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The retinoblastoma (RB) tumor suppressor is recognized as a master regulator that controls entry into the S phase of
the cell cycle. Its loss leads to uncontrolled cell proliferation and is a hallmark of cancer. RB works by binding to
members of the E2F family of transcription factors and recruiting chromatinmodifiers to the promoters of E2F target
genes. Herewe show that RB also localizes toDNAdouble-strand breaks (DSBs) dependent on E2F1 andATMkinase
activity and promotes DSB repair through homologous recombination (HR), and its loss results in genome insta-
bility. RB is necessary for the recruitment of the BRG1 ATPase to DSBs, which stimulates DNA end resection and
HR. A knock-in mutation of the ATM phosphorylation site on E2F1 (S29A) prevents the interaction between E2F1
and TopBP1 and recruitment of RB, E2F1, and BRG1 to DSBs. This knock-in mutation also impairs DNA repair,
increases genomic instability, and renders mice hypersensitive to IR. Importantly, depletion of RB in osteosarcoma
and breast cancer cell lines results in sensitivity to DNA-damaging drugs, which is further exacerbated by poly-ADP
ribose polymerase (PARP) inhibitors. We uncovered a novel, nontranscriptional function for RB in HR, which could
contribute to genome instability associated with RB loss.
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The retinoblastoma (RB) tumor suppressor is one of the
most prominent transcriptional regulators of cell cycle en-
try (Dick and Rubin 2013). RB represses the expression of
genes important for cell cycle progression by binding
to members of the E2F family of transcription factors
and recruiting chromatin-modifying proteins, such as his-
tone deacetylases and SWI/SNF ATPases, to the promot-
ers of E2F target genes (Degregori and Johnson 2006).
Hyperphosphorylation of RB by cyclin-dependent kinases
during progression from G1 to S phase causes the dissoci-
ation of RB from E2F, thereby allowing E2F to stimulate
transcription of genes important for cell proliferation by
recruiting coactivators, such as histone acetyltransferases
(HATs) (Degregori 2011; Dick and Rubin 2013). Other
stimuli, such as differentiation and DNA damage, can
also trigger the formation of transcriptionally active

E2F–RB complexes (Ianari et al. 2009; Dick and Rubin
2013; Flowers et al. 2013).

Germline mutations in the RB1 gene cause retinoblas-
toma, a rare pediatric cancer, as well as osteosarcomas
and other cancers. The RB protein is also deregulated in
many other human cancers through mutations in up-
stream regulators of RB phosphorylation (Dick and Rubin
2013). The main driver of cellular transformation in the
absence of RB is thought to be unchecked cell prolifera-
tion. RB loss may also promote tumor development
through inhibition of differentiation or impaired apopto-
sis (Ianari et al. 2009; Dick and Rubin 2013; Flowers
et al. 2013; Hilgendorf et al. 2013). In addition, RB
has transcription-independent functions on chromosome
condensation and maintenance of telomeric heterochro-
matin (Gonzalo et al. 2005; Coschi et al. 2010; Manning
et al. 2010). Since RB interacts with a large variety of
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proteins and has been shown to play multiple roles in ad-
dition to its canonical role in transcription, this tumor
suppressor has been described as a “multifunctional chro-
matin-associated protein” (Dyson 2016).
Like RB, E2F1 is known to have functions that are inde-

pendent of its ability to regulate transcription (Velez-Cruz
and Johnson 2012; Biswas et al. 2014; Malewicz and Perl-
mann 2014). Upon DNA damage, E2F1 is phosphorylated
at Ser31 by the ATM and ATR kinases, which generates a
binding motif for the sixth BRCA1 C-terminal (BRCT)
domain of the TopBP1 protein (Liu et al. 2003). TopBP1 re-
cruits E2F1 to sites of DNAdamage through this phospho-
specific interaction independently of the DNA-binding or
transcriptional activation domains of E2F1 (Liu et al.
2003; Guo et al. 2010). E2F1-deficient cells display ge-
nome instability and are impaired for the repair of both
UV-inducedDNA damage andDNA double-strand breaks
(DSBs) (Guo et al. 2010, 2011; Chen et al. 2011). Defects in
DNA repair in the absence of E2F1 correlate with im-
paired recruitment of DNA repair proteins to sites of
damage.
Defects in the repair of DSBs drive genome instability,

which is a hallmark of cancer that correlates with worse
outcomes (Hanahan and Weinberg 2011; Burrell et al.
2013). DSBs are highly cytotoxic lesions that are generated
during normal cellular metabolism and by exogenous in-
sults such as chemotherapeutic agents and radiation
(Aparicio et al. 2014). DSBs can be repaired by nonhomol-
ogous end-joining (NHEJ) or homologous recombination
(HR). NHEJ mainly entails the ligation of DNA ends and
is highly mutagenic, while HR requires a sister chromatid
template and is less mutagenic than NHEJ (Jasin and
Rothstein 2013).
During HR, the MRN complex (comprised of the

MRE11, NBS1, and RAD50 proteins), together with the
ATM kinase, initiates DNA damage signaling (Paull and
Lee 2005). TheMRN complex, along with CtIP, also initi-
ates DNA end resection at DSBs (Sartori et al. 2007; Mim-
itou and Symington 2009). During this process, long
stretches of ssDNAwith free 3′ ends are generated, which
requires the action of MRE11 and CtIP nucleases, and
these regions are rapidly coated by RPA (Sartori et al.
2007; Mimitou and Symington 2009). In turn, the BRCA2
protein helps to load the RAD51 recombinase that forms
filaments along these ssDNA regions, thus replacing
RPA (Liu andWest 2002; Jasin and Rothstein 2013; Apari-
cio et al. 2014). Deficiencies in this process, such asmuta-
tions in the BRCA2 gene, result in increased genome
instability due to the impairment of the HR pathway and
increased utilization of the more mutagenic NHEJ (Yu
et al. 2000; Liu and West 2002; Jasin and Rothstein 2013).
Recent work has shown the importance of chromatin

structure in the repair of DSBs and particularly how chro-
matinmodifiers and remodelers affect DNA end resection
(Sartori et al. 2007; Mimitou and Symington 2009; Price
and D’andrea 2013; Gursoy-Yuzugullu et al. 2016). It is
clear that nucleosomes pose a barrier to the processing
of DNA ends, and this barrier must be relieved in order
for end resection to occur (Mimitou and Symington
2011). Chromatin remodeling enzymes have been shown

