
Nucleic Acids Research , 2024, 52 , 6964–6976 
https://doi.org/10.1093/nar/gkad1222 
Advance access publication date: 24 December 2023 
Genome integrity, repair and replication 

The BRCA2 R2645G v ar iant increases DNA binding and 

induces hyper-recombination 

Lucia Alvaro-Aranda 

1 ,† , Ambre Petitalot 2 , 3 ,† , Yasmina Djeghmoum 

4 , 5 ,† , Da vide Panig ada 

4 , 5 ,† , 

Jenny Kaur Singh 

4 , 5 , Åsa Ehlén 

4 , 5 , Domagoj Vugic 

4 , 5 , Charlott e Mar tin 

4 , 5 , Simona Miron 

6 , 

Aida Contr eras-Per ez 

1 , Naima Nhiri 7 , Virginie Boucherit 4 , 5 , Philippe Lafitte 

2 , 3 , Isaac Dumoulin 

4 , 5 , 

F r ancisco Quiles 

8 , 9 , Etienne Rouleau 

2 , 3 , Eric Jacquet 7 , Lidia Feliubadaló8 , 9 , 

Jesús del Valle 

8 , 9 , Shyam K. Sharan 

10 , Dominique Stoppa-Lyonnet 2 , 11 , 12 , Sophie Zinn-Justin 

6 , 

Conxi Lázaro 

8 , 9 , Sandrine M. Caputo 

2 , 3 and Aur a Carreir a 

1 , 4 , 5 , * 

1 Genome Instability and Cancer Predisposition Laboratory, Centro de Biologia Molecular Severo Ochoa (CBMSO), CSIC-UAM, Madrid 28049, 
Spain 
2 Department of Genetics, Institut Curie, Paris 75005, France 
3 PSL Research University, Paris 75005, France 
4 Institut Curie, PSL Research University, CNRS, UMR3348, F-91405 Orsay, France 
5 Paris-Saclay University CNRS, UMR3348, F-91405 Orsay, France 
6 Institute for Integrative Biology of the Cell (I2BC), CEA, CNRS, Paris-Saclay University, 91190 Gif-sur -Y vette, France 
7 Institut de Chimie des Substances Naturelles, Paris-Saclay University, CNRS, 91190 Gif-sur-Yvette, France 
8 Hereditary Cancer Program, Catalan Institute of Oncology (ICO), Hereditary Cancer Group, Molecular Mechanisms and Experimental 
Therapy in Oncology Program, Institut d’Investigació Biomèdica de Bellvitge (IDIBELL), L’Hospitalet de Llobregat, Spain 
9 Ciber Oncología (CIBERONC), Instituto Salud Carlos III, Madrid, Spain 
10 Mouse Cancer Genetics Program, Center for Cancer Research, National Cancer Institute, Frederick, Maryland 21702, USA 

11 Paris-Cité University, Paris, France 
12 INSERM U830, Institut Curie, Paris 75005, France 
* To whom correspondence should be addressed. Tel: +34 911964497; Email: acarreira@cbm.csic.es 
† The first four authors should be regarded as Joint First Authors. 

Abstract 

BRCA2 tumor suppressor protein ensures genome integrity by mediating DNA repair via homologous recombination (HR). This function is 
e x ecuted in part by its canonical DNA binding domain located at the C-terminus (BRCA2 CTD ), the only folded domain of the protein. Most 
germline pathogenic missense variants are located in this highly conserved region which binds to single-stranded DNA (ssDNA) and to the acidic 
protein DSS1. These interactions are essential for the HR function of BRCA2. Here, we report that the variant R2645G, identified in breast cancer 
and located at the DSS1 interf ace, une xpectedly increases the ssDNA binding activity of BRCA2 CTD in vitro . Human cells expressing this variant 
displa y a h yper-recombination phenot ype, chromosomal inst abilit y in the form of chromatid gaps when exposed to DNA damage, and increased 
P ARP inhibitor sensitivity . In mouse embryonic stem cells (mES), this variant alters viability and confers sensitivity to cisplatin and Mitom y cin 
C. These results suggest that BRCA2 interaction with ssDNA needs to be tightly regulated to limit HR and prevent chromosomal inst abilit y and 
we propose that this control mechanism in v olv es DSS1. Giv en that se v eral missense v ariants located within this region ha v e been identified in 
breast cancer patients, these findings might ha v e clinical implications for carriers. 
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ntroduction 

ermline missense pathogenic variants affecting a single
RCA2 allele predispose individuals to breast and ovarian
ancer. BRCA2 is a multifunctional protein and exerts its main
umor-suppressive function in the cell nucleus through its role
n DNA repair by homologous recombination (HR). In par-
icular, it mediates the loading of the recombinase RAD51
n ssDNA preventing its assembly on dsDNA, and promot-
ng the formation of an active RAD51 nucleoprotein filament
or HR( 1 ,2 ). Consequently, defects in this pathway perturb
hromosome integrity ( 3 ). 

BRCA2 is a large protein that is mainly disordered ( 4 ).
t exhibits one single folded domain between amino acids
478 and 3184 that binds to ssDNA, hereafter named
RCA2 CTD 

, and to the small acidic protein DSS1. Notably,
ost pathogenic missense variants have been identified in
RCA2 CTD 

( 5 ,6 ). Thus, studying this region and its interaction
ith DNA and DSS1 may shed light on the defective mecha-
isms that are linked to pathogenicity. DSS1 is required for
he stability of BRCA2 ( 5 , 7 , 8 ) and plays important regulatory
oles in the oligomerization of BRCA2 and BRCA2 binding to
NA ( 9–11 ). Moreover, DSS1 has been proposed to facilitate

he displacement of RPA by RAD51 during HR by reducing
he affinity of RPA for ssDNA ( 12 ). 

In addition to the canonical BR CA2 CTD 

, BR CA2 contains
NA binding motifs in its disordered N-terminus (NTD) and
ithin the C-terminal RAD51 binding region ( 13 ,14 ). BRCA2
ligomerizes through various interfaces that are not entirely
haracterized ( 10 , 15 , 16 ) and binding to DSS1 antagonizes this
rocess ( 9 ,15 ). The interaction between BRCA2 and DSS1 also
egulates BRCA2 localization in the cell due to a nuclear ex-
ort signal (NES) that is occluded when DSS1 is bound to
RCA2. As such, several BRCA2 variants showing defective
SS1 binding are cytoplasmic, whereas overexpressing DSS1

nhances BRCA2 nuclear localization ( 15 ,17 ). Here, we re-
ort that BRCA2 R2645G, a variant affecting a residue lo-
ated close to the DSS1 binding site, does not impair DSS1
inding but unexpectedly favors the interaction of BRCA2 CTD 

ith ssDNA in vitro . Human cells expressing BRCA2 with
his variant exhibit a DNA double-strand break (DSB)- hyper-
ecombination phenotype as revealed in a gene targeting re-
orter assay ( 18 ) which results in chromosome instability
nd increased PARPi sensitivity. In addition, mouse embryonic
tem cells bearing the same variant display reduced viability
nd increased sensitivity to MMC and cisplatin. Our results
uggest that the interaction of BRCA2 with ssDNA needs to
e tightly regulated to prevent excessive recombination. These
ndings might have clinical implications for carriers of this
ariant. 

