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Abstract

PARP inhibitors are currently being used in clinical trials to treat BRCA1- or BRCA2-defective tumors, based on
the synthetic lethal interaction between PARP1 and BRCA1l/2-mediated homologous recombination (HR).
However, the molecular mechanisms that drive this synthetic lethality remain unclear. Here, we show increased
levels of Mrell, a key component of MRN (Mrel1-Rad50-Nbs1) complex that plays a role in the restart of stalled
replication forks and enhanced resection at stalled replication forks in BRCA2-deficient cells. BRCA2-deficient

cells also showed hypersensitivity to the Mrell inhibitor mirin. Interestingly, PARP1 activity was required to
protect stalled forks from Mrell-dependent degradation. Resistance to PARP inhibition in BRCA2-mutant cells
led to reduced levels of Mrel1 foci and also rescued their sensitivity to mirin. Taken together, our findings not only

show that Mrel1 activity is required for the survival of BRCA2 mutant cells but also elucidate roles for both the

BRCA2 and PARP1 proteins in protecting stalled replication forks, which offers insight into the molecular
mechanisms of the synthetic lethality between BRCA2 and PARP1. Cancer Res; 72(11); 2814-21. ©2012 AACR.

Introduction

Inherited mutations in either the BRCAI or BRCA2 genes,
involved in homologous recombination (HR), predispose to an
increased risk for breast and ovarian cancer. Previously, we and
others have shown that cells and tumors mutated in these
genes are hypersensitive to inhibitors of PARP (1, 2). Such PARP
inhibitors are currently being evaluated in clinical trials for
cancers with BRCA mutations (3). This hypersensitivity to
PARP inhibitors has been explained by a synthetic lethal
interaction between BRCA and PARP. Initially, the molecular
mechanism to explain this synthetic lethality was suggested to
be accumulation of DNA single-strand breaks (SSB) in PARP-
inhibited cells that produce substrates for HR at collapsed
replication forks. However, more recent reports suggest that
this model is incomplete and additional roles for PARP and
BRCA proteins are likely required to fully explain this phe-
nomenon (4-9). The PARP1 protein has, in addition to a role in
SSB repair, an active role at stalled replication forks, mediating
replication restart in conjunction with Mrell (7, 10). Previ-
ously, it has been shown that proteins involved in HR, for
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example, RAD51, XRCC3, and BLM, are also involved in pro-
moting restart of stalled replication forks (11, 12). Because the
BRCA2 protein is also involved in HR, a complementary role
between BRCA2 and PARP1 may exist at stalled replication
forks.

Mrell is a key component of MRN (Mrell-Rad50-Nbsl)
complex, which has previously been suggested to have a role in
the restart of stalled replication forks (7, 13). In vitro experi-
ments have shown that Mrell nuclease activity can process
replication structures to form ssDNA gaps behind forks, par-
ticularly in the absence of protection from RAD51 (14). These
results suggest that Mrel1l may have arole at stalled replication
forks in HR-defective cells.

In this study, we have investigated the functions of BRCA2
and PARP1, together with Mrell at hydroxyurea-induced
stalled replication forks. Our results highlight the crucial
role of Mrell-mediated degradation of synthesized DNA
behind stalled replication forks, which may be of importance
in PARP inhibitor-induced lethality of BRCA2-defective
cells.

Materials and Methods

Cell lines and reagents

V-C8 and V-C8+-B2 cell lines were kindly provided by Mal-
gorzata Z. Zdzienicka (N. Copernicus University, Bydgoszcz,
Poland; ref. 15). PARP inhibitor-resistant clones, PIR-2B and
PIR-1C, were isolated from V-C8 as described previously (6). All
these Chinese hamster ovary (CHO) cell lines and a human
osteosarcoma cell line, U20S, were grown in Dulbecco's Mod-
ified Eagle's Medium (DMEM) with 10% FBS at 37°C under
atmosphere containing 5% CO,. Olaparib was purchased from
Selleck Chemicals. Mrell nuclease activity inhibitor mirin and
DNA-protein kinase catalytic site (DNA-PKcs) inhibitor
NU7026 were purchased from Sigma.
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Immunofluorescence

Cells were either left untreated or treated with olaparib (10
pumol/L) for 6 hours before fixation and staining as previously
described (7). The primary antibody used was rabbit polyclonal
antibody against Mrell (Cell Signaling Technology). The sec-
ondary antibodies were AlexaFluor 555-conjugated goat anti-
rabbit IgG (Molecular Probes). DNA was counterstained with
4’ 6-diamidino-2-phenylindole (DAPI).

