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Rad17 recruits the MRE11-RAD50-NBS1 complex
to regulate the cellular response to DNA
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Abstract

The MRE11-RAD50-NBS1 (MRN) complex is essential for the detec-
tion of DNA double-strand breaks (DSBs) and initiation of DNA
damage signaling. Here, we show that Rad17, a replication check-
point protein, is required for the early recruitment of the MRN
complex to the DSB site that is independent of MDC1 and contrib-
utes to ATM activation. Mechanistically, Rad17 is phosphorylated
by ATM at a novel Thr622 site resulting in a direct interaction of
Rad17 with NBS1, facilitating recruitment of the MRN complex
and ATM to the DSB, thereby enhancing ATM signaling. Repetition
of these events creates a positive feedback for Rad17-dependent
activation of MRN/ATM signaling which appears to be a requisite
for the activation of MDC1-dependent MRN complex recruitment.
A point mutation of the Thr622 residue of Rad17 leads to a signifi-
cant reduction in MRN/ATM signaling and homologous recombina-
tion repair, suggesting that Thr622 phosphorylation is important
for regulation of the MRN/ATM signaling by Rad17. These findings
suggest that Rad17 plays a critical role in the cellular response to
DNA damage via regulation of the MRN/ATM pathway.
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Introduction

Genome integrity is constantly challenged by generation of DNA

damage, which can be induced by environmental agents as well as

by metabolic byproducts generated during normal cellular activity.

DNA double-strand breaks (DSBs) are among the most deleterious

forms of DNA damage and, if not properly repaired, may cause

genomic instability, cell death, and cancer (Jackson & Bartek, 2009;

Ciccia & Elledge, 2010). A conserved and intricate signaling network

of responses to DSB damage is critical for the maintenance of geno-

mic integrity. Two distinct pathways, homologous recombination

(HR) and non-homologous end joining (NHEJ), are responsible for

repair of DSBs. It has been established that HR precisely repairs the

broken DNA ends by utilizing an intact sister chromatid as a tem-

plate, whereas NHEJ directly re-ligates the DNA ends resulting in a

potentially error-prone repair (Lieber, 2008; San Filippo et al, 2008;

Ciccia & Elledge, 2010).

MRE11-RAD50-NBS1 (MRN) complex is a multifaceted molecular

machine which is implicated in multiple aspects of the DNA damage

response (DDR), such as initial DSB detection, signal transduction,

and promotion of DSB repair by HR and NHEJ (Williams et al,

2010). The role of the MRN complex in HR repair is largely depen-

dent on resection of DSBs that occurs in an MRE11-, CtIP-, and

BRCA1-dependent manner generating replication protein A (RPA)-

coated single-stranded DNA (ssDNA) fragments. Rad51 is then

loaded onto the ssDNA overhangs forming a nucleoprotein filament

and catalyzing DNA strand invasion and exchange to facilitate HR

repair (Daboussi et al, 2002). The MRN complex has also been sug-

gested to be essential for ATM recruitment to DNA DSBs for optimal

activation (Falck et al, 2005; You et al, 2005). Thus, the MRN

complex has emerged as a critical regulator of the cellular response

to DSBs (Williams et al, 2010). ATM kinase is another keystone in

maintaining genomic stability as it activates a network of check-

point and DNA repair proteins in response to DNA damage. Both

the MRN complex and ATM are central components of the DDR.

Although the mechanism of MRN complex accumulation and reten-

tion at chromatin surrounding the DSB that involves the interaction

of NBS1 with phospho-MDC1 is well established (Chapman &

Jackson, 2008; Melander et al, 2008; Spycher et al, 2008; Wu et al,

2008), the mechanism of MRN complex recruitment at an early

stage of DDR is not fully understood since c-H2AX that serves as a

key anchor at sites of DSBs facilitating the recruitment of MDC1 is
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dispensable for the initial recognition of DNA breaks by the MRN

complex (Celeste et al, 2003; Stucki et al, 2005; Yuan & Chen,

2010). Here, we found a specific mechanism by which Rad17 is

required for early MRN complex recruitment to the DSB that is inde-

pendent of MDC1.

Rad17 is a replication factor C (RFC)-like DNA damage sensor

protein which has been demonstrated to be essential for ATR-depen-

dent checkpoint signaling and the maintenance of genomic stability

(Zou et al, 2002; Wang et al, 2003, 2006). Phosphorylation of Rad17

at Ser635 and Ser645 has been shown to play a role in loading

Claspin and the 9-1-1 complex and activating the Chk1 kinase after

DNA damage (Bao et al, 2001; Wang et al, 2006), indicating that

phosphorylation of Rad17 at these two serine residues is involved in

checkpoint activation after genotoxic stress. Interestingly, several

studies showed that deletion of the N-terminus of Rad17 results in an

impaired homologous recombination activity but does not affect the

cell-cycle checkpoint activation in mouse cells, and that chicken

DT40 cells lacking Rad17 were compromised in the process of target-

ing integration (Budzowska et al, 2004; Nishino et al, 2008),

suggesting that Rad17 may be involved in DNA repair by HR.

Here, by exploring the mechanisms of the effect of Rad17 on

HR repair, we show that Rad17 is required for early recruitment

and retention of the MRN complex at DSB sites, which signifi-

cantly affects activation of ATM signaling and HR repair. The

early Rad17-mediated MRN complex recruitment is independent

of MDC1 and may provide immediate and efficient cellular

response to DNA damage. Moreover, the effect of Rad17 on MRN

complex recruitment relies on a direct interaction of Rad17 with

NBS1 that is enhanced by the phosphorylation of Rad17 at a

novel Thr622 site by the ATM kinase. Our data suggest that

Rad17 is involved in an ATM-Rad17-MRN-ATM amplification loop

resulting in an efficient activation of MRN/ATM signaling. These

findings demonstrate a novel ATM-mediated role for Rad17 in the

cellular response to DNA damage that is distinct from its known

function in ATR signaling pathway.

