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The cellular activity of Yondelis (trabectedin, Ecteinascidin 743, Et743) is known to depend on transcription-coupled
nucleotide excision repair (TCR). However, the subsequent cellular effects of Et743 are not fully understood. Here we
show that Et743 induces both transcription- and replication-coupled DNA double-strand breaks (DSBs) that are detectible
by neutral COMET assay and as y-H2AX foci that colocalize with 53BP1, Mrell, Ser'?%1-pATM, and Thr®8-pChk2. The
transcription coupled-DSBs (TC-DSBs) induced by Et743 depended both on TCR and Mrel1-Rad50-Nbs1 (MRN) and
were associated with DNA-PK-dependent y-H2AX foci. In contrast to DNA-PK, ATM phosphorylated H2AX both in
NER-proficient and -deficient cells, but its full activation was dependent on H2AX as well as DNA-PK, suggesting a
positive feedback loop: DNA-PK-y-H2AX-ATM. Knocking-out H2AX or inactivating DNA-PK reduced Et743’s antipro-
liferative activity, whereas ATM and MRN tended to act as survival factors. Our results highlight the interplays between
ATM and DNA-PK and their impacts on H2AX phosphorylation and cell survival. They also suggest that y-H2AX may
serve as a biomarker in patients treated with Et743 and that molecular profiling of tumors for TCR, MRN, ATM, and

DNA-PK might be useful to anticipate tumor response to Et743 treatment.

INTRODUCTION

Natural products are a rich source for medicinal drugs with
highly specific mechanisms for targeting biological systems
(Pommier and Cherfils, 2005). Ecteinascidin 743 (Yondelis,
Et743) was purified from extracts of the marine tunicate
Ecteinascidia turbinata in 1990 (Rinehart et al., 1990) and was
selected as an anticancer agent because of its extraordinary
activities in experimental models (Rinehart ef al., 1990; Sakai
et al., 1992; Guan ef al., 1993; Izbicka ef al., 1998; Valoti et al.,
1998). Et743 has recently been approved in the European
Union for the treatment of soft tissue sarcomas and is in
clinical trials for ovarian, breast, and prostate cancers and for
pediatric sarcomas. Et743 has been granted Orphan Drug des-
ignation from the European Commission (EC) and the US Food
and Drug Administration (FDA) for soft tissue sarcomas and
ovarian cancer (http://www.pharmamar.com/en/pipeline/
yondelis.cfm).
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The mechanism of action of Et743 is unique (for reviews
see Verschraegen and Glover, 2001; Aune et al., 2002;
D’Incalci and Jimeno, 2003; Fayette et al., 2006). Et743 alky-
lates the N2-position of guanines in the DNA minor groove,
binding preferentially to guanines that are 5 from another
guanine or a cytosine (Pommier et al., 1996, Zewail-Foote
and Hurley, 1999) and bending the DNA toward the major
groove (Pommier et al.,, 1996; Zewail-Foote and Hurley,
1999). Transcription is a major target for Et743, which sets it
apart from many approved anticancer drugs whose activity
tends to be restricted to dividing cells. Not only does Et743
interfere directly with transcription in a variety of cellular
systems (Minuzzo et al., 2000; Synold et al., 2001; Friedman et
al., 2002), but it also targets the transcription-coupled nucle-
otide excision repair (TCR; Erba ef al., 2001; Takebayashi et
al., 2001b).

Under normal conditions, TCR repairs bulky DNA ad-
ducts (such UV photoproducts, cisplatin, and carcinogenic
base adducts) in transcribing genes using a set of factors that
belong to the XP family of nucleotide excision repair (NER)
factors (for review see de Laat et al., 1999; Sancar et al., 2004;
Sugasawa, 2008). Nucleotide excision repair in the rest of the
genome (i.e., the nontranscribing genome) is initiated by
another set of XP factors that are specific for global genome
repair (GGR). XP stands for xeroderma pigmentosum, a rare
genetic disease with eight complementation groups. Among
the XP factors that are relevant to the present study, XPC
(along with XPE, specific for GGR), or CSB (Cockayne syn-
drome B; along with CSA, specific for TCR) detect the lesion,
together with additional factors. The TCR and GGR lesion
recognition subpathways then converge toward a common
set of XP factors involved in excising and repairing the
damaged DNA. Unwinding of the damaged DNA is medi-
ated by the TFIIH helicases, XPD and XPB, whose combined
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action creates short stretches of single-stranded DNA
around the lesions, which facilitates the recruitment of XPA
and RPA. The association of XPA with RPA generates a
sensor that detects, simultaneously, backbone and base-pair
distortion of DNA (Missura et al., 2001). XPG and XPF are
the two nucleases that incise the adducted strand before
repair synthesis (de Laat et al., 1999; Sancar et al., 2004;
Sugasawa, 2008).

The Et743 adducts have been proposed to trap XPG-DNA
complexes (Takebayashi et al., 2001b; Herrero et al., 2006)
and prevent further processing, thereby generating DNA
single-strand breaks (Takebayashi ef al., 2001a). As a conse-
quence of the specific poisoning of TCR by Et743, TCR-
deficient cells are resistant to Et743 (Erba et al., 2001; Take-
bayashi et al., 2001b; Zewail-Foote et al., 2001), and cells
selected for resistance to Et743 have been shown to be defi-
cient for XPG (Takebayashi et al., 2001b).

The outcome of TCR poisoning by Et743 is the focus of the
present study, in which we investigated the mechanisms of
double-strand break (DSB) formation by Et743. Recent stud-
ies have shown that Et743 induces replication-dependent
DSBs (RC-DSBs; Guirouilh-Barbat and Pommier, 2006;
Soares et al., 2007) that are repaired by homologous recom-
bination (Soares et al., 2007). The present study is a further
characterization of Et743-induced RC-DSBs using histone
H2AX phosphorylated on serine 139 [y-H2AX] as a marker
of DSBs (Redon et al., 2002). We also demonstrate that Et743
induces transcription-coupled DSBs (TC-DSBs), which are
replication-independent but are dependent on TCR and the
Mrel1-Rad50-Nbsl (MRN) complex. We examined the role
of ATM (ataxia telangiectasia-mutated gene) and DNA-PK,
two protein kinases implicated in genome integrity and
DNA damage sensing, in the responses to both RC-DSBs
and TC-DSBs.

