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ABSTRACT

The MRE11/RAD50/NBS1 (MRN) complex plays a
central role as a sensor of DNA double strand
breaks (DSB) and is responsible for the efficient ac-
tivation of ataxia-telangiectasia mutated (ATM) ki-
nase. Once activated ATM in turn phosphorylates
RAD50 and NBS1, important for cell cycle con-
trol, DNA repair and cell survival. We report here
that MRE11 is also phosphorylated by ATM at S676
and S678 in response to agents that induce DNA
DSB, is dependent on the presence of NBS1, and
does not affect the association of members of the
complex or ATM activation. A phosphosite mutant
(MRE11S676AS678A) cell line showed decreased cell
survival and increased chromosomal aberrations af-
ter radiation exposure indicating a defect in DNA
repair. Use of GFP-based DNA repair reporter sub-
strates in MRE11S676AS678A cells revealed a de-
fect in homology directed repair (HDR) but single
strand annealing was not affected. More detailed in-
vestigation revealed that MRE11S676AS678A cells
resected DNA ends to a greater extent at sites un-
dergoing HDR. Furthermore, while ATM-dependent
phosphorylation of Kap1 and SMC1 was normal in

MRE11S676AS678A cells, there was no phosphory-
lation of Exonuclease 1 consistent with the defect in
HDR. These results describe a novel role for ATM-
dependent phosphorylation of MRE11 in limiting the
extent of resection mediated through Exonuclease 1.

INTRODUCTION

Exposure of cells to DNA damage leads to a variety of le-
sions of which DNA double strand breaks (DSB) repre-
sent the greatest threat to the integrity and survival of cells
(1). In mammalian cells these DSB are repaired primar-
ily by non-homologous end joining (NHEJ) and homolo-
gous recombination (HR). However, alternative pathways
such as microhomology-mediated end joining (MMEJ) and
single strand annealing (SSA) pathways also contribute
to repair of DNA DSB. Of these the major pathway is
NHEJ, which occurs throughout the cell cycle, requiring the
Ku70/80 heterodimer and the catalytic subunit of DNA-
dependent protein kinase (DNA-PKcs) to initiate the pro-
cess of DNA DSB repair (2). The activated holoenzyme
phosphorylates itself and other substrates to complete the
process of repair (3). The availability of sister chromatids
in S and G2 phases enables repair using HR but pathway
choice is also influenced by DNA-PKcs acting in concert
with MRE11/RAD50/NBS1 (MRN) (3), recruitment of
the MRN complex to DNA DSB by single-stranded bind-
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ing protein (hSSB1) (4), cyclin-dependent kinase (CDK)
phosphorylation of NBS1 and the opposing activities of
53BP1/RIF1 and BRCA1/CtIP (5,6). Resection of DNA 5
ends at the DSB gives rise to 3’ single strand DNA which is
required for RADS51 binding and initiation of HR (7). The
MRN complex is required for the generation of 5’ resected
ends, where MRE11’s endonuclease activity has been shown
to nick the DNA upstream from the break then resect 3'— 5’
towards the break, followed by more extensive resection by
two independent nucleases, Exonuclease 1 and Dna 2 (8-
12). This was more carefully dissected in mammalian cells
by Shibata et al. (12) where they used specific inhibitors for
endonuclease versus exonuclease acitivites of MREI1 and
found that the inhibition of MRE11’s endonuclease activity
promoted NHEJ, thus a key step in resection enabling Ex-
onuclease 1 access to the DNA substrate. Another protein
CtIP acts cooperatively with the MRN complex to enhance
resection and HR (13).

The MRN complex functions both in the recognition and
processing of DNA DSB, to signal these to cellular pro-
cesses involved in enhancing cell survival (14). Mutations
in genes encoding for members of the complex give rise
to ataxia-telangiectasia-like disorder (ATLD), Nijmegen
breakage syndrome (NBS) and NBS-like disorder (15-17).
While these are distinct syndromes they show overlap in cel-
lular phenotype which includes radiosensitivity, cell cycle
defects and a defective response to DNA damage (18,19).
An early event in the response to DNA damage is the lo-
calization of MRN to the DNA DSB (18,19). The complex
acts as a molecular clamp at the DNA DSB (20), facili-
tates local DNA unwinding and participates in DNA re-
section as described above (21). Once in place, MRN re-
cruits the kinase, ataxia-telangiectasia mutated (ATM) to
the DNA DSB where it is activated by acetylation and
autophosphorylation (22-24). Once activated, ATM phos-
phorylates a multitude of substrates involved in cell cycle
control, DNA repair, cell survival and other cellular pro-
cesses (25). Members of the MRN complex are also phos-
phorylated by ATM to play an adaptor role in phospho-
rylation of downstream substrates (26,27) ATM-dependent
phosphorylation of NBS1 regulates the S phase checkpoint
(26,28) as well as controlling its accumulation and that of
ATM at sites of DNA DSB (29). This phosphorylation
has also been reported to play a role in cell survival post-
irradiation (30,31). NBSI is also phosphorylated by CDK
which stimulates the conversion of DNA DSB into struc-
tures that are substrates for HR repair (6). A second mem-
ber of the complex, RADS0, is phosphorylated at a sin-
gle site (S635) by ATM in response to DNA DSB (27).
This phosphorylation is important for ATM-dependent sig-
nalling through SMCI for DNA repair and cell cycle check-
point control in maintaining genome integrity. Five other
RADS0 phosphorylations have been identified in phospho-
proteomic analysis but these have not been assigned to spe-
cific protein kinases (32-34).

Phosphoproteomic analysis has also identified several
phosphorylation sites on MREI11 (32,34,35). Matsuoka
et al. (32) identified a single MRE11 phosphorylation site
(S678) and Bennetzen et al. (35) identified multiple sites
(including S676, S678 and S681), where the S676 and
S678 sites were present in an ATM consensus SQSQ se-
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quence. Previous studies have shown that MREI1 is hyper-
phosphorylated in response to the treatment of cells with
a variety of genotoxic agents, including gamma irradiation
(36,37). There is also evidence that this phosphorylation
is ATM-dependent in response to DNA damage (38,39).
However, in both of the latter studies phosphorylation was
detected as a mobility shift of a fraction of the protein
at high radiation doses and no specific sites were identi-
fied. A more recent study using Xenopus extracts narrowed
putative phosphorylation sites to a small region of ATM
consensus sites (SQ/TQ) within the C-terminus of MRE11
again observed as a migration shift (40). They went on
to show that the hyperphosphorylation of MREI1 inacti-
vated the MRN complex by facilitating its disassociation
from chromatin, allowing for down regulation of the DNA
damage signalling during cell cycle checkpoint recovery
following DNA repair. Thus while specific sites of ATM-
dependent phosphorylation and linked functional activity
are described for NBS1 and RADS50 the picture is less clear
for MREI11.

Here we show that ATM phosphorylates MRE11 on two
adjacent sites, acting as the controlling switch to restrict
the extent of resection by Exonuclease 1 at any particular
site during homology directed repair. We demonstrate that
these phosphorylation sites are functionally important for
repair of DNA damage and subsequent cell survival.

MATERIALS AND METHODS
Plasmid constructs

Full length MRE11 was sub-cloned from pACT2 MREI11
plasmid clone (41), into pLXIN (to create pLXINWT)
retroviral vector (Clontech) then the Quick Change
Site-Directed Mutagenesis kit (Stratagene) was used
to create the MREI1S676AS678A mutant (ATLD-
MUT). MREI11 cloned into pEYFP-C1 was kindly
provided by Jean-Yves Masson (42), and the alanine
MRE11S676AS678 A mutant (non-phosphorylatable) and
aspartic acid MRE11S676DS678D (phosphomimetic)
mutants were made using site directed mutagenesis and
sequence confirmed.

