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Replication is not as continuous as once thought, with DNA
damage frequently stalling replication forks. Aberrant repair of
stressed replication forks can result in cell death or genome
instability and resulting transformation to malignancy. Stressed
replication forks are most commonly repaired via homologous
recombination (HR), which begins with 5� end resection, medi-
ated by exonuclease complexes, one of which contains Exo1.
However, Exo1 requires free 5�-DNA ends upon which to act,
and these are not commonly present in non-reversed stalled
replication forks. To generate a free 5� end, stalled replication
forks must therefore be cleaved. Although several candidate
endonucleases have been implicated in cleavage of stalled repli-
cation forks to permit end resection, the identity of such an
endonuclease remains elusive. Here we show that the 5�-endo-
nuclease EEPD1 cleaves replication forks at the junction
between the lagging parental strand and the unreplicated DNA
parental double strands. This cleavage creates the structure
that Exo1 requires for 5� end resection and HR initiation. We
observed that EEPD1 and Exo1 interact constitutively, and Exo1
repairs stalled replication forks poorly without EEPD1. Thus,
EEPD1 performs a gatekeeper function for replication fork
repair by mediating the fork cleavage that permits initiation of
HR-mediated repair and restart of stressed forks.

The replicating cell perpetually suffers from DNA damage
from both endogenous and exogenous sources. This DNA

damage creates barriers for the replication fork, and replication
is not a smooth, continuous process, but rather one of intermit-
tent stress, with forks stalling and restarting (1–3). Timely,
accurate fork restart is important for maintaining genome sta-
bility, and replication fork stress is a common precursor to
genomic instability. This genomic instability often manifests as
chromosome gain or loss, translocations, and mitotic catastro-
phe, with the cell dying, or worse, gaining tolerance of the chro-
mosomal inequities, and transforming to a malignant pheno-
type (4 – 6). Thus, replication fork repair is a critical process,
required to maintain genetic integrity.

Eukaryotic replication fork repair and restart are complex
and incompletely understood. The homologous recombination
(HR)3 repair pathway is thought to be responsible for high fidel-
ity repair and restart of stressed replication forks (4 –7). HR is
initiated by 5� end resection of free DNA double-strand (DS)
ends to create 3� single-stranded (SS) DNA, which then uses
BRCA2/RAD51 and other HR factors to create heteroduplexes
with homologous sequences, typically on sister chromatids (1,
2, 6 –10). After the invading 3� SS DNA is extended by DNA
synthesis across the replication fork junction, these branched
DNA structures may be resolved by either Gen1 or Mus81, with
Slx4 serving as a scaffold (9 –13).

End resection is not only the initial step in HR; it also repre-
sents a commitment to that repair pathway, and it directs the
cell away from other repair pathways that generate genomic
instability, such as classical or alternative non-homologous
end-joining (NHEJ) (14 –16). Both of these NHEJ pathways are
non-conservative, resulting in at best deletions or insertions at
the repair site, or at worst chromosomal fusions (17–22). When
HR is defective, repair of stressed replication forks by unop-
posed NHEJ leads to chromosomal abnormalities (17, 18).
Thus, 5� end resection of stressed replication forks to initiate
HR-mediated fork restart is essential to maintain the genome in
its native state and to prevent transformation to malignancy.

End resection appears to have two phases, an initial short
resection, followed by more extensive end resection (23, 24).
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Mre11 and BRCA1/CtIP play roles in initiating short end resec-
tion, while two protein complexes regulate long range end
resection, one that includes the Dna2 nuclease, and a second
centered on Exo1. Should long range end resection fail, the
replication fork can still be rescued by alternative NHEJ,
although this is non-conservative and can lead to chromosomal
translocations (23, 25, 26). Unlike a DNA double-strand break,
a stalled replication fork lacks a free DNA end from which one
of the exonuclease complexes can initiate end resection (1–3,
14 –16). A free double-strand end at a stressed replication fork
can be created in at least two ways: the fork can regress into a
“chicken foot structure” with a single DS end (27), or an endo-
nuclease can cleave the fork, directly creating a free DS end
upon which a 5�-exonuclease can act (11, 27, 28). Although
there are candidates for such a stressed replication fork endo-
nuclease, such as Mus81 and Gen1 (9, 29), there is controversy
surrounding their function (10, 30). Mus81 is important in rep-
lication fork restart in mice, but was found to be less important
in humans (10). The role of Gen1 in cleaving complex chromo-
somal structures may be restricted to mitosis, and therefore
have little or no role in stressed replication fork repair (30).
Thus, the identity of the endonuclease that can cleave replica-
tion fork structures to initiate end resection and fork repair
remains undefined.

We recently reported that EEPD1 was important for HR and
rescue of stressed replication forks (31), but its precise mecha-
nism of action was not defined. As EEPD1 has N-terminal
RvuA-like domains, an uncharacterized nuclease domain in the
DNase I superfamily, and interacts with Exo1 (31), we hypoth-
esized that EEPD1 could cleave replication fork structures to
provide the free 5� end to promote Exo1-mediated 5� end resec-
tion (11, 28, 31). We report here that EEPD1 can indeed cleave
replication fork structures to permit Exo1-mediated 5� end
resection and that both EEPD1 and Exo1 are required for
proper replication fork restart after stalling.

