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DNA double-strand breaks (DSBs) represent one of the most
serious forms of DNA damage that can occur in the genome.
Here, we show that the DSB-induced signaling cascade and
homologous recombination (HR)-mediated DSB repair path-
way can be genetically separated. We demonstrate that the
MRE11-RAD50-NBS1 (MRN) complex acts to promote DNA
end resection and the generation of single-stranded DNA,
which is critically important for HR repair. These functions of
theMRN complex can occur independently of the H2AX-medi-
ated DNA damage signaling cascade, which promotes stable
accumulation of other signaling and repair proteins such as
53BP1 and BRCA1 to sites of DNA damage. Nevertheless, mild
defects in HR repair are observed in H2AX-deficient cells, sug-
gesting that the H2AX-dependent DNA damage-signaling cas-
cade assists DNA repair. We propose that the MRN complex is
responsible for the initial recognition of DSBs and works
together with both CtIP and the H2AX-dependent DNA dam-
age-signaling cascade to facilitate repair by HR and regulate
DNA damage checkpoints.

There are two major pathways to repair DSBs,3 the nonho-
mologous end joining pathway andhomologous recombination
(HR) pathway (1). The conversion of DNA double-stranded
ends to single-stranded DNA (ssDNA) regions is considered
to be a key step that controls not only HR repair but also
DNA damage checkpoints (2). The MRN complex, comprising
MRE11, RAD50, and NBS1, has been implicated in the detec-
tion of DSBs, DNA ends resection (3, 4), recombination (5), and
S or G2/M checkpoint control (6–8). More recently, CtIP (also
known as RBBP8) has been shown to function together with the
MRN complex to process DSB ends and generate ssDNA
regions (9, 10).
In response to DSBs, the ataxia-telangiectasia mutated

(ATM)/ataxia-telangiectasia and Rad3-related (ATR)-depen-

dent phosphorylation of histone variant H2AX creates �H2AX,
which is believed to be the initial signal for subsequent accu-
mulation of various signaling and repair proteins to DNA
breaks to form so-called ionizing radiation-induced foci (11–
14). We and others have shown that MDC1 directly binds
�H2AX through its BRCA1 C-terminal (BRCT) domains (15,
16), and the phosphorylation of six SDTDX(D/E) repeats in the
MDC1 N terminus functions to recruit NBS1 and regulate the
intra-S phase checkpoint in response to DNA damage (17–20).
MDC1 also recruits E3 ubiquitin ligase RNF8 in a phosphory-
lation-dependentmanner, and the latter is responsible for teth-
ering 53BP1 and the RAP80-CCDC98-BRCA1 complex at
damage sites (21–26). Although the extensive studies noted
above have demonstrated that the histone variant H2AX is a
central regulator of ionizing radiation-induced focus formation
and the stable accumulation of many DNA damage signaling
and repair proteins to sites of DNA breaks, surprisingly H2AX
seems to be dispensable for the initial recognition of DNA
breaks because transient localization of several DNA damage
repair proteinswere observed in the absence ofH2AX (27). The
analysis of H2AX-deficient cells also showed that H2AX is not
essential for nonhomologous end joining or HR, although it
somehow modulates the efficiency of these repair pathways
(27–31). Moreover, although disruption of components
directly or indirectly involved in HR pathway, such as ATR (32,
33), the MRN complex (34–36), BRCA1 (37), BRCA2 (38),
RAD51 (39), and the recently identified CtIP (40), resulted in
embryonic lethality, the H2AX�/� mice exhibited relatively
mild phenotypes with some degree of genomic instability (12). In
fact, mice lacking other key factors involved in the DNA damage
signaling cascade such as ATM (41–43), MDC1 (15), and 53BP1
(44, 45) all display increased genomic instability and are prone to
tumorigenesis; nevertheless these null mice are viable.
The fact that the effects of H2AX deficiency on DSB repair