Results

Rad17 is involved in DNA repair by promoting HR in human cells

It was previously reported that C-terminal Ser635/Ser635 phos-

phorylation of Rad17 regulates induction of cell-cycle arrest upon

DNA damage (Bao et al, 2001; Wang et al, 2006). Additionally,

several studies have suggested that Rad17 plays a role in HR

repair in chicken and mouse cells (Budzowska et al, 2004; Nishino

et al, 2008). However, the molecular mechanism of regulation

of HR repair by Rad17 is largely unexplored. To address this

question, we initially utilized a well-established fluorescence-

based assay assessing HR repair (Pierce et al, 1999). We observed

that Rad17 knockdown by siRNA in U2OS cells resulted in a

threefold reduction in the number of GFP-positive cells compared

with control (Fig 1A), indicating a significant reduction of HR

repair. Similar results were achieved with a second Rad17 siRNA

and in A549 cells (Supplementary Fig S1A and B). Notably, cell

viability and cell-cycle profile were marginally affected by tran-

sient siRNA-mediated knockdown of Rad17 (Supplementary

Fig S1C and D). Consistent with these results, depletion of Rad17

by inducible shRNA resulted in defective DSB repair demonstrated

by comet assay and sensitized cells to IR (Supplementary Fig S1E

and F). Again, cell viability and cell-cycle profile were not

affected by shRNA-mediated knockdown of Rad17 (Supplementary

Fig S1G and H). These data indicate that Rad17 is involved in

DNA repair by promoting HR in human cells.

We next investigated how Rad17 regulates HR repair. We first

examined whether Rad51 is involved in the regulation of HR repair

by Rad17 as Rad51 is known to facilitate DNA strand invasion and

exchange, a key step in HR repair (Daboussi et al, 2002). We hypoth-

esized that Rad17 may localize at the DSB and affect the recruitment

of Rad51 to the break site. Indeed, we found that Rad17 co-localized

with Rad51 in IR-induced nuclear foci, and observed a threefold

decrease in the percentage of Rad51 foci-positive cells as a result of

Rad17 knockdown (Fig 1B). BRCA1 is involved in HR repair by

promoting DSB resection and acting as an upstream regulator of

Rad51 (Greenberg et al, 2006; Huen et al, 2010). Interestingly, we

found that down-regulation of Rad17 strongly attenuated BRCA1 foci

formation after DSB damage (Supplementary Fig S2A–C), indicating

that Rad17 promotes BRCA1 recruitment to sites of DSB damage.

It has been demonstrated that BRCA1 recruitment is largely

dependent on c-H2AX/MDC1-mediated histone ubiquitination (van

Attikum & Gasser, 2009; Huen et al, 2010). Given that Rad17 is a

DNA damage sensor protein that could act at the early stage of DDR

(Niida & Nakanishi, 2006), we postulated that Rad17 might be

involved in mediating c-H2AX signaling, thus creating a platform

for BRCA1 recruitment. Indeed, we observed a co-localization of

Rad17 and c-H2AX in IR-induced nuclear foci and a significant

reduction in both the number and intensity of c-H2AX foci due to

down-regulation of Rad17 (Fig 1C). Moreover, Rad17 knockdown

by inducible shRNA resulted in a significant decrease in c-H2AX
levels after IR (Fig 1D). Furthermore, we observed that recruitment

of MDC1 that occurs downstream of c-H2AX formation (Stucki

et al, 2005) was significantly reduced when Rad17 was down-

regulated (Supplementary Fig S2D). Collectively, these results

suggest that Rad17 plays an important role in the early response to

DSB damage by regulating c-H2AX/MDC1 signaling pathway.

Rad17 directly interacts with NBS1

In order to understand how Rad17 regulates c-H2AX formation, we

sought to determine whether Rad17 is involved in the events

upstream of H2AX histone phosphorylation. It has been shown that

the formation and expansion of c-H2AX at DSB sites depends on the

MRN complex and ATM kinase (van Attikum & Gasser, 2009) and

that the MRN complex is required for ATM recruitment and optimal

activation of ATM (Falck et al, 2005; You et al, 2005). Therefore,

we decided to determine whether there is a functional link between

Rad17 and the MRN complex in the DDR. First, we examined the

interaction between Rad17 and members of the MRN complex and

found that endogenous Rad17 co-immunoprecipitates with NBS1,

MRE11 and RAD50, and these interactions are significantly

increased following DSB induction (Fig 2A–C). A reciprocal immu-

noprecipitation (IP) also showed an increased level of interaction

between Rad17 and the MRN complex members after DSB induction

(Fig 2D). Moreover, we noted that there was a basal constitutive

interaction between Rad17 and NBS1 even in undamaged cells and

investigated which regions of Rad17 and NBS1 are required for this
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Figure 1. Rad17 regulates HR repair in association with Rad51 recruitment to DSBs.

A Rad17 is required for HR repair in human cells. U2OS cells were transfected with the indicated siRNA for 2 days. HR assay was performed as previously described
(Pierce et al, 1999). pGFP construct was transfected into cells to ensure similar transfection efficiency.

B Rad17 promotes Rad51 recruitment to DSBs. U2OS cells transfected with the indicated siRNA for 2 days were either left untreated or exposed to 5 Gy of IR.
Immunostaining with anti-Rad17 and anti-Rad51 was performed. A cell containing 10 or more foci was considered as a foci-positive cell. The percentage of Rad51
foci-positive cells was plotted.

C Rad17 is required for c-H2AX foci formation at DSB sites. U2OS cells transfected with the indicated siRNA for 2 days were either untreated or exposed to 5 Gy of IR.
Immunofluorescence staining was performed with anti-Rad17 and anti-c-H2AX. The intensity of c-H2AX foci was analyzed using Image J software.

D Rad17 is required for c-H2AX production. Inducible shRNA-mediated Rad17 knockdown cells (U2OS) treated with either Dox or DMSO for 2 days were either left untreated
or exposed to 5 Gy of IR. Cell lysates were prepared at the indicated time points, and Western blots were performed as indicated. Dox, doxycycline; IR, ionizing radiation.

Data information: In (A–C): Error bars represent mean � s.d. (n = 3).

Source data are available online for this figure.
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interaction. GST pull-down assays using a series of GST-fused trun-

cated mutants of Rad17 and NBS1 proteins showed that Rad17

can directly interact with NBS1, which requires the carboxyl

terminus (residue 570–670) of Rad17 and the FHA domain of NBS1

(Fig 2E and F).

Rad17 is required for early recruitment and retention of the
MRN complex at DSBs

After identifying the biochemical interaction between Rad17 and the

MRN complex, we investigated whether Rad17 is required for

recruitment of the MRN complex to DSBs. Since NBS1 is a key

component of the MRN complex, which acts as a bridging protein

for the interaction of MRE11 and ATM (Williams et al, 2007), we

first examined the effect of Rad17 on NBS1 recruitment to the DSB.

