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Abstract

Deficiency in several of the classical human RAD51 paralogs [RAD51B, RAD51C,

RAD51D, XRCC2 and XRCC3] is associated with cancer predisposition and Fanconi ane-

mia. To investigate their functions, isogenic disruption mutants for each were generated in

non-transformed MCF10A mammary epithelial cells and in transformed U2OS and HEK293

cells. In U2OS and HEK293 cells, viable ablated clones were readily isolated for each

RAD51 paralog; in contrast, with the exception of RAD51B, RAD51 paralogs are cell-essen-

tial in MCF10A cells. Underlining their importance for genomic stability, mutant cell lines dis-

play variable growth defects, impaired sister chromatid recombination, reduced levels of

stable RAD51 nuclear foci, and hyper-sensitivity to mitomycin C and olaparib, with the weak-

est phenotypes observed in RAD51B-deficient cells. Altogether these observations under-

score the contributions of RAD51 paralogs in diverse DNA repair processes, and

demonstrate essential differences in different cell types. Finally, this study will provide useful

reagents to analyze patient-derived mutations and to investigate mechanisms of chemo-

therapeutic resistance deployed by cancers.

Author summary

The five classical RAD51 paralogs [RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3]

are important components of the homologous recombination pathway that preserves

genomic integrity and protects against cancer. Recently, two RAD51 paralogs have been

clearly identified as tumor suppressors and the other three paralogs have been found to be

mutated in some tumors. As well, two RAD51 paralogs have been reported to be Fanconi

anemia proteins. Thus, there is renewed interest in the RAD51 paralogs from a human
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health concern and the need for isogenic human cell lines to evaluate tumor-derived

mutations and support biochemical approaches aimed at understanding their molecular

functions. Here we provide three coherent sets of isogenic mutants, both in transformed

and non-transformed human cells. Importantly, using these mutant lines, we report the

unanticipated result that RAD51B has a less crucial role in homologous recombination

than the other four paralogs, and find that all RAD51 paralogs are critically important for

early functions during homologous recombination.

Introduction

RecA family recombinases are universally found in the three domains of life: RadA in Archaea,

RecA in Bacteria and RAD51/DMC1 in Eukarya [1]. By coordinating ATP, they assemble

nucleoprotein filaments on single-stranded DNA that promote DNA sequence homology rec-

ognition in duplex DNA and catalyze strand exchange [2]. These enzymes play a central role

in the maintenance of genome integrity as the DNA transactions they support are essential for

repair of DNA double-strand breaks (DSBs) by homologous recombination (HR), and in pro-

tection and rescue of stalled or collapsed DNA replication forks [3]. Interestingly, additional

RecA-like genes have evolved in the three domains of life presumably after duplication and

divergent evolution of a common ancestor [1,4]. While structurally related, these paralogs do

not promote homology recognition and strand exchange but rather act in part as accessory fac-

tors to the core recombinases [5–13].

In human cells and vertebrates in general, besides RAD51 and DMC1, six RAD51 paralogs

have been identified. RAD51B, RAD51C and RAD51D were discovered based on DNA

sequence alignments, and XRCC2 and XRCC3 through functional complementation of the

ionizing radiation (IR) sensitivity of Chinese hamster mutant cells [14–18]. These five RAD51

paralogs (herein referred to as the classical RAD51 paralogs and focus of this study) are

believed to form two functionally distinct heterotypic complexes: the RAD51B-RAD51-

C-RAD51D-XRCC2 complex with sub-complexes RAD51B-RAD51C and RAD51D-XRCC2;

and the RAD51C-XRCC3 complex (Fig 1A) [8,9,13,19–25]. Lastly, SWSAP1, a non-classical

RAD51 paralog, was recently identified as a component of the Shu complex [26–28].

To begin to decipher the specific functions of the five classical RAD51 paralogs, all but

XRCC3 have been ablated in mice [29–32]. In each case, ablation of RAD51 paralogs results in

embryonic lethality or early neonatal death, precluding any detailed phenotypic analysis [33].

Nevertheless, previous cellular studies delineated critical roles for the classical RAD51 paralogs

in genome maintenance. These cellular studies include studies using 1) Chinese hamster

mutant cells deficient in RAD51C, RAD51D, XRCC2 or XRCC3; 2) DT40 chicken B-lympho-

cyte cells individually ablated for each of the five classical RAD51 paralogs; and 3) cells derived

from the RAD51 paralog mutant mice [18,34–44]. Typically, classical RAD51 paralog deficient

cells are hyper-sensitive to DNA crosslinking agents such as mitomycin C, and mildly sensitive

to ionizing radiation (IR) [18,25,35,42,44]. Mutant cells display increased spontaneous chro-

mosomal abnormalities, decreased frequencies of DNA damage-induced sister chromatid

exchanges, reduced DNA damage-induced RAD51 focus formation, and deficiencies in repli-

cation fork protection [35,37,38,41–43,45–56]. Overexpression of the core RAD51 recombi-

nase partially suppresses DNA damage sensitivity of chicken classical RAD51 paralog mutant

cells, suggesting a link with RAD51 function [35]. Overall, these studies indicate that deficien-

cies in the classical RAD51 paralogs lead to genomic instability caused by compromised regu-

lation of the core RAD51 recombinase.
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Fig 1. Individual disruption of the classical RAD51 paralogs in human MCF10A, U2OS, and HEK293 cells reveals

variable effects on cell viability. (A) According to the current model based on biochemical studies, RAD51 paralogs

exist in two different complexes where RAD51C is a common member of both. (B) Schematics showing the individual

RAD51 paralog knockout. (C) i, RAD51 paralog cDNA flanked by LoxP sites was first targeted into the AAVS1 locus

using zinc finger nucleases in MCF10A cells and the correct integration was selected as it results in expression of the

promoterless Neo gene (these cells are designated as parental conditional). ii, nuclease-mediated gene editing was used

on these parental conditional cells to mutate the endogenous RAD51 paralog alleles. iii, isogenic parental and

conditional mutant RAD51 paralog cells were infected with lenti-Cre to delete the RAD51 paralog cDNA, two days

post Cre infection cells were diluted for colony formation and analysis. Right panels shows examples of the Giemsa

stained plates from the various isogenic parental (+/+) and knockout (-/-) cell lines after Cre treatment and

underneath shows the number and % Cre excised clones for each. The conditional parental and mutant RAD51

paralog clones that were used in this study are listed on top of each plate. (D, E) CRISPR/Cas9 mediated gene editing

was used on U2OS and HEK293 cells to delete the RAD51 paralog endogenous alleles. Graphs show doubling time for

the wild-type and the mutant RAD51 paralog cells. Number of viable cells was estimated using the CellTiter-Glo

Luminescent Cell Viability Assay at 24 h, 48 h, 72 h and 96 h after seeding. Cell doubling time was calculated by

nonlinear regression (exponential growth equation). Results are presented as means +/- SD from three experiments.

Differences between mutant and wild-type cells were statistically analyzed using unpaired one-way ANOVA and

Tukey’s test. �� p< 0.01, ��� p< 0.001, ns not significant. Immunoblots of crude cellular extracts from wild-type cells,

mutant cells and mutant cells stably complemented with a retroviral construct expressing the corresponding wild-type

Differential Requirements for the RAD51 Paralogs in Genome Repair and Maintenance in Human Cells
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Except for RAD51B, RAD51 paralog mutants have been isolated and characterized in Chi-

nese hamster cells. In human cells, however, only XRCC3 ablated cells generated in the human

colon carcinoma HCT116 cell line have been reported to date [51]. Attempts to generate

RAD51B or RAD51C mutants in HCT116 cells were not successful [46,55]. As an alternative to

study the function of the classical RAD51 paralogs in human cells, depletion approaches using

small interfering RNA (siRNA) have been used [57,58]. These siRNA depletion experiments

helped determine the genetic interactions between the RAD51B-RAD51C-RAD51D-XRCC2

and RAD51C-XRCC3 complexes, and with BRCA2, an important mediator of RAD51 func-

tion [59]. Moreover, the classical RAD51 paralogs also have roles not directly linked to the

control of RAD51 per se. Indeed, RAD51 paralogs have been implicated in the prevention of

aberrant mitoses and aneuploidy [60], RAD51B, RAD51C and XRCC3 are implicated in cell

cycle checkpoint [53,60–62], RAD51D and XRCC3 in telomere maintenance [63,64], and

RAD51C, XRCC2 and XRCC3 in termination of gene conversion tracts [65–67]

Recently, mutations in the classical RAD51 paralog genes have been linked to predisposi-

tion to breast, ovarian or other cancers [68–77]. Moreover, hypomorphic mutations in

RAD51C and XRCC2 confer Fanconi anemia disorder and are now named FANCO and

FANCU, respectively [78–80]. Obtaining human cell lines disrupted for the classical RAD51

paralog would therefore greatly help research aimed at understanding the impact of patient-

derived mutations.