are subtle suggests that �H2AX might regulate repair of
selectedDSBs or assist specific repair pathways (46). The role of
�H2AX in facilitating DNA repair may bemediated by the con-
tribution of �H2AX to signaling and the associated efficient
activation of DNA damage-induced checkpoint response.
However, it is unlikely that �H2AX would play a central role in
dictatingDNAdamage repair. These observations prompted us
to propose that the HR-mediated DSB repair pathway can be
initiated independently of the known H2AX-mediated DNA
damage-signaling cascade. Indeed, in this studywe showed that
the MRN complex can initiate DNA end resection and HR
repair in the absence of H2AX.Moreover, theMRN complex is
also involved in the recruitment of other signaling and repair
factors transiently at DSB sites in H2AX-deficient cells.
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Together this study highlighted a critical role of theMRN com-
plex at an early stage of DNA damage response.

EXPERIMENTAL PROCEDURES

Antibodies—Antibodies against the �H2AX, MDC1, 53BP1,
and RAD51 were previously described (47–49). The anti-Myc
and anti-BRCA1 antibodies were obtained from Santa Cruz
Biotechnology. Anti-NBS1 antibodywas obtained fromCalbio-
chem. Anti-MRE11 antibody was purchased from Novus Bio-
logicals. Anti-RPA2 antibody was obtained from Abcam. Anti-
�-tubulin and anti-FLAG (M2) were obtained from Sigma.
Andre Nussenzweig (National Institutes of Health, Bethesda,
MD) kindly provided us with anti-mouse NBS1 and MRE11
antibodies and Richard Baer (Columbia University, New York,
NY) kindly provided us with monoclonal mouse anti-CtIP
antibody.
Cell Culture, Transfection, and siRNAs—U2OS and 293T

cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum and 1% penicillin and streptomycin. Mouse
embryonic fibroblasts (MEFs) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 15% fetal bovine
serum, 1 mM sodium pyruvate, and 1% penicillin and strepto-
mycin. Plasmid transfection was performed using Lipofectamine
2000 (Invitrogen) following manufacturer’s instruction. The
sequence of RAD51 siRNA was CUAAUCAGGUGGUAGCU-
CAUU; the sequence of H2AX siRNA was CAACAAGAAGA-
CGCGAAUCdTdT; the sequence of NBS1 siRNA was CCAA-
CUAAAUUGCCAAGUAUU; the sequence of MRE11 siRNA
was GGAGGUACGUCGUUUCAGAdTdT; and the siRNA
targeting mouse NBS1 was CUCCAAAGCUAACAACGUAd-
TdT. The sequences for MDC1 and CtIP siRNA were previ-
ously described (50, 51). The siRNAs transfection was per-
formed using Oligofectamine (Invitrogen) following the
manufacturer’s instructions. When transfecting mouse NBS1
siRNA into MEFs, the transfection was repeated three times at
24-h intervals to achieve maximal RNA interference effect.
Immunoblotting—The cells were lysedwithNETNbuffer (20

mMTris-HCl, pH 8.0, 100mMNaCl, 1mMEDTA, 0.5%Nonidet
P-40) on ice for 30 min. The cleared cell lysates were then col-
lected and boiled in 2� Laemmli buffer and run on SDS-PAGE.
The membranes were blocked in 5% milk in TBST buffer and
then probed with antibodies as indicated.
Immunostaining—The cells cultured on coverslips were

treated with ionizing radiation (IR) followed by recovery for
indicated period. The cells were then washed with phosphate-
buffered saline, pre-extracted with 0.5% Triton solution for 5
min, and fixed with 3% paraformaldehyde for 12 min. The cov-
erslips were washed with phosphate-buffered saline and then
immunostained with primary antibodies in 5% goat serum for
60 min. The coverslips were washed and incubated with sec-
ondary antibodies conjugated with rhodemine or fluorescein
isothiocyanate for 60 min. The cells were then stained with
4�,6�-diamino-2-phenylindole to visualize nuclear DNA. The
coverslips were mounted onto glass slides with anti-fade solu-
tion and visualized using a Nikon ECLIPSE E800 fluorescence
microscope with a Nikon Plan Fluor 40� oil objective lens (NA
1.30) at room temperature. The cells were photographed and

analyzed using a SPOT camera (Diagnostic Instruments, Inc)
and Photoshop software (Adobe).
G2/M Checkpoint Assay—G2/M checkpoint assay was per-

