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Abstract

In the S and G2 phases of the cell cycle, DNA double-strand breaks (DSBs) are processed into
single-stranded DNA, triggering ATR-dependent checkpoint signaling and DSB repair by
homologous recombination (HR). Previous work has implicated the MRE11 complex in such DSB
processing events. Here, we show that the human CtIP protein confers resistance to DSB-inducing
agents and is recruited to DSBs exclusively in S/G2. Moreover, we reveal that CtIP is required for
DSB resection, and thereby for recruitment of RPA and ATR to DSBs and ensuing ATR
activation. Furthermore, we establish that CtIP physically and functionally interacts with the
MRE11 complex, and that both CtIP and MRE11 are required for efficient HR. Finally, we reveal
that CtIP displays sequence homology with Sae2, which is involved in MRE11-dependent DSB
processing in yeast. These findings establish evolutionarily conserved roles for CtIP-like proteins
in controlling DSB resection, checkpoint signaling and HR.

DSBs are highly cytotoxic lesions induced by ionizing radiation and certain anti-cancer
drugs. They also arise when replication forks encounter other lesions and are generated as
intermediates during meiotic recombinationl. Cells possess two main DSB repair
mechanisms: non-homologous end-joining (NHEJ) and homologous recombination (HR).
While NHEJ predominates in GO/G1 and is error-prone, HR is restricted to S and G2, when
sister chromatids allow faithful repair2-4. HR is initiated by resection of DSBs to generate
single-stranded DNA (ssDNA\) that binds RPA. A ssDNA-RAD51 nucleoprotein filament
then forms to initiate strand invasion. ssDNA-RPA also recruits the protein kinase ATR,
triggering ATR-dependent checkpoint signaling by the protein kinase Chk15. As DSB
resection is largely restricted to S and G2, both HR and checkpoint signaling are subject to
cell-cycle control6-8.

A factor implicated in DSB resection is the MRE11-RAD50-NBS1 (MRN) complex, which
binds DNA ends, possesses exo- and endo-nuclease activities and functions in triggering
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DNA-damage checkpoints9,10. Here, we show that human CtIP (RBBP8) physically and
functionally interacts with MRN. CtIP — initially identified as an interactor for CtBP11 and
the tumour suppressor proteins RB12 and BRCA113,14 — is recruited to DNA damage and
complexes with BRCAL to control the G2/M DNA-damage checkpoint15-17. We reveal that
CtlIP also promotes ATR activation and HR through it cooperating with MRN to mediate
DSB resection. Based on these findings and our identification of sequence homologies
between CtIP and Sae2 — a protein implicated in mitotic and meiotic DSB processing in
Saccharomyces cerevisiael8-22 — we conclude that these proteins are functional
homologues.

CtIP affects cellular responses to DSBs

To investigate CtIP function, we examined how its depletion affected clonogenic survival of
human U20S cells following their treatment with DNA-damaging agents. To circumvent
possible effects arising from CtIP’s involvement in controlling cell-cycle progression, we
employed acute (1 hour) drug treatments rather than continuous drug exposure. SiRNA-
mediated depletion of CtIP caused hypersensitivity towards the topoisomerase | inhibitor
camptothecin and the topoisomerase Il inhibitor etoposide (Fig. 1a,b) but did not alter cell-
cycle distribution profiles and only modestly decreased the proportion of replicating cells
(Supplementary Fig. 1a). Furthermore — and consistent with the major cytotoxic lesions
caused by camptothecin and etoposide being DSBs arising during S-phase23 — the effects of
CtIP depletion were largely abrogated by treating cells with the DNA-replication inhibitor
aphidicolin (Fig. 1a,b). These data therefore suggested that CtIP depletion impairs cell
survival when DSBs are generated during S-phase. Also, as DSBs generated in S-phase by
camptothecin are repaired by HR24, these results suggested that CtIP promotes HR.
Congruent with CtIP being unnecessary for NHEJ, its depletion caused only weak
hypersensitivity towards bleocin, which generates DSBs at all cell-cycle stages (Fig. 1c and
Supplementary Fig. 1b).