RNA interference

To knockdown human BRCA2, PARP1, and Mrell, we used
siRNA duplex oligonucleotides directed against the BRCA2
target sequence (sense): AACAACAAUUACGAACCAAACUU
(16); the PARP1 target sequence (sense): GGGCAAGCACAGU-
GUCAAA (17), and the Mrell target sequence (sense):
GCUAAUGACUCUGAUGAUA (18). Five thousand cells grown
in 6-well plates overnight were transfected with 10 nmol/L
siRNA by Oligofectamine (Invitrogen), according to manufac-
turer's instructions for U208 cells. To measure cellular prolif-
eration, cells transfected in multiple wells were harvested every
second day from one well and counted by a hemocytometer as
described elsewhere (19, 20). After 48 hours of transfection,
cells were subjected to Western blotting or DNA fiber assay as
described below.

Western blotting

Cells were lysed in radioimmunoprecipitation assay (RIPA)
buffer in the presence of 1x Protease Inhibitor Cocktail
(Sigma). An aliquot of 50 Lg total protein was run on an
SDS-PAGE gel and transferred to Hybond ECL membrane
(Amersham Pharmacia). This membrane was immunoblotted
with rabbit polyclonal antibody against Mrel1 (Cell Signaling),
mouse monoclonal antibody against BRCA2 (Merck Chemi-
cals), mouse monoclonal antibody against PARP1 (Santa Cruz
Biotechnology), and mouse monoclonal antibody against actin
(Sigma) in 5% milk overnight. Immunoreactive proteins were
visualized with ECL reagents (Roche), following the manufac-
turer's instructions.

Toxicity assay

Two hundred cells were plated in duplicate into 6-well plates
overnight before the addition of indicated doses of olaparib or
mirin for a continuous treatment. Seven to 10 days later, when
colonies could be observed, cells were fixed and stained with
methylene blue in methanol (4 g/L). Colonies consisting of
more than 50 cells were subsequently counted.

DNA fiber assay

Cells were pulse-labeled with 25 pmol/L 5-chloro-2-deox-
yuridine (CldU) and 250 umol/L 5-iodo-2-deoxyuridine (IdU)
as indicated; hydroxyurea, olaparib, and mirin were added
either between or after these 2 bromodeoxyuridine (BrdUrd)
analogues. Labeled cells were harvested and DNA fiber spreads
prepared as described earlier (21). For immunodetection of
CldU -labeled tracts, acid-treated fiber spreads were incubated
with rat anti-BrdU monoclonal antibody (AbD Serotec) that
recognizes CldU, but not IdU, for 1 hour at room temperature.
Slides were fixed with 4% formaldehyde and incubated with an

AlexaFluor 555-conjugated goat anti-rat IgG (Molecular
Probes) for 1.5 hours at room temperature. [dU-labeled patches
were detected by a mouse anti-BrdU monoclonal antibody
(Becton Dickinson) that recognizes IdU, but not CldU, over-
night at 4°C, followed by an AlexaFluor 488-conjugated goat
anti-mouse F(ab’), fragment (Molecular Probes) for 1.5 hours
at room temperature. Fibers were examined with a BIO-RAD
Radiance confocal microscope using a x60 (1.3NA) lens. The
lengths of CldU-labeled (AF 555, red) and IdU-labeled (AF 488,
green) patches were measured using the ImageJ software, and
micrometer values were converted into kilobytes using the
conversion factor 1 um = 2.59 kb (21). Replication structures
were quantified using the Cell Counter Plug-in for Image] (Kurt
De Vos, University of Sheffield, Sheffield, UK).

Statistical analysis

The paired one-tailed Student ¢ test was used for statistical
analyses (P > 0.05, not significant; *, P < 0.05; **, P < 0.01; ***,
P < 0.001).

Results

Mrell activity is required for survival in BRCA2-
defective cells

We have previously reported that PARP activity is hyper-
activated in BRCA2 and other HR-defective cells (6). In this
current study, we sought to further understand the molecular
mechanism explaining this observation. Because it has been
established that PARP can mediate recruitment of Mrell to
replication forks (7, 13), we wanted to test whether the number
of Mrel1 foci is higher in BRCA2-defective cells. In accordance
with this hypothesis, we found a higher level of spontaneous
Mrell foci in CHO V-C8 cells defective for BRCA2 (Fig. 1A and
B), despite no noticeable change in Mrell protein expression
(Supplementary Fig. S1A). Next, we wanted to determine
whether the increased Mrell foci is a consequence of the
upregulated PARP activity in these cells. Therefore, we tran-
siently treated cells with the PARP inhibitor olaparib, which
was able to selectively kill BRCA2-deficient cells (1, 2). Inter-
estingly, we could not detect a significant decrease in the
number of Mrell foci in the PARP-inhibited BRCA2-defective
cells (Supplementary Fig. S1B), suggesting that Mrell foci are
upregulated independently of PARP activity in these untreated
cells. In addition, the induction of Mrel1 foci was evident in the
presence of a DNA-PKcs inhibitor and thus independent of
nonhomologous end joining (NHE]) pathway (Supplementary
Fig. $2).