Despite more than two decades of research, our understanding of the specific functions of

the five classical RAD51 paralogs and their complexes remains incomplete and controversial.

To perform a comprehensive analysis of the roles of the classical RAD51 paralogs in human

cells, we report here the generation and phenotypic characterization of individual RAD51

paralog conditional mutants in non-transformed MCF10A mammary epithelial cells, as well

as viable human embryonic kidney HEK293 cells and U2OS osteosarcoma cells in which the

five classical RAD51 paralogs have been individually disrupted (Fig 1B).

Results

RAD51C, RAD51D, XRCC2 and XRCC3 are essential for survival in

MCF10A but RAD51B is dispensable

To investigate the molecular functions of the classical RAD51 paralogs in a non-cancerous cell

line with a near normal karyotype background, we chose the human mammary epithelial cell

line MCF10A that contains an integrated DR-GFP HR reporter [81]. Since the knockouts of

the classical RAD51 paralogs are embryonic lethal in mice, we considered that biallelic muta-

tions in RAD51 paralogs may lead to cell death in non-transformed cells. Therefore, a general-

ized conditional strategy was implemented to test for cell lethality. An expression cassette for

each RAD51 paralog cDNA flanked by LoxP sites was first introduced at the safe harbor

AAVS1 locus [82,83] to generate parental conditional cells for each RAD51 paralog (Fig 1C).

To generate isogenic RAD51 paralog knockouts at the endogenous loci—RAD51B–/–,

RAD51C–/–, RAD51D–/–, XRCC2–/–and XRCC3–/–, nuclease-guided gene disruption was used

to target the coding region close to the start codon (Fig 1C and S1 Fig). For RAD51B,

CRISPR-Cas9 was used with paired gRNAs to generate a deletion within the exon. For

RAD51C, RAD51D, XRCC2 and XRCC3, TALENs were used in which one DNA binding site

allele are shown on the right side. GRB2 was used as loading control. Note that the respective complementing wild-

type proteins are tagged at the N-terminus with a FLAG epitope which alters their mobilities relative to the endogeous

counterparts. The mutant RAD51 paralog clones for U2OS and HEK293 that were used in this study are listed on top

of each immunoblot.

https://doi.org/10.1371/journal.pgen.1008355.g001
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was in an exon and the other was in the adjacent intron; with this design, the RAD51 paralog

cDNA would not be targeted for cleavage. In all cases, clones with disrupting biallelic muta-

tions were obtained (Fig1C, S1 Fig and S1 Table).

A self-deleting Cre recombinase was expressed in the biallelic conditional mutants as well

as the parental conditional cells to delete the RAD51 paralog cDNA from the AAVS1 locus

and clonogenic survival was determined (Fig 1C). Fewer colonies were obtained from the bial-

lelic mutants compared to the parental cells. For RAD51C, RAD51D, XRCC2 and XRCC3, gen-

otyping revealed that none of the surviving colonies had undergone Cre-mediated excision of

the cDNA flanked by LoxP sites, indicating that these genes are essential for cell survival. Sur-

prisingly, RAD51B colonies were obtained that had excised the cDNA. Although excised colo-

nies were obtained at a lower frequency from the mutant RAD51B cells compared with the

parental cells, the cells could be propagated in culture. These results demonstrate that while

RAD51C, RAD51D, XRCC2 and XRCC3 are essential for the survival of non-transformed

MCF10A cells, RAD51B is not.

Individual disruption of the five classical RAD51 paralogs in human U2OS

and HEK293 cells are viable

Given that CHO cells deficient for RAD51C, RAD51D, XRCC2 or XRCC3, and human

HCT116 cells deficient for XRCC3 are viable, we attempted to disrupt each classical RAD51

paralog individually in transformed human osteosarcoma U2OS and human embryonic kid-

ney HEK293 cells. As with MCF10A cells, we utilized cell lines that harbor a stably integrated

HR reporter: U2OS-SCR#18 [67] and HEK293 DR-GFP [84], hereafter designated U2OS and

HEK293. Each gene was targeted using CRISPR-Cas9 such that any truncated protein pro-

duced would lack one or both of the putative Walker motifs. For the initial screen, HEK293

and U2OS cells were transiently transfected with the Cas9-GFP and gRNA expression vectors,

and single cells isolated by fluorescence activated cell sorting (FACS) based on GFP expression.

(400 GFP-positive cells were individually seeded and about 5% of the clones expanded). The

clones were screened by immunoblotting for loss of protein expression and genotyped. U2OS

and HEK293 mutant clones harboring only frame-shifting indel mutations and no wild-type

alleles were retained for further analysis (Fig 1D and 1E, S2 Fig, S3 Fig, S1 Table). The number

of mutant alleles detected in each mutant line is compiled in S2 and S3 Tables. Thus, viable

cells individually disrupted for each of the five classical RAD51 paralogs were obtained in both

U2OS and HEK293 cell lines.

Disruption of classical RAD51 paralogs affects U2OS and HEK293 cell

growth and fitness

Although all five RAD51 paralog disrupted cells are viable in both U2OS and HEK293, each

displays defects in cell growth and fitness. Cell proliferation rates were assessed by measuring

ATP levels, an indicator of metabolically active cells. Except for RAD51B and RAD51C disrup-

tion, RAD51 paralog mutant lines displayed significantly longer doubling time than wild-type

cells (~1.2 to 2-fold for U2OS and ~1.6 to 3-fold for HEK293; Fig 1D and 1E). Further, disrup-

tion of RAD51 paralogs caused a marked decrease in plating efficiency in both U2OS and

HEK293 lines which was reversed by re-expressing the appropriate wild-type RAD51 paralog

(Fig 2A; see also immunoblots in Fig 1D and 1E showing re-expression of the respective wild-

type alleles). The levels of spontaneous apoptosis and cell death were also assessed using

Annexin V and 7-Aminoactinomycin D labeling and FACS analysis. In proliferating cells, a

modest accumulation of dead cells was observed (<10%) with little or no induction of
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apoptosis (Fig 2B). Altogether these results show that, while not essential for cell viability, clas-

sical RAD51 paralog disruption affects the basal growth properties of U2OS and HEK293 cells.

RAD51 paralog disrupted human cell lines are impaired in DNA double-

strand break-induced homologous recombination

As the classical RAD51 paralogs have been implicated in the control of the RAD51 recombi-

nase, the biological consequence of their disruption was examined by measuring HR levels.

The conditional parents and derivative biallelic mutant RAD51 paralogs in MCF10A cells con-

tain an integrated DR-GFP reporter to measure DSB-induced HR [43,81] (Fig 3A). After Cre

expression to generate mutants, we expressed I-SceI endonuclease using lentiviral transduc-

tion to induce a DSB in the DR-GFP reporter and monitored HR using FACS to quantify GFP

+ cells. The RAD51 paralog disrupted cells have a ~2 to>10-fold reduction in HR compared

to the parental cells, with RAD51B disrupted cells showing the smallest reduction and

RAD51C and RAD51D disrupted cells showing the largest reduction (Fig 3A).