We next assessed the impact of CtIP on phosphorylations mediated by the protein kinases
ATM and ATR. In response to DSBs, ATM phosphorylates the checkpoint kinase Chk2 and
histone H2AX (generating a protein species termed yH2AX)25,26. By contrast, ATR
activation by ssDNA elicits Chk1 phosphorylation5. As shown in Figure 1d, camptothecin
triggered yH2AX formation and the generation of a slower-migrating, hyper-phosphorylated
species of CtIP (CtIP hyper-phosphorylation was demonstrated by phosphatase treatments
and a phospho-specific antibody; Supplementary Fig. 1c,d). Furthermore, both CtIP and
H2AX phosphorylation were prevented when aphidicolin was co-administered with
camptothecin. Etoposide also triggered modification of H2AX and CtIP; however, in this
case, CtIP phosphorylation but not H2AX phosphorylation was abrogated by aphidicolin
(Fig. 1e). These data are in accord with etoposide being able to generate DSBs throughout
the cell cycle, and suggest that CtIP phosphorylation occurs most effectively in S-phase.

CtIP depletion did not affect H2AX phosphorylation triggered by either camptothecin or
etoposide, revealing that CtIP is not required for DNA-lesion generation by these drugs (Fig.
1d,e). Similarly, camptothecin-induced phosphorylations of Chk2 and SMC1 were
unaffected by CtIP depletion, indicating that ATM activation still occurs when CtIP is
absent (Fig. 1f and data not shown). By contrast, CtIP depletion diminished camptothecin-
induced Chk1 phosphorylation on Ser-345 and Ser-317 (Fig. 1f and data not shown).
Notably, CtIP depletion markedly impaired Chk1 phosphorylation at late time-points but not
at early time-points after continuous camptothecin exposure (Supplementary Fig. 1e). This
suggested that CtIP is not required for initial Chk1 phosphorylation triggered by
replicational stress induced by trapped DNA topoisomerase | molecules but is needed for
signaling of camptothecin-induced replication-dependent DSBs, which — as for IR-induced
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DSBs7,27 — might require resection to elicit ATR activation. We reasoned that if this was
the case, CtIP might influence hyper-phosphorylation of the amino-terminal region of RPA2
by ATM, ATR and DNA-PK in the context of replication-associated DSBs28,29. Indeed,
camptothecin-induced RPA2 phosphorylation — as measured by a shift in RPA2
electrophoretic mobility and by phospho-specific antibodies against modified RPA2 serines
4 and 8 — was markedly impaired by CtIP depletion, while DSB formation as measured by
YH2AX formation was unaffected (Fig. 1g). Similarly, CtIP depletion impaired RPA hyper-
phosphorylation but not Chk2 or SMC1 phosphorylation in response to etoposide (data not
shown). Together, these data indicated that CtIP is not required for DSB generation by
topoisomerase inhibitors nor for DSB detection and signaling by ATM. Instead, CtIP is
specifically needed for efficient activation and/or propagation of ATR-mediated signaling.

CtIP promotes ATR recruitment in S/G2

When we generated DSB-containing tracks in human U20S cell nuclei by laser micro-
irradiation30, CtIP was recruited to the damage with kinetics slower than that of yH2AX
formation (Fig. 2a). Notably, while yH2AX tracks formed in all irradiated cells, only a
subset displayed strong CtIP recruitment, suggesting that CtIP recruitment might be affected
by cell-cycle status. Indeed, significant CtIP redistribution to laser tracks was only observed
in cells staining positive for Cyclin A, indicating that CtIP responds predominantly to DSBs
in S and G2 (Fig. 2b).

