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Abstract

The resection of DNA double-strand breaks (DSBs) to generate sSSDNA tails is a pivotal event in
the cellular response to these breaks. In the two-step model of resection, primarily elucidated in
yeast, initial resection by Mrel1/CtIP is followed by extensive resection by two distinct pathways
involving Exol or BLM/WRN/Dna2. However, resection pathways and their exact contributions
in humans in vivo are not as clearly worked out as in yeast. Here, we examined the contribution of
Exol to DNA end resection in humans in vivo in response to ionizing radiation (IR) and its
relationship with other resection pathways (Mrel11/CtIP or BLM/WRN). We find that Exol plays
a predominant role in resection in human cells along with an alternate pathway dependent on
WRN. While Mrel1 and CtIP stimulate resection in human cells, they are not absolutely required
for this process and Exol can function in resection even in the absence of Mrel1/CtIP.
Interestingly, the recruitment of Exol to DNA breaks appears to be inhibited by the NHEJ protein
Ku80, and the higher level of resection that occurs upon siRNA-mediated depletion of Ku80 is
dependent on Exol. In addition, Exol may be regulated by 53BP1 and Brcal, and the restoration
of resection in BRCA1-deficient cells upon depletion of 53BP1 is dependent on Exol. Finally, we
find that Exol-mediated resection facilitates a transition from ATM- to ATR-mediated cell cycle
checkpoint signaling. Our results identify Exol as a key mediator of DNA end resection and DSB
repair and damage signaling decisions in human cells.
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1. Introduction

The resection of DNA double-strand breaks (DSBs) to generate 3’-single-stranded tails is a
critical step in the DNA damage response (DDR) [1], and is a prerequisite for both ATR
activation and homologous recombination (HR). Based primarily upon yeast studies, a
“twostep” model of DSB resection has recently been propounded [2-4]. According to this
model, Mrell [5], in cooperation with CtIP (Sae2 in yeast) [6, 7], carries out initial limited
resection at the sites of DSBs. The minimally-resected DNA then serves as a template for
extensive resection by two alternate “downstream” pathways involving: 1) the 5°-3’
exonuclease Exol alone or 2) the helicases BLM or WRN (Sgsl in yeast) in conjunction
with either Exol or the endonuclease Dna2 [8-12]. This model has been further refined by
recent biochemical studies using purified yeast or human components showing that Mrel1/
CtIP also stimulate resection by promoting the association of Exol or BLM with DNA ends
[13-15]. Homologues of the yeast proteins have conserved functions in end resection in
mammalian cells [8, 16, 17]. However, resection pathways and their inter-relationships in
humans in vivo are not as clearly worked out as in yeast.

We have previously demonstrated that Exol is a key player in DDR, being important for HR
[18], cell cycle checkpoint activation [19], as well as apoptosis [20]. Here, we examined the
contribution of Exol to DNA end resection in humans in vivo in response to ionizing
radiation (IR), its relationship with other resection pathways, and its influence on DNA
repair and damage signaling events regulated by resection.

2. Materials and Methods

2.1. Cell culture and knockdown of proteins

Clones of wild type (1BR3) fibroblasts [19] with shRNA-mediated knockdown of Exol
were generated by lipofection with Exo1-shRNA or scrambled-shRNA vectors (Santa Cruz
Biotechnology) followed by selection and continued maintenance in puromycin. Additional
proteins were depleted using siRNAs (Invitrogen) as described [19] and the efficiency of
knockdown for every experiment was verified by Western blotting (see Supplement, Table 1
for siRNAs used and Fig. S1 for knockdown efficiencies). Cells transfected with scrambled
SiRNA served as controls. To rule out any “off-target” effects of these siRNAs, key
experiments were repeated after knockdown with a second set of different sSiRNAs (see
Supplement, Table 2). 1BR3 and HSF cells [19] were maintained in a-MEM medium and
ATLD cells [21] in RPMI medium supplemented with 10% fetal calf serum and penicillin/
streptomycin. HCC1937 cells [22] were maintained in RPMI11640 medium with 20% fetal
calf serum, penicillin/streptomycin, and 200 pg/ml G418. All cells were mycoplasma free.

