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Abstract

RADS]1 paralogs are a group of conserved proteins in eukaryotes that are involved in
the repair of DNA breaks at several levels. On one hand, they help the strand invasion
step catalyzed by RADS1. Also, they play late roles in Holliday Junction metabolism.
Here we uncover a new role of the RADS51 paralogs at an earlier event in the repair of
broken chromosomes. All five RADS1 paralogs affect the balance between double
strand break repair pathways. Specifically, they favor homology-mediated repair over
non-homologous end-joining. Such role is independent of RADS51 or the checkpoint
activity of these proteins. Moreover, it defines a novel control point of double strand
break repair independent and subsequent to DNA-end resection initiation.
Mechanistically, RADS1 paralogs limit the retention of Ku80 at the sites of DNA
breaks. Thus, our data extend the role of this family of proteins to the earliest event of

double strand break repair.
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Introduction

DNA double strand breaks (DSBs) are a common occurrence in most organism
genomes, mainly due to the action of endogenous or exogenous chemical or physical
insults (1-3). In order to minimize their impact, all cell types have a variety of
molecular mechanisms available to repair those breaks (4—7). According to the use of a
homologous sequence during the repair process, such pathways are commonly divided
in two groups: non-homologous end-joining (NHEJ; homology-independent; (5)) or
homologous recombination (HR; homology-mediated; (4)). NHEJ consists in the simple
ligation with little or not processing of the ends (5). However, HR is a more complex
molecular mechanism that requires extensive processing of the broken DNA, the
recognition of the homologous template, etc. Indeed, HR can be subdivided in different
subpathways (4), each of them using the homologous sequence in a distinct and

particular way.

A central protein during recombination is the conserved RecA (prokaryotes)/Rad51
(eukaryotes) (4, 8). Rad51 catalyze the strand invasion step during associated to all
subtypes of HR bar SSA, an intramolecular recombination between direct repeats (4).
In all eukaryotes, in addition to the canonical Rad51, other proteins with partial
sequence homology can be found, the so-called Rad51-paralogs (9). In mammalian, this
family of proteins has 5 mitotic members: RAD51B, RAD51C, RAD51D, XRCC2,
XRCC3 (9, 10). At the protein sequence level, all five paralogs and RADS51 share
between 20 and 30% of identity. They can bind DNA, and all have weak ATP-ase
activity. Biochemical studies have identified two distinct complexes in the cell:
RADSIB-RAD51C-RAD51D-XRCC2 (BCDX2) and RAD51C-XRCC3 (CX3) (11).
Several studies have firmly demonstrated the participation of RADS1 paralogs during
HR in different eukaryotes (12-21) The classical role of RADS1 paralogs is to help
RADS]1 during the strand invasion step of recombination (13). In addition to this early
function of the paralogs in recombination, they play additional roles at later steps,
specifically during HJ resolution. Indeed, BCDX2 and CX3 complexes can bind in vitro
to HJ (22, 23) and the CX3 complex was found associated with the resolution activity in

protein extracts (24).

Moreover, some RADS51 paralogs are known to play a more general role during the

activation of the DNA Damage Response (DDR) (25). The DDR is a signaling cascade
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that coordinates all cellular metabolism upon the appearance of DSBs on the DNA (2,
3). Briefly, when DNA damage is sensed the kinases ATM and/or ATR are activated,
initiating a complex response of protein post-translational modifications, recruitment of
proteins to the sites of DNA damage, changes on the DNA metabolism (transcription,
replication and repair), cell cycle regulation, etc. In that context, RAD51C is included
on this vast network. Indeed, RAD51C recruitment at damaged DNA is influenced by
the DDR, but it is also required for efficient checkpoint signaling (25). Interestingly,
RADSIC involvement on the DDR is related with the appearance of ssDNA, a key
intermediate of all HR subpathways. In fact, the processing of the ends to create ssDNA
during DSB repair, the so-called DNA end resection, is the best-known regulator of the
choice between HR and NHEJ (6, 26). Furthermore, RAD51C mediates XRCC3
phosphorylation by ATR in a process that requires ssDNA formation (27). Also,
XRCC3 is involved in the intra-S-phase and G2/M checkpoint (27). Such effect of
RADS]1 paralogs in checkpoint activation is more clearly observed at low doses of DNA

damage (25, 27).