Cell lines

Lymphoblastoid control (C2ABR, C3ABR), A-T
(AT1ABR), NBS (NBS03) and ATLD2 (B8731) cell
lines were grown in 1640 RPMI supplemented with 10%
foetal calf serum, penicillin (100 pg/ml) and streptomycin
(100 wg/ml). Fibroblast control (NFF), A-T (AT4BI)
and the human osteosarcoma cells, U20S were grown
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10-12% foetal calf serum, penicillin
(100 pg/ml) and streptomycin (100 wg/ml). Using the
pLXIN series of vectors from above, stable cell lines were
created in ATLD2hT cells (D6809), kindly provided by
S. Jackson. Creating VEC (using pLXIN), MUT (using
pLXINMREI11S676AS678A), WT (pLXINMREI1) as
well as S676A (pLXINMREI11S676A) and S678A (pLX-
INMRE11S678A) cell lines. These stably transfected lines
were grown in DMEM supplemented with 15% foetal
calf serum, 250 pwg/ml G418, penicillin (100 wg/ml) and
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streptomycin (100 wg/ml). All cells were grown at 37°C
with 5% CO,.

The preparation and use of MRE11S676S678 and
MRE11pS676pS678 rabbit antibody

Serum was raised in rabbits (Institute of Medical and Vet-
erinary Science, Australia), against the phospho-peptide
SKIM(pS)Q(pS)QVSC synthesized by Mimotopes (Aus-
tralia). Then both the unphosphorylated and phosphory-
lated peptides were crosslinked to Sulfolink resin (Pierce)
for subsequent antibody affinity chromatography. Purified
antibody was used to precipitate MREI11 from total cell ex-
tracts prepared in cell lysis buffer (50 mM Tris pH 7.4, 100
mM NaCl, ] mM EDTA, 1 mM EGTA 0.2% Triton X-
100, 0.3% IGEPAL CA-630, 25 mM B-glycerophosphate, 1
mM dithiothreitol (DTT), 10 mM Na3;VOy, 10 mM sodium
fluoride and 1x Complete protease inhibitor (Roche Diag-
nostics)). Immunoprecipitations were performed o/n at 4°C
in the same buffer but 0.1% Triton X-100, 0.15% IGEPAL
CA-630 and 12.5 mM B-glycerophosphate.

Lysate preparations, co-immunoprecipitations and western
blot analysis

We exposed control, A-T and NBS lymphoblastoid cell
lines to varying doses of gamma irradiation and collected
them at the time points indicated. Total cell extracts were
prepared by using cell lysis buffer (50 mM Tris pH 7.4,
0.15 M NacCl, 10% Glycerol, 0.5% Tween 20, 50 mM B-
glycerophosphate, | mM DTT, 1 mM PMSEF, 5-10 pg/ml
Aprotinin, 5 wg/ml Leupeptin, 5 pwg/ml Pepstatin, ImM
Na3;VOy4, I mM NaF). MREI11 immunoprecipitations were
performed using anti-MREI1 antibody (Novus). Whole
cell extracts or immune complexes were separated by elec-
trophoresis on sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels and proteins transferred
to nitrocellulose membranes using Towbin’s buffer (20%
methanol, 50 mM Tris, 40 mM glycine and 0.02% SDS) at
100 V for 1 h. Blots were incubated with antibodies against
MREI11 (12D7; GeneTex), Phospho-SQ/TQ (Cell Signal-
ing Technologies), RADS50 (Upstate), NBS1 (Novus Bio-
logicals), ATM (2C1; GeneTex), ATM pS1981 (GeneTex),
SMCI1 and SMC1 pS957 (GeneTex), Kapl and Kapl p824
(Novus Biologicals), GAPDH (GeneTex) and GFP (Ab-
cam).

Kinase assay

Three GST-MREI1 constructs spanning the full-length
of MRE11, GST-MREI11A:1-273 aa, GST-MRE11B:223-
525 aa and GST-MREI11C:487-708 aa (Figure 1C) were
cloned. Serines-531, 590, 676 and 678 of GST-MRE11C
were substituted with alanine using the Quick Change
Site-Directed Mutagenesis kit according to the manufac-
turer’s directions (Stratagene). Anti-ATM immunoprecipi-
tates (ATM-5BA antibody) from control and A-T cells that
were treated with 10 Gy of ionizing radiation (IR) were in-
cubated in kinase buffer (10 mM Hepes, pH 7.5, 50 mM
B-glycerophosphate, 50 mM NaCl, 10 mM MgCl,, 10 mM
MnCl,, 1 mM DTT, 5 mM adenosine triphosphate (ATP),

10 wCi [y-32P] ATP and 1 wg of MREII protein) for 30
min at 30°C and analysed by SDS-PAGE, followed by au-
toradiography.

Clonogenic cell survival assay

Cells were irradiated with 0, 1, 2, 3, 4 or 5 Gy then plated
out and surviving cells grown to form colonies, these were
stained with crystal violet. The mean from three indepen-
dent experiments was plotted with the standard deviation
as percent survival.

Induced-chromosome aberrations

Cells were irradiated then 0.1 pwg/ml colcemid was added
immediately post-irradiation. The cells were harvested 12
h later (G2 cells) and treated for 15 min in 0.075 M potas-
sium chloride then fixed in methanol-glacial acetic acid (3:1)
and spread on glass slides. The cells were then stained with
Giemsa and 50 metaphases were analysed for each sample.

Carbon and Uranium ion irradiation and YFP-MREI11 re-
cruitment

U20S cells were transiently transfected with pEYFP-
MREI11 (WT), MREI11S676AS678A (MUT),
MRE11S676DS678D (DD), MREI11S676A (S676A)
or MREI11S678A (S678A) plasmids respectively using
electroporation (Amaxa Nucleofector, Germany) 24 h
prior to irradiation. Charged particle irradiation was done
at the UNILAC accelerator at GSI using 9.8 MeV/u
carbon ions (LET 170 keV/um) or 4.7 MeV/u uranium
ions (LET 15000 keV/wm) under a low angle as described
previously (43). Cells were fixed with 2% paraformaldehyde
unirradiated or 10 min, 1, 4 or 12 h post-irradiation.
Immunostaining with yH2AX (Millipore) was done ac-
cording to Jakob et al. (44). DNA was counterstained with
1 wg per ml DAPI. Microscopic imaging was performed
using a spinning disc confocal microscope (Nikon Eclipse
Ti with Yokogawa CSU_X1) utilizing a Plan APO 100 x
1.4 NA oil immersion lens or a Leica SPE laser scanning
confocal (Planapo 63x 1.3 NA). Optical sections were
recorded in increments of 300 wm across the thickness of
cells. The total magnification of the systems yielded pixels
corresponding to 72 x 72 nm in lateral dimensions. Real
time recruitment kinetics of wild-type (WT) and mutant
YFP-MREI1 after carbon or uranium ion irradiation was
evaluated using the GSI beamline microscope as described
previously (45). About 32 to 55 nuclei were analysed for
each plasmid (8 samples for each condition).