to modulate nucleosome dynamics at DSBs and regulate
DNA end resection. For instance, the INO80 ATPase
was shown to stimulate DNA end resection (Gospodinov
et al. 2011), and, more recently, it was suggested that this
effect in resection wasmediated by the removal of the his-
tone variant H2AZ from the break site (Alatwi andDowns
2015; Gursoy-Yuzugullu et al. 2015). Moreover, the HEL1
helicasewas shown to promote end resection andHR like-
ly bymodifying nucleosomes at the site of the break (Cost-
elloe et al. 2012). The BRG1 ATPase has also been shown
to be recruited to DSBs to stimulate repair (Gong et al.
2015; Qi et al. 2015) and also repress transcription in order
for efficient repair to take place (Kakarougkas et al. 2014).
While these and other chromatin remodelers are known to
be critical for altering chromatin structure to promote
DSB repair, the mechanisms by which these proteins are
recruited to sites of DSBs are poorly understood.
In the present study, we demonstrate that RB is recruit-

ed to DSBs dependent on E2F1 and ATM kinase activity.
Furthermore, RB is required for the recruitment of BRG1
to DSBs. RB-deficient cells are defective in the clearance
of phosphorylated histone H2AX (γH2AX), DNA end
resection, and HR and also display increased chromo-
somal abnormalities upon exposure to IR. The localiza-
tion of RB to DSBs requires E2F1 Ser31 (Ser29 in mice),
a site phosphorylated by the ATM/ATR kinases after
DNA damage. Mouse embryonic fibroblasts (MEFs)
from amouse model with an E2F1 S29Amutation display
the same DNA repair defect as RB-deficient cells, and
E2f1S29A/S29Amice are hypersensitive to IR, thus illustrat-
ing the importance of this repair function ofRB.Moreover,
depletion of RB in osteosarcoma and breast cancer cells
rendered these cells sensitive to DSB-inducing agents as
well as poly-ADP ribose polymerase (PARP) inhibitors, a
feature of HR-defective cells. This novel function of RB
inHRcould explain the genome instability andDNAdam-
age sensitivity observed in RB-deficient human cancers.
Finally, these findings further strengthen an emerging par-
adigm inwhich transcription factors and coregulators play
important roles in the control of other processes beyond
transcription that could also contribute to carcinogenesis.

Results

RB localizes to DSBs dependent on E2F1
and ATM kinase activity

Previous studies found that E2F1 forms IR-induced nucle-
ar foci that colocalize with known markers of DSBs, such
as γH2AX (Liu et al. 2003; Chen et al. 2011). Given that
E2F1 and RB form a complex in response to DNA damage
(Supplemental Fig. S1a; Dick and Dyson 2003; Inoue et al.
2007; Ianari et al. 2009), we performed an in situ extrac-
tion protocol to assess through confocal microscopy
whether RB also formed foci in response to IR. RB formed
nuclear foci 30 min after IR; these foci colocalized with
γH2AX foci (Fig. 1A; Supplemental Fig. S1b,c), and both
foci disappeared with similar kinetics. RB foci were ob-
served in the majority of asynchronously growing cells
(∼90%) (Supplemental Fig. S1c). RB foci were not observed
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in U2OS cells expressing shRNA against RB1 or E2F1,
indicating that RB focus formation is dependent on
E2F1 (Fig. 1A). Moreover, pretreatment of U2OS cells
with the ATM inhibitor KU-60019 abolished RB focus for-
mation in response to IR (Fig. 1A, bottom panel, 30 min
+ATMi), similar to what has been shown for E2F1 foci
(Liu et al. 2003).

To confirm our microscopy findings, we used the hom-
ing endonuclease I-PpoI system (Berkovich et al. 2007)
to monitor RB recruitment to DSBs by chromatin im-
munoprecipitation (ChIP). In U2OS cells, RB was recruit-
ed to the flanking region of the I-PpoI cut site in the
ribosomal DNA (rDNA) gene following I-PpoI induction
(Fig. 1B) as well as to an I-PpoI cut site on chromosome
1 (Supplemental Fig. S1d) but not to the GAPDH locus,
where there is no I-PpoI site (Supplemental Fig. S1e).
There was no enrichment of RB at the I-PpoI cut site in
cells knocked down for RB or E2F1, thus confirming
that recruitment of RB to DSBs is dependent on E2F1. In-
terestingly, we also observed that the recruitment of E2F1
to DSBs was reduced in the absence of RB, suggesting that
the recruitment of these two proteins to break sites may
bemutually dependent (Fig. 1C). The recruitment of phos-

phorylated ATM (pATM) to DSBs following I-PpoI induc-
tion was unaffected by the absence of either RB or E2F1
(Supplemental Fig. S1e). Western blot analysis shows
that the difference in recruitment of the different factors
to I-PpoI cut sites did not arise due to differences in HA-
ER∗-I-PpoI expression (Supplemental Fig. S1f). Moreover,
and consistent with ATM activation being unaffected by
RB or E2F1 status, I-PpoI induction stimulated the phos-
phorylation of p53 on Ser15, a direct target of ATM, to
similar levels in all three cell lines (Supplemental Fig.
S1f). These findings demonstrate that RB is recruited to
DSBs dependent on E2F1 and ATM kinase activity.

We recently developed a knock-in mouse model in
which the ATM/ATR phosphorylation site on E2F1
(Ser29 in mice) was mutated to alanine (Biswas et al.
2014). We showed that this mutation had little effect on
the expression of E2F1 target genes but did impair the as-
sociation of E2F1 with UV-induced damage and nucleo-
tide excision repair (NER) efficiency (Biswas et al. 2014).
Using primary MEFs derived from wild-type and
E2f1S29A/S29A mice, we found that E2F1 was recruited to
sequences flanking an I-PpoI-induced cut site on
mouse chromosome 10 in wild-type MEFs but not in

Figure 1. RB localizes to DSBs dependent on E2F1 and ATM kinase activity. (A) Parental U2OS cells or U2OS cells expressing shRNA
targeting either RB (U2OS + shRB1) or E2F1 (U2OS + shE2F1) were mock-treated (NT) or treated with 5 Gy of IR and subjected to in situ
extraction. Parental cells were also pretreated with 1 µM ATM inhibitor (ATMi) KU-60019 for 1 h prior to IR. Cells were immunofluor-
escently stained with the indicated antibodies and counterstained with DAPI. Representative confocal microscopy images show IR-in-
duced foci of RB (green) and γH2AX (red) and colocalization of these foci (yellow; merge). Bar, 10 µm. The Western blot control shows
depletion of RB or E2F1 in the respective cell lines, with GAPDH as a loading control. (B,C ) U2OS cells were uninfected (−) or infected
(+) with retrovirus expressing the homing endonuclease I-PpoI fused to amodified estrogen receptor (HA-ER∗-I-PpoI) and treatedwith 2 µM
tamoxifen for 12 h. Chromatin immunoprecipitation (ChIP) was performed using antibodies against RB or E2F1.Quantitative PCR (qPCR)
was performed for the rDNA locus (489 base pairs [bp] 3′ to the I-PpoI cut site) and theGAPDH promoter as a negative control (no I-PpoI cut
site). The percentage (%) of input refers to the amount of DNA obtained from the immunoprecipitation of the given factor divided by the
total amount of DNA (input). All experiments were done in triplicate. Graphs represent averages ± SD. (∗) P < 0.05.
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E2f1S29A/S29AMEFs, thus showing that the S29A knock-in
mutation prevents recruitment of E2F1 to DSBs (Fig. 2A).
Moreover, recruitment of RB to the induced DSB was also
abolished in E2f1S29A/S29A MEFs, while enrichment of
γH2AX at the cut site was unaffected by the E2F1 S29A
mutation (Fig. 2B,C). E2F1 andRB protein levels were sim-
ilar in wild-type and E2f1S29A/S29Amutant cells before and
after I-PpoI induction (Supplemental Fig. S2a). Occupancy
of E2F1, RB, and γH2AX at the control Gapdh locus was
unaffected by I-PpoI induction or the S29Amutation (Sup-
plemental Fig. S2b–d). These findings demonstrate that
RB recruitment to DSBs requires E2F1 Ser29, a site phos-
phorylated by ATM.
Phosphorylation of E2F1 at S29 creates a binding site for