Localization into nuclear foci often reflects the decreased
mobility of the active protein. To test whether localization of
the MRN complex to sites of damage is dependent on the
nuclease activity, we investigated the levels of Mrell foci in
BRCA2-defective V-C8 cells in the presence of the Mrell
nuclease inhibitor mirin. We observed a decreased number
of Mrel1 fociin BRCA2-defective cells (Fig. 1B), suggesting that
the activity of the protein explains the spontaneous formation
of Mrell foci in these cells.

Because the presence of Mrell foci in BRCA2-defective cells
requires the activity of the enzyme, we reasoned that
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Figure 1. Increased Mre11 activity in BRCA2-deficient cells is required for survival. A, immunofluorescent staining for Mre11 foci formation in BRCA2-deficient
V-C8 cells (top) and BRCA2-proficient V-C8+-B2 cells (bottom). B, quantification of Mre11 foci in V-C8 and V-C8+B2 cells in the presence or absence of mirin.
Error bars, +£SD. C, clonogenic survival in V-C8 and V-C8+-B2 cells following continuous treatment with increasing concentrations of the Mre11 inhibitor mirin.
Error bars, £SD. The averages and error bars from at least 3 experiments are depicted.

potentially toxic Mrell substrates may accumulate in these
cells. We next wanted to investigate whether the nuclease
activity is required for survival in BRCA2-defective cells. To test
this, we used increasing doses of mirin (22) and conducted
clonogenic survival assays. We found that mirin selectively
killed BRCA2-defective cells when compared with the same
cells expressing the functional BRCA2 gene (Fig. 1C).

BRCA2 protects from Mrell-dependent degradation of
stalled replication forks

Previously, we reported that PARP1, Mrell, RAD51, and the
RAD51 paralogue XRCC3 are all involved in restart of tran-
siently stalled replication forks (7, 11). Because increased
Mrell foci occur in BRCA2-defective cells, we wanted to assess
whether this is associated with a defect in the restart of stalled
replication forks in BRCA2-defective cells. To test this, we used
the DNA fiber technique in V-C8 and in BRCA2-complemented
V-C8+B2 cell lines. Ongoing replication forks were stalled with
hydroxyurea for 2 to 6 hours and then restart efficiency, as well
as new origin-firing frequency, were determined by analyzing
fiber tracts that had incorporated the first base analogue only
(stalled replication forks) or the second analogue only (newly
fired origins). We saw no defect in replication restart and new
origin firing in BRCA2-defective cells (Supplementary Fig. S3),
in line with a recent report (9). These data suggest that RAD51
and XRCC3 have a function at stalled replication forks that is
mechanistically distinct from BRCA2.

It has been reported previously that BRCA2 is required for
stabilization of stalled replication forks (9, 23). To confirm and
extend this observation, we visualized DNA fibers at hydroxy-
urea-stalled replication forks and examined the length of the
labeled replication tracts to assess their stability. We found
that the stalled fiber tracts exhibited a decrease in length only
in BRCA2-defective cells (Fig. 2A-C), in line with recently
reported data (9). Furthermore, tract length decreased with
longer periods of hydroxyurea exposure (Fig. 2A and C),
suggesting that an active exonuclease process is responsible.
The Mrell protein is known to degrade synthesized DNA
strands at replication forks (9, 14), which could potentially

explain the increase in Mrell foci in BRCA2-defective cells.
Here, we found that the decrease in fiber length was reverted by
the administration of mirin, that is, by inhibiting Mrell
nuclease activity (Fig. 2D). Next, we measured fibers that retain
only the first label following degradation of nascent stalled
forks in BRCA2-defective cells and found that the number of
fibers with complete loss of secondary labeling were decreased
in the presence of mirin (Fig. 2E), in line with recently reported
data (9). Furthermore, inhibition of Mrel1 reduced the average
number of replication protein A (RPA) foci (Supplementary Fig.
S4), suggesting a reduction in ssDNA formed by resection in
these cells. Altogether, these observations confirm a recently
reported role for BRCA2 in protection from Mrell-dependent
degradation of stalled replication forks (9).

