATM activity, which is particularly relevant because inhibi-
tion of the kinase activity of ATM selectively kills tumor cells with certain
somatic mutations, while sparing normal cells. In the absence of treatments
to induce DNA damage, inhibition of the kinase activity of ATM with
KUS55933 reduced long-term survival of Fanconi anemia (FA)-deficient pan-
creatic tumor cell lines, but not isogenic corrected control cell lines (26). This
same inhibitor reduced the long-term survival of doxorubicin-treated p53-
deficient lung tumor cell lines, lymphocytes, and mouse embryonic fibro-
blasts (MEFs), whereas KU55933 inhibition of the kinase activity of ATM
in cell lines with functional p53 increased the resistance of these cells to the
lethal effects of doxorubicin, a DNA-damaging agent (27, 28). Thus, phar-
macological inhibition of the kinase activity of ATM may have a role in the
treatment of both FA-deficient and p53-deficient human cancers.

KUS55933 is a selective and reversible inhibitor of the activity of ATM and
thus can be used to transiently inhibit ATM kinase activity in cells (29). Pre-
vious work suggested that ATM has temporally distinct functions in cells ex-
posed to IR. Transient inhibition of the kinase activity of ATM, from +15 to
+75 min after IR, causes similar amounts of cell death as that caused by pro-
longed inhibition of ATM kinase activity, —45 min before through >16 hours
after IR (29). Furthermore, 2 days after IR and transient inhibition of ATM
kinase activity, cells in late S and G, phase, but not M phase, exhibited in-
creased chromosome aberrations, indicating that the kinase activity of ATM is
essential for DNA repair during the period +15 to +75 min after IR (29).

Here, we show that the ATM-dependent mechanisms that ensure cell sur-
vival and suppress chromosome aberrations within a few minutes to hours
after IR are independent of the activity of DNA-PK and thus not likely
mediated by NHEJ. In addition, neither the activation of nor the recovery
from the IR-induced G,-M cell cycle checkpoint was affected by inhibition
of the kinase activity of ATM from +15 to +75 min after IR, indicating that
15 min of ATM kinase signaling was sufficient to induce this cell cycle
checkpoint. We found that inhibition of the kinase activity of ATM from
+15 to +75 min after IR abrogated IR-induced SCE, a process attributed
to recombination-mediated repair. Either of two selective and reversible
ATM inhibitors, KU55933 or KU60019, disrupted SCE caused by exposure
of fibroblasts to camptothecin, a DNA-damaging agent. Because DNA
damage—induced SCE occurred in A-T fibroblasts (lacking functional ATM
protein), the ATM inhibitors had no effect on DNA damage—induced SCE in
A-T fibroblasts, as expected. Thus, the consequences of short-term inhibition
of the kinase activity of ATM and adaptation to loss of functional ATM protein
are distinct, which may be of particular importance in a clinical setting where
drugs are used to achieve short-term inhibition.

RESULTS

A brief period of ATM activity after IR is sufficient to trigger
the G>-M cell cycle checkpoint and subsequent transient
inhibition of ATM does not affect recovery from this checkpoint
Because the reversible inhibition of ATM by KU55933 had only been
shown by removal of the inhibitor before exposure of the fibroblasts to
IR, we confirmed the reversibility of KU55933 inhibition of ATM activity
induced by exposure of fibroblasts to IR. Fibroblasts were exposed to 2 Gy
IR, treated with KU55933 from +15 to +75 min or from +15 to +90 min,
and then ATM autophosphorylation was assayed at either +75 min or +90
min (Fig. 1, A and B). Fifteen minutes after removal of KU55933, we de-

Fig. 1. Temporal dynamics of reversibility of inhibition of ATM. (A) IMR90
fibroblasts were treated with 10 uM KU55933 from —15 to +90 min, +15 to
+75 min, or +15 to +90 min after 2 Gy IR and harvested at +90 min. The
kinase activity of ATM activity was restored when KU55933 was removed
from +75 to +90 min after 2 Gy IR. (B) Diagram of the experimental
paradigm for samples evaluated in (A). Thick bars indicate when
KU55933 was present. (C) IMROO0 fibroblasts were treated with KU55933
from +15 to +75 min after 2 Gy IR, KU55933 was removed, and nocoda-
zole was added to collect fibroblasts that entered into mitosis. Fibroblasts
were collected at +75 min, 4, 8, and 12 hours after IR for flow cytometric
analysis of DNA content (% mitosis reflects 4N fibroblasts positive for phos-
phorylated histone H3 at +75 min). Recovery from the G,-M checkpoint
was not perturbed by addition of KU55933 from +15 to +75 min after 2
Gy IR. This experiment was performed in triplicate three times.
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tected ATM autophosphorylation, indicating that the
inhibition of IR-induced ATM activity was reversible.

Because transient ATM kinase inhibition from +15
to +75 min after exposure of cells to IR is sufficient to
cause the accumulation of persistent chromosome aber-
rations in late S- and G,-, but not M-phase, cells, we
hypothesized that the ATM-dependent G,-M cell cycle
checkpoint may be induced within 15 min of exposure
to 2 Gy IR. We observed that induction of the G,-M cell
cycle checkpoint occurred rapidly in IMR90 fibroblasts
treated with either KU55933 or vehicle from +15 to
+75 min after exposure to 2 Gy IR, as indicated by the
reduction of 4N cells positive for phosphorylated his-
tone H3 at +75 min (Fig. 1C). Furthermore, the recov-
ery from the G,-M arrest in IMR90 fibroblasts treated
with KU55933 from +15 to +75 min was comparable to
that of vehicle controls at 4, 8, and 12 hours after IR
(Fig. 1C). Thus, 15 min of ATM activity is sufficient
for the induction of the G,-M cell cycle checkpoint after
2 Gy IR, and transient inhibition of the kinase activity
of ATM from +15 to +75 min does not affect recovery
from this cell cycle checkpoint.

