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The proximity ligation assay reveals that at DNA
double-strand breaks WRAP53(3 associates
with yH2AX and controls interactions between
RNF8 and MDC1
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noprecipitation; IR, Ionizing radiation; MDC1, Mediator of DNA damage checkpoint 1; NP40, Nonidet P-40; PARP, Poly ADP
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We recently demonstrated that WRAP53[ acts as a key regulator of ubiquitin-dependent repair of DNA double-
strand breaks. Here, we applied the proximity ligation assay (PLA) to show that at such breaks WRAP53@ accumulates in
close proximity to yH2AX and, furthermore as demonstrated by their co-immunoprecipitation (IP) binds to yH2AX, in a
manner dependent on the ATM and ATR kinases. Moreover, formation of complexes between MDC1 and both its
partners RNF8 and phosphorylated ATM was visualized. The interaction of MDC1 with RNF8, but not with ATM requires
WRAP53, suggesting that WRAP53 facilitates the former interaction without altering phosphorylation of MDC1 by
ATM. Furthermore, our findings highlight PLA as a more sensitive method for the analysis of recruitment of repair
factors and complex formation at DNA breaks that are difficult to detect using conventional immunofluorescence.

Introduction

Ubiquitin-mediated repair of DNA double-strand breaks

The human genome is under constant threat from various
endogenous and exogenous sources. If double-strand breaks,
one of the most severe types of DNA damage, are not
repaired properly and in a timely manner, they may contrib-
ute to the development of degenerative diseases and cancer.'
To counteract such potentially life-threatening events, cells
have evolved several sophisticated mechanisms of DNA
repair, of which homologous recombination and non-
homologous end joining are used to repair double-strand
breaks.

Both these pathways require numerous factors that accu-
mulate at the site of damage under regulation primarily by
post-translational modifications, including phosphorylation
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and ubiquitylation, either of the repair factors themselves or
of other proteins associated with the damaged DNA, such
as histones. These modifications enable repair proteins to
interact in an appropriate manner. For example, upon dou-
ble-strand break formation, the histone variant H2AX is
rapidly phosphorylated at Serine 139 (termed YH2AX) by
the ATM/ATR/DNA-PKcs kinases,” which enables it to
bind MDCI1 and recruit this factor to the site of DNA dam-
age.” Subsequent phosphorylation of MDC1 (on its TQXF
motifs) by ATM promotes binding of the E3 ubiquitin
ligase RNF8.%> Together with RNF168, RNF8 catalyzes
ubiquitylation of histones in the chromatin flanking the
double-strand break, a process critical for assembly of the
downstream repair factors BRCAIL, RAD51 and 53BP1.%°
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The WD40 protein WRAP53f orchestrates
ubiquitin-mediated repair

Proteins containing WD40 domains consisting of several
repeats approximately 40 amino acids long, with a C-terminal
tryptophan (W) - aspartic acid (D), often act as scaffolds for large
protein complexes. The repeats form a circular 3-propeller struc-
ture, allowing several proteins to interact with the domain
simultaneously.®”

The gene encoding one such protein, WRAP53B (WD40-
encoding RNA antisense to p53), is located on chromosome
17p13 and overlaps the p53 gene in a head-to-head fashion.® This
gene was shown in our laboratory to also encode WRAP53a,
which regulates the expression of p53 RNA.® WRAP53« is pro-
duced when transcription is initiated from exon la, one of the 3
alternative starting exons (la, 1B, 1vy) in the gene, whereas tran-
scription starting from exon 13 gives rise to WRAP53(3, which
acts independenty of WRAP53a and does not regulate p53.
Instead this latter protein facilitates interactions between and locali-
zation of factors involved in splicing, telomere elongation and
DNA repair,”'? as well as playing a critical role in the structural
maintenance of the nuclear organelles known as Cajal bodies.”