MATERIALS AND METHODS
Cells

All cell lines were maintained in DMEM containing 10% fetal calf serum. XPD
and their stably complemented counterparts XPD-c were provided by Dr.
Kenneth Kraemer (Basic Research Laboratory, National Institutes of Health,
Bethesda, MD). Normal human fibroblasts (GM00637), XPA, XPC, XPF, and
CSB cells were obtained from the Coriell cell repository (Camden, NJ). Colon
carcinoma cell lines HCT116 and HT29 were obtained from the Developmen-
tal Therapeutics Program (National Cancer Institute, NIH). HCT116 cells
complemented for Mrell (HCT116-Mrell) were established in our laboratory
(Takemura et al., 2006). Nbs1-deficient cells, NBS-1LBI, K1 and xs6 (wild-type
CHO and CHO deficient for KU80, respectively) were provided by Dr.
Bernard S. Lopez (CEA, Fontenay aux Roses, France). Mrell-deficient ATLD2
and the counterpart complemented for wild-type Mrell (ATLD2-Mrell) or
for the nuclease inactive version of Mrell (ATLD2-Mrell-3; Stracker et al.,
2002; Uziel et al., 2003) were provided by Dr. Yosef Shiloh (Sackler School of
Medicine, Tel Aviv, Israel) as well as the ATM-deficient cells and the coun-
terparts complemented with ATM (pEBS7 and pEBS7-YZ5, respectively; Ziv
et al., 1997). Mouse embryonic fibroblasts (MEFs) lacking H2AX (H2AX-KO)
and their wild-type counterparts (H2AX-WT; Celeste et al., 2002) were ob-
tained from Dr. William Bonner (Laboratory of Molecular Pharmacology,
NIH, Bethesda, MD). The human peripheral lymphocytes were obtained from
the Blood Bank at the NIH and maintained in RPMI 1640 medium supple-
mented with 10% fetal calf serum.

Drugs and Antibodies

Et743 was a kind gift from Pharmamar (Madrid, Spain). Ten millimolar stock
solutions in DMSO were stored at —20°C. Aphidicolin (APD) and DRB
(5,6-dichloro-1-B-p-ribofuranosylbenzimidazole) were purchased from Sigma
Chemical Co. (St. Louis, MO). The ATM inhibitor (KU55933; Hickson et al.,
2004) and the DNA-PK inhibitor (KU57788; Leahy et al., 2004) were obtained
from Kudos Pharmaceuticals (Cambridge, United Kingdom). Two anti-y-
H2AX antibodies were used: a mouse mAb purchased from Upstate Biotech-
nology (Lake Placid, NY) and a rabbit polyclonal antibody obtained from Dr.
William Bonner (Laboratory of Molecular Pharmacology, NIH). The mouse
monoclonal anti-XPF and the mouse monoclonal anti-Ser1981-pATM antibod-
ies were purchased from Neomarkers (Fremont, CA) and Cell Signaling
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(Danvers, MA), respectively. The rabbit polyclonal anti-Mrell and the rabbit
polyclonal anti-53BP1 were purchased from Novus Biologicals (Littleton,
CO).

Immunocytochemistry and Confocal Microscopy

Cells used for microscopy studies were grown 1 day before drug treatment in
Nunc chamber slides (Nalgene, Rochester, NY). After treatment, the medium
was aspirated out, and cells were washed in phosphate-buffered saline (PBS).
For XPF and Mrell staining, soluble proteins were extracted with a 5-min
incubation in 0.5% NP-40 on ice before fixation with 2% paraformaldehyde for
20 min at room temperature. Cells were then permeabilized with a 5-min
incubation on ice in 0.5% Triton X-100. Otherwise, cells were immediately
fixed and permeabilized by a 20-min incubation at room temperature with 2%
paraformaldehyde and a 5-min incubation at room temperature with pre-
chilled 70% ethanol. To block nonspecific binding, cells were incubated with
8% bovine serum albumin for 1 h at room temperature. Cells were stained for
1 h 30 min with the primary antibodies and tagged for 45 min with fluorescent
secondary antibodies (Alexa-488 or Alexa-568, Molecular Probes, Carlsbad,
CA, 1/800). All incubations were made in 1% bovine serum albumin at room
temperature. The primary antibodies were diluted as follows: mouse y-H2AX,
1/1000; rabbit y-H2AX, 1/800; 53BP1: 1/500, XPF, 1/100; Mrel1, 1/200; and
Ser1981-pATM, 1/250. Nuclei were stained with propidium iodide (0.05
mg/ml) and RNase A (0.5 mg/ml) for 10 min at 37°C. Slides were mounted
using Vectashield mounting medium (Vector Laboratories, Burlingame, CA)
and visualized using a Nikon Eclipse TE-300 confocal laser scanning micro-
scope system (Nikon, Inc., Augusta, GA). For each sample in each experiment,
50-200 cells were scored. Positive cells were defined as containing three or
more nuclear foci. Quantification of staining intensity was done with Adobe
Photoshop 7.0 and normalized to the number of analyzed cells. In every
experiment, the intensity measured in the wild type or the complemented
cells treated for 6 h with Et743 without inhibitors was taken as 1.

For the simultaneous detection of y-H2AX and IdU, cells were treated with
Et743 for 1 h and pulse-labeled with 100 mM IdU for the last 30 min. After
treatment, the medium was aspirated out, and cells were washed in PBS. Cells
were immediately fixed with 2% paraformaldehyde for 20 min at room
temperature and permeabilized by a 5-min incubation at room temperature in
prechilled 70% ethanol. We first performed the staining for y-H2AX as de-
scribed above. After the final PBS wash, the cells were again fixed with 4%
paraformaldehyde for 5 min, followed by a 10-min incubation with 1.5 M HCI
at 37°C to denature the DNA. Cells were washed again, incubated with 0.5%
Tween 20 in PBS for 5 min, and incubated with normal goat serum for 20 min.
IdU primary antibody (mouse anti-BrdU; BD Biosciences, San Jose, CA) was
diluted in blocking buffer and incubated for 2 h. Cells were washed and
incubated with a secondary fluorescent anti-mouse antibody (Jackson Immu-
noResearch, West Grove, PA) for 1 h, washed, and mounted by using
Vectashield mounting medium. Images were visualized by using a Nikon
Eclipse TE-300 confocal microscope.

Western Blotting

Cells were lysed at 4°C in buffer containing 1% SDS, 1 mM sodium vanadate,
10 mM Tris-HCI, pH 7.4, supplemented with protease inhibitors (Complete;
Roche Diagnostics, Basel, Switzerland) and phosphatase inhibitors (Sigma).
Viscosity of the samples was reduced by brief sonication, and 30 ug of protein
was incubated in loading buffer (125 mM Tris-HCI, pH 6.8, 10% B-mercapto-
ethanol, 4.6% SDS, 20% glycerol, and 0.003% bromophenol blue), separated by
SDS-polyacrylamide gel, and transferred to polyvinylidene difluoride mem-
brane (Immobilon-P, Millipore, Bedford, MA). After blocking nonspecific
binding sites for 1 h by 5% milk in PBS-T (PBS, Tween 20 0.5%), the mem-
branes were incubated for 1 h with primary mouse anti-y-H2AX antibody
(1/2000). After three washes in PBS-T, the membrane was incubated with
horseradish peroxidase—conjugated goat anti-mouse antibody (Amersham
Biosciences, Amersham, Buckinghamshire, United Kingdom, 1/5000) for 1 h
and then washed three times in PBS-T. Immunoblot was revealed using
enhanced chemiluminescence detection kit (Pierce, Rockford, IL) by autora-
diography.