Here we take advantage of a reporter specifically designed to characterize how the
decision between DSB repair pathways is made (28). Our data unveil a new role of
RADS]1 paralogs at even earlier steps of DSB repair that is independent of RADS1.
Depletion of any of the five RADS1 paralogs leads to an unbalance of the NHEJ/HR
ratio towards an increase of the former. Such function is not related with checkpoint
activation defects. Strikingly, the paralogs influence the choice between DSB repair
pathways without strongly affecting DNA end resection, uncovering a novel control
point for such election. Finally, we demonstrate that RADS51 paralogs hamper Ku80
retention to the sites of DSBs. Thus, RAD51B, RAD51C, RAD51D, XRCC2 and
XRCC3 provide a molecular link along all DSB repair timeframe, from the early

selection of repair choice, through DNA strand invasion until HJ resolution.
Results

RADS1 paralogs are involved in DSB repair pathway choice independently to
RADS51

RADS]1 paralogs have been implicated at early and late events of HR (9-22, 24, 29). To
investigate if such proteins might be involved in DSB repair at an earlier step, namely

the choice between HR and NHEJ, we took advantage of the SeeSaw Reporter
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(28)(Figure 1A). Briefly, upon creating a DSB using the nuclease I-Scel, the reporter
can be repaired by either NHEJ, maintaining an active GFP gene, or by a subtype of
homologous recombination known as Single Strand Annealing (SSA), rendering an
active RFP gene. So, the balance between NHEJ and HR can be calculated as the ratio
between green versus red cells. The advantage of such system is that SSA does not
require either strand invasion or HJ resolution. Thus, any phenotypes observed upon
depletion of RADS1 paralogs cannot be accounted for the known roles in such
recombination steps. Thus, we depleted RAD51B, RAD51C, RAD51D, XRCC2 and
XRCC3 using shRNAs targeted against them (Figure S1). As controls, we used shRNAs
against CtIP, RADS51 and a random sequence absent on the human genome (Scramble;
Scr). As shown in Figure 1B, depletion of any of the five paralogs causes an unbalance
of the NHEJ/HR towards an increase of NHEJ, in a similar fashion to the known
regulator of DSB repair pathway choice CtIP. Although the result was not statistically
significant upon RADS51C depletion, we think this was due to the high lethality
observed in those cells. Lethality associated to the absence of all RADS1 paralogs is
well documented in different model organisms (13, 30-35). In any case, as members of
both the BCDX2 and CX3 complex showed similar results, we propose that both
complexes must be involved. Moreover, and in agreement with the lack of strand
invasion during SSA recombination, we concluded that such effect was independent on
their role helping RADS1 to ssDNA, as it was not observed upon depletion of RADS1
itself. Thus, we postulate that RADS51 paralogs have a novel, RAD51-independent role
on DSB repair at the level of choosing between HR and NHEJ. Specifically, we
hypothesize that RADS1 paralogs are required to allow HR to outcompete with NHEJ.

RADS51 paralogs role in DSB repair pathway choice is independent of DNA-end

resection

DSB repair pathway choice is tightly regulated. So far, there are two well-known,
related, regulatory events: cell cycle and DNA-end resection. HR can only take place
during the S and G2 phases of the cell cycle, whereas NHEJ takes place also in G1 (6,
26). This is due to the restriction of DNA-end resection to S and G2. Mechanistically,
this is controlled by the activation of CtIP by CDK phosphorylation in S and G2 (36,
37), and by a crosstalk between two pair of protein duplexes: RIF1-53BP1 complex,
which protects DNA ends from resection mainly in G1, and the BRCA1-CtIP complex,

which promotes resection mainly in S and G2 (38, 39). In order to investigate how
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RADS]1 paralogs control the choice between HR and NHEJ, we first analyzed if their
depletion affect cell cycle distribution (Figure 2A). As it was not significantly impaired,
we wondered if the number of cells that were resecting their DNA was influenced by
RADSI1 paralogs. Due to the high lethality observed upon depletion of some RADS1
paralogs, mainly RADS51C, we decided to focus in specific paralogs. We choose
XRCC3, from the CX3 complex. From the BCDX2, as it has been proposed that there
are two subcomplexes (BC and DX2) (11, 40), we selected RAD51B and XRCC2 to
continue our experiments. Thus, we analyzed the recruitment upon DNA-damage of the
anti-resection protein RIF1 and the ssDNA protecting complex RPA (Figures 2B-C)
and found no differences that could explain the unbalance between HR and NHEJ upon
depletion of RADS1 paralogs. One possibility was that, although cells were still
initiating resection proficiently after infection with shRNAs targeted against RADS1
paralogs, resection rate was mildly impaired, i.e. the length of the resected DNA was
shorter. This type of moderate resection phenotype has been observed previously upon
depletion of BRCA1 (41). To test this idea, we took advantage of a high-resolution
technique (Single Molecule Analysis of Resection Tracks; SMART) that measures the
length of resected DNA in different experimental situations (41, 42). With this high-
resolution technique, we could observe only a small effect on DNA end resection when
compared with control cells (Figure 2D). Indeed, only XRCC2 depleted cells showed a

significant shortening of resected DNA.

RADS1 paralogs regulation of the NHEJ/HR ratio is not related with checkpoint

activation

Checkpoint activation regulates the global response to DNA damage. Using the SSR,
we have previously shown that checkpoint is required to control DSB repair pathway
choice (28). As several RADS1 paralogs are involved in checkpoint activation at low
damage doses (25, 27), we investigate if that was how they regulate the NHEJ/HR ratio.
We tested checkpoint activation upon depletion of RADS51B, XRCC2 and XRCC3 at
different doses of DNA damage. As shown in figure 3, we could not observe any effect
on checkpoint activity in our experimental setup, neither at high nor at low doses of

irradiation.