In the above studies, we noted that — similar to what has been reported for RPA and ATR31
— CtIP stripes were narrower than those of yH2AX. Indeed, when we irradiated a U20S cell
line stably expressing GFP-tagged CtIP (GFP-CtIP; Supplementary Fig. 2a), GFP-CtIP did
not cover the entire yH2AX-modified chromatin region but localized to smaller
compartments that resembled those occupied by RPA (Fig. 2c). Consistent with this,
endogenous CtIP co-localized with GFP-ATR (Supplementary Fig. 2b). Because ATR
localizes to RPA foci, and since we had found that CtIP promotes ATR activation, we used a
cell line expressing functional GFP-ATRY to examine whether CtIP is needed for ATR
recruitment. Indeed, while control cells exhibited strong GFP-ATR recruitment to laser
tracks, this response was markedly attenuated in CtIP-depleted cells (Fig. 2d and
Supplementary Fig. 2c; note that the siRNA CtIP-1 is used here and thereafter). Importantly,
parallel immunostaining studies on fixed cells revealed that CtIP depletion impaired ATR
recruitment but not yH2AX formation, implying that CtIP does not affect the extent of
laser-induced DNA damage (Fig. 2e). Nevertheless, some residual ATR recruitment was
observed in CtIP-depleted cells, indicating either that CtIP stimulates but is not absolutely
required for ATR recruitment, or that it is essential for ATR recruitment but that CtIP
siRNA-depletion was not complete.

CtIP facilitates the generation of ssSDNA

Recruitment of the ATR-ATRIP complex to DNA damage is mediated by interactions with
RPA bound to ssDNA5,32. To see whether CtIP might affect ssDNA generation, we
analyzed DSB-induced RPA focus formation. Strikingly, CtIP depletion dramatically
impaired RPA recruitment to laser-induced DNA damage (Fig. 3a; as shown in
Supplementary Fig. 2d, this defect was ameliorated when cells stably expressed siRNA-
resistant GFP-CtIP, indicating that the GFP-CtIP fusion is functional and that the
phenotypes caused by the siRNA are CtIP-dependent). Similarly, camptothecin exposure
generated large numbers of RPA foci in control cells (~40 % displayed this pattern,
reflecting the proportion of cells in S phase), while CtIP depleted cells generally lacked
detectable RPA foci despite displaying normal -yH2AX induction (Fig. 3b). Moreover, by
using an anti-BrdU antibody staining technique that only detects DNA in single-stranded
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form, we found that camptothecin triggered substantial SSDNA formation in control cells but
not in CtIP-depleted cells (Fig. 3c and Supplementary Fig. 3a,b). These data therefore
established that CtIP promotes ssDNA formation.

CtIP interacts with MRN and promotes HR

MRN promotes the processing of DSBs to generate RPA-coated ssDNA that is needed for
ATR recruitment and ensuing Chk1 phosphorylation7,33,34. Having found that CtIP was
also required for these events, and since BRCAL and CtIP co-purify with RAD50 in gel-
filtration analyses15, we examined whether MRN and CtIP interact. Thus, we carried out
immunoprecipitations from human HelLa cell nuclear extracts with antisera raised against
the C- or N-terminal regions of CtIP. As shown in Figure 4a, MRN and BRCAL1 were
detected in CtIP immunoprecipitates. While most CtIP was recovered by such
immunoprecipitations, BRCA1 was only inefficiently retrieved, possibly reflecting the G2-
specific nature of the CtIP-BRCAL1 interactionl16. Furthermore, only a proportion of MRN
was recovered in CtIP immunoprecipitates, suggesting that there might be different
populations of MRN, with only a subset CtIP-associated. The interaction between CtIP and
MRN was quite stable — surviving washing in 0.5 M NaCl — and persisted in the presence of
ethidium bromide, indicating that it was not DNA-mediated (data not shown). Conversely,
CtIP was retrieved in RAD50 and MRE11 immunoprecipitates (Fig. 4b and data not shown).
The CtIP-MRN interaction was unaffected by camptothecin treatment and took place when
BRCAL was depleted (Fig. 4b). Furthermore, when we used extracts from human HCC1937
cells, CtIP was found in RAD50 immunoprecipitates and vice versa (Supplementary Fig.
4a). As HCC1937 cells express low levels of functionally impaired BRCAL bearing a
mutation in its C-terminal tandem BRCT domain that precludes its interaction with CtIP16,
these data implied that BRCAL does not bridge the CtIP-MRN interaction. Indeed, CtIP co-
immunoprecipitated with RAD50 from mixtures only containing purified, recombinant CtIP
and MRN, demonstrating a direct interaction between the two factors (Supplementary Fig.
4b).