Results

EEPD1 Is a 5�-Endonuclease That Can Cleave Replication
Fork Structures—We used purified recombinant EEPD1 (Fig.
1A) to characterize its nuclease activity on a variety of branched
DNA structures in vitro (11, 12, 32, 33). EEPD1 cleaves 5� SS
flaps, and EEPD1 mutations (D181A or D232A) nearly abol-
ished this activity (Fig. 1B), indicating that the observed
nuclease activity with WT EEPD1 is not due to a contaminant
(32, 33). We also found that EEPD1 cleaves 5� SS overhangs
near the SS-DS DNA junction, an activity similar to that of
Metnase (Fig. 1C), another 5�-nuclease involved in replication
fork restart (32–34). EEPD1 also cleaves 5� SS flap and pseu-
do-Y structures near the SS-DS DNA junction, but it did not
cleave bubble or stem-loop structures (Fig. 1C), suggesting that
it is unlikely to be involved in VDJ recombination (11, 28, 35).

Because EEPD1 is a 5�-endonuclease that is recruited to
stressed replication forks and interacts with Exo1 (31), we
hypothesized that EEPD1 could cleave replication fork struc-
tures to generate the needed free 5�-DNA ends upon which
Exo1 can act (11, 12, 16, 24, 27, 28). We found that EEPD1 alone
cleaves the lagging parental strand of a non-reversed replica-
tion fork structure at the bifurcation between parental and rep-

licated strands (Fig. 2A). We then examined Exo1 exonuclease
activity on parent and daughter leading and lagging strands of
intact replication fork structures with and without EEPD1. We
found that unless EEPD1 was present, Exo1 could not initiate 5�
end resection of the parental lagging strand (Fig. 2A). Indeed,
Exo1 alone displayed little activity on the intact DS replication
fork structure.

We then tested the effect of EEPD1 and Exo1 on 5� end resec-
tion of the leading daughter strands. We found that, as with the
parental strand, EEPD1 promoted Exo1’s exonucleolytic resec-
tion of the lagging daughter strand. In contrast, there was no
effect of either nuclease, alone or in combination, on the leading
daughter strand.

When the D181A mutant of EEPD1, which has lost most of
its endonuclease activity, replaced WT EEPD1, we found that
the 5�-exonuclease activity of Exo1 on the parental lagging
strand structure was markedly decreased (Fig. 2B). When the
D173A mutant of Exo1, which has lost most of its nuclease
activity, replaced WT Exo1, we discovered that the 5� end
resection of the parental lagging strand structure was also sig-
nificantly decreased (Fig. 2C). Thus, the nuclease activities of

FIGURE 1. EEPD1 is a structure-specific 5�-endonuclease. A, representative
silver-stained gel of purified EEPD1 and Exo1 protein. 0.1 �g each of EEPD1
and Exo1 were loaded onto the silver-stained gel. B, reaction products of WT
EEPD1 or mutant (D181A and D232A) EEPD1 on 5� SS flap substrate. 2 and 4
pmol of WT EEPD1 or mutant (D181A and D232A) EEPD1 were loaded on 240
fmol of 5� 32P-labeled SS flap substrate. C, EEPD1 is a 5� structure-specific
endonuclease. Shown are nucleolytic cleavage products of various DNA
structures by purified EEPD1 or Metnase, another 5� structure-specific
nuclease used as a positive control (32). Where indicated, 2 pmol of Metnase
and 2 and 4 pmol of EEPD1 were used. 240 fmol of DNA substrates were used.
Oligonucleotide substrates (32) in the left panel are 5� SS flap (lanes 1– 4), 5� SS
tail (lanes 5– 8), 5� SS pseudo-Y (lanes 9 –12), bubble (lanes 13–16), and stem-
loop (lanes 17–20). In the right panel, the substrates used are 5� SS flap (lanes
1–3), 3� SS flap (lanes 4 – 6), 5� SS tail (lanes 7–9), 3� SS tail (lanes 10 –12), 5� SS
pseudo-Y (lanes 13–15), and 3� SS pseudo-Y (lanes 16 –18). * indicates 5� 32P
label.
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both EEPD1 and Exo1 were necessary for proper 5� end resec-
tion of the lagging strand of a replication fork structure. This
also implies that the parental lagging DNA strand must be
cleaved before Exo1 can initiate end resection at a replication
fork structure, consistent with the Exo1 requirement for a free
5� SS end (28).

Exo1 Interacts with EEPD1 and Improves Its Endonuclease
Activity—When a truncation mutant of Exo1 that did not inter-
act with EEPD1 was added to EEPD1, there was decreased
5�-exonucleolysis of the lagging parental strand structure (Fig.
2D). This implies that EEPD1 may assist in recruiting Exo1 to
this replication fork structure and/or enhancing Exo1 nuclease
activity. In addition, EEPD1 has little activity in cleavage of the
leading parental strand of a replication fork structure (Fig. 2, E
and F). Exo1 has a small amount of endonuclease activity on the
leading parental strand (Fig. 2, E and F), likely due to its known
weak 5� flap nuclease activity (41). Nuclease-defective mutant
Exo1 loses the marginal endonuclease activity on the leading
strand when compared with WT Exo1. WT or nuclease-defec-
tive mutant EEPD1 with WT Exo1 has no cleavage or exonu-
clease activity on the daughter leading strand (Fig. 2G). WT but
not nuclease-defective mutant Exo1, when present with WT
EEPD1, resects the daughter lagging strand (Fig. 2H). Signifi-
cantly, this implies that the parental lagging strand must be

cleaved by EEPD1 prior to Exo1 5� end resection of the daughter
lagging strand.