BRCA2 and PARP1 protect stalled replication forks

As the recruitment of Mrell to stalled replication forks in
BRCA2-defective cells is unaffected by PARP inhibition, we
reasoned that there may be distinct functions of PARP1 and
BRCA2 at stalled replication forks, potentially explaining the
strong synthetic lethality. To test this, we treated cells with the
PARP inhibitor olaparib and investigated the degradation rate
of hydroxyurea-stalled replication forks, as outlined above.
Interestingly, we found an increase in the degradation of
replication tract after addition of the PARP inhibitor (Fig.
3A-C). Furthermore, we also observed an increase in the
degradation of labeled fibers in BRCA2-proficient V-C8+-B2
cells after administration of PARP inhibitor (Fig. 3B), suggest-
ing that inactivation of PARP alone in wild-type BRCA2 func-
tion cells can induce degradation of stalled replication forks.

Next, we wanted to determine whether the increased deg-
radation rate was concomitant with an increase in hydroxy-
urea-induced Mrell foci formation. Consistent with this
possibility, we found a slight increase in Mrell foci, not
statistically significant, when inhibiting PARP in the hydroxy-
urea-treated cells (Fig. 3D). However, we found that the high
level of degradation of hydroxyurea-stalled forks in PARP-
inhibited BRCA2-defective cells was fully reversed in the
presence of mirin (Fig. 3E and F). These data suggest that
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Figure 2. BRCA2 protects from Mre11-mediated degradation of stalled replication forks. A, replication tract length distributions from DNA fibers from BRCA2-
deficient V-C8 cells in the presence (replication stalling) or absence (unperturbed replication) of hydroxyurea (HU) for indicated times. B, replication tract length
distributions from DNA fibers from BRCA2-proficient V-C8+-B2 cells in the presence (replication stalling) or absence (unperturbed replication) of HU for
indicated times. C, average remaining fiber length in V-C8 or V-C8+-B2 cells treated with HU for indicated times. Error bars, £SEM. D, replication tract length
distributions from DNA fibers from BRCA2-deficient V-C8 cells after 6 hours of HU treatment with or without mirin. E, quantification of fiber tract with complete
loss of secondary IdU labeling in V-C8 cells after 6 hours of HU treatment with or without mirin. Error bars, SD. The averages and error bars from

at least 3 experiments are depicted.

Mrell activity is also required for degrading hydroxyurea-
stalled forks in BRCA2-defective cells after PARP inhibition.

Cross-resistance to Mrell and PARP inhibitors in
BRCA2-reverted cells

It has been reported that BRCA2-defective cells can devel-
op PARP inhibitor resistance by accumulating additional
mutations in the BRCA2 gene that restores the far C-terminal
domain in the BRCA2 protein, often lacking the ssDNA
domain (24, 25). Previously, we isolated PARP inhibitor-
resistant (PIR) V-C8 clones that had reverted through a
similar mechanism (6). Although these cells also developed
resistance to cisplatin, they remained sensitive to 6-thio-
guanine, which can induce DNA double-strand breaks (DSB)
that are repaired by HR (16). We wanted to determine
whether PARP inhibitor resistance in BRCA2-defective cells
is associated with resistance to the Mrell inhibitor mirin.
The reverted clones (PIR-2B and PIR-1C), which had lost
their sensitivity to PARP inhibitor olaparib (Fig. 4A), were
also found to be resistant to the Mrell inhibitor mirin (Fig.
4B). To test whether the PIR clones were also resistant to
Mrell-mediated degradation of stalled replication forks, the
DNA fiber assay was used in PIR-2B and PIR-1C cells. No
changes to the synthesized DNA were observed in either PIR-
2B or PIR-1C clones following hydroxyurea treatment for 6
hours (Supplementary Fig. S5). Furthermore, elevated Mrel1

foci in V-C8 cells were also reverted to a background level in
the PIR clones (Fig. 4C). Altogether, these data suggest that
resistance to Mrell-dependent degradation of stalled rep-
lication forks in V-C8 cells may be corelated to the resistance
to PARP inhibition.