Retention of NHE] protein is affected by RADS1 paralogs
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As we could not observe any major role of the RADS51 paralogs in early steps of HR,
we wondered if they might be affecting NHEJ instead. In order to investigate such
hypothesis, we measured the accumulation of Ku80 at the sites of DSBs upon reduction
of RADS]1 paralogs protein levels. Strikingly, we observed a mild increase in Ku80
retention at damaged DNA when RAD51B, XRCC2 or XRCC3 were depleted (Figure
4). Those data suggested that RADS51 paralogs interfered with NHEJ factor retention.
Moreover, they indicate that it is possible to affect the NHEJ/HR ratio by affecting
NHEJ, without altering DNA-end resection.

Discussion

RADS]1 paralogs are well-established factors involved in the repair of broken DNA at
the level of RADS1-filament formation/stability and HJ metabolism (12, 14, 17, 24, 29,
43). Here, we show that they have roles at even earlier events, i.e. the decision between
HR and NHEJ. This novel function can contribute to the decrease in overall
recombination observed upon the paralogs depletion. Moreover, it can explain why the
paralogs have been related with the RAD51-independent recombination SSA in
Arabidopsis thaliana (44). This new function is shared by all five RADS51 paralogs, as
seen for other recombination roles (44, 45), and it is independent of RADS1 itself, as

RADS51 downregulation do not share such phenotype.

The decision to repair a broken DNA molecule by NHEJ or HR is tightly regulated. So
far, the best know regulatory step was DNA-end resection (6, 26). The formation of
RPA-coated ssDNA that follows DNA-end processing was considered enough to block
the retention of the Ku70-Ku80 heterodimer, hence forcing the break to be repaired by
HR (6, 26). Even the lack of Ku proteins was related to an increase on HR due to the
unprotecting of the break to the resection machinery (46). However, our data suggest a
resection independent role of Rad51 paralogues in controlling the balance between HR
and NHEJ. We propose that the main role of RADS1 paralogs in repair pathway choice
might occur after DNA end resection initiation, and might reflect resection extension
(Figure 4B). RADS1 paralogs, as RADS]1 itself, have the ability to bind double stranded
and single stranded DNA (40). Indeed, in agreement with them modulating the ratio
between NHEJ and HR after DNA-end resection, they bind ssDNA better than dsDNA
(40) and they are recruited to damaged DNA post-resection in an RPA-dependent
manner (25). In fact, recruitment to ssDNA stimulates the ATPase activity of RADS51
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paralogs (40). One possible scenario is that short-range resection, at a level that does not
interfere with the intrinsic DNA binding activity of Ku dimer (47), might be sufficient
to recruit the RADS1 paralogs (Figure 4B, b-c). Indeed, Ku binds to artificial molecules
with single-to-double stranded DNA transitions such as gaps or bubbles (48, 49). This
recruitment of the paralogs to limited ssDNA would promote the local activation of
their ATPase activity, somehow facilitating the displacement of the Ku heterodimer
from the ssSDNA-dsDNA transitions (Figure 4B, e). This crosstalk between ssDNA,
RADS]1 paralogs and the Ku dimer could provide a fail-safe mechanism for DSB repair.
Thus, after initiation of short-range resection by CtIP and the MRN complex, Ku will
stay bound to the DNA (Figure 4B, b). If those limited-processed breaks could not
recruit RADS1 paralogs, i.e. cannot be efficiently engaged in HR, the Ku complex still
present on the DNA could catalyze NHEJ. As DNA would have been partially resected,
such repair will not be, probably, error-free, but might require an alternative, mutagenic
NHEJ pathway (Figure 4B, d). This RADS51-independent role might explain why the
absence of several paralogs change the pattern of repair during Ig diversification from
HR-dependent gene-conversion to hyper-mutation (50). Only when RADS1 paralogs
are recruited to DNA, anticipating the formation of the RADS51 presynaptic complex,
the Ku complex is removed from the vicinity of the break, effectively blocking NHEJ
and forcing the damage to be repaired by HR (Figure 4B, e). Although we could not
exclude a direct interaction between Ku heterodimer and RADS1 paralogs, additional
and still not characterized proteins might mediate such effect. Along those lines, it has
been shown in Saccharomyces cerevisiae that Rad55 and Rad57, the yeast RADS1
paralogs, counteract the antirecombinogenic helicase Srs2 (52) and that Srs2 and Yku70
collaborate during NHEJ (53). Moreover, common interactors of both Ku and the
RADS]1 paralogs are known (54-56). Only after Ku removal, longer resection might
take place, explaining the small but consistent reduction on the length of resected DNA
we observed using SMART, mainly upon XRCC2 depletion. In fact, we cannot
completely exclude a subtle role of the Rad51 paralogues in DNA end resection. Indeed,
a connection between resection and the Rad51 paralogues has been found in rice, in
which COM1 (CtIP plant homologue) recruitment to meiotic DSB requires XRCC3
(51). However, the resection defect observed upon XRCC2 downregulation is too small
to account for the unbalance observed with the SSR. Finally, RADS51 paralogs will
facilitate recombination by acting at the level of strand invasion together with RADS51