Double strand break repair GFP reporter assays

The cell lines ATLDWT, ATLDS676AS678A and ATLD-
VEC were transiently transfected (1.5 x 10° cells) using a
10 I NEON (Life Technologies), electroporation tip (1400
V, 20 ms and 2 pulses). The DNA repair substrate plas-
mids (0.5 wg) used to assess HR (pHR-EGFP/5YEGFP),
microhomology-mediated NHEJ (pEJ-EGFP) and SSA
(pS’EGFP/HR-EGFP) were co-transfected with 1 wg of
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Figure 1. ATM-dependent phosphorylation of MREI 1, its dependence on the MRN complex and identification of specific sites using invitro kinase assays.
(A) Detection of MRE11 phosphorylation in cells treated with 10 Gy (+) or mock treated (—) by western blotting (WB) with a pSQ/pTQ antibody of
immunoprecipitated (IP) MRE11 from both control and A-T cells. (B) Detection of MRE11 phosphorylation and MRN complex members in cells treated
with 10 Gy IR (+) or mock treated (—) by western blotting (WB) with a pSQ/pTQ antibody and antibodies to the MRN complex members from control,
A-T and NBS patient cells. (C) Schematic of putative ATM phosphorylation sites denoted by the target residues (| ), serine glutamine (SQ) or threonine
glutamine(TQ) within the MRE11 protein with the three characterized domains of MRE11 shown, the nuclease domain and the two DNA binding domains
(DBD) 1 and 2. The three overlapping GST tagged MRE11 fragments are shown. GST-MREI11A: 1-273aa; GST-MRE11B: 223-525aa; GST-MREI11C:
487-708aa and the SQ and TQ sites they each contain are specified. (D) ATM phosphorylates GST-MRE11C containing four putative SQ sites. Invitro
kinase assays of immunoprecipitated ATM incubated with MRE11 GST fragments A, B and C with 10 Gy IR (+) or without (—) in both control cells
and A-T cells. Autoradiographs and Coomassie staining are shown for each of the GST’s spanning MRE11 A-C. (E) Alanine mutation of S676 and S678
cause a loss of GST-MREI11C phosphorylation. GST-MRE11C, containing four putative ATM SQ phosphorylation sites, were each mutated to alanine
and used in ATM kinase assays to identify specific sites of phosphorylation after 10 Gy (+) or mock treatment (—).

the I-Scel meganuclease expression plasmid (pCMV-I-
Scel) (46). Transfection efficiencies were determined by co-
transfection of pCDNA3.1 filler plasmid with plasmid for
WT EGFP expression in the recombination vector back-
bone. Cells were harvested 2 days post-transfection and
analysed by FACS (FACSCanto, Becton Dickinson). DSB
repair efficiencies were calculated as the proportion of
EGFP positive cells corrected for transfection efficiency
(86-92%) from three independent transfections. Cell cycle
profiles were generated in parallel by staining of 5 x 10° cells
with 300 pwg/ml propidium iodide (Sigma Aldrich, USA)
solution containing 0.1% Triton X-100 and 16 pg/ml of
DNAse-free RNAse A. DNA content was determined us-
ing FACSCanto (Becton Dickinson) and data analysed by
Modfit® software.

vH2AX Kkinetic

Cells were fixed with 4% paraformaldehyde unirradiated or
0.5, 3 or 8 h post 2 Gy irradiation. Immunostaining for
vH2AX (Millipore) was performed as described previously

by Lim et al. (47). The mean and standard deviation was
calculated from three independent experiments of at least
30 cells having a minimum of 5 nuclear foci.

RADSI kinetic

Cells were fixed with 4% paraformaldehyde unirradiated
or 3, 6 or 16 h post 5 Gy irradiation. Cells were blocked
with 5% bovine serum albumin (BSA) in 0.5% Triton X-100
phosphate buffered saline (PBS) then probed with 1/200
rabbit anti RADS1 (Santa Cruz, USA) antibody followed
by anti-rabbit Alexa 488 (Invitrogen) in 2% BSA, 0.1%
Triton X-100, PBS containing Hoechst. All slides were
mounted with ProLong® Gold (Invitrogen) before viewing
on a DeltaVision fluorescence microscopy system (Applied
Precision). The mean and standard deviation was calculated
from three independent experiments of at least 40 cells with
a minimum of 5 nuclear foci.
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IdU resection kinetics and immunostaining

Cells growing on coverslips were incubated with 20 pM
iododeoxyuridine (IdU) overnight to label the genome.
Cells were rinsed then either mock treated or irradiated
with 5 Gy. Cells were returned to the incubator with me-
dia containing 1 pwg/ml aphidicolin. Cells recovered for 2, 4
or 8 h before rinsing in PBS and pre-extracting with 0.4%
Triton X-100, then fixed with 4% paraformaldehyde. Cells
were permeabilized for 20 min with 0.4% Triton X-100,
then blocked for 30 min with 10% BSA in PBST (phos-
phate buffered saline, 0.02% Tween 20) just prior to im-
munostaining. Cells were incubated with 1/15 mouse anti
BrdU (BD Biosciences) for 1.5 h, washed then incubated
with anti-mouse Alexa 594 secondary antibody (Life Tech-
nologies). G2 cells were detected by incubating with rab-
bit anti CENPF (Santa Cruz Technologies) followed by
anti-rabbit 488 secondary (Life Technologies), then cells
were finally counterstained with DAPI and mounted in Vec-
tashield (Vector Laboratories). Imaging was performed on
the Zeiss Axioscope and quantitation done using ImageJ on
8-bit greyscale images, maxima set at 30 (48).

RPA and CENPF immunostaining

Cells grown on coverslips were either unirradiated as con-
trols or 2 h post 5 Gy IR were rinsed in PBS then pre-
extracted with 0.2% Triton X-100, then fixed with 4%
paraformaldehyde. Cells were permeabilized for 20 min
with 0.2% Triton X-100, then blocked for 30 min with 10%
BSA in PBST (phosphate buffered saline, 0.02% Tween 20)
just prior to immunostaining. Cells were incubated with
1/300 mouse anti RPA34 (GeneTex) for 2 h, washed then
incubated with anti-mouse Alexa 594 secondary antibody
(Life Technologies). G2 cells were detected by incubating
with rabbit anti CENPF (Santa Cruz Technologies) fol-
lowed by anti-rabbit Alexa 488 secondary (Life Technolo-
gies), then cells were finally counterstained with DAPI and
mounted in Vectashield (Vector Laboratories). Imaging was
performed on the Zeiss Axioscope and quantitation done
using ImageJ software, find maxima (point selection) func-
tion to measure intensities (48).

Phospho Exonuclease 1 immunostaining

Cells were left unirradiated or fixed 30 min post 5 Gy irra-
diation, then immunostained according to Bolderson et al.
(49). Imaged on the DeltaVision fluorescence microscope
(Applied Precision). The mean and standard deviation was
calculated from three independent experiments.

Exonuclease 1 knockdown

U20S cells were transfected with esiRNA (Sigma) against
Exonuclease 1 by NEON electroporation (Life Technolo-
gies) then seeded onto coverslips. Forty-eight hours post-
electroporation cells were either unirradiated as controls or
2 h post 5 Gy irradiation cells were immunostained as above
for replication protein A (RPA) and CENPFE. The mean and
standard deviation was calculated from three independent
experiments.

RESULTS

Radiation-induced phosphorylation of MREI11 is ATM-
dependent and requires an intact MRN complex