2.2. Irradiation of cells

Cells were irradiated with gamma rays from a cesium source (JL Shepherd and Associates)
at the indicated doses. For laser irradiation, cells were micro-irradiated with a pulsed
nitrogen laser (Spectra-Physics; 365nm, 10Hz) with output set at 75% of the maximum, as
described [19].

2.3. Live-cell imaging combined with laser micro-irradiation

Briefly, cells were transfected with GFP-Exol [18], GFP-RPA [23], GFP-ATM [24], or
GFP-ATR [25] constructs, laser micro-irradiated, time-lapse imaged, and fluorescence
intensities of micro-irradiated areas relative to non-irradiated areas calculated as described
previously [18]. The laser micro-irradiation and live-cell imaging set up used in these
experiments has been described previously [26-32]. Briefly, live-cell images were taken
with a Carl Zeiss Axiovert 200M microscope (63X oil-immersion objective) coupled to a
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pulsed nitrogen laser (Spectra-Physics; 365nm, 10Hz) and fluorescence intensities
determined using Axiovision software v4.5. Mean value of the fluorescence intensities for
each time point was calculated from at least 30 independent measurements.

2.4. Western blotting / antibodies

Western blotting was carried out as described previously after irradiation of cells with 8 Gy
of gamma rays [19]. The following primary antibodies were used for blotting and
immunofluorescence : RPA, [Abcam] pRPA(S4/8), CtIP, BLM, WRN, ATR, 53BP1,
[Bethyl Laboratories], Chk1, pChk1(S317), Chk2, pChk2(T68) [Cell Signaling], Brcal
[Calbiochem], ATM, Mrell [Genetex], Rad51, Cyclin A [Santa Cruz Biotechnology], actin
[Sigma], Exol [Thermo Fisher], yH2AX, pHistone-H3(S10) [Upstate Biotechnology], and
Ku80 [kind gift from Dr. B.P. Chen]. HRP-conjugated secondary antibodies were procured
from Biorad and Alexa488/568-conjugated secondary antibodies were procured from
Molecular Probes.

2.5. Immunofluorescence staining for Rad51 or RPA foci

Cells were seeded onto chamber slides (Lab-Tek) and irradiated with 6 Gy of gamma rays.
For Rad51 foci, cells were co-immunostained with Rad51 and Cyclin A antibodies, 3 hours
later, as described (Tomimatsu et al., 2009) The average number of Rad51 foci for Cyclin
A- positive (S/G2) nuclei was determined after scoring at least 100 nuclei. For RPA foci,
cells were subjected to in situ extraction (Tomimatsu et al., 2009) 3 hours after irradiation
and immunostained with RPA antibody. The percentage of RPA positive cells (cell with 10
or more foci) was determined after scoring at least 100 nuclei. Images were captured using a
Leica DH5500B fluorescence microscope (40X objective lens) coupled to a Leica DFC340
FX camera using Leica Application Suite v3 acquisition software.

2.6. Metaphase chromosome preparations

Cells were irradiated with 2 Gy of gamma rays and metaphase chromosome spreads scored
for asymmetrical exchanges as described [33]. Aberrations were quantified by analyzing at
least 100 metaphase spreads.

2.7. G2/M checkpoint assay

The G2/M checkpoint was evaluated by quantifying histone H3 phosphorylation by flow
cytometry as described [19].

2.8. Statistical analyses

Statistical significance was determined by a two-tailed t test using GraphPad Prism software
(*, P<0.05; **, P< 0.01; ***, P< 0.001). Error bars represent standard error of the mean for
all plots.