We then defined general interacting regions of Exo1 and
EEPD1 using co-immunoprecipitation of transfected full-
length and truncated protein species in cells. We found that
deletion of the N-terminal RuvA-like domains of EEPD1 mark-
edly decreased co-immunoprecipitation with native Exo1 (Fig.
3A). In addition, deletion of the C-terminal regulatory region of
Exo1, which does not include the nuclease and DNA binding
domains (37), decreased co-immunoprecipitation with native
EEPD1 (Fig. 3B). Thus, the RuvA domain of EEPD1 may inter-
act with the C-terminal regulatory region of Exo1 (Fig. 3, A and
B) (37). We next tested whether purified recombinant EEPD1
and Exo1 protein could interact in vitro. We found that indeed
they co-immunoprecipitated when admixed in vitro (Fig. 3C),
indicating that these nucleases interact directly.

Exo1 Requires EEPD1 for Efficient End Resection at Stressed
Replication Forks—Next, we assessed whether EEPD1 was
required along with Exo1 for end resection in cells after pro-
longed hydroxyurea exposure in vivo by measuring degrada-
tion of labeled DNA strands at stalled replication forks.
Hydroxyurea generates replication stress by stalling forks via
nucleotide depletion, and does not directly damage DNA struc-
tures. By measuring lengths of nascent DNA replication strands

FIGURE 2. EEPD1 cleavage of the replication fork parental lagging strand permits Exo1 5� end resection. A, time course of EEPD1 and/or Exo1 nucleolysis
of lagging parental strand of a DS replication fork structure. * indicates 3� 32P label. Where indicated, 2 fmol of Exo1 and 2 pmol of EEPD1 were used. 240 fmol
of DNA substrates were used. Rxn time, reaction time. B, as in panel A with WT or nuclease-defective (D181A) EEPD1. C, as in panel A with WT or nuclease-
defective (D173A) Exo1. D, truncated Exo1 with intact nuclease activity but without interaction with EEPD1 loses most exonuclease activity on the parental
lagging strand. E, WT and nuclease-defective mutant EEPD1 (D181A) has no effect on the leading strand, whereas WT Exo1 has marginal endonuclease activity.
F, nuclease-defective mutant Exo1 (D173A) loses the marginal endonuclease activity on the leading strand when compared with WT Exo1. G, WT or nuclease-
defective mutant EEPD1 (D181A) with WT Exo1 has no activity on the daughter leading strand. H, WT but not nuclease-defective mutant Exo1 (D173A) with WT
EEPD1 resects the daughter lagging strand. Arrows represent the EEPD1 site of action. Where indicated, 2 fmol of either WT or the mutant Exo1, and 2 and 4
pmol of either WT or the mutant EEPD1, were used. 240 fmol of DNA substrate were used.
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in untreated and hydroxyurea-treated cells (27), we found that
depletion of Exo1 and/or EEPD1 had no appreciable effect in
untreated cells (Fig. 4, A, B, and C, upper graph), but in
hydroxyurea-treated cells, nascent replication fibers were lon-
ger in cells depleted of Exo1 or EEPD1, indicating reduced
resection at stressed replication forks (Fig. 4, B and C, lower
graph).

Interestingly, co-depletion of both Exo1 and EEPD1 further
increased nascent replication fiber lengths (Fig. 4C, lower
graph), demonstrating that both proteins are needed for appro-
priate end resection after replication stress. As an alternative
approach to measure fork end resection, SS DNA at BrdU-la-
beled replication forks was measured at intervals after replica-
tion stress (31). We found that as replication stress persisted,
co-depletion of EEPD1 and Exo1 resulted in significantly less SS
DNA at replication forks than when either protein was individ-
ually depleted (Fig. 4D), confirming that both EEPD1 and Exo1
are needed for optimal end resection at stressed replication
forks.

We next tested whether a nuclease-dead EEPD1 mutant
could alter the 5� end resection that initiates HR. Depleting
native EEPD1 and transfecting the EEPD1 D181A species that
has deficient nuclease activity markedly represses 5� end resec-
tion in vivo (Fig. 4, E and F). This EEPD1 species would likely
still interact with Exo1, implying that EEPD1’s role is more than

just recruitment of Exo1, but that proper 5� end resection
requires EEPD1’s nuclease activity as well. The in vitro nuclease
data above are also consistent with this, where Exo1 lost func-
tion in the presence of the nuclease-deficient EEPD1 when
compared with native EEPD1 (Fig. 2, B and C). We next tested
whether an Exo1 species that had intact DNA binding and
nuclease domains but could not interact with EEPD1 could still
mediate 5� end resection in vivo. As shown in Fig. 4, E and F, we
found that end resection was markedly delayed but fully recov-
ered over time. This implies that interaction between Exo1 and
EEPD1 improves the rate of end resection.