formed as described previously (51). Briefly, the cells were
treated with 2 Gy IR. One hour later, the cells were fixed with
70% (v/v) ethanol overnight and then stained with anti-phos-
pho-histone H3 (Ser10) antibody and propidium iodide. The
samples were analyzed by flow cytometry to determine the per-
centages of cells in mitosis.
Homologous RecombinationAssay—AU2OScell clone stably

expressing HR reporter direct repeat of GFP (DR-GFP) was
described previously (52). This reporter consists of two differ-
entially mutated GFP genes oriented as direct repeats. Expres-
sion of I-SceI endonuclease will generate a site-specific DSB
between themutated GFP genes, which, when repaired by gene
conversion, results in a functional GFP gene. Briefly, 2 days
after transfection with siRNA, 1 � 106 U2OS DR-GFP cells
were electroporated with 20 �g of pCBASce (an I-SceI expres-
sion vector). The cells were harvested 2 days after electropora-
tion and subjected to flow cytometry analysis to determine the
percentages of GFP-positive cells, which result from HR repair
induced byDNADSBs. The sampleswere analyzed in a Becton-
Dickinson FACScan on a green (FL1) versus orange (FL2) fluo-
rescence plot.

RESULTS

The MRN Complex Is Responsible for the Recruitment of
Repair and Signaling Proteins to DSB Sites in the Absence of
H2AX—Although the phosphorylated form of H2AX is
required for the retention of DNA damage and repair proteins
in the vicinity of DNA lesions, H2AX phosphorylation is dis-
pensable for the initial recognition of DNA breaks because the
repair and signaling factors, such as the MRN complex, 53BP1,
andBRCA1, can be initially and transiently recruited toDSBs in
the absence of H2AX (27). This phenomenon prompted us to
explore whether the MRN complex would be involved in the
initial recognition of DNAbreaks, as suggested bymany in vitro
biochemical studies (53–57), and responsible for this transient
recruitment of signaling and repair proteins in H2AX-deficient
cells.
We first used 53BP1 focus formation as a readout. Consistent

with a previous report (27), we observed a transient 53BP1
focus formation in H2AX�/� cells (Fig. 1A). Fifteen minutes
after IR, we detected a combination of dotted and diffuse stain-
ing patterns of 53BP1. At 30min after IR, clear 53BP1 foci could
be observed in �60% of H2AX�/� cells. We further treated
H2AX�/� cells with different doses of IR; the number of tran-
sient 53BP1 foci increased when higher dose of IR was used
(supplemental Fig. S1), suggesting that these H2AX-indepen-
dent 53BP1 foci are also sites of DNA damage. 53BP1 showed
uniform nuclear staining 120 min or later after IR (Fig. 1A),
which again is in agreement with early study suggesting the
transient nature of formation of these foci in the absence of
H2AX (27).
To determine whether this initial 53BP1 focus formation

would be dependent on theMRN complex, we depleted mouse
NBS1 in H2AX�/� cells using mouse specific NBS1 siRNA. As
shown in Fig. 1 (B andC), depletion of NBS1 greatly diminished
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the transient recruitment of 53BP1 into a focus-like structure in
H2AX�/� cells at 30min after IR, but it did not have an obvious
effect on 53BP1 focus formation in H2AX�/� cells. We
repeated these experiments using human cells. Similarly, we
could observe transient focus localization of NBS1, MRE11,
53BP1, and BRCA1 30 min after IR in U2OS cells following
siRNA-mediated depletion ofH2AX (Fig. 1D), but formation of
the transient foci of 53BP1 and BRCA1 was greatly reduced in
cells with co-depletion of H2AX and NBS1 or H2AX and
MRE11 (Fig. 1, D and E). Although this transient H2AX-inde-
pendent recruitment of BRCA1 requires theMRN complex, we
noted that the transient recruitment of NBS1 occurred in a
manner that is independent of BRCA1 (supplemental Fig. S2).
These data, together with in vitro studies suggesting direct
binding of the MRN complex to DNA ends, led us to hypothe-