3. Results and Discussion

3.1. Exo1l plays a major role in DSB resection in human cells in response to IR

To determine the contribution of Exol to DSB resection in human cells compared to Mrel1/
CtIP or BLM/WRN, we utilized several different assays to quantify DSB resection in vivo.
First, we utilized a novel assay to quantify overall DSB resection kinetics in real time. This
was carried out by live-cell imaging of recruitment of the 32-kDa subunit of the ssSDNA-
binding complex, replication protein A (henceforth referred to as RPA) [23] at DSBs
induced focally by laser micro-irradiation [18]. The live-cell imaging set up used in these
experiments has been extensively used to study the dynamics of a large number of DDR
proteins at DSBs [26-32]. To validate this assay, we first established that GFP-RPA
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recruitment to laser-induced breaks reflects physiologically-relevant DNA end resection: 1)
We confirmed that RPA accumulation occurs only in S/G2 cells and not in G1 cells where
extensive resection and HR would be actively inhibited [34] (Fig. S1d, S2). 2) CDK activity
in S/G2 cells triggers DNA end resection and CDK inhibitors have been previously
demonstrated to attenuate resection and RPA foci formation [17, 35]. Therefore, we also
confirmed that GFP-RPA recruitment is inhibited by the CDK inhibitor AZD5438 [36],
demonstrating that GFP-RPA accumulation Kinetics in our livecell assay reflects the
generation of sSDNA due to DNA end resection (Fig. S2).

After validating the live-cell end-resection assay, we examined the accumulation of GFP-
RPA at laser micro-irradiation sites in wild type 1BR3 cells. Maximum accumulation was
observed by approximately 45 minutes (Fig. 1A). Knockdown of Mrellor CtIP (Fig. S1a)
resulted in slower recruitment of GFP-RPA, but peak levels were still attained by
approximately 120 minutes. These results indicate that while Mrell and CtIP stimulate DSB
resection in human cells, resection can still proceed to completion in their absence, albeit at
a slower rate. Ablation of Exol resulted in a severe resection defect such that peak resection
levels were not reached by even 120 minutes confirming that Exol plays a major role in end
resection in human cells. Attenuation of the other pathway, by knockdown of either of the
two helicases involved (BLM or WRN), also resulted in resection defects. Knockdown of
WRN caused a more severe defect compared to BLM, indicating that WRN may play a
prominent role in this pathway in humans in vivo, in accord with a recent Xenopus study
[12]. Combined knockdown of both WRN and Exol resulted in a further decrease in
resection, confirming that these two “downstream” players function in alternate pathways
for extensive DSB resection in human cells, similar to that seen for their yeast counterparts
[9, 11].

We further validated the major conclusions from the GFP-RPA accumulation experiment by
directly quantifying the generation of sSDNA by staining for 5-bromo-2-deoxyuridine
(BrdU) foci under nondenaturing conditions [37] (Fig. S3). In gamma ray-irradiated 1BR3
cells, the time taken to reach peak numbers of BrdU/ssDNA foci (Fig. S3) was similar to
that needed for maximum accumulation of GFP-RPA in live-cell experiments (Fig. 1a),
further validating the live-cell end-resection assay. Knockdown of Mrel1 or CtIP reduced,
but did not eliminate, BrdU/ssDNA foci similar to that reported before for CtIP knockdown
[37]. Exol knockdown, on the other hand, largely eliminated BrdU/ssDNA foci in these
cells (Fig. S3). These results, which are in accord with results from the live-cell assay,
confirm that Exol plays a predominant role in end resection in human cells.

In order to re-confirm the major role that Exol plays in resection using a different assay, we
quantified the induction of RPA foci in response to gamma rays. RPA foci were reduced, but
not absent, upon Mrel1 or CtIP knockdown while foci formation was maximally attenuated
upon Exol knockdown (Fig. 1B; Fig. S1a) To corroborate results obtained with Mrell
knockdown, we assessed RPA foci formation in two primary Mrell-deficient ATLD cell
lines [21] and found that IR-induced RPA foci formation was reduced, but not absent, in
these cells compared to primary human skin fibroblasts (HSF), similar to that reported
before for a different ATLD line [38] (Fig. S4). Upon quantifying the induction of Rad51
foci in gamma-irradiated S/G2 cells (cyclin A-positive [39]), we found maximum
attenuation of Rad51 foci with Exol knockdown (Fig. 1C). To reconfirm these results and to
rule out any “off-target” effect of the SIRNAs used in these experiments (Supplement; Table
1), we quantified RPA and Rad51 foci after knockdown of Mrell, CtIP, BLM, WRN, or
Exol with a different set of sSiRNAs (Supplement; Table 2) and found similar effects on the
induction RPA and Rad51 foci (Fig. S5). Combined knockdown of both Exol and WRN
reduced RPA and Rad51 foci numbers further to nearbackground levels, indicating that

DNA Repair (Amst). Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tomimatsu et al.