Mrell mediates proliferation in PARP1 and BRCA2
siRNA-depleted cells

Our data suggest that PARP1 and BRCA2 protect against
Mrell-mediated degradation of stalled replication forks. As
these conclusions are drawn from the use of inhibitors to PARP
and Mrell, we wanted to test whether similar results are
obtained when removing the proteins using siRNA depletion
in U20S cells (Fig. 5A). Indeed, siRNA depletion of BRCA2 alone
increased degradation of the stalled fork and additional PARP1
siRNA depletion further augmented the degradation (Fig. 5B),
altogether suggesting that inhibition or siRNA depletion give
similar results.

Next, we wanted to determine how Mrell can affect cell
proliferation in relation to PARP and BRCA2. We combined
depletion of PARP1, BRCA2, and Mrell and determined cell
proliferation by measuring population doublings over 7 days
(Fig. 5C). Although siRNA depletion of BRCA2 alone reduced
cell proliferation, combined knockdown of BRCA2 and
Mrell reduced proliferation to the same extent as observed
in BRCA2 and PARP1 codepleted cells. Interestingly, the
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Figure 3. Inhibition of PARP induces instability of stalled replication forks. A, replication tract length distributions from DNA fibers from BRCA2-deficient V-C8
cells after 6-hour hydroxyurea (HU) treatment with or without PARP inhibitor olaparib. B, quantification of fiber tract with complete loss of secondary

1dU (green) labeling after 6-hour HU treatment with or without olaparib (ola). Error bars, £SD. C, representative images of replication tract from V-C8 and
V-C8+B2 cells after release into 6-hour HU treatment with or without olaparib. D, quantification of Mre11 foci—positive cells in V-C8 and V-C8+B2
following treatment with HU and olaparib for 6 hours. Error bars, +SD. E, replication tract length distributions from DNA fibers from BRCA2-deficient V-C8 cells
after 6-hour treatment with HU and olaparib in the presence or absence of mirin. F, quantification of fiber tract with complete loss of secondary

I1dU (green) labeling in V-C8 cells after 6-hour treatment with olaparib, HU, and mirin as indicated. Error bars, +SD. The averages and error bars from at least 3
experiments are depicted.
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Figure 4. Resistance to PARP inhibitor correlates with stabilization of DNA forks at stalled replication. A, clonogenic survival in V-C8, V-C8+B2, PIR-2B, and
PIR-1C cells following continuous treatment with increasing concentrations of olaparib. Error bars, +SD. B, clonogenic survival in V-C8, V-C8+B2,
PIR-2B, and PIR-1C cells following continuous treatment with increasing concentrations of mirin. Error bars, +SD. C, quantification of Mre11 foci-positive
cells in V-C8 and PIR-2B, PIR-1C. Error bars, +SD. The averages and error bars from at least 3 experiments are depicted.
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Figure 5. Proliferation arrestin BRCA2, PARP1, and Mre11 triple knockdown cells. A, Western blot analysis of BRCA2, PARP1, Mre11, and actin in U20S cells
transfected with indicated siRNA. B, growth curve of depleted cells in A. C, quantification of fiber tracks with complete loss of secondary IdU labeling
after 6-hour treatment with hydroxyurea (HU) in U20S cells transfected with indicated siRNA. D, growth curve of V-C8 and V-C8+B2 cells following
treatment of olaparib (10 pmol/L). E, growth curve of V-C8 cells following treatment with olaparib (10 pmol/L) and mirin (M; 30 pmol/L). F, growth curve

of V-C8+-B2 cells following treatment with olaparib (10 umol/L) and mirin (30 umol/L). Error bars, +SD. The averages and error bars from at least 3 experiments

are depicted.

nuclease activity further arrested proliferation of cells in the
presence of PARP inhibitor in both BRCA2-proficient and
-deficient cells (Fig. 5D-F).

Discussion

In this study, we report elevated levels of spontaneous
Mrell foci in BRCA2-defective cells, and the likely explana-
tion for this is increased resection at stalled replication
forks, presumably occurring from instability in BRCA2-
defective cells. Such a heightened degree of resection can
be explained by a novel function for BRCA2 in protecting
stalled replication forks from being processed by Mrell, a
function that has recently been shown to be distinct from
the role of BRCA2 in HR (9). Our finding that levels of RPA
foci, binding to tracts of ssDNA, decrease after inhibition of
Mrell nuclease activity supports this notion. Such resection
seems important to promote survival, as BRCA2-defective
cells are hypersensitive to the Mrell inhibitor mirin, and
siRNA depletion of Mrell substantially reduces viability in
BRCA2-depleted cells. The molecular mechanism behind our
observation that Mrell activity is important for BRCA2-
defective cells is not entirely clear. In speculation, replica-
tion fork intermediates may accumulate in BRCA2-defective

cells, which require Mrell activity to avoid production of
toxic intermediates at stalled replication forks.