As shown in Fig 3A, Rad17 co-localized with NBS1 and the percent-

age of NBS1 foci-positive cells was significantly reduced at time

points assessed between 5 min and 3 h following IR in Rad17

siRNA-transfected cells compared with the control cells, indicating

that Rad17 is required for early NBS1 recruitment and its retention at

the DSB. A similar inhibitory effect of Rad17 knockdown on NBS1

recruitment was observed at least 15 min after laser micro-irradia-

tion (Fig 3B), verifying that Rad17 is required for NBS1 recruitment

in the early phase of DDR. Consistent with the knowledge that NBS1

is necessary for recruitment of MRE11 and RAD50 to the DSB site

(Lee & Paull, 2007), we also found that the percentages of cells

A

E F
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C

D

Figure 2. Rad17 interacts with the MRN complex by directly binding to NBS1.

A–D Rad17 interacts with the MRN complex members following DSB damage. Cell lysates prepared from U2OS cells either untreated or exposed to 5 Gy of IR were
subjected to immunoprecipitation with control IgG, anti-NBS1 (A), anti-MRE11 (B), anti-RAD50 (C), or anti-Rad17 (D). The immunoprecipitates were blotted as
indicated.

E, F Rad17 directly interacts with NBS1 through the FHA domain of NBS1 and the C-terminus of Rad17. U2OS cell lysate was incubated with either GST-alone beads,
the indicated GST-Rad17 beads (E), or the indicated GST-NBS1 beads (F) at 4°C overnight. Proteins retained on beads were blotted as indicated. Arrows indicate
the corresponding Rad17 fragments or NBS1 fragments.

Source data are available online for this figure.
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positive for MRE11 and RAD50 foci were significantly reduced in

Rad17-depleted cells compared with the control cells (Supplemen-

tary Fig S3A and B), confirming that Rad17 is important for recruit-

ment of the MRN complex to DSBs.

To verify the role of Rad17 in NBS1 recruitment to DSBs, we

employed an alternative method, in which DSBs at defined endoge-

nous sites are induced by the homing endonuclease I-PpoI 2 h after

4-hydroxytamoxifen addition (Berkovich et al, 2007). We observed

that NBS1 binding to the DSB induced at a unique cut site on chro-

mosome 1 occurs quickly and is maintained for at least 10 h after

I-PpoI induction, whereas Rad17 knockdown significantly decreased

NBS1 binding to the DSB (Fig 3C), confirming that Rad17 is

required for early recruitment of NBS1 and sustains its retention at

specific DSBs. Moreover, subcellular fractionation analysis showed

that following DSB induction, the abundance of MRN complex pro-

teins in the chromatin fraction is markedly reduced as a result of

Rad17 knockdown (Fig 3D). Together, these data demonstrate the

importance of Rad17 for early recruitment and retention of the MRN

complex at DSBs.

Previous studies showed that the MRN complex can be recruited

to DSB surrounding regions by MDC1 due to an interaction between

the N-terminal several acidic SDT motifs of MDC1 and the FHA

domain of NBS1 (Chapman & Jackson, 2008; Melander et al, 2008;

Spycher et al, 2008; Wu et al, 2008). Since MDC1 binds directly to

c-H2AX (Stucki et al, 2005) and c-H2AX formation is affected by

Rad17 (Fig 1C and D), but c-H2AX is dispensable for the initial

recognition of break sites (Celeste et al, 2003), we sought to

determine how Rad17-dependent MRN complex recruitment is

A

B C D

Figure 3. Rad17 is critical for recruitment and retention of the MRN complex at DSBs.

A Rad17 is required for NBS1 recruitment to the DSB sites. U2OS cells transfected with the indicated siRNA for 2 days were either untreated or exposed to 5 Gy of IR.
Immunofluorescence staining was performed with anti-Rad17 and anti-NBS1. Error bars represent mean � s.d. (n = 3).

B U2OS cells were transfected with the indicated siRNA for 2 days. Immunofluorescence staining was performed with anti-NBS1 following laser irradiation as
indicated.

C Rad17 is required for NBS1 binding to specific DSBs. U2OS cells transfected with the indicated siRNA for 2 days were infected with HA-ER-I-PpoI retrovirus followed
by addition of 4-hydroxytamoxifen (4-OHT). I-PpoI that causes specific DSB is induced just 2 h after induction, and ChIP assay was performed as previously
described (Berkovich et al, 2007).

D Rad17 is important for the accumulation of MRN complex on chromatin. U2OS cells transfected with the indicated siRNA for 2 days were either untreated or
exposed to 5 Gy of IR. Soluble nuclear and chromatin fractions were isolated as described in Materials and Methods. Western blot was performed as indicated.

Source data are available online for this figure.
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distinguished from MDC1-dependent MRN complex recruitment.

We show that knockdown of Rad17 does not affect the interaction

between MDC1 and NBS1 (Fig 4A and B) that was previously

shown to be constitutive rather than DNA damage inducible, and

that down-regulation of MDC1 does not affect the interaction of

Rad17 and NBS1 after DSB induction (Fig 4C). In addition, we

found no detectable interaction between Rad17 and MDC1 by reci-

procal IP experiments (Supplementary Fig S3C and D). Furthermore,

we observed that MDC1 knockdown has no effect on Rad17 foci

formation following IR (Fig 4D). In contrast, Rad17 knockdown

resulted in decreased MDC1 recruitment to DSB sites (Supplemen-

tary Fig S2D), suggesting that Rad17 might act upstream of MDC1 in

DDR. Importantly, knockdown of MDC1 did not affect early NBS1

recruitment to sites of DNA damage after IR and laser micro-radia-

tion as well as early NBS1 binding to specific DSBs following I-PpoI

induction, but abolished the presence of NBS1 at the break site at

later time points (Fig 4E–G, Supplementary Fig S3E). These data

indicate that Rad17 regulates the early recruitment of the MRN com-

plex to the DSB which is independent of MDC1, whereas a distinct

c-H2AX/MDC1-dependent pathway mediates MRN recruitment at a

later stage of the DDR. Both pathways are likely important for the

retention of the MRN complex at the DSB. Consistent with these

results, c-H2AX was shown to be dispensable for the initial recogni-

tion of DSB damage and the early phase of NBS1 recruitment to

DSBs (Celeste et al, 2003; Yuan & Chen, 2010).