the sixth BRCT domain of TopBP1, and this interaction is
known to be necessary for the recruitment of E2F1 to DSB
sites (Liu et al. 2003). Consistent with this, a purified GST
fusion protein containing the first six BRCT domains of
TopBP1 was able to pull down E2F1 from IR-treated

wild-type MEF extracts, while very low levels were ob-
tained in the absence of DNA damage (Fig. 2D). In con-
trast, GST-TopBP1 was unable to pull down E2F1 from
IR-treated extracts made from E2f1S29A/S29A cells even
though similar levels of E2F1 protein were expressed in
wild-type and E2f1S29A/S29A cells (Fig. 2D). Importantly,
RBwas also pulled down byGST-TopBP1 using IR-treated
extracts derived from wild-type MEFs or parental U2OS
cells (Fig. 2D,E). RB association with TopBP1 was depen-
dent upon E2F1 and E2F1 phosphorylation, since it was
abolished by the E2F1 S29A knock-in mutation, E2F1
depletion, or ATM inhibition (Fig. 2D,E; Supplemental
Fig. S2e). Taken together, these findings support a model
in which ATM-dependent phosphorylation of E2F1 and
its association with TopBP1 recruit not only E2F1 but
also RB to DSBs. Of note, the GST-TopBP1 pull-down
experiments also showed the mutual dependence of RB
and E2F1 for the stability of this interaction (Fig. 2E).
RB stabilizes the TopBP1–E2F1 interaction by shielding
phosphorylated E2F1 fromproteasomal degradation, since
this defect can be rescued by a proteasome inhibitor (Sup-
plemental Fig. S2f). This finding is consistent with previ-
ous reports showing that RB protects E2F1 from
proteasomal degradation (Hofmann et al. 1996; Campa-
nero and Flemington 1997).

RB and E2F1 promote γH2AX clearance,
DNA end resection, and HR

Since RB is recruited to DSBs, we sought to determine the
effect of RB depletion on the repair of DSBs bymonitoring
the formation and disappearance of γH2AX foci following
IR. RB-deficient U2OS cells displayed higher numbers
(even without IR) of γH2AX foci after IR compared with
parental U2OS cells, and these foci persisted longer in
RB-deficient cells (Fig. 3A,B). On the other hand, the for-
mation and kinetics of IR-induced 53BP1 foci was unaf-
fected by the absence of RB (Fig. 3A,C). Western blot
analysis confirmed thatRB depletion inU2OS cells result-
ed in higher levels of γH2AX that persisted longer follow-
ing IR treatment (Supplemental Fig. S3a), indicating a
defect in DSB repair in cells lacking RB.
As the E2F1 S29A mutation abolished the recruitment

of RB to DSBs, we sought to determine whether this mu-
tation would have the same effect as depletion of RB in re-
pair. LikeRB-deficient cells,E2f1S29A/S29A cells had higher
numbers of γH2AX foci and delayed clearance kinetics
compared with wild-type cells (Fig. 3D). Similar results
were observedwhenWestern blot analysis was used to ex-
amine γH2AX levels (Supplemental Fig. S3b). To further
confirm that the E2F1 S29A mutation results in impaired
DSB repair, MEFs from E2f1S29A/S29A and wild-type
control mice were treated with the radiomimetic drug
neocarzinostatin (NCS) and subjected to the single-cell
gel electrophoresis (Comet) assay. As was observed with
E2f1−/− cells (Chen et al. 2011), increased levels of DNA
breaks were observed in E2f1S29A/S29A cells compared
with wild-type cells before treatment and at later time
points following NCS treatment (Fig. 3E). These findings
indicate that either the absence of RB or blocking the

Figure 2. E2F1 S29A mutation prevents recruitment of RB to
DSBs. (A–C ) Primary wild-type and E2f1S29A/S29A MEFs were un-
infected (−) or infected (+) with a retrovirus expressing HA-ER∗-I-
PpoI and treated with 2 µM tamoxifen for 12 h. ChIP was then
performed, and occupancy of E2F1 (A), RB (B), and γH2AX (C )
was determined by qPCR at the mouse chromosome 10 locus
(269 bp 5′ to the I-PpoI cut site). Fold enrichment represents
the ratio between the percentage of input of treated cells and un-
treated cells. (D) Purified GST-TopBP1 (BRCT1–6) or GST con-
trol protein was incubated with whole-cell extract from wild-
type or E2f1S29A/S29A MEFs that were either untreated or treated
with 10 Gy of IR and harvested 2 h after IR. Associated proteins
were pulled down using glutathione beads, and Western blot was
performed using antibodies against RB and E2F1. (E) A GST-
TopBP1 pull-down assay similar to that described above was per-
formed using extracts from parental U2OS cells or U2OS cells
knocked down for RB or E2F1 either untreated or treated with
10 Gy of IR and harvested 2 h after IR. All experiments were
done in triplicate, and immunoblots are representative. Graphs
represent averages ± SD. (∗) P < 0.05.
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recruitment of RB to DSBs through the E2F1 S29A muta-
tion results in a DSB repair defect.