Previously, we reported that a portion of Mrell foci
require PARP1 to relocate to replication forks stalled with
hydroxyurea for 24 hours, which are slowly repaired and
associated with DSBs (7, 11). Here, we do not observe PARP
activity required to relocate Mrell to transiently hydroxy-
urea-stalled forks, which may be explained by that these are
easily repaired and not associated with DSBs (7, 11). Instead,
we find increased Mrell-dependent degradation of hydroxy-
urea-stalled replication forks in the presence of a PARP
inhibitor. Our interpretation of these data is that PARP
relocates early to stalled forks; first, to protect the stalled
replication fork and mediate restart (Fig. 6). After severe
stalling, associated with replication collapse and DSB for-
mation, PARP has a role in mediating RAD51-dependent
recombination repair, as shown earlier (7, 11).

We show that inhibition of PARP1 in cells with either wild-
type functional BRCA2 or mutational BRCA2 further increases
degradation of stalled replication forks. This suggests that
PARP1 and BRCA2 both function in protecting stalled repli-
cation forks. The role of BRCA2 in protecting stalled replication
forks is mediated through its ability to stabilize RAD51 fila-
ments (9), a process that does not involve PARP1 (1, 2, 26).

www.aacrjournals.org

Cancer Res; 72(11) June 1, 2012

Downloaded from cancerres.aacrjournals.org on July 19, 2018. © 2012 American Association for Cancer Research.

2819


http://cancerres.aacrjournals.org/

2820

Published OnlineFirst March 23, 2012; DOI: 10.1158/0008-5472.CAN-11-3417

Ying et al.

A Stalled replication forks
— =\ N—
_/_

—0— \ﬁ%@—

Mre11

=23/
|

RPA

B PARP inhibitors
BER RR Prot

Figure 6. Model for BRCA2- and PARP1-mediated protection of stalled
replication forks from Mre11-dependent degradation. A, when replication
stalls, various actions may take place to protect replication forks,
including: (i) BRCA2 loads RAD51 to protect forks; (i) PARP1 is binding to
and protecting stalled replication forks by formation of PAR polymers. In
absence of BRCA2, PARP activity is upregulated (6), and in absence of
PARP activity, RAD51 foci are upregulated (26), potentially to
compensate for the loss of the other pathway. In absence of either or both
pathways, Mre11 is activated to mediate degradation of stalled forks,
leading to long tract of ssDNA formation that may promote alternative
replication repair pathways. B, the synthetic lethality between PARP
inhibitors and BRCA2 is suggested to involve inhibition of base excision
repair (BER; ref. 4), replication restart (RR; ref. 7, 10), and fork protection
(Prot).

Hence, we suggest the presence of PARP1 and formation of
PAR polymers at sites of stalled forks prevents resection as a
distinct mechanism (Fig. 6).

There is a synthetic lethal interaction between PARP1
and BRCA2, which is not fully understood at the molecular
level. A synthetic lethality may arise if 2 complementary
pathways, either of which is required for survival, are
inactivated, such as 2 different DNA repair pathways, for
example, SSB repair and HR. However, a synthetic lethality
may also arise when an essential function is catalyzed by 2
distinct mechanisms. Here, we find that PARP1 and BRCA2
both protect stalled replication forks from degradation,
potentially with distinct mechanisms. An increased PARP1
activity is observed in BRCA2-defective S-phase cells (6).

References

1. Farmer H, McCabe N, Lord CJ, Tutt AN, Johnson DA, Richardson TB,
et al. Targeting the DNA repair defect in BRCA mutant cells as a
therapeutic strategy. Nature 2005;434:917-21.

Here, we suggest that this increased PARP activity is
related to an important role for PARP to protect replication
forks in BRCA2-defective cells. Also, RAD51 foci are ele-
vated in PARP-inhibited or -defective cells (26), which may
reflect a BRCA2-mediated compensatory pathway in
absence of PARP protection of replication forks. We
suggest that the synthetic lethality between PARP1 and
BRCA2 is mediated also through protecting replication
forks, which may be distinct from the role of PARP inhi-
bitors impairing replication restart and base excision
repair (Fig. 6).

We find that knockdown of Mrel1 further reduces growth in
PARP1 and BRCA2 siRNA-depleted cells, suggesting that
indeed Mrell-mediated resection at replication forks in
BRCA2-defective cells is important for survival. The reason
resection is important for survival in absence of replication
fork protection remains unclear but may involve additional
pathways for fork reactivation (27).