COMET Assays

The neutral COMET assay (single-cell gel electrophoresis assay) was per-
formed according to the manufacturer’s instructions (Trevigen, Gaithersburg,
MD) except that the electrophoresis was performed at 4°C. The quantification
of tail length was made with Adobe Photoshop 7.0 measuring the number of
pixels corresponding to the tail of the COMET.

Cell Survival (MTT) Assays

Cells were seeded on day 0 at a density of 1000 per well in 96-well microtiter
plates. On day 1, Et743 was added and incubation was continued for 72 h.
After 72 h, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was added to each well (0.5 mg/ml; Sigma Aldrich), and plates were
maintained at 37°C for 4 h. The medium was then discarded, and DMSO was
added to each well to lyse the cells. Absorbance was measured at 450 nm
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using a multiwell spectrophotometer (E,,,,,, Molecular Devices, Sunnyvale,
CA).

RESULTS

Et743 Induces DSBs That Rely on Functional TCR

To investigate whether Et743 would induce DSBs in a TCR-
dependent manner, we treated NER-deficient XPD cells and
their NER-proficient complemented counterparts (XPD-c)
with Et743 and analyzed the formation of y-H2AX foci, a
marker for DNA damage and DNA DSBs (Redon ef al.,
2002). Although Et743 induced y-H2AX foci in both XPD
and XPD-c cells, the induction was far greater in XPD-c than
in XPD cells (Figure 1A). The percentage of positive cells
that reached ~70% in XPD-c cells was ~25% in XPD cells
(Figure 1A). Also, y-H2AX-positive cells appeared at early
times in XPD-c cells, whereas the induction was slower in
XPD cells (Figure 1A). Western blotting analyses showed the
lower phosphorylation of H2AX in XPD compared with
XPD-c cells and confirmed the immunofluorescence micros-
copy results (Figure S1).

Control

XPD-c

XPD

Figure 1. Et743 induces TCR-dependent DNA
double-strand breaks (DSB). (A-C) Reduced
DSBs induction in XPD cells after Et743 treat-
ment. (A) Left panels, representative pictures
of y-H2AX staining in XPD and XPD-c cells
treated with 10 nM Et743 for 6 h. Right panels,
percentage of y-H2AX—positive cells (left plot)
and intensity of y-H2AX staining normalized
to the number of cells analyzed (right plot;
AU, arbitrary unit; see Materials and Methods)
in XPD and XPD-c cells treated with 10 nM
Et743 for the indicated times. (B) Lower induc-
tion of DSBs in XPD cells, measured by neutral
COMET assays. XPD and XPD-c cells were
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Et743 Induces Transcription-coupled DSBs

To investigate whether the differential induction of
v-H2AX foci in NER-proficient and -deficient cells was the
hallmark of a differential induction of DSBs, we performed
neutral COMET assays. As shown on Figure 1B, Et743 in-
duced significantly more DSBs in NER-proficient XPD-c
cells than in NER-deficient XPD cells. In parallel, we tested
another marker of DSBs, 53BP1 (Schultz et al., 2000), and
observed that Et743 induced 53BP1 foci with greater fre-
quency in XPD-c cells than in XPD cells (Figure 1C). More-
over, 53BP1 colocalized with y-H2AX, validating the use of
v-H2AX as a marker of DSBs in cells treated with Et743.

To confirm that Et743 induced y-H2AX foci in a NER-
dependent manner, we used two other NER-deficient fibro-
blast cell lines, XPA and XPF, and compared them to normal
human fibroblasts, GM00637. Figure 1D shows reduced in-
duction of y-H2AX in the XPA- and XPF-deficient fibro-
blasts. In addition, y-H2AX staining was consistently lower
in the XPD, XPA, and XPF cells than in the XPD-c and
GMO00637 cells (Figure 1, A and D). Because XPD, XPA, and
XPF are implicated in the common NER pathway elicited
both by GGR and TCR, we wanted to determine whether the
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treated with 10 nM Et743 for 6 h. Quantifica-
tion of tail length (mean * SD, 12-23 cells
were analyzed per sample; *p <1073, Stu-
dent’s t test). (C) XPD and XPD-c cells were
treated with 10 nM Et743 for 6 h and costained
for 53BP1 and y-H2AX. (D and E) Reduced
formation of y-H2AX foci in CSB, XPA, XPD,
and XPF cells compared with XPC, XPD com-
plemented XPD-c cells, and wild-type GM00637
cells. (D) Representative pictures. (E) Intensity of
v-H2AX staining normalized to the number of
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induction of y-H2AX by Et743 was dependent on TCR or/
and GGR. To that effect, we compared the y-H2AX re-
sponses in TCR-deficient CSB fibroblasts and GGR-deficient
XPC fibroblasts. Representative pictures (Figure 1D) and
quantification of several independent experiments (Figure
1E) showed that Et743 did not induce more y-H2AX in CSB
cells than the basal level that was relatively high in those
cells. By contrast, the induction of y-H2AX in XPC cells
treated with Et743 was very similar to the one observed in
two NER-proficient cell lines, the XPD-complemented
XPD-c cells and the wild-type fibroblasts GM00637 (Figure
1, D and E).

From these results we conclude that Et743 induces more
DSBs in TCR-proficient than in TCR-deficient cells and
that at least a fraction of Et743-induced DSBs are TCR-
dependent.

The TCR-dependent DSBs Induced by Et743 Are
Transcription-dependent

Next we investigated the contribution of DNA replication in
the differential induction of y-H2AX foci in XPD and XPD-c
cells. For this purpose, we treated XPD and XPD-c cells with
the DNA polymerase inhibitor, aphidicolin, which has been
shown to effectively prevent the formation of replication-
mediated DSBs (Furuta ef al., 2003). Aphidicolin completely
inhibited the appearance of y-H2AX foci in XPD cells (Figure
2, A and B), which shows that in NER-deficient cells,
v-H2AX foci are primarily dependent on replication. In con-
trast, as shown on the representative pictures in Figure 2A,
aphidicolin only partially inhibited y-H2AX formation in
XPD-c cells. The quantitation of several independent ex-
periments (Figure 2B) showed a 62% reduction of Et743-

induced y-H2AX in XPD-c cells treated with aphidicolin.
These results demonstrate that, in XPD-c cells, only a
fraction of the y-H2AX foci is dependent on replication.
Thus, we conclude that, in NER-proficient cells, a fraction
of the total y-H2AX foci is replication-independent.