Fig 2. RAD51 paralog disruption in human U2OS and HEK293 cells leads to reduced plating efficiency but not to

apoptosis. (A) Plating efficiency analysis was determined by colony formation assay normalized to initial seeding

density. Filled and hatched bars are the mutant cells and the mutant cells stably complemented with a retroviral

construct expressing the corresponding wild-type allele, respectively. Results are presented as means +/- SD from three

experiments. Differences between mutant and wild-type cells were statistically analyzed using unpaired one-way

ANOVA and Tukey’s test. �p< 0.05, �� p< 0.01, ��� p< 0.001, ns not significant. Comparisons between

complemented and wild-type cells were, respectively in U2OS and HEK293, B �, C �, D �, X2 ���, and X3 ���; and B
���, C �, D ns, X2 ��, and X3 ns (not indicated in the figure). Comparisons between complemented and mutant cells

were, respectively in U2OS and HEK293, B ���, C ���, D ���, X2 ns and X3 ���; and B ns, C ��, D ���, X2 � and X3 ���

(not indicated in the figure). (B) Apoptosis and cell death analysis using Annexin V and 7-Aminoactinomycin D

staining of RAD51 paralog knockout cells. Open and filled bars represent fractions of dead cells and apoptotic cells,

respectively. Results are presented as means +/- SD from three experiments. Differences between mutant and wild-type

cells were statistically analyzed using unpaired one-way ANOVA and Tukey’s test. �p< 0.05, �� p< 0.01, ns not

significant.

https://doi.org/10.1371/journal.pgen.1008355.g002
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The U2OS and HEK293 cell lines also contain HR reporters integrated in the genome,

DR-GFP in the case of HEK293 and a related HR substrate in U2oS (Fig 3B and 3C).

Fig 3. RAD51 paralog disruption leads to homologous recombination deficiency. (A) Schematics showing

experimental scheme to transiently perform HR assay. Since RAD51 paralogs in MCF10A cells (except RAD51B) were

inviable after Cre expression, the analysis was performed 2 days post-Cre infection when the mutant cells were still

alive. Post-Cre mutant and parental cells were infected with I-SceI–expressing lenti-virus for 48 h. GFP+ cells were

measured by FACS. Schematic of the I-SceI-inducible direct repeat recombination reporter integrated in the genome

of MCF10A [43,81]. Filled and hatched bars represent the mutant and parental cells, respectively. Data are presented as

means +/- SD from at least three independent experiments. Differences between post-Cre mutant and parental cells

were statistically analyzed using unpaired one-way ANOVA and Tukey’s test. �p< 0.05, �� p< 0.01, ��� p< 0.001, ns

not significant. (B, C) Schematic of the I-SceI-inducible direct repeat recombination reporter integrated in the genome

of U2OS [67] and HEK293 [84] cells. Cells were transfected with I-SceI-expressing plasmid and GFP+ cells were

measured. Filled and hatched bars are for the mutant cells and the mutant cells stably complemented with a retroviral

construct expressing the corresponding wild-type allele, respectively. Data are presented as means +/- SD from at least

three independent experiments. Differences between mutant and wild-type cells were statistically analyzed using

unpaired one-way ANOVA and Tukey’s test. � p< 0.05, �� p< 0.01, ��� p< 0.001, ns not significant. Comparisons

between complemented and wild-type cells were respectively in U2OS and HEK293, B ns, C ���, D ns, X2 ��� and X3 ns;

and B ns, C ���, D ns, X2 ns and X3 ns (not indicated in the figure). Comparisons between complemented and mutant

cells were respectively in U2OS and HEK293, B ��, C ���, D ���, X2 ��� and X3 ���; and B ��, C ���, D ���, X2 �� and

X3 ns (not indicated in the figure).

https://doi.org/10.1371/journal.pgen.1008355.g003
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Disruption of each RAD51 paralog significantly decreased HR efficiencies in comparison to

wild-type cells in both cell backgrounds (Fig 3B and 3C, filled bars). Of note, disruption of

RAD51B resulted in only a moderate 1.5-fold reduction in HR efficiencies compared to wild-

type cells, in contrast to disruption of the other RAD51 paralogs, which led to much greater

reductions (up to nearly 40-fold). HR was rescued in mutant cells stably complemented with

the corresponding wild-type RAD51 paralog alleles (Fig 3B and 3C, hatched bars) confirming

that all RAD51 paralogs are important for repair of DSBs by HR. Differences in the comple-

mentation levels after overexpression of the respective RAD51 paralog wild-type alleles in

these HR assays could be due to altered stoichiometry during the overexpression (S9 Fig) and

also partly to the fact that hygromycin-selected populations rather than individual clones were

used.

To determine whether there is any functional redundancy between the five classical RAD51

paralogs, transient overexpression of each was performed in the panel of mutant cell lines. As

expected, overexpressing each paralog in the cell line lacking the cognate factor substantially

restored HR efficiencies. In contrast, cross-complementation did not reverse the HR defect in

any of the mutant cell strains (S4 Fig). We conclude that each classical RAD51 paralog plays a

specific function during HR.

In yeast, expression of Rad51 or Rad52 from a high-copy number plasmid partially sup-

presses the HR defect of strains deficient in the two Rad51 paralogs, Rad55 or Rad57 [85,86].

Similarly, overexpression of RAD51 or RAD52 in classical RAD51 paralog deficient chicken

cells partially suppresses their HR defects [35,87]. However, expression of either RAD52 or

BRCA2 (under the control of the strong cytomegalovirus promoter) did not significantly

reverse the defect in HR in any of the RAD51 paralog mutant cells (S4 Fig). Of note, ectopic

expression of RAD52 resulted in drastic reductions in HR in wild-type cells and also in

RAD51B deficient cells in which there is enough dynamic range to observe a decrease. RAD52

overexpression may sequester RAD51 or possibly compete with RAD51 for access to HR inter-

mediates. Marginal enhancement of HR levels was observed by overexpression of RAD51 in

U2OS cells but not in HEK293 cells (S4 Fig). We conclude that the roles of the classical

RAD51 paralogs are each distinct from that of BRCA2 or RAD52 and that increasing RAD51

levels is not sufficient to bypass HR deficiencies in cells deficient in any of the RAD51

paralogs.

Stable RAD51 nuclear focus formation is impaired in classical RAD51

paralog disrupted U2OS cells

To explore the involvement of the classical RAD51 paralogs in RAD51 control, we next investi-

gated spontaneous and IR-induced RAD51 nuclear foci formation in asynchronous popula-

tions by immunofluorescence in wild-type and RAD51 paralog deficient U2OS lines.

Approximately 40% of wild-type cells were positive for spontaneous RAD51 focus formation

(defined as cells with at least 5 foci/nucleus, Fig 4) in the absence of irradiation. In comparison,

RAD51 paralog deficient cells exhibited reduced numbers of cells with RAD51 foci. RAD51

foci were apparent in ~75% of wild-type cells irradiated with 4 Gy, but were markedly reduced

in all of the RAD51 mutant cells with RAD51B deficient cells exhibiting an intermediate phe-

notype. Defects in RAD51 foci formation were completely reversed by re-expressing each

respective RAD51 paralog (Fig 4 hatched bars, and full data set in S5A Fig).