To investigate the phosphorylation of MREI1l, we em-
ployed a phospho-specific antibody that recognizes ATM
consensus sites serine, glutamine (SQ) or threonine, glu-
tamine (TQ). When cells were exposed to IR followed by im-
munoprecipitation of MRE11 and blotted with an SQ/TQ
phospho-specific antibody (pSQ/pTQ), a marked response
was observed in irradiated control cells (Figure 1A). To
confirm that the band detected by the phospho-specific an-
tibody was phosphorylated, immunoprecipitates were ex-
posed to N phosphatase which led to a loss of signal, sup-
porting phosphorylation of MREI11 (Supplementary Fig-
ure S1A). Exposure of A-T cells (lacking functional ATM)
to the same radiation dose failed to elicit any response at a
molecular size corresponding to MREI11, indicating a re-
quirement for ATM for the phosphorylation of MREI11
(Figure 1A). To further confirm that this phosphorylation
was ATM-dependent we transfected A-T cells with an in-
ducible ATM cDNA construct (50). The results in Sup-
plementary Figure S1B demonstrate that induction of full-
length ATM cDNA in transfected A-T cells, followed by ex-
posure to IR, restored the phosphorylation of MRE11. No
response was evident in transfected non-induced A-T cells.
ATM and MREI11 have been previously shown to interact
within a larger genome surveillance protein complex along
with BRCAL1 (51). To investigate the MRE11-ATM inter-
action in the context of a kinase and its substrate respond-
ing to damage, we performed co-immunoprecipitation with
anti-MREI11 antibody and found no alteration in response
to IR, supporting a constitutive interaction (Supplemen-
tary Figure S1C), which was not evident in A-T cells. Since
MREI1 functions as part of the MRN complex, we de-
termined whether the induction of MREI11 phosphoryla-
tion influenced MRN complex formation and whether the
MRN complex can affect MREI11 phosphorylation. Im-
munoprecipitation of the MRN complex in control cells
showed that IR induced phosphorylation of MREI11 did
not influence the association between the members of the
complex (Figure 1B). In an A-T cell line where phosphory-
lation of MREI11 is defective, association of the MRN com-
plex was also normal (Figure 1B). However in an NBS1 defi-
cient line (NBS), where MRE11 and RADS0 still associate,
no radiation induced phosphorylation of MREI11 was ob-
served at 10 Gy which is well above the dose known to acti-
vate ATM in NBS cells (52) (Figure 1B). This indicates that
the presence of NBS1 is required in the complex for ATM
to phosphorylate MREI11 in response to DNA damage.

ATM phosphorylates MRE11 at two specific sites, S676 and
S678

To determine whether ATM directly phosphorylates
MREI11 we used three overlapping fragments of MRE11
(GST-MREI1A, B and C) fused to glutathione S-
transferase (GST) as substrates in an ATM-protein kinase
assay (Figure 1C). Immunoprecipitated ATM phos-
phorylated GST-MREI11C (amino acids 487-708) from
control cell lines and the activity increased after irradiation



(Figure 1D). Immunoprecipitates obtained from ATM
deficient A-T cell lines showed no phosphorylation of
this fragment (Figure 1D). GST-MREI1A (amino acids
1-273) and GST-MRE11B (amino acids 223-525) were not
phosphorylated by ATM (Figure 1D). The four potential
SQ phosphorylation sites in GST-MRE11C were altered by
site-directed mutagenesis by introducing a serine to alanine
mutation. Neither S531A nor S590A had any effect on the
radiation-induced phosphorylation of MREI11 (Figure 1E).
However when the S676 and S678 sites were mutated there
was no evidence of radiation-induced phosphorylation
suggesting that these two sites are phosphorylated on
MREI1 by ATM (Figure 1E).

To confirm that MRE11 was being phosphorylated in
cells after DNA damage a phospho-specific antibody to
MREI11pS676pS678 (pSpS) was generated to investigate
radiation-induced phosphorylation of this protein. The rab-
bit serum generated against the phosphorylated peptide
(SKIM(pS)Q(pS)QVSC) was first depleted with antibod-
ies binding to resin crosslinked to the non-phosphorylated
form of the peptide and purified for subsequent use as
an MREII antibody (nonP). While the phosphospecific
antibody (pSpS) did not detect phosphorylated MRE11
by immunoblotting it was effective in immunoprecipitat-
ing phosphorylated MREI11 followed by detection with an
anti-MRET11 antibody (GeneTex). The results in Figure 2A
compare immunoprecipitations with anti-MREI11 (nonP)
and MREI11 phospho-specific (pSpS) antibodies followed
by immunoblotting with MRE11 antibody (GeneTex). A
major band corresponding in size to MREI1 was only
detected after irradiation in the pSpS immunoprecipitates
(Figure 2A). In nonP anti-MRE11 antibody immunopre-
cipitates a prominent band was detected both in unirradi-
ated and irradiated samples as expected. In both cases af-
ter irradiation a minor gel-shifted band was also detected
(Figure 2A) which indicates that there are additional post-
translational modifications to MREI11 taking place that
had previously been reported using Xenopus extracts (40).
As expected in ATLD2 cells which contain a truncated un-
stable MRE11 there was no detectable MRE11 when either
antibody was used (Figure 2A).

Phosphorylation of MREI1 at these sites was shown to
be dose dependent (Figure 2B). No signal was detected af-
ter irradiation in ATLD2 cells and a very much reduced re-
sponse was seen in A-T cells. The phosphorylated form of
MREI11 maintained its interactions with RAD50 and NBS1
as confirmed by co-immunoprecipitation (Figure 2B). This
MRET11 phosphorylation increased with time in response to
IR between 2—4 h post 5 Gy and subsequently decreased by
10 h (Figure 2C). Again no signal was observed in ATLD
cells. We also showed that other agents capable of caus-
ing DNA DSB can induce this phosphorylation in addition
to IR, including camptothecin and etoposide (Figure 2D).
While the slower migrating band was detectable in all three
cases it was most prominent after treatment with etoposide.
A weaker signal was observed with H,O, which causes pri-
marily single strand DNA breaks and no phosphorylation
in response to agents causing DNA crosslinks (cisplatin) or
DNA alkylation (methyl methanesulfonate) was observed
(Figure 2D).
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Functional importance of ATM-dependent signalling through
MREI11

To examine the cellular consequences of MRE11 phospho-
rylation we generated ATLD2hT cell lines complemented
with WT MRE11 ¢cDNA or a phosphosite mutant form
of MRE11S676AS678 A (MUT), which ablates the ATM-
specific phosphorylation sites identified in this study. MRN
complex formation was restored in ATLD2hT cells comple-
mented with either WT or mutant (MUT) forms of MRE11
(Figure 3A). Immunoprecipitation of MREI11 in the vector
only (VEC) cell line showed no significant amount of pro-
tein for any of the MRN complex members (Figure 3A).
MREI!1 is known to play a key role in ATM activation
by autophosphorylation and subsequent downstream sig-
nalling to ATM substrates (22,53). We initially determined
whether the MRE11 complemented ATLD cell lines could
activate ATM normally. The results in Figure 3B show
that the phosphosite MRE11 mutant (MUT) was still func-
tioning in its role to activate ATM, displaying compara-
ble levels of ATM autophosphorylation on S1981 as the
WT in response to IR and as expected the vector cell line
(VEC) showed very low levels of ATM-dependent phospho-
rylation on MRE11. ATM’s activation after IR was con-
firmed by its subsequent signalling activity, phosphorylat-
ing several substrates including, KAP1 and SMCI in re-
sponse to DNA DSB (Figure 3B). The MUT cell line as
expected showed comparative levels of phosphorylation of
these substrates as was observed with the WT (Figure 3B).
We next investigated the potential role of radiation-induced
phosphorylation of MREI11 at these sites on cell survival.
Our results showed that the vector only expressing cell line
(VEC) displayed intermediate survival between control and
A-T cells with increasing dose of IR (Figure 3C) as has
been reported previously for ATLD cells (15). The WT ex-
pressing cell line (WT) corrected this sensitivity and pro-
duced a pattern of survival the same as the control cell line
(NFF). The non-phosphorylatable mutant cell line (MUT)
displayed intermediate levels of sensitivity, comparable to
cells lacking functional MRE11 (VEC) revealing that spe-
cific phosphorylation of MREI1 played a key role in cell
survival (Figure 3C). When we investigated the cell survival
after IR for MREI11 cell lines mutated at either of the in-
dividual sites, S676A or S678A the same intermediate level
of sensitivity was also observed as for the double mutant
(S676AS678A). Increased chromosomal aberrations are ob-
served in response to defective repair of DNA DSB and
are an indicator of decreased cell survival. Previous data
have shown that IR-induced chromosomal aberrations per
metaphase are higher in A-T cells than in controls (54). The
results in Figure 3D show that the vector cell line (VEC)
was intermediate between control (NFF) and A-T cells as
expected for ATLD and the MREI11S676AS678A mutant
cell line (MUT) was approximately the same demonstrat-
ing a failure to correct these aberrations. This same inter-
mediate level of aberrations was also observed for MRE11
cell lines mutated at either of the individual sites, S676A
or S678A (Figure 3D). However, the WT MREI11 cell line
showed a reduction of these aberrations to a level compa-
rable to that in control cells (NFF) (Figure 3D). Together
these results indicate that phosphorylation of MREI11 by
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Figure 2. Investigation of MREI11 phosphorylation kinetics at MRE11S676S678. (A) MRE11pS676pS678 antibody immunoprecipitate the phosphory-
lated form of MREI11 after ionizing radiation (IR). Western blot (MRE11) of immunoprecipitated MRE11 using an antibody against MRE11S676S678
(nonP) site and the corresponding phosphorylated MRE11pS676pS678 (pSpS) sites from control and ATLD2 lymphoblastoid cells treated with 0 or
10 Gy IR. Unbound sample from each immunoprecipitation was run in parallel and also immunoblotted for total MREI11 (GeneTex). (B) Dose-
dependent increase of MRE11 phosphorylation following IR. Western blot of immunoprecipitated MRE11 using an antibody against MRE11pS676pS678
(pSpSMREL11) sites from control and A-T lymphoblastoid cells treated with 0, 2, 5 or 10 Gy IR. ATLD?2 cells were also run as a negative control (0 and 10
Gy). Western blot for the MRN complex proteins, MRE11, RADS50 and NBSI. (C) Increasing MRE11 phosphorylation over 2 h post 5 Gy. Western blot
of immunoprecipitated MRE11 using an antibody against MRE11pS676pS678 (pSpSMREI 1) sites from control lymphoblastoid cells either untreated (—)
or harvested at 0.6, 2, 4 or 10 h post 5 Gy IR. ATLD2 lymphoblastoid cells were either untreated (—) or harvested at 2 and 10 h post 5 Gy IR and run as
a negative control. (D) MREI11 phosphorylation in response to DNA double strand break inducing agents. Western blot of immunoprecipitated MREI11
using an antibody against MRE11pS676pS678 (pSpSMRE11) sites from control cells treated with either IR, camptothecin (CPT), hydrogen peroxide
(H202), etoposide (ETOP), cisplatin (CISP) or methlymethanesulfonate (MMS).