To further characterize the CtIP-MRN interaction, we expressed in bacteria various regions
of CtIP fused to GST and assessed their ability to retrieve MRN complexes from HelLa
nuclear extracts (Fig. 4c). Whereas MRN did not bind to N-terminal regions of CtIP
containing a putative coiled-coil or the BRCAL interaction motif16 (lanes 4 and 5) it bound
efficiently when GST was fused to full-length CtIP or to a region comprising the C-terminal
108 residues of CtIP (lanes 3 and 7; see Supplementary Fig. 6a for a schematic view of the
CtIP fragments). Furthermore, when we used purified GST-fusions of CtIP (expressed in
bacteria or insect cells), they bound directly to purified, baculovirus-expressed human
MRE11-RAD50 (MR) (Supplementary Fig. 4c,d). However, while GST-fusions containing
the CtIP C-terminal region interacted with MR (Supplementary Fig. 4c), a GST-CtIP fusion
lacking the CtIP C-terminal region still interacted with MR (Supplementary Fig. 4d). These
data therefore indicate that CtIP and MRN interact directly and that there is more than one
point-of-contact between the two factors.

Since both CtIP and MRE11 are needed for effective DSB resection, we speculated that CtIP
might affect nuclease activities associated with the MRE11 complex10,35-37. Thus, we
expressed CtIP in insect cells, purified it to homogeneity (Supplementary Fig. 4b) and used
it together with purified MR in an endonuclease assay with closed-circular single-stranded
PhiX174 DNA (Fig. 4d). As shown previously38, MR exhibited nuclease activity in the
presence of manganese (lane 12) but not in the presence of magnesium (lane 5). By contrast,
CtlIP did not display detectable nuclease activity with either metal cofactor (lanes 3 and 10).
Strikingly, when CtIP was combined with MR, this produced endonuclease activity in the
presence of magnesium (lane 6) and produced more endonuclease activity in the presence of
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manganese than was exhibited by MR alone (compare lanes 12 and 13). Heat denaturation
of CtIP abolished its stimulatory effects and ATP was not required for MR activity nor for
the stimulatory effect of CtIP (data not shown). Notably, when we carried out MR-
dependent exonuclease assays with short (50 bp) radiolabeled oligonucleotide substrates,
however, we did not detect CtIP-dependent effects (data not shown). We therefore speculate
that CtIP mainly promotes endo- but not exo-nucleolytic activities in conjunction with the
MRE11 complex.

Given that both CtIP and MRN regulate DSB resection, we speculated that they might
facilitate HR. To address this, we used a U20S cell line bearing one or two copies of an
integrated HR reporter composed of two differentially mutated GFP genes oriented as direct
repeats. Transient expression of 1-Scel endonuclease in such cells generates a DSB that,
when repaired by gene conversion, results in a functional GFP gene whose expression can
be assessed by flow cytometry (Supplementary Fig. 5a)39. Significantly, depletion of CtIP
or MRE11 decreased HR frequencies to levels similar to those achieved by depleting the key
HR protein RAD51 (Fig. 4e and Supplementary Fig. 5b). Furthermore, depleting CtIP and
MRE11 together did not decrease HR efficiency further than was achieved by CtIP or
MRE11 depletion alone. These findings therefore revealed that both CtIP and MRE11
promote HR, and furthermore suggested that they do so through a common mechanism.