The function of XRCC3 in RAD51 foci formation is controversial [51,57], and we investi-

gated the impact of XRCC3 disruption on RAD51 foci formation more precisely over time. No

increase in cells positive for RAD51 focus formation in XRCC3 mutant cells compared to wild-

type U2OS cells (S5B Fig) was observed at any time point. Similarly, no increase in cells
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Fig 4. RAD51 nuclear focus formation is impaired in RAD51 paralog disrupted cells. (A, B) Detection by

immunofluorescence of RAD51 nuclear foci in wild-type and RAD51 paralog disrupted U2OS cells, untreated (-IR) or

4 h after exposure to 4 Gy (+IR). Representative micrographs were obtained by confocal microscopy and shown as

black and white overlays of RAD51 immuno-staining signal and DNA staining with DAPI to delineate nuclei. Top row

panels are images obtained from wild-type and mutant cells. Bottom row panels are images obtained from the mutant

lines stably complemented with a retroviral construct expressing the corresponding wild-type allele. Note that some

RAD51 foci are detected outside of the nuclear region. These correspond to the accumulation of RAD51 at

centrosomes (microtubule organizing centers) as verified by gamma-tubulin co-localization experiments. (C)

Quantification of RAD51 nuclear focus formation by counting cells with at least 5 foci per nucleus as positive. For

wild-type and mutant cells, in two experiments at least 100 nuclei were scored, and at least 50 nuclei were scored in the

third experiment. For the stably complemented mutant cells at least 50 nuclei were scored in three experiments. Data

are presented as means +/- SD from three independent experiments. See S5A Fig for the entire data pools. Differences

between mutant and wild-type cells were statistically analyzed using unpaired one-way ANOVA and Tukey’s test. �

p< 0.05, �� p< 0.01, ��� p< 0.001, ns not significant. Comparisons between complemented and wild-type cells were

all ns in -IR and in +IR conditions (not indicated in the figure). Comparisons between complemented and mutant cells

were all ns in -IR conditions; B ��, C ���, D ��, X2 ��� and X3 �� in +IR conditions (not indicated in the figure).

https://doi.org/10.1371/journal.pgen.1008355.g004
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positive for RAD51 focus formation was observed when RAD51C was overexpressed in

XRCC3 deficient cells (S5C Fig). We conclude that the classical RAD51 paralogs are crucial for

formation of stable spontaneous and IR-induced RAD51 nuclear focus.

Classical RAD51 paralog disruption sensitizes human U2OS and HEK293

cells to mitomycin C and olaparib

Mutations in RAD51C and XRCC2 result in Fanconi anemia, a syndrome associated with

extreme sensitivity to drugs like mitomycin C (MMC) that induce DNA interstrand crosslinks

[79,80,88]. MMC sensitivity of each U2OS mutant cell line was assessed by clonogenic survival

assays. As these assays are challenging with cells that have reduced plating efficiency, condi-

tioned medium was used which was found to enhance plating efficiency (Fig 5A). RAD51

paralog mutant cells were hyper-sensitive to MMC in comparison to wild-type cells (Fig 5B).

However, RAD51B disrupted cells presented a less acute sensitivity to MMC than the other

RAD51 paralog mutants. Moreover, the hyper-sensitivity to MMC was efficiently rescued in

RAD51 paralog mutant cells stably complemented with the cognate wild-type RAD51 paralog

genes (S6A Fig).

Poly(ADP-ribose) polymerase (PARP) inhibition is used in the clinic to kill HR-deficient

tumor cells such as cells mutated for the breast cancer predisposition genes BRCA1 or BRCA2

by synthetic lethality [89]. Given the substantial HR deficiency of the RAD51 paralog knockout

lines, we tested whether they could efficiently be killed by treatment with the clinically

approved PARP inhibitor olaparib. RAD51 paralog mutant cells were highly sensitive to ola-

parib in comparison to wild-type cells in clonogenic survival assays (Fig 5C). However,

RAD51B knockout cells presented a less acute sensitivity to olaparib than the other RAD51

paralog mutants. Moreover, the hyper-sensitivity to olaparib was efficiently rescued in RAD51

paralog mutant cells stably complemented with the respective wild-type alleles (S6B Fig). Over-

all, the hyper-sensitivity to MMC and olaparib that we observed in U2OS cells with individual

disruption of the classical RAD51 paralogs is consistent with their implication in protection

and rescue of perturbed DNA replication forks.

Steady-state levels of RAD51 paralogs in mutants

Given the interactions seen between RAD51 paralogs, we asked whether loss of one RAD51

paralog affected the levels of the other paralogs. Immunoblots were performed using crude

protein extracts of wild-type and mutant U2OS cells and steady-state protein levels were semi-

quantified relative to levels detected in wild-type cells (Fig 6). The most dramatic effect was

observed with XRCC3 in RAD51C mutant cells in that XRCC3 levels were reduced to almost

undetectable levels. Thus, the interaction with RAD51C appears to be crucial for XRCC3 sta-

bility, although the converse is not true. The other interaction that was observed to be impor-

tant, although less so, was between RAD51D and XRCC2: in this case the relationship was

reciprocal, such that loss of either one led to a substantial (but not complete) reduction of the

other. More moderate reductions of other paralogs in the BCDX2 complex were observed with

loss of either RAD51B or RAD51C.

Analysis of RAD51B tumor-derived mutations

The RAD51 paralog mutant cell lines provide a means to rapidly analyze the impact of patient-

derived mutations by functional complementation. As a proof of concept, we identified five

highly conserved residues in RAD51B that are mutated in tumors from the MSK-IMPACT

database, three of which are located in the Walker motifs (Fig 7A and S7 Fig). We overex-

pressed these mutant RAD51B proteins in RAD51B knockout HEK293 cells and analyzed
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Fig 5. RAD51 paralog disruption sensitizes human U2OS cells to mitomycin C and olaparib. (A) Rescue of the

plating efficiency defect of RAD51 paralog disrupted U2OS cells using conditioned medium. Images of the culture

dishes stained with Coomassie to reveal colonies formed 7 to 10 days after seeding the wild-type and RAD51B mutant

cells in regular versus conditioned medium, and after 14 to 15 days for the other mutants. (B) Survival curves obtained

by clonogenic cell survival assays after treatment of exponentially growing U2OS cells with indicated doses of

mitomycin C (MMC). Analyses of the mutant cells stably complemented with a retroviral construct expressing the

corresponding wild-type allele are shown in S6A Fig. These experiments were performed at the same time. Results are

presented as means +/- SD from at least three independent experiments. Some points and error bars do not appear on

the graph due to log scale. (C) Survival curves obtained by clonogenic cell survival assays after treatment of

exponentially growing U2OS cells with indicated doses of olaparib. Analyses of the mutant cells stably complemented

with a retroviral construct expressing the corresponding wild-type allele are shown in S6B Fig. These experiments were

performed at the same time. Wild-type cells were not analyzed at doses below 0.1 μM of olaparib. Results are presented

as means +/- SD from at least three independent experiments. Some points and error bars do not appear on the graph

due to log scale.

https://doi.org/10.1371/journal.pgen.1008355.g005
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them in HR assays. Three of the five, RAD51B G108D, V207A, and G341V, were unable to

complement the HR defect of RAD51B knockout cells, whereas the other two, RAD51B

K114Q and R159H, were able to restore HR to wild-type levels (Fig 7B). We further performed

yeast 2-hybrid analysis to determine if the interaction with RAD51C was affected by these

mutations. RAD51B G108D had the strongest defect, whereas RAD51B V207A and G341V

showed impaired interaction with RAD51C under more stringent conditions (Fig 7C). These

Fig 6. RAD51 paralog protein levels in mutants. Immunoblots of crude cellular extracts from wild-type cells and

mutant U2OS cells. GRB2 was used as loading control. Arrow indicates XRCC2 specific band whereas � indicates a

non-specific band. The intensities of RAD51 paralogs protein bands were normalized to the GRB2 signal and the

quantification is expressed in relative % to the levels detected in wild-type cells. Differences between protein levels

detected in mutant versus wild-type cells were statistically analyzed using unpaired one-way ANOVA and Tukey’s test.
�p< 0.05, �� p< 0.01, ��� p< 0.001, ns not significant.

https://doi.org/10.1371/journal.pgen.1008355.g006

Differential Requirements for the RAD51 Paralogs in Genome Repair and Maintenance in Human Cells

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008355 October 4, 2019 12 / 29

https://doi.org/10.1371/journal.pgen.1008355.g006
https://doi.org/10.1371/journal.pgen.1008355


results with RAD51B G108D and V207A suggest that Walker A and B motifs of RAD51B are

important for its interaction with RAD51C and for its function in HR. Interestingly however,

mutating the highly conserved lysine in the Walker A motif to glutamine (K114Q) in RAD51B

did not affect its complementing activity in the HR assay or 2-hybrid analysis.