The early phase of IR-induced ATM
activity that ensures cell survival is
independent of DNA-PK activity

Given that transient ATM kinase inhibition from +15 to
+75 min after IR radiosensitizes cells and results in
persistent chromosome aberrations in late S- and G-
phase cells (29) and that we determined this was not
due to defective checkpoint activation, we investigated
the underlying mechanisms of chromosome stability
and cellular radioprotection that require the kinase activ-
ity of ATM. To determine if ATM was stimulating DNA
repair through NHEJ at this time, we exposed fibro-
blasts to the selective and reversible inhibitor of
DNA-PK activity, NU7441 (30). We determined the re-
versibility of DNA-PK inhibition upon removal of 5 uM
NU7441 from fibroblasts by examining DNA-PK au-
tophosphorylation on Ser***® in IMR90 human fibro-
blasts (37). In IMR90 fibroblasts exposed to 5 uM
NU7441 for 30, 15, or 5 min before exposure to 5 Gy
IR, as well as for 15 min after exposure to IR, IR-induced
autophosphorylation of DNA-PK was inhibited (Fig. 2,
A and C). In contrast, IR-induced autophosphoryla-
tion of DNA-PK was restored in fibroblasts in which
NU7441 was removed less than 5 min before expo-
sure to IR (Fig. 2, B and D). Because the fibroblasts
were harvested 15 min after exposure to IR, the re-
versibility of DNA-PK inhibition upon removal of 5
uM NU7441 from IMR90 fibroblasts requires less
than 15 min. The reversibility of DNA-PK inhibition
by NU7441 in IMR90 fibroblasts is similar to the in-
hibition of the kinase activity of ATM by KU55933
(29); thus, NU7441 can be used to transiently inhibit
DNA-PK activity in fibroblasts. We confirmed that 5 uM
NU7441 did not inhibit the kinase activity of ATM ac-
tivity and that 10 uM KUS55933 did not inhibit the ki-
nase activity of DNA-PK in fibroblasts exposed to IR
(Fig. 2E).

Fig. 2. Transient inhibition of ATM and

DNA-PK activities radiosensitizes cells.

(A) DNA-PK activity was inhibited in

IMR9O0 fibroblasts when 5 uM NU7441

was added to the fibroblasts at the indi-

cated times before 5 Gy IR. (B) DNA-PK

activity was undiminished when NU7441

was removed from the fibroblasts 5 min

before 5 Gy IR. (C and D) Diagram of

the experimental paradigm for samples

evaluated in (A) and (B). In (C), only

the paradigm for samples with NU7441

treatment is shown. In (D), only the

paradigm for the experimental treat-

ments [four rightmost in (B)] is shown.

Thick bars indicate when NU7441 was present. (E) The kinase activity of ATM was inhibited
in IMR9O fibroblasts after irradiation when 10 uM KU55933 was added 5 min before the 5 Gy IR.
The kinase activity of ATM was undiminished 15 min after irradiation when KU55933 was re-
moved 5 min before 5 Gy IR. (F) Cell survival was assayed after 1 hour of inhibition of ATM or
DNA-PK activities from +15 to +75 min after 5 Gy IR. Inhibition of DNA-PK had a greater effect
on cell survival than did ATM inhibition at both 2.5 and 5 Gy. (G) Cell survival was assayed after
4 hours of inhibition of ATM or DNA-PK activities from +15 min to +4 hours 15 min after 5 Gy IR.
DNA-PK inhibition caused greater radiosensitization than did ATM inhibition. Experiments
shown in (F) and (G) were performed in triplicate three times.
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To determine the effect that inhibition of these two kinases had on cell
survival, we determined the clonogenic survival of H460 non—small cell
lung carcinoma cells (pS3 wild-type cells) at 10 days when the kinase ac-
tivity of ATM or DNA-PK, or both, had been transiently inhibited for ei-
ther 1 hour or 4 hours after exposure to IR. Transient inhibition of the
kinase activity of either ATM or DNA-PK from +15 to +75 min after ex-
posure to 1, 2.5, or 5 Gy IR resulted in increased cell death compared to
that of vehicle-treated control cells, indicating radiosensitivity of the
kinase-inhibited cells (Fig. 2F). Concurrent inhibition of both ATM and
DNA-PK kinase activities resulted in greater cell death than occurred
when each kinase was inhibited individually, with the greatest increase
in cell death of the dually inhibited cells at the highest dose of IR. Inhi-
bition of the kinase activity of ATM or DNA-PK activities from +15 to
+75 min after exposure of cells to 5 Gy IR accounted for 53 and 85%,
respectively, of the cell death that occurred in cells in which both kinases
were inhibited; whereas in cells exposed to 2.5 Gy IR, individual kinase
inhibition accounted for 28% (ATM) and 90% (DNA-PK) of the cell death
that occurred in dually inhibited cells (Fig. 2F). We also inhibited the ki-
nase activity of ATM or DNA-PK, or both, for 4 hours, from +15 min to
+4 hours 15 min, after IR (Fig. 2G). Concurrent inhibition of both ATM
and DNA-PK kinase activities resulted in a greater cell death than oc-
curred when each kinase was inhibited individually. Inhibition of ATM
or DNA-PK kinase activities from +15 min to +4 hours 15 min after 5 Gy
IR accounted for 58 and 94%, respectively, of the radiosensitization seen
after inhibition of both kinases; at 2.5 Gy IR it accounted for 47% (ATM)
and 83% (DNA-PK). The results from this longer exposure to the drugs
indicate that the differences in cell survival did not relate to differences in
the half-lives of the two drugs, which would not be evident during a 4-hour
inhibition. Because inhibition of ATM activity promoted IR-induced cell
death even when DNA-PK was functional, the ATM kinase—dependent
mechanism that contributes to cell survival from +15 min to +4 hours
15 min after exposure to IR is independent of DNA-PK—dependent NHEJ.
Additionally, these data suggest that DNA-PK—dependent, ATM-independent
NHE] is the principal mechanism of cellular radioprotection from +15 min
to +4 hours 15 min after exposure to IR.