To confirm the occurrence of replication-independent
v-H2AX foci specifically in TCR-proficient cells, we pulse-
labeled XPD and XPD-c cells with iododeoxyuridine (IdU),
which is incorporated in replication foci selectively in cells
going through S-phase (Conti ef al., 2007; Seiler et al., 2007),
and performed a costaining for y-H2AX after treatment with
Et743. As shown in Figure 2C, most (79%) of the XPD cells
positive for y-H2AX were also positive for IdU, which con-
firms that in NER-deficient cells, y-H2AX foci are promi-
nently in S-phase cells. In contrast, in XPD-c cells, approxi-
mately half of the cells positive for y-H2AX showed no
detectable IdU incorporation (indicated by arrows on the
representative pictures on Figure 2C). In fact, among the
XPD-c cells positive for y-H2AX, only half of them were also
positive for IdU (Figure 2C). Thus, in NER-proficient cells, a
significant fraction of the Et743-induced y-H2AX foci occurs
independently of replication.

Because Et743 is known for its strong impact on transcrip-
tion and specific poisoning of TCR (see Introduction), we
tested the effect of the transcription inhibitor DRB on the
induction of y-H2AX foci by Et743. DRB had no effect on the
induction of y-H2AX foci by Et743 in XPD cells (Figure 2, A
and B). By contrast, DRB inhibited ~60% of y-H2AX foci
formation in XPD-c cells (Figure 2, A and B). Thus, in NER-
proficient cells, a fraction of the y-H2AX foci are transcrip-
tion-dependent. Finally, the combination of aphidicolin and
DRB resulted in the almost complete disappearance of
v-H2AX staining in XPD-c cells (Figure 2, A and B), indicat-
ing that, in those cells, Et743 induces both replication- and
transcription-dependent DSBs.
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Figure 2. NER-related DSBs are transcription-depen-

dent. (A and B) Replication inhibition by aphidicolin

(APD) is sufficient to inhibit y-H2AX foci formation in

XPD cells. However, concomitant inhibition of tran-

scription (DRB) is necessary in XPD-c cells. XPD and
Idu +yH2ax  XPD-c cells were preincubated with APD (1 uM, 15 min)
-H2AX no IdU and/or DRB (50 uM, 1 h) before the addition of 10 nM
Et743 for the next 6 h. (A) Representative pictures of
y-H2AX foci in XPD and XPD-c cells. (B) Quantification
of y-H2AX staining intensity normalized to the number
of cells analyzed (mean * SD, n = 3; AU, arbitrary unit;
see Materials and Methods, *p = 0.05, *p = 0.01, Stu-
dent’s t test). (C) Presence of y-H2AX foci in XPD-c cells
that do not incorporate iododeoxyuridine (IdU). XPD
and XPD-c cells were treated with 10 nM Et743 for 1 h
and pulse-labeled with 100 mM IdU for 30 min. Left
panels, representative pictures. Right panel, quantita-
tion of the number of y-H2AX-positive cells that were
negative or positive for IdU incorporation (n = 100 cells
counted for XPD-c and n = 33 cells counted for XPD).

XPD-c XPD

Molecular Biology of the Cell



g
o

-
o

Control

b
3

Intensity of y-H2AX staining
5

o

Control 10nM 25nM 50nM 100 nM
Et743 concentration

Et743 concentration

10 nM 25nM 50 nM 100 nM

Figure 3. Induction of y-H2AX foci by Et743 in nonproliferating
human lymphocytes. Lymphocytes were treated with the indicated
concentrations of Et743 for 3 h and analyzed for y-H2AX foci induction
by immunofluorescence. The histogram represents the quantitation of
the intensity per cell measured on 80-100 cells (mean * SD).

Altogether our results show that Et743 induces TCR-
dependent transcription-coupled y-H2AX foci, which are
independent from NER, and also replication-dependent
v-H2AX foci, which are independent of NER.

Et743 Induces Transcription-coupled DSBs

Induction of y-H2AX foci by Et743 in Nonproliferative
Human Lymphocytes and Colocalization of y-H2AX with
53BP1, Mrell, and XPF

To gain further evidence that replication was not absolutely
required for the induction of y-H2AX foci by Et743, we
exposed unstimulated normal human peripheral lympho-
cytes to various concentrations of Et743 for 3 h. Figure 3
shows that Et743 induced y-H2AX foci in those nonreplicat-
ing cells at concentrations as low as 10 nM. Increasing drug
concentration produced no further increase in the y-H2AX
signal in those cells.

Because the NER pathway only induces DNA single-
strand breaks (de Laat et al., 1999), our results raised the
question of which factors were involved in the production of
the TCR-dependent DSBs observed in response to Et743. We
investigated Mrell because of its known nuclease activities
(D’Amours and Jackson, 2002) and first analyzed whether
Et743 induced Mrell foci that would colocalize with DSBs
and/or NER proteins.

To visualize only the replication-independent y-H2AX
foci and avoid the normal Mrel1 staining at replication forks
(Mirzoeva and Petrini, 2003), we performed those experi-
ments in unstimulated human lymphocytes. We first con-
firmed that the y-H2AX foci induced by Et743 were consis-
tent with the production of DSBs by staining the cells
simultaneously with two markers of DSBs, y-H2AX and
53BP1. As shown in Figure 4, both y-H2AX and 53BP1 foci
colocalized, confirming the occurrence of replication-inde-
pendent DSBs in normal cells treated with Et743. Staining

Et743, 10 nM, 3 hr Control

v-H2AX: green

53BP1: red merge merge

y-H2AX: red Mre11: green merge

iy ()
9

Figure 4. y-H2AX foci induced by Et743 in nonprolif-
erating human lymphocytes colocalize with 53BP1 and
Mrell foci and colocalize partially with XPF. Repre-
sentative pictures of human peripheral lymphocytes
treated with 10 nM Et743 for 3 h. Top panels, colocal-
ization (yellow on the merge image) of y-H2AX (green)
and 53BP1 (red) foci. Top middle panels, colocalization
(yellow on the merge image) of y-H2AX (red) and
Mrell (green) foci. Bottom middle panels, partial colo-
calization (yellow on the merge image) of XPF (green)
and Mrell (red) foci. Bottom panels, partial colocaliza-
tion (yellow on the merge image) of XPF (red) and
53BP1 (green) foci.
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for Mrel1 (Figure 4) showed the formation of Mrell1 foci that
also colocalized with y-H2AX. This result is consistent with
prior studies showing that Mrell colocalizes with y-H2AX
at DSBs sites (Kobayashi et al., 2004). To investigate the
potential direct implication of NER and Mrell in the DSBs
induced by Et743, we tested whether the Mrell foci and
53BP1 foci colocalized with the NER protein XPF. As shown
in Figure 4, Et743 induced the formation of XPF foci that
partially colocalized with Mrell and 53BP1. Together these
results provide further evidence that Et743 induces NER-
dependent DSBs and that Mrell is present at those DSBs
sites in nonreplicating cells.