(Figure 4B, f-g) and HJ resolution (Figure 4B h-1).
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Methods
Cell culture, lentiviral infection, and cell survival

U20S cells were grown in Dulbecco’s modified Eagle’s medium (Sigma-Aldrich)
supplemented with 10% fetal bovine serum (Sigma-Aldrich), 100 units/ml penicillin,
100 pg/ml streptomycin (Gibco) and 2 mM L-glutamine (Sigma-Aldrich). Lentiviral
particles containing the different ShRNAs were obtained as previously described (28).
Cells containing plasmids were selected and maintained in culture adding 1 pg/ml
Puromycine (Sigma-Aldrich). Information about the ShRNA used in this paper can be

found in the supplementary information (Table ST).
Flow citometry (FACS)

Cells were harvested, washed with PBS and resuspended with ice-cold PBS. 70% EtOH
was added dropwise while vortexing at low speed and then fixed at 4°C 2 hours. Cells
were washed with PBS and treated with 20 mg/ml RNAse A (Sigma-Aldrich) and 1
mg/ml propidium iodide diluted in PBS (Fluka). Cells were incubated at 37°C for 30

min and analyzed. Data represent two experiments.
Immunofluorescence microscopy

U20S cells were infected with lentivirus harboring the indicated shRNA targeted
against RADS1 paralogs or a control sequence. After 96 h, cells were irradiated (10 Gy),
incubated for foci formation and then collected. Different protocols were used as
described before for RPA (41), RIF1 (39) and Ku80 (57)foci detection. RPA foci
formation was scored as the percentage of cells that have RPA foci from the total
number of cells. The median number of RIF1 and Ku80 foci per cell was calculated
using the software Metamorph as the number of dots present in the nucleus (defined by
DAPI) on those cells that show H2AX staining. All data represent the average of a

minimum of three experiments.
NHEJ/HR balance analysis

U20S cells bearing a single copy integration of the reporter SSR (NHEJ/HR balance)
were used to analyze the different DSB repair pathways as previously published (28).
One day after seeding, they were infected with a lentivirus harboring an I-Scel and

labeled with BFP (58) using a M.O.I (multiplicity of infection) of 5. A day after
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infection the same volume of fresh medium was changed. Cells were grown during 48
hours after I-Scel infection, fixed with 4% paraformaldehyde, stained with Hoechst and
washed with PBS prior visualization with a FACs for blue, green and red fluorescence.
The NHEJ/HR ratio was calculated taking into account green versus red cells in each
condition as published (28). This ratio was relativized with the control shRNA
(Scramble). Those conditions that skew the balance towards an increase in NHEJ repair
result in fold increase below 1. Data represent the average of three independent

experiments.
Immunoblotting

Extracts were prepared in Laemmli buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl,
pH 6.8), and proteins were resolved by SDS-PAGE and transferred to PVDF (Millipore)
followed by immunoblotting. Western blot analysis was carried out using the antibodies
listed in Supplementary Tables S2 and S3. Results were visualized using an Odyssey
Infrared Imaging System (Li-Cor). To quantify Chk1 and Chk2 phosphorylation,
protein abundance was measured using the Li-Cor software, and the ratio between the
phosphorylated species versus total protein was calculated. Those ratios were then
relativized with respect to control cells expressing shScramble. Data represent the mean

of four experiments.
Single molecule analysis of resection tracks (SMART)

SMART was performed as previously described (42). Briefly, U20S cells depleted of
the indicated proteins were grown in the presence of 10 uM bromodeoxyuridine (BrdU,
GE Healthcare) for 24 h. Cultures were then irradiated (10 Gy) and harvested 1 hour
after. Cells were embedded in low-melting agarose (Bio-Rad) followed by DNA
extraction. To stretch the DNA fibers, silanized coverslips (Genomic Vision) were
dipped into the DNA solution for 15 min and pulled out a constant speed (250 um/sec).
Coverslips were baked for 2 h at 60°C and incubated directly without denaturation with
an anti-BrdU mouse monoclonal (Table S2). After washing with PBS, coverslips were
incubated with the secondary antibody (Table S3). Finally, coverslips were mounted
with ProLong® Gold Antifade Reagent (Molecular Probes) and stored at —20°C. DNA
fibers were observed with Nikon NI-E microscope and PLAN FLOUR40x / 0.75 PHL
DLL objective. The images were recorded and processed with NIS ELEMENTS Nikon

10
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software. For each experiment, at least 200 DNA fibers were analyzed, and the length of
DNA fibers were measured with Adobe Photoshop CS4 Extended version 11.0 (Adobe

Systems Incorporated). Data represent the average of the medians of three experiments.
Statistical analysis

Statistical significance was determined with a paired t student test using the PRISM
software (Graphpad Software Inc). Statistically significant difference was labeled with 1,

2 or three asterisk if p<0.05, p<0.01 or p<0.001 respectively.

