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A key cellular response to DNA double-strand breaks
(DSBs) is 5�-to-3� DSB resection by nucleases to generate
regions of ssDNA that then trigger cell cycle checkpoint
signaling and DSB repair by homologous recombination
(HR). Here, we reveal that in the absence of exonuclease
Exo1 activity, deletion or mutation of the Saccharomy-
ces cerevisiae RecQ-family helicase, Sgs1, causes pro-
nounced hypersensitivity to DSB-inducing agents. More-
over, we establish that this reflects severely compro-
mised DSB resection, deficient DNA damage signaling,
and strongly impaired HR-mediated repair. Furthermore,
we show that the mammalian Sgs1 ortholog, BLM—
whose deficiency causes cancer predisposition and infer-
tility in people—also functions in parallel with Exo1 to
promote DSB resection, DSB signaling and resistance to
DSB-generating agents. Collectively, these data establish
evolutionarily conserved roles for the BLM and Sgs1 he-
licases in DSB processing, signaling, and repair.
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Results and Discussion

DNA double-strand breaks (DSBs) are highly cytotoxic
lesions that are induced by ionizing radiation (IR) and
certain anti-cancer chemotherapeutic agents. To survive
DSB exposure and maximize genome stability, cells pos-
sess a complex machinery to detect DSBs, signal their
presence, and mediate their repair (Zhou and Elledge
2000; Rouse and Jackson 2002; Lisby and Rothstein
2004; Wyman and Kanaar 2006). The importance of such
responses is revealed by the fact that inherited defects in
them lead to human pathologies, including cancer, infer-
tility and neurodegeneration (Khanna and Jackson 2001;
Kastan and Bartek 2004). In all eukaryotes, an early
response to DSBs is their 5�-to-3� resection to produce
ssDNA (Lisby and Rothstein 2004; Wyman and Kanaar
2006). This is bound by replication protein A (RPA),
which then recruits and activates the human protein ki-

nase ATR (Mec1 in Saccharomyces cerevisiae) to phos-
phorylate downstream effector proteins, including the
protein kinase CHK1 (the functional counterpart of S.
cerevisiae Rad53; Zou and Elledge 2003). In addition to
promoting signaling responses, ssDNA regions are also
required for DNA repair by homologous recombination
(HR), being bound by the HR proteins Rad51 and Rad52
(Wyman and Kanaar 2006; San Filippo et al. 2008). To
understand the mechanisms and control of DSB signal-
ing and HR repair, it is therefore crucial to define how
DSBs are detected and processed into ssDNA.

While the S. cerevisiae nuclease Exo1 promotes DSB
resection, its contribution to this is modest, with exo1�
mutants exhibiting considerable residual resection and
displaying little hypersensitivity to DNA damaging
agents (Moreau et al. 2001; Maringele and Lydall 2002;
Nakada et al. 2004; Tran et al. 2004; Cotta-Ramusino et
al. 2005; Clerici et al. 2006; Bermejo et al. 2007). Fur-
thermore, yeast cells deficient in the Mre11–Rad50–Xrs2
(MRX) complex also display impaired DSB processing
(Lee et al. 1998; Nakada et al. 2004; Clerici et al. 2006),
with the resection defect of mrx� exo1� double mutants
being more severe than those of the single mutants (Na-
kada et al. 2004). Nevertheless, residual resection and
HR still take place in mrx� exo1� mutant cells, indicat-
ing that additional, Exo1- and MRX-independent, path-
ways of DSB resection exist (Moreau et al. 2001; Nakada
et al. 2004).