The early phase of IR-induced ATM activity that prevents
the accumulation of chromosome aberrations is
independent of DNA-PK activity

Persistent chromosome aberrations accumulate in late S- and G-, but not
M-phase cells when the kinase activity of ATM activity is inhibited from
+15 to +75 min after exposure to 2 Gy IR (29). Here, we show that per-
sistent chromosome aberrations accumulate in fibroblasts when DNA-PK
kinase activity was inhibited from +15 to +75 min after exposure to IR.
IMROO0 fibroblasts were exposed to a dose titration of IR 48 hours before
harvest with calyculin A, a serine-threonine phosphatase inhibitor that pre-
maturely condenses chromatin and allows visualization of late S-, G-, and
M-phase cells, as previously described (29). The number of chromosome
aberrations per cell was then enumerated in 50 cells. Further, the amount
of persistent chromosome aberrations increased with the dose of IR,
showing a linear relationship to IR dose in fibroblasts in which either
the kinase activity of DNA-PK (Fig. 3, A and B, and table S2) or ATM
(Fig. 3, C and D, and table S1) was transiently inhibited from +15 to +75
min after exposure to IR.

The number of chromosome aberrations seen in late S- and G,-, but not
M-phase, fibroblasts when the activities of both ATM and DNA-PK were
concurrently inhibited from +15 to +75 min after exposure to 2 Gy IR
was approximately equal to the sum of the number of chromosome aber-
rations in IR-exposed fibroblasts in which each kinase was inhibited individ-
ually (Fig. 4A and table S3). IMR90 fibroblasts were exposed to 2 Gy

before harvest with either calyculin A or colcemid, a microtubule inhibitor
that allows visualization of M-phase cells, as previously described (29). Be-
cause we observed an increase in chromosome aberrations in cells harvested
in late S-, G,-, and M-phase fibroblasts generated with calyculin A, but not
in harvests of M-phase fibroblasts generated with colcemid, we conclude
that the chromosome aberrations that accumulated when the kinase activity
of DNA-PK was inhibited were in late S- and G,-phase fibroblasts. We
performed similar experiments in which the activity of the kinases separate-
ly or together was inhibited for 4 hours, from +15 min to +4 hours 15 min,
after exposure to IR. With this longer inhibition of kinase activity, the num-
ber of chromosome aberrations induced by 2 Gy IR in late S- and G,-phase
fibroblasts when both ATM and DNA-PK activities were concurrently
inhibited was greater than the sum of the number of chromosome aberra-
tions that occurred in IR-exposed fibroblasts in which each kinase was
inhibited individually (Fig. 4B and table S4). Because ATM kinase inhibi-
tion resulted in an accumulation of chromosome aberrations in the presence
of the DNA-PK inhibitor, we conclude that an ATM-dependent mechanism

Fig. 3. Transient inhibition of either ATM or DNA-PK activities results in an IR
dose—dependent and linear accumulation of persistent chromosome aberra-
tions in late S-, G,-, and M-phase fibroblasts. (A) IMRO0 fibroblasts were
treated with 5 uM NU7441 from +15 to +75 min after 2 Gy IR and fibroblasts
were harvested by applying calyculin A 48 hours after IR and analyzed for
chromosome aberrations (table S2). (B) The DNA-PK-dependent mecha-
nism of chromosome stability appears to increase linearly with IR dose. The
linear correlation coefficients indicate a high degree of correlation. (C) IMR90
fibroblasts were treated with 10 uM KU55933 from +15 to +75 min after 2Gy IR
and fibroblasts were isolated by applying calyculin A 48 hours after IR and
analyzed for chromosome aberrations (table S1). (D) The ATM-dependent
mechanism of chromosome stability appears to increase linearly with IR
dose. The linear correlation coefficients indicate a high degree of correlation.
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Fig. 4. Transient inhibition of the
activity of ATM, DNA-PK, or both
results in an accumulation of per-
sistent chromosome aberrations
in late S- and G,-phase fibro-
blasts. (A) IMR9O fibroblasts were
treated with 10 uM KU55933 or 5
uM NU7441, or both, from +15 to
+75 min after 2 Gy IR. M-phase fi-
broblasts (colcemid treated) were
harvested or late S-, G,-, and M-
phase fibroblasts (calyculin treated)
were harvested 48 hours after IR,
and samples were analyzed for
chromosome aberrations (table
S3). The difference between irra-
diated and unirradiated controls of
calyculin harvests is shown (right);
errors have been summed. (B)
IMRO fibroblasts were treated with
10 uM KU55933 or 5 uM NU7441,
or both, from +15 to +4 hours 15
min after 2Gy IR, M-phase fibro-
blasts (colcemid treated) were har-
vested, orlate S-, G-, and M-phase
fibroblasts (calyculin treated) were
harvested 48 hours after IR and

samples were analyzed for chromosome aberrations (table S4). The difference between irradiated and unirra-
diated controls of calyculin harvests is shown (right); errors have been summed. The experiments described in
(A)and (B) were performed twice. (C) Artemis-defective fibroblasts were treated with 10 uM KU55933 from +15 to
+75min after 2Gy IR and late S-, G»- and M-phase fibroblasts were isolated by applying calyculin A 48 hours after

IR and analyzed for chromosome aberrations (table S5).

that suppresses chromosomal instability in late S- and G,-phase fibroblasts
after IR is independent of DNA-PK—dependent NHEJ.