While our studies showed that ATM activation was un-
affected in the absence of RB (Supplemental Figs. S1d,e,
S4a), ATR activation (monitored by the phosphorylation
of the Chk1 kinase at Ser345) was attenuated in the ab-
sence of RB or E2F1 (Supplemental Fig. S4a). ATR activa-
tion is triggered by RPA-coated ssDNA regions generated
through DNA end resection (Zou 2003). To directly mea-
sure the amount of ssDNA generated after IR through
DNA end resection, we used an established method in
which cells are allowed to incorporate BrdU, treated
with IR, and then stained with an antibody against BrdU
under nondenaturing conditions (Gospodinov et al.
2011). Because the antibody recognizes only BrdU within
ssDNA, staining under nondenaturing conditions after IR
detects primarily ssDNA generated through DNA end re-
section at DSBs. U2OS cells depleted for RB or E2F1 dis-
played reduced BrdU staining when compared with
control U2OS cells, indicating a defect in the generation
of ssDNA (Fig. 4A,B). Since these ssDNA regions are rap-
idly coated with RPA, we also analyzed RPA focus forma-
tion after IR in S/G2 cells (labeled by cyclin A expression).
Depletion of RB significantly reduced the intensity of
RPA foci after IR (Fig. 4A,C). We also observed impaired
DNA end resection in RB- and E2F1-deficient cells using
the chemotherapeutic drug camptothecin (CPT) to induce
DSBs combined with a flow cytometry method to mea-
sure increases in chromatin-bound RPA after DNA dam-
age in S/G2 cells (Supplemental Fig. S4b; Forment et al.
2012). A similar reduction in chromatin-bound RPA after
CPT was also observed in E2f1S29A/S29AMEFs, indicating
that, similar to the absence of RB or E2F1, the E2F1

S29A mutation is sufficient to impair DNA end resection
at DSBs (Fig. 4A–D).

Since DNA end resection is critical for HR repair, we
used a widely used HR reporter system to test whether
the absence of RB resulted in a defect in this repair path-
way (Nakanishi et al. 2011). DR-U2OS cells have two dif-
ferentially mutated GFP genes integrated in the genome.
The first GFP has a recognition sequence for the I-SceI re-
striction enzyme where a DSB can be induced upon the
transient expression of this enzyme. The second GFP
gene can be used through HR to repair the first GFP frag-
ment and restore GFP expression, and the efficiency of
this HR event can be quantified by flow cytometry. DR-
U2OS cells were transfected with scrambled siRNAs or
siRNAs against RB, E2F1, or both or against the DNA
end resection endonuclease CtIP and, 72 h later, were
transfected with a plasmid that expressed I-SceI. We ob-
served that siRNAs efficiently reduced the levels of RB
and E2F1 (Supplemental Fig. S4c), and flow cytometry
analysis showed that depletion of either RB or E2F1 signif-
icantly reduced HR efficiency (Fig. 4E). Very similar re-
sults were obtained with a different set of siRNAs (Fig.
4E; Supplemental Fig. S4d,e). Of note, knocking down
both RB and E2F1 did not result in further reduction in
HR efficiency, thus supporting a model in which these
proteins work within the same pathway in the repair of
DSBs. Importantly, cell cycle analysis did not showmajor
differences in cells depleted for RB or E2F1 (Supplemental
Fig. S4c), thus demonstrating that the HR defect observed
in the absence of RB or E2F1 is not due to indirect cell cy-
cle effects.

In order to determine whether the E2F1 S29Amutation
also affects HR, we used male mice and prepared

Figure 3. RB-deficient and E2F1 S29A
cells are impaired for γH2AX clearance fol-
lowing IR. (A) Parental U2OS cells and
U2OS cells expressing shRNA against RB
(+shRB1) weremock-treated (NT) or treated
with 5 Gy of IR and allowed to repair DNA
damage for the indicated times. Represen-
tative confocal microscopy images show
the formation and disappearance of
γH2AX (green) and 53BP1 (red) foci and
colocalization (yellow; merge). Nuclei
were counterstained with DAPI (blue).
Bar, 10 µm. Quantification of γH2AX (B)
and 53BP1 (C ) foci at the indicated times af-
ter IR was performed. (D) γH2AX foci for-
mation and clearance were measured as
above using primary wild-type and
E2f1S29A/S29A MEFs. (E) Wild-type and
E2f1S29A/S29A MEFs were treated with the
radiomimetic drug neocarzinostatin (NCS)
for 30 min and incubated in fresh culture
medium for the indicated times before sub-
jecting cells to the single-cell electrophore-
sis (Comet) assay. The average Olive
moment was determined. All experiments
were done in triplicate. Graphs represent
averages ± SD. (∗) P < 0.05; (∗∗) P < 0.01.
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spermatocyte spreads to analyze meiotic recombination
progression.Meiotic recombination shares various proteins
and processes with mitotic HR repair (Hunter 2015). As
shown in Figure 4F, the strand exchange factors Rad51 and
Dmc1, which form nucleoprotein filaments at resected
meiotic DSBs, were significantly reduced in E2f1S29A/S29A

spermatocytes when compared with those of wild-type
mice. This deficiency, observed in a physiological setting,
further indicates that the E2F1-S29A mutation is suffi-
cient to cause a defect in DNA end resection and HR.
HR is the less mutagenic DSB repair pathway (West

2003; Aparicio et al. 2014). Indeed, cells that are deficient
in HR display higher levels of chromosomal aberrations
after IR (West 2003; Aparicio et al. 2014). Thus, we sought
to test whether the absence of RB or E2F1 would result in
increased chromosomal aberrations after IR. U2OS con-
trol cells and cells expressing shRNAs against RB and
E2F1 were treated with IR, and metaphase spreads were
prepared 48 h later. As seen in Figure 4G, RB- and E2F1-de-
ficient cells displayed increased frequency of chromosom-
al radials, breaks, and fusions after IR, indicating a defect
in DSB repair. E2f1S29A/S29A fibroblasts also showed
increased numbers of chromosomal breaks and fusions af-
ter IR treatment compared with wild-type MEFs (Supple-
mental Fig. S4f). Taken together, our data show that RB

and E2F1 promote DNA end resection, and their absence
causes a defect in HR that results in increased chromo-
somal aberrations after IR.
The DNA end resection step of HR is cell cycle-regulat-

ed and occurs primarily during the S and G2 phases of the
cell cycle due to the need of a sister chromatid for HR to
occur (Jasin and Rothstein 2013; Price and D’andrea
2013). Cell cycle analysis of U2OS cells expressing
shRNAs against RB or E2F1 showed no major differences
between the parental cell lines (Supplemental Fig. S4g).
Furthermore, the levels of proteins involved in DNA end
resection and HR were unaffected by knocking down RB
or E2F1 (Supplemental Fig. S4h). Taken together, these
findings indicate that the absence of either RB or E2F1 im-
pairs DNA end resection and HR, and this defect is not
due to indirect effects on cell cycle kinetics or expression
of DNA repair factors. These findings also extend to
E2f1S29A/S29A MEFs, which also display a defect in DNA
end resection and increased chromosomal abnormalities
after IR. A caveat in the case of the S29A MEFs is that
cell cycle analysis of these MEFs showed modest cell cy-
cle differences when compared with wild-type MEFs.
Therefore, cell cycle differences could contribute to the
defect in DNA end resection observed in these cells (Sup-
plemental Fig. S4i).