DNA helicases participate in multiple DNA transac-
tions (Singleton et al. 2007; Lohman et al. 2008), but
their possible involvement in DNA end resection has
not been specifically addressed. While yeasts mutated in
such helicases do not exhibit phenotypes suggestive of
strong DSB resection defects, we reasoned that this
might reflect them functioning in Exo1-independent re-
section pathways. Consequently, we tested the impact of
disrupting genes for DNA helicases in an exo1� mutant
background. Strikingly, this revealed that inactivation of
the Sgs1 helicase in exo1� cells caused substantial hy-
persensitivity toward a wide range of DNA damaging
agents, including IR, the IR-mimetic compound phleo-
mycin, the DNA replication inhibitor hydroxyurea (HU),
the DNA alkylating agent methyl methanesulphonate
(MMS), and the topoisomerase I poison Camptothecin,
which yields cytotoxicity primarily through it producing
DSBs during S phase (Fig. 1A). Indeed, the sensitivities of
the sgs1� exo1� mutant were comparable with those of
rad52� cells, which are impaired in all HR pathways;
and furthermore, in most cases sgs1� exo1� cells were
considerably more sensitive than DNA damage check-
point-deficient mec1� cells (Fig. 1A). In contrast, sgs1�
or exo1� single mutants displayed little or no hypersen-
sitivity toward the DNA damaging agents tested (Fig.
1A). Importantly, we found that the genetic interaction
between SGS1 and EXO1 is specific, as no increased sen-
sitivity to DNA damaging agents was observed when
Srs2, another helicase with known roles in responding to
DNA damage, was inactivated in the exo1� mutant
background (Fig. 1B).

Earlier work has shown that sgs1� mutant cells suffer
spontaneously arising gross chromosomal rearrange-
ments (GCRs) at ∼20-fold higher rates than wild-type
cells (Myung et al. 2001). As shown in Figure 1C, while
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we detected GCRs readily in sgs1� cells, exo1� mutant
cells formed GCRs at low frequencies, as previously re-
ported (Myung et al. 2001; Smith et al. 2005). In contrast,
and in line with the DNA damage sensitivity data, dele-
tion of both EXO1 and SGS1 had strikingly synergistic
effects, with GCR frequencies in the double mutant be-
ing ∼600-fold and 3800-fold higher than those exhibited
by the sgs1� and exo1� single mutants, respectively
(Fig. 1C).

Because Exo1 functions in DNA mismatch repair
(MMR), the phenotypes of sgs1� exo1� mutant cells
might have reflected the combined inactivation of Sgs1
and MMR. However, when we inactivated the key MMR

component Msh2 in an sgs1� mutant background, the
resulting cells were nowhere near as sensitive as sgs1�
exo1� cells, and had sensitivity profiles similar to those
of the single mutants (Fig. 1D). These results therefore
indicated that Exo1 imparts resistance to DSB-generat-
ing agents by mechanisms independent of its effects on
MMR. Next, we addressed whether the helicase activity
of Sgs1 and the nuclease activity of Exo1 were required
for resistance to DNA damaging agents. Thus, sgs1�
exo1� mutant cells were transformed with an empty
plasmid, a plasmid encoding wild-type Sgs1 or Exo1, or a
plasmid in which the coding sequence of SGS1 or EXO1
had been altered to produce a catalytically inactive pro-
tein. As shown in Figure 1E, the wild-type versions of
Sgs1 and Exo1 rescued the DNA damage sensitivities of
sgs1� exo1� mutant cells, whereas the helicase-defec-
tive Sgs1 derivative (sgs1-hd) and the nuclease-defective
Exo1 derivative (exo1-nd) did not. These findings there-
fore indicated that the catalytic activities of both Sgs1
and Exo1 are required for resistance to DNA damaging
agents.

The observation that sgs1� exo1� double-mutant cells
displayed DNA damage sensitivity profiles similar to
those of HR-defective rad52� cells suggested that the
combined loss of Sgs1 and Exo1 activity might prevent
HR. To test this, we assessed the impact of SGS1 and
EXO1 deletion on mating-type switching, an HR-medi-
ated event that is initiated by the HO endonuclease and
that replaces one MAT allele of a strain with DNA se-
quences encoding the opposite allele. Thus, we trans-
formed wild-type and mutant cells of the MATa mating
type with a plasmid that directed galactose-inducible
HO expression. HO was then expressed in resulting
strains by galactose addition, and glucose was provided 1
h afterward to inhibit HO production and cutting of the
MAT locus, thereby allowing recombination to proceed.
To assess such HR events, cells were recovered at vari-
ous times before or after HO induction, then total geno-
mic DNA was prepared and analyzed by Southern blot-
ting (replacement of MATa by MAT� generates restric-
tion fragments of different sizes). As shown in Figure 2A,
the MAT� product was readily detected 2 h after HO
induction in wild-type, sgs1� and exo1� cells. In con-
trast, MAT�-product formation was dramatically de-
layed in sgs1� exo1� mutants and remained virtually
undetectable even 5 h after HO induction (Fig. 2A).
Moreover, while sgs1� exo1� mutants complemented
with either wild-type Sgs1 or Exo1 had normal switching
kinetics, the switching kinetics of cells expressing cata-
lytically inactive versions of Sgs1 or Exo1 were similar to
those of cells containing empty plasmids (Fig. 2B). These
data therefore revealed that sgs1� exo1� double-mutant
cells, but not the corresponding single mutants, are
markedly impaired in HR-mediated events at the MAT
locus. Furthermore, they established that the enzymatic
functions of Sgs1 and Exo1 are required for normal ki-
netics of mating-type switching.