ATM is required for cell survival through effective repair of ~ crease in the localization was observed for the S678 A mu-
DNA damage, and that both S676 and S678 sites of phos- tant, where phosphorylation of S676 is still possible, indi-
phorylation are also individually functionally important. cating reduced stability in binding. There was no visible ef-

fect on the dissociation of either of the single alanine mutant

. . . forms compared to the WT over 12 h after damage (Supple-
Phosphorylated MREI11 is recruited to sites of damage where  1\enary Figure S2).

it controls extent of resection As there was no defect in the localization of the mutant
Recruitment of MREI11 to sites of damage is an early event ~ MREI1S676AS67A to damaged chromatin, but these cells
required for repair of DNA damage. Using yellow fluores- displayed an increase in chromosomal aberrations and de-

cent protein (YFP) tagged versions of MRE11 WT, mu- crease in survival after induction of DNA DSB, we per-
tant MRE11S676AS678A (MUT) or MRE11S676DS678D formed a kinetic of yH2AX foci appearance and loss with
phosphomimetic (DD) to monitor this we found that all ~ time as a measure of break repair. In WT MREII cor-
three were recruited to sites of DNA damage created by rected cells ~80% of breaks were repaired by 8 h after IR
heavy ions (carbon ion) by co-localization of YFP-MRE]11 whereas in both the VEC and MUT cell lines repair kinet-
with yH2AX (Figure 4A). To determine whether phospho- ics were slower with _NSO% of breaks still remaining after
rylation status of MRE11 might influence the rate of asso- 8 h (Figure 4E). To investigate the apparent repair defect
ciation with sites of damage, a live kinetic study was car- in the mutant cell line we employed GFP-based DNA re-
ried out which revealed a comparable rapid localization for ~ Pair reporter substrates to assess the performance of the
all three forms of MREI11 (Figure 4B). In addition there MREI1S676AS678A mutant cell line in completing repair
was no visible effect on the dissociation of the phospho- ~ ©on various homology directed repair substrates previously
mimetic (DD) or alanine mutant (MUT) forms compared ghargcterlzed by Akyu; et al. (46). We observgd a defect
to the WT over the 12 h after damage (Figure 4C). It has in microhomology-mediated NHEJ (mNHEJ) in both the
previously been observed using Xenopus cell extracts that MREI1S676AS678A (MUT) and vector (VEC) cell lines
phosphorylation of MRE11 on S676 reduced its binding to ~ compared to the WT (Figure 5A). As expected (56), the
DNA (40,55). Accordingly we investigated recruitment of VEC cell line was also .defectlve in SSA and HR, but inter-
the individual mutants (S676A and S678A) using heavy ion ~ estingly the MUT cell line showed comparable levels of SSA
damage (uranium) (Figure 4D). Although there wasno sig-  as WT but was defective in HR repair (Figure 5A). Since
nificant difference in the initial recruitment, a significant de- homology directed repair is a cell cycle phase-dependent
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Figure 3. Investigation of ATM signalling, cell survival and chromosomal aberrations in the cell line expressing non-phosphorylatable
MRE11S676AS678A. (A) Stable MRN complex in WT and non-phosphorylatable mutant MREI11 corrected cell lines. Western blot of immunoprecip-
itated MREI11 from control (MCRS) and ATLDMREI11 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC) cell lines. Also immunoblotted for
NBSI and RADS0. (B) ATM signalling in the non-phosphorylatable mutant MREI1 cell line is comparable to the WT corrected cell line. Total cell ex-
tracts from ATLDMREI1 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC) cell lines were extracted 30 min post 5 Gy (+) or left as unirradiated
controls (—) and western blotted for ATM S1981 autophosphorylation and total ATM, as well as the ATM kinase substrates, SMC1 and KAP1. Tubulin
was immunoblotted as loading control. (C) The non-phosphorylatable mutant MREI1 cell line displays increased cellular sensitivity to IR. Plot of percent
survival after 0, 1, 2, 3,4 and 5 Gy IR. NFF (control), ATLDMRE!1 (WT), ATLDS676AS678A (MUT), ATLDVEC (VEC), A-T, ATLDS676A (S676A)
and ATLDS678A (S678A) cell lines were treated with increasing doses of IR and percent survival assessed by clonogenic cell survival assay. The mean +
standard deviation is plotted from 3 independent experiments. (D) Non-phosphorylatable mutant MRE11 cell line is unable to correct radiation induced
chromosomal aberrations. Aberrations (chromatid breaks, chromosome breaks and interchanges) were scored from Giemsa stained metaphases in 2 Gy
irradiated NFF (control), A-T, ATLDMREI1 (WT), ATLDS676AS678A (MUT), ATLDVEC (VEC), ATLDS676A (S676A) and ATLDS678A (S678A)
cell lines. Induced chromosomal aberrations (ICA) were totalled and divided by number of metaphases as indicated in parentheses.

process we confirmed that the cell lines displayed compa-
rable proportions of cells at each of the phases of the cell
cycle (Supplementary Figure S3). Quantitation of this (Sup-
plementary Figure S3B), showed that the WT (G2 = 17%)
cell line displayed a slightly lower proportion of G2 cells
as compared to MUT (G2 = 21%) and the vector (G2 =
22%) cell lines. To more specifically investigate DNA dam-
age processed by the HR repair pathway, the kinetics of
RADS] recruitment, which promotes invasion of resected
single stranded DNA was investigated. The vector (VEC)
cell line showed impaired recruitment of RADS51 while re-
cruitment was delayed in the MRE11S676AS678A mutant
cell line (Figure 5B). More strikingly in both cases there was
no significant loss of RADS51 foci over 16 h while foci were
reduced to <50% in WT in that period. These data indi-

cate a delayed or impaired resolution of these HR substrates
which was compatible with reduced HR observed using the
GFP reporter substrate assay (Figure 5A).