Following successful 5� end resection, 3� SS DNA is coated
with RAD51 to mediate strand invasion (1–3, 10). Thus, the
presence of RAD51 foci after replication stress demonstrates
successful 5� end resection. We therefore measured RAD51 foci
after replication stress (31) when EEPD1 and/or Exo1 were
depleted (Fig. 5A). We found that although EEPD1 and Exo1 are
each important for RAD51 foci formation after replication
stress, depletion of both EEPD1 and Exo1 further decreased
RAD51 foci formation (Fig. 5A).

DNA fiber analysis in which one fluorochrome is incorpo-
rated before replication stress and a second is incorporated
when cells are released from stress can be used to assess the
restart of stalled replication forks (Fig. 5, B and C) (27, 31, 33).
We used DNA fiber analysis to determine the roles of EEPD1

FIGURE 3. Co-immunoprecipitation of EEPD1 and Exo1. A, full-length and truncated versions of FLAG-tagged EEPD1 were expressed in HEK-293 cells and
then immunoprecipitated with FLAG antibody, and Western blots were probed with antibodies to Exo1, FLAG, and �-actin. aa, amino acids. HhH, helix-hairpin-
helix domain. B, full-length and truncated versions of V5-tagged Exo1 were expressed in HEK-293 cells and immunoprecipitated with V5 antibody and then
Western blots were probed with antibodies to EEPD1, V5, and �-actin. Minimal interaction regions are shown below maps in panels A and B (hatched bars). DBD,
DNA binding domain; NLS, nuclear localization signal. Initial immunoprecipitation was from 300 �g of total cell lysate, and the input was 3% of this. C, in vitro
co-immunoprecipitation of FLAG-tagged EEPD1 with V5-tagged Exo1. The D181A mutant of EEPD1 still interacts with Exo1. Initial immunoprecipitation was
from 200 ng of each protein, and the input was 2% of this. IB, immunoblot. Initial immunoprecipitation for the EEPD1/D181A and Exo1 interaction was as
for B.
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and Exo1 during stressed replication fork repair and restart. We
confirmed our previous observation that depleting EEPD1
increased the percentage of stalled replication forks and
reduced fork restart after release from hydroxyurea (31), and a
similar result was observed with Exo1 depletion (Fig. 5, B and
C). Depletion of both EEPD1 and Exo1 further exacerbated rep-
lication fork recovery after stress when compared with single
depletion (Fig. 5C). Depletion of EEPD1 decreased fork restart
more than depletion of Exo1, consistent with depletion of
EEPD1 being more deleterious to end resection than depletion

of Exo1 (Figs. 4F and 5C). EEPD1 and Exo1 depletion individu-
ally or together caused slight decreases in new fork initiation
after release from hydroxyurea (Fig. 5C). These data demon-
strate that EEPD1 and Exo1 nucleases have important collab-
orative functions but distinct functions in replication fork
repair and restart.

Discussion

Previous findings suggest a two-step process for 5� end resec-
tion in HR repair, one short range and another long range (1–3,

FIGURE 4. EEPD1 is required for proper Exo1 5� end resection at stalled replication fork structures. A, Western analysis of siRNA depletion of Exo1 and
EEPD1. B, representative images of IdU-labeled nascent DNA fibers before (0 h) and 10 h after hydroxyurea (HU) treatment in control HEK-293 cells and cells with
depletion of Exo1 and/or EEPD1. C, depletion of EEPD1 and/or Exo1 decreases resection of IdU-labeled replication forks during prolonged replication stress
(lower panel), but has little effect on forks in cells without replication stress (upper panel). D, time course of end resection in vivo measured by assaying
BrdU-labeled SS DNA under non-denaturing conditions during replication stress. Depletion of both EEPD1 and Exo1 markedly reduced the presence of end
resection at nascent replication forks. Values are means (� S.E.) for 5– 6 determinations performed in duplicate. ***, p � 0.001, t tests. E, Western analysis of the
depletion of endogenous Exo1 and EEPD1 using siRNA followed by transduction of WT or nuclease-dead mutants of either V5-tagged Exo1 or FLAG-tagged
EEPD1. F, naked SS BRDU assay of end resection after replication stress with hydroxyurea in the presence of WT or nuclease-dead mutants of Exo1 (D173A) or
EEPD1 (D181A). Without EEPD1, there is little end resection after replication stress. Scr, scramble; 20 Gy, 20 grays.
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36, 38). Mre11 and CtIP are required for initial, short range
resection, and are shared between HR and alternative NHEJ
(14 –16, 26, 39). Mre11 has 3� overhang endonuclease activity at
free DNA ends, and it may assist the long range 5�-exonucleases
by clipping off 3� overhangs to permit access to 5�-recessed
ends (28). Mre11 probably has no other role in 5� end resection,
as its major activity is a 3�- to 5�-exonuclease, the opposite of
what is required for 5� end resection (16, 28). Although CtIP
may signal initiation of 5� end resection, its role as an HR
nuclease is controversial (39). If short range 5� end resection
does not progress to long range end resection and fork restart
via HR, the replication fork may still be rescued by alternative
NHEJ (23). However, alternative NHEJ is non-conservative, at
best resulting in deletions at the repair junction, and at worst
resulting in chromosomal translocations (25). Thus, fork rescue
proceeds via HR whenever possible to maintain genomic and
functional integrity (1–5). However, cell survival is paramount,
and there may be circumstances that cause cells to employ
non-HR mechanisms to effect repair of stressed forks. It is also
noteworthy that replication fork stress, followed by subsequent
collapse, is one of the most poorly tolerated situations cells ever

encounter (1–3, 31); therefore, HR repair of stressed replication
forks is of fundamental importance.