Previous work has shown that mating-type switching
is greatly reduced when MRE11 is inactivated in an
exo1� mutant background, indicating that Mre11 and
Exo1 function in two independent pathways that pro-
mote HR (Moreau et al. 2001). Because we had observed
similar synergistic effects when inactivating both SGS1
and EXO1, we wondered whether Sgs1 and Mre11 might
promote HR through the same pathway. However, as
was the case for EXO1 deletion, the deletion of SGS1

Figure 1. SGS1 and EXO1 are components of parallel pathways
promoting resistance to DNA-damaging agents. (A) sgs1� exo1�
double mutants are hypersensitive to DNA damaging agents. Ten-
fold serial dilutions of the indicated strains were treated with IR or
were plated on media containing the indicated drug, then were in-
cubated for 3 d at 30°C. (B) Srs2 is not required for resistance to DNA
damaging agents in the absence of Exo1. Strains were treated as in A.
(C) GCR frequency was measured for the indicated strains; the mean
and standard deviation of two fluctuation tests are shown. (D) Inac-
tivation of MMR does not sensitize sgs1� cells to DNA damaging
agents. Analyses were as in A. (E) The catalytic activities of Sgs1 and
Exo1 promote resistance to DNA damaging agents. sgs1� exo1�
mutants were transformed with an empty vector, with a vector ex-
pressing the wild-type (pSGS1) or a helicase-deficient (psgs1-hd) ver-
sion of Sgs1, or with a vector expressing the wild-type (pEXO1) or a
nuclease-deficient (pexo1-nd) version of Exo1. Analyses were as in A.
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markedly reduced mating-type switching taking place in
mre11� cells (Fig. 2C). These data therefore indicated
that HR at the MAT locus is controlled by at least three

distinct mechanisms involving Exo1, Mre11, and Sgs1,
respectively. Consistent with these proteins controlling
different functions, we found that the combined loss of
MRX, EXO1, and SGS1 is lethal (Supplemental Fig. S1).

Although Sgs1 and Exo1 could potentially affect vari-
ous steps of HR, we reasoned that they were most likely
functioning at the level of DSB resection. To test this, we
analyzed the DNA-degradation rate at HO-generated
DSB ends by employing a slot blot hybridization proce-
dure (Lee et al. 1998). When using a probe complemen-
tary to DNA sequences next to the HO recognition site,
we detected a progressive, time-dependent decrease in
signal in samples derived from wild-type, sgs1�, and
exo1� strains. In contrast, the rate of degradation was
markedly reduced in the sgs1� exo1� mutant (Fig. 3A,B).
Furthermore, the helicase-defective SGS1 allele and the
nuclease-defective EXO1 allele were incapable of
complementing the resection defect of sgs1� exo1� mu-
tant cells (Fig. 3A,B; as shown in Supplemental Fig. S2,
the cell cycle profiles of the various strains were very
similar at the time of HO induction, ruling out possible
indirect, cell cycle-dependent effects of Exo1 and Sgs1 on
resection). These findings therefore established that the
catalytic activities of Exo1 and Sgs1 are needed for effi-
cient DSB resection.

ssDNA generated by DSB processing provides the sig-
nal for Mec1-dependent DNA damage signaling (Zou and
Elledge 2003; Ira et al. 2004). We therefore investigated
whether the impaired resection in sgs1� exo1� cells af-
fected Mec1-mediated Rad53 activation as monitored by
phosphorylation-induced Rad53 mobility shifts on West-
ern blots. Notably, Rad53 hyperphosphorylation was
readily detectable 2 h after HO induction in wild-type
cells but not in sgs1� exo1� double-mutant cells (Fig.
3C). Furthermore, while expression of either Sgs1 or
Exo1 restored normal HO-induced Rad53 hyperphos-
phorylation in sgs1� exo1� mutant cells, the helicase-
defective version of Sgs1 and the nuclease-defective ver-
sion of Exo1 failed to complement this phenotype, indi-
cating that the enzymatic activities of both proteins are
required for effective Rad53 activation.