Mutations within the WD40 domain of WRAP53 cause a
rare progressive congenital disorder referred to as dyskeratosis
congenita, the symptoms of which include bone marrow failure,
premature aging and predisposition for cancer.’® In addition,
loss of WRAP538 function has been associated with the neuro-
degenerative disease spinal muscular atrophy,” as well as with
reduced survival and radioresistance in patients with head and
neck cancer.' Moreover, single nucleotide polymorphisms in
WRAP53 are correlated with an elevated risk for and poorer sur-
vival from various sporadic tumors, including ovarian and breast
cancer.”>”

We recently demonstrated that WRAP53 acts as a scaffold for
MDCI and RNF8 during DNA double-strand break repair, bind-
ing these proteins simultaneously via its highly conserved WD40
domain, and thereby facilitating their interaction and the accumu-
lation of RNF8 at double-strand breaks.'"* RNFS8 is the first E3
ligase to be recruited to DNA breaks and WRAP538 is thus
required for ubiquitylation at sites of DNA damage and assembly
of downstream repair proteins, including 53BP1, BRCA1 and
RAD5I1. Consequently, loss of WRAP53B disrupts repair by
homologous recombination and non-homologous end joining and
enhances the frequency of spontancous DNA breaks, highlighting
its major role in the repair of double-strand breaks."?

The proximity ligation assay as a tool to visualize factors at
DNA double-strand breaks

Recruitment of repair proteins to DNA lesions caused by ion-
izing radiation (IR) can be assessed from the formation of immu-
nofluorescent foci representing their local accumulation, referred
to as IR-induced foci. However, not all repair proteins form accu-
mulations that are detectable in this manner.'®

The 7n situ proximity ligation assay (PLA) allows direct visuali-
zation, as well as quantification and precise subcellular localization
of protein-protein interactions/associations in fixed cells. The pro-
teins of interest are targeted by specific antibodies conjugated with
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oligonucleotides and if in close proximity, ligation of the oligonu-
cleotide moieties creates a DNA sequence that can be amplified
exponentially by PCR to obtain powerful signal amplification. In
this manner, each protein-protein association generates a fluores-
cent signal detectable under the fluorescence microscope.'”

The present investigation was designed to evaluate whether
PLA can be applied to monitor repair proteins at sites of DNA
damage that do not form detectable IR-induced foci. Employing
this procedure, we confirmed our previous findings and achieved

deeper insight into the involvement of WRAP53( in the DNA

damage response cascade.

Results

PLA visualizes the localization and interactions of DNA
repair proteins

To assess whether PLA can detect repair proteins at sites of
damage, we initially applied this method to MDC1 and yH2AX
(a marker of DNA damage), which are known to interact only at
sites of DNA damage. Localization of MDC1 to DNA lesions
was first confirmed by immunofluorescent staining that, only
after irradiation, revealed foci that exactly overlapped yH2AX
foci (Fig. 1A).

No PLA signals indicative of interaction between YH2AX and
MDCI1 were detected in non-irradiated cells. In contrast, several
such signals were detected following irradiation and these
YH2AX-MDCI1 PLA signals yielded a very similar pattern as foci
formation of these proteins (Fig. 1B). Knockdown of H2AX or
MDCI or inhibition of H2AX phosphorylation with an inhibi-
tor of ATM reduced the number of these signals, indicating that
the method is both specific and sensitive (Fig. 1B). Similar
results were obtained with the repair protein 53BP1 and yH2AX
(Fig. 1C) and moreover, following laser-microirradiation these
proteins associated specifically at the laser stripes (Fig. 1D).
Clearly, PLA can be used to visualize repair proteins at sites of
DNA damage in fixed cells.

PLA reveals an association between WRAP53(3 and YH2AX
at DNA double-strand breaks

Recently, we identified WRAP53 as a novel player in the
DNA damage response that orchestrates ubiquitin-dependent
assembly of repair factors at double-strand breaks.'> Although
utilizing both immunofluorescence and chromatin immunopre-
cipitation (ChIP) we could demonstrate that WRAP538 accu-
mulates at sites of damage,'> most WRAP538 antibodies do not
provide visualization of this protein in repair foci. On the other
hand, PLA utilizing one such antibody revealed an association
between WRAP53B and YH2AX in response to irradiation, i.e.
accumulation of WRAP53f at sites of DNA damage (Fig. 2A).
This association was specific, since no PLA signals were obtained
when the WRAP538 and yH2AX antibodies were combined
with mouse or rabbit IgG antibodies, respectively (Fig. 2A). In
laser micro-irradiated cells this association was observed only at
laser stripes (Fig. 2B), a localization also confirmed by immuno-
fluorescent staining (Fig. 2C). Together, these findings show
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that PLA can be used to visualize | A
recruitment of WRAP53p to sites
of DNA damage, also in cases
when this protein is undetectable
in IR-induced foci.