aterials and methods 

ite-directed mutagenesis 

oint mutations (R2520L, R2645G, R2659G) were intro-
uced in BRCA2 CTD 

(aa 2474–3190) or EGFP-MBP-BRCA2
ector using QuikChange II and QuikChange XL site-directed
utagenesis kit (Agilent Technologies), respectively, as pre-

iously described( 28 ). Mutagenesis primers were designed
sing the QuickChange Primer Design program and pur-
hased from MWG Eurofins. Mutations R2645G and G25R
ere introduced in the BAC CTD-2342K5 (generated by
r Shyam Sharan’s lab ( 23 ) and containing the whole human
BRCA2 gene), by recombineering using galK selection as pre-
viously described( 34 ). All mutations were verified by Sanger
sequencing. 

Cell lines 

The human cell lines HEK293-T cells (gift from Dr Mounira
Amor-Gueret) were cultured in DMEM (Eurobio Abcys,
Courtaboeuf, France) media containing 25 mM sodium bicar-
bonate and 2 mM l -glutamine supplemented with 10% FBS
(EuroBio Abcys). The BRCA2 deficient colorectal adenocar-
cinoma cell line DLD1 BRCA2 

−/ − (HD 105–007) was pur-
chased from Horizon Discovery (Cambridge, England). The
cells were cultured in RPMI media (EuroBio Abcys) contain-
ing 25 mM sodium bicarbonate and 2 mM L-Glutamine (Eu-
roBio Abcys) supplemented with 10% FBS (EuroBio Abcys).
The DLD1 BRCA2 

−/ − cells were maintained in growth me-
dia containing 0.1 mg / ml hygromycin B (Thermo Fisher Sci-
entific). The stable cell lines of DLD1 BRCA2 deficient cells ex-
pressing BRCA2 WT or variants of interest generated in this
study were cultured in growth media containing 0.1 mg / ml
hygromycin B (Thermo Fisher Scientific) and 1 mg / ml G418
(Sigma-Aldrich). 

All cells were cultured at 37 

◦C with 5% CO 2 in a humid-
ified incubator and all cell lines used in this study have been
regularly tested for mycoplasma contamination (MycoAlert,
Lonza) and genotyped using GenePrint kit (Promega). 

PL2F7 mouse embryonic stem cells used in the complemen-
tation and viability assays were generated by Dr Shyam Sha-
ran’s lab ( 23 ) have both Brca2 alleles knocked out: one con-
stitutive and one conditional ( Brca2 

ko / cko ) and are deficient in
Hprt. 

Stable cell line generation 

To generate DLD1 BRCA2 

−/ − stable cell lines expressing hu-
man BRCA2 variants of interest we transfected one 100 mm
plate of DLD1 BRCA2 

−/ − cells at 70% of confluence with
10 μg of a plasmid containing human EGFP-MBP-tagged
BRCA2 cDNA (carrying the mutation of interest) using Tur-
boFect (Thermo Fisher Scientific) according to manufacturer’s
instructions; 48 h post-transfection the cells were serial diluted
and cultured in media containing 0.1 mg / ml hygromycin B
(Thermo Fisher Scientific) and 1 mg / ml G418 (Sigma-Aldrich)
for selection. Single-cell colonies were isolated and later ex-
panded and their genomic DNA was extracted to verify the
mutation by sequencing. BRCA2 protein levels were detected
by Western Blot using BRCA2 antibody (1:1000, OP95, EMD
Millipore). 

Protein expression and purification 

CTD and the mutated forms were co-expressed with DSS1
to ensure the stability of the protein as previously described.
E. coli BL21 DE3 cells were transformed and grown at 37 

◦C
in 7 l of Terrific Broth and induced with 0.5% arabinose
and 1 mM IPTG overnight at optical density 2. The cells
were collected in 20 mM Tris–HCl pH 8300 mM NaCl,
10% glycerol, 0.5 mM EDTA, 5 mM β-mercaptoethanol,
1 × Protease Inhibitor Cocktail EDTA-free (Roche), 10 mM
MgCl 2 , 1 × DNase, 0.5 mg / ml Lysozyme (Sigma-Aldrich)
and the suspension was lysed by disintegration at 1.7 kbar.
The His-tagged protein was incubated with Protino Ni-NTA
agarose (Macherey Nagel) and eluted with 200 mM imida-
zole. After dialysis overnight against 20 mM Tris–HCl pH
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8, 100 mM NaCl, 10% glycerol, 0.5 mM EDTA, 5 mM β-
mercaptoethanol, the eluate was loaded onto a 5 ml HiTrap
Heparin HP column (GE) and eluted using a continuous NaCl
gradient (100–1 M NaCl) in the same buffer. When required,
the pool of purified protein was reloaded into Protrino Ni-
NTA agarose as above. The pool of nuclease-free fractions was
dialyzed against a storage buffer containing 20 mM Tris–HCl
pH 8, 100 mM NaCl, 10% glycerol, 0.5 mM EDTA and 5
mM β-mercaptoethanol. The protein concentration was de-
termined by NanoDrop 2000 spectrophotometer (Fisher Sci-
entific) and corrected for the contaminants bands by running
the protein on a 10% acrylamide SDS PAGE gel and measured
by ImageJ software. 

His-DSS1 was expressed in the pET-M13 vector and pro-
duced in Esc heric hia coli BL21 (DE3) Star cells. The DSS1 pro-
tein expression was induced with 1 mM IPTG at an OD 600 of
0.8 and further incubation of cells for 3h at 37 

◦C. After cen-
trifugation (at 3500 RPM, during 20 min, at 4 

◦C) the cell pel-
lets were resuspended in the lysis buffer (20 mM Tris–HCl, pH
7.5, NaCl 150 mM, 10 mM imidazole) with a 1 × of EDTA-
free Protease Inhibitor Cocktail (Roche) and disrupted by son-
ication. The cell lysate was treated with benzonase nuclease
and MgCl 2 (5 mM) for 30 min at 4 

◦C and then centrifugated
(20 000 RPM) for 20 min at 4 

◦C. The supernatant was fil-
trated (0.44 μm) and loaded at 1 ml / min on a HisTrap HP
5 ml column (GE Healthcare) which was equilibrated with
buffer A (20 mM Tris–HCl, pH 7.5, NaCl 150 mM, 10 mM
imidazole). The proteins were eluted with a linear gradient
of imidazole from 0 to 100% of buffer B (20 mM Tris–HCl,
pH 7.5, NaCl 150 mM, 400 mM imidazole). The purest frac-
tions were pooled and were dialyzed (3.5 kDa) against 20
mM Tris–HCl, pH 7.5, and 150 mM NaCl buffer. The sam-
ple was concentrated on an Amicon Ultra Centrifugal Filter
Unit (3 kDa cut-off) and injected at 1 ml / min on a HiLoad
10 / 300 Superdex 75 column (GE Healthcare) equilibrated in
20 mM Tris–HCl, pH 7.5, 150 mM NaCl. The purified pro-
tein was analyzed by SDS-PAGE and the concentration was
estimated by spectrophotometric measurement of absorbance
at 280 nm. 