Fig 7. Walker A and B motifs of RAD51B are essential for its function in HR. (A) Schematic showing RAD51B with

cancer-associated mutations analyzed in this study (also see S7 Fig). (B) RAD51B knockout HEK293 cells were

transfected with I-SceI-expressing plasmid and with plasmid expressing RAD51B wild-type or the mutant protein. The

frequencies of GFP positive cells were measured 48 h post-transfection. The data is represented as the fold increase.

Data are presented as means +/- SD from five independent experiments. Differences between RAD51B mutant cells

and RAD51B mutant cells expressing wild-type RAD51B or RAD51B point mutants were statistically analyzed using

unpaired one-way ANOVA and Tukey’s test. �p< 0.05, �� p< 0.01, ns not significant. (C) Identification of RAD51B

point mutants that disrupt yeast 2-hybrid (Y2H) interaction with RAD51C. RAD51B and the corresponding point

mutants were expressed in Y2H plasmids containing the GAL4 activating domain (AD) or binding domain (BD) and

co-transformed with plasmids expressing RAD51C and the alternative GAL4 domain, as indicated. Empty AD and BD

vectors were used as negative controls. Growth on SC-Leu-Trp-His (-HIS; less stringent) or SC-Leu-Trp-His+3AT

(-HIS+3AT; more stringent) indicates a Y2H interaction whereas growth on SC-Leu-Trp (Control) indicates equal cell

loading.

https://doi.org/10.1371/journal.pgen.1008355.g007
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Discussion

We report here the generation of viable individual knockouts of the five classical RAD51 para-

logs in two different transformed human cell lines: U2OS cells of bone cancer origin and

HEK293 cells that exhibit cancer stem cell features [90]. Furthermore, we also generated con-

ditional mutants of each classical RAD51 paralog in non-transformed MCF10A mammary

epithelial cells, and in this genetic background, only RAD51B disrupted cells are viable after

Cre mediated excision of the complementing wild-type allele. It seems likely that the lethality

associated with classical RAD51 paralog in MCF10A cells (with the exception of RAD51B dis-

ruption), but not in U2OS and HEK293 cells, is due to intact DNA damage sensing and

response pathways in these non-transformed cells.

That RAD51B is distinct from the other RAD51 paralogs in terms of essentiality in

MCF10A cells was surprising, given that it is a member of the BCDX2 complex, it can function

with RAD51C to promote RAD51 function in vitro, and it is essential for embryogenesis in

mice like the other members of this complex. In the last few years, genome-wide CRISPR-Cas9

genetic screens have been performed to determine gene essentiality in various human cell

lines, each providing fitness scores to compare cells deficient in tested genes [91–93]. We

retrieved data from screens in 23 cell lines, using two different types of analyses, for each

RAD51 paralog as well as for RAD52, which is not essential in mammalian cells [94–96].

RAD51B gene-edited cells showed the best fitness scores in the vast majority of these cell lines

compared to cells disrupted for any of the other four RAD51 paralogs (S8A and S8B Fig), in

line with our data that loss of RAD51B results in the weakest phenotype among the RAD51

paralogs. In fact, the RAD51B fitness scores are closer to those of RAD52 than those of most of

the other RAD51 paralogs. Interestingly, among the RAD51 paralogs, fitness scores for XRCC2
gene-edited cells are intermediate between those of RAD51B and the three other RAD51 para-

logs. By contrast, RAD51D fitness scores are generally among the worst of the RAD51 paralogs,

including in KBM7 cells; however, in one study RAD51D was assessed to be non-essential in

KBM7 cells [97]. Thus, although these large-scale screens can provide hints regarding fitness

of mutants, a knockout strategy needs to be implemented to conclusively test for essentiality

for a particular gene in a particular cell line.

Phenotypes, including defects in cell growth, HR, and sensitivity to MMC and olaparib,

presented here for our collection of RAD51 paralog knockout lines, are overall similar to the

ones observed in chicken DT40 cells [35]. Consistent with the unique non-essentiality of

RAD51B in MCF10A cells, RAD51B mutant human cell lines systematically showed the weak-

est phenotypes in all assays compared to the other RAD51 paralog mutants, a distinction not

found in DT40 chicken RAD51 paralog knockout cells. A reason for this could relate to the

apparent hyper-recombinogenicity of DT40 cell lines [98]. Chinese hamster cells deficient for

RAD51C, XRCC2 and XRCC3 have all been isolated in screens for IR sensitivity; RAD51B

deficiency in hamster cells could also result in a relative milder phenotype and would therefore

have escaped detection in IR sensitivity screens.

Several studies suggested that the stability or steady-state levels of RAD51 paralog proteins

are interdependent [46,47,57,61,99] and we have similar observations. RAD51B disruption has

a small or moderate impact on the levels of the other RAD51 paralogs in the BCDX2 complex

in keeping with a less profound phenotypic impact. RAD51D-XRCC2 are interdependent for

their stability, but only partially so. The most dramatic dependence was seen with XRCC3,

which appears to be almost completely dependent on RAD51C for stability.

While the U2OS and HEK293 RAD51 paralog mutant lines reported here are viable, they

are less fit than their wild-type counterparts with a tendency to accumulate dead cells in cul-

ture. Determining the reasons for the slow growth of the mutant lines will require further
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analysis. They will likely be linked to the role of the RAD51 paralogs in DNA replication fork

maintenance given their implication in repair of collapsed replication forks by HR and protec-

tion of stalled replication forks [49,52]. Defects in replication fork maintenance could lead to cell

cycle progression anomalies. In this context, the studies suggesting direct roles of some of the

classical RAD51 paralogs in cell cycle checkpoint signaling are intriguing [53]. However, the

exact roles of the classical RAD51 paralogs in these signaling mechanisms are still unresolved,

but the reagents generated in this study will help address some of these issues. Altogether, the

impact on cell growth and physiology of individual disruption of the five classic RAD51 paralogs

in human U2OS and HEK293 cells parallel the ones reported for the individual RAD51 paralog

knockouts in chicken DT40 cells [35,44]. Given that DT40 cells are derived from a bursal lym-

phoma induced by avian leukosis virus infection, and are therefore of cancer origin, our results

suggest that divergent DNA repair processes operate in cancer cells compared to normal cells.

Defects in spontaneaous and IR-induced RAD51 nuclear focus formation were observed in

all of the RAD51 paralog mutant U2OS lines, indicating that all five classical RAD51 paralogs

are required for stable RAD51 nuclear focus formation. These results contrast with previous

reports in which U2OS and HCT116 XRCC3-deficient cells treated with IR and XRCC3-defi-

cient HeLa cells treated with radiomimetic drug neocarzinostatin showed normal formation of

RAD51 nuclear foci [57,60]. However, the studies in U2OS and HeLa cells were based on

siRNA-mediated depletion of XRCC3 rather than loss-of-function alleles. The results from

HCT116 knockout cells remain puzzling, although it should be noted that HCT116 cells,

which are of colon cancer origin, are mismatch repair deficient and have accumulated numer-

ous additional mutations [100]. Nevertheless, the results from our study suggest that all classi-

cal RAD51 paralogs are required for detection of stable RAD51 containing repair complexes,

with RAD51B having a more modest role. We propose that a collaborative dynamic interplay

between all five classical RAD51 paralogs is involved in controlling stabilization and remodel-

ing of RAD51 complexes at DNA repair sites, for example, as proposed for the yeast RAD51

paralog complex Rad55-Rad57 and C. elegans RAD51 paralog complex RFS-1/RIP-1 [11,101].