Page 5

Exol functions in resection in vivo along with an alternate pathway involving WRN (Fig. 1B
C: Fig. Sla).

Interestingly, Exol knockdown could further reduce RPA and Rad51 foci in Mrell- or
CtIP-depleted cells, indicating that Exol can also function independently of these two
proteins in resection (Fig. S6). Therefore, to examine if Exol could be recruited to DSBS
independently of Mrel1/CtIP, we quantified the accumulation of GFP-tagged Exol at DSBs
induced focally by laser micro-irradiation of 1BR3 cells [18]. We first confirmed that the
recruitment of Exol to laser-induced breaks was physiologically relevant by showing that
significant Exol accumulation occurred only in those phases of the cell cycle (S/G2) where
extensive resection would be permissible [34] (Fig. S1d, S2). Exol recruitment to DSBs was
unaffected by the knockdown of Mrelland CtIP (Fig. S7). Taken together, these results
indicate that Exol plays a major role in resection in humans and can function independently
in resection even without initial limited resection by Mrel1/CtIP.

3.2. Ku inhibits Exol-mediated DSB resection and homologous recombination in human

cells

Recent genetic studies in yeast suggest that the NHEJ protein Ku might antagonize long-
range resection by Exol, especially in the absence of Mrell or Sae2 [40, 41]. We, therefore,
wanted to investigate whether Ku might act as a general inhibitor of Exol-mediated
resection in human cells. We quantified Rad51 foci in gamma-irradiated 1BR3 cells with
siRNA-mediated knock down of Ku80 (Fig. 2A; S1b). We found that Ku80 knockdown
resulted in an increase in Rad51 foci upon irradiation and this increase could be negated by
additional knockdown of Exo1 indicating that increased resection upon Ku80 depletion is
mediated by Exol. To rule out any “off-target” effect of the Ku80 siRNA used in this
experiment (Supplement; Table 1), we quantified Rad51 foci after knockdown of Ku80 with
a different sSiRNA (Supplement; Table 2) and found a similar increase in Rad51 foci upon
Ku80 depletion (Fig. S8). We wanted to examine whether Ku80 loss might promote
resection by enhancing Exol recruitment to DNA breaks. We quantified the accumulation of
GFP-tagged Exol at DSBs induced focally by laser micro-irradiation of 1BR3 cells [18]
(Fig. S1d, S2) and found that Ku80 knockdown increased the recruitment and retention of
GFP-Exo1 at DNA damage sites (Fig. 2B). A corresponding increase in GFP-RPA
recruitment was also seen upon Ku80 knockdown and this increase could be negated by
additional knockdown of Exol (Fig. 2C). Taken together, these results suggest that Ku80
exerts an inhibitory effect on DSB resection by preventing Exol from accessing DNA ends.

3.3. Exol is aregulated by the interplay between 53BP1 and Brcal

A very important NHEJ to HR switching model was recently formulated involving 53BP1, a
“mediator” protein that accumulates at DSBs and Brcal, a HR protein that is mutated in a
subset of familial breast and ovarian cancers; reviewed in [34]. According to this model, the
accumulation of 53BP1 at DSBs promotes NHEJ while suppressing HR, presumably by
inhibiting resection. However, Brcal can trigger a switch from NHEJ to HR by displacing
53BP1 from DNA ends, thereby facilitating resection [42, 43]. Thus, according to these
reports, the HR defect of Brcal-mutant mouse cells can be corrected by additional loss of
53BP1 [42, 43]. In accord with these reports, we found that 53BP1 knockdown in Brcal-
deficient HCC1937 breast cancer cells [22] corrected the HR defect of these cells.
Specifically, the reduced numbers of IR-induced Rad51 foci (Fig. 3A; S1c) and the
increased numbers of radial chromosome structures [43] (Fig. 3B) in Brcal-null cells could
be reversed by knockdown of 53BP1. To rule out any “off-target” effect of the 53BP1
SiRNA used in this experiment (Supplement; Table 1), we quantified Rad51 foci after
knockdown of 53BP1 with a different SIRNA (Supplement; Table 2) and found a similar
increase in Rad51 foci upon 53BP1 depletion (Fig. S9). These results confirm that the

DNA Repair (Amst). Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tomimatsu et al.