There are two major exonuclease complexes for long range
resection, one based on Exo1 and one with Dna2 (10, 23, 24, 27,
28, 36). Exo1 and Dna2 exist in distinct complexes, both with
BLM and RPA, which are likely important for both their
nuclease activities (36). Although Dna2 mediates end resection
of regressed replication forks (27), many forks may not regress,
and these may require cleavage to generate a free 5� end for
resection (1, 2, 31, 38). We previously reported that EEPD1 and
Exo1 constitutively co-immunoprecipitate (31). EEPD1 com-
prises N-terminal RuvA-like and C-terminal DNase I-like
domains (31). Here we found that the EEPD1 RuvA domain-
containing region was important for Exo1 interaction, whereas
EEPD1 interacts with a C-terminal phosphorylated regulatory
region of Exo1 (Fig. 3) (37). Exo1 and EEPD1 co-immunopre-
cipitate in vitro, indicating that they directly interact. The con-
stitutive interaction of EEPD1 and Exo1 implies that EEPD1 is a
member of the BLM-RPA-Exo1 complex (31, 36).

An Exo1 species with intact nuclease function but that inter-
acted poorly with WT EEPD1 was much less efficient at end

FIGURE 5. EEPD1 and Exo1 are both important for replication fork repair. A, left, representative confocal immunofluorescence microscopic images of
RAD51 foci after hydroxyurea (HU) replication stress with or without depletion of EEPD1 and/or Exo1. Right, quantitation of RAD51 foci. Values are means (�
S.D.) for 3– 4 determinations performed in duplicate. ***, p � 0.001, t tests. B, experimental protocol and representative images of DNA fibers from control and
EEPD1- and/or Exo1-depleted cells pulse-labeled for 20 min with IdU (red), treated with hydroxyurea for 60 min, and then pulse-labeled with CldU (green) for
20 –30 min. C, analysis of replication fork restart failure (Stopped Forks) or success (Restarted Forks) and initiation of new replication forks by DNA fiber analysis
with or with depletion of EEPD1 and/or Exo1. Values are means (� S.D.) for 3 determinations performed in duplicate; �150 fibers were scored per determi-
nation. *, p � 0.05; **, p � 0.01; ***, p � 0.001, t tests.
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resection (Fig. 4E). Thus, EEPD1 could promote Exo1 end
resection in two ways, first by generating a cleaved replication
fork structure that Exo1 can act upon, and second by enhancing
Exo1 exonuclease activity. EEPD1’s enhancement of Exo1
activity could be from recruitment of Exo1 to the DNA fork
structure and/or direct promotion of its nuclease activity
(Fig. 2A).

The abundance of nucleases that function in HR and replica-
tion fork repair raises the question of why so many nucleases
are needed. Certainly, there is significant risk of aberrant repli-
cation fork structures, and fork repair accuracy is crucial to
maintaining genome stability (1– 4). It is also likely that HR
nucleases function in specific niches, each evolutionarily
selected to function in specific circumstances and/or to process
specific structures. Given the importance of accurate fork
restart for cell survival and genome stability, a degree of redun-
dancy is expected as this would serve to mitigate the effects of
reduced function of any individual component. The first step in
end resection at stressed but non-regressed replication forks is
endonuclease cleavage of the replication fork to generate a dou-
ble-strand break comprising free 5� DS ends (1, 6, 7, 9 –12).
Replication forks can form many structures, but one of the most
common and difficult to process is the DS-flap fork structure,
where both leading and lagging strands include parental and
daughter strands (11, 12). This structure is not cleaved effi-
ciently by Exo1 or Dna2 because it lacks free 5� ends, and these
enzymes act most efficiently by encircling DNA at free ends (28,
40 – 43).

The parental lagging strand of a duplex Y replication fork
structure has a 5� SS gap at the bifurcation because lagging
DNA synthesis must be primed after unwinding. This SS gap in
the lagging parental strand is recognized specifically by EEPD1
(Fig. 2, A and B). This distinguishes EEPD1 from Mus81, which
cleaves the leading parental strand at the fork bifurcation (9, 11,
28, 38). Gen1 also has replication fork structure-specific endo-
nuclease activity, but Gen1 is restricted to the cytoplasm until
mitosis and thus cannot cleave stressed replication forks during
S-phase (30). Interestingly, there is indeed a small amount of
cleavage of the leading strand by Exo1 that is manyfold less than
the EEPD1-potentiated activity at the lagging strand. This may
be due to Exo1’s previously described weak flap endonuclease
activity (40, 41). It recognizes the leading parental strand as a
flap.