Dependency of Et743-induced DSBs on Mrell-Rad50-Nbs1

To determine the functional impact of Mrell in Et743-in-
duced DSBs, we analyzed the induction of y-H2AX foci after
Et743 treatment in three cell lines with different Mrell-
Rad50-Nbsl (MRN) expression: HCT116 cells, which are
deficient for Mrell (Giannini et al., 2002; Furuta et al., 2003),
their counterpart complemented for Mrell, HCT116-Mrell
(Takemura et al., 2006), and another colon carcinoma cell
line, HT29, wild-type for Mrell (Giannini et al., 2002; Take-
mura et al., 2006). Representative pictures and quantitation
of a time-course experiment (Figure 5A) showed that the

¥-H2AX positive

A HCT116
U [ cells (%)

HCT116-Mre11

two Mrell-proficient cell lines (HCT116-Mrell and HT29)
exhibited a faster and more intense induction of y-H2AX
than the Mrell-deficient HCT116 cells. The differential in-
duction of y-H2AX in HCT116-Mrell and HCT116 was
confirmed by Western blotting (Figure S1). Accordingly,
neutral COMET assays and examination of 53BP1 foci
showed greater induction of DSBs in HCT116-Mrell cells
compared with HCT116 cells (Figure 5, B and C). Again, the
53BP1 foci colocalized with the y-H2AX foci in those cells.
Together, these experiments demonstrate that Et743-in-
duced DSBs are partially dependent on Mrell.

To confirm the implication of Mrell in Et743-induced
DSBs, we tested other cell lines deficient for the components
of the MRN complex. The induction of y-H2AX after Et743
treatment was attenuated in Mrell-deficient ATLD2 cells
when compared with their Mrell-complemented counter-
part ATLD2-Mrel1 (Figure 5D). Because Nbsl is an essential
molecular partner for Mrell, we examined the y-H2AX
response of Nijmegen-breakage syndrome fibroblasts (NBS-
1LBI) and compared them with wild-type fibroblasts,
GMO00637. Figure 5D shows reduced induction of y-H2AX in
NBS-1LBI compared with GM00637 fibroblasts.

To determine whether the Mrell nuclease activities (for
review see D’Amours and Jackson, 2002) were required for
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Figure 5. The Mrell-Rad50-Nbsl (MRN)
complex is involved in the formation of DSBs
and y-H2AX foci after Et743 treatment. (A)
HCT116 cells complemented for Mrell
(HCT116-Mrell) and HT29 (wild-type for
Mrell) produce higher levels of y-H2AX foci
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Et743 exposure (10 nM, hrs)

than Mrell-deficient HCT116 cells. Left pan-
els, representative pictures of cells treated for
6 h with 10 nM Et743. Right panels, quantifi-
cation of the percentage of y-H2AX—positive
cells (left plot) and of the intensity of the
v-H2AX staining normalized to the number of
cells (right panel; AU, arbitrary unit; see Ma-
terials and Methods) in cells treated with 10 nM
Et743 for the indicated times. (B) Increased
induction of DSBs in HCT116 cells comple-
mented for Mrell (HCT116-Mrell) measured
by neutral COMET assays. HCT116 and
HCT116-Mrell were treated with 10 nM Et743
for 6 h. Quantification of tail length (mean *
SD; 15-18 cells scored per sample; *p < 0.005,
Student’s t test). (C) The attenuated induction
of y-H2AX foci in HCT116 cells is coupled to
the reduced formation of 53BP1 foci. HCT116
and HCT116-Mrell cells were treated with 10
nM Et743 for 6 h and costained for 53BP1 (red)
and y-H2AX (green). (D) The MRN complex is
involved in the creation of Et743 induced
v-H2AX foci, independently of Mrell nucle-
ase activities. Left panels, representative pic-
tures of Mrell-deficient ATLD2 cells, their
complemented counterparts ATLD2-Mrell,
and their counterpart complemented with the
nuclease inactive version of Mrell, Mrell-3
(Stracker et al., 2002; Arthur et al., 2004), Nbs1-
deficient cells (NBS-1LBI) and wild-type fibro-

merge

H2AX positive
L cells‘z%)

; % @ o % blasts GM00637. Right panel, quantification of

S o 53 the percentage of y-H2AX-positive cells in re-

=g 3 sponse to 10 nM Et743 for 6 h (mean = SD; n =
ATLD2 2-3; *p = 0.05)
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v-H2AX and DSBs induction in response to Et743, we tested
Mrell-deficient ATLD2 cells complemented with a nucle-
ase-deficient mutant of Mrell, Mrell-3 (H129D/L130V;
Stracker et al., 2002; Arthur et al., 2004). Figure 5D shows that
those Mrell-nuclease—deficient cells were as proficient as
the cells complemented with wild-type Mrell for inducing
full y-H2AX response to Et743 (Figure 5D). Together, these
results indicate that the MRN complex contributes to the
production of DSBs and y-H2AX response after Et743 treat-
ment. However that contribution appears to be independent
from Mrell’s endonuclease activities.

The MRN Complex Is Implicated in the TC-DSBs Induced
by Et743

To investigate whether Mrell is specifically involved in the
TC-DSBs induced by Et743, we treated the Mrell-deficient
(wild-type) HCT116 cells and their isogenic complemented
counterpart (HCT116-Mrell) with Et743 in combination
with aphidicolin and/or DRB.

Aphidicolin inhibited almost completely y-H2AX induc-
tion in HCT116 cells (Figure 6, A and B), indicating that
Mrell is not implicated in the induction of replication-
dependent DSBs by Et743. In contrast, in the Mrell-comple-
mented HCT116-Mrell cells, aphidicolin only had a partial
effect (Figure 6, A and B), suggesting that in Mrell-profi-
cient cells a fraction of the y-H2AX foci is replication-inde-
pendent. To gain further evidence that the Mrel1l-dependent
v-H2AX foci were formed independently of replication, we
used the IdU pulse-labeling approach previously described
in Figure 2C to identify replicating versus nonreplicating
cells. In the Mrell-deficient HCT116 cells, almost all the
v-H2AX-positive cells (88%) were also positive for IdU (Fig-

A
HCT116

Control
Figure 6. MRN-related DSBs are transcrip-
tion-dependent. (A and B) Replication inhibi-
tion by aphidicolin (APD) was sufficient to
inhibit y-H2AX foci formation in HCT116  Et743
cells. However concomitant inhibition of tran-
scription (DRB) was necessary in HCT116-
Mrell cells. HCT116 and HCT116-Mrell cells
were preincubated with APD (1 uM, 15 min)
and/or DRB (50 uM, 1 h) before the addition =~ APD +
of 10 nM Et743 for the next 6 h. (A) Represen- ~ Et743
tative pictures of y-H2AX foci in HCT116 and
HCT116-Mrell cells. (B) Quantification of
v-H2AX staining intensity normalized to the
number of cells analyzed (mean = SD; n = 3; DRE +
AU, arbitrary units; see Materials and Methods, Et743
*p = 0.05 *p = 0.01, Student’s ¢ test). (C)
v-H2AX foci were present in HCT116-Mrell
cells that did not incorporate iododeoxyuri-
dine (IdU). HCT116 and HCT116-Mrell cells
were treated with 10 nM Et743 for 1 h and APD+
pulse-labeled with 100 mM IdU for 30 min. %@3;