Acknowledgements

We want to thank members of the lab for helpful advice and Cristina Cepeda-Garcia
and Sonia Jimeno for critical reading of the manuscript. This work was funded by an
ERC Starting Grant (DSBRECA). FM-N is funded by a FPU fellowship from the

Spanish Ministry of Education.
Author contributions

DG-C discovered that RADS1 paralogs depletion lead to an unbalance in the SSR
system. FM-N performed all the others experiments described. The project was
conceived, designed, and developed by PH with the help of FM-N. All authors
contributed to the discussion of the results. PH wrote the paper, with the feedback of

FM-N and DG-C.
Conflict of Interest

The authors declare no conflict of interest.

11


https://doi.org/10.1101/282855
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/282855; this version posted March 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. Aguilera,A. and Gdmez-Gonzalez,B. (2008) Genome instability: A mechanistic
view of its causes and consequences. Nat. Rev. Genet., 9, 204-217.

2.Jackson,S.P. and Bartek,]. (2009) The DNA-damage response in human biology
and disease. Nature, 461, 1071-1078.

3. Ciccia,A. and Elledge,S.]. (2010) The DNA Damage Response: Making It Safe to
Play with Knives. Mol. Cell, 40, 179-204.

4.]Jasin,M. and Rothstein,R. (2013) Repair of strand breaks by homologous
recombination. Cold Spring Harb. Perspect. Biol, 5.

5. Davis,A.J.A. and Chen,D.D.]J. (2013) DNA double strand break repair via non-
homologous end-joining. Transl. Cancer Res., 2, 130-143.

6. Huertas,P. (2010) DNA resection in eukaryotes: Deciding how to fix the break.
Nat. Struct. Mol. Biol., 17, 11-16.

7. Symington,L.S. and Gautier,]. (2011) Double-Strand Break End Resection and
Repair Pathway Choice. Annu. Rev. Genet., 45, 247-271.

8. Holthausen,].T., Wyman,C. and Kanaar,R. (2010) Regulation of DNA strand
exchange in homologous recombination. DNA Repair (Amst)., 9, 1264-1272.

9. Suwaki,N,, Klare K. and Tarsounas,M. (2011) RAD51 paralogs: Roles in DNA
damage signalling, recombinational repair and tumorigenesis. Semin. Cell Dev.
Biol,, 22,898-905.

10. Thompson,L.H. and Schild,D. (2001) Homologous recombinational repair of
DNA ensures mammalian chromosome stability. Mutat. Res. - Fundam. Mol
Mech. Mutagen., 477,131-153.

11. Masson,].Y., Tarsounas,M.C,, Stasiak, a. Z., Stasiak,A., Shah,R., Mcllwraith,M.].,
Benson,F.E. and West,S.C. (2001) Identification and purification of two distinct
complexes containing the five RAD51paralogs. Genes Dev., 15, 3296-3307.

12. Godthelp,B.C., Wiegant, W.W,, van Duijn-Goedhart,A., Schéarer,0.D., van
Buul,P.P.W,, Kanaar,R. and Zdzienicka,M.Z. (2002) Mammalian Rad51C
contributes to DNA cross-link resistance, sister chromatid cohesion and
genomic stability. Nucleic Acids Res., 30, 2172-2182.

13. Takata,M., Sasaki,M.S., Tachiiri,S., Fukushima,T., Sonoda,E., Schild,D.,
Thompson,L.H. and Takeda,S. (2001) Chromosome Instability and Defective
Recombinational Repair in Knockout Mutants of the Five Rad51 Paralogs. Mol.
Cell. Biol.,, 21, 2858-2866.

14. Brenneman,M.A., Wagener,B.M., Miller,C.A., Allen,C. and Nickoloff)].A. (2002)
XRCC3 controls the fidelity of homologous recombination: Roles for XRCC3 in
late stages of recombination. Mol. Cell, 10, 387-395.

15. Brenneman,M.A., Weiss,A.E., Nickoloff,].A. and Chen,D.]. (2000) XRCC3 is

12


https://doi.org/10.1101/282855
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/282855; this version posted March 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

required for efficient repair of chromosome breaks by homologous
recombination. Mutat. Res. - DNA Repair, 459, 89-97.

16. Cui,X.,, Brenneman,M., Meyne,]., Oshimura,M., Goodwin,E.H. and Chen,D.].
(1999) The XRCC2 and XRCC3 repair genes are required for chromosome
stability in mammalian cells. Mutat. Res. - DNA Repair, 434, 75-88.

17. French,C.A., Masson,].Y., Griffin,C.S., O'Regan,P., West,S.C. and Thacker,]. (2002)
Role of mammalian RAD51L2 (RAD51C) in recombination and genetic
stability. J. Biol. Chem., 277, 19322-19330.

18. Gruver,A.M., Miller,K.A., Rajesh,C., Smiraldo,P.G., Kaliyaperumal,S., Balder,R,,
Stiles,K.M.,, Albala,].S. and Pittman,D.L. (2005) The ATPase motif in RAD51D is
required for resistance to DNA interstrand crosslinking agents and interaction
with RAD51C. Mutagenesis, 20, 433-440.