‘WRAP53 binds YH2AX in MDC1
an ATM and ATR-dependent
manner

To confirm the specificity of
the WRAP53B-yH2AX interac-

tion, immunoprecipitation (IP)

Merged

was performed in non-irradiated
and irradiated U20S and H1299 | C
cells.  This that
WRAP5303 co-precipitates
YH2AX in both these cell lines.
Reciprocal IP of yH2AX verified
the interaction with WRAP53[3.
Moreover, these interactions were
enhanced in response to DNA
damage (Fig. 3A and B).

To determine the region(s) of

showed
siControl

PLA

PLA +
DAPI

PLA: 53BP1 Ab + yH2AX Ab

PLA: MDC1 Ab + yH2AX Ab

siControl siH2AX siMDC1 ATMi

siH2AX si53BP1

WRAP533 that with
YH2AX, a series of EGFP-
WRAP53 deletion and mutation
constructs was used (Fig. 3C).
Deletion mutants of WRAP533
containing only the N-, WD40-
or C-region all failed to bind
YH2AX, indicating that several
regions of WRAP53p are involved
in binding yYH2AX (Fig. 3D).
Alternatively, the binding site(s)

interacts

could be located in the borderlines
of the WRAP53B deletions. To
test this idea, another
WRAP53B  deletion
was used, in which the borderline
sequences were intact. Deletion of either the N- (AN149) or C-
terminal (AC93) region flanking the WD40 domain of
WRAP538 prevented the interaction with YH2AX, while a con-
struct lacking only the glycin-rich sequence (AC15) was fully
capable of binding to YH2AX (Fig. 3E). Thus, the amino acids
1-533 of WRAP53 are critical for efficient binding to YH2AX.
Missense mutations in WRAP53[3 cause the cancer predispo-
sition-syndrome dyskeratosis congenita.'> These mutations dis-
rupt the folding of WRAP53[ by the chaperonin TRiC/CCT
(TCP-1 Ring Complex, also called CCT for chaperonin contain-
ing TCP-1), which has been suggested to cause the defective

ble-strand breaks.

set of
constructs

function of WRAP53 in dyskeratosis congenita.” Interestingly,
when analyzing these mutants for binding to YH2AX, none of
them could interact with YH2AX (Fig. 3F). This indicates that
TRiC-dependent folding of WRAP53[ is required for binding
to YH2AX and that impaired WRAP53B-yH2AX interaction

may contribute to dyskeratosis congenita.
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Figure 1. PLA visualizes complex formation and localization of repair factors at DNA breaks. (A) Immunofluo-
rescent staining of yH2AX, a marker for DNA double-strand breaks, and MDC1 in U20S cells not treated or
whole-cell irradiated (6 Gy, 1 hour recovery). Nuclei were stained with DAPI (in blue) in all immunofluores-
cence and PLA experiments. (B) PLA detection of MDC1-yH2AX interactions visible as distinct fluorescent
dots in U20S cells. Approximately 90% of non-irradiated cells showed no signals and the remainder 2 dots/
cell. In irradiated (6 Gy) cells, 100% of cells displayed > 10 dots/cell. U20S cells were transfected with the indi-
cated siRNAs for 48 hours or treated with ATMi for 16 hours, irradiated and 15 minutes later subjected to PLA
using MDC1 and yH2AX antibodies. (C) PLA detection of 53BP1-yH2AX interactions. U20S cells were trans-
fected with the indicated siRNAs for 48 hours, irradiated (6 Gy) and 15 minutes later subjected to PLA using
53BP1 and yH2AX antibodies. (D) U20S cells were micro-irradiated and fixed after 5 minutes. PLA was per-
formed to detect 53BP1-yH2AX interactions and cells were counterstained for yH2AX to visualize DNA dou-

To further characterize the interaction between WRAP53(
and yH2AX, we explored what factors that regulate this interac-
tion. Applying both PLA and IP, the interaction between
WRAP538 and YH2AX was shown to be markedly reduced by
inhibition of ATM or ATR, whereas inhibition of DNA-PK or
PARP or, alternatively, siRNA depletion of the DNA repair fac-
tors MDC1, RNF8, RNF168, 53BP1 or RAD51 had no influ-
ence (Fig. 3G-I). Thus, in response to DNA damage,
WRAP538 associates with YH2AX in a manner dependent on
TRIiC, ATM and ATR, but no downstream repair factors.