In conclusion, we have generated three sets of human isogenic lines with individual disrup-

tion of the five classical RAD51 paralogs that can now be used by the community to further

explore their cellular functions. The mutant lines harbor a HR reporter stably integrated in

their genome, which provides a means to rapidly analyze the impact of patient-derived muta-

tions by functional complementation. As a proof of concept, we demonstrated the ease with

which these mutant lines can be used to test the HR proficiency of RAD51 paralog variants of

clinical interest in a small pilot screen with RAD51B. In addition, we have recently utilized

these cell lines to perform similar HR analysis with RAD51C and RAD51D patient-derived

reversions and mutations [102,103]. This kind of analysis will be particularly useful for investi-

gation of the numerous RAD51 paralog variants of unknown significance found in patient

cancer cells which may in the long-term help optimize personalized cancer therapies. More-

over, the cell lines will also be valuable for clinically oriented studies aimed at understanding

drug resistance and synthetic lethality mechanisms. These reagents will be helpful for in depth

fundamental analysis of the roles of the classical RAD51 paralogs in genome maintenance

mechanisms, including, not only HR-related mechanisms, but also DNA damage induced cell

cycle checkpoint, chromosome segregation and other functions.

Materials and methods

Cell culture

The MCF10A cell line containing an integrated DR-GFP reporter [81] was grown in DMEM

HG/F-12 supplemented with 5% horse serum, 1% penicillin and streptomycin, 100 ng/mL
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cholera toxin, 20 ng/mL epidermal growth factor, 0.01 mg/mL insulin, and 500 ng/mL hydro-

cortisone in a 5% CO2 atmosphere at 37˚C. Infection of MCF10A cells with Lenti-Cre was per-

formed as described in [81]. The HEK293 DR-GFP cell line [84] and the U2OS SCR#18 cell

line kindly provided by Dr. Ralph Scully and Dr. Nadine Puget [67] were grown in DMEM

supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin in a 5% CO2

atmosphere at 37˚C. For HEK293 DR-GFP cells, plates were pre-coated with poly-L-lysine

(Sigma). All the cell lines were tested mycoplasma negative. Each of MCF10A DR-GFP,

HEK293 DR-GFP, and U2OS SCR#18 are clonal isolates from their derivation with the indi-

cated recombination reporter.

Establishment of conditional RAD51 paralogs and knockouts in MCF10A

cells

To generate the five conditional RAD51 paralog cell lines, MCF10A cells were co-transfected

with a donor plasmid (see S8 Table) that contained a full-length cDNA for each paralog driven

by the CAG promoter (cytomegalovirus enhancer fused to the chicken beta-actin promoter)

and flanked by LoxP sites and vectors expressing TALENs toward AAVS1 locus. Transfections

were performed using electroporation (Gene Pulser II, Bio-Rad; 350 V, 1000 μF) and post-

transfected cells were selected with G418 (0.2 mg/ml) for a week. G418 resistant colonies were

picked and analyzed for the presence of cDNA using cDNA specific primers. Once all five con-

ditional RAD51 paralogs lines were generated, either CRISPR-Cas9 or TALENs were used to

disrupt endogenous alleles as described below.

To generate RAD51B knockouts paired gRNA were used. The oligonucleotides used to gen-

erate the guides are shown in S1 Fig. To knockout RAD51C, RAD51D, XRCC2 and XRCC3,

TALENs were used. Left and right TALEN recognition sequences are shown in S1 Fig. After

transfection of either gRNA or TALENs, individual colonies were picked, expanded and PCR

was performed across the exon of interest with the primer pairs described in the S4 Table. For

RAD51B, paired gRNA technique was employed, and the PCR products were fractionated on a

2.4% gel to determine size difference. The clones that contained shorter PCR products were

further analyzed by TOPO cloning the PCR products and DNA sequencing. At least ten colo-

nies were sequenced to determine the indel type. For the other four RAD51 paralogs, PCR was

performed using the primer pair described in S4 Table across the exon of interest. This PCR

product was digested with the indicated restriction enzyme (S4 Table). If the PCR product was

completely digested, the clone would be genotyped as wild-type, however if the PCR product

was resistant to the indicated restriction enzyme, the clone would be identified as a mutant.

These mutant clones were further analyzed by TOPO cloning the PCR products and DNA

sequencing. At least ten colonies were sequenced to determine the indel type.

Establishment of RAD51 paralogs U2OS and HEK293 knockout cell lines

The RAD51 paralog knockout cell lines were generated using the S. pyogenes CRISPR-Cas9

genome editing system [104]. Oligonucleotides used to generate vectors expressing guide

RNAs targeting RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 genes, and oligonucleotides

for PCR amplification of the targeted genomic locus are listed in S5 and S6 Tables, respectively.

Guide RNA sequences were annealed and cloned into BbsI sites of pSpCas9(BB)-2A-GFP vec-

tor (Addgene plasmid #48138, pX458). These pX458-derived plasmids were transfected into

U2OS and HEK293 cells using polyethyleneimine (PEI) at 2 μg PEI/μg DNA. GFP+ cells were

sorted in 96-well plates 48 h post transfection using a FACS Aria III cell sorter (BD BioSci-

ences). Single cells were grown until formation of viable individual clone in DMEM medium

supplemented with 50% fetal bovine serum and 1% penicillin/streptomycin. Cells were
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expanded and knockout clones were confirmed by western blotting and sequencing. Genomic

DNA was isolated from edited clones and non-edited control cells using the DNeasy Blood &

Tissue Kit (Qiagen). RAD51 paralog specific loci were PCR amplified using gene specific PCR

primers (S6 Table). The PCR products were cloned into the pCRBlunt vector and transformed

in Top10 E. coli bacteria. Sanger sequencing was used to analyzed at least seventeen individu-

ally cloned amplicons.

Cell extracts and immunoblotting

Cell lysates were prepared by resuspending cell pellets in RIPA buffer (150 mM NaCl, 50 mM

Tris pH 8.0, 5 mM EDTA, 0.5% sodium deoxycholate, 0.1% SDS, 1.0% Nonidet P-40, 2.0 mM

phenylmethylsulfonyl fluoride, 1 mM Na3VO4) supplemented with protease and phosphatase

inhibitors (Pierce, Life Technologies). The lysates were incubated on ice for 30 min and cleared

by centrifugation (14,000 rpm for 30 min at 4˚C). Protein concentrations were measured

using Bradford Biorad Protein Assay kit. Equal amount of protein extract (50–100 μg) was

resolved on Bolt 4–12% Bis-Tris Plus Gels (Invitrogen) and transferred onto PVDF mem-

brane. Membranes were blocked for 1 h using 3% BSA in TBST (50 mM Tris-HCl pH 8, 150

mM NaCl, 0.1% tween-20). Proteins were detected using the primary antibodies listed in S7

Table. Secondary antibody detection was performed using HRP-conjugated goat anti-rabbit

(1:5000), or goat anti-mouse (1:5000) (Dako). Immunoblots were developed using Chemilu-

minescent ECL western blotting detection reagents (ECLPrime Western Blotting System,

RPN2232 or ECL Select Western Blotting Detection Reagent RPN2235 from GE Healthcare).

Images were analyzed on a ChemiDocMP system (Biorad). Loading control and normalization

were assessed using anti-GRB2 antibodies. The band intensities of RAD51 paralogs protein

were normalized to the GRB2 signal and expressed in relative % of the levels detected in wild-

type cells. The intensities of protein bands were quantitated using ImageJ Gel Analysis

program.

Doubling time

Doubling times were measured using the CellTiter-Glo Luminescent Cell Viability Assay (Pro-

mega) using manufacturer recommendation. Briefly, 5000 cells were seeded in 96-well plates

and measurements were performed initially and 24, 48, 72 and 96 h. Cell doubling time was

calculated using GrahPad Prism software by nonlinear regression (exponential growth equa-

tion) analysis.

Plating efficiency

Plating efficiency was determined by colony formation assay. Cells were seeded in 6-well plates

at 500 and 2500 cells per well and grown for 7 to 15 days. Cells were washed with PBS, fixed

and stained with 50% ethanol, 7% Acetic acid, 1 g/L Coomassie blue R250. Colonies containing

more than 50 cells were counted. Plating efficiencies were calculated as number of colonies/

number of plated cells x 100.