We propose that specific nucleases cleave stressed replica-
tion forks on the lagging (EEPD1) and leading (Mus81) parental
strands (9, 11, 28, 29) to create the required DS end for end
resection. Although in mice Mus81 was reported to be essential
for replication fork restart (9), Mus81 appears to be dispensable
in humans (10). EEPD1, however, is indispensable for proper
replication fork restart in human cells (31). It is possible that
mouse EEPD1 has reduced function when compared with
human EEPD1, or that cleavage of parental lagging strands is
more important in humans. In humans, Mus81 could also play
an important role in the resolution of Holliday junction struc-
tures at the terminal stages of HR repair (9). Thus, there does
not appear to be a single fork cleavage enzyme or mechanism
across all species by which free DS ends are created at a stalled

replication fork to initiate 5� end resection and HR (11, 12). We
propose that EEPD1 fulfills this function in primates.

The additive effect of depleting both EEPD1 and Exo1 on
replication fork restart is likely due to the fact that neither is
completely depleted by the siRNA. Although the siRNA deple-
tion of each protein was extensive, it was not perfect, and
depleting both at the same time may result in a more complete
abrogation of the same pathway. Indeed, we do think that
although Exo1 and EEPD1 have other distinct roles in DNA
repair, in HR repair, we propose that they function in the same
pathway, and that the joint incomplete depletion of both pro-
duces the additive effects as seen here. Alternatively, it is still
possible that EEPD1 has an additional function later in HR,
perhaps in resolution of strand invasion.

Converting a stalled replication fork structure to a free DS
end is an essential early step to allow 5� end resection and fork
repair and restart via HR. EEPD1 fulfills several requirements in
this process. First, EEPD1 cleaves replication structures (Fig. 2,
B–D) to create the required free DS end for end resection
nucleases (38 – 43). Second, EEPD1 promotes the activity of
Exo1, an important, long range resection nuclease. Third, when
Mus81 generates a free DS end at the leading strand, Okazaki
fragments must be trimmed and ligated prior to strand inva-
sion; otherwise the template for leading strand synthesis after
invasion would be discontinuous. In the EEPD1 pathway,
strand invasion by the lagging strand template involves pairing
with the leading strand template, both of which are continuous,
to reinitiate replication (see model in Fig. 6). Finally, EEPD1

FIGURE 6. Model for EEPD1 and Exo1 function in replication stress. A fork
stalled due to nucleotide depletion with hydroxyurea is cleaved by EEDP1,
producing a DS end. Either 5�-3� bidirectional end resection by Exo1 allows
direct strand invasion mediated by RAD51 (left) to directly restore the fork, or
strand invasion occurs subsequent to single-strand gap filling by DNA poly-
merase (DNA Pol), creating a Holliday junction (HJ) that is resolved by dual
strand cleavage and religation (horizontal arrows) to restore the fork. Either
HR pathway is error-free and thus maintains genome stability. DSB, double-
strand break.
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constitutively interacts with Exo1 (Fig. 3), and enhances Exo1
activity (Fig. 2).

This suggests a model in which EEPD1 mediates fork cleav-
age specifically to initiate HR restart by promoting Exo1-depen-
dent bidirectional resection of the parental and daughter lag-
ging strands (Fig. 2, diagrammed in Fig. 6). It is noteworthy that
cleavage of the lagging strands at stressed replication forks can
initiate at least two pathways for HR-mediated fork restart (Fig.
6), which would enhance cell survival and genome stability and
suppress tumorigenesis (2, 39). One prediction of this model is
that EEPD1 depletion should prevent the formation of DS nicks
in response to replication stress (38 – 43). Indeed, when EEPD1
is depleted, we reported that there are fewer DNA nicks
induced by hydroxyurea, as measured by comet assay (31).

In summary, we characterized the endonuclease activities of
the novel HR component EEPD1 (31), and we show that EEPD1
nuclease activity plays a critical role in promoting Exo1 5�
resection activity to initiate HR-mediated repair of stalled rep-
lication forks. We find that both the 5�-endonuclease activity of
EEPD1 and the 5�-exonuclease activity of Exo1 are needed for
proper end resection at stalled replication forks in human cells.
In addition, both nucleases are needed for rapid, efficient
restart of stalled replication forks. Thus, EEPD1 is a strong can-
didate endonuclease for cleavage of the parental lagging strand
at stalled, non-regressed replication forks to permit 5�-exonu-
clease end resection and accurate HR-mediated fork repair and
restart.

Experimental Procedures

Purification of EEPD1 and Exo1—WT and mutant versions
of EEPD1 were purified from HEK-293 cells stably expressing
FLAG-tagged EEPD1 as we described (32, 33). FLAG-EEPD1
was detected in cell extracts by Western blotting using a FLAG
monoclonal antibody (Sigma) as we described previously (32,
33). Cells overexpressing WT or mutant EEPD1 were sus-
pended in 20 ml of Buffer E (50 mM Tris-HCl, pH 7.5, 5 mM