Rad17 promotes ATM activation and DNA end resection

Having established an important role for Rad17 in MRN complex

recruitment and retention at DSBs, we decided to assess the effect

of Rad17 knockdown on the activation of ATM signaling. As

shown in Fig 5A, upon IR treatment, depletion of Rad17 signifi-

cantly impaired ATM phosphorylation at Ser1981 compared with

control in U2OS cells. Reduction of ATM phosphorylation in

Rad17-depleted cells upon IR correlated with the reduction of

phosphorylation of NBS1 (Ser343), SMC1 (Ser957), and Chk2

(Thr68), three well-known substrates of ATM. A similar reduction

in phosphorylation of ATM (Ser1981) and Chk2 (Thr68) was

observed after IR due to depletion of Rad17 in both A549 cells

and normal human foreskin fibroblasts (HFF) (Supplementary

Fig S4A and B). Moreover, phospho-ATM foci formation following

IR was significantly reduced in Rad17-depleted cells (Fig 5B;

Supplementary Fig S4C). Together, these results indicate that

Rad17 contributes to ATM activation after DSB induction. Given

the role of Rad17 in MRN recruitment and ATM activation shown

in this study, it appears likely that the decrease in IR-induced

c-H2AX formation due to Rad17 depletion is the result of decreased

MRN-ATM signaling. Consistent with this conclusion, we (Supple-

mentary Fig S4D) as well as another study (Zhang et al, 2005)

show that NBS1 knockdown reduces the level of c-H2AX after

DNA damage induction. Notably, several PIKK kinases such as

ATM, ATR, and DNA-PKcs are capable of phosphorylating

H2AX (Fernandez-Capetillo et al, 2004; Stiff et al, 2004). As

shown in Fig 5C, ATM knockdown resulted in a stronger reduc-

tion of c-H2AX level following IR compared with DNA-PKcs

and ATR knockdown. These data suggest that Rad17 affects

c-H2AX formation after DSB induction by regulating the MRN/

ATM pathway activity.

It has been demonstrated that the MRN complex is essential for

the initiation of DSB processing via the endonuclease activity of

MRE11, resulting in formation of ssDNA overhangs coated by RPA

(Jazayeri et al, 2006; Williams et al, 2010). Rad51 replaces RPA in a

BRCA1- and BRCA2-dependent manner (Sugiyama & Kowalczykow-

ski, 2002). Since Rad17 is critical for MRN complex recruitment to

DSB sites, we hypothesized that the failure to recruit Rad51 to DSBs

in the absence of Rad17 may also be due to inefficient resection of

DSBs. To test this possibility, we examined RPA phosphorylation at

Ser4 and Ser8 and RPA foci formation and found that knockdown of

Rad17 resulted in significantly decreased RPA Ser4/8 phosphorylation

and a decreased number of RPA foci-positive cells (Fig 5D and E;

Supplementary Fig S4E). Furthermore, we examined BrdU incorpo-

ration under neutral conditions in order to directly monitor DNA

resection (Hu et al, 2011). As shown in Fig 5F, ssDNA foci forma-

tion was significantly reduced in Rad17-depleted cells versus control

cells. Together, these data indicate that Rad17 is critical for DSB

resection activity of the MRN complex, thus affecting the initiation

of HR repair. Although it has been demonstrated that c-H2AX is

required for stable accumulation of DNA repair proteins at sites of

DNA breaks, H2AX depletion moderately affected HR repair

(Fig 5G), which is consistent with multiple previous studies (Peter-

sen et al, 2001; Bassing et al, 2002; Xie et al, 2004; Yuan & Chen,

2010). Moreover, IR-induced RPA foci were formed in the absence

of H2AX (Supplementary Fig S4F), consistent with a previous report

(Yuan & Chen, 2010). Collectively, these data suggest that while

c-H2AX may assist repair pathways, it unlikely plays a major role in

HR repair and that Rad17 regulates HR repair most likely through

regulating the MRN complex.

To determine whether alteration of MRN recruitment and ATM

signaling as a result of Rad17 depletion is due to defective ATR

signaling, we examined the effect of ATR depletion on NBS1

recruitment and ATM activation and found that there is no signifi-

cant difference in NBS1 foci formation and phosphorylation

of ATM (Ser1981), NBS1 (Ser343), and Chk2 (Thr68) between

ATR-depleted cells and control cells (Fig 5H; Supplementary

Fig S4G), which is consistent with previously reported data (Myers

& Cortez, 2006). These results suggest that the effect of Rad17 on

MRN/ATM signaling is independent of ATR activity in response to

DSB induction.

ATM-dependent phosphorylation of Rad17 at a novel Thr622
phosphorylation site

Next, we investigated the molecular mechanism of Rad17-dependent

regulation of MRN/ATM signaling during the DDR. Previous

studies showed that serine phosphorylation is involved in the check-

point function of Rad17 (Bao et al, 2001; Wang et al, 2006). There-

fore, we hypothesized that phosphorylation of Rad17 might also

play a role in regulating MRN/ATM signaling. To test this idea, we

scanned the Rad17 amino acid sequence and found that Rad17

possesses several SQ/TQ motifs (Fig 6A). We focused on the Thr548

and Thr622 sites due to their proximity to the established Ser635

and Ser645 sites, as this area potentially constitutes an SQ/TQ

“phosphorylation cluster” (Traven & Heierhorst, 2005). Since ATR

is the major kinase phosphorylating Rad17 at Ser635 and Ser645

(Bao et al, 2001), we initially performed an in vitro ATR kinase

assay which showed that mutation of threonine 622 to alanine
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Figure 4. Rad17-mediated MRN complex recruitment is different from MDC1-mediated MRN complex recruitment.

A–C Rad17 depletion or MDC1 depletion does not affect MDC1-NBS1 or Rad17-NBS1 interaction. U2OS cells transfected with indicated siRNA for 2 days were either
untreated or exposed to 5 Gy of IR. IP experiments and Western blots were performed as indicated.

D, E MDC1 knockdown has no effect on Rad17 recruitment and early NBS1 recruitment to DSBs. U2OS cells transfected with indicated siRNA for 2 days were either
untreated or exposed to 5 Gy of IR. Immunofluorescence staining was performed as indicated. Error bars represent mean � s.d. (n = 3).

F U2OS cells were transfected with the indicated siRNA for 2 days. Immunofluorescence staining was performed following laser irradiation as indicated.
G U2OS cells transfected with the indicated siRNA for 2 days were infected with HA-ER-I-PpoI retrovirus followed by addition of 4-hydroxytamoxifen (4-OHT). ChIP

assay was performed as previously described.

Source data are available online for this figure.
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Figure 5. Rad17 promotes ATM activation and DNA end resection.