More evidence that NHEJ is not the primary mechanism for the early
phase of ATM-mediated prevention of chromosomal instability after expo-
sure of cells to IR came from analysis of fibroblasts deficient in Artemis,
which is a component of the NHEJ machinery. Although ATM can stimu-
late the activity of Artemis, ATM-dependent Artemis activity is required for
the resolution of only ~10% of DSBs that are repaired several hours after IR

(23). To determine whether ATM was
acting through an Artemis-dependent
mechanism to limit persistent chromo-
somal instability caused by IR, we as-
sessed the chromosome aberrations in
CJ179 Artemis-deficient fibroblasts
when the kinase activity of ATM
was inhibited from +15 to +75 min af-
ter exposure to IR. The number of
chromosome aberrations was in-
creased under these conditions com-
pared to vehicle-treated control CJ179
fibroblasts that were exposed to IR
(Fig. 4C and table S5). Thus, the
mechanism by which ATM prevents
persistent chromosome instability af-
ter exposure to IR is independent of
the endonuclease Artemis. We did
not analyze DSBs in G-phase cells,
where Artemis-mediated repair may
be most important. Furthermore, pre-
vious work suggests that Artemis-
mediated mechanism of DSB repair
that is stimulated by ATM may not
be required in S-phase cells to resolve
DNA damage (26).

Transient inhibition of ATM
activity after IR is sufficient
to accumulate RPA34 foci

To investigate if; in cells exposed to
IR, ATM acted through HR repair,
we quantified nuclear foci positive
for 53BP1 and y-H2AX, two proteins
that accumulate at DSBs (32-34),
and foci positive for replication pro-
tein A (RPA), which indicate regions
of single-stranded DNA (75). 200 fi-
broblasts were scored for each set of
conditions. 53BP1 and y-H2AX foci
were increased 1, 4, and 12 hours after
exposure of IMR90 fibroblasts to IR
(Fig. 5A). Inhibition of ATM activity
from +15 to +75 min after IR had no
significant effect on either the inci-
dence or the disappearance of 53BP1
and y-H2AX foci, reflecting the occur-
rence of DSBs and their resolution.
The numbers of 53BP1 and y-H2AX
foci were greatest at 1 hour after IR in
both fibroblasts treated with or without
KUS55933. These data suggest that

there is no gross change in the number of DSBs or the kinetics of their
repair, at this level of sensitivity, when the kinase activity of ATM is tran-
siently inhibited from +15 to +75 min after exposure to IR.

In contrast to DSBs, we observed an increase in the percentage of fi-
broblasts positive for single-stranded DNA (RPA34 foci) at 12 hours after
exposure to IR when the kinase activity of ATM was transiently inhibited
from +15 to +75 min after exposure to IR (Fig. 5B). Using a comparison of
means from unpaired data, we observed an increase (P = 0.08) in the per-
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centage of fibroblasts positive for RPA34
foci, but not y-53BP1 foci (P = 0.41) or
H2AX foci (P = 0.26), 12 hours after ex-
posure to IR when the kinase activity of
ATM was transiently inhibited after ex-
posure to IR. The accumulation and per-
sistence of RPA34 foci in fibroblasts in
which ATM was inhibited from +15 to
+75 min after IR suggests that regions
of single-stranded DNA are not being
repaired efficiently, which could be a re-
sult of disrupted recombination-mediated
repair.

Transient inhibition of ATM
activity after IR abrogates
IR-induced SCE

SCE is believed to be a recombination-
mediated mechanism for the repair of stalled
and collapsed DNA replication forks, which
arise naturally during DNA replication or
can occur if cells are irradiated in G, or S
phase (35). SCE is normal in A-T cells
(19-21). However, given that we found that
the mechanism by which ATM ensures
chromosomal stability in late S- and G-
phase fibroblasts from +15 to + 75 min af-
ter IR was independent of NHEJ, and that
we determined that the G,-M cell cycle
checkpoint initiation and recovery occurred
with kinetics in fibroblasts in which ATM
was inhibited +15 to +75 min after IR that
were identical to those in fibroblasts in
which ATM was active, we compared the
number of IR-induced SCEs in fibroblasts
entering mitosis in the presence or absence
of functional ATM. We examined GM09607
A-T fibroblasts, lacking ATM protein, and
IMRO0 fibroblasts, with functional ATM
protein. We quantified the number of SCEs
per cell from fibroblasts harvested after a
4-hour treatment with colcemid (from +16
to +20 hours), which was initiated 16 hours
after IR, to trap cells in mitosis.

In unirradiated A-T fibroblasts, we ob-
served ~12 SCEs per cell both in fibro-
blasts treated with or without the ATM
inhibitor (Fig. 6A). Inhibition of ATM ac-
tivity also did not change the number of
SCEs (~17) in A-T fibroblasts 20 hours af-
ter exposure to 2 Gy IR. Thus, KU55933
does not appear to have “off-target” effects
that disrupt SCE in A-T fibroblasts.

In unirradiated IMR90 fibroblasts, we
observed ~6 SCEs per cell, irrespective
of treatment with KU55933 or NU7441
(Fig. 6, B to D). This is concordant with ex-
pected spontaneous rates of SCE in normal
fibroblasts (35). Although we expected the
frequency of SCEs to increase in irradiated