Given that many aspects of the DNA damage response
have been conserved during evolution, we tested wheth-
er BLM, the mammalian counterpart of Sgs1 (Cobb et al.

Figure 2. sgs1� exo1� mutants have mating-type switching de-
fects. (A) Time course of DSB repair at the MAT locus in the indi-
cated strains. Galactose was added at time 0 to induce HO expres-
sion, and samples were removed at 1-h intervals for Southern blot
analysis. Bands corresponding to uncut (MATa), HO endonuclease-
cut and product (MAT�) restriction fragments are indicated. The
unlabeled band corresponds to the distal fragment and serves as a
loading control. (B) The catalytic activities of Sgs1 and Exo1 pro-
mote mating-type switching. sgs1� exo1� cells transformed with an
empty vector, or with a vector expressing the wild-type (pSGS1) or
a helicase-deficient (psgs1-hd) version of Sgs1 (top panel), or with a
vector expressing the wild-type (pEXO1) or a nuclease-deficient
(pexo1-nd) version of Exo1 (bottom panel) were analyzed as in A. (C)
Mre11 and Sgs1 promote mating-type switching by independent
pathways. Analyses were as in A.

Figure 3. Sgs1 and Exo1 act in parallel to promote DSB resection and checkpoint activation. (A) sgs1� exo1� mutants have resection defects.
sgs1� exo1� cells containing an irreparable HO site were transformed with plasmids to generate the indicated strains. Galactose was added to
cultures at time 0 and samples were removed at 1-h intervals for DNA analysis by denaturing slot blotting with a probe specific to sequences
adjacent to the HO site. The blot was then stripped and reprobed with actin as a loading control. (B) Densitometric analysis of the data in A.
For each time point, the signal detected by the HO probe was normalized to actin. (C) Extracts from samples taken during the experiment shown
in A were analyzed by Western blotting with an anti-Rad53 antibody.
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2002; Bachrati and Hickson 2003), promotes DSB resec-
tion in human cells. Thus, we used siRNA treatment to
deplete BLM, EXO1, or both BLM and EXO1 from U2OS
cells, and then exposed depleted cells to Camptothecin
for 1 h to induce DSB formation (Camptothecin was used
because resection is needed for repair of Camptothecin-
induced DSBs and because such DSBs occur in S phase,
when CDK levels are sufficient to allow efficient resec-
tion to occur) (Pommier et al. 2003; Jazayeri et al. 2006;
Sartori et al. 2007). Next, we measured ssDNA accumu-
lation by using immunofluorescence microscopy to
monitor the formation of RPA foci in cells that stained
positive for phosphorylated histone H2AX (�H2AX),
which is a marker of DNA DSBs (Rogakou et al. 1999).
This revealed that BLM depletion reduced the proportion
of cells with discernible RPA foci (Fig. 4A). Furthermore,
and consistent with previous work implicating mouse
EXO1 in DSB resection (Schaetzlein et al. 2007), we
found that EXO1 depletion caused a mild but reproduc-
ible defect in Camptothecin-induced RPA focus forma-

tion in human cells (Fig. 4A). Moreover, codepletion of
BLM and EXO1 had an additive effect, leading to a fur-
ther reduction in the proportion of cells displaying RPA
foci (Fig. 4A) (note that BLM and/or EXO1 depletion did
not affect DSB formation per se because H2AX phosphor-
ylation took place effectively in every case). These data
therefore indicated that BLM and EXO1 function in dis-
tinct but complementary pathways of DSB resection in
human cells. We also found that depletion of CtIP, a
factor known to promote DSB resection (Sartori et al.
2007), had a greater impact on RPA-focus formation than
codepletion of BLM and EXO1 (Fig. 4A,C). While this
could reflect differences in depletion efficiencies, it is
possible that CtIP performs a function particularly im-
portant for resection of Camptothecin-induced DSBs
and/or provides a suitable environment for various resec-
tion pathways to operate efficiently.