Left panels, representative pictures. Right
panel, quantitation of the percentage of
y-H2AX-positive cells that were negative or
positive for IdU incorporation (n = 77 cells
counted for HCT116-Mrell and n = 48 cells
counted for HCT116).
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ure 6C). By contrast, in the Mrell-complemented HCT116-
Mrell cells, a significant fraction of cells positive for
v-H2AX were negative for IdU (indicated by arrows on the
representative pictures on Figure 6C). Quantitation of those
results shows that, upon Mrell complementation, 43% of
the y-H2AX—positive cells were negative for IdU (i.e., non-
replicating; Figure 6C). These results suggest that Mrell
enables the formation of the replication-independent DSBs
induced by Et743.

We then investigated the implication of transcription in
the production of those replication-independent y-H2AX
foci. The transcription inhibitor, DRB decreased the occur-
rence of y-H2AX foci by 40% in the Mrell-complemented
HCT116-Mrell cells, whereas it had no significant effect in
the Mrell-deficient HCT116 cells (Figure 6, A and B). These
experiments indicate that Mrell is implicated in the forma-
tion of transcription-dependent Et743-induced DSBs. In ad-
dition, the combination of aphidicolin and DRB resulted in
the almost complete inhibition of y-H2AX foci formation in
HCT116-Mrell treated with Et743 (Figure 6, A and B).

Together, the use of NER- and MRN-proficient/deficient
cell lines coupled with inhibitors of replication and tran-
scription reveal two mechanisms leading to DSBs after Et743
treatment. The first mechanism is replication-dependent and
NER- and MRN-independent, whereas the second one
is replication-independent, and transcription-, TCR-, and
MRN-dependent.

Both ATM and DNA-PK Phosphorylate H2AX in
Response to Et743

To identify the kinases leading to the phosphorylation of
H2AX after Et743 treatment, we first used the specific inhib-
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A Et743 +
control Et743 ATM inhibitor

Et743 +DNA PK
inhibitor

Et743 +
both inhibitors

Figure 7. Both ATM and DNA-PK phosphorylate
H2AX in response to Et743 treatment. (A and B) Inhi-
bition of Et743-induced formation of y-H2AX foci by
ATM- and DNA-PK-inhibitors (KU55933 and KU57788,

o PEBS7-YZ5 (ATM-c)

respectively). XPD and XPD-c cells were preincubated
with the ATM inhibitor (KU55933, 50 uM) and/or the
DNA-PK inhibitor (KU57788, 20 uM) for 1 h before the
addition of 10 nM Et743 for the next 6 h. (A) Represen-
tative pictures of y-H2AX staining. (B) Quantification of
the y-H2AX staining intensity normalized to the num-
ber of cells analyzed (mean * SD; n = 4; AU, arbitrary

Et743 exposure (hours)

units; see Materials and Methods; *p = 0.05, **p = 0.01,
Student’s t test). (C) Reduced formation of y-H2AX foci
in the ATM-deficient cells (pEBS7) compared with

4 5 6

their isogenic complemented counterparts (pEBS7-YZ5).
Quantification of the intensity of the y-H2AX staining
normalized to the number of cells analyzed (mean =
SD, n = 3, AU, arbitrary units; see Materials and Meth-
ods). (D) Reduced y-H2AX foci formation in DNA-PK-
deficient xrs6 cells, compared with their wild-type
counterpart (K1 cells). Quantification of the y-H2AX
staining intensity normalized to the number of ana-
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itors of ATM (KU55933; Hickson et al., 2004) and DNA-PK
(KU57788; Leahy et al., 2004). Figures 7, A and B, show that
the ATM inhibitor almost completely prevented the phos-
phorylation of H2AX in XPD cells and reduced y-H2AX by
~80% in XPD-c cells. Accordingly, experiments in AT cells
(pEBS?7) and their complemented counterpart (pEBS7-YZ5;
Ziv et al., 1997) showed impaired formation of y-H2AX in
the ATM-deficient cells (Figure 7C). In those cells, ATM
deficiency led to a decrease of y-H2AX staining by 67% for
a 6-h treatment with Et743, which is consistent with the
decrease observed with the ATM inhibitor in XPD-c cells
(see Figure 7B).

Noticeably, although the DNA-PK inhibitor had no effect
in the XPD cells, it decreased the y-H2AX signal by almost
half in XPD-c cells (Figure 7, A and B). That result suggests
that DNA-PK is primarily implicated in the TCR-dependent
phosphorylation of H2AX. To confirm the implication of
DNA-PK, we tested the y-H2AX response of DNA-PK-de-
ficient cells (Ku80-deficient xrs6). The xrs6 cells exhibited
reduced y-H2AX compared with the wild-type K1 cells (Fig-
ure 7D). After a 6-h treatment, y-H2AX in xrs6 cells was
reduced by ~50% compared with K1 cells, which is compa-
rable to the partial inhibition of y-H2AX by the DNA-PK
inhibitor in XPD-c cells (Figure 7B).

From those results we conclude that ATM phosphorylates
H2AX in both NER-proficient and -deficient cells, whereas
DNA-PK appears preferentially implicated in the TCR-de-
pendent phosphorylation of H2AX.

Ser’981-pATM Foci Colocalize with Both
TCR-MRN-dependent and —independent y-H2AX Foci

Next we examined the impact of Et743 treatment on ATM
activation, which can be determined as ATM autophosphor-
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Et743 exposure (hours)

6 lyzed cells (mean = SD; n = 3; AU, arbitrary units; see
Materials and Methods).

ylation on serine 1981 (Bakkenist and Kastan, 2003; Uziel et
al., 2003). The representative pictures shown in Figure 8A
illustrate the close relationship between the phosphoryla-
tions of ATM and H2AX in MRN-deficient and -proficient
cells (HCT116 and HCT116-Mrell, respectively; Takemura
et al., 2006). In both cell lines, 97% of the cells positive for
Ser'?81-pATM were also positive for y-H2AX. Moreover,
Et743-induced Ser'?®!-pATM foci colocalized with y-H2AX
foci, and, as for H2AX (see Figure 5), the fraction of Ser!?8!-
pATM—positive cells after a 6-h treatment with Et743 was
markedly higher in the Mrell-complemented than in the
wild-type HCT116 cells (70 vs. 45%, respectively).