CtIP has homology to S. cerevisiae Sae2

Prompted by the above findings, we used regions of CtIP in PSI-Blast based database
searches40. While most regions of CtIP only identified related proteins in higher eukaryotes,
we identified proteins in a diverse range of eukaryotes that display homology with the C-
terminal 108 amino acid region of CtIP (Supplementary Fig. 6a). Most strikingly, the only S.
cerevisiae protein identified in this search was Sae2, a protein that genetically interacts with
yeast Mrell to govern camptothecin sensitivity and DSB processing (Fig. 5a and
Supplementary Fig. 6a)18-22,41,42. To address the potential functional importance of the
CtIP/Sae2 homology region, we generated a U20S cell line stably expressing an siRNA-
resistant GFP-tagged CtIP derivative (residues 1-789) lacking the C-terminal region.
Analysis of these cells under conditions where the endogenous CtIP protein was down-
regulated established that, unlike the wild-type protein, the CtIP truncation mutant did not
promote efficient Chk1 phosphorylation, RPA2 hyper-phosphorylation or RPA focus
formation upon camptothecin treatment (Fig. 5b-d). Similarly, wild-type CtIP promoted the
formation of RPA-coated ssSDNA in laser micro-irradiation studies, whereas the CtIP C-
terminal truncation mutant did not (Fig. 5e; a similar proportion of wild-type and mutant
cells stained positive for Cyclin A, ruling out cell-cycle effects — data not shown). As
anticipated from previous experiments (Supplementary Fig. 4d), both wild-type CtIP and the
truncation mutant could be co-immunoprecipitated with RAD50 (Supplementary Fig. 6b).
Taken together, these data therefore indicated that the conserved C-terminal region of CtIP
is functionally important.

Discussion

We have shown that CtIP facilitates DSB resection and sSDNA formation, thus activating
the ATR/Chk1 axis of the DNA-damage response and DNA repair by HR. Consequently,
cells depleted of CtIP display hypersensitivity towards DSB-inducing agents, particularly
those that generate DSBs specifically in S-phase. Furthermore, we have established that
CtlIP functionally interacts with the MRN complex. Taken together with the fact that MRN
also promotes DSB resection, ATR signaling and HR, these findings identify CtIP as a
critical regulator of the checkpoint signaling and DNA repair functions of the MRN
complex.
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We have also found that the CtIP C-terminus is highly conserved in CtIP orthologues in
other organisms and is required for CtIP function in human cells. Strikingly, this domain
displays homology with the C-terminus of S. cerevisiae Sae2, which genetically cooperates
with the yeast Mrel1 complex to promote DSB resection. We therefore conclude that CtIP
and Sae? are likely functional counterparts and that proteins related to these factors will turn
out to control DSB resection, sSDNA-mediated checkpoint signaling and HR in diverse
eukaryotes. Efficient DSB processing is restricted to S and G2, and requires CDK and ATM
kinase activity7. It is therefore noteworthy that CtIP and Sae2 are phosphorylated by ATM
and Mec143-45, respectively, and that the CtIP/Sae2 homology region contains conserved
potential CDK and ATM target sites. This raises the exciting possibility that
phosphorylation of these sites regulates DSB resection. In addition, CtIP interacts with and
is ubiquitylated by BRCA113,14,16,17, and has been identified as an RB interaction-
partner12, suggesting that these interactions might control the fate of DSBs during the cell
cycle. Finally, it is significant that CtIP governs responses to commonly-used anti-cancer
agents and that CtIP alterations have been reported in some cancer cells, thus highlighting
CtIP and its interaction with MRN as potential targets for drug discovery13,46,47.