Figure 4. RB and E2F1 deficiency results in defective
DNA end resection and HR. (A) Parental U2OS cells
and U2OS cells expressing shRNA against RB1 or
E2F1 were preincubated with BrdU and then mock-
treated (NT) or treated with 5 Gy of IR and allowed to
repair DNA damage for 3 h. Representative confocal mi-
croscopy images stained against BrdU (left panels;
green) or RPA (right panels; green) and focus formation
were assessed 3 h after IR. Cyclin A-positive cells are
shown. Bar, 10 µm. Fluorescence intensity of BrdU (B)
and RPA (C ) foci was determined. (D) Wild-type and
E2f1S29A/S29A MEFs were mock-treated or treated with
1 µM CPT for 1 h and immunofluorescently stained
for RPA. The increase in the amount of chromatin-
bound RPA upon CPT treatment in S/G2 cells was mea-
sured by flow cytometry. (E) DR-U2OS cells were trans-
fected with a scrambled siRNA (siCTRL) or siRNA
targeting RB, E2F1, or CtIP (siRB1, siE2F1, or siCtIP)
and, after 72 h, were transfected with an empty plasmid
(−) or a plasmid expressing the I-SceI endonuclease (+).
After 48 h, GFP expression was measured by FACS to
assess HR efficiency. Results were normalized as
siCTRL (+) equal to 100%. (F ) Representative spermato-
cyte chromosome spreads from various meiosis pro-
phase I stages, stained for the indicated proteins.
Quantification of total foci per nucleus in wild-type
and E2f1S29A/S29A spermatocytes. Each dot is the count
from a single nucleus. Error bars indicate mean ± SD.
Rad51 and Dmc1 at early zygonema. (G) U2OS cells
were mock-treated (NT) or treated with 5 Gy of IR,
and, after 48 h, metaphase spreads were prepared, and
chromosomal radials were counted. Representative
metaphase spreads are shown with arrows pointing to
chromosomal breaks and radials. All experiments were
done in triplicate. Graphs represent averages ± SD.
(∗∗) P < 0.01.
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RB and E2F1 promote DNA end resection and HR
through the recruitment of BRG1 to DSBs

DNA end resection entails the processing of DNA ends,
which has been shown to be modulated by chromatin
remodelers that can alter nucleosomes near the site of
the break to allow the resection process to occur (Huertas
et al. 2009; Chen and Symington 2012; Adkins et al. 2013;
Price and D’andrea 2013; Gursoy-Yuzugullu et al. 2016).
BRG1 is a catalytic subunit of the SWI/SNF family of
ATPases that has been shown to interact with RB in the
context of transcriptional repression (Dunaief et al. 1994;
Strobeck et al. 2000; Kang et al. 2004; Liu et al. 2004) and
also to be recruited to DSBs (Kakarougkas et al. 2014;
Gong et al. 2015; Qi et al. 2015). We found that while the
BRG1 ATPase is recruited to DSBs in control U2OS cells,
it was not recruited in cells depleted for either RB or

E2F1 (Fig. 5A). No differences in BRG1 recruitment were
observed at the control GAPDH locus (Supplemental Fig.
S5a). Also, similar BRG1 proteins levels were detected in
all cell lines (Supplemental Fig. S5e). Since members of
the SWI/SNF family of chromatin remodelers have been
shown to affect nucleosome density, we tested whether
histone H3 occupancy at the DSB was affected in cells in
which the recruitment of BRG1 was impaired. As shown
in Figure 5B, histone H3 occupancy at DSBs was slightly
decreased in control cells, and this decrease was not ob-
served in RB- and E2F1-deficient cells.

Recruitment of BRG1 to DSBs was also examined in
wild-type and E2f1S29A/S29AMEFs using the I-PpoI system.
BRG1 was recruited to DSBs in wild-typeMEFs but not in
E2f1S29A/S29A MEFs (Fig. 5C). Moreover, histone H3 occu-
pancy was also decreased in wild-type MEFs, and this
decrease was not observed in E2f1S29A/S29A MEFs, once
again suggesting that the absence of BRG1 recruitment re-
sults in increased nucleosome density at DSBs. No differ-
ences were observed at the control Gapdh locus in either
of the MEF lines (Supplemental Fig. S5c,d). The protein
levels of BRG1 were also similar between wild-type and

Figure 5. RB and E2F1 recruit BRG1 to DSBs, and BRG1 stimu-
lates DNA end resection and HR. (A) Parental U2OS cells and
cells expressing shRB1 or shE2F1weremock-treated (−) or infect-
ed (+) with a retrovirus expressingHA-ER∗-I-PpoI and treatedwith
2 µM tamoxifen for 12 h. ChIP was performed using an antibody
against BRG1 (A) or H3 (B) and PCR primers at 489 bp 3′ of the I-
PpoI cut site at the rDNA locus. Occupancy of BRG1 and H3 was
determined by qPCR. Fold enrichment was expressed as above.
(C ) Primary wild-type and E2f1S29A/S29A MEFs were uninfected
or infected with retrovirus expressing HA-ER∗-I-PpoI and treated
with 2 µM tamoxifen for 12 h. ChIP was performed using the in-
dicated antibodies and PCR primers at 269 bp 5′ to the I-PpoI cut
site onmouse chromosome 10. Occupancy of BRG1 (C ) or H3 (D)
was determined by qPCR as above. (E) Purified GST-TopBP1
(BRCT1–6) or GST control protein was incubated with whole-
cell extract isolated from wild-type or E2f1S29A/S29A MEFs either
mock-treated or treated with 10 Gy of IR for 2 h. Associated pro-
teinswere pulled downusing glutathione beads, andWestern blot
was performed on precipitated proteins using an antibody against
BRG1. (F ) U2OS cells were transfectedwith the indicated siRNAs
and, at 72 h, were treated with 1 µM CPT for 1 h, permeabilized
for 10 min in ice, fixed, and fluorescently stained for RPA (For-
ment et al. 2012). The increase in the amount of chromatin-
bound RPA upon DNA damage in S/G2 cells was measured by
flow cytometry. (G) DR-U2OS cells were transfected with the in-
dicated siRNAs and, after 72h, were transfected with an empty
plasmid (−) or a plasmid expressing the ISceI endonuclease (+). Af-
ter 48 h, cells were harvested, and GFP expression was measured
by flow cytometry to assess HR efficiency. (H) SAOS-2 cells were
mock-treated (−) or infected (+) with a retrovirus expressing HA-
ER∗-I-PpoI and treated with 2 µM tamoxifen for 12 h. ChIP was
performed using antibodies against γH2AX (H), E2F1 (I ), RB (J),
or BRG1 (K ) and PCR primers at 489 bp 3′ of the I-PpoI cut site
at the rDNA locus. Occupancy of these different proteins was de-
termined by qPCR. Fold enrichment was expressed as above. All
experiments were done in triplicate. Graphs represent averages ±
SD. (∗∗) P < 0.01; (∗∗∗) P < 0.001. Blots are representative of three
independent experiments.
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E2f1S29A/S29A cells (Supplemental Fig. S5f). Importantly,
like E2F1 and RB, GST-TopBP1 specifically pulled down
BRG1 after DNA damage (Fig. 5E). These findings suggest
that the ATM-mediated phosphorylation site of E2F1
and the binding site for TopBP1 are required for the re-
cruitment of not only E2F1 and RB to DSBs but also
BRG1 to DSBs.
In order to demonstrate that the defect in DNA end re-