ATM phosphorylation/activation was also correlated
with the NER status of the cells. Phosphorylation of both
ATM and H2AX was more intense in XPD-c than in XPD
cells, and the two phosphorylated proteins colocalized (Fig-
ure 8A).

We also investigated ATM activation by the phosphory-
lation of its target, Chk2, on the threonine 68 (Thr®®-pChk2).
Thr®8-pChk?2 also colocalized with y-H2AX and was acti-
vated to the same extent as H2AX and ATM in HCT116 and
HCT116-Mrell (Figure 8B).

From these experiments we conclude that Ser!'*8'-pATM
colocalizes with the Et743-induced y-H2AX foci and that
both are present at the sites of TCR/MRN-dependent and
TCR/MRN-independent DSBs.

H2AX Is Necessary for the Full Activation of ATM

To determine whether y-H2AX formation might promote
ATM activation, in a positive-feedback loop (Stucki et al.,
2005; Lou et al., 2006), we compared the kinetics of ATM
activation in MEFs lacking H2AX (H2AX-KO) and their
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Figure 8. Phosphorylation of H2AX is nec-
essary for the full activation of ATM after
Et743 treatment. (A) Colocalization (yellow
in the merge image) of Ser'**'-pATM (red)
and y-H2AX (green) foci. Representative
pictures in HCT116, HCT116-Mrell, XPD,
and XPD-c cells treated with 10 nM Et743
for 6 h. (B) Colocalization (yellow in the
merge image) of the downstream target of
ATM, Thr68-pChk2 (red), and y-H2AX
(green) foci. Representative pictures in
HCT116 and HCT116-Mrell cells treated
with 10 nM Et743 for 6 h. (C) Reduced acti-
vation of ATM in embryonic fibroblasts
(MEF) from H2AX knockout mice com-
pared with normal MEF. Quantification of
the intensity of the Ser'”®'-pATM staining
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Materials end Methods) in H2AX-WT MEF
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wild-type counterparts (H2AX-WT; Celeste et al., 2002). Fig-
ure 8C shows reduced ATM activation in the H2AX-KO
cells, indicating that H2AX is necessary for the full activa-
tion of ATM after Et743 treatment. As we have shown above
that DNA-PK phosphorylates H2AX at the site of NER-
dependent DSBs, we hypothesized that not only H2AX by
itself but rather the phosphorylation of H2AX by DNA-PK
could lead to the activation of ATM in a positive feedback
loop. We then measured the activation of ATM in H2AX-WT
cells incubated with the DNA-PK inhibitor KU57788 and
compared it with the activation of ATM in H2AX-KO cells.
As shown on Figure 8D, the inhibition of DNA-PK led to
a substantial reduction of the activation of ATM, bringing
it down to the level of activation observed in H2AX-KO
cells.

From these experiments we conclude that H2AX and its
phosphorylation by DNA-PK are necessary for the full acti-
vation of ATM after Et743 treatment.

Opposite Impacts of DNA-PK-H2AX and MRN-ATM on
the Antiproliferative Activity of Et743

To determine the functional implication of H2AX, DNA-PK,
MRN, and ATM, we performed cellular proliferation assays
in genetically altered pairs of cell lines (deficient vs. wild-
type or complemented) treated with Et743 (Figure 9A).

Vol. 19, September 2008

merge

H2AX-KO exhibited an unexpected ~3-fold resistance. Con-
sistently with that result and with the role of DNA-PK in the
phosphorylation of H2AX, the DNA-PK-deficient, xrs6 cells
were also more resistant to Et743 than their wild-type coun-
terparts (K1). On the other hand, ATM-deficient cells
showed approximately twofold greater sensitivity to Et743
(Damia et al., 2001). In the same manner, MRN deficiency
confers a slight sensitivity (NBS-1LBI and HCT116 cells vs.
GMO00637 and HCT116-Mrell, respectively).

Proposed Model Integrating NER, MRN, H2AX, ATM, and
DNA-PK in the DSB Responses to Et743

Together our results suggest a model integrating H2AX,
DNA-PK, ATM, MRN, and TCR in the cellular responses to
Et743 (Figure 9B). We propose that two pathways lead to the
formation of DSBs and refer to these two pathways/mech-
anisms as TC-DSBs and RC-DSBs. In the first pathway (left
in Figure 9B), the Et743-DNA adducts trap the NER machin-
ery in a transcription-dependent manner. However, those
adducts cannot be properly excised by the NER machinery
(Erba et al., 2001; Takebayashi et al., 2001b), probably because
they interfere with the XPG endonuclease (Takebayashi et
al., 2001b; Herrero et al., 2006). As a result, they lead to the
stabilization of single-strand breaks (Takebayashi et al.,
2001a,b) and to the trapping of NER complexes (Erba et al.,
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Figure 9. Opposite roles for H2AX and ATM in the antiprolifera-
tive responses to Et743. (A) Cell proliferation assays. Cells were
exposed to the indicated concentrations of Et743 for 72 h and
analyzed by MTT assay. Open symbols correspond to the deficient
cell lines (H2AX-KO, Ku80-deficient xrs6, ATM-deficient pEBS?,
Mrell-deficient HCT116, and Nbsl1-deficient NBS-1LBI), and filled
symbols correspond to their wild-type (H2AX-WT, K1, and
GMO00637) or complemented (ATM-complemented pEBS7-YZ5 and
HCT116-Mrell) counterparts. (B) Flowchart describing the pro-
posed molecular pathways leading to Et743-induced DSBs and the
subsequent cellular responses leading either to cell death (via DNA-
PK/H2AX) or survival (via MRN/ATM).

2001; Takebayashi et al., 2001b; Zewail-Foote et al., 2001). In
a manner that remains to be elucidated, the MRN complex is
recruited, which results in the creation of DSBs. Those DSBs
are recognized by DNA-PK, which phosphorylates H2AX
around each DSB site and promotes cell death. y-H2AX also
triggers the activation of ATM, which can phosphorylate
H2AX in a positive feedback loop.

In the second mechanism, Et743 induces RC-DSBs and
ATM phosphorylates H2AX at the sites of these RC-DSBs
(right in Figure 9B). ATM and MRN both play a dual role:
they participate to the phosphorylation of H2AX, thereby
amplifying the death signal on one side, but they can also act
as survival factors, probably by the activation of the check-
points (Shiloh, 2006; Figure 8).
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DISCUSSION

The present study shows that Et743 induces the formation of
both transcription-coupled DNA TC-DSBs and RC-DSBs.