Apoptosis assays

Apoptosis was measured using Annexin V and 7-Aminoactinomycin D labeling (eBioscience).

Cells were seeded onto 6-well plates. After 24 h, exponentially growing cells were collected and

washed with cold PBS. Then, resuspended cells were stained at 106 cells/ml in 100 μl of 1X

Annexin V Binding Buffer containing Annexin V and 7-Aminoactinomycin D according to

the manufacturer’s instructions (eBioscience). After incubation for 15 minutes at room
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temperature in the dark, 100 μl of 1X Annexin V Binding Buffer were added and cells were

analyzed by FACS. The percentage of viable cells (low Annexin V/low 7-Aminoactinomycin

D) was determined.

Genotyping of MCF10A cells post-Cre treatment

Post-Cre MCF10A cells were seeded at a density of 1000–2000 cells / 10 cm plate in duplicates

and allowed to grow for 11 days. After 11 days, one set of plates were washed with PBS, fixed

with methanol for 30 min and stained with Giemsa (620G-75, EMD Millipore). Colonies were

picked from second set of 10 cm plates. Genomic DNA was extracted from these colonies and

PCR was performed across AAVS1 locus using the following primers to confirm excision of

RAD51 paralog. Forward primer: 5’-ATTGTGCTGTCTCATCATTTTGGC and Reverse

primer: 5’-CTGGGATACCCCGAAGAGTG. PCR product sizes before and after Cre treat-

ment are: ~2.5 kb and ~1.3 kb respectively.

Clonogenic survival assays

U2OS cells were seeded in conditioned medium in triplicate in 6 cm plates and allowed to

attach for 4 h before treatment with mitomycin C (Roche 10 107 409 001) or olaparib (Selleck-

chem AZD2281, Ku-0059436) at the indicated doses. Conditioned medium was obtained by

mixing 50% fresh DMEM supplemented with 10% FBS and 1% penicillin/streptomycin and

50% filtered medium obtained from U2OS cells grown for 48 h and supplemented with 1% L-

glutamate (Life Technologies). After 10 to 14 days, cells were washed, fixed and stained with

50% ethanol, 7% Acetic acid, 1 g/L Coomassie blue R250. Colonies containing more than 50

cells were counted. Results were normalized to untreated cells. For each genotype, cell viability

of untreated cells was defined as 100%.

DR-GFP homologous recombination assays

Post-Cre MCF10A cells were infected with I-Sce-I expressing lentivirus, cells were washed 24 h

later and HR was measured 48 h later by quantifying the percentage of GFP+ cells by FACS (Bec-

ton Dickinson FACScan). U2OS and HEK293 cells were seeded into 10 cm plates 24 h prior to

transfection with 2.5 μg of the I-SceI expression vector pCBA-SceI (Addgene plasmid # 26477,

[105] or an empty vector in combination with 0.5 μg of pcDNA-RFP using polyethylenimine

(PEI) at a ratio of 2:1 of PEI:total DNA. Cells were collected 72 h post-transfection and multicolor

FACS analysis was performed with a LSRII apparatus (Becton Dickinson). Data were analyzed

with FlowJo software (Tree Star, Ashland). RFP signal was used as transfection efficiency control

and double positive cells (GFP+/RFP+) were counted as positive for HR events. Results were rep-

resented as a ratio of double-positive cells to the total number of RFP-positive cells. For transient

complementation assay, 2 μg of pCMV plasmids expressing RAD51 paralogs, RAD51, RAD52 or

BRCA2 were transfected in combination with 2.5 μg of pCBA-SceI and 0.5 μg of pcDNA-RFP.

For stable complementation assays, cells transfected with retroviruses expressing RAD51 paralogs

were used. For RAD51B cancer-associated mutant analysis, RAD51B-/- HEK293 cells were trans-

fected with 1 μg of the I-SceI expression vector pCBA-SceI and 1 μg of the RAD51B expression

vector. Cells were collected 48 h post-transfection and FACS analysis was performed by flow

cytometry (BD FACScan), and data were analyzed using FlowJo software.

Plasmid constructs

Human RAD51 paralog cDNAs were cloned into NcoI/XbaI sites of pCMV-myc-nuc (Ther-

moFisher). Human RAD51 cDNA was cloned into the NcoI/SalI sites of pCMV-myc-nuc.
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Human RAD52 cDNA was cloned into the NcoI/XhoI sites of pCMV-myc-nuc. Human

BRCA2 cDNA was cloned into the NcoI/XhoI sites of a modified pCMV-myc-nuc. For the ret-

roviral constructs expressing the wild-type RAD51 paralogs, FLAG tagged-human RAD51

paralog cDNAs were PCR amplified to add EcoRI-kozak-start-flag sequences to the 5’ end of

each RAD51 paralog as indicated in S8 Table. Each RAD51 paralog was then cloned into

EcoRI/SalI sites of the pWZL-hygro retroviral vector (Addgene plasmid #18750). Retroviruses

were produced in Phoenix-AMPHO cells (ATCC CRL-3213) and harvested 48 h after transfec-

tion. RAD51 paralog disrupted cells were transduced with retroviruses in presence of 2 μg/mL

of polybrene (Sigma) and selected 72 h post-transduction with 300 μg/ml (U2OS) or 200 μg/

ml (HEK293) hygromycin B for 7 days. RAD51B point mutants were made in yeast 2-hybrid

plasmids (pGAD-C1 and pGBD-C1) and a mammalian expression plasmid (pCMV) using

site-directed mutagenesis. The oligonucleotides used to generate these mutants are listed in S8

Table. Yeast 2-hybrid experiments were performed as previously described [103]. All plasmids

are listed and described in S8 Table.

Immunofluorescence

For RAD51 nuclear focus formation analysis, cells were cultured on coverslips for 24 h and

then irradiated or not with 4 Gy using a RS2000 generator (Radsource). After irradiation, cells

were allowed to recover for 4 h. Cells were then washed with PBS, treated with CSK buffer (10

mM PIPES pH 7.0, 100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 0.7% Triton X-100) for 2

min at 4˚C, washed with PBS and fixed with 4% paraformaldehyde for 10 min at 4˚C before an

additional fixation step of 2 min with glacial methanol. Coverslips were rinsed with PBS and

blocked for 1 h in PBS containing 0.1% Triton X-100 and 5% BSA. Cells were stained using a

rabbit anti-RAD51 serum (1:5000) [106] in 0.5% BSA PBS at room temperature for 1 h prior

to incubation with AlexaFluor 594 or 488 anti-rabbit secondary antibodies (1:5000, Molecular

Probes) in 0.5% BSA PBS. Coverslips were mounted onto slides with Vectashield mounting

media containing DAPI (Vector laboratories) and images were obtained using a Zeiss Axio

Imager Z2 microscope with a 63x oil immersion objective. Maximum-intensity projection

images were generated to display foci in all sections and were analyzed using ImageJ software.

Automatic counting was performed using FoCo [107] and validated manually.

Statistical analysis

Statistical analysis was performed using GraphPadPrism version 6.0 (GraphPad Software).

Measurements are presented as means ± standard deviation (SD). Except when indicated,

comparisons between two groups were analyzed by performing unpaired one-way ANOVA

followed by Tukey’s test. A base p value of< 0.05 was considered statistically significant.

Analyses of mycoplasma and viral contaminations

To verify that cell lines were free of mycoplasma or viral contaminations, mycoplasma con-

tamination was monitored as described [108]. Detection of EBV, HBV, HCV, HIV-1, HIV-2,

HTLV-I/II, MLV, and SMRV was carried out as described previously [109,110].

Authentication of cell lines and confirmation of targeted gene disruptions

For authentication of cell lines, genomic DNA was isolated using the High Pure PCR Template

Preparation Kit (Roche Life Science). STR DNA genotyping at DSMZ was carried out as

described previously using a nonaplex PCR reaction of eight highly polymorphic STR loci plus

Amelogenin-based gender determination [111]. Generated STR profiles have been compared
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with the international STR Reference Database of DSMZ [112]. All derivatives of MCF-10A,

U2OS and HEK293 showed full authenticity.