MREII has been shown to play a catalytic role during
homology directed repair where it nicks the DNA upstream
from the break then resects in a 3'—5" direction towards
the break with more extensive resection being performed
primarily by the 5'— 3’ Exonuclease 1 (8-12). As resection
is the first step in the repair of all homology directed re-
pair pathways we determined the kinetics of resection in
response to IR by pre-labeling cells with a thymidine ana-
log, iododeoxyuridine (IdU), followed by quantitating the
foci of resected single stranded DNA labelled with IdU in
G2 phase cells (57). In normal control (NFF) and MRE11
WT corrected cells a peak of induction occurred at 2 h fol-
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Figure 4. Phosphorylation status does not affect recruitment of YFP tagged MREI11 to sites of breaks or its loss from these sites but DNA repair
is defective. (A) YFP tagged MREI1 (green) co-localized with yH2AX (red) to carbon ion tracks of damage in U20S cells. YFP-MREI11 (WT),
YFP-MRE11S676AS678A (MUT) or phosphomimetic YFP-MRE11S676DS678D (DD) were transfected into U20S cells, fixed 10 min post dam-
age and counterstained with DAPI (blue). (B) Real time quantitation of YFP tagged MREI11 localizing to sites of damage. YFP-MRE11 (WT), YF-
PMREI11S676AS678A (MUT) or phosphomimetic YFP-MRE11S676DS678D (DD) in U20S cells being recruited to sites of carbon ion damage during
the first 10 min post damage. (C) Dissociation of YFP tagged MREI11 (green) from carbon ion tracks of damage in U20S cells. YFP-MREI11 (WT),
YFP-MREI11S676AS678A (MUT) or phosphomimetic YFP-MRE11S676DS678D (DD) were transfected into U20S and samples fixed as unirradiated
(UNIR), 10 min, 4 or 12 h post damage then immunostained with yH2AX (red) and counterstained with DAPI (blue). The bar represents 10 wm. (D)
Real time quantitation of YFP tagged MREI11 localizing to sites of damage. YFP-MREI1 (WT), YFPMRE11S676A (S676A) or YFP-MREI11S678A
(S678A) in U20S cells being recruited to sites of uranium ion damage during the first 10 min post damage. (E) Reduced repair efficiency of DSBs in the
non-phosphorylatable mutant and vector cell lines. The formation and repair of DSBs marked by y H2AX immunostaining in response to 2 Gy IR. Foci
were counted from three independent experiments and the mean and standard deviation plotted.
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Figure 5. The non-phosphorylatable mutant (MRE11S676AS678A) cell line is defective in homology directed repair and a greater extent of resection (single
stranded DNA) is observed in these cells. (A) Assaying for DSB repair function using GFP reporter substrates. GFP reporter substrates for microhomology-
mediated non-homologous end joining (mNHEJ), single strand annealing (SSA) and homologous recombination (HR) were co-transfected with the
meganuclease, [-Scel expression plasmid. Percentage of GFP positive cells, indicating successful repair, was plotted for each cell line ATLDMREI11 (WT),
ATLDS676AS678A (MUT) and ATLDVEC (VEC). These data were corrected for transfection efficiency (86-92%). I-Scel negative controls (GFP re-
porter substrate and filler plasmid) transfections were always 0-0.1%. The mean and standard deviation is plotted from three transfections. (B) Defects
in RADS] filament formation during HR. Quantitation of RADS5] foci in unirradiated and 3, 6 and 16 h post 5 Gy irradiation of ATLDMREI11 (WT),
ATLDS676AS678A (MUT) and ATLDVEC (VEC) cell lines. The mean and standard deviation is plotted from three independent experiments. (C) Ki-
netics of resection during homology directed repair. Quantitation of the number of foci of resected single stranded DNA labelled with iododeoxyuridine
(IdU) in G2 cells at 2, 4 and 8 h, post 5 Gy irradiation of the cell lines ATLDMREI11 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC). The mean
and standard deviation is plotted from three independent experiments. (D) Extent of resection measured by IdU focus intensity in G2 cells 2 h post 5 Gy.
The intensity of each IdU focus for a total of 60-90 cells for each cell line, ATLDMREI11 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC) was
estimated using ImageJ find maxima (point selection) function. The mean intensity of the 30 most intense foci for each cell was plotted with 95% confidence
intervals from two independent experiments. The three most intense foci for each cell line was removed due to saturation which would prevent quantitative
comparisons. (E) Extent of resection measured by RPA focus intensity in G2 cells 2 h post 5 Gy. The intensity of each RPA focus for a total of 60-90
cells for each cell line, ATLDMREI11 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC) was estimated using ImageJ maxima (point selection)
function. The mean intensity of the 20 most intense foci for each cell was plotted with 95% confidence intervals from two independent experiments. The
two most intense foci for each cell line was removed due to saturation which would impair quantitative comparisons.
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lowed by a gradual loss of single stranded regions over the
subsequent 6 h (Figure 5C). A similar pattern was observed
in MRE11S676AS678A cell line (MUT), but the curve was
shifted upwards, although not significantly different to con-
trol. The vector cell line (VEC) showed a reduced number of
sites of resection and there was no significant loss of these
sites up to 8 h post-irradiation. The apparent increase in
1dU foci in the MRE11 mutant could be due to an increase
in the number of sites of damage or due to increased in-
tensity of labelling at individual sites indicative of more ex-
tensive resection. We investigated this further by quantitat-
ing IdU focus intensity in G2 phase cells, from a total of
60-90 cells for each cell line (Figure 5D). It is evident that
the mutant cell line exhibits greater focus intensity than the
WT across the range of foci investigated suggesting greater
levels of resection at all sites of repair. The coincidence of
the vector only and WT curves shows that the extent of re-
section is similar in both although less sites are involved in
the vector only cell line compared to the WT as is evident
from Figure 5C. We also used RPA as a marker of resection
in G2 phase cells and obtained data comparable to those
with IdU, again supporting more extensive resection in the
MREI11 mutant (Figure SE). Thus MREI11 phosphoryla-
tion appears to be required to control the extent of resection
at any given site undergoing homology directed repair.

Control of extent of resection by MRE11 phosphorylatin is
through Exonucleasel

Previous data from yeast suggested that phosphorylation
of Exonuclease 1 is involved in a negative feedback loop
to limit accumulation of single strand DNA during resec-
tion and DNA damage checkpoint activation (58). There
is also evidence that phosphorylation of this protein by
ATM is required for recruitment of DNA repair pro-
teins and regulation of HR (49). To determine whether
the phosphorylation status of Exonuclease 1 was play-
ing a role in the extensive resection observed in the non-
phosphorylatable MRE11S676AS678A mutant cell line
(MUT), we performed immunostaining with an antibody
against Exonuclease 1 pS714 (EXO1pS714) to demonstrate
co-localization of the phosphorylated form with y H2AX in
irradiated control (NFF) cells (Figure 6A). Since phospho-
rylation at this site has been shown to be ATM-dependent
it was not surprising that Exonuclease 1 phosphorylation
was only observed at a low level in vector cell line (VEC)
which was supported by quantitation (Figure 6B). The
Exonucleasel pS714 foci in the WT MREI1 cell line co-
localized with yH2AX (Figure 6A) and quantitation of
these foci revealed levels similar to those in NFF control
cells (Figure 6B). On the other hand, the phosphorylation
foci in the MRE11S676AS678A mutant cell line (MUT)
were markedly reduced and quantitation of these showed
low levels that were comparable to those in an A-T cell
line (Figure 6B). To confirm these data we also carried
out immunoblotting with an anti-Exonuclease 1 pS714 an-
tibody. The results in Figure 6C show that Exonuclease
1 is phosphorylated in WT MREI11 cells but neither the
MUT nor VEC cell lines showed evidence of phosphory-
lation of Exonuclease 1. To determine the dependency of
resection on Exonuclease 1 in each of these cell lines, WT