Thermostability measurements by 

fluorescence-based thermal shift assay (FBTSA) 

The FBTSA method was used to monitor the CTD domain
thermal denaturation and changes induced by a mutation
and / or a binding event. To measure the thermostability of
WT and mutated CTD domain, we mixed 1.5 μg of puri-
fied protein in 20 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.5
mM EDTA, 10% glycerol, 5 mM β-mercaptoethanol, and the
S YPR O Orange dye (diluted 800-fold from a 5000-fold stock
solution, Invitrogen) in a final volume of 20 μl. Each experi-
ment was repeated at least twice, independently. Experiments
were carried out in QuantStudio 12KFlex qPCR machine (Ap-
plied Biosystems) with a temperature gradient in the range of
10–95 

◦C at 3 

◦C / min. The fluorescence profiles, derivatives,
and Tm were determined using the analysis software of the
manufacturer. 

Electrophoretic mobility shift assay 

DNA substrates for EMSA were purchased PAGE-purified
from MWG Eurofins. The ssDNA substrate used in EMSA
was PAGE purified oAC423 

32 P-labelled at the 5 

′ -end and con-
tained the following sequence: 5´-CTGCTTT ATCAAGAT A

A TTTTTCGACTCA TCAGAAAT ATCCGTTTCCTA TA TTT 
A TTCCTA TT ATGTTTTA TTCA TTTACTTA TTCTTT ATG 

TTCATTTTTTA TA TCCTTT ACTTTA TTTTCTCTGTTT A 

TTCATTT ACTT ATTTTGTA TT ATCCTT ATCTTA TTTA- 
3´. The proteins were incubated at the indicated concen- 
trations with 2 nM ssDNA 

32 P-labelled DNA substrate 
for 5 min at 37 

◦C in EMSA reaction buffer (25 mM Tris 
acetate pH 7.5, 1 mM DTT, 1 mM MgCl 2 ). For Figure 3 B,
BRCA2 CTD 

and DSS1 were incubated for 15 min at 37 

◦C 

before the incubation with DNA as above. The protein–DNA 

complexes were resolved on 6% native polyacrylamide gels 
in 1 × TAE buffer (40 mM Tris acetate, 0.5 mM EDTA) at 
70 V for 60 min at 4 

◦C. The gels were dried and analyzed 

with a Typhoon PhosphorImager (Amersham Biosciences) 
using Image Quant software (GE Healthcare). In all EMSAs,
the ratio of DNA–protein complexes was calculated as the 
percentage of bound DNA compared with the free DNA on 

each lane. 

Subcellular fractionation 

DLD1 stable clones expressing EGFP-MBP-BRCA2 WT,
R2520L, R2645G or R2659G pellets were resuspended in 

BADT buffer (10 mM HEPES pH 7.9, 10 mM KCl, 10% glyc- 
erol, 1.5 mM MgCl 2 , 0.34 M sucrose, Triton X-100 0.1%) 
supplemented with 1 × protease inhibitor cocktail (Complete,
EDTA-free; Roche), 1 mM PMSF, 1 mM DTT, and 0.1 mM 

Na 3 VO 4 . The cell suspension was incubated for 20 min on ice 
and the cytoplasmic fraction was separated by centrifugation 

(supernatant). After a wash with BAD buffer (same as BADT 

buffer, without Triton X-100), the pellet was resuspended in 

1x sample buffer, incubated on ice for 5 min, and sonicated.
The two protein fractions were boiled for 5 min, separated 

by SDS–PAGE, and analyzed by Western blotting using anti- 
tubulin as a control for the cytoplasmic fraction. For all west- 
ern blots, the protein bands were visualized with a ChemiDoc 
XRS+ System (BioRad). Stain-free images of the gels before 
transfer were used as loading control, and the cropped image 
is shown in the figure. 

GFP-trap 

GFP-pulldowns were performed on HEK293T cells tran- 
siently transfected with EGFP-MBP-NLS, EGFP-MBP-BRCA2 

(WT or the VUS R2645G) and MBP-BRCA2-WT-RFP. Cells 
were lysed 36–48 h later in Co-IP lysis buffer (250 mM NaCl,
20 mM HEPES, 0.5% NP-40, 2 mM EGTA, 1.5 mM MgCl 2 ,
10% Glycerol, 1 mM DTT and 100 mM PMSF and pro- 
tease inhibitor cocktail tablets) with or without 500 units ben- 
zonase, as indicated in the legends. Samples were incubated for 
1 h at 4 

◦C under constant mixing. A 50 μg input sample was 
collected in a separate tube and mixed with 6x Laemmli buffer.
The cleared lysates were subjected to GFP pull-down with 

GFP-Trap beads (Chromotek) for 2 h at 4 

◦C. Around 3 mg of 
total protein, lysate was used per pull-down. The beads were 
then washed 5 times with Co-IP wash buffer (250 mM NaCl,
20 mM HEPES, 0.5% NP-40, 2 mM EGTA, 1.5 mM MgCl 2 ,
10% glycerol, 1 mM DTT and 100 mM PMSF and protease 
inhibitor cocktail tablets) and boiled for 5 min at 95 

◦C in 

3 × Laemmli buffer along with the input samples. Proteins 
were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) using 4–12% pre-cast polyacry- 
lamide gels (Invitrogen) ( Supplementary Figure S3 B) or 4–
15% precast polyacrylamide gels (BioRad) ( Supplementary 
Figure S3 A) and running buffer (1x Tris-Glycine, 0.1% SDS).
The proteins were transferred for 2 h at 0.35 A at 4 

◦C in nitro- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
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ellulose membranes. Membranes were scanned and analyzed
sing an Odyssey Infrared Imaging System (Licor; V3.0) and
mage Studio Lite (version 5.2) ( Supplementary Figure S3 B) or
eveloped using ECL prime western blotting detection reagent
VWR) and visualized using a ChemiDoc camera (BioRad)
 Supplementary Figure S3 A). 

ntibodies used for western blotting 

rimary antibodies used: mouse anti-BRCA2 (1:1000,
P95, EMD Millipore), mouse anti- αtubulin (1:5000,
at. GTX628802 Genetex GT114, anti-DSS1 (1:500;

c-28848, Santa Cruz Biotechnology), anti-His (1:1000;
iolegend 9061019), rabbit anti-tRFP (1:1000, AB233,
VROGEN ENZO Life Sciences), mouse anti-GFP (1:1000,
1814460001, Sigma) Horseradish peroxidase (HRP)-
onjugated secondary antibodies used were as follows: mouse
nti-rabbit IgG-HRP (IB: 1:5000, Cat. sc-2357, Santa Cruz),
nd goat anti-mouse IgG-HRP (1:10000, Cat. # 115035-003,
nterchim). For the Odyssey Infrared Imaging System (Licor;
3.0) secondary CF680 goat anti-rabbit or CF770 goat
nti-mouse Ig antibodies (1:5000, Biotium) were used. 