A, B Rad17 is required for activation of ATM signaling. U2OS cells transfected with the indicated siRNA for 2 days were either untreated or exposed to 5 Gy of IR.
Western blot was performed as indicated (A). Immunofluorescence staining was performed, and the percentage of p-ATM foci-positive cells was plotted
(mean � s.d., n = 3) (B).

C U2OS cells transfected with indicated siRNAs were either untreated or exposed to 5 Gy of IR. Cell lysates were prepared at indicated times, and Western blotting
was performed.

D–F Rad17 depletion significantly altered DNA end resection after IR. U2OS cells transfected with indicated siRNA were either untreated or exposed to 5 Gy of IR.
Western blot was performed with anti-RPA pS4/8 as indicated (D). Immunostaining was performed as indicated, and the percentage of RPA foci-positive cells
was plotted (mean � s.d., n = 3) (E). Cells were grown in culture medium containing 10 lM BrdU for 24 h before IR (5 Gy) exposure. After IR, immunostaining
was performed with anti-BrdU antibody as indicated according to the method as described (Hu et al, 2011) (F).

G U2OS cells were transfected with indicated siRNAs for 2 days. HR repair assay was performed as previously described.
H U2OS cells transfected with control siRNA or ATR siRNA were either left untreated or exposed to 5 Gy of IR. Western blot was performed as indicated.

Source data are available online for this figure.
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(T622A) resulted in an additional reduction in phosphorylation of

Rad17 S635A/S645A mutant, while mutation of threonine 548 to

alanine (T548A) had no effect (Supplementary Fig S5A). A subse-

quent in vitro ATM kinase assay showed that T622A mutation

resulted in a dramatic reduction in phosphorylation of Rad17

(Fig 6B), suggesting that ATM can directly phosphorylate Rad17 at

Thr622, which may affect the function of Rad17 in regulating the

DDR. We further observed that this Thr622 residue is phosphory-

lated as early as 5 min after IR in U2OS cells and other types of cells

(Fig 6C; Supplementary Fig S5B). In contrast, UV and HU treatment

led to weak Thr622 phosphorylation compared with IR treatment

(Supplementary Fig S5C and D). Importantly, we found that knock-

ing down ATM resulted in a significant decrease in Thr622 phos-

phorylation, while knocking down ATR marginally reduced this

phosphorylation following IR (Fig 6D). Together, these results indi-

cate that ATM is the major kinase responsible for Rad17 phosphory-

lation at Thr622 after DNA damage.

Thr622 phosphorylation affects Rad17-mediated regulation of
HR repair

To investigate whether the effect of Rad17 on MRN/ATM signal-

ing is dependent on Rad17 phosphorylation, we initially assessed

whether Rad17 Ser635 and Ser645 phosphorylation affects

Rad17-NBS1 interaction. We re-introduced shRNA-resistant Rad17

WT or Rad17 AA (S635A/S645A) mutant into U2OS cells depleted

of endogenous Rad17 (Supplementary Fig S6A) and observed that

the IR-induced interaction of Rad17 with NBS1 is not affected by

Rad17 phosphorylation at these sites (Supplementary Fig S6B).

We then examined the role of Rad17 Thr622 phosphorylation in

MRN/ATM signaling and DNA repair. As shown in Fig 6E and F,

cells reconstituted with Rad17 T622A mutant displayed a signifi-

cant reduction in HR repair compared with cells reconstituted

with WT Rad17. Consistent with this result, Rad17 T622A cells

showed a marked decrease in overall DSB repair demonstrated by

comet assay and a reduced cell survival following IR (Fig 6G

and H).

Previous studies reported that the ATR-Chk1 pathway promotes

HR repair (Hu et al, 2005; Sorensen et al, 2005). Given that Rad17

is an upstream regulator of the ATR-Chk1 signaling pathway (Zou

et al, 2002; Wang et al, 2006) (Supplementary Fig S7A), it is possi-

ble that Rad17 may also contribute to HR repair via Chk1. We

examined the Chk1 phosphorylation level and found that there

was no significant difference in Chk1 Ser317 and Ser345 phosphor-

ylation levels after UV and HU treatment and a moderate decrease

after IR in Rad17 T622A cells versus Rad17 WT cells (Supplementary

Fig S7B–D). Moreover, there were no significant changes in the

percentage of Rad9 foci- and Hus1 foci-positive cells between

Rad17 WT cells and T622A cells (Supplementary Fig S7E and F),

suggesting that Thr622 phosphorylation has no effect on 9-1-1

complex loading at DNA damage sites. Taken together, these

results indicate that Rad17 phosphorylation at Thr622 promotes

HR in a manner that is likely independent of the role of Rad17 in

Chk1 activation.

It has been demonstrated that deficient HR renders cells

sensitive to selective killing by poly (ADP-ribose) polymerase

(PARP) inhibition resulting in synthetic lethality (Bryant et al,

2005; Jackson & Bartek, 2009). We next investigate whether

Rad17 Thr622 phosphorylation affects HR repair in vivo. We

performed a subcutaneous xenograft of hypopharyngeal carci-

noma (FaDu) cells reconstituted with Rad17 WT or Rad17 T622A

mutant (Supplementary Fig S7G) in nude mice and found that the

growth of tumors generated by Rad17 T622A cells was strongly

reduced, whereas the growth of tumors initiated by Rad17 WT

cells was not significantly altered by the PARP inhibitor Olaparib

treatment (Fig 6I and J). These results suggest that Rad17 phos-

phorylation at Thr622 is necessary for HR repair that affects cellu-

lar survival following genotoxic stress in vivo, which provide the

possibility that disruption of Thr622 phosphorylation might have

potential therapeutic significance.

Rad17 Thr622 phosphorylation is important for
MRN/ATM signaling

Since the Thr622 residue is within the region of Rad17 that is

responsible for the interaction with NBS1 (Fig 2E), we reasoned that

Thr622 phosphorylation is likely to be important for mediating the

interaction of Rad17 with the MRN complex. To test this, we synthe-

sized biotinylated phospho-T622 Rad17 peptide and control unphos-

phorylated peptide with the identical sequence. As shown in Fig 7A,

a phospho-T622 Rad17 peptide is able to pull down the FHA domain

of NBS1, but not the C-terminal region, with a higher efficiency than

the non-phospho-T622 Rad17 peptide, indicating that Thr622 phos-

phorylation is directly involved in Rad17-NBS1 interaction. IP exper-

iments showed that Rad17 T622A cells displayed a decreased

interaction between Rad17 and NBS1 (Fig 7B). Additionally, inhibi-

tion of ATM activity by ATM inhibitor (KU55933) attenuated the

interaction of Rad17 with NBS1 upon IR treatment (Fig 7C). Collec-

tively, these results suggest that ATM-dependent Thr622 phosphory-

lation is required for Rad17-NBS1 interaction.