Fig. 5. Transient inhibition of the kinase activity of ATM affects the kinetics of DNA repair. Fibroblasts ex-
posed to KU55933 were exposed from +15 to +75 min after 2 Gy IR and then fibroblasts were collected
and analyzed at the indicated times. (A) The numbers of nuclear foci positive for 53BP1 or y-H2AX foci
were greatest at 1 hour after IR irrespective of treatment with KU55933. No difference in the appearance or
resolution of either 53BP1 or y-H2AX foci in cells treated or not treated with KU55933. Representative
images at 4 hours after IR are presented at right. (B) A higher percentage of fibroblasts were positive
for RPA34 foci at 12 hours after IR when ATM was inhibited from +15 to +75 min. Representative images
at 12 hours after IR are presented at right. These experiments were performed three times.
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IMROO0 fibroblasts regardless of ATM kinase inhibition (as is the case in
irradiated A-T fibroblasts), instead we found that IR-induced SCE was re-
duced (from 5 to 1 SCE per cell) in normal fibroblasts when ATM activity
was transiently inhibited from +15 to +75 min (Fig. 6, B to D) or from +15
min to 4 hours 15 min (Fig. 6C) after IR. Because IR-induced SCE was
maintained in A-T fibroblasts that lack ATM protein and the ATM inhibitors
had no effect on IR-induced SCE in A-T fibroblasts, these data reveal that
the cellular consequences of transient ATM
inhibition and complete and prolonged
loss of ATM protein are distinct.
In contrast to fibroblasts in which ATM
was inhibited, the number of IR-induced
SCEs was increased when DNA-PK activ-
ity was transiently inhibited for 1 hour after
IR (Fig. 6B), suggesting that, in the absence
of NHEJ, more DNA damage is resolved
by SCE. The number of IR-induced SCEs
was not changed when ATM and DNA-PK
activities were concurrently inhibited for
1 hour after IR. One possible explanation
for this observation is that an SCE mecha-
nism that is independent of ATM functions
at a subset of DSBs that persist when NHEJ
is also inhibited. Because IR-induced SCE
is intact in A-T fibroblasts, an ATM inde-
pendent mechanism of SCE exists (Fig.
6A) (19-21).
We compared the number of IR-induced
SCEs in fibroblasts entering mitosis in the
presence or absence of ATM inhibition as
soon after cell cycle checkpoint recovery
as possible. Recovery from the G,-M
arrest in IMR90 fibroblasts treated with
KU55933 from +15 to +75 min after IR
is comparable to that of vehicle controls
at 4, 8, and 12 hours after IR (Fig. 1C).
Therefore, we used a 4-hour treatment
(from +8 to +12 hours) with colcemid, ini-
tiated 8 hours after IR, to trap cells in mi-
tosis. We found that the IR-induced increase
in SCE at 12 hours after the insult was ab-
rogated when the kinase activity of ATM
activity was inhibited from +15 to +75 min,
but not from —45 to +15 min after expo-
sure to IR (Fig. 6D). This suggests that the
IR-induced increase in SCE is not a con-
sequence of mitotic recombination or a
second round of DNA replication.

Transient inhibition of ATM disrupts
camptothecin-induced SCE

IR-induced SCEs are believed to arise
through the recombination-mediated restart
of damaged replication forks in cells ir-
radiated in G; phase (35—38). To determine
whether the kinase activity of ATM was
required for the repair of collapsed replica-
tion forks, we used the DNA topoisomerase
1 (Topl) inhibitor camptothecin. Top!1 re-
laxes positive DNA supercoiling ahead of

www.SCIENCESIGNALING.org

replication forks and transcription complexes and relaxes negative super-
coiling that occurs behind such complexes. To relax the DNA, Top1 tran-
siently cleaves one strand of duplex DNA by the nucleophilic attack of its
active site tyrosine on the DNA phosphodiester backbone to yield a 3’
phosphotyrosyl bond (39, 40). The plant alkaloid camptothecin converts
this short-lived, covalent Topl1-DNA cleavage complex (Toplcc) into ir-
reversible Top1-DNA cleavage complexes (4/). Top1-linked DNA single-

Fig. 6. Transient inhibition of ATM abrogates IR-induced SCE. (A) Treatment with 10 uM KU55933 from
+15to +75 min after 2 Gy IR had no affect on IR-induced SCEs in GM09607 A-T fibroblasts at 20 hours.
(B) Treatment with 10 uM KU55933 from +15 to +75 min after 2 Gy IR abrogated IR-induced SCE in
IMR9O0 fibroblasts at 20 hours. The difference between irradiated and unirradiated controls is shown
(right); errors have been summed. (C) There is no difference in the number of SCEs when comparing 10
uM KU55933 treatments from +15 to +75 min and +15 min to 4 hours 15 min after 2 Gy IR. (D) Treat-
ment with 10 uM KU55933 from +15 to +75 min after 2Gy IR abrogated IR-induced SCE in IMR9O0 fi-
broblasts at 12 hours. Treatment with 10 uM KU55933 from -45 to +15 min after 2Gy IR had no effect
on IR-induced SCE in IMR9O0 fibroblasts at 12 hours. For each experimental condition, the number of
SCEs per cell was counted in 50 cells and each experiment was performed twice.
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strand breaks can be subsequently transformed into DNA DSBs after
collision with replication machineries in S phase (42).

We irradiated fibroblasts and then subjected them to the following treat-
ments: camptothecin from 0 to +1 hour (to induce DNA single-stranded
DNA breaks), KU55933 from 0 to +12 hours (to inhibit ATM), and col-
cemid from +8 to +12 hours (to trap cells in mitosis). Mitotic-arrested,
camptothecin-treated fibroblasts had 18 SCEs per cell, whereas cells ex-
posed to KU55933 had only 8 SCEs per cell (Fig. 7A).

KU60019 is another selective and reversible inhibitor of the kinase
activity of ATM (43). We determined that 1 pM KU60019 can also be
used as a molecular switch to transiently inhibit ATM activity in cells
and acted with similar kinetics to those of the ATM inhibitor KU55933
or the DNA-PK inhibitor NU7441 (fig. S1). Camptothecin-treated A-T fi-
broblasts had ~20 SCEs irrespective of treatment with 1 uM KU60019,
showing that this second ATM inhibitor had no off-target effect that disrupted
camptothecin-induced SCE in A-T fibroblasts (Fig. 7B). Camptothecin-
treated IMR90 fibroblasts had ~18 SCEs, whereas only 9 were seen in
camptothecin-treated cells exposed to KU60019 (Fig. 7B). Thus, inhibition
of ATM activity disrupts camptothecin-induced SCE. The occurrence of
camptothecin-induced SCE in A-T fibroblasts suggests that these cells
have adapted to the loss of ATM and can trigger SCE through an ATM-
independent process.