TT viability test in human DLD1 cells 

LD1-derived cell lines were seeded in 96-well plates at differ-
nt densities and treated 24 h later with different concentra-
ions of PARP inhibitor (Olaparib AZD2281, Ku-0059436,
uromedex) (0, 0.5, 1, 2.5 μM). After 6 days of continu-
us treatment, cells were treated with 0.5 μg / ml MTT (Thi-
zolyl Blue Tetrazolium Bromide; Sigma-Aldrich) diluted in
ulture medium, then incubated for 4h at 37 

◦C, 5% CO 2

ill the formation of blue crystals. Then the MTT was re-
oved, and the crystals were dissolved in DMSO by shak-

ng the plates for 10 min at RT following manufacturer spec-
fications. The absorbance was measured in a plate reader
TriStar 2 LB 942, BERTHOLD scientific) at 570 nm. The sur-
ival percentage was calculated by dividing the absorbance
nto the cells treated by the absorbance obtained in cells left
ntreated. 

RCA2 complementation assay in mouse 

mbryonic stem (mES) cells 

ince Brca2 is essential for the survival of mES cells, PL2F7
rca2 

ko / cko mES cells were used to test the functional effect of
RCA2 variants R2645G and G25R with a complementation
ssay( 23 ): The BRCA2 (mutated and WT) BACs were elec-
roporated into the cells and selected with G418. BRCA2 ex-
ression was analyzed by RT-PCR and six independent G418 

r 

lones expressing BRCA2 were electroporated with a Pgk-
re345 plasmid. Thus, the conditional Brca2 allele was de-
leted by the transient expression of Cre recombinase which,
t the same time, restored the expression of an inserted Hprt ,
llowing its selection in the HAT medium. Forty-eight HAT 

r 

olonies were analyzed by Southern blot to confirm the loss of
he BR CA2 

cko allele. HA T 

r colonies were stained with methy-
ene blue. 

TT viability test in mouse mES cells 

o test the hypersensitivity of PL2F7 Brca2 

ko / cko mES cells
ransfected with BRCA2 mutations R2645G and G25R, cells
ere seeded in triplicates and treated with the mitomycin C

MMC) or cisplatin at different concentrations as stated in the
graphs in Figure 2 C. Viability was measured with an MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H -tetrazolium bro-
mide) assay 72 h after treatment, as previously described ( 35 ).

Homologous recombination (HR) test 

HR analysis was performed as previously described ( 18 ).
Briefly, DLD1 cells were seeded one day before transfection
at 1–3 × 10 

6 cells / plate (depending on the cell line). Cells
were co-transfected with TALENs to induce DNA double-
strand break at the AAVS1 site in the PPP1R12C locus in the
genome and a plasmid encoding a promoter-less mCherry flu-
orescent protein bearing 800 bp homologous sequences to the
AAV1 site on each side. The transfection of 1 × 10 

6 cells was
performed using AMAXA Nucleofector™ 2b device follow-
ing manufacturer specifications. Cells were then seeded in 6-
well plates, maintained, and analyzed 8 days after transfection
by flow cytometry. The percentage of mCherry positive cells
was analyzed on a BD FACSAria III (BD Bioscience) using the
FACSDiva software and data were analyzed with the FlowJo
10.5 software (Tree Star Inc.). Viable and single cells were
gated using forward scatter (FSC-A) and side scatter (SSC-
S). To separate single cells from the doublets, singlets were
selected using FSC-W(y-axis) plotted against FSC-A(x-axis),
mCherry positive cells were detected by plotting mCherry-
A(y-axis) against FSC-A(x-axis). 

Metaphase spreads 

Around 1 × 10 

5 and 2 × 10 

5 cells depending on the cell line
were seeded onto six-well plates on coverslips and treated with
Mitomycin C (SIGMA M4287-2MG) (3 μM 1 h at 37 

◦C)
and the following day was arrested in metaphase by adding
0.1 μg / ml colcemid (Thermofisher 15212012) for 3 h at 37 

◦C.
A hypotonic shock was performed by incubating the cells
with pre-warmed 16% FBS in water for 40 min. Following
the hypotonic shock, the cells were fixed by adding 1 volume
of methanol–acetic acid (3:1) into one volume of 16% FBS
for 15 min at RT, then methanol: acetic acid (3:1) into one
volume of water for 5 min at RT, then methanol–acetic acid
(3:1) 30 min RT, and methanol–acetic acid (3:1) for 15 min
4 

◦C. DNA was stained with 2% Giemsa (Thermo Fisher
10092013) diluted in Gurr buffer (Thermo Fisher 10582013)
for 16 min. Chromosomes were acquired either with a Leica
DMRB microscope at ×100 magnification and captured with
a SONY DXC 930P camera or with a Zeiss Axioskop 2 plus
microscope at ×100 magnification and captured with a Leica
DMC6200 camera. Chromosomal aberrations were manually
counted using Fiji software. Around 50 metaphases were an-
alyzed for cells of each genotype. 

Statistical analysis 

The total number of experimental replicates, mean, median,
and error bars are described in the figure legends. Statistical
difference was calculated using a two-way ANOVA test with
Dunnett’s multiple comparisons tests (Figures 2 A, C, 4 A) or
Kruskal–Wallis test followed by Dunn’s multiple comparison
tests (Figure 4 B and Supplementary Figure S5 ). A non-linear
regression was used to fit the curves in Figure 3 A and B and
obtain apparent the dissociation constants shown in Table 2 .
All analyses were conducted using GraphPad Prism version
Mac OS X 10.0.1 (170). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
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A

B

Figure 1. BRCA2 variants R2520L and R2645G at the DSS1 interface do not alter BRCA2 nuclear localization. ( A ) (Top) Scheme of BRCA2 showing its 
main functional domains and the selected VUS. Figure created with BioRender.com. (Bottom) Human model of BRCA2 CTD based on mouse Brca2 CTD 

(1MJE) showing the localization of the residues affected by the selected VUS (in green). In this model, BRCA2 CTD (in white to dark pink) binds to DSS1 
(in blue) and a ssDNA (in black). ( B ) Nuclear / cytoplasmic fractionation of stable clones bearing BRCA2 VUS presented in (A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results 