To explore the impact of BLM and EXO1 on DSB re-
section and signaling further, we used antibodies that
recognize phosphorylation sites on downstream target

Figure 4. BLM and EXO1 promote DNA DSB resection and associated events in human cells. (A) BLM and EXO1 deficiency impairs Camp-
tothecin-induced RPA focus formation. U2OS cells were transfected with siRNAs directed against Luciferase (siCNTL), CtIP, BLM, EXO1, or
a combination of BLM and EXO1, then 72 h later were mock-treated or treated with 1 µM Camptothecin for 1 h. Cells were next detergent-
extracted and fixed, then foci for phosphorylated histone H2AX (�H2AX) and RPA2 were visualized by indirect immunofluorescence. More than
100 cells were counted for each sample and the percentages of cells exhibiting both �H2AX and RPA foci was determined. Data represent the
mean ± SEM from three independent experiments. All counting was done blind. (B) BLM and EXO1 promote DSB signaling. Extracts of
mock-treated or Camptothecin-treated cells depleted for the indicated factors were analyzed by Western blotting with the indicated antibodies.
Endogenous EXO1 levels were too low to allow detection with anti-EXO1 antisera and so verification of EXO1 siRNA depletion was done with
cells stably expressing a GFP-Exo1 construct (see Supplemental Fig. S4). (C) RPA Ser-4 and Ser-8 phosphorylation (RPApS4/S8) is compromised
by BLM and EXO1 depletion. CtIP, BLM, or EXO1 were depleted and cells were treated as in A, followed by analysis by indirect immunoflu-
orescence with the indicated antibodies. More than 100 cells were counted for each sample, and data represent the mean ± SEM from three
independent experiments. Counting was done blind. (D) Codepletion or BLM and EXO1 yields Camptothecin hypersensitivity. Seventy-two
hours following transfection with the indicated siRNAs, U2OS cells were treated with Camptothecin for 1 h, and cell survival was determined
by colony formation. Data represent the mean ± SEM from three independent experiments.
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proteins. The loading of RPA onto ssDNA promotes its
hyperphosphorylation on various sites, including Ser-4
and Ser-8 of RPA2 (Shao et al. 1999; Anantha et al. 2007).
Significantly, when we used phospho-specific antibodies
against these sites in Western immunoblotting analyses,
we found that while RPA2 Ser4/8 phosphorylation was
only slightly reduced by BLM or EXO1 depletion, it was
markedly diminished when BLM and EXO1 were code-
pleted (Fig. 4B; FACS analyses in Supplemental Fig. S3
show that depleting EXO1 and BLM alone or in combi-
nation had little effect on cell cycle distributions). Fur-
thermore, BLM or EXO1 depletion reduced RPA phos-
phorylation when the phospho-specific antibodies were
used in indirect immunofluorescence assays (Fig. 4C).
Moreover, quantification revealed that BLM and EXO1
had additive effects, with doubly depleted cells exhibit-
ing dramatically reduced focus formation (Fig. 4C, his-
togram). Phosphorylation of CHK1 on Ser-345, which is
an established marker of ATR activation by ssDNA/
RPA, was also markedly impaired by codepletion of BLM
and EXO1 (Fig. 4B). In this case, however, BLM or EXO1
depletion alone had little impact, suggesting that in the
presence of either factor resection was sufficient to pro-
mote ATR signaling (note that depletion of BLM and
EXO1 alone or in combination had little effect on phos-
phorylation of CHK2 Thr-68, which can occur in the
absence of extensive DSB resection) (Fig. 4B; Jazayeri et
al. 2006). We also found that codepletion of BLM and
EXO1 caused hypersensitivity toward Camptothecin,
whereas the depletion of either factor alone had little or
no effect (Fig. 4D).