DISCUSSION

We have previously shown that activation of the kinases ATM and CHK2
peaks within 15 min of exposure of cells to IR (6, 29). We have also shown
that transient inhibition of ATM kinase activity from +15 to + 75 min after
IR results in an accumulation of persistent chromosome aberrations in late
S- and G,-phase cells and increased cell death (29). We show here that tran-

Fig. 7. ATM inhibition disrupts camptothecin-induced SCE. (A) Treat-
ment of IMR9O0 fibroblasts with 10 uM KU55933 and 100 nM camptothe-
cin from 0 to 1 hour disrupts camptothecin-induced SCE at 12 hours.
Cells were treated with camptothecin from 0 to 1 hour and KU55933
from 0 to 12 hours (B) Treatment with 1 uM KU60019 and 100 nM camp-
tothecin had no effect on camptothecin-induced SCEs in GM09607 A-T
fibroblasts at 12 hours (left), but disrupts camptothecin-induced SCEs in
IMRQO fibroblasts at 12 hours (right). Cells were treated with camptothe-
cin from 0 to 1 hour and with 1 uM KU60019 from 0O to 12 hours.

sient inhibition of DNA-PK activity from +15 to + 75 min after cellular ex-
posure to IR also causes an accumulation of persistent chromosome
aberrations in late S- and G,-phase fibroblasts and increased cell death. How-
ever, we found the ATM-dependent and DNA-PK—dependent mechanisms
that ensure cell survival and suppress chromosome aberrations during this
period after exposure of cells to IR are distinct. NHEJ acts through DNA-
PK, and this was the principal mechanism mediating cellular radioprotection
from +15 min to +4 hours 15 min after exposure to IR (Fig. 2).

We also show here that 15 min of ATM activity is sufficient to induce
the G-M cell cycle checkpoint in response to IR and that neither the ac-
tivation nor the recovery of this IR-induced cell cycle checkpoint was
affected by inhibition of ATM activity from +15 to +75 min (Fig. 1). Thus,
with selective and reversible ATM inhibitors, we identified two indispens-
able ATM-dependent mechanisms for resolving DNA damage in irradiated
fibroblasts. In addition to its function immediately after exposure of fibro-
blasts to IR to initiate the G,-M cell cycle checkpoint, we identified a
function for sustained early ATM activity that is essential to ensure cell
survival and prevent the accumulation of persistent chromosome aberra-
tions in irradiated fibroblasts.

We provide evidence that this second function of sustained ATM activ-
ity is to promote IR-induced SCE. SCEs are believed to be a cytological
manifestation of the repair of damaged or collapsed replication forks,
which occur naturally during DNA replication or occur in cells irradiated
in G; phase and to a lesser extent in S phase (35—-38). We show here that
the increase in SCE in irradiated fibroblasts was abrogated when the kinase
activity of ATM was transiently inhibited from +15 to +75 min after expo-
sure to IR (Fig. 6). Similarly, camptothecin-induced SCE was disrupted by
ATM inhibition (Fig. 7). These data are surprising because DNA damage—
induced SCE occurred in A-T fibroblasts (Figs. 6 and 7), suggesting that
these fibroblasts have adapted to the loss of this function of ATM and can
initiate SCE in response to DNA damage through an ATM-independent
mechanism. One possible explanation for this difference in cellular re-
sponses may be that the inhibited ATM protein impedes a complementary
mechanism of repair that functions to promote SCE in cells that have
adapted to the absence of ATM protein.

The idea that the DNA damage—induced mechanism of SCE has been
rewired after adaptation to loss of ATM such that ATM is no longer essen-
tial for SCE is consistent with reports of similar DNA damage—induced
processes in other genetic deficiencies. For example, such rewiring has
been observed for the DNA damage checkpoints that are predominantly
p53- and CHK1-dependent in p53-proficient cells (44), but p53-deficient
cells rely on CHK1 and the stress-activated kinase of the mitogen-activated
protein kinase (MAPK) family p38 and its effector MAPK-activated pro-
tein kinase-2 (MK2) (27). Further, cells lacking both of the genes Cdc25B
and Cdc25C, encoding the cell cycle-regulating phosphatases, have normal
DNA damage responses, cell cycles, and regulation of the phosphatase
CDC25A, despite the paradigm that entry into mitosis requires CDC25B
and CDC25C (45). These, and our data, show that it can be misleading to
predict a drug’s effects solely on the basis of animal and cell models in which
a protein’s function is disrupted through genetic deletion. Studies with inhib-
itors or transient methods for disruption function are essential to determine
the cellular consequences of short-term protein inhibition.

Our data with the ATM inhibitors are consistent with the persistence of
IR-induced DNA lesions that occurred in G- or S-phase cells, despite
normal induction and recovery from the G,-M checkpoint. DSBs are pro-
cessed in S- and G,-phase cells through HR that requires end resection
mediated by CtIP and the MRE11 complex (46). ATM promotes DSB
end resection that generates the single-stranded DNA required for the ac-
tivation of the kinase ATR and HR in S- and G,-phase cells (18, 46-50).
Although DSB end resection is delayed in A-T cells, DSB end resection
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and ATR activation do occur (46—48). Our finding that, when ATM kinase
is inhibited from +15 to +75 min after exposure to IR, RPA34 foci con-
tinued to accumulate 12 hours after exposure to IR suggests that regions of
single-stranded DNA were not repaired efficiently (Fig. 5B). However, sim-
ilar numbers of RPA foci were present at either 1 or 4 hours after irradiation
in fibroblasts in which ATM was inhibited from +15 to +75 min or was not
inhibited. This suggests that the initiation of DSB end resection is not im-
peded by short-term inhibition of ATM, but that repair of the resulting
single-stranded DNA is.