WRAP53( regulates binding between RNF8 and MDC1
but not the association between phosphorylated ATM and
MDC1

PLA demonstrated that in irradiated cells WRAP53f associ-
ates with its known partners MDC1 and RNFS8 in a specific man-
ner (Fig. 4A), as also confirmed by IP (Fig. 4B). Since the extent

419



A Negative controls B
PLA:

Mouse IgG Ab  Rabbit IgG Ab

+WRAPS53B Ab + yH2AX Ab

IR IR
PLA

- . .
yH2AX
. . Merged

PLA:
WRAPS53B Ab + yH2AX Ab

No IR IR

PLA

PLA+
DAPI

PLA+
DAPI

Figure 2. WRAP53 associates with yH2AX at sites of DNA damage. (A) PLA detection of WRAP53B-yH2AX
interactions in U20S cells. Approximately 70% of non-irradiated cells showed no signals and the remainder
1-2 dots/cell. All irradiated cells (6 Gy, 15 minutes recovery) contained >10 dots each. Negative controls for
the PLA, showing the detection of WRAP538 and yH2AX combined with the indicated normal IgG antibody
in irradiated (6 Gy, 15 min recovery) U20S cells. (B) U20S cells were micro-irradiated and fixed after 5
minutes. PLA was performed to detect WRAP53B-yH2AX interactions and cells were counterstained for
yH2AX to visualize DNA double-strand breaks. (C) U20S cells were micro-irradiated, fixed 5 minutes later

and immunostained for WRAP533 and yH2AX.

of these interactions was the same with and without irradiation,
as well as in ATMi-treated cells (Fig. 4B), we conclude that they
are independent of both DNA damage and ATM.

WRAP538 acts as a scaffold for formation of a complex
between RNF8 and MDC1,'? an interaction that is also depen-
dent on phosphorylation of MDC1 by ATM,*>?! Accordingly,
in cells lacking WRAP53( the extent of interaction between
MDC1 and RNF8 was clearly reduced (Fig. 4C). 80% of the
control cells exhibited PLA signals reflecting MDCI1-RNE8
interactions, whereas the corresponding value following
WRAP538 depletion was only 30% (Fig. 4D). The specificity of
the PLA signals was confirmed by knockdown of MDC1, RNF8
or inhibition of MDC1 phosphorylation with an inhibitor of
ATM (Fig. 4C).

The interaction between phosphorylated ATM and MDCl1
was, however, unchanged in WRAP53[3 depleted cells (Fig. 4E
and F), both the amount of positive cells as well as the number of
PLA signals per cell. We conclude that WRAP5383 mediates the
interaction between RNF8 and phosphorylated MDCI, but is
not involved in formation of a complex between ATM and
MDCI.

Discussion

Here, we introduce the novel PLA procedure for visuali-
zation of proteins and their association at sites of DNA
damage. This method accurately detects complexes between
the established repair proteins MDC1 and 53BP1 and
YH2AX at such lesions and is more powerful than tradi-
tional immunofluorescent staining in cases where IR-
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C induced foci difficule
detect, as demonstrated for the
repair factor WRAP53.
addition, application of PLA to

laser micro-irradiated cells con-

are to
PLA:

In

WRAP53p

firmed that these protein inter-
actions occur at sites of DNA

yH2AX damage (laser stripes).
Further characterization
revealed that WRAPS3B and
— YH2AX are co-precipitated by IP
and that WRAP53B  binds

YH2AX in a manner dependent
on ATM and ATR. These findings
are in agreement with our previous
observations that accumulation of
WRAP53p in repair foci depends
on the ATM and ATR kinases."?
We previously showed that the
WD40 domain of WRAP53B is
responsible for binding MDCI
and RNF8."? Our current findings
demonstrate that expression of a
larger region of WRAP53[3 (amino
acids 1-533 containing the pro-
line-rich region and the WD40 domain) is required for interac-
tion with yYH2AX.