size that the MRN complex may be the initial proteins that
recognize DNA breaks and recruit, at least initially, other DNA
damage repair proteins to sites of DNA breaks.
Cells with single or double depletion used above were still

viable within the time frame of our experiments, although we
observed G2/M checkpoint defects and some changes in cell
cycle distribution, which were particularly prominent in cells
with NBS1 depletion (supplemental Fig. S3). In addition, dam-
age-induced 53BP1 phosphorylation was greatly impaired in
cells depleted of NBS1 or NBS1/H2AX (supplemental Fig. S4),
again supporting a critical role forNBS1 inATMactivation and
cellular response to DNA damage.
The Transient Recruitment of 53BP1 Depends on NBS1 but

Not MDC1 or RNF8—It remains to be determined precisely
how the MRN complex may regulate the transient localization

FIGURE 1. The MRN complex is responsible for the initial recruitment of repair and signaling proteins to sites of DNA DSBs. A, 53BP1 transiently localizes
to focus structure after IR treatment in H2AX�/� cells. H2AX�/� and H2AX�/� were irradiated (3 Gy) and fixed at various time points after IR. The cells were
immunostained with 53BP1 antibody (green). B, the initial 53BP1 focus formation observed in H2AX�/� cells depends on NBS1. H2AX�/� and H2AX�/� were
transfected with control siRNA or siRNA specifically targeting mouse NBS1 (simNBS1). 72 h later, the cells were irradiated (3 Gy) and fixed at 30 min or 4 h after
IR. Immunostaining was carried out with anti-�H2AX, anti-53BP1, or anti-mouse NBS1 antibodies. C, quantification of 53BP1 foci following DNA damage. The
data are presented as percentages of cells containing 53BP1 foci. The means and standard deviation (error bars) shown are obtained from three independent
experiments in which more than 200 cells were counted. D, the initial focus localization of 53BP1 and BRCA1 requires the MRN complex. Double depletion of
H2AX and NBS1 or of H2AX and MRE11 was performed in U2OS cells (see “Experimental Procedures” for details). Following siRNA transfection, the cells were
irradiated (5 Gy) and fixed 30 min later. Immunostaining was carried out using the indicated antibodies. E, quantification of 53BP1 and BRCA1 focus formation
following DNA damage. The data presented are percentages of cells containing 53BP1 or BRCA1 foci 30 min after DNA damage. The means and standard
deviation (error bars) shown are results obtained from three independent experiments in which more than 200 cells were counted. Bars, 10 �m.
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of severalDNAdamage repair proteins in the absence ofH2AX.
In this regard, we examined 53BP1 focus formation in
MDC1�/� and RNF8�/� MEFs. Similar to that observed in
H2AX�/� cells, the transient recruitment of 53BP1 was de-
tected in RNF8�/� or MDC1�/� MEFs, although the stable
accumulation of 53BP1 was abolished in these cells (Fig. 2A).
Again, this transient recruitment of 53BP1 can be greatly
diminished by the depletion of NBS1 in these MEFs (Fig. 2B),
suggesting that this early recruitment of 53BP1 depends on
NBS1 but not MDC1 or RNF8.
MRN Complex and CtIP, but Not H2AX, Are Required for

Efficient HR Repair—We next examined what would be the
likely events regulated by the MRN complex in the absence of
H2AX. It is believed that at least a fraction of HR repair is
initiated by nucleolytic processing of DSBs, which generate
recombination proficient 3� ssDNA overhangs that are rapidly
bound by RPA. Subsequently, Rad51, a key recombinase
enzyme, together with its accessory factors displace RPA-
ssDNA complexes to form helical nucleoprotein filament,
which allows the beginning of homology search and HR repair.
Given that the MRN complex but not H2AX is responsible for
the initial recruitment of repair and signaling proteins to DSB
sites, we speculated thatHR repairmight bemainly initiated via
the action of the MRN complex. To test this hypothesis, we
checked the IR-induced RPA focus formation, which can be
used as readout of the generation of ssDNA regions following
DNAdamage. InNBS1-,MRE11-, orCtIP-depletedU2OS cells,
the IR-induced RPA2 focus formation was dramatically
reduced, supporting the possibility that the MRN complex and
CtIP are involved in the generation of ssDNAs (Fig. 3A). On the
other hand, the focus formation of other DNA damage cascade
components, such as H2AX, 53BP1, MDC1, and BRCA1, was
not considerably impaired in cells with NBS1, MRE11, or CtIP
depletion (Fig. 3B).
We further studied HR repair in DR-U2OS cells depleted of