MREI11, MRE11S676AS678A (MUT) and vector (VEC),
Exonuclease 1 was knocked down (Figure 6D). We ob-
served a comparable reduction in the proportion of G2
phase cells with RPA foci in all three cell lines after Ex-
onuclease 1 knockdown (Figure 6E), supporting a signifi-
cant role for Exonuclease 1 in each of these cell lines dis-
playing ~30% reduction. As might be expected there was
a reduced level of G2 cells undergoing resection in the vec-
tor cell line (VEC) where there is no functional MREI11. To
further investigate this role for Exonuclease 1 in the overex-
tended resection phenotype, we employed previously char-
acterized GFP tagged Exonuclease 1 non-phosphorylatable
(EXOI1S714A) and phosphomimetic (EXO1S714E) mu-
tants (49). We investigated RPA foci intensity as a mea-
sure of extent of resection in U20S cells where we obtained
transfection efficiency of 66% (SD = 3) at 24 h (Supplemen-
tary Figure S4A). A similar extent of overexpression was
observed for WT GFP-Exonuclease 1, EXO1S714A (SA)
and EXO1S714E (SE) mutants as determined by western
blot analysis (Supplementary Figure S4B). GFP-EXO1 sig-
nal was lost during the pre-extraction conditions used to im-
munostain RPA foci (resection) so the foci intensities were
determined from a mix of transfected and untransfected G2
phase cells. The G2 phase U20S cells transfected with the
non-phosphorylatable EXO1S714A mutant showed a small
increase in the average RPA foci intensity as compared to
WT from the most intense to least intense focus (Supple-
mentary Figure S4C). On the other hand the EXO1S714E
phosphomimetic mutant transfected U20S cells showed on
average less intense foci in G2 cells as compared to the WT
(Supplementary Figure S4C).

Together the data presented suggest that phosphorylation
of MREI1 plays a key role in determining extent of resec-
tion and that in the absence of this phosphorylation there
is inefficient ATM-dependent phosphorylation of Exonu-
clease 1 which contributes to uncontrolled resection at any
particular DSB site undergoing homology directed repair.

DISCUSSION

The novel findings described here demonstrate the impor-
tance of ATM-dependent phosphorylation of MREI11 at
two specific sites, S676 and S678 after DSB inducing agents.
Phosphorylation at these sites is critical for repair of DSB
and cell survival. This ATM-dependent phosphorylation of
MREI1I is not, however, required for the formation of the
MRN complex, the activation of ATM kinase or its local-
ization to sites of DNA damage. This is consistent with pre-
vious cytological analysis of the MRN complex showing
that its association with chromatin or damaged DNA does
not depend on ATM (18,59). MREI11 represents the third
member of the complex to be phosphorylated by ATM in
response to DNA damage. ATM-dependent phosphoryla-
tion of NBS1 occurs on two sites, S282 and S343 (26,30)
and mutation at these sites prevents signalling to down-
stream substrates linked to DNA repair, cell cycle check-
point activation and cell survival (30,31,60). A single site of
ATM-dependent phosphorylation (S635) has been identi-
fied on the second member of the complex, RADS50 (27).
Phosphorylation at this site is required for correction of
cell cycle checkpoint activation, DNA repair and survival
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Figure 6. Defect in ATM phosphorylation of Exonuclease 1 in the MRE11S676AS678A mutant cell line. (A) Immunostaining of yH2AX (red) and
EXO1pS714 foci (green) in response to 5 Gy IR for each cell line ATLDMREI1 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC) as well as
NFF (control) and A-T cell lines after 30 min. The merged image including DAPI staining is shown and the boxed cell has been enlarged in the far right
panel. (B) Quantitation of Exonuclease 1 (EXO1pS714) foci in unirradiated (UNIR) and 5 Gy irradiated cells for each cell line ATLDMREI1 (WT),
ATLDS676AS678A (MUT) and ATLDVEC (VEC) as well at NFF (control) and A-T cell lines after 30 min. The mean and standard deviation of three
independent experiments is plotted. (C) Western blot of total cell extracts from ATLDMREI1 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC)
cell lines for phosphorylated (S714) Exonuclease 1 (pEXO1) and total Exonuclease 1 (EXO1) from unirradiated (—) and 5 Gy irradiated cells (+). PCNA is
shown as loading control. (D) Western blot of total cell extracts from ATLDMREIL1 (WT), ATLDS676AS678A (MUT) and ATLDVEC (VEC) cell lines
for Exonuclease 1 (EXO1) with (+) and without (—) knockdown of Exonucleasel by esiRNA (Sigma) after 48 h. SMC1 is shown as loading control. (E)
Effect of Exonuclease 1 knockdown on the proportion of G2 phase cells with RPA foci for ATLDMRE11, ATLDS676AS678A and ATLDVEC cell lines.
Cells were transfected with esiRNA (WT siRNA, MUT siRNA and VEC siRNA) or mock transfected (WT, MUT and VEC) for 24 h. Cells were irradiated
with 5 Gy and immunostained with CENPF and RPA then G2 positive cells counted containing >5 foci after 2 h. The mean and standard deviation of
three independent experiments is plotted. (F) Schematic model showing the role of MREI11 phosphorylation by ATM in response to DSB induction. The
occurrence of DSB activates the DSB signalling cascade involving autophosphorylated ATM (ATMP) to initiate its repair. After the induction of resection
ATMP phosphorylates MREI1 at S676 and S678 (WT MRE11PP) which acts as an adaptor for ATMP-dependent phosphorylation of Exonuclease 1
(EXO1P), controlling the extent of resection. This enables RADSI to catalyze strand invasion and subsequent completion of HR repair or subsequent
repair by the other pathways requiring end processing like microhomology-mediated non-homolgous recombination (mNHEJ) and SSA. If MREI1 is not
phosphorylatable (MRE11S676AS678A) ATM is still normally autophosphorylated (ATMP) leading to induction of end processing, but in the absence of
MREL!1 phosphorylation there is no subsequent ATM-dependent phosphorylation of Exonuclease 1 (EXO1) leading to over extended resection by EXO1.
Although RADS] is recruited it largely fails to catalyze efficient strand invasion leading to a failure of the less error prone HR. But the SSA pathway is
still functional as it can tolerate the extensively resected single stranded DNA unlike the other forms of homology directed repair.
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in RADS50-deficient cells in response to DNA DSB (27). In
contrast to the other two members of the complex, MRE11
is phosphorylated at two adjacent sites in the ATM sub-
strate consensus sequence S®’°Q S®’Q. The correspond-
ing MRE11 phosphosite mutant enables normal ATM sig-
nalling through substrates such as SMCI, the phosphory-
lation of which is implicated in cell cycle control, genome
stability and cell survival (27,28,52,61). What stands out in
the present study is ATM-mediated control of Exonucle-
ase 1 activity limiting the extent of resection. Interestingly
another kinase, Ribosomal S6 kinase (Rsk) has recently
been suggested to also phosphorylate MRE11 at S676, al-
though this site in MREI1 does not conform to its con-
sensus sequence (55). They showed that when Rsk is over-
expressed as has been found in some cancer cells it could
phosphorylate MRE11 on S676 in response to treatment
with neocarzinostatin leading to a much reduced activation
of ATM (S1981 phosphorylation) inhibiting checkpoint ac-
tivation. This may indicate an overlap or competition be-
tween ATM and Rsk under certain circumstances for this
site on MREI11.