Moreover, we show that single amino acid mutations in
WRAP53B found in patients with dyskeratosis congenita'’
completely disrupt the capacity of this protein to bind
YH2AX. Interestingly, it was recently shown that the chap-
eronin TRiC, which is involved in the folding of difficult-
to-fold proteins, controls the folding and function of
WRAP538.%° By binding its WD40 domain, TRIiC folds
WRAP5383, which enables binding between WRAP5383 and
the telomerase RNA component TERC and allows the sub-
sequent function of WRAP53B in telomere elongation.*
Our finding that dyskeratosis congenita-mutants of
WRAP538 are unable to bind YH2AX indicates that TRiC-
mediated folding of WRAPS53B is required for yH2AX
binding and opens the possibility that loss of WRAP53f3-
YH2AX interaction and disturbed DNA repair could con-
tribute to the pathogenesis of dyskeratosis congenita.

Since accumulation of WRAP53( in repair foci requires the
MDCI1 protein, it was surprising that knockdown of MDC1 did
not attenuate WRAP53B-yH2AX PLA signals. Possibly,
WRAP53B can interact with YH2AX in the absence of MDCI1,
but that extensive accumulation of WRAP53[3 in repair foci
requires MDC1. Moreover, recruitment of different pools of
WRAP53p to double-strand breaks may involve different factors.
In cells containing a site-specific DNA double-strand break intro-
duced by the I-Ppol endonuclease, ChIP revealed that a portion
of WRAP53 accumulated in the vicinity of the breakpoint and
overlapping YH2AX-positive sites, whereas another portion of
WRAP538 accumulated at the breakpoint site itself, a region
normally negative for yH2AX.'*> Moreover, these different pools
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Figure 3. WRAP538 binds yH2AX in
a manner dependent on DNA dam-
age, ATM and ATR. (A) IP of
WRAP533 and  yH2AX  from
untreated or irradiated (6 Gy, 30-60
minutes recovery) U20S cells fol-
lowed by immunoblotting with the
indicated antibodies. Rabbit and
mouse IgG were used as negative
controls. (B) IP of WRAP533 and
yH2AX from untreated or irradiated
(6 Gy, 60 minutes recovery) H1299
cells followed by immunoblotting
with the indicated antibodies. (C)
Schematic illustration of the EGFP-
tagged WRAP53B deletion and
mutation constructs. (D-F) U20S
cells were transiently transfected
with the indicated EGFP-WRAP53(3
plasmids for 24 h; irradiated with 6
Gy and 1 hour later subjected to IP
of GFP; followed by immunoblotting
for ~yH2AX, GFP-WRAP533 and
B-actin. HC indicates heavy chain of
the antibody. (G) U20S cells were
treated with the inhibitors and siR-
NAs indicated for 24 hours and
48 hours, respectively, irradiated
with 6 Gy and fixed 15 minutes later.
PLA signals of WRAP53B-yH2AX
interactions were quantified in 100
cells for each experiment (n=3) and
nuclei containing >4 signals were
counted as positive cells. No signifi-
cant change in the number of PLA
signals per cell was observed after
treatment with the drugs/siRNAs
that did not influence the WRAP533-
yH2AX interactions. Instead, these
cells displayed the same number of
PLA signal per cell as the untreated
ones (>10 dots/cell). In the case of
ATM and ATR inhibitors, the PLA sig-
nal almost disappeared in the nega-
tive cells (the majority had less than
2 dots/cell) or remained unchanged
compared to control cells (>10 dots/
cell). Error bars, sem,; n=3,
* p<0.05, *** p<0.001, Student's t-
test. (H) Western blot analysis of
MDC1, RNF8, RNF168, 53BP1, RAD51
and WRAP53 levels in U20S cells
treated with the indicated siRNAs for
48 hours. (I) U20S cells were trans-
fected with the indicated siRNAs for
48 hours or treated with ATMi for
16 hours, irradiated (6 Gy) and 15
minutes later subjected to IP with
WRAP533 antibody followed by
immunoblotting  for ~ WRAP53,
yH2AX, MDC1, RNF8 and B-actin.

our earlier proposal that by facilitating binding between RNF8
and MDC1, WRAP53 is required for recruitment of RNF8 to
double-strand breaks and the subsequent ubiquitylation of the
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of WRAP53 remained for  flanking chromatin.'” Both PLA and IP revealed that WRAP538

different lengths of time at
these two sites, indicating
that the recruitment of
WRAP53B to DNA breaks
is regulated in different
ways.