DTT, 1% Nonidet-P40, 10% glycerol, 1 mM EDTA), plus mam-
malian protease inhibitor cocktails containing 0.2 M NaCl, and
then centrifuged at 100,000 � g for 30 min. Supernatants were
filtered through Whatman paper and incubated at 4 °C for 60
min with anti-FLAG affinity gel pre-equilibrated with Buffer E.
The beads were washed three times with Buffer E containing 2
M NaCl prior to elution of the protein with Buffer E containing
FLAG peptide (500 �g/ml). The eluant was diluted with 10
volumes of Buffer E, and then loaded onto a heparin-Sepharose
6 Fast Flow column (Amersham Biosciences) pre-equilibrated
with Buffer E. After washing the column, EEPD1 was fraction-
ated using a linear gradient (0 –2 M NaCl) in Buffer E. The eluted
protein was dialyzed against Buffer E containing 50 mM NaCl
and stored at �80 °C. For preparation of V5-tagged Exo1, cells
were harvested and lysed with cold lysis buffer (25 mM HEPES,
pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5%
Nonidet-P40, 5 �g/ml leupeptin/antipain 1 mM sodium
orthovanadate, 1 mM NaF, 1 mM DTT, and 1 mM PMSF) for 30
min at 4 °C, and then clarified by centrifugation. Cell lysates
were pre-cleared with protein G-agarose beads (Millipore) for
1 h at 4 °C with rotation prior to the addition of anti-V5 anti-
body (Invitrogen) for incubation overnight at 4 °C. Protein

G-agarose beads (Millipore) were added and incubated for 2 h
at 4 °C. After washing eight times with washing buffer (50 mM

Tris-HCl, pH 7.5, 1.5 M NaCl, 10% glycerol, 1% Nonidet-P40,
and 1 mM EDTA), proteins were eluted with 0.2 M glycine, pH
2.5, into 1.5 M Tris-HCl, pH 8.8. The eluent was dialyzed over-
night with dialysis buffer (25 mM Tris-HCl, pH 7.5, 50 mM NaCl,
20% glycerol, 1 mM EDTA, 0.05% Nonidet-P40, 1 mM DTT)
and concentrated using Amicon Ultra centrifugal filter units
(Millipore).

Preparation of 32P-Labeled DNA Substrates—DNA sub-
strates were 5� end-labeled with [�-32P]ATP and T4 polynucle-
otide kinase as we described (32). DNA substrates were 3� 32P-
labeled by incubating 40 pmol of the appropriate SS DNA with
30 units of terminal transferase (Perkin Elmer) in the presence
of [�-32P]dCTP according to the manufacturer’s protocol. The
32P-labeled SS DNA was annealed to non-labeled DNAs to pre-
pare indicated DNA substrates for DNA cleavage assay.

In Vitro Structure-specific Nuclease Assays—The following
oligonucleotides were mixed and annealed to create the DS Y
replication fork structure: 5�-CTAGACTCGAGATGT-
CAAGCAGTCCTAACTTTGAGGCAGAGTCCGTGAC-
GCTCAGTATCG-3�, 5�-CGATACTGAGCGTCACGGAC-
TCTGCCTCAAGACGGTAGTCAACGTGTTACAGAC-
TTGATG-3�, 5�-CATCAAGTCTGTAACACGTTGACT-
ACCGTC-3�, and 5�-GGACTGCTTGACATCTCGAGTC-
TAG-3�

This results in a daughter lagging strand of 25 nt and a daugh-
ter leading strand of 30 nt. The putative unreplicated region
is 30 nt. Oligonucleotides used in other structures tested in
nuclease assays were described previously (32). DNA cleavage
assays were performed using the previously described proce-
dure with modification (33). Briefly, reaction mixtures (20 �l)
containing 50 mM Tris-HCl (pH 7.5), 5 mM DTT, 5% glycerol,
BSA (2 �g), 2 mM MgCl2,0.05% Triton X-100, and 25 mM KCl
were incubated with 0.1– 0.4 �g of EEPD1 and/or 1.5 ng of Exo1
in the presence of 240 fmol of radiolabeled DNA. In Fig. 1B, 50
and 100 ng of native or mutant EEPD1 were used. In Fig. 1C, 150
ng of Metnase and 150 or 300 ng of EEPD1 were used. In Fig. 2,
A and B, 20 ng of EEPD1 and 5 ng of Exo1 were used. In Fig. 2,
C–E, 20 and 40 ng of EEPD1 and 1 ng of Exo1 were used (both
native and mutants). Reactions were incubated at 37 °C for the
indicated times and products were separated on 12% polyacryl-
amide gels containing 8 M urea, and detected using a Phosphor-
Imager (GE Healthcare).

DNA Resection at Stalled Nascent Replication Forks Meas-
ured by Fiber Analysis—Single-label DNA fiber end resection
analysis was carried out as described with minor modifications
(27). Briefly, HEK-293 cells transfected with the indicated
siRNA were grown in 6-well dishes (2 � 105 cells/well), and
then 20 �M IdU was added to growth medium and incubated for
45 min at 37 °C. After washing with fresh medium, cells were
treated with 5 mM hydroxyurea for 0 or 10 h at 37 °C. Cells were
harvested and suspended in PBS, and 1000 cells were trans-
ferred to a positively charged microscope slide (Superfrost Plus,
Daigger) and processed for DNA fiber analysis as we described
previously (33). Slides were mounted in PermaFluor aqueous,
self-sealing mounting medium (Thermo Scientific), and DNA
fibers were visualized using a confocal microscope (Olympus,
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FV1000D, 63� oil immersion objective). Images were analyzed
using ImageJ software.