H2AX, MDC1, the MRN complex, or CtIP, respectively. The
efficient siRNA-mediated knockdown was confirmed byWest-
ern blot (Fig. 3C). Significantly, depletion of NBS1, MRE11, or
CtIP decreased HR frequencies to levels close to that achieved
by the depletion of the key recombinase enzyme RAD51 (Fig.

3D), again supporting an important function forMRNandCtIP
inDNArepair. Depletion ofH2AXonly showed amild effect on
HR repair, whereas depletion of MDC1 showed a 50% reduc-
tion in HR efficiency (Fig. 3D). These data suggest that H2AX
and MDC1 likely play accessory, but not essential, roles in HR
repair.
IR-induced RPA Focus Formation Is Largely Independent

of ATM, �H2AX, and MDC1—We examined the IR-induced
RPA focus formation in H2AX-, MDC1-, or ATM-deficient
MEFs. As shown in Fig. 4 (A and B), RPA2 focus formation
was detected in these deficient cells. We repeated these
experiments in human cells using H2AX siRNA. Consistent
with that observed in H2AX�/� MEFs, RPA focus formation
still occurred in cells following H2AX depletion (supple-
mental Fig. S5A). We also performed time course experi-
ments and determined the kinetics of RPA focus formation
in wild type versus ATM-deficient cells (supplemental Fig.
S5B). Again, we failed to observe any obvious difference in
RPA focus formation between wild type and ATM-deficient
cells at every time point we examined. In addition, DSB end
resection (assessed by RPA focus formation) was not severely
affected by the inhibition of ATM kinase activity (Fig. 4C).
Therefore, we conclude that IR-induced RPA focus forma-
tion, which may reflect a long stretch of ssDNA regions,
requires the MRN complex and CtIP, but not H2AX, MDC1,
or ATM.

DISCUSSION

Recent studies cumulate and support a model that DNA
damage-induced protein accumulation is an intricate part of
the DNA damage response (58–60). At first glance, it appears
surprising that the H2AX�/� mice exhibited a relatively mild
phenotype (12), considering that H2AX is critically important
for the accumulation of many if not all of the DNA damage
signaling and repair proteins at sites of DNA breaks. Follow-up
study suggests that althoughH2AX is required for the retention
of signaling and repair proteins at sites of DNA damage, it is
dispensable for the initial recognition of DNA breaks because a
few DNA damage repair proteins can at least transiently local-
ize to sites of DNA breaks in the absence of H2AX (27). Similar

FIGURE 2. The transient recruitment of 53BP1 depends on NBS1 but not MDC1 or RNF8. A, transient recruitment of 53BP1 upon DNA damage still occur in
RNF8�/� and MDC1�/� MEFs. B, the transient recruitment of 53BP1 upon DNA damage was abolished by NBS1 depletion in RNF8�/� and MDC1�/� MEFs. The
cells with or without siRNA transfection were irradiated and fixed at indicated time points after IR. Immunostaining was carried out with the indicated
antibodies. Bars, 10 �m.
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results were obtained in MDC1�/� cells (61). These observa-
tions raise the question of what is the true sensor that initially
recognizes DNA breaks.
Our results suggest that at least one of these initial sensor

proteins is the MRN complex, because the MRN complex is
required for the transient localization of several DNA damage
repair proteins in the absence of H2AX. This is also in agree-
ment with the known DNA end binding activity of the MRN
complex (53–57). Based on our observations, we believe that
the MRN complex carries out at least two distinct functions
following DNA damage. One is to promote DNA repair. The
other is to activate ATM and ATM-dependent checkpoints
(62–66). This idea of two separate functions for MRN in DNA
damage response is strongly supported by two recent publica-
tions (67, 68), which suggest that although the nuclease activity
ofMRE11 is essential to initiateDNArepair, it is largelydispens-
able for ATM activation. Based on our data presented above
and previous studies, we would like to propose a modified
model of DNA damage signaling cascade (Fig. 5). In this model,
theMRN complex is involved in the initial recognition of DNA