Furthermore, we tested

Nucleus

interacts with RNF8 and MDCI in a manner independent of
DNA damage and ATM. Knockdown of WRAP53( abrogated
the interaction between MDC1 and RNEF8 without affecting
binding between MDC1 and phosphorylated ATM. Thus, this
loss of binding between RNF8 and MDCI1 in the absence of
WRAP53 is not due to attenuated phosphorylation of MDCl,
but rather, WRAP53@ appears to facilitate re-localization of
RNFS8 to sites of DNA damage and its subsequent interaction
with phosphorylated MDCI. Possibly, such re-localization to
DNA breaks involves binding between WRAP53 and yH2AX.
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Figure 4. WRAP538 facilitates MDC1-RNF8 interaction. (A) PLA signals of WRAP533-MDC1 and WRAP533-
RNF8 interactions in irradiated (6 Gy, 15 minutes recovery) U20S cells. Negative controls for PLA, showing the
detection of MDC1, RNF8 or WRAP5383 combined with the indicated normal IgG antibody in irradiated (6 Gy,
15 minutes recovery) U20S cells. The images show representative numbers of interactions. (B) U20S cells
were either left untreated, irradiated with 6 Gy or treated with ATMi for 16 hours prior to irradiation with 6 Gy.
Fifteen minutes later, IP of WRAP53B was performed followed by immunoblotting of WRAP533, MDC1, GFP-
RNF8 and B-actin. (C) PLA signals of MDC1-RNF8 interactions in U20S cells treated with siControl, siMiDCT,
siRNF8 or siWRAP53#2 for 48 hours or ATMi for 24 hours, irradiated with 6 Gy and fixed after 15 minutes. (D)
Quantification of the results in (C). PLA signals were quantified in 100 cells for each experiment and nuclei
containing >4 signals were counted as positive cells. The majority of the positive cells showed the same
amount of PLA signals per cell as the corresponding positive control (>10 dots/cell), whereas the negative
cells mostly had less than 2 dots/cell. (E) PLA signals of MDC1-pATM interactions in U20S cells treated with
siControl, siMDC1, siWRAP53#2 for 48 hours or ATMi for 24 hours, irradiated with 6 Gy and fixed after 15
minutes. (F) Quantification of the results in (E). PLA signals were quantified in 100 cells for each experiment
and nuclei containing >4 signals were counted as positive cells. Error bars, s.e.m.; n=3, *** p<0.001, Student’s
t-test.

In summary, we demonstrate here that PLA allows sensitive

between MDC1 and RNF8
without altering the association
between MDC1 and ATM.

Material and Methods

Cells and culture conditions

U20S cells were maintained
in  McCoy’s 5A medium
(HyClone, Thermo Scientific),
supplemented with 10% fetal
bovine serum (HyClone) and 2,5
pg/mL Plasmocin  (InvivoGen)
at 37°C in 5% CO, humidified

incubators.

Ionizing radiation

y-irradiation was performed
with a '¥Cs source (Scanditro-
nix, Uppsala, Sweden) at the
Karolinska Institutet, Stockholm,
at a photon dose rate of 0.5
Gy-minutes '. Dosimetry was
done with an ionization chamber
as well as with ferro sulfate.

Laser micro-irradiation

Localized DNA damage was
generated by exposure of cells to
a UV-A laser. U20S cells were
pre-sensitized with 10 mM 5-
Bromo-2'-deoxyuridine  (BrdU)
for 24 hours at 37°C. Prior to
microscopy the medium was
replaced for a phenol red-free
medium. Micro-irradiation was
performed with a  confocal
microscope equipped with a 365-
nm UV-A laser.