METHODS SUMMARY

HelLa, HCC1937, U20S and U20S-derived cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% foetal bovine serum (FBS) and standard
antibiotics. Data for survival curves were generated by colony formation assays. In brief,
U20S cells were transfected with siRNA (see Supplementary Methods) and treated with
DNA-damage-inducing drugs. After 1 h, the drug was removed and cells were left for 10-14
days at 37°C to allow colonies to form. Colonies were stained with 0.5% crystal violet/20%
ethanol and counted. Where indicated, cells were pre-incubated with aphidicolin (10 uM)
for 90 min, then treated with the specified drug and aphidicolin for 1 h. A U20S-derived
cell line stably expressing GFP-ATR was described previously?7. The siRNA-resistant silent
wild-type GFP-CtIP construct was generated by sub-cloning the CtIP cDNA into the
PEGFP-C1 expression plasmid (BD Biosciences Clontech) and changing three nucleotides
in the CtIP-1 siRNA targeting region by using a QuikChange site-directed mutagenesis kit
(Stratagene, Inc.) as previously described16. The plasmid expressing the CtIP mutant
lacking the C-terminus (1-789) was generated by changing residues 790 and 791 in the wild-
type GFP-CtIP construct to two stop-codons. For generation of cell lines stably expressing
siRNA-resistant GFP-tagged wild-type and mutant CtIP, U20S cells were transfected with
the appropriate constructs and, following antibiotic selection, resistant clones were tested for
expression and nuclear localization of the transgene-product by immunofluorescence
microscopy. To detect sSSDNA by microscopy, cells were cultivated for 24 h in medium
supplemented with 10 wM BrdU prior to camptothecin treatment and, after fixation,
immunostained with an anti-BrdU antibody (see Methods) without any preceding DNA
denaturation or nuclease treatment48. Laser micro-irradiation was performed as described
previously30,31. Recombinant FLAG-GST-CtIP-6H was isolated from baculovirus-infected
Sf9 cells as described previously49. Recombinant MRE11-RAD50 (MR) and MRE11-
RAD50-NBS1 (MRN) complex were kind gifts from T. Paull.

Full Methods and any associated references are available in the online version of the paper
at www.nature.com/nature.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX
METHODS

Immunofluorescence microscopy

U20S cells were transfected with siRNA and after 3 days treated with 1 uM CPT for 1 h.
After pre-extraction for 5 min on ice (25 mM Hepes 7.4, 50 mM NaCl, 1 mM EDTA, 3 mM
MgCl,, 300 mM sucrose and 0.5% TritonX-100), cells were fixed with 4% formaldehyde
(w/v) in PBS for 12 min. Coverslips were washed with PBS and then co-immunostained
with primary antibodies against yH2AX (rabbit polyclonal, Cell Signaling Technology)
either in combination with an antibody against RPA2 (mouse monoclonal, Lab Vision) or
BrdU (mouse monoclonal, GE Healthcare). Appropriate Alexa Fluor-488 (green) and -594
(red) conjugated secondary antibodies (1:1000) were purchased from Molecular Probes
(Paisley, UK). Slides were viewed with a Bio-Rad confocal laser microscope by sequential
scanning of the two emission channels used.

Immunoblotting

Cell extracts were prepared in Laemmli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCI
pH 6.8), proteins were resolved by SDS-PAGE and transferred to nitrocellulose.
Immunoblots were performed by using the appropriate antibodies (see Supplementary
Methods).

Immunoprecipitation

If not specified otherwise, cells were lysed in RIPA buffer (50 mM Tris-HCI pH 7.4, 1%
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1ImM EDTA and 0.1% SDS), supplemented
with phosphatase inhibitor cocktails 1 and 2 (Sigma) and with complete protease inhibitor
cocktail (Roche). Clarified extracts were pre-cleared with protein A or G beads (Sigma) for
1 hat 4 °C. Immunoprecipiting antibodies were added to the pre-cleared supernatant and
incubated for 2 h at 4 °C. After a 1 h incubation with protein A or G beads, precipitated
immunocomplexes were washed four times in lysis buffer (containing 0.5% NP-40, without
SDS), boiled in SDS sample buffer and loaded on an SDS-polyacrylamide gel. Proteins were
analysed by immunoblotting as described above.