breaks, which allows the transient localization of many other
DNA damage checkpoint and repair proteins via direct or indi-
rect protein-protein interactions. We speculate that this initial
recruitment stage is geared up mainly for DNA repair. At the
same time, the MRN complex also facilitates ATM activation,
H2AX phosphorylation, and initiation of DNA damage check-
points. If DNA repair occurs rapidly (for example, following a
very low dose of ionizing radiation), the cells may resume the
cell cycle without any obvious delay and not even utilize these
DNA damage signaling or checkpoint pathways. However, if
DNA repair cannot be completed quickly, the cells will use the
phospho-H2AX-dependent signaling pathway, which permits
the build-up of DNA damage checkpoint and repair proteins
not only at the vicinity of DNA breaks but also spreading to
megabases away from sites of DNA breaks.We image that such
stable accumulation of DNA damage and repair proteins at and
near the sites of DNA breaks effectively increase the local con-
centration of these proteins and permit efficient DNA damage
signal transduction, cell cycle checkpoint activation, and ulti-
mately DNA repair.

FIGURE 3. MRN complex and CtIP, but not H2AX, are required for efficient HR repair. A and B, depletion of components of the MRN complex or CtIP impairs
RPA focus formation (A) but does not affect focus formation of other DNA damage repair factors (B). U2OS cells were transfected with indicated siRNAs. 48 h
later, the cells were irradiated (10 Gy) and allowed to recover for 6 h before fixation and immunostaining with antibodies as indicated. C and D, siRNA-mediated
down-regulation of various DNA damage and repair proteins were carried out in U2OS DR-GFP cells. The knockdown efficiency using indicated siRNAs was
confirmed by immunoblotting (C). The percentage of GFP positive cells was determined by flow cytometry 48 h after cells were electroporated with pCBASce
plasmid (D). The means and standard deviation (error bars) shown are obtained from three independent experiments. Asterisk in C, nonspecific band. Bars, 10
�m. DAPI, 4�,6�-diamino-2-phenylindole.
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It is still unknown exactly how the
MRN complex initially recruits
these DNA damage repair proteins
like 53BP1 and BRCA1 to DSB sites.
At least for 53BP1, one possible
explanation is that NBS1 may bind
directly to 53BP1.Whenwe purified
NBS1-containing complexes, we
identified few 53BP1 peptides by
mass spectrometry analysis (data
not shown). In addition, we also
observed an interaction between
NBS1 and 53BP1when both of these
proteins were overexpressed (sup-
plemental Fig. S6A). We further
asked whether the FHA or BRCT1
domain of NBS1 is required for its
binding to 53BP1. As shown in sup-
plemental Fig. S6B, the NBS1
mutants deleted of FHA or BRCT1
domain showed reduced binding to
53BP1, raising the possibility that
both the FHA and BRCT1 domains
of NBS1 are involved in its interac-
tion with 53BP1. Of course, future
studies will be needed to determine
whether this interaction is direct
and whether it is required for the
transient recruitment of 53BP1 in
the absence of H2AX.We speculate
that this transient recruitment of
53BP1 by the MRN complex may
allow the engagement of a 53BP1-
dependent pathway in DNA repair,
which should also be assessed by
additional experiments.
Although depletion of CtIP, NBS1,

or MRE11 can greatly impair RPA
focus formation in response to DSBs,
the MEFs with H2AX, MDC1, or
ATM deficiency exhibit seemingly
normal RPA foci when compared
with wild type MEFs. Although our
data that ATM is dispensable for
IR-induced RPA focus formation
appear to be contradictory with
two previous reports (69, 70),
these results are consistent with
other publications. For example,
DNA damage-induced RPA focus
formation was reported to occur
independent of�H2AX, because the
phosphatidylinositol 3-kinase in-
hibitor wortmannin could block
DNA damage-induced �H2AX but
not RPA focus formation (71). Sim-
ilarly, RAD51 focus formation was
also reported to be independent of