19. Liu,N., Lamerdin,].E., Tebbs,R.S., Schild,D., Tucker,].D., Shen,M.R.,
Brookman,K.W.,, Siciliano,M.]., Walter,C.A., Fan,W., et al. (1998) XRCC2 and
XRCC3, new human Rad51-family members, promote chromosome stability
and protect against DNA cross-links and other damages. Mol. Cell, 1, 783-793.

20. Yoshihara,T., Ishida,M., Kinomura,A., Katsura,M., Tsuruga,T., Tashiro,S.,
Asahara,T. and Miyagawa,K. (2004) XRCC3 deficiency results in a defect in
recombination and increased endoreduplication in human cells. EMBO J., 23,
670-680.

21. Renglin Lindh,A., Schultz,N., Saleh-Gohari,N. and Helleday, T. (2007) RAD51C
(RAD51L2) is involved in maintaining centrosome number in mitosis.
Cytogenet. Genome Res., 116, 38-45.

22.Yokoyama,H,, Sarai,N., Kagawa,W., Enomoto,R., Shibata,T., Kurumizaka,H. and
Yokoyama,S. (2004) Preferential binding to branched DNA strands and
strand-annealing activity of the human Rad51B, Rad51C, Rad51D and Xrcc2
protein complex. Nucleic Acids Res., 32, 2556-2565.

23. Compton,S.A,, Sezgin,0. and Griffith,].D. (2010) Ring-shaped Rad51 Paralog
Protein Complexes Bind Holliday Junctions and Replication Forks as
Visualized by Electron. 285, 13349-13356.

24. Liu,Y., Masson,].-Y., Shah,R., O’'Regan,P. and West,S.C. (2004) RAD51C Is
Required for Holliday Junction Processing in Mammalian Cells. Science (80-. ).,
303, 243-247.

25. Badie,S., Liao,C., Thanasoula,M., Barber,P., Hill, M.A. and Tarsounas,M. (2009)
RAD51C facilitates checkpoint signaling by promoting CHK2 phosphorylation.
J. Cell Biol.,, 185, 587-600.

26. Symington,L.S., Bizard,A.H., Hickson,I.D., Schiller,C.B., Seifert,F.U. and Linke-
winnebeck,C. (2014) End Resection at Double-Strand Breaks : Mechanism and
Regulation End Resection at Double-Strand Breaks : Mechanism and
Regulation. 10.1101/cshperspect.a016436.

27.Somyajit, K., Basavaraju,S., Scully,R. and Nagaraju,G. (2013) ATM- and ATR-

13


https://doi.org/10.1101/282855
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/282855; this version posted March 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

available under aCC-BY-NC-ND 4.0 International license.

mediated phosphorylation of XRCC3 regulates DNA double-strand break-
induced checkpoint activation and repair. Mol. Cell. Biol., 33, 1830-44.

Gomez-Cabello,D., Jimeno,S., Fernéndez-AVila,M.]. and Huertas,P. (2013) New
Tools to Study DNA Double-Strand Break Repair Pathway Choice. PLoS One, 8,
1-9.

Chun,]., Buechelmaier,E.S. and Powell,S.N. (2013) Rad51 Paralog Complexes
BCDX2 and CX3 Act at Different Stages in the BRCA1-BRCA2-Dependent
Homologous Recombination Pathway. Mol. Cell. Biol., 33, 387-395.

Rodrigue,A., Lafrance,M., Gauthier,M.C., McDonald,D., Hendzel, M., West,S.C.,
Jasin,M. and Masson,].Y. (2006) Interplay between human DNA repair proteins
at a unique double-strand break in vivo. EMBO J., 25, 222-231.

Takata,M., Sasaki,M.S., Sonoda,E., Fukushima,T., Morrison,C., Albala,].S.,
Swagemakers,S.M., Kanaar,R., Thompson,L.H. and Takeda,S. (2000) The Rad51
paralog Rad51B promotes homologous recombinational repair. Mol. Cell. Biol,
20,6476-82.

Fujimori,A., Tachiiri,S., Sonoda,E., Thompson,L.H., Dhar,P.K,, Hiraoka,M.,
Takeda,S., Zhang,Y., Reth,M. and Takata,M. (2001) Rad52 partially substitutes
for the Rad51 paralog XRCC3 in maintaining chromosomal integrity in
vertebrate cells. EMBO J., 20, 5513-5520.

Deans,B,, Griffin,C.S., Maconochie,M. and Thacker,]. (2000) Xrcc2 is required for
genetic stability, embryonic neurogenesis and viability in mice. EMBO J., 19,
6675-6685.

Pittman,D.L. and Schimenti,].C. (2000) Midgestation lethality in mice deficient
for the RecA-related gene, Rad51d/Rad5113. Genesis, 26, 167-173.

Shu,Z., Smith,S., Wang,L., Rice,M.C. and Kmiec,E.B. (1999) Disruption of
muREC2/RAD51L1 in mice results in early embryonic lethality which can Be
partially rescued in a p53(-/-) background. Mol. Cell. Biol., 19, 8686-93.