GST pull-downs

GST-CtIP fragments were constructed by cloning polymerase chain reaction products into
pGEX-4T1 (Amersham). GST fusion plasmids were grown in BL21 RIL (Codon+)
Escherichia coli (Stratagene) and protein was expressed by incubation for 4 h at 30 °C after
the addition of 100 wM IPTG. Proteins were purified from soluble extracts with glutathione
Sepharose 4 fast flow beads (Amersham). GST fusion proteins bound to glutathione beads
were mixed with 1 mg of HeLa nuclear extract and incubated for 1 h at 4 °C in 1 ml of
TEN100 buffer (20 mM Tris-HCI, pH 7.4, 0.1 mM EDTA and 100 mM NacCl). Beads were
then washed four times with NTEN300 buffer (0.5% NP-40, 0.1 mM EDTA, 20 mM Tris-
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HCI, pH 7.4, 300 mM NaCl), complexes were boiled in SDS sample buffer and analysed by
SDS-PAGE followed by either coomassie staining or immunoblotting.

In vitro nuclease assay

The PhiX174 circular single-stranded virion DNA substrate (5386 nt, New England
Biolabs), was mixed with MR together with BSA or CtIP in reaction buffer (30 mM
potassium-MOPS, pH 7.2, 1 mM dithiothreitol, 1 mM ATP, 25 mM KCI, and 5 mM of
either MgCl, or MnCl,). After incubation for 3 h at 37°C, nuclease reactions were
terminated by adding 1/10 volume of stop solution (3% SDS, 50 mM EDTA) and samples
were run in a 0.8% agarose gel (1XTAE) for 90 min at 100 mA. DNA species were stained
with SYBR Gold Nucleic Acid Gel Stain (Molecular Probes) for 20 min and visualised with
a fluoroimager (FLA-5000, Fujifilm).

Homologous recombination assay

A U20S clone with the integrated HR reporter DR-GFP was generated as described
previously39. Two days after transfection with sSiRNA, U20S-DR-GFP cells were co-
transfected with an 1-Scel expression vector (pCBA-I-Scel) together with a vector
expressing monomeric red fluorescent protein (pCS2-mRFP). The latter plasmid was added
in 1:3 ratio to mark the I-Scel-positive cells. Cells were harvested two days after I-Scel
transfection and subjected to flow cytrometric analysis to examine recombination induced
by double-strand breakage. Only RFP positive sub-populations of cells were analysed for
HR efficiency to circumvent possible differences in transfection efficiencies. Fluorescence-
activated cell sorting data were analysed with CellQuest software to reveal the percentage of
GFP-positive cells relative to the number of transfected cells (RFP positive). The data were
then related to a control siRNA treatment in each individual experiment. The dividing line
between GFP (HR) positive and negative cells was set to 1 % background level of GFP
positive cells in every internal control (not transfected with I-Scel). This gate was then
applied to the RFP/I-Scel positive counterparts to determine HR efficiency (see
Supplementary Fig. 5b).
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FIGURE 1. CtIP depletion causes hyper sensitivity to DSB-inducing agents

a-c, CtIP down-regulation causes replication-dependent camptothecin (CPT) and etoposide
hypersensitivity, and weak bleocin hypersensitivity. U20S cells were pre-incubated with
aphidicolin (Aph) where indicated, then treated for 1 h with CPT, etoposide or bleocin.
CtIP-1 and CtIP-2 are two independent siRNAs. Survival data represent mean +/- standard
error of mean (xSEM) from =3 independent experiments.