Page 6

interplay between Brcal and 53BP1, elucidated in cells from transgenic mice [42, 43], also
occurs in human breast cancer cells. Importantly, the rescue of the HR defect could be
negated by additional knockdown of Exo1l indicating that 53BP1 inhibits Exo1l in these cells
(Fig. 3A, B). Finally, we found that GFP-RPA recruitment, as measured by live-cell
imaging, was significantly attenuated in Brcal-null cells compared to Brcal-complemented
cells (Fig. 3C). Strikingly, 53BP1 knockdown partially restored RPA recruitment in Brcal-
null cells and this rescue was negated by additional knockdown of Exol. Taken together,
these results indicate that Exol-mediated DNA resection is a pivotal event in repair pathway
choice that is controlled by the interplay between Brcal and 53BP1.

3.4. DSB resection by Exo1l facilitates a transition from ATM- to ATR-mediated DNA
damage signaling

In addition to a switch from NHEJ to HR, DSB resection is expected to facilitate a transition
from ATM- to ATR-mediated signaling, as the generation of 3’-ssDNA is crucial for ATR
activation and is reported to disfavor ATM activation in vitro [44]. To investigate a possible
role for Exol in such a transition in vivo, we examined the kinetics of GFP-ATM and GFP-
ATR recruitment by live-cell imaging of 1BR3 cells. Interestingly, Exol knockdown
resulted in delayed recruitment of ATR (Fig. 4A; S1d) and augmented recruitment of ATM
(Fig. 4B; S1d) to the sites of laser-induced DNA damage. In a complementary experiment,
we found that ectopic expression of Exol in 1BR3 cells significantly augmented the
recruitment of GFPATR and attenuated the recruitment of GFP-ATM to the sites of laser-
induced DSBs (Fig. S10). As Chk1 and Chk2 are signature substrates for ATR and ATM,
respectively [1], we validated the live-cell imaging results by examining the kinetics of
Chk1 and Chk2 phosphorylation upon gamma irradiation by Western blotting (Fig. 4C).
Exol-deficient human cells showed markedly impaired DSB resection as evident from the
reduced phosphorylation of RPA at serines 4/8, a surrogate marker for DSB resection [7].
Chk1 phosphorylation was attenuated upon Exol knockdown, clearly indicating that, in the
absence of Exo1l, residual resection is insufficient to stimulate robust ATR signaling. In
contrast, Chk2 phosphorylation was increased upon Exol knockdown, indicating that
attenuated resection might augment ATM activation. Using histone H3 phosphorylation to
distinguish between mitotic and G2 cells [19], we found that Exol- depleted cells displayed
a more prolonged gamma ray-induced G2/M block, presumably due to the enhanced Chk2
phosphorylation in these cells and in keeping with the role of Chk2 in maintaining the G2/M
block at 8 hours post-irradiation [45] (Fig. 4D). It is clear from these results that end
resection by Exol augments DNA damage-signaling by ATR and concurrently curtails
signaling by ATM. We previously postulated that phosphorylation of Exol by ATM might
restrain the resection activity of Exol [18]. Given the inhibitory effect of resection on ATM
activation, it is logical to assume that ATM might inhibit Exol to ensure that its own
activation and retention at breaks is not prematurely terminated due to DSB to ssDNA
conversion.

3.5. Concluding remarks

Exol is a member of the Rad2 family of nucleases and possesses 5’ to 3° dsDNA
exonuclease and 5’—flap endonuclease activities and functions in a number of important
cellular pathways including DNA repair, recombination, replication, and telomere integrity
[46]. It is clear from this study that Exol plays a predominant role in resection in human
cells in response to IR along with an alternate pathway dependent on WRN. We also show
that resection is attenuated (but not abrogated) in the absence of Mrel1 or CtIP and that
Exol can carry out resection in the absence of Mre11/CtIP in human cells.