Huertas,P. and Jackson,S.P. (2009) Human CtIP Mediates Cell Cycle Control of
DNA End Resection and Double Strand Break Repair. J. Biol. Chem., 284, 9558-
9565.

Huertas,P., Cortés-Ledesma,F., Sartori,A.A., Aguilera,A. and Jackson,S.P. (2008)
CDK targets Sae2 to control DNA-end resection and homologous
recombination. Nature, 455, 689-692.

Chapman,].R,, Barral,P., Vannier,].B., Borel,V., Steger,M., Tomas-Loba,A.,
Sartori,A.A., Adams,[.R,, Batista,F.D. and Boulton,S.J. (2013) RIF1 Is Essential
for 53BP1-Dependent Nonhomologous End Joining and Suppression of DNA
Double-Strand Break Resection. Mol. Cell, 49, 858-871.

Escribano-Diaz,C., Orthwein,A., Fradet-Turcotte,A., Xing,M., Young,].T.F., Tkac)].,
Cook,M.A, Rosebrock,A.P., Munro,M., Canny,M.D., et al. (2013) A Cell Cycle-
Dependent Regulatory Circuit Composed of 53BP1-RIF1 and BRCA1-CtIP
Controls DNA Repair Pathway Choice. Mol. Cell, 49, 872-883.

14


https://doi.org/10.1101/282855
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/282855; this version posted March 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

available under aCC-BY-NC-ND 4.0 International license.

Sigurdsson,S., Komen,S. Van, Bussen,W., Schild,D., Albala,].S. and Sung,P. (2001)
Mediator function of the human Rad51B - Rad51C complex in Rad51 / RPA-
catalyzed DNA strand exchange. Genes Dev., 15, 3308-3318.

Cruz-Garcia,A., Lopez-Saavedra,A. and Huertas,P. (2014) BRCA1 accelerates
CtIP-ediated DNA-end resection. Cell Rep., 9, 451-459.

Huertas,P. and Cruz-Garcia,A. (2018) Single Molecule Analysis of Resection
Tracks. In.Vol. 1672, pp. 147-154.

Bishop,D.K,, Ear,U., Bhattacharyya,A., Calderone,C., Beckett,M.,
Weichselbaum,R.R. and Shinohara,A. (1998) Xrcc3 is required for assembly of
Rad51 complexes in Vivo. J. Biol. Chem., 273, 21482-21488.

Serra,H., Da Ines,0., Degroote,F., Gallego,M.E. and White,C.I. (2013) Roles of
XRCC2, RAD51B and RAD51D in RAD51-Independent SSA Recombination.
PLoS Genet, 9.

Yonetani,Y., Hochegger,H., Sonoda,E., Shinya,S., Yoshikawa,H., Takeda,S. and
Yamazoe,M. (2005) Differential and collaborative actions of Rad51 paralog
proteins in cellular response to DNA damage. Nucleic Acids Res., 33, 4544-
4552.

Clerici,M., Mantiero,D., Guerini,l., Lucchini,G. and Longhese,M.P. (2008) The
Yku70-Yku80 complex contributes to regulate double-strand break
processing and checkpoint activation during the cell cycle. EMBO Rep., 9, 810-
818.

Dynan,W.S. and Y00,S. (1998) Interaction of Ku protein and DNA-dependent

protein kinase catalytic subunit with nucleic acids. Nucleic Acids Res., 26,
1551-1559.

Falzon,M., Fewell,].W. and KuffE.L. (1993) EBP-80, a transcription factor
closely resembling the human autoantigen Ku, recognizes single- to double-
strand transitions in DNA. J. Biol. Chem., 268, 10546-10552.

Blier,P.R,, Griffith,A.].,, Craft,]. and Hardin,A. (1993) Binding of Ku Protein to
DNA. J. Biol. Chem., 268, 7594-7601.

Sale,J.E., Calandrini,D.M., Takata,M., Takeda,S. and Neuberger,M.S. (2001)
Ablation of XRCC2/3 transforms immunoglobulin V gene conversion into
somatic hypermutation. Nature, 412, 921-926.

Zhang,B., Wang M., Tang,D., Li,Y., Xu,M., Gu,M., Cheng,Z. and Yu,H. (2015) XRCC3
is essential for proper double-strand break repair and homologous
recombination in rice meiosis. J. Exp. Bot., 66, 5713-5725.

Liu,J., Renault, L., Veaute X., Fabre,F., Stahlberg,H. and Heyer,W.D. (2011) Rad51
paralogues Rad55-Rad57 balance the antirecombinase Srs2 in Rad51 filament
formation. Nature, 479, 245-248.

Hegde,V. and Klein,H. (2000) Requirement for the SRS2 DNA helicase gene in
non-homologous end joining in yeast. Nucleic Acids Res., 28, 2779-2783.