Through analysis of the resolution y-H2AX foci, ATM was found to be
required for the repair of a subset of DSBs that are associated with hetero-
chromatin in both NIH3T3 cells treated with KU55933 and A-T cells (51).
The underlying mechanism was attributed to an ATM-dependent phospho-
rylation of KAP-1, an event that is critical for DSB repair of regions of
compacted and inflexible chromatin (57). KAP-1 is a dedicated co-repressor
for Kriippel-associated box (KRAB) zinc finger protein (ZFP) proteins.
These studies were performed on asynchronous populations of cells and
it is unclear whether this mechanism contributes to SCE in S-phase cells.
The observation that DSB repair was impaired both in NIH3T3 cells treated
with KUS55933 and in A-T cells suggests that the ATM-dependent mecha-
nism of SCE in S-phase cells that we have identified is not KAP-1—
dependent. Nevertheless, it is possible that transient ATM inhibition impedes
the repair of a subset of lesions that arise in heterochromatin during S phase.

ATM and Artemis are reported to promote the HR-mediated repair of
~15% of DSBs that arise in heterochromatin in G,-phase cells (52). DSB
repair was monitored through the resolution of y-H2AX foci, and calyculin
A was used to visualize late S-, G,-, and M-phase chromosomes (52). In
Artemis-defective CJ179 fibroblasts, ATM inhibition throughout the course
of the experiment did not increase the frequency of chromosome breaks at
6 hours after 1 Gy IR (52). In contrast, we found that transient ATM inhi-
bition after exposure to IR resulted in an increase in persistent chromosome
aberrations in Artemis-defective CJ179 fibroblasts 48 hours after IR, indi-
cating that ATM activity has Artemis-independent functions in DNA repair
in either late S-, G,-, or M-phase cells. The difference between the studies
may be attributed to the different time points after irradiation at which the
chromosomes were analyzed. In this recent study, the authors also reported
that ATM protein knockdown in HeLa cells with small interfering RNA
abrogated IR-induced SCE (52). These data differ from those presented
here and previously reported in A-T fibroblasts that lack functional ATM
protein (/9-21). However, it is certainly possible that ATM protein is essen-
tial for IR-induced SCE in HeLa cells but not fibroblasts.

Our data add additional weight to previous findings that indicate that
pharmacological ATM inhibition may have potential in the treatment of
human cancers that experience replication stress as a consequence of so-
matic mutation. The FA pathway has an established role in the repair of
stalled and collapsed DNA replication forks (53). The FA pathway is mu-
tated in >10% of pancreatic cancers (54), and inhibition of ATM with
KUS55933 kills FA-deficient pancreatic tumor cell lines, but not isogenic
corrected control cell lines, in the absence of exogenous DNA damage
(26). These data are consistent with the hypothesis that ATM kinase has
a direct role in a parallel pathway to FA for the repair of stalled and col-
lapsed DNA replication forks and, therefore, is essential for the viability of
pancreatic cancer cells that are defective in FA proteins. p53 is required for
the activation of a G;-S cell cycle checkpoint that prevents G;-phase cells
containing DNA damage from entering S phase (9). The p53 pathway is
mutated in most tumor cells (55). Inhibition of ATM with KU55933 kills
doxorubicin-treated p53-deficient lung tumor cell lines, lymphocytes, and
MEFs (27, 28). Conversely, pS3-proficient cell lines (and presumably
“normal” cells and tissues) have increased resistance to doxorubicin when
ATM is inhibited with KU55933 (27, 28). These data are consistent with

the hypothesis that ATM has a direct role in the repair of stalled and col-
lapsed DNA replication forks in doxorubicin-treated p53-deficient cells,
which are defective in the G;-S cell cycle checkpoint and, therefore, is es-
sential for the viability of doxorubicin-treated cancer cells that are defective
in the pS3 pathway. In contrast, doxorubicin-treated p53-proficient cells ac-
tivate a normal G;-S cell cycle checkpoint that prevents cells containing
DNA damage from entering S phase, and inhibition of ATM may prevent
doxorubicin-induced p53-dependent apoptosis (56).

In summary, we have shown that transient inhibition of the kinase ac-
tivity of ATM disrupts DNA damage—induced SCE, indicating a function
for ATM in the repair of stalled and collapsed DNA replication forks, in
normal, but not A-T, fibroblasts. We show that the cellular consequences of
short-term ATM kinase inhibition and adaptation to loss of ATM protein
are different in S-phase cells.

MATERIALS AND METHODS

Cell lines, inhibitors, and irradiation

The transformed lung cell line NCI-H460 and the normal diploid fetal hu-
man lung fibroblast line IMR90 were obtained from the American Type
Culture Collection. The A-T fibroblast line was obtained from the Coriell
Institute for Medical Research. H460 cells were cultured in RPMI, and
IMR90 and GM09607 were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM); both media were supplemented with 10% fetal bovine
serum (FBS). The Artemis-defective fibroblast line (CJ179-hTERT) was
cultured in MEM supplemented with 15% FBS. KU55933 (57), KU60019
(43), and NU7441 (30) (KuDOS Pharmaceuticals) were reconstituted in
dimethyl sulfoxide and used at final concentrations of 1, 10, and 5 uM,
respectively. Cells were y-irradiated in a Shepherd Mark I Model 68
137Cs irradiator (J. L. Shepherd & Associates) at a dose rate of 77.0
roentgen (R)/min.

Antibodies

Rabbit polyclonal antibody against DNA-PK 2056S-P (Abcam), generic
rabbit polyclonal antibody against DNA-PK (Cell Signaling), rabbit mono-
clonal antibody against ATM 1981S-P antisera (29) (Epitomics), and ge-
neric mouse monoclonal antibody against ATM antisera (Sigma) were used
for immunoblotting. Mouse monoclonal antibody against 53BP1 and anti-
body against y-H2AX antisera (Upstate) and rabbit polyclonal antibody
against RPA antisera (NeoMarkers) were used for immunofluorescence.
Whole-cell extracts were prepared in lysis buffer: 50 mM tris-HC1 (pH
7.5), 150 mM NaCl, 50 mM NaF, 50 mM N-ethylmaleimide (NEM),
1% Tween-20, 0.5% NP-40, and 1x protease inhibitor cocktail (Roche Ap-
plied Science). Cleared cell extracts were resolved through 3 to 8% tris-
acetate gels (Invitrogen).