In summary, we established that Exo1 and members of
the RecQ-family of DNA helicases promote DSB resec-
tion in both yeast and human cells. Specifically, we
showed that loss or mutation of the S. cerevisiae DNA
helicase Sgs1 markedly impairs DSB resection in Exo1-
deficient cells, leading to pronounced hypersensitivity
toward DNA damaging agents, severely impaired HR
and ineffective Mec1-mediated DNA damage signaling.
Similarly, while depletion of either human BLM or
EXO1 only mildly impairs DSB resection and ensuing
ATR-mediated signaling, such responses are markedly
defective when BLM and EXO1 are depleted simulta-
neously. Although other possibilities exist, the simplest
explanation for our findings is that Sgs1/BLM and Exo1/
EXO1 constitute parts of two complementary resection
pathways. Furthermore, data in yeast cells suggest that
Exo1 and Sgs1 facilitate DSB resection by mechanisms
that are at least partly distinct from resection events
promoted by the MRX complex. One key question re-
maining is why cells possess multiple DSB resection
mechanisms. While this could reflect redundancy—pos-
sibly to provide cells with a buffer against genotoxic
challenges—we speculate that the different pathways
will turn out to be more complementary than redundant,
with each pathway being best suited for different physi-
ological situations. Thus, it will be interesting to com-
pare the abilities of the Sgs1/BLM-, MRX/MRN-, and
Exo1/EXO1-dependent DSB resection pathways to oper-
ate in different phases of the cell cycle and in different
cell types. It will also be of interest to assess their rela-
tive abilities to process stalled replication forks and pro-
mote replication restart, and to compare their activities
on different classes of DSB lesions, which include clean
DNA ends and DSBs containing complex base damage
and/or difficult-to-process structures such as protein–

DNA cross-links. Other challenges for future research
will be to identify other protein players functioning in
the various DSB-processing pathways and define how
their activities are controlled. Finally, it is tempting to
speculate that defective DSB processing and ensuing
ssDNA signaling might underlie the cancer predisposi-
tion and/or infertility phenotypes of human Bloom’s
syndrome patients, and that defective EXO1 function
might also be associated with certain cancers.

Materials and methods

Plasmids and yeast strains
Plasmids encoding wild-type Sgs1 (pJL31: LEU2 CEN6 ARS4) and a he-
licase-dead version of Sgs1 (pJL37: LEU2 CEN6 ARSH4) are described in
Lu et al. (1996), and were kindly provided by S. Brill. The EXO1 ORF plus
250 base pairs (bp) of upstream sequences were amplified by PCR and
cloned in pRS414 (TRP1 CEN6 ARSH4). A C-terminal myc epitope tag
was added to Exo1 at the same time to generate pExo1-myc. To generate
a catalytically inactive version of Exo1, a 533-bp NsiI/BamHI fragment
from pJAS-exo1-D173A-Flag (a kind gift of M. Liskay; described in Tran
et al. 2002) was used to replace the wild-type sequence of pExo1-myc.
Yeast strains used in Figures 1 and 2 and Supplemental Figure S1 are
W303 derivatives (with the exception of Fig. 1C, in which RDKY3615
derivatives were used; Myung et al. 2001). To generate the sgs1� exo1�

hml� hmr� GAL-HO strain used in Figure 3, W303 sgs1� exo1� were
crossed to JKM139 (hml� hmr� GAL-HO) (Lee et al. 1998). The resulting
diploids were sporulated and microdissected, and relevant genetic ele-
ments were identified by marker segregation or PCR.

GCRs measurements
GCRs were determined as described previously (Myung et al. 2001). Ex-
periments were repeated twice using five independent cultures in each
case.

Physical analysis of mating type switching
Cells to be tested were transformed with a plasmid permitting the ga-
lactose-dependent induction of HO endonuclease and with plasmids en-
coding wild-type and catalytically inactive versions of SGS1 and EXO1
when indicated. Cells were grown in raffinose-containing media to an
OD600 of 0.3–0.4, then 2% galactose was added. One hour after addition
of galactose, cells were harvested and resuspended in glucose-containing
media. Samples were removed prior to HO induction (t = 0), and at 1-h
intervals after induction for DNA analysis. Total genomic DNA was
prepared, digested with StyI, separated on 0.8 % agarose gels, and then
transferred to nylon membrane and hybridized with a radioactively la-
beled probe overlapping the first StyI site downstream from the Z region
of MAT.