15


https://doi.org/10.1101/282855
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/282855; this version posted March 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

54. Rajesh,C., Baker,D.K,, Pierce,A.]. and Pittman,D.L. (2011) The splicing-factor
related protein SFPQ/PSF interacts with RAD51D and is necessary for

homology-directed repair and sister chromatid cohesion. Nucleic Acids Res.,
39, 132-145.

55. Rajesh,C,, Gruver,A.M., Basrur,V. and Pittman,D.L. (2009) The interaction
profile of homologous recombination repair proteins RAD51C, RAD51D and
XRCC2 as determined by proteomic analysis. Proteomics, 9, 4071-4086.

56. Bladen,C.L., Udayakumar,D., Takeda,Y. and Dynan,W.S. (2005) Identification of
the polypyrimidine tract binding protein-associated splicing factor??p54(nrb)
complex as a candidate DNA double-strand break rejoining factor. J. Biol.
Chem., 280, 5205-5210.

57. Britton,S., Coates,]. and Jackson,S.P. (2013) A new method for high-resolution
imaging of Ku foci to decipher mechanisms of DNA double-strand break repair.
J. Cell Biol.,, 202, 579-595.

58. Certo,M.T., Ryu,B.Y., Annis,].E., Garibov,M,, Jarjour,]., Rawlings,D.]. and
Scharenberg,A.M. (2011) Tracking genome engineering outcome at individual
DNA breakpoints. Nat. Methods, 8, 671-676.

16


https://doi.org/10.1101/282855
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/282855; this version posted March 23, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure legends:
Figure 1. RADS1 paralogs affect DSB repair pathway choice

A, Schematic representation of the SeeSaw 2.0 reporter. A GFP gene is flanked by two
truncated parts of RFP gene (RF and FP) sharing 302 bp of homologous sequence. Two
I-Scel-target sites were cloned at the 3°end of the GFP gene in opposite orientation.
After generation of a DSB by I-Scel expression, the damage may be resolved by NHEJ,
thus cells will express the GFP protein, or using the homologous sequence by HR,
creating a functional RFP gene. B, Effect of the depletion of CtIP, RADS51 and the
RADS]1 paralogs on NHEJ/HR ratio. To measure the deviation from the balance
between NHEJ versus HR, the ratio between green versus red cells in each condition
was calculated. To facilitate the comparison between experiments, this ratio was
normalized with control cells transduced with an sShRNA against a non-target sequence
(Scr). Those conditions that skew the balance towards an increase NHEJ result in fold

increase above 1. Data represent a minimum of three sets of duplicated experiments.
Figure 2. RADS51 paralogs do not affect DNA end processing

A, Cell cycle distribution of U20S cells transduced with shRNAs targeted against the
indicated genes. For details see methods section. B, Cells depleted of the indicated
proteins were irradiated (10 Gy) and let to recover for 1 h. A representative image of
RIF1 foci upon each gene downregulation is shown. The number of foci per cell was
calculated in at least 100 cells. Graph represents the average of the median and standard
deviation of three independent experiments. C, Cells were treated as described in (B)
and immunostained with an anti RPA32 antibody. A representative image of RPA foci
upon depletion of each protein is shown. The number of cells with visible RPA foci was
scored. Other details as in B. D, Cells were irradiated and let to recover for 1 h before
the length of resected DNA was calculated as described in the methods section. The

average and standard deviation of three independent experiments is shown.
Figure 3. Checkpoint proficiency upon RAD51 paralogs depletion

A, ATR activation measured as CHK1 phosphorylation. Protein samples were obtained
from cells infected with shRNAs against the indicated genes 1 h after treatment with
5Gy of ionizing radiation. After resolving the proteins in an SDS-PAGE, proteins were

immunodetected with the indicated antibody. CHK1 phopshorylation proficiency was
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calculated as the ratio of the phosphorylated versus the total form of the protein and
normalized with the scramble control. A representative western blot and the
quantification of three independent experiments is shown. B, As in A, but for CHK?2
threonine 68 phosphorylation. C, As in A but after 10 Gy of ionizing irradiation D, As

in B but after 10 Gy of ionizing irradiation.
Figure 4. Ku80 retention in cells downregulated of RAD51B, XRCC2 and XRCC3

A, Cells depleted of the indicated genes were irradiated (10 Gy) and let to recover for 5
min. Then, samples were immunostained with anti-Ku80 antibody. A representative
image upon depletion of each protein is shown. The number of Ku80 foci was
calculated using metamorph as described in the methods section. At least 100 cells were
scored and the median calculated. The graph represents the average of the median and
the standard deviation of three independent experiments. B, Schematic representation of
RADS]1 paralogs roles during recombination. Upon the appearance of a break on the
DNA Ku is immediately bound to the DNA ends. NHEJ can then take place (a) or
limited resection could occur and Ku can be kept on the DNA (b). In the absence of
RADS]1 paralogs the presence of Ku can still promote NHEJ (d). Only when the
paralogs are bound to ssDNA Ku is completely displaces (e), and HR takes place.
RADS]1 paralogs facilitate other HR steps such as strand invasion (f-g) or HJ resolution
(h-1).
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