Variants R2520L and R2645G at the DSS1 interface 

do not alter BRCA2 nuclear localization 

DSS1 and DNA have been reported as the main regulators of
the oligomeric form of BRCA2 in vitro ( 10 ,16 ). Moreover, im-
pairing DSS1 interaction as shown in several BRCA2 missense
variants, affects the stability of the protein ( 5 ,8 ) and exposes
a nuclear export signal (NES), which triggers the mislocal-
ization of BRCA2 in the cytoplasm and abrogates its func-
tion ( 15 ,17 ). The negatively charged and disordered DSS1
has been previously hypothesized to mimic DNA, modulat-
ing accessibility of DNA binding sites in the BRCA2 Heli-
cal domain and OB1 ( 5 ). We set out to characterize BRCA2
missense variants identified in high-risk breast / ovarian can-
cer patients and predicted to impact DSS1 interaction to shed
light on this regulation. We selected three variants of un-
known clinical significance (VUS), R2520L (c.7559G > T),
R2645G (c.7933A > G) and R2659G (c.7975A > G) affecting
three highly conserved residues ( Supplementary Figure S1 ), lo-
cated within the helical domain at the interface with DSS1 

(Figure 1 A). Among them, R2659G has been recently classi- 
fied as pathogenic and R2645G as likely benign( 19 ), whereas 
R2520L remains a VUS. 

We generated stable cell lines bearing the selected vari- 
ants by transfecting the BRCA2 cDNA coding for a GFP- 
MBP-tagged version of BRCA2 full-length protein (BRCA2 

WT) as well as the variants R2520L, R2645G or R2659G in 

DLD1 BRCA2 deficient human cells (hereafter BRCA2 

−/ −).
In this cell line, both alleles of BRCA2 contain a deletion in 

exon 11 leading to a premature stop codon after BRC5 and 

cytoplasmic localization of the truncated form of the pro- 
tein ( 20 ). Wherever possible, we selected two stable clones 
of each variant to account for phenotypic differences that 
could be due to the variability in protein levels among the 
clones compared to the wildtype counterpart (clone C1, here- 
after BR CA2 WT). W e then conducted a nuclear / cytoplasmic 
fractionation and immunoblotted for BRCA2, α-tubulin serv- 
ing as a cytoplasmic marker. As expected, the majority of 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
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Table 1. Thermofluor-based analysis of the thermal st abilit y of BRCA2 CTD 

WT and mutated forms that were used in this study 

Name Tm ± SD Replicates � (MUT - WT) 

BRCA2 CTD WT 55.02 ± 0.13 21 0 .00 
BRCA2 CTD R2520L 52.51 ± 0.20 13 − 2 .52 
BRCA2 CTD I2627F 47.90 ± 0.10 4 − 7 .12 
BRCA2 CTD R2645G 54.07 ± 0.20 6 − 0 .95 
BRCA2 CTD R2659G ND ND ND 

BRCA2 CTD R3052W 49.87 ± 1.82 19 − 5 .15 

Tm, melting temperature. ND, non-determined. 
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ndogenous BRCA2 localized to the nucleus and this was
lso the case in the cells complemented with the BRCA2 WT
lone (WT C1). The same pattern was observed with clones
5 and C2 of R2520L and H4 and E8 of R2645G. In con-
rast, cells expressing R2659G G3 displayed a strong cyto-
lasmic signal with strongly reduced levels of nuclear pro-
ein showing that this variant was largely mislocalized in cells
Figure 1 B). 

Taken together, we produced DLD1 BRCA2 deficient
ells stably expressing GFP-MBP-BRCA2 with the variants
2520L, R2645G, and R2659G, and we observed that all ex-
ept BRCA2 R2659G localized in the nucleus. 

ariants R2520L and R2645G bind DSS1 but mildly 

estabilize BRCA2 CTD 

in vitro 

 large set of BRCA2 pathogenic mutations at the interface
ith DSS1 have previously been characterized for their im-
act on DSS1 binding and nuclear localization in cells ( 15 ).
mong them, variants I2627F and R2659T in the HD do-
ain, T2722R, D2723H and G2748D in the OB1 domain

howed defective DSS1 binding whereas R3052W in the OB3
omain did not. However, all of these variants altered the
uclear localization of a construct expressing the C-terminal
egion of BRCA2 that comprised the folded BRCA2 CTD 

. To
etermine the impact of R2520L, R2645G and R2659G on
RCA2 molecular properties, we produced and purified a
et of recombinant BRCA2 CTD 

variants co-expressed with
SS1 in bacteria ( 13 ), including the 6 previously character-

zed and our three variants. We then measured their capacity
o co-purify with DSS1 and assessed their thermal stability.
n the control set of variants, BRCA2 CTD 

-R2659T, -T2722R,
D2723H and -G2748D could not be produced as soluble pro-
eins when co-expressed with DSS1 in bacteria. BRCA2 CTD 

-
2627F and R3052W were poorly expressed, and their ther-
al stability was severely decreased (I2627F: 48 

◦C; R3052W:
5.5–51.5 

◦C (mean 49.9) compared to that of the WT do-
ain (55 

◦C)) (Table 1 ). Yet, they both co-eluted with DSS1
 Supplementary Figure S2 A, B). In the case of our 3 variants,
2659G was very poorly expressed and could not be prop-
rly purified ( Supplementary Figure S2 A), whereas R2520L
nd R2645G were well-expressed, their thermal temperatures
ere mildly reduced (R2520L: 52 

◦C; R2645G: 54 

◦C (Table
 , Supplementary Figure S2 C)) and they copurified with DSS1
 Supplementary Figure S2 A, S2 B). 

Taken together, two of our variants, BRCA2 CTD 

-R2520L
nd -R2645G, copurified with DSS1, suggesting no impaired
inding, and showed a mild decrease in thermal stability com-
ared to BRCA2 CTD 

-WT. This contrasts with the control vari-
nts, BRCA2 CTD 

-R3052W and I2627F, which showed signif-
cantly lower thermal stability despite their co-elution with

SS1. 
BRCA2 R2645G variant confers sensitivity to 

genotoxic agents 

Poly (ADP-ribose) polymerase (PARP) inhibitors, in particular
Olaparib, are currently used in the clinic to treat breast and
ovarian cancer patients carrying germline (likely) pathogenic
variants in BRCA1 / 2 ( 21 ) as they are particularly toxic in HR-
deficient cells( 22 ). To assess the sensitivity to Olaparib of cells
bearing the three variants, we performed an MTT assay. The
relative viability of DLD1 BRCA2 deficient cells was ∼20%
upon a 6-day treatment with the highest Olaparib concentra-
tion used (2.5 μM); in contrast, 80% of BRCA2 WT comple-
mented cells remained viable, similar to the cells expressing
the endogenous BRCA2 protein (Figure 2 A). A similar trend
was observed for the two clones expressing R2520L. In con-
trast, cells bearing R2659G, the variant that was found mainly
in the cytoplasmic fraction (Figure 1 B), showed as much sensi-
tivity as the BRCA2 deficient cells. Interestingly, the two clones
bearing R2645G displayed an intermediate phenotype. 