This investigation of the role of MREI11 phosphorylation
in DNA repair provided evidence for an important qual-
ity control function in the major DNA DSB repair path-
way, homology directed repair. Discrimination of the early
role of MRE11 in DNA damage recognition and ATM ac-
tivation, which were normal in the phosphosite mutant cell
line, facilitated analysis of its later role in repair, provid-
ing a unique separation of function mutant MRE11. The
early steps of homology directed repair require resection by
MREI1 and other nucleases (8-10,12). The extent of this re-
section has been shown to be different for mNHEJ, SSA and
HR, where mNHEJ and HR which share the initial end re-
section steps require limited resection as compared to SSA
which may involve larger regions (11,62). Here we show that
both mNHEJ and HR require MRE11 phosphorylation to
control the extent of resection. Further downstream this ap-
pears to be controlled by ATM-mediated phosphorylation
of Exonuclease 1 at S714 which limits its activity. Thus in the
absence of MREI11 phosphorylation, DNA DSB sites that
are processed for homology directed repair are over resected
and cannot be processed properly by RADSI for strand in-
vasion and subsequent HR. However, as we have demon-
strated these single stranded tails can still be processed by
the SSA pathway which would be predicted to lead to large
losses of genetic material (Figure 6D). The defect in HR
and over reliance on SSA would explain the decreased sur-
vival and high rates of chromosomal aberrations, particu-
larly chromatid type, in these cells. The mNHEJ pathway
unlike the other two pathways mentioned above does not
lead to RADS]1 recruitment, it relies on minimal resection
leading to microhomology annealing and repair. So in the
absence of MREI11 phosphorylation the observed failure of
mNHEJ repair pathway may simply be explained by the
overextended resection of the reporter substrate which re-
quires 23 bp of processing to restore GFP signal (Figure 5A)
(46).

We did not observe any significant change in the
MRE11S676AS678A mutant cell line with regard to the
choice of repair pathway early in the repair process, as as-
sessed by the number of sites of resection, but did observe

downstream effects on final repair outcome due to the over
resection occurring at sites, causing a bias away from the
less error prone HR pathway. More recently, Tomimatsu
et al. (63) found that Exonuclease 1 is also phosphorylated
by CDKs at four sites regulating the pathway switch be-
tween HR and NHEJ in the repair of a DSB. Specifically
they found that without CDK phosphorylation (the non-
phosphorylatable alanine mutant of Exonuclease 1) they
saw a reduction in the number of sites of resection and a
subsequent decrease in HR based repair. In addition, the
phosphomimetic mutant displayed an increase in the num-
ber of sites of resection and a decrease in subsequent NHEJ
(63). These data suggest that phosphorylation of Exonucle-
ase 1 by CDK, at sites distinct from those phosphorylated
by ATM, determine the early pathway decision between HR
and NHEJ, whereas phosphorylation of Exonuclease 1 by
ATM determines the extent of resection.

Both MREI11 and Exonuclease 1 have been shown to be
critical for the process of resection (9,10,12,49,64). Interest-
ingly Exonuclease 1 is phosphorylated on S714 by ATM in
response to DSB in a kinetic that correlates with the end
of resection (49). The timing of this phosphorylation is im-
portant as a phosphomimetic Exonuclease 1 (EXO1S714E)
curtails resection (decreased number of sites of resection as
assessed by RPA foci). Bolderson et al. (49) also found that
a non-phosphorylatable mutant or a phosphomimetic of
Exonuclease 1 interfered with subsequent RADSI recruit-
ment and successful HR. These observations and the data
presented here demonstrating Exonucleasel phosphoryla-
tion status in the resection phenotype support our findings
that phosphorylation of Exonuclease 1 is the signal to termi-
nate resection to provide an optimal substrate for successful
completion of HR.

The MRN complex is proposed to tether broken DNA
ends until they are repaired (65,66). Previous studies by Vir-
gilo et al. (40) and Chen et al. (55) have investigated affinity
and phosphorylation status of MREI1 binding to DNA.
Briefly Virgilio et al. (40) using Xenopus extracts incubated
with DSB-containing DNA demonstrated hyperphospho-
rylation of MREII involving eight SQ/TQ ATM/ATR
consensus sites, including S7°Q and S®78Q, as well as sites
phosphorylated by other kinases. Substitution of all eight
of the S/T for A (MRN-SA) resulted in a significant in-
crease in MRE11 binding to DNA or chromatin while the
phosphomimetic mutant (MRN-SD) showed dramatically
reduced binding and it was concluded that phosphoryla-
tion of MREI11 SQ/TQ motifs, facilitates the release of
the complex from DNA and represents a signal for the
control of DNA repair. Additionally the study of MREI11
phosphorylation by Chen et al. (55) also using Xenopus ex-
tracts showed that when MRE11 became phosphorylated
by Rsk or Moloney sarcoma oncogene (Mos) kinase treat-
ment at S676 it displayed decreased affinity to dsDNA-
bound avidin beads. They went on to show increased reten-
tion of MREI1 foci in cells expressing MRE11S676A. Al-
though S676 and S678 phosphorylation sites are within the
second putative DNA binding domain of MRE11 we failed
to observe any effect on MRE11 recruitment with the quan-
titative live kinetic or later retention/loss over time at sites
of damage using either the alanine non-phosphorylatable
MREI11 mutant or the aspartic acid phosphomimetic mu-



tant in human cells. The disparity of our observations to
those previously published may be that the retention/loss
of MREI11 over time (12 h) is not quantitative so we may
not be detecting more subtle changes in localization at later
time points. Although the MRE11S678A single mutant,
where S676 could be phosphorylated, did show a destabi-
lized binding compared to WT or MRE11S676A form as
would be predicted based on the previously discussed stud-
ies (40,55).

While our observations do not provide evidence for dis-
sociation of phosphorylated MREI11 from chromatin to
terminate resection after ATM dependent phosphorylation
on S¢7°QS®78Q we have presented more mechanistic insight
into the process showing that phosphorylation of MRE11 is
required for phosphorylation of Exonuclease 1 controlling
the extent of resection. In contrast to NBS1 and RADS50,
we did not observe a defect in signalling through SMC1 but
have instead identified Exonuclease 1 as a substrate critical
in signalling to DNA repair. Morin et al. (58) have shown
that Exonuclease 1 is inhibited by phosphorylation in yeast
and that this phosphorylation has an important function
in modulating the cellular response to DNA damage. Their
data suggest that Exonuclease 1 phosphorylation downreg-
ulates its activity to limit the accumulation of ssDNA at
damaged sites. This is consistent with our results where a
phosphosite mutant of MREI11 was defective in controlling
the extent of resection during repair of DNA DSB.

Our study largely focused on the two sites S®7°Q S¢78Q as
the initial results on cell survival and chromosomal aberra-
tions were comparable between the single and double site
mutations, suggesting redundant roles. Whether this is due
to their close proximity and thus mutation of an individual
site is affecting the other or if there is potential coordina-
tion between these two sites in bringing about the observed
cellular responses investigated here has been largely unex-
plored. Antibodies to the individual sites would help to ex-
plore the kinetics of phosphorylation of the sites individ-
ually and how this might influence repair. The characteri-
zation of the non-phosphorylatable (MRE11S676AS678A)
mutant form of MREI11 has not only shed light on the key
role of this phosphorylation in controlling the extent of re-
section enabling successful HR by controlling ATM’s phos-
phorylation of Exonuclease 1 but also provides a separa-
tion of function mutation enabling a distinction between
the early role of MREI11 in activating ATM from its more
downstream roles in controlling resection during homology
directed repair. Our observations clearly demonstrate that
the ATM-dependent phosphorylation of MREI11 is criti-
cal for the DNA damage response as observed previously
for phosphorylation of NBS1 (26,28-31) and RADS50 (27).
While all three proteins perform an adaptor role for ATM-
dependent downstream signalling it is also evident that the
individual phosphorylations have different functional con-
sequences. The results here further underpin the essential
intertwined roles that ATM and the MRN complex play as
caretakers of the genome.
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