section and HR observed in cells lacking RB and E2F1
stems from their defect in recruiting BRG1 to DSBs, we
tested whether knocking down BRG1 would also result
in the same defect as RB or E2F1 depletion. As shown in
Figure 5F, U2OS cells transfected with siRNAs targeting
BRG1 showed a defect inDNA end resection, asmeasured
by a decreased amount of chromatin-bound RPA upon
DNA damage in S/G2 cells when compared with cells
transfected with scrambled siRNAs. Also, siRNAs target-
ing BRG1 resulted in a defect in HR efficiency, as mea-
sured using the DR-U2OS system (Fig. 5G). Taken
together, our findings demonstrate that RB and E2F1 me-
diate the recruitment of the BRG1 ATPase to DSBs, and
this chromatin remodeler is important for promoting effi-
cient DNA end resection and HR. Our findings also sug-
gest that BRG1 likely alters nucleosome density at DSBs
to promote DNA end resection.
Germline mutations in the RB1 gene result in retino-

blastomas in >90% of the cases, but these patients also
show increased incidence of other cancer types, such as
osteosarcomas (Dyer 2016). In order to test whether a
defect in BRG1 recruitment was also observed in cancer
cells with RB1 mutations, we used the I-PpoI system in a
widely used osteosarcoma cell line (SAOS-2) that is known
for its inactivation of RB. As shown in Figure 5, H–K, we
observed enrichment of γH2AX upon the induction of
DSBs but no recruitment of E2F1, RB, or BRG1. Taken to-
gether, these findings suggest that cancer cells with inacti-
vated RB1mutations are unable to recruit BRG1 to DSBs.

E2f1S29A/S29A mice are hypersensitive to IR,
and RB-depleted cells are hypersensitive
to DSB-inducing drugs

The E2f1S29A/S29A mouse model provides a unique tool to
study the in vivo importance of RB, E2F1, and BRG1 re-
cruitment toDSBswithout affecting themany other func-
tions of RB and BRG1. Humans and mice that are
defective in DSB repair are often hypersensitive to IR
(West 2003; Aparicio et al. 2014). We therefore treated
E2f1S29A/S29A mice and wild-type sibling controls with
5.5 Gy of IR and then maintained them under sterile con-
ditions. The majority of E2f1S29A/S29A mice did not sur-
vive beyond 17 d following IR treatment, and all knock-
in mice had to be removed from the study by day 32
(Fig. 6A). On the other hand, 80%ofwild-type siblings sur-
vived for >2 mo with no apparent signs of ill health. The
acute apoptotic response in IR-sensitive tissues (intes-
tines and thymus) was similar between E2f1S29A/S29A

and control mice, as was the inhibition of DNA synthesis,
indicating that hypersensitivity to IR is not related to im-
paired apoptosis or G1/S-phase checkpoint responses

Figure 6. E2f1S29A/S29Amice arehypersensitive to IR, andRB-de-
pleted cells are hypersensitive to DSB-inducing drugs. (A) Young
adult wild-type (n = 16) and E2f1S29A/S29A (n = 17) mice were ex-
posed to 5.5Gyof IRonce, and their survivalwasmonitored daily.
A highly statistically significant difference in survival was ob-
served between genotypes (P < 0.0001), as determined by the
Kaplan-Meier survival method and log rank test. (B) U2OS and
MCF-7 cells were transfected with either scrambled siRNA
(siCTRL; black circles) or siRNA against RB (siRB1; red triangles)
and, at 72 h, were treated with increasing concentrations of CPT
in the presence or absence of 1 µM PARP inhibitor olaparib
(PARPi) or etoposide chemotherapeutic agents for 3 d, after which
cell survival was measured by the MTT assay. Graphs represent
the averages of three independent experiments ± SD. (C ) Schemat-
ic model for the recruitment and function of RB at DSBs. DNA
damage activates the ATM kinase, which phosphorylates E2F1,
and phosphorylated E2F1 is recruited to DSBs through its interac-
tion with TopBP1. E2F1 in turn recruits RB, which stabilizes the
TopBP1–E2F1 interaction and recruits BRG1. The BRG1 ATPase
likely reduces nucleosome density at the DSB, which could stim-
ulate resection by the DNA end resection machinery, thus pro-
moting genomic stability. The absence of RB results in a DNA
end resection and HR defect and genome instability.
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(Supplemental Fig. S6a,b). This finding underscores the
importance of this newly uncovered role for RB and
E2F1 in DSB repair, since impairing this function specifi-
cally results in reduced survival in mice.

RB loss is a hallmark of cancer and occurs at different
frequencies in different cancer types. In order to test
whether our findings could have a clinical application,
we tested whether down-regulation of RB could sensitize
cancer cells to chemotherapeutic agents that damage
DNA (Fig. 6B). U2OS osteosarcoma cells and MCF-7
breast cancer cells were sensitized to the chemotherapeu-
tic agents CPT and etoposide when RB was knocked
down, in agreement with RB playing a role in the repair
of DSBs. Moreover, simultaneous treatment of these cells
with the PARP inhibitor olaparib and CPT resulted in fur-
ther sensitization upon silencing of RB (Fig. 6B). These
findings may prove useful in a clinical setting where RB
statusmay be used to decide a chemotherapeutic regimen.

Discussion

In this study, we uncovered a novel, nontranscriptional
function for RB in the repair of DNA DSBs that can help
explain the genome instability observed in RB-deficient
malignancies. This novel function for RB could also help
explain the sensitivity of retinoblastomas to DSB-induc-
ing drugs (Knudsen and Knudsen 2008; Witkiewicz et al.
2012; Thangavel et al. 2014). We show that RB is recruited
to DSBs in an ATM- and E2F1-dependentmanner and that
the loss of RB results in a HR defect. RB is also required for
the stabilization of the TopBP1–E2F1 interaction and the
recruitment of the BRG1 ATPase to DSBs. We propose
that BRG1 remodels chromatin at the break site likely
by reducing nucleosome density, which may in turn
stimulate the generation of ssDNA through DNA end re-
section, consequently promoting HR (Fig. 6C). Further-
more, the HR defect in RB-deficient cells results in
increased chromosomal aberrations and genome instabil-
ity, a hallmark of cancer associated with tumor aggres-
siveness and poor prognosis (Burrell et al. 2013).