In the “two-step” model of DSB resection, largely derived from yeast studies, the upstream
and downstream components act sequentially, with upstream components and initial
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(limited) resection facilitating the second step (extensive resection) [2—4]. This model was
further refined by in vitro observations showing that the upstream components Mrel11/Sae2
facilitate downstream processes undertaken by Exol or Dna2/Sgs1 though this stimulation
was accomplished without Mrell nuclease activity [13-15]. Therefore Mrel1/Sae2 need not
generate sSDNA in order to stimulate resection but, rather, may do so in other way(s) that
are not fully understood such as stabilization of resection proteins at DNA ends. In Mrel1 or
Sae2 mutant yeast, resection is slower but not absent and depends on the presence of Exol
and Sgs1 [8-11]. In the absence of either of the two downstream components in yeast, there
is little effect on resection in vivo, but when both are absent then resection is limited to a
short region close to break site; this limited resection is Mrel11/Sae2 dependent. However,
there is some complementarity between these upstream and downstream pathways since
yeast cells deficient in Mrell or Sae2 can still resect DSBs while cells deficient in all three
pathways show no resection at all [8-11].

In this manuscript we present data showing that Exol can resect IR-induced DSBs without
Mrel1/CtIP and may function in this process along with an alternate pathway represented by
WRN. We show that, in human cells, resection is severely affected by the depletion of Exol
or WRN but not as much by the depletion of Mrell or CtIP. However, codepletion of Exol
and WRN results in a more severe resection defect compared to ablation of either protein
alone. Interestingly, co-depletion of both WRN and BLM also results in a more severe
resection defect compared to single knockdowns (data not shown), indicating that both BLM
and WRN may function as helicases in the second resection pathway in human cells.
Consistent with our observations of a more limited role of Mrell or CtIP in IR-induced
resection, conditional deletion of Mrell in mouse cells attenuates (but does not abrogate)
IRinduced RPA and Rad51 foci [16], IR-induced RPA foci are reduced (but not absent) in
Mrell-deficient ATLD cells [38], and knockdown of CtIP in human cells reduces (but does
not abolish) IR-induced RPA [17] or BrdU/ssDNA [37] foci. Interestingly, it was recently
reported that CtIP interacts with Exol and actually restrains its exonucleolytic activity [47].
Therefore, it is possible that unbridled Exol activity in CtIP knockdown cells might actually
compensate for the loss of a CtIP-dependent early step.

It is possible that Mrel1/CtIP and the Exol pathway might turn out to be complementary
with each other and suited for different classes of DSB lesions in human cells which
includes clean ends, difficult to repair complex base damage, and DNA-protein cross-links.
Endonucleolytic cleavage of 5’ termini by Mre11/CtIP may be essential for resection of
DNA ends that are blocked by a covalently-attached protein [48, 49]. Thus, Mrell and CtIP
may be mandatory for resection of DSBs generated by camptothecin (which generates DNA
ends linked to topoisomerase 1), as reported before [7, 8]. On the other hand, the dependency
on Mrel1/CtIP may be reduced for IR-induced breaks as these would not necessitate
removal of an end-blocking protein. This is borne out by our results and by the reduction
(but not absence) of RPA or BrdU/ssDNA foci in irradiated mouse and human cells
deficient in Mrell or CtIP [16, 17, 37, 38]

Our results indicate that the recruitment of Exol to DNA breaks might be inhibited by the
NHEJ protein Ku80 and the higher level of resection that occurs upon siRNA-mediated
depletion of Ku80 is largely dependent on Exol. Moreover, restoration of resection in
BRCA1-deficient cells upon depletion of 53BP1 is also dependent on Exol. Taken together,
our data indicate that resection by Exol is modulated by the Ku heterodimer, and by 53BP1
and Brcal which are components of a recently elucidated NHEJ to HR switching
mechanism [34]. Finally, we demonstrate that lower level of resection in the absence of
Exol correlates with lower level of ATR activation and higher level of ATM activation,
consistent with the idea that resection promotes ATR activity and blocks ATM activity [44].
In sum, our results indicate that resection by Exol influences key process occurring in
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human cells in response to breaks — DNA repair by HR versus NHEJ and cell cycle
checkpoint signaling by ATR versus ATM. It would be important, in the future, to
understand whether CDK-dependent phosphorylation events regulate the function of Exol
in resection as they do for Sae2 [50] and Dna2 [51].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Exol plays a major role in DSB resection and HR in human cells