d, e, Aphidicolin suppresses CPT- and etoposide-induced CtIP phosphorylation. Extracts
from cells down-regulated for Luciferase or CtIP and treated with CPT or etoposide in the
presence or absence of aphidicolin were immunoblotted as indicated.
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f, g, CtIP depletion impairs Chk1 and RPA phosphorylation but not Chk2 phosphorylation
after CPT treatment. Asterisks in d-g: hyper-phosphorylated CtIP and RPAZ2.
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FIGURE 2. CtIP associates with sites of DNA damage in S/G2 and promotes ATR recruitment to
DSBs

a, b, CtIP recruitment to laser-induced DSBs occurs in S/G2. Cells were stained for
endogenous yH2AX, CtIP or Cyclin A. All cells display local yH2AX signals but only S/
G2 cells have pan-nuclear Cyclin A staining.

¢, GFP-CtIP co-localizes with RPA-ssDNA. Insets: higher magnifications.

d, CtIP down-regulation impairs ATR recruitment to DNA damage. GFP-ATR expressing
cells were treated, micro-irradiated and monitored (Supplementary Fig. 2¢). GFP-ATR DSB
tracks were manually scored 15 min after micro-irradiation for control and CtIP-depleted
cells (296 and 264 cells, respectively). Data represent mean (xSEM) from two experiments.
e, CtIP depletion does not affect yH2AX formation. Cells from d were fixed 15 min after
micro-irradiation and immunostained.
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FIGURE 3. CtI P depletion impairs DSB resection

a, b, CtIP is required for RPA recruitment to laser- and CPT-induced DSBs. Cells treated
with control or CtIP siRNA were either micro-irradiated and 30 min later co-immunostained
for yH2AX and RPAZ2, or were treated with CPT for 1 h and immunostained.

¢, CtIP depletion impairs ssDNA formation. After siRNA treatment, cells were tested for
CPT-induced ssDNA formation by a non-denaturing BrdU staining procedure (see Methods
and text for details). For each CPT-treated sample >100 cells were counted and the
percentage exhibiting yH2AX foci, or both yH2AX and ssDNA foci, was determined
(Supplementary Fig. 3a,b). Data represent the mean (SEM) from two independent
experiments.
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FIGURE 4. CtIP interactswith MRN and promotesHR

a, MRN co-immunoprecipitates with CtIP. HeLa nuclear extract (HNE) was
immunoprecipitated (IP) with pre-immune or anti-CtIP antibodies and analyzed by
immunoblotting (I1B).

b, CtIP-MRN interaction after DNA damage and after BRCAZ1-depletion. Where indicated,
cells were treated with 1 uM CPT for 1 h. Whole cell extracts (WCE) were immunoblotted
directly or after immunoprecipitation.

¢, The CtIP C-terminus binds MRN. Bacterially-expressed fusions (arrows) were tested for
binding MRN in HNE by immunoblotting.

d, CtIP stimulates MR-dependent nuclease activity. PhiX174 substrate was incubated with
MR (40 ng), BSA (200 ng) or CtIP (200 ng) in 5 mM MgCl, or MnCl,, run on a agarose gel
and stained with SYBR Gold. ssc: circular ssSDNA.

e, CtIP or MRE11 down-regulation impairs HR (see Methods and text for details). Data
represent the mean (xSEM) from four independent experiments.
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FIGURE 5. Function and evolutionary conservation of the CtIP C-terminus

a. Alignment of CtIP and Sae2 arising from BLAST-searches with the CtIP C-terminus
(790-897).

b-e, Deletion of the CtIP C-terminus impairs CtIP function. Three days after SiRNA
transfection, U20S cells stably expressing GFP- tagged siRNA-resistant wild-type CtIP
(WT) or a deletion mutant (1-789) were either treated with 1 M CPT for 1 h and analyzed
by immunoblotting or co-immunostaining, or were micro-irradiated and 30 min later co-
immunostained as indicated. Asterisks in b and c: hyper-phosphorylated CtIP and RPA2.
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