The recruitment of RB to DSBs depends on its interac-
tion with phosphorylated E2F1, which in turn interacts
with TopBP1. TopBP1 itself is known to localize to
DSBs through additional phospho-specific interactions
with other repair proteins, such as MDC1, 53BP1, and
BRIT1 (Cescutti et al. 2010; Wang et al. 2011; Zhang
et al. 2014). This phosphorylation site on E2F1 is not con-
served in othermembers of the E2F family of transcription
factors (Liu et al. 2003). Indeed, previous work from our
laboratory showed that phosphorylation at this site is
also important for the recruitment of E2F1 to sites of
UV damage and promotes the recruitment of the GCN5
HAT and NER factors to UV-damaged DNA (Guo et al.
2010, 2011). Furthermore, E2f1S29A/S29A mice are defec-
tive in NER and display higher incidence of UV-induced
skin tumors (Biswas et al. 2014).We also showed previous-
ly that E2F1was recruited toDSBs and that E2F1-deficient
cells were impaired in the repair of this type of damage
(Chen et al. 2011). Here we show that phosphorylated
E2F1 in turn recruits RB to DSBs and that RB itself is im-

portant for the stability of the TopBP1–E2F1 interaction.
The interaction between RB and phosphorylated E2F1
shields phosphorylated E2F1 from ubiquitination and pro-
teasomal degradation, since treatment of RB-deficient
cells with the proteasomal inhibitor MG132 restored nor-
mal levels of phosphorylated E2F1 after IR. This shielding
role for RB has been shown previously for total E2F1 (Hof-
mann et al. 1996; Campanero and Flemington 1997).

We show here that RB-deficient cells and E2f1S29A/S29A

MEFs are defective in DSB repair, specifically in HR. The
importance of HR is underscored by studies showing that
cells with defective DNA repair display genomic instabil-
ity (Aparicio et al. 2014). Genomic instability has been
shown to promote tumor heterogeneity, loss of heterozy-
gosity of tumor suppressor genes, and worse prognoses
(Burrell et al. 2013). RB-deficient cells have been shown
to be sensitive to DNA damage, and this sensitivity had
been ascribed previously to the G1/S checkpoint defect.
Our findings provide an additional explanation for this
sensitivity.

How, exactly, is RB promoting DNA end resection and
HR? Chromatin structure is known to be a major barrier
to DNA end resection, and chromatin remodelers can
modulate this process (Gospodinov et al. 2011; Chen
and Symington 2012; Price and D’andrea 2013). We
show here that the loss of RB results in defective recruit-
ment of the BRG1 ATPase to DSBs, and, accordingly,
this defect was also observed in E2f1S29A/S29A MEFs.
While the involvement of BRG1 in DNA damage signal-
ing and repair has been described previously (Kakarougkas
et al. 2014; Gong et al. 2015; Qi et al. 2015), the mecha-
nism by which this ATPase is recruited to DSBs has
been elusive. It is important to note that the interaction
between RB and BRG1 has long been described in the con-
text of transcriptional repression (Dunaief et al. 1994;
Strobeck et al. 2000; Kang et al. 2004; Liu et al. 2004; Flow-
ers et al. 2013). Here we provide evidence that RB is
directly involved in the recruitment of BRG1 to DSBs.
BRG1 and other ATPases, such as p400 and INO80, are
known to play a role in DNA end resection and HR (Xu
et al. 2010; Gospodinov et al. 2011; Alatwi and Downs
2015; Gursoy-Yuzugullu et al. 2015). In this study, we
show that depletion of BRG1 impairedDNAend resection
and HR. This ATPase is known for its capacity to slide or
push nucleosomeswithinDNA at gene promoters and en-
hancers to either allow or block access of transcription
factors to DNA by changing nucleosome density (Wilson
and Roberts 2011). We propose that BRG1-mediated nu-
cleosome remodeling atDSBs helps to alleviate the barrier
that nucleosomes pose to the DNA processing enzymes
involved in the resection process. It is possible that
BRG1 may be recruited to DSBs through different mecha-
nisms depending on the chromatin environment at the
break (Gursoy-Yuzugullu et al. 2016). Given the impor-
tance of DNA end resection and HR in preserving genome
integrity, it is likely that this novel repair function for RB
could contribute to the genomic instability reported in
RB-negative malignancies. A recent report showed also
that RB directly interacts with components of the NHEJ
pathway (Cook et al. 2015).
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Chromatin and the factors that modify its structure
play important roles in transcriptional regulation, and it
has been shown lately to also play a critical role in DNA
repair. Similarly, the lines between transcription factors
and repair factors have becomemore blurred. Several oth-
er transcription factors, including ATF2, FOXO3a, NR4A,
and Sp1, are also known to localize to DSBs and directly
stimulate DNA repair and/or checkpoint signaling inde-
pendently of transcription (Bhoumik et al. 2005; Tsai
et al. 2008; Malewicz et al. 2011; Beishline et al. 2012;
Velez-Cruz and Johnson 2012; Malewicz and Perlmann
2014). Like E2F1, these other transcription factors localize
to DSBs independently of their DNA-binding domains,
but it is unclear whether they recruit histone-modifying
or remodeling enzymes to alter chromatin structure at
DSBs. If they do, this would establish a general paradigm
in which the cellular machinery that regulates transcrip-
tion and DNA repair share not only enzymes that directly
alter chromatin structure but also transcription factors
and coregulators that target these enzymes to specific
loci. The identification of novel players in the repair of
DSBs not only could help us better understand the repair
process, but this information could help us devise im-
proved therapies for cancer. In the case of RB, this novel,
nontranscriptional function agrees with a more recent
view of this tumor suppressor that describes it as a multi-
functional chromatin-associated protein that controls
many processes involved in carcinogenesis (Dyson 2016).

Materials and methods

Cell lines

U2OS cells were obtained from American Type Culture Collec-
tion and infected with lentiviral particles expressing shRNA tar-
geting RB1 or E2F1. U2OS parental and shRNA-expressing cell
lines were maintained in DMEM supplemented with 10% FCS
(Sigma) and antibiotics at 37°C in 5% CO2. Wild-type and
E2f1S29A/S29A (Mouse Genome Informatics ID E2f1tm1.Dgj) MEFs
were maintained in DMEM supplemented with 15% heat-inacti-
vated FCS, antibiotics, and 0.1 mM β-mercaptoethanol under
low-oxygen conditions. IR treatments were performed with an
RS-2000 biological irradiator (Rad Source). Where indicated, cells
were treatedwith 1 µMATM inhibitor KU-60019 (SelleckChem).

Antibodies

See Supplemental Table 1 for the antibodies used.