G2>-M cell cycle checkpoint assays

IMR90 fibroblasts (500,000) were seeded in 60-mm dishes and exposed to
2 Gy IR 24 hours later. Fibroblasts were harvested at +75 min, +4, +8
hours, and +12 hours after IR. For the 4-, 8-, and 12-hour time points, me-
dium containing KU55933 was removed at +75 min and replaced with pre-
equilibrated medium containing nocodazole (100 ng/ml) to trap fibroblasts
as they entered mitosis. Floating fibroblasts [obtained from medium or 1x
phosphate-buffered saline (PBS) wash] and trypsinized fibroblasts were
collected and fixed overnight at —20°C in ice-cold 70% ethanol-1x
PBS. Fixed fibroblasts were permeabilized on ice for 8 min in 0.25%
Triton X-100-PBS. Permeabilized fibroblasts were blocked in 1% bovine
serum albumin—1x PBS for 1 hour, incubated with phosphohistone H3
(Ser'®) Alexa Fluor 647—conjugated antibody (Cell Signaling) for 1 hour,

www.SCIENCESIGNALING.org 1 June 2010 Vol 3 Issue 124 ra44 9

MS no: RA2000758/S/CELL BIOL



RESEARCH ARTICLE

and counterstained with propidium iodide (Roche). At least 50,000 fibro-
blasts per condition were analyzed by flow cytometry (Dako CyAn) and
data were analyzed with Summit software (Dako). All experiments were
performed in triplicate and the experiment was performed three times.

Clonogenic survival assays

One thousand H460 cells were seeded in 60-mm dishes and irradiated after
4 hours, as previously described (29). Colonies were stained with 10%
Giemsa—1x PBS solution after 10 days. A colony was defined as a cluster
of 250 cells. All experiments were performed in triplicate.

Chromosome aberration analysis

Normal (IMR90) or Artemis-deficient (CJ179) fibroblasts were exposed to
2 Gy IR 48 hours before harvest in either 250 nM colcemid, a microtubule
inhibitor that allows visualization of M-phase cells, or 50 nM calyculin A,
a serine-threonine phosphatase inhibitor that prematurely condenses chro-
matin, allowing visualization of late S-, G,-, and M-phase cells, as previ-
ously described (29). Chromosome spreads were harvested by conventional
methods and solid-stained for 8 min in 4% Giemsa. Chromosome aberra-
tions included chromosome breaks, chromatid gaps or breaks, quadrira-
dials, triradials, giants, rings, minutes, dicentrics, fragments, and dots.
Chromosome breaks, radials, giants, rings, and dicentrics were assigned
twice the weight of the other aberrations for the purposes of analysis be-
cause they involve two chromatid events. The total weighted aberrations
(TWAs) were determined per cell and the SEM was used as the estimate
of error in the sample. In the dose titrations from 0.1 to 10 Gy, a linear fit
was applied to the data, and the Pearson’s R values were calculated. The
experiments were performed two times.

Nuclear foci formation

IMRO0 fibroblasts were cultured in single-well chamber slides (Nalge
Nunc International) and exposed to 2 Gy IR. Fibroblasts were fixed with
2% paraformaldehyde (Sigma) for 30 min and permeabilized in 0.2%
Triton X-100-1x PBS. Permeabilized fibroblasts were blocked in 5%
donkey serum—1x PBS and incubated with antibody against y-H2AX,
antibody against 53BP1, or antibody against RPA34 for 1 hour. The
primary antibody was detected with donkey antibody against mouse Alexa
488 (Molecular Probes) for 1 hour. Fibroblasts were counterstained with
Vectashield mounting medium containing 4’,6-diamidino-2-phenylindole
(DAPI; Vector Laboratories) and analyzed with an epifluorescence micro-
scope. A minimum of 200 fibroblasts was scored for each set of con-
ditions. Results were reported as percent positive or the mean number of
foci, and error was reported as SEM. The experiments were performed
three times.

SCE analysis

Normal (IMR90) or A-T (GMO09607) fibroblasts were exposed to one
cycle substitution (20 hours) with 10 uM bromodeoxyuridine (BrdU)
before exposure to 2 Gy IR. Fibroblasts were allowed to recover for an
additional 20 hours after treatment before harvesting in 250 nM colcemid
(Irvine Scientific) for 4 hours. Harvested fibroblasts were dropped onto
slides by conventional methods and metaphase spreads were differentially
stained for SCE analysis. In brief, slides were incubated in Hoechst 33258
for 10 min, immersed in 55°C 2x SSC while exposed to a black light at a
distance of 10 cm for 15 min. Exposed slides were then stained in 4%
Giemsa for 10 min. Non-centromeric SCEs were scored for 50 fibroblasts.
The SEM was used as the estimate of error in the sample. The experiments
were performed two times.

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/3/124/ra44/DC1

Fig. S1. KU60019 is another reversible inhibitor of ATM activity.

Table S1. Dose-dependent and KU55933-dependent increase in chromosome aberra-
tions in IMR90 fibroblasts.

Table S2. Dose-dependent and NU7441-dependent increase in chromosome aberrations
in IMR9O fibroblasts.

Table S3. Chromosome aberrations induced by 2 Gy IR in late-S and G2-phase IMR90
fibroblasts (+15 to +75 min post-IR).

Table S4. Chromosome aberrations induced by 2 Gy IR in late-S and G2-phase IMR90
cells (+15 to +225 min post-IR).

Table S5. Chromosome aberrations induced by 2 Gy IR Artemis-defective cells after in-
hibition of ATM for 1 hour.
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