Next we investigated whether MRN/ATM signaling is affected by

Thr622 phosphorylation. Immunofluorescence analysis showed that

reconstitution of Rad17-depleted cells with Rad17 WT, but not the

Rad17 T622A mutant, restores NBS1 recruitment to DSBs (Fig 7D;

supplementary Fig 8A). Further, we found that T622A mutation

attenuates the enrichment of MRN complex members in the chroma-

tin fraction after DSB induction (Fig 7E). These data suggest that

Thr622 phosphorylation is important for MRN complex recruitment

to the DSB. Importantly, we determined whether ATM signaling is

affected by Thr622 phosphorylation and found that reconstitution of

Rad17-depleted cells with Rad17 WT, but not the Rad17 T622A

mutant, restored ATM Ser1981 phosphorylation and phosphoryla-

tion of its targets H2AX (Ser139), Chk2 (Thr68), and NBS1 (Ser343),

as well as phospho-ATM and c-H2AX foci formation following IR

(Fig 8A–C; Supplementary Fig S8B and C). Phosphorylation of ATM

and its targets peaked between 5 and 30 min in Rad17 WT cells

following IR (Fig 8A), suggesting that there is amplification of ATM

signaling. These results indicate that Rad17 Thr622 phosphorylation

represents an important mechanism by which Rad17 contributes to

activation of ATM during the phase of signal amplification in

response to DSBs.

Taken together, the findings reported here led us to propose

how MRN/ATM signaling is regulated: Upon DSB induction, a

fraction of ATM is initially activated and phosphorylates Rad17 at

Thr622. This phosphorylation event facilitates a direct interaction

between Rad17 and NBS1 resulting in the recruitment of MRN
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Figure 6. ATM-dependent phosphorylation of Rad17 at Thr622 is required for HR repair.

A Schematic presentation of potential phosphorylation TQ/SQ motifs in Rad17.
B ATM directly phosphorylates Rad17 at Thr622. An in vitro ATM kinase assay was performed as described in Supplementary Material and Methods.
C U2OS cells were either untreated or exposed to 5 Gy of IR. Western blot was performed as indicated.
D ATM but not ATR is responsible for Rad17 phosphorylation at Thr622 following DSB damage. U2OS cells transfected with the indicated siRNA were either

untreated or exposed to 5 Gy of IR. Cell lysates were prepared 1 h after IR. Western blot was performed.
E Endogenous Rad17 is depleted by Dox induction and replaced by exogenous Rad17. Inducible Rad17 knockdown cells (U2OS) stably expressing shRNA-resistant

Rad17 WT or Rad17 T622A mutant were treated with or without Dox for 2 days. Western blot was performed.
F–H Rad17 Thr622 phosphorylation is required for HR repair and cell survival. Inducible Rad17-knockdown cells reconstituted with shRNA-resistant Rad17 WT or

Rad17 T622A mutant were used. HR repair assay was performed as previously described (F); comet assay was performed as previously described (G); clonogenic
survival assay was performed using IR treatment (H).

I, J Rad17 Thr622 phosphorylation is necessary for tumor growth in the presence of PARP inhibitor. Mice bearing xenograft tumors of 200–220 mm3 were divided
into two groups for each cell line as indicated: vehicle control group and Olaparib group. Each group contained four nude mice. Tumor size was measured and
tumor growth curves plotted (I); tumors were harvested on day 28 after the start of Olaparib treatment (J).

Data information: Error bars represent mean � s.d. (n = 4).

Source data are available online for this figure.
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complex to DSBs, promoting ATM recruitment and activation and

additional Rad17 phosphorylation. These events occur quickly at

the early stage of DDR, and repetition of these events creates a

positive feedback leading to the amplification of MRN/ATM sig-

naling. Subsequently, c-H2AX mediated by ATM results in MDC1

recruitment to DSB sites, in turn recruiting MRN complex to DSB

flanking chromatin at a later stage of DDR (Stucki et al, 2005;

van Attikum & Gasser, 2009). These two different mechanisms

may together contribute to DDR. In support of Rad17-mediated

feedback loop of MRN/ATM signaling, down-regulation of NBS1

resulted in decreased Rad17 foci formation and Thr622 phosphor-

ylation level after IR treatment (Fig 8D and E), which also

suggest that Rad17 might bind to NBS1 and is recruited to the

DSB in complex with MRN. This model also explains why Rad17

knockdown leads to a marked decrease in ATM activation after

IR (Fig 5A; Supplementary Fig S4A and B), although ATM

appears to be required for Rad17 phosphorylation at Thr622.

Collectively, the findings in this study indicate that Rad17 plays a

critical role in regulating MRN/ATM signaling that is distinct from

its known function in ATR signaling pathway.

Discussion

Rad17 was shown to be essential for the cell-cycle checkpoint

response following exposure to genotoxic stress (Bao et al, 2001;

Wang et al, 2006). The majority of Rad17 studies have focused on

its ability to regulate checkpoint activation via the ATR signaling

pathway. However, the potential connections of Rad17 with ATM

signaling are not well characterized. In this study, we initially

observed the requirement of Rad17 for HR repair in human cells,

and through stepwise exploring the molecular mechanism by which

Rad17 regulates HR repair, we demonstrate a critical role for Rad17

in early recruitment and retention of the MRN complex at the DSB

A B

E

C

D

Figure 7. Thr622 phosphorylation is required for Rad17-NBS1 interaction.

A Rad17 Thr622 phosphorylation is required for the interaction between Rad17 and the FHA domain of NBS1. Streptavidin-Sepharose beads coupled with the
indicated peptides were incubated with purified GST-NBS1 fragments (FHA domain or C-terminus domain containing residues 682–754). Western blot was
performed using anti-GST.

B, D–E The mutation of Thr622 phosphorylation attenuated the Rad17-NBS1 interaction and the recruitment of NBS1 to damaged chromatin. Inducible Rad17
knockdown cells (U2OS) stably expressing shRNA-resistant Rad17 WT or Rad17 T622A mutant treated with Dox for 2 days were either untreated or exposed to
5 Gy of IR. Cell lysates were subjected to immunoprecipitation with anti-NBS1 as indicated (B); Immunostaining was performed, and the percentage of NBS1
foci-positive cells was plotted (mean � s.d., n = 3) (D); soluble nuclear and chromatin fractions were isolated and Western blot was performed (E).