Although Et743-induced RC-DSBs have recently been re-
ported (Guirouilh-Barbat and Pommier, 2006; Soares et al.,
2007), here we provide further characterization of those
RC-DSBs, and we demonstrate that those RC-DSBs are in-
dependent of TCR (Figure 2; Soares et al., 2007). RC-DSBs
have been reported for camptothecins, as camptothecins
trap topoisomerase I-mediated DNA single-strand breaks,
which are converted into RC-DSBs by DNA polymerase
“run-off” (Strumberg et al., 2000; Takemura et al., 2006).
Because Et743-induced RC-DSBs are independent from TCR
(present study and Soares et al., 2007), whereas the induction
of DNA single-strand breaks by Et743 is dependent on TCR
(Takebayashi et al., 2001b), it is unlikely that Et743-induced
RC-DSBs are the consequence of DNA polymerase run-off.
Thus, Et743-induced DSBs may involve “replication fork
collapse” (Paulsen and Cimprich, 2007), a mechanism that
has recently been reported for aminoflavone, because amin-
oflavone produces DNA-protein complexes that arrest repli-
cation forks (Meng et al., 2005). Abnormal DNA structures and
helicase deficiencies have also been shown to produce RC-
DSBs detected as y-H2AX foci (Rao ef al., 2007; Shimura et al.,
2008).

The most novel aspect of our study is the induction of
TCR- and MRN-dependent TC-DSBs. Although Soares et al.
(2007) only discussed replication-dependent DSBs, their
Supplementary Figure 7 is suggestive of reduced induction
of DSBs by Et743 in XPG-deficient cells. However, they
could not detect DSBs in nonproliferating lymphocytes by
neutral COMET assay, whereas we did by immunodetection
of nuclear foci containing y-H2AX together with 53BP1 and
Mrell (Figures 3 and 4). This apparent discrepancy is prob-
ably due to the greater sensitivity of immunocytochemistry
compared with neutral COMET assays. We also observed
replication-independent y-H2AX foci in cultured cells, out-
side of S-phase (IdU-negative; Figures 2 and 6).

The y-H2AX response to Et743 (present study) is different
from the y-H2AX response to UVC irradiation (Marti et al.,
2006), although both are dependent on NER and can occur in
nonreplicating cells. UVC-induced y-H2AX staining is dif-
fuse (“pan-nuclear”) and does not colocalize with pNbsl
and 53BP1 (Marti et al.,, 2006), suggesting that it is not
correlated with DSBs. In contrast, Et743 produced well-
defined y-H2AX foci. Their colocalization with DSBs mark-
ers, including Ser'?®'-pATM, Thr®-pChk2, and 53BP1 (Fig-
ures 1, 4, 5, and 8) is indicative of DSBs.

The replication-independent DSBs are likely to be tran-
scription-dependent because we observed a significant re-
duction of y-H2AX after inhibition of transcription with
DRB (Figures 2 and 6). In fact, concomitant inhibition of both
replication and transcription was required to block fully the
formation of Et743-induced y-H2AX foci in proliferative
cells (Figures 2 and 6). The TC-DSBs are unlikely to result
from two closely spaced TCR-dependent single-strand
breaks on opposite strands (Takebayashi et al., 2001a; Take-
bayashi et al., 2001b). Indeed, a significant induction of
v-H2AX foci was observed in HCT116-Mrell cells at con-
centrations as low as 0.05 nM Et743, which would be esti-
mated to produce less than one adduct per 10° base pairs
(Takebayashi et al., 2001b; Figure S2). Furthermore, in non-
proliferating lymphocytes, increasing Et743 concentra-
tions did not lead to an augmentation of y-H2AX staining
(Figure 3). Further investigations will be required to de-
termine whether the NER endonucleases, XPF and XPG,
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may be responsible for the TC-DSBs. Indeed, it is possible
that the Et743-DNA adducts alter the specificity of those
endonucleases for the damaged strand (de Laat et al.,
1998). Also, the stabilization of the NER repair interme-
diates (Zewail-Foote et al., 2001) may induce the recruit-
ment of other nucleases that mediate the TC-DSBs.

Although Mrell is endowed of known nuclease activities
(D’Amours and Jackson, 2002), we found similar y-H2AX
induction in Mrell-deficient ATLD2 cells complemented
with a nuclease inactive Mrell (Arthur et al., 2004) or with
wild-type Mrell, suggesting that Mrell is not implicated in
the direct production of TC-DSBs through its nuclease ac-
tivities. Mrell might promote the formation of TC-DSBs by
tethering DNA damage response factors and/or nucleases,
as recently demonstrated for C terminus Binding Protein-
Interacting Protein (CtIP) (Limbo et al., 2007; Sartori et al.,
2007), to the transcription damage sites. The defective re-
sponse of Mrell-deficient cells to Et743 was more pro-
nounced in the analysis of y-H2AX foci than the neutral
COMET assay (Figure 5, A and D, vs. B). This might result
from the implication of Mrell as a coactivator of ATM
(Uziel et al., 2003; Horejsi et al., 2004; Falck et al., 2005; Lee
and Paull, 2005; Dupre et al., 2006) and from the role of ATM
in Et743-induced phosphorylation of H2AX (Figure 7).

Recent studies showed that H2AX is required for cell
death after exposure to UVA (Lu et al., 2006) and that
DNA-PK phosphorylates H2AX during apoptosis (Mukher-
jee et al., 2006). We found that DNA-PK phosphorylated
H2AX in response to Et743-induced TC-DSBs (Figure 7).
This could explain why cells defective for H2AX and
DNA-PK were resistant to Et743 (Figure 9). DNA-PK has
also been reported to trigger ionizing radiation-induced ap-
optosis in mouse thymocytes and fibroblasts (Wang ef al.,
2000; Woo et al., 2002) and the regulatory subunits of
DNA-PK Ku70 and Ku80 have been identified as partners of
Bax and Bcl-2 to regulate their apoptotic function (Sawada et
al., 2003; Feki et al., 2005; Wang et al., 2008).

The enhanced sensitivity of ATM-deficient cells to Et743
(Damia et al., 2001; Figure 9) highlights the possible loops
between ATM and H2AX. y-H2AX can initiate pathways
leading to cell death, but also promote the full activation of
ATM (Figure 8), which may act as survival factor and acti-
vate checkpoint responses (Figure 8; Shiloh, 2006). The MRN
complex could also play a dual role. It could be implicated in
the creation of Et743-induced DSBs (Figure 5) and could act by
enabling ATM-triggered checkpoints responses and allowing
cell survival (Uziel et al., 2003; Horejsi et al., 2004; Falck et al.,
2005; Lee and Paull, 2005; Dupre et al., 2006). Accordingly, we
found that MRN-deficient cells were more sensitive to Et743
than their Mrell-proficient counterparts (Figure 9A).

Because y-H2AX is readily formed in peripheral lympho-
cytes at drug concentrations within pharmacological range
(10 nM and below; Puchalski et al., 2002; Garcia-Carbonero et
al., 2004), our study suggests y-H2AX as a pharmacody-
namic marker in clinical studies with Et743. Our study also
suggests that tumor profiling for TCR, MRN, ATM, and
DNA-PK might be useful to anticipate patients’ response to
Et743 treatment.
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