In conclusion, we report that Mrell is hyperactivated in
BRCA2-defective or PARP-inhibited cells, owing to failure to
protect stalled replication forks. The Mrel1l activity is required
to improve survival, which may open new routes to targeting
cancer using Mrell inhibitors and is important for under-
standing the underlying mechanisms for synthetic lethality
between PARP1 and BRCA2.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Authors' Contributions

Conception and design: S. Ying, T. Helleday

Development of methodology: S. Ying, T. Helleday

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): S. Ying

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): S. Ying, T. Helleday

Writing, review, and/or revision of the manuscript: S. Ying, F.C. Hamdy,
T. Helleday

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): S. Ying, T. Helleday

Study supervision: F.C. Hamdy, T. Helleday

Acknowledgments
The authors thank Drs. Annette Medhurst, Esther Edlundh-Rose, and Oliver
Mortusewicz for critical reading of the manuscript.

Grant Support

This study is supported by Prostate Cancer Charity, Swedish Cancer Society,
Swedish Research Council, Soderberg Foundation, and Swedish Pain Relief
Foundation.

The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received October 14, 2011; revised February 13, 2012; accepted March 9, 2012;
published OnlineFirst March 23, 2012.

2. BryantHE, SchultzN, Thomas HD, Parker KM, Flower D, LopezE, et al.
Specific kiling of BRCA2-deficient tumours with inhibitors of poly
(ADP-ribose) polymerase. Nature 2005;434:913-7.

Cancer Res; 72(11) June 1, 2012

Cancer Research

Downloaded from cancerres.aacrjournals.org on July 19, 2018. © 2012 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

Published OnlineFirst March 23, 2012; DOI: 10.1158/0008-5472.CAN-11-3417

BRCA2 and PARP Protect Stability of Stalled Forks

10.

11.

12.

13.

14.

Fong PC, Boss DS, Yap TA, Tutt A, Wu P, Mergui-Roelvink M, et al.
Inhibition of poly(ADP-ribose) polymerase in tumors from BRCA muta-
tion carriers. N Engl J Med 2009;361:123-34.

Strom CE, Johansson F, Uhlen M, Szigyarto CA, Erixon K, Helleday T.
Poly (ADP-ribose) polymerase (PARP) is not involved in base excision
repair but PARP inhibition traps a single-strand intermediate. Nucleic
Acids Res 2011;39:3166-75.

Helleday T. Homologous recombination in cancer development, treat-
ment and development of drug resistance. Carcinogenesis 2010;
31:955-60.

Gottipati P, Vischioni B, Schultz N, Solomons J, Bryant HE, Djureinovic
T, et al. Poly(ADP-ribose) polymerase is hyperactivated in homologous
recombination-defective cells. Cancer Res 2010;70:5389-98.

Bryant HE, Petermann E, Schultz N, Jemth AS, Loseva O, Issaeva N,
et al. PARP is activated at stalled forks to mediate Mre11-dependent
replication restart and recombination. EMBO J 2009;28:2601-15.
Patel AG, Sarkaria JN, Kaufmann SH. Nonhomologous end joining
drives poly(ADP-ribose) polymerase (PARP) inhibitor lethality in
homologous recombination-deficient cells. Proc Natl Acad Sci U S
A 2011;108:3406-11.

Schlacher K, Christ N, Siaud N, Egashira A, Wu H, Jasin M. Double-
strand break repair-independent role for BRCA2 in blocking stalled
replication fork degradation by MRE11. Cell 2011;145:529-42.

Yang YG, Cortes U, Patnaik S, Jasin M, Wang ZQ. Ablation of PARP-1
does not interfere with the repair of DNA double-strand breaks, but
compromises the reactivation of stalled replication forks. Oncogene
2004;23:3872-82.

Petermann E, Orta ML, Issaeva N, Schultz N, Helleday T. Hydroxyurea-
stalled replication forks become progressively inactivated and require
two different RAD51-mediated pathways for restart and repair. Mol
Cell 2010;37:492-502.

Davies SL, North PS, Hickson ID. Role for BLM in replication-fork
restart and suppression of origin firing after replicative stress. Nat
Struct Mol Biol 2007;14:677-9.

Haince JF, McDonald D, Rodrigue A, Dery U, Masson JY, Hendzel MJ,
et al. PARP1-dependent kinetics of recruitment of MRE11 and NBS1
proteins to multiple DNA damage sites. J Biol Chem 2008;283:
1197-208.