To confirm the possible impact of the variant R2645G in
a different cell system, we used mouse embryonic stem cells
(mES) in which the selected variant was introduced by mu-
tagenesis and recombination in a bacterial artificial chromo-
some (BAC) containing human BRCA2. In these cells, one
endogenous allele of mBrca2 is defective whereas the other
functional mBrca2 allele is conditionally removed by Cre-
recombinase transient transfection ( 23 ). The ability of the mu-
tated BRCA2 form to rescue the lethality of mBrca2 deficiency
was then analyzed: BRCA2-R2645G conferred reduced via-
bility in a colony formation assay as compared to the WT
counterpart suggesting it partially alters BRCA2 function (Fig-
ure 2 B). Moreover, mES expressing BRCA2-R2645G exhib-
ited hypersensitivity to MMC and cisplatin, comparable to
the control BRCA2-G25R, a variant previously shown to dis-
play sensitivity to DNA damaging agents and reduced HR ( 24 )
(Figure 2 C). 

Altogether, human DLD1 BRCA2 

−/ − cells expressing
BRCA2-R2659G showed hypersensitivity to PARPi whereas
cells expressing BRCA2-R2520L did not. Cells bearing the
variant BRCA2-R2645G exhibited an intermediate sensitivity
to PARPi compared to BRCA2 WT complemented cells. In ad-
dition, mES cells expressing BRCA2-R2645G displayed com-
promised viability in a colony formation assay and showed
sensitivity to MMC and cisplatin in the same cell system, sug-
gesting a defect in BRCA2 function. 

The BRCA2 R2645G variant enhances BRCA2 CTD 

binding to ssDNA in vitro 

To reveal the molecular basis of BRCA2-R2645G dysfunction,
we next measured the DNA binding capacity of BRCA2 CTD 

-
R2645G in vitro by Electrophoretic Mobility Shift Assay
(EMSA). 5 minutes incubation of a 32 P-labeled 167 nt ssDNA
with increasing concentrations of BRCA2 CTD 

-WT at 37 

◦C,
generated a slower mobility species corresponding to DNA–
protein complexes. ssDNA binding activity reached ∼80% of
ssDNA–protein complex at the maximum concentration used
(7 μM) when run at 4 

◦C. BRCA2 CTD 

-R2520L yielded a similar
fraction of ssDNA-protein complexes. Strikingly, BRCA2 CTD 

-
R2645G showed higher apparent affinity ( K d 3.9 versus 7.5
μM) than the BRCA2 CTD 

-WT or the mutant BRCA2 CTD 

-
R2520L (Figure 3 A, Table 2 ). Interestingly, R2645G gave
rise to two types of protein-DNA complexes based on their
mobility. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
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A

B

C

Figure 2. The BRCA2 R2645G variant confers sensitivity to genotoxic agents. ( A ) Quantification of the relative cell viability monitored by MTT assay in 
human DLD1 cells upon treatment with increasing doses of the PARP inhibitor Olaparib, as indicated. The data represent the mean ± SD of 2–6 
independent experiments. A two-way ANO V A test with Dunnett’s multiple comparisons test was used to calculate the statistical significance of 
differences ( P -values show significant differences compared to the BRCA2 WT clone). Only significant values are shown. ( B ) Representative images of 
methylene blue staining of HAT-resistant colonies of mES cells expressing no BAC, BRCA2 WT or the BRCA2 R2645G variant. ( C ) Quantification of the 
relative cell viability monitored by an MTT assay upon treatment with increasing doses of the MMC (left) or cisplatin (right), as indicated. The data 
represent the mean ± SD of three independent e xperiments. A tw o-w a y ANO V A test with Dunnett’s multiple comparisons test was used to calculate the 
statistical significance of differences (the P -values show significant differences compared to the BRCA2 WT clone). Only significant values are shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DSS1 has been described as a competitor for DNA binding
( 25 ) or promoting the monomeric form of BRCA2 which in
turn would favor DNA binding ( 10 ). To test whether DSS1
would compete with the BRCA2 CTD 

-DNA complex, we used
purified DSS1 from bacteria and performed an EMSA with
ssDNA as in Figure 3 A this time incubating increasing con-
centrations of BRCA2 CTD 

WT or BRCA2 CTD 

-R2645G (0.5–7
μM) with or without DSS1 (5 μM) for 15 min at 37 

◦C before
adding the DNA. Under these conditions, the apparent affinity
was slightly higher for both proteins but still, R2645G showed
higher affinity than BRCA2 CTD 

-WT, K d = 3.4 μM and 5.7
μM, respectively (Figure 3 B and Table 2 ), consistent with the
previous results (Figure 3 A). Addition of DSS1 did not sub-
stantially affect the BRCA2 CTD 

-ssDNA interaction nor did it
affect the interaction of BRCA2 CTD 

-R2645G with DNA (Fig-
ure 3 B, Table 2 ). 

Together, these results demonstrate that variant R2645G
increases ssDNA binding affinity or DNA binding stability
of BRCA2 whereas R2520L supports ssDNA binding as the
BRCA2 CTD 

WT . Moreover , an excess of DSS1 does not pre-
vent DNA binding by the BRCA2 CTD 

. 
BRCA2 R2645G does not impair BRCA2 

self-interacting complex 

BRCA2 forms dimers / multimers in vitro and these multimers 
have also been observed in cells ( 10 , 16 , 26 ). Based on pre- 
vious models ( 10 ), an increase in DNA binding as observed 

in BRCA2 CTD 

-R2645G, is expected to favor the monomeric 
form of BRCA2. To verify the self-interacting complex in 

our cell system, we co-transfected human embryonic kidney 
HEK293T cells with MBP-BRCA2-RFP and GFP-MBP- 
BRCA2, or with GFP-MBP-NLS (nuclear localization signal) 
as a control. We then used a GFP-trap to pulldown MBP- 
BRCA2-RFP. Our results indicated that GFP-MBP-BRCA2 

formed a complex with MBP-BRCA2-RFP, whereas this was 
not the case for the control. Moreover, the complex was not 
sensitive to benzonase suggesting the interaction is not me- 
diated by DNA / RNA ( Supplementary Figure S3 A). We then 

performed the same experiment with BRCA2 R2645G. How- 
ever, the level of RFP-BRCA2 WT pulldown by the mutated 

protein did not significantly differ from the pulldown by 
BRCA2 WT suggesting that BRCA2 R2645G can form a 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
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A