DNA end resection assay
sgs1� exo1� hml� hmr� GAL-HO cells were transformed with plasmids
to generate strains of the genotype indicated in Figure 3. These cells were
grown in media containing raffinose to an OD600 of 0.3–0.4, then 2%
galactose was added. Samples were removed prior to HO induction (t = 0),
and at 1-h intervals after induction for DNA analysis. Total genomic
DNA was prepared, denatured, and blotted onto a nylon membrane using
a slot blot manifold. DNA was hybridized with a radiolabeled probe
complementary to DNA sequences adjacent to the HO recognition site,
then stripped and reprobed with an actin probe. Signals were quantified
with a FLA-5000 instrument (Fuji), and values obtained with the HO
probe were normalized to those obtained with the actin probe.

Cell culture and transfection
Human U2OS osteosarcoma cells were cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum and stan-
dard antibiotics. All siRNA duplexes were purchased from MWG-Bio-
tech, with the exception of the BLM siGENOME Smartpool (Dharma-
con). siRNA sequences are as follow: CNTL (luciferase: 5�-CGUACGC
GGAAUACUUCGATT-3�), CtIP (CtIP-1) (Sartori et al. 2007), EXO1 (5�-
CAAGCCUAUUCUCGUAUUUTT-3�), BLM (siGENOME sequences:
5�-GAGCACAUCUGUAAAUUAA-3�; 5�-GAGAAACUCACUUCAAU
AA-3�; 5�-CAGGAUGGCUGUCAGGUUA-3�; 5�-CUAAAUCUGUGG
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AGGGUUA-3�). For optimal depletion of protein factors, siRNA was
transfected into cells using Oligofectamine reagent (Invitrogen) in two
consecutive rounds in which siRNA was added to cells to a final con-
centration of 80 nM as follows: CNTL (80 nM luciferase siRNA), CtIP (40
nM CtIP siRNA + 40 nM CNTL siRNA), BLM (40 nM BLM siRNA + 40
nM CNTL siRNA), EXO1 (40 nM EXO1 siRNA + 40 nM CNTL siRNA),
or combined BLM and EXO1 (40 nM BLM siRNA + 40 nM EXO1 siRNA).
Experiments were typically performed 72 h following first siRNA trans-
fection. Data for survival curves were generated by colony formation
assays. In brief, 48 h following the second siRNA transfection, cells were
treated with Camptothecin or DMSO (CNTL). After 1 h, the drug was
removed and cells were left for 10–14 d at 37°C to allow colonies to form.
Colonies were stained with 0.5% crystal violet/20% ethanol and counted.

Antibodies
The antibodies used in this study were rabbit �-Rad53 (a gift from Noel
Lowndes), goat �-BLM (C18, Santa Cruz Biotechnologies), mouse �-RPA2
(Ab1, 9HD, Lab Vision), rabbit �-RPA pS4/S8 (Bethyl), rabbit �-�H2AX
(Cell Signaling), rabbit �-Chk2 pT68 (Cell Signaling), rabbit �-Chk2 (Ab-
cam), rabbit �-Chk1 pS345 mAb (133D3, Cell Signaling), mouse �-Chk1
(G4, Santa Cruz Biotechnologies), and a mouse monoclonal antibody to
CtIP (provided by R. Baer) (Yu and Baer 2000).

Immunofluorescence microscopy
Cells grown on glass coverslips were pre-extracted for 5 min on ice with
cytoskeletal buffer (10mM PIPES at pH 6.8, 300 mM sucrose, 50 mM
NaCl, 3 mM EDTA, 0.5% Triton X-100, Protease Inhibitor Cocktail
[Complete, EDTA-free; Roche]) before fixation in 2% paraformaldehyde
for 15 min at room temperature. After fixation, cells were washed with
PBS and then blocked with 5% BSA and 0.1% Triton X-100 in PBS. Cells
were stained with primary antibodies in block for 1 h, washed in
PBS + 0.1% Triton X-100, and then stained with Alexa Fluor 488 goat
anti-mouse/rabbit, and Alexa Fluor 598 goat anti-mouse/rabbit (Molecu-
lar Probes) for 1 h at room temperature in block. DNA was counterstained
with DAPI (0.2 µg/mL) in Vectorshield mounting agent (Vector Laborato-
ries). Images were acquired using a Bio-Rad Radiance 2100 (on a Nikon
Eclipse E800 upright) microscope using Lasersharp 2000 software (Zeiss).
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