Immunofluorescence
microscopy

Cells were grown on sterilized
cover slips and fixed with 4%
paraformaldehyde for 15 minutes
at room temperature. They were
then permeabilized with 0.1%
Triton X-100 for 5 minutes at
room temperature, followed by
30 minutes of blocking in block-
ing buffer (2% BSA, 5% glycerol,

monitoring of the localization of and association between pro- 0,2% Tween20, 0,1% NaNj). Coverslips were subsequently
teins at DNA breaks. Moreover, WRAP533 interacts with incubated for 1 hour in primary antibody and 40 minutes in sec-
YH2AX at sites of DNA damage, and also enables direct binding  ondary antibody diluted in blocking buffer. The cover slips were
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mounted with Vectashield mounting medium with DAPI (Vec-
tor laboratories). Images were acquired with a LSM700 confocal
microscope (Carl Zeiss Microimaging Inc.), mounted on Zeiss
Axio observer.Z1 equipped with Plan-Apochromat 63x/1.4 oil
immersion lenses, and processed using Zen 2012 Black or with a
Zeiss Axioplan 2 microscope, equipped with an AxioCam HRm
Camera using 40 or 63 oil immersion lenses, and processed using
Axiovision Release 4.7.

In situ PLA

Cells were cultured on coverslips, fixed with 4% paraformal-
dehyde and permeabilized with 0.1% Triton X-100 for
5 minutes, followed by 1 hour blocking in blocking buffer. For
the visualization of protein interactions, samples were incubated
with the primary antibodies for 1 hour at room temperature.
Duolink 7z situ PLA was performed according to the man-
ufacturer’s protocol (OLINK Bioscience, Sweden) using PLA
probe anti-mouse minus and PLA probe anti-rabbit plus. Goat
a-mouse Alexa Fluor 488 secondary antibody was added in order
to counterstain for YH2AX.

Antibodies

Primary antibodies: Rabbit a-WRAP53-C2 (cat# PA-2020-
100, Innovagen AB, Sweden), mouse a-yH2AX (cat# 05-636,
Millipore), rabbit a-yH2AX (cat# 2577, Cell Signaling), rabbit
a-MDC1  (cat# ab11169, abcam), mouse a-MDCI1 (cat#
ab50003, abcam), mouse o-pATM (cat# sc-47739, Santa Cruz
Biotechnology), mouse a-RNF8 (cat# sc-271462, Santa Cruz
Biotechnology), rabbit a-RNF168 (cat# ABE367, Millipore),
rabbit a-53BP1 (cat# NB100-904, Novus Biologicals), rabbit
a-RAD51 (cat# sc-8349, Santa Cruz Biotechnology), mouse
a-B-actin (cat# A5441, Sigma), rabbit a-GFP (cat# ab290,
abcam), normal rabbit IgG (cat# sc-2027, Santa Cruz Biotech-
nology) and normal mouse IgG (cat# sc-2025, Santa Cruz
Biotechnology).

Secondary antibodies: sheep a-mouse HRP (cat# NA931V,
GE Healthcare), donkey a-rabbit HRP (cat# NA934V, GE
Healthcare), goat a-rabbic HRP (cat# 7074, Cell Signal), horse
a-mouse HRP (cat# 7076, Cell Signal), goat a-rabbit Alexa
Fluor 488 (cat# A11008, Life technologies), goat a-mouse Alexa
Fluor 488 (cat# A11029, Life technologies) and donkey a-mouse
Alexa Fluor 594 (cat# A21203, Life technologies).

siRNA transfections

siRNA  oligonucleotides  used: ~ siWRAP53#2  (cat#
S100388948, Qiagen), siH2AX (cat# S100032844, Qiagen),
siMDCI1 (cat# L-003506—00—0005, Dharmacon), siRNF8 (cat#
L-006900—-00—-0005, Dharmacon), siRNF168 (cat#
S104143251, Qiagen), si53BP1 (cat# SI02663731, Qiagen),
siRAD51 (cat# S102663682, Qiagen) and siControl (catw#
1027280, Qiagen). Ten—20 nM of siRNA was transfected into
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