FIGURE 4. IR-induced RPA focus formation is largely independent of ATM, �H2AX, and MDC1. A and B,
IR-induced RPA focus formation was observed in ATM-, H2AX-, or MDC1-deficient cells. The cells with the
indicated genotypes were irradiated (10 Gy) and allowed to recover for 6 h before fixation and immuno-
staining. C, inhibiting ATM activity by ATM inhibitor KU55933 did not impair RPA focus formation following
DNA damage. U2OS cells were pretreated with dimethyl sulfoxide (DMSO) or KU55933 at the indicated con-
centrations for 1 h before they were exposed to IR (10 Gy). Immunostaining was performed 6 h after IR using
anti-RPA2 and ATM pS1981 antibodies. Bars, 10 �m.

FIGURE 5. A proposed revised model of mammalian DNA damage response. We hypothesize that there are
two separate pathways involved in the recruitment and accumulation of DNA damage checkpoint and repair
proteins at DSBs. One of them is the H2AX-independent pathway, which requires the MRN complex and
probably limits the localization of these checkpoint and repair proteins at or closer to sites of DNA breaks. We
speculate that this pathway is mainly geared toward DNA repair but also initiates ATM activation and cell cycle
checkpoint. The second pathway is the well studied H2AX-dependent pathway, which allows the accumula-
tion of DNA repair proteins and the spreading of DNA damage signaling proteins to larger chromatin regions
surrounding the damaged sites. This H2AX-dependent pathway carries out at least two functions: one is to
facilitate DNA repair, and the other is to promote the amplification of DNA damage signals, which lead to a full
checkpoint activation and allow time for the completion of DNA repair.
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H2AX (12). Our results also agree with the recent observation
that although MRE11 nuclease activity is important for DNA
repair, it is dispensable for ATM activation (67, 68). We would
like to point out that although we propose that ATM is not
essential forDNA repair, this by nomeans suggests thatATM is
not involved in DNA repair. Numerous studies have already
indicated that ATM is required for the repair of a subset of
DNA breaks. The challenge is to determine whether ATM
would play a critical role in certain repair processes, act as an
auxiliary factor for multiple DNA repair pathways, modulate
repair efficiency and/or fidelity via its kinase activity, influence
the outcome of DNA repair by its pro-apoptotic function, or a
combination of the above.
As we discussed above, the critical intermediate step during

DSB repair is the generation of ssDNAwith 3� overhangs. Such
a structure would prevent nonhomologous end joining and
promote DSB repair via the HR pathway. Because the RPA
complex is known to associate tightly with ssDNA, RPA focus
formation has been used as a marker for ssDNA formation (2,
9). Using RPA focus formation as a readout for ssDNA forma-
tion, it is obvious that the MRN complex together with CtIP
play critical roles in processing DSB ends to form ssDNAs,
which are required for efficient HR. Indeed, our HR assay doc-
umented that depletion of NBS1, MRE11, or CtIP significantly
decreases HR efficiency to levels close to those achieved by the
depletion of RAD51. Nevertheless, RAD51 depletion consis-
tently showed an �2-fold lower HR efficiency when compared
with NBS1, MRE11, or CtIP depletion. This observation would
suggest that limited end resectionmay still occur in the absence
of the MRN complex or CtIP. Although these limited ssDNA
regions might be difficult to detect, they could still permit at
least some HR events. Another interesting observation is that
although we did not detect any obvious defect in RPA focus
formation in H2AX- or MDC1-deficient cells, we noticed that
HR efficiency is reduced in these cells, although not as severely
as in cells with MRN or CtIP depletion. This would imply that
H2AX and MDC1 may modulate HR repair at a step that is
separated from RPA focus formation. For example, MDC1 can
bind to andmediateH2AX-dependentHR (72), andMDC1 can
interact with Rad51 and facilitate HR (73).More details regard-
ing the complex nature of these regulations will be revealed in
the future.
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