(A) Time-lapse images of accumulation of GFP-RPA (green) at DSBs induced by laser
micro-irradiation (arrows) of wild type 1BR3 cells with or without Exol knockdown. Scale
bars, 10 pm. Plot shows kinetics of recruitment of GFP-RPA in 1BR3 cells with knockdown
of Mrell, CtIP, BLM, WRN or Exo1l. Cells transfected with scrambled siRNA (siScr) and/
or with a scrambled shRNA vector (shScr) serve as controls. (B) Representative image of
gamma-irradiated 1BR3 cells immunnostained with anti-RPA antibody (red) after 3 hours.
Nuclei are stained with DAPI (blue). Percentages of RPA-positive cells (10 or more foci) are
plotted for 1BR3 cells with depletion of Mrel1, CtIP, BLM. WRN, or Exol. (C)
Representative image of gamma-irradiated 1BR3 cells co-immunofluorescence stained with
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anti-Cyclin A antibody (green) and anti-Rad51 antibody (red) after 3 hours. Average

numbers of Rad51 foci for Cyclin A-positive (S/G2) nuclei at 3 hours post-irradiation are
plotted for 1BR3 cells with depletion of Mrel1, CtIP, BLM, WRN, or Exol.
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Figure 2. Ku inhibits Exol-mediated DSB resection and homologous recombination in human
cells

(A) Average numbers of Rad51 foci for S/G2 nuclei at 3 hours post-irradiation are plotted
for wild 1BR3 cells with knockdown of Ku80 or both Ku80 and Exol. (B) Kinetics of
recruitment and dissociation of GFP-Exol at DSBs induced by laser micro-irradiation of
1BR3 cells with or without knockdown of Ku80. (C) Kinetics of recruitment of GFP-RPA at
DSBs induced by laser micro-irradiation of wild type 1BR3 cells or cells with knockdown of
Ku80 or both Ku80 and Exol.
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Figure 3. Exol is regulated by the interplay between 53BP1 and Brcal

(A) Average numbers of Rad51 foci for S/G2 nuclei at 3 hours post-irradiation are plotted
for Brcal-deficient HCC1937 cells or Brcal-complemented cells with sSiRNA-mediated
knockdown of 53BP1 or both 53BP1 and Exol. (B) Percentages of metaphases with radial
chromosomes (arrows in representative metaphase) are plotted for gamma-irradiated
HCC1937 cells with knockdown of 53BP1 or both 53BP1 and Exol. (C) Kinetics of
recruitment of GFP-RPA at DSBs induced by laser micro-irradiation of Brcal-
complemented or Brcal-null HCC1937 cells with knockdown of 53BP1 or both 53BP1 and
Exol.
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Figure 4. DSB resection by Exol facilitates a transition from ATM- to ATR-mediated DNA
damage signaling

Plots and representative images show recruitment of (A) GFP-ATR or (B) GFP-ATM to the
sites of DSBs induced by laser micro-irradiation (arrows) of wild type 1BR3 cells with or
without Exol knockdown. Scale bars, 10 um. (C) 1BR3 cells with or without Exol
knockdown were irradiated with gamma rays and phosphorylation of DDR proteins was
assayed at the indicated times by Western blotting with phospho-specific antibodies. (D)
Early G2/M block in irradiated 1BR3 cells, with or without Exol knockdown, was assayed
by dual-parameter flow cytometry (representative distributions are shown). Percent cells in
M-phase (normalized to mock-irradiated controls) are plotted against post-irradiation time
points - the G2/M checkpoint manifests as a decrease in mitotic cells (blue circles) at 4 hr
post-irradiation.
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