B

Figure 3. The BRCA2 R2645G variant enhances BRCA2 CTD binding to ssDNA in vitro . ( A ) (Top) Representative EMSA and (bottom) quantification 
comparing the ssDNA (167 nt) binding activity of BRCA2 CTD WT, BRCA2 CTD R2520L and BRCA2 CTD R2645G at increasing concentrations, as indicated. 
The data represent the mean from three independent experiments and it was fitted to a single-site binding curve. Error bars, SD. ( B ) (Left) 
R epresentativ e EMSA showing BRCA2 CTD WT binding to ssDNA (167nt) at the specified concentrations after incubation with 5 μM DSS1, as indicated, 
for 15 min at 37ºC. (Right) Quantification of (B). The data represent the mean from three independent experiments and it was fitted to a single-site 
binding curve. Error bars, SD. 
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Table 2. The apparent affinity of BRCA2 CTD -ssDNA or the indicated vari- 
ants in the presence or absence of DSS1 

Name K d ( μM) K d -DSS1 K d + DSS1 

BRCA2 CTD 

WT 7.5 ± 4.2 5.7 ± 3.6 6.7 ± 2.0 
BRCA2 CTD 

R2520L 7.0 ± 2.9 ND ND 

BRCA2 CTD 

R2645G 3.9 ± 1.5 3.4 ± 0.8 3.4 ± 1.3 

The apparent dissociation constant ( K d app ± SD) for BRCA2 CTD 

binding was obtained from fitting the EMSA experiments shown in Fig- 
ure 3 A and B (15 min incubation with storage buffer of with DSS1 at 
37 ◦C before the addition of DNA) to a one-site binding curve. 
elf-interacting complex with BRCA2 WT in cells
 Supplementary Figure S3 B). 

ells expressing BRCA2 R2645G exhibit 
yper-recombination phenotype 

iven the enhanced ssDNA binding activity of BRCA2 CTD 

2645G, we reasoned that this variant might increase HR
evels in cells. Using the stable clones expressing the full-
ength protein BRCA2 WT or the three variants, we per-
ormed a cell-based HR assay. In this assay, co-transfection of

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
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two site-specific transcription-activator-like effector nuclease
(TALENs) plasmids, along with a promoter-less mCherry plas-
mid containing homology arms for the AAVS1 locus results in
a single DSB in the AAVS1 endogenous locus. Only when the
DSB is repaired by HR do the cells express a mCherry fluo-
rescent protein that can be quantified by flow cytometry ( 18 ).
As expected, ∼11% of BRCA2 WT cells were mCherry+. In
contrast, BRCA2 deficient cells (BRCA2 

−/ −) showed an aver-
age of 4% of mCherry+ cells, nearly matching the background
levels in the absence of TALENs (2.6%). The HR capacity of
the two stable clones bearing R2520L was similar to the one
of the cells expressing the BRCA2 WT clone (9% and 13%).
Strikingly, cells expressing the R2645G variant exhibited an
increased HR activity (16% and 21% mCherry+ cells, respec-
tively) compared to BRCA2 WT complemented cells (Figure
4 A, Supplementary Figure S4 A). This was not due to the dif-
ferences in the expression levels as the clone that increased
the activity the most (E8) showed equivalent BRCA2 protein
levels as the BRCA2 WT clone ( Supplementary Figure S4 B). 

Hyper-recombination may lead to chromosomal aberra-
tions due to the possibility of pairing with homologous se-
quences that fuel genome instability ( 27 ). To explore this,
we prepared chromosome spreads of DLD1 BRCA2 deficient
cells or bearing BRCA2 WT and BRCA2-R2645G left un-
treated or challenged with the DNA alkylating agent MMC
(3 μM 1h). As expected, BRCA2 

−/ − displayed increased chro-
mosomal aberrations including radials, breaks, and fusions as
compared to the BRCA2 WT cells after MMC treatment (Fig-
ure 4 B). Interestingly, cells expressing BRCA2-R2645G did
not significantly increase the number of total aberrations in
MMC conditions, however, there was a consistent increase
in chromatid gaps (Figure 4 B), in agreement with the sen-
sitivity to MMC observed in mES cells bearing this variant
(Figure 2 C). 

Association of R2645G variant with breast, ovarian, 
and prostate cancer high-risk 

To investigate the potential clinical relevance of the R2645G
variant we collected three pedigrees carrying this variant. In
them, several first relatives were affected with either breast,
ovarian, or prostate cancer in addition to the index case (Fig-
ure 5 A). Unfortunately, no DNA from relatives was available
to perform co-segregation analysis, therefore an association of
this variant to increased susceptibility to BRCA2 -associated
cancers will require further investigation. 

Discussion 

In this work, we investigated the potential impact of BRCA2
missense variants located in BRCA2 CTD 

on DNA binding and
DSS1 interaction to shed light on the role of these activi-
ties on the HR function of BRCA2. Unexpectedly, we report
that R2645G, a variant recently classified as likely benign
( 19 ) and located at the interface with DSS1, increased the ss-
DNA binding capacity of the BRCA2 CTD 

in vitro resulting in
hyper-recombination in cells as measured by a cell-based HR
reporter assay ( 18 ) and prompting chromosomal instability
(Figure 5 B). This instability instigates moderate to high sen-
sitivity to different DNA damage-inducing agents like PARPi,
alkylating agents (cisplatin), or crosslinking agents (MMC).
To our knowledge, this is the first example of a BRCA2 vari-
ant inducing a hyper-recombinant phenotype. 
The effect on DNA binding of the variant R2645G was 
surprising considering the distance of R2645 to the putative 
DNA binding site inferred from the crystal structure of mouse 
Brca2 CTD 

(PBD 1MJE) ( 5 ) and the human model derived from 

it (Figure 1 A). However, the isolated HD and OB1 domain 

has been reported to bind DNA, although with weak affin- 
ity ( 5 ); therefore, it is possible that a structural change in the 
interface with DSS1 due to the mutation R2645G, reflected 

by the mild reduction of the thermal stability of the mutated 

BRCA2 CTD 

(Table 1 ), facilitates binding of this variant to the 
DNA. It has been previously suggested that the acidic nature 
of DSS1 may expose the basic residues of the DSS1-binding 
groove in the HD and OB1 domains of BRCA2 CTD 

( 5 ,7 ), thus 
favoring the interaction with DNA. Thus, it is also possible 
that this modification influences the balance between DSS1- 
and DNA- binding. 