C Inhibition of ATM kinase activity reduced the interaction of Rad17 with NBS1. U2OS cells were either untreated or treated with KU55933 (ATM inhibitor, 10 lM)
for 2 h. IP experiment was performed as indicated.

Source data are available online for this figure.
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sites and amplification of MRN/ATM signaling, which promotes the

HR repair. These findings indicate that Rad17 plays an important

role in the ATM signaling in addition to its role in the ATR signaling

pathway.

In the present study, we propose the existence of two distinct

mechanisms that promote MRN complex recruitment to DSBs.

While Rad17-dependent mechanism facilitates early MRN recruit-

ment to the DSB, a distinct c-H2AX/MDC1-dependent pathway is

responsible for accumulation of MRN at the break at a later stage

of DDR. Accordingly, early MRN recruitment by Rad17 does not

require MDC1. Thus, Rad17-mediated MRN complex recruitment

and ATM activation appears to be a requisite for the activation of

the c-H2AX/MDC1-mediated pathway. Strikingly, while Rad17 is

critical for DSB processing and HR following DSB induction,

H2AX knockdown moderately affects HR activity. Given that

c-H2AX, which recruits MDC1 to the break site, is only present in

DSB surrounding regions (Bekker-Jensen et al, 2006; Berkovich

et al, 2007), we hypothesize that Rad17 facilitates MRN recruitment

in the proximity of the DSB at an early DDR stage where it

promotes DNA end resection and HR, while the subsequently

A B

E

C

D

Figure 8. Rad17 phosphorylation at Thr622 is important for MRN/ATM signaling.

A–C Rad17 Thr622 phosphorylation is important for the activation of ATM signaling. Inducible Rad17-knockdown cells reconstituted with shRNA-resistant Rad17 WT
or Rad17 T622A mutant were either untreated or exposed to 5 Gy of IR. Western blot was performed as indicated (A). Immunostaining was performed with anti-
Rad17 and anti-p-ATM (B) or anti-c-H2AX (C). ImageJ software was used to analyze the intensity of c-H2AX foci.

D, E NBS1 regulates Rad17 foci formation and Thr622 phosphorylation level after IR. U2OS cells transfected with control siRNA or NBS1 siRNA were either untreated
or exposed to 5 Gy of IR. Immunostaining (D) and Western blot (E) were performed as indicated. Error bars represent mean � s.d. (n = 3).

Source data are available online for this figure.
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activated MDC1-dependent pathway recruits MRN complex in

the DSB surrounding regions amplifying DDR signaling and

checkpoint activation.

Several studies showed that the MRN complex is capable of bind-

ing DNA ends directly in vitro (De Jager et al, 2001; Williams et al,

2008). However, it is important to point out that the circumstances

of protein recruitment in vivo can differ from those in vitro due to

the complex structure of chromatin. For example, while MRE11 is

able to bind DNA ends in vitro (Williams et al, 2008), multiple in

vivo studies have shown that in cells the whole MRN complex needs

to be intact in order to form foci at DNA damage sites (Carney et al,

1998; Desai-Mehta et al, 2001). The fact that MDC1 is required for

accumulation and maintenance of MRN complex also provides evi-

dence that additional proteins are required for effective association

of MRN complex with DSBs besides direct binding to DNA ends.

Noteworthily, a study performed in yeast suggested that Rad24

(Rad17-homologue in yeast) is dispensable for MRE11 recruitment

to the DSB (Lisby et al, 2004). However, there are significant

differences with regard to MRN complex recruitment in yeast

versus mammalian cells. For instance, a knockdown of Sae2 (CtIP-

homologue in yeast) resulted in increased MRE11 foci formation in

yeast (Lisby et al, 2004), while in human cells, CtIP and MRN form

foci that are independent of each other, and CtIP depletion does not

affect MRE11 foci formation after IR (Chen et al, 2008; Yuan &

Chen, 2010).

It has been proposed that following DSB induction, MRN/ATM-

dependent DNA end resection results in formation of ssDNA

regions leading to ATR activation and subsequent Chk1 phosphor-

ylation by ATR (Shiotani & Zou, 2009). This is called ATM-to-ATR

switch. Our data showed that Rad17 knockdown results in a signif-

icant decrease in Chk1 phosphorylation after IR (Supplementary

Fig S7A). Further, we observed a moderate decrease in Chk1

phosphorylation at Ser317 in Rad17 T622A cells following IR

(Supplementary Fig S7D). We think that the residual Chk1 phos-

phorylation in the absence of WT Rad17 may result from an

incomplete abrogation of DSB processing as evidenced by a resid-

ual presence of phospho-RPA (Fig 5D). Further, Rad17 T622A

mutant protein still binds to NBS1 albeit less efficiently than WT

protein after DSB induction (Fig 7B), suggesting that Thr622 phos-

phorylation is important but not essential for MRN/ATM activa-

tion. On the other hand, several studies show that Chk1 can also

be phosphorylated in ATM deficient cells after IR or virus infection

(Tomimatsu et al, 2009; Jiang et al, 2012), suggesting that activa-

tion of ATR at the DSB is not exclusively dependent on ATM activ-

ity. This can be due to ATR activation by DNA single-strand

breaks that are also induced by IR other than DSBs. Rad17 is also

known to promote Chk1 activation by loading 9-1-1 complex (Bao

et al, 2001; Zou et al, 2002), which can explain why Rad17 knock-

down results in a more pronounced decrease in Chk1 phosphoryla-

tion than observed in Rad17 T622A cells. Recent studies showed

that the MRN complex is involved in recruitment of TopBP1 to

stalled replication forks, thus contributing to ATR activation (Du-

ursma et al, 2013; Kobayashi et al, 2013; Lee & Dunphy, 2013;

Shiotani et al, 2013). While this function of MRN seems to be

Rad17 independent (Kobayashi et al, 2013), it also differs from

MRN function at the DSB since ATR activation may occur inde-

pendent of ATM and DNA resection at stalled replication forks

(Kobayashi et al, 2013; Shiotani et al, 2013), suggesting that the

function of MRN complex in ATR activation might be different in

response to different types of genotoxic stress.