Confocal microscopy

Cells were seeded on a coverslip 24 h prior to the experiment. In
situ extraction protocol was used for the visualization of RB foci
(Mirzoeva and Petrini 2001). Cellswere treatedwith the indicated
doses of IR and, at the indicated times, rinsed with cold PBS, in-
cubated for 5 min at 4°C in pre-extraction buffer (25 mM HEPES
at pH 7.5, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM
sucrose, 0.5% Triton X-100), incubated for 5 min at 4°C in CSK
buffer (10 mM Tris at pH 7.4, 10 mM NaCl, 3 mM MgCl2,
1 mM EDTA, 0.5% Triton X-100, 0.5% Na-deoxycholate), fixed
for 15min at room temperature in 3% formaldehyde (Sigma), per-
meabilized with 0.5% Triton X-100 (Sigma) for 5 min, and

blocked in 10% FCS for 45min. Coverslips weremounted in Pro-
Long Gold with DAPI (Invitrogen), and pictures were taken using
a Zeiss LSM880 confocal microscope (63× oil objective). Repre-
sentative images are shown. Focus quantification was performed
using ImageJ software, and at least 150 cells per time point were
analyzed per experiment for the calculation.

ChIP

U2OS and MEF cells were transduced with a retrovirus express-
ing the HA-ER∗-I-PpoI enzyme (Berkovich et al. 2007) twice to in-
crease infection efficiency and treated with 2 µM tamoxifen
(Sigma) for 12 h. Cells were harvested by adding formaldehyde
(1% final concentration) followed by glycine at 1.25 mM final
concentration (Carey et al. 2009). Nuclear extracts were prepared
and sonicated (Diagenode Bioruptor). Occupancy was measured
by quantitative PCR (qPCR) using primers for the indicated loci
(Berkovich et al. 2007). Each experiment was carried out in
triplicate.

GST pull-down and Western blot analysis

Cellswere treated as indicated and harvested in cold PBS followed
by resuspension in cell lysis buffer (20 mM Tris at pH 7.5,
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 0.5 mM EGTA,
protease inhibitor cocktail, phosphatase inhibitor, 300 nM
TSA). Pull-down was performed using 1 mg of extract and 15 µg
of purified GST or GST-TopBP1 and glutathione beads (Cell Sig-
naling Technologies) following the manufacturer’s directions.
Samples were mixed with Leamili buffer, boiled for 5 min, sepa-
rated by SDS-PAGE, and visualized by ECL.

ssDNA BrdU immunofluorescent staining

Briefly, cells were incubated with 30 µg/mL BrdU for 36 h, irradi-
ated at 5 Gy, and harvested at the indicated times as described
previously (Gospodinov et al. 2011). Cells were treated as for RB
foci and stained with anti-BrdU and anti-cyclin A antibodies (to
label S/G2 cells). Images were taken on the confocal microscope
(63× oil), and fluorescence intensity was measured in cyclin
A-positive cells with ImageJ software.

Comet assay

The single-cell gel electrophoresis (Comet) assay was carried out
using the Comet assay kit (Trevigen). Briefly, cells were exposed
toNCS for 30min and cultured in freshmedium for the indicated
times prior to harvesting. Cells were then embedded in low-melt-
ing agarose on a glass slide and incubated overnight at 4°C in lysis
buffer. Sampleswerewashed and electrophoresed at 19 V for 5–20
min in TBE and stained with SYBR Green. Nuclei were visual-
ized, and images were captured using a fluorescent microscope.
Tail length and Olive moment (50 nuclei per slide) were calculat-
ed using CometScore software (Tritek).

Chromatin-bound RPA by flow cytometry

Briefly, cells were mock-treated or treated with 1 µMCPT for 1 h
and harvested by trypsinization. Cells were permeabilized for
10 min in ice in T-PBS (PBS + 0.2%Triton X-100), fixed in 4%
formaldehyde, and stained with an anti-RPA antibody. Cells
were resuspended in an RNase A/PI solution, and FACS analysis
was performed as described previously (Forment et al. 2012). The
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increase in chromatin-bound RPA in S/G2 cells upon CPT treat-
ment was measured using FlowJo.

HR efficiency

DR-U2OS cells were transfected with 100 nM control scrambled
siRNAs or siRNAs against different proteins as indicated using
Lipofectamine 2000 (Invitrogen). Seventy-two hours after trans-
fection, cells were transfected with pCAB-ISceI plasmid using
Fugene HD. Forty-eight hours after transfection, cells were har-
vested by trypsinization and resuspended in PBS, and flow cytom-
etry was performed to monitor GFP-positive cells. Analysis was
performed using FlowJo. A fraction of the cells was used to per-
form Western blot analysis.

Spermatocyte chromosome spreads

Spermatocytes from adult (∼5-mo-old) mice were separated into
individual cells in suspension before surface spreading as de-
scribed previously (Cole et al. 2012). The antibodies used were
SYCP3 (Santa Cruz Biotechnology), RAD51 (EMD), and DMC1
(Santa Cruz Biotechnology). After immunostaining, slides were
mounted in ProLong Gold anti-fade reagent with DAPI (Invitro-
gen). Nuclei were staged by assessing the staining of SYCP3
with the following criteria: leptonema, short stretches of axis
with no evidence of thickening associated with synapsis; early
zygonema, longer cohesive stretches of axis and some synapsis;
late zygonema, >50% synapsed axes but not complete; and early
pachynema, completely synapsed axes but less intensely stained
sex body chromatin. The genotypes of the samples were blinded
until after focus counts were determined. Only axis-associated
foci were counted.

Metaphase spread preparation

Briefly, cells were treated as indicated and, 40 h after treatment,
incubated with 3 ng/mL colcemid for 4 h, put in a hypotonic sol-
ution (0.075 M KCl) for 10 min, fixed (1:3 acetic acid:methanol),
and spread on a slide as described previously (Owen et al. 2014).
Pictures were taken with a 63× oil immersion objective (Olym-
pus). Approximately 150metaphases were counted per treatment
per experiment.

Cell cycle analysis

Cell cycle analysis was performed using the EdU Click-iT kit
(Invitrogen) following the manufacturer’s direction. Cells were
incubated for 2 h with 10 µM EdU, fixed, and labeled with Alexa
fluor 488, and DNAwas labeled with Vybrant Violet (Invitrogen).
Data collection was performed in a BD LSRFortessa, and analysis
was performed in FlowJo.

Cell survival assay

Cells were seeded in 96-well plates and, 24 h later, treated with
the indicated concentrations of the indicated drugs for 3 d. On
day 4, cell survival was assessed using CellTiter96 (Invitrogen).

Statistical analysis

All experiments were carried out in triplicate, and statistical
analysis was performed in Prism 6 using the unpaired t-test anal-
ysis when comparing two samples and ANOVA when compar-
ing more than two samples. Significance was determined, with

P < 0.05 (∗) considered to be significant, and P < 0.01 (∗∗) consid-
ered to be highly significant.

Mouse survival after IR

Generation of the E2f1S29A/S29A knock-in mouse model was de-
scribed elsewhere (Biswas et al. 2014). E2f1S29A/S29A mice and
wild-type sibling controls were exposed to 5.5 Gy of IR and
maintained under sterile conditions. Mice were monitored daily
and sacrificed when moribund per federal and institutional
guidelines.
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