According to current models, DSS1 regulates monomer- 
dimer species of BRCA2 which in turn, influence DNA bind- 
ing. Therefore, we speculate that altering the contact with 

DSS1 would have an indirect effect on DNA binding through 

the change in the oligomeric form it produces. However,
we could not detect a difference in the self-interaction of 
BRCA2 by pull-down in cells ( Supplementary Figure S3 B).
Nonetheless, we cannot exclude a small reduction in the self- 
interaction of the protein which would not be detectable in 

our overexpression conditions. 
In agreement with the role of human DSS1 in allowing 

DNA binding ( 10 ), rather than competing with it ( 25 ) we ob- 
served virtually no change in the affinity of BRCA2 CTD- WT- or 
BRCA2 CTD 

-R2645G-ssDNA complex when incubated with 

DSS1 (Figure 3 B, Table 2 ). We did observe a slight increase 
in the apparent affinity of both the WT and the mutated form 

for DNA in this assay most likely due to the incubation of the 
protein at 37ºC for 15 min before the addition of the DNA. 

Remarkably, this work also reveals the destabilizing effect 
of the pathogenic variants BRCA2 CTD 

-I2627F and R3052W 

( Supplementary Figure S2 C, Table 1 ) which could explain 

their severe phenotype in HR activity ( 6 ,28 ) despite their cop- 
urification with DSS1 ( Supplementary Figure S2 A, B). 

Our findings suggest that the activity of BRCA2 binding to 

DNA requires fine-tuning to keep HR under control, so that 
variants with altered DNA binding, either decreased or in- 
creased, such as R2645G, cause defective HR, and we propose 
that DSS1 contributes to the regulation of BRCA2 interaction 

with DNA. 
A previous report described that Poly-ADP-Rybosylation 

(PARylation) of BRCA1 by PARP1 negatively modulates HR 

activity by decreasing BRCA1 avidity for DNA ( 29 ). They fur- 
ther showed that certain cancer-derived BRCA1-mutated cell 
lines are defective in BRCA1-PARylation and display a hyper- 
recombination phenotype. Although BRCA2 is not a target 
of PARylation, BRCA2 CTD 

has been reported to directly bind 

PAR chains ( 30 ) which could be acting as a negative regula- 
tor of the BRCA2-ssDNA complex by direct competition in 

the cell. Whether the interaction with PAR chains is affected 

in BRCA2-R2645G or whether or not this interaction mod- 
ulates DNA binding will require further investigation. Along 
the same lines, it is known that the control of HR through 

the dismantling of RAD51 filaments is critical to avoid pair- 
ing with homologous sequences outside the sister chromatid 

or prevent the formation of toxic recombination intermedi- 
ates( 31 ). Interestingly, the tumor-associated variant RAD51 

G151D was shown to induce a hyper-recombinant phenotype 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1222#supplementary-data
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A

B

Figure 4. Human DLD1 expressing BRCA2 R2645G exhibit hyper-recombination. ( A ) (left) Scheme of the cell-based HR assay. (Right) Frequency of 
mCherry positive cells transfected with the promoter-less donor plasmid (AAVS1-2A-mCherry) without ( −TALEN) (filled circles) or with (+TALEN) 
nucleases (open circles). The error bars represent the mean ± SEM of two to four independent experiments. Two-way ANO V A test with Dunnett’s 
multiple comparisons test. The p-values show significant differences compared to the BRCA2 WT clone. ( B ) (top) Schematic representation of the 
experiment timing and the dose of MMC used to detect chromosomal aberrations and representative images of metaphase spreads of DLD1 
BRCA2-deficient cells (BRCA2 −/ −) or BRCA2 −/ − cells stably expressing BRCA2 WT or BRCA2-R2645G (c. E8), as indicated, treated with 3 μM MMC 

for 1h. The type of chromosomal aberrations observed is indicated with numbers and magnified below. (Bottom). Quantification of chromosomal 
gaps / small breaks from the same cells either left untreated or upon treatment with MMC, as indicated. Data represent the median and 25% and 75% 

quartiles of three independent experiments where 50 metaphase spreads were analyzed in each experimental data set. Statistical difference was 
determined by the Kruskal-Wallis test followed by Dunn’s multiple comparison test. ns, not significant, * P < 0.05, ** P < 0.01, *** P < 0.001, 
**** P < 0.0 0 01. 
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A

B

Figure 5. R2645G segregates with breast cancer in high-risk families. ( A ) Individual pedigrees (A–C) containing the R2645G variant. A number inside an 
icon indicates the number of individuals. Black filed portions in icons denote report-confirmed cancers, and y ello w portions denote unconfirmed cancers. 
The patient’s current age or decease age is indicated under individuals’ icons. Below is the cancer location, histology (where available), and age at 
diagnosis: BR – breast cancer, Brain – brain tumor, CRC – colorectal cancer, ES – esophageal cancer, HN – head and neck cancer, OV – o v arian cancer, PR 

– Prostate cancer, Skin – skin cancer; IDC – invasive ductal, MED – medullary, MEL – melanoma, OTHER – other histology (non-serous), SER – serous. 
Variant carriers are indicated (only index cases were tested). ( B ) Working model: Based on previous literature, the active form of BRCA2 would be a 
monomer that is f a v ored b y its interaction with DSS1( 10 ). Upon a DSB, BR CA2 WT bound to DSS1 locates and loads RAD51 at the ssDNA / dsDNA 

junction. T his allo ws the f ormation of a nucleoprotein filament of RAD51 on ssDNA, the limiting step to promote HR. T he v ariant BR CA2-R2645G mak es 
more stable or higher affinity comple x es with ssDNA than the BRCA2 WT protein (which might eventually be released from the DNA); this results in 
hyper-recombination activity in cells expressing this variant. As a consequence, cells expressing BRCA2-R2645G display a higher frequency of 
chromosomal inst abilit y in the form of c hromatid gaps when c hallenged with MMC and higher sensitivity to different genotoxic agents including PARPi, 
MMC and cisplatin. Figure created with BioRender.com. 
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 32 ) Thus, the regulation of BRCA2-DNA interaction could
e acting as an additional means to control HR. 
The phenotype of cells bearing R2645G both in human

LD1 and mES cells suggests that this variant is hypomor-
hic in cells, which might have clinical consequences for
ndividuals carrying this variant. However, a recent article
lassified R2645G as likely benign, based on a multifac-
orial likelihood model ( 19 ). This model was designed to
ssess high penetrance variants, so it could misleadingly
lassify a hypomorphic or moderate risk variant as VUS
r (likely) benign. Considering all the available data, we
ould nowadays classify this variant as of uncertain sig-
ificance given that (i) although rare, it is not absent from
opulation databases; (ii) it scores 0.634 in the widely rec-
gnized in silico meta-predictor REVEL, an intermediate
alue according to ClinGen thresholds ( 33 ) and (iii) the
ell-based and in vitro assays presented here demonstrate
n impact on function. Intriguingly, the defective mecha-
ism appears to be different from most BRCA2 missense
ariants. Understanding the clinical implications for BRCA2
2645G carriers will require an international effort to collect

ufficient clinical data and undertake low-penetrance-
dapted case-control, family history, or cosegregation
tudies. 
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