Immunoprecipitation and Western Analysis—Immunopre-
cipitation was performed with the Pierce Crosslink Magnetic
IP/Co-IP kit according to the manufacturer’s instructions
(Thermo Scientific catalog number 88805) as we described (31).
HEK-293 cells (1 � 105) were collected, washed with PBS, and
lysed in a buffer containing 25 mM HEPES (pH 7.5), 0.3 M NaCl,
1.5 mM MgCl2, 0.2 mM EDTA, 0.5% Triton X-100, 20 mM

�-glycerophosphate, 1 mM sodium vanadate, 1 mM DTT, and
protease inhibitor cocktails (Sigma). Cell lysates were loaded
onto a SDS-PAGE gel and electrophoresed. Proteins were
transferred to a PVDF membrane (Millipore, Billerica, MA) and
immunoblotted with primary antibody followed by peroxidase-
coupled secondary antibody (Amersham Biosciences) and an
enhanced chemiluminescence (Amersham Biosciences) reac-
tion prior to visualization on Kodak-X-Omat film. For the co-
immunoprecipitation of FLAG-tagged EEPD1 or V5-tagged
Exo1, cells were harvested and washed by PBS before lysis using
IP lysis/wash buffer, and then 5 �g of V5 mouse antibody (Invit-
rogen) were coupled to protein A/G magnetic beads and cross-
linked with 20 �M disuccinimidyl suberate. The antibody cross-
linked beads were incubated with cell lysate (0.8 –1.2 mg) in 500
�l of diluted lysate solution for 1 h at room temperature on a
rotator. Beads were collected, washed, and incubated with 100
�l of elution buffer for 5 min at room temperature. Antigen
recovery was achieved by collecting the supernatant on a mag-
netic stand. Protease and phosphatase inhibitors were present
in all buffers. In vitro co-immunoprecipitation was performed
as above except that recombinant tagged EEPD1 and Exo1 were
incubated together for 30 min in the above buffer without Tri-
ton X-100.

DNA End Resection at Nascent Forks Measured by Non-de-
natured SS BrdU Immunofluorescence—SS naked BrdU DNA
replication fork end resection analysis was carried out essen-
tially as we described (31). HEK-293 cells were transfected with
si-control, si-Exo1, si-EEPD1, or si-Exo1 with si-EEPD1, and
then seeded onto poly-D-lysine coverslips (neuVitro, 18-mm
diameter) with fresh medium containing 40 �M BrdU for 36 h.
After treatment with 10 mM hydroxyurea for 2–24 h, cells were
pre-extracted with 0.5% Triton X-100 and PBS for 5 min on ice
and fixed with 4% paraformaldehyde for 20 min. Coverslips
were blocked for 1 h with 1% BSA/PBS and incubated with
mouse anti-BrdU antibody (1:250; BD Biosciences) overnight in
a wet chamber at 4 °C. Coverslips were washed four times, incu-
bated with secondary antibody donkey anti-mouse Alexa Fluor
488 (1:500; Invitrogen) for 1 h, washed four times, and mounted
in VECTASHIELD HardSet Mounting Medium with DAPI
(Vector Laboratories) on a microscope slide (Fisherfinest Pre-
mium Microscope Slides Superfrost�). The samples were ana-
lyzed for BrdU foci-positive cells using an Olympus2 confocal
microscope with 63� water immersion objective.

Rad51 Foci Formation Assay—Immunofluorescent foci for-
mation was assayed as we described (31). HEK-293 cells were
seeded onto poly-D-lysine coverslips (neuVitro, 18-mm diame-
ter, catalog number GG-18-PDL) and transfected with control,
Exo1, EEPD1, or Exo1/EEPD1 siRNA, and 44 – 48 h later, cells
were treated with 10 mM hydroxyurea for 0 –24 h. Cells were

pre-extracted with 0.5% Triton X-100/PBS for 5 min on ice and
fixed with 4% paraformaldehyde for 20 min. Coverslips were
blocked for 1 h with 1% BSA/PBS and incubated with primary
rabbit polyclonal anti-Rad51 antibody (1:100; Santa Cruz Bio-
technology (H-92) sc-8349) overnight in a wet chamber at 4 °C.
Coverslips were washed four times with PBS, incubated with
secondary antibody goat anti-rabbit Alexa Fluor 594 (Invitro-
gen) 1:500 for 1 h, washed four times with TBS, mounted, and
analyzed by confocal microscopy as above.

DNA Fiber Analysis of Replication Fork Restart—DNA fiber
analysis was carried out as we described (31, 33). Briefly, cells
were grown in 6-well dishes (2 � 105 cells/well), and then 20 �M

IdU was added to growth medium and incubated for 20 min at
37 °C. After washing with fresh medium, cells were treated with
5 mM hydroxyurea for 60 min or mock-treated. Medium was
replaced with fresh medium containing 100 �M CldU, and cells
were further incubated for the indicated times at 37 °C. Cells
were harvested and resuspended in PBS, and 1 � 103 cells were
transferred to a positively charged microscope slide (Super-
frost/Plus, Daigger), and then processed for DNA fiber analysis
as described (33). Slides were mounted in PermaFluor aqueous,
self-sealing mounting medium (Thermo Scientific), and DNA
fibers were visualized by confocal microscopy.
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