Hashimoto Y, Chaudhuri AR, Lopes M, Costanzo V. Rad51 protects
nascent DNA from Mre11-dependent degradation and promotes con-
tinuous DNA synthesis. Nat Struct Mol Biol 2010;17:1305-11.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Kraakman-van der Zwet M, Overkamp WJ, van Lange RE, Essers J,
van Duijn-Goedhart A, Wiggers |, et al. Brca2 (XRCC11) deficiency
results in radioresistant DNA synthesis and a higher frequency of
spontaneous deletions. Mol Cell Biol 2002;22:669-79.

Issaeva N, Thomas HD, Djureinovic T, Jaspers JE, Stoimenov |, Kyle
S, et al. 6-thioguanine selectively kills BRCA2-defective tumors
and overcomes PARP inhibitor resistance. Cancer Res 2010;70:
6268-76.

Fisher AE, Hochegger H, Takeda S, Caldecott KW. Poly(ADP-ribose)
polymerase 1 accelerates single-strand break repair in concert
with poly(ADP-ribose) glycohydrolase. Mol Cell Biol 2007;27:
5597-605.

Myers JS, Cortez D. Rapid activation of ATR by ionizing radiation
requires ATM and Mre11. J Biol Chem 2006;281:9346-50.

Terret ME, Sherwood R, Rahman S, Qin J, Jallepalli PV. Cohesin
acetylation speeds the replication fork. Nature 2009;462:231-4.
Ibarra A, Schwob E, Mendez J. Excess MCM proteins protect human
cells from replicative stress by licensing backup origins of replication.
Proc Natl Acad Sci U S A 2008;105:8956-61.

Henry-Mowatt J, Jackson D, Masson JY, Johnson PA, Clements PM,
Benson FE, et al. XRCC3 and Rad51 modulate replication fork pro-
gression on damaged vertebrate chromosomes. Mol Cell 2003;11:
1109-17.

Dupre A, Boyer-Chatenet L, Sattler RM, Modi AP, Lee JH, Nicolette
ML, et al. A forward chemical genetic screen reveals an inhibitor
of the Mre11-Rad50-Nbs1 complex. Nat Chem Biol 2008;4:
119-25.

Lomonosov M, Anand S, Sangrithi M, Davies R, Venkitaraman AR.
Stabilization of stalled DNA replication forks by the BRCA2 breast
cancer susceptibility protein. Genes Dev 2003;17:3017-22.

Sakai W, Swisher EM, Karlan BY, Agarwal MK, Higgins J, Friedman C,
et al. Secondary mutations as a mechanism of cisplatin resistance in
BRCA2-mutated cancers. Nature 2008;451:1116-20.

Edwards SL, Brough R, Lord CJ, Natrajan R, Vatcheva R, Levine DA,
et al. Resistance to therapy caused by intragenic deletion in BRCA2.
Nature 2008;451:1111-5.

Schultz N, Lopez E, Saleh-Gohari N, Helleday T. Poly(ADP-ribose)
polymerase (PARP-1) has a controlling role in homologous recombi-
nation. Nucleic Acids Res 2003;31:4959-64.

Petermann E, Helleday T. Pathways of mammalian replication fork
restart. Nat Rev Mol Cell Biol 2010;11:683-7.

www.aacrjournals.org

Cancer Res; 72(11) June 1, 2012

Downloaded from cancerres.aacrjournals.org on July 19, 2018. © 2012 American Association for Cancer Research.

2821


http://cancerres.aacrjournals.org/

Published OnlineFirst March 23, 2012; DOI: 10.1158/0008-5472.CAN-11-3417

AAC_R American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Mrell-Dependent Degradation of Stalled DNA Replication Forks Is
Prevented by BRCA2 and PARP1

Songmin Ying, Freddie C. Hamdy and Thomas Helleday

Cancer Res 2012;72:2814-2821. Published OnlineFirst March 23, 2012.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-11-3417

Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2012/03/23/0008-5472.CAN-11-3417.DC1

Cited articles

Citing articles

This article cites 27 articles, 9 of which you can access for free at:
http://cancerres.aacrjournals.org/content/72/11/2814 full#ref-list-1

This article has been cited by 15 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/72/11/2814 full#related-urls

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/72/11/2814.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on July 19, 2018. © 2012 American Association for Cancer Research.


http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-11-3417
http://cancerres.aacrjournals.org/content/suppl/2012/03/23/0008-5472.CAN-11-3417.DC1
http://cancerres.aacrjournals.org/content/72/11/2814.full#ref-list-1
http://cancerres.aacrjournals.org/content/72/11/2814.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/72/11/2814
http://cancerres.aacrjournals.org/