It has been reported that constitutively di-phosphorylated

pSer-Asp-pThr-Asp (SDTD)-like motifs in the N-terminus of MDC1

mediated by caseine kinase 2 (CK2) are important for the interaction

of MDC1 with the N-terminal FHA domain of NBS1 (Chapman &

Jackson, 2008; Melander et al, 2008; Spycher et al, 2008; Wu et al,

2008). However, although Rad17 lacks the SDTD-motif, we

observed a solid interaction between the C-terminus of Rad17 and

the FHA domain of NBS1 (Fig 2E and F; Fig 7A). The mechanism of

this Rad17-NBS1 interaction is not clear yet. It appears possible that

different proteins may bind to FHA domain of NBS1 through differ-

ent mechanisms.

Since most traditional chemotherapies work by inducing DNA

damage to kill cancer cells, DNA repair pathways can be tar-

geted to slow cancer growth (Helleday et al, 2008). Our data

suggest that the function of Rad17 in DNA repair makes it a

possible therapeutic target. Rad17 phosphorylation at Thr622 is

required for hypopharyngeal tumor growth in the presence of

PARP inhibition (Fig 6I and J). Overexpression of Rad17 has

been reported in human lung, colon and breast cancer, whereby

Rad17 is frequently affected by genomic mutational events,

potentially affecting the Thr622 residue (Bao et al, 1999; Wang

et al, 2001). Therefore, blocking either this phosphorylation

event through ATM inhibition or disrupting the Rad17-NBS1

interaction might increase the efficacy of radiation and certain

chemotherapeutic agents or induce synthetic lethality if combined

with PARP inhibition as demonstrated in this study using mouse

xenografts.

In summary, our findings indicate that Rad17 is a pivotal pro-

tein that mediates early MRN recruitment to DSBs leading to

amplification of MRN/ATM signaling via its Thr622 phosphoryla-

tion, which is important for an immediate and active cellular

response to DNA damage. It is likely that both Rad17- and

MDC1-dependent recruitment of MRN complex contribute to an

efficient DDR via ATM signaling to maintain genome integrity.

The connection between Rad17 and ATM signaling demonstrated

in this study identifies a new function of Rad17 in the DDR

and provides new details regarding the mechanism of ATM

signaling activation.

Materials and Methods

Cell culture

U2OS cells were cultured in McCoy’s 5A medium, HeLa, 293T, FaDu

and HFF cells were maintained in Dulbecco’s modified Eagle’s med-

ium, and A549 cells were cultured in F-12K medium. All media were

supplemented with 10% fetal bovine serum, 100 Unit/ml penicillin,

and 100 lg/ml streptomycin. All cell lines were obtained from the

Duke Cell Culture Facility.

Immunoblotting, immunoprecipitation and
immunofluorescent staining

Detailed methods and reagents used are described in Supplementary

Materials and Methods.
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HR repair assay

The fluorescence-based HR repair was performed as previously

described (Pierce et al, 1999). To determine the effect of Rad17 on

HR repair, a U2OS or A549 clone with the integrated HR reporter

DR-GFP was generated as previously described (Pierce et al, 1999).

The stable pDR-GFP cells transfected with either control siRNA

or Rad17 siRNA for 2 days were further transfected with either

I-SceI-expressing vector or a control vector. pGFP construct was

transfected into these cells to ensure similar transfection efficiency.

Forty-eight hours later, the cells were subjected to the analysis of

GFP-positive cells using FACSCAN flow cytometer (Becton Dickin-

son) with CellQuest software. To determine the effects of Rad17

phosphorylation on HR repair, the stable pDR-GFP U2OS cells

expressing shRNA-resistant Rad17 WT, Rad17 T622A mutant were

treated with doxycycline for 2 days to deplete the endogenous

Rad17. Cells were further transfected with either I-SceI-expressing

vector or a control vector. Forty-eight hours later, the cells were

analyzed by flow cytometry as described above.

In vitro GST pull-down and peptide pull-down assay

For GST pull-down assays, GST-fused Rad17 or NBS1 proteins were

bacterially expressed using standard protocol and further immobi-

lized on glutathione Sepharose 4B beads. The beads were incubated

with U2OS cell lysates for 2 h or overnight at 4°C. Beads were then

washed with NETN buffer (50 mM Tris, 150 mM NaCl, 1 mM

EDTA, 1% NP40, 10% glycerol, 1 mM Na3SO4 and 10 mMNaF)

four times, and proteins bound to beads were eluted with SDS

sample buffer (100°C, 5 min) and separated by SDS–PAGE

followed by Western blotting. For peptide pull-down assays, the

biotinylated peptides (non-phospho-T622 peptide sequences: biotin-

ESLGEPTQATVP, phospho-T622 peptide sequences: biotin-ESLGEP

(p)TQATVP) were synthesized by Sigma. The peptides were coupled

to streptavidin-Sepharose beads by mixing peptide with beads in

coupling buffer (50 mM Tris, 5 mM EDTA, pH 8.5) for 30 min at

room temperature. The resulting beads were incubated with purified

GST-NBS1 proteins (FHA domain or C-terminus domain containing

residues 682–754) 3 h at 4°C. Beads were washed four times, and

proteins retained on the beads were eluted and subjected to Western

blotting with anti-GST.

Subcellular fractionation

Isolation of nuclear soluble fractions and chromatin fractions was

performed as previously described (Mendez & Stillman, 2000).

Briefly, cells were lysed in hypotonic buffer to isolate nuclei.

Nuclei were re-suspended, and insoluble chromatin was separated

from soluble nuclear proteins and then sheared by sonication.

A detail protocol is provided in Supplementary Materials and

Methods.

Tumor xenograft

Mouse tumor xenograft experiments were carried out as previously

described with some modifications (Weston et al, 2010). Stable

FaDu cells containing inducible shRNA-resistant Rad17 WT or

Rad17 T622A mutant were then inoculated into the right flank of

nude mice by subcutaneous injection of 4 × 106 cells. Doxycycline

was delivered daily into every mouse with 20 mg/kg by I.P. injec-

tion. Mice bearing tumors of 200–220 mm3 were divided into two

groups for each cell line: vehicle control group (10% DMSO with

10% 2-hydroxypropyl-beta-cyclodextrin daily by oral gavage) and

Olaparib group (100 mg/kg daily by oral gavage). Each group con-

tained four nude mice. Tumor volume was subsequently measured

every other day using calipers. Mice were sacrificed for tumor dis-

section on day 28 after the start of Olaparib treatment.

Supplementary information for this article is available online:

http://emboj.embopress.org
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