DSMZ performed an independent confirmation of gene disruptions in U2OS SCR#18 and

HEK293-DR-GFP derivatives specific for RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3

disruptions as well as their reconstituted counterparts. Using primers presented in S6 Table,

targeted DNA regions were amplified and respective amplicons cloned into pGEM-T (Pro-

mega) and the products subjected to Sanger sequencing. All disruptions of RAD51B,

RAD51C, RAD51D, XRCC2 and XRCC3 could be confirmed.

Quantitative RT-PCR

To verify overexpression of RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3 in comple-

mented cell lines, total RNA was isolated using TRIzol reagent (Invitrogen) according to the

manufacturer’s instructions. cDNA was synthesized from 5 μg of RNA with random primers

using Superscript II Kit (Invitrogen, Thermo Fisher). Real-time quantitative PCR was per-

formed with Taqman probes from Applied Biosystems (Hs01568763_m1 for RAD51B,

Hs04194939_s1 for RAD51C, Hs00979545_g1 for RAD51D, Hs03044154_m1 for XRCC2,

Hs00193725_m1 for XRCC3, 4333769F for TBP) and the Taqman Fast Advanced Master-Mix

(Applied Biosystems, Thermo Fisher) using the 7500 Fast Real-Time PCR System (Applied

Biosystems). Relative expression was evaluated using the ΔΔCt-method and TBP as endoge-

nous control and shown in S9 Fig.

Availability of reagents

U2OS and HEK293 derivatives including wild-type, mutant and complemented mutant lines

have been deposited at the Leibniz Institute DSMZ, German Collection of Microorganisms

and Cell Culture and the MCF10A mutant lines will be sent to this resource as well for future

distribution.

Supporting information

S1 References. Supporting information references.

(DOCX)

S1 Fig. Inactivation of RAD51 paralogs in human MCF10A cells. Schematics showing the

genomic locus for each RAD51 paralog where filled and clear exons represent coding and

non-coding exons respectively (see S1 Table for reference to the Ensembl transcript). Stars

indicate the locations of the sequences encoding the Walker A and B motifs. DNA sequence in

red and blue indicates the left and right gRNA binding sites and the PAM (underlined) for

RAD51B and left and right TALEN recognition sequences for RAD51C, RAD51D, XRCC2 and

XRCC3. ATG is shown in bold. Underneath these are the genotypes of the mutant cell lines

used in this study with DNA sequences in gray highlighting the indels.

(TIF)

S2 Fig. Individual disruption of the classical RAD51 paralogs in U2OS cells. For each

RAD51 paralog, a panel is presented to show the organization of the genomic locus (see S1

Table for reference to the Ensembl transcript) and the location of the targeted site by the

gRNA (blue) and the PAM (red) early in the coding sequences used for CRISPR-Cas9 genome

editing (top). Stars indicate the locations of the sequences encoding the Walker A and B motifs

(blue deleted, red retained). The genotype of the mutant cell line with the indels and the size of

the predicted truncated polypeptide (a.a.) are shown below. Full-size immunoblots of crude

cellular extracts from wild-type cells, mutant cells and mutant cells stably complemented with
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a retroviral construct expressing the corresponding wild-type allele are shown on the bottom

right side. GRB2 was used as loading control. See S1 Table for clone names.

(TIF)

S3 Fig. Individual disruption of the classical RAD51 paralogs in HEK293 cells. The legend

is the same as for S2 Fig.

(TIF)

S4 Fig. RAD51 paralog disruption leads to homologous recombination deficiency. U2OS

and HEK293 wild-type and RAD51 paralog mutant cells were transfected with I-SceI-express-

ing plasmid and with plasmids expressing RAD51 paralogs, RAD51, RAD52 or BRCA2

cDNAs under the control of the strong cytomegalovirus promoter. The frequencies of GFP

positive cells were measured 72 h post-transfection. Data are presented as means +/- SD from

at least three independent experiments. Differences between complemented cells and either

wild-type (WT graph) or mutant cells (B, C, D, X2 and X3) were statistically analyzed using

unpaired one-way ANOVA and Tukey’s test. � p< 0.05, �� p< 0.01, ��� p< 0.001, ns not sig-

nificant.

(TIF)

S5 Fig. RAD51 focus formation is defective in RAD51 paralog disrupted U2OS cells. (A)

Quantification of RAD51 nuclear focus formation by immunofluorescence in wild-type,

RAD51 paralog disrupted and stably complemented RAD51 paralog disrupted U2OS cells

exposed to 0 or 4 Gy and after 4 h of recovery. Pool of all the data collected from three experi-

ments for each cell line and condition is presented in the dot plot. Sample sizes from left to

right are n = 323, 293, 186, 269, 179, 277, 173, 275, 167, 277, 279 for (-IR) condition; and

n = 280, 260, 190, 276, 162, 290, 181, 261, 170, 299, 290 for (+IR) condition. (B) Time course

of RAD51 nuclear focus formation by immunofluorescence in wild-type (black) and XRCC3
mutant (blue) U2OS cells exposed to 4 Gy and incubated up to 24 h. At least 100 nuclei were

scored for each time point. Results are presented as means +/- SD from three independent

experiments. Differences between mutant and wild-type cells were statistically analyzed using

unpaired one-way ANOVA and Tukey’s test. � p< 0.05, �� p< 0.01. (C) Quantification of

RAD51 nuclear focus formation by immunofluorescence in wild-type, XRCC3 mutant, and

XRCC3 mutant U2OS cells stably complemented with XRCC3 or RAD51C cDNAs, respec-

tively. Cells were exposed to 0 (filled bars) or 4 Gy (hatched bars) and scored after 4 h recovery.

Data for WT, X3 and X3-/X3+ are reported from Fig 4C for comparison to the X3-/C+ experi-

mental samples. In the latter case, two experiments were performed scoring at least 50 nuclei

per experiment where in total, 125 and 132 images were analyzed for 0 and 4 Gy conditions,

respectively. The data are presented as means +/- SD from the two experiments. Differences

between mutant and wild-type cells were statistically analyzed using unpaired T test. ��

p< 0.01, ��� p< 0.001, ns not significant. Differences between complemented (X3-/X3+ or

X3-/C+) and mutant cells (X3-) were all ns in -IR conditions; and, �� and ns for X3-/X3+ and

X3-/C+, respectively, in +IR conditions (not indicated in the figure).

(TIF)

S6 Fig. RAD51 paralog disruption sensitizes U2OS cells to mitomycin C and olaparib. Survival

curves obtained by clonogenic cell survival assays after treatment of exponentially growing U2OS

cells with indicated doses of (A) mitomycin C (MMC) or (B) olaparib. Analyses of the mutant

cells stably complemented with a retroviral construct expressing the corresponding wild-type allele

are shown. Results are presented as means +/- SD from at least three independent experiments.

These clonogenic survival assays were performed concomitantly with those in main Fig 5.

(TIF)
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S7 Fig. Alignment of RAD51B from different species. RAD51B point mutations identified

in tumors from the MSK-IMPACT database and analyzed in this study (Fig 7) are indicated in

red.

(TIF)

S8 Fig. Growth fitness of human cell lines after RAD51 paralog CRISPR-Cas9 targeting.

Comparison of fitness scores expressed in arbitrary units from 18 human cell lines [92,93] (A)

and 5 human cell lines [91] (B) after RAD52 and RAD51 paralog CRISPR-Cas9 targeting pre-

dicts that disruption of RAD51B is more similar to RAD52 disruption than to the disruption of

the other RAD51 paralogs in terms of cell survival. Raw CRISPR-Cas9 scores after RAD52 and

RAD51 paralogs targeting from various genetic screens are shown on the right of each panel.

Yellow highlights indicate the highest relative fitness score. Note that in panel A better fitness

tends toward positive numbers but it is reversed in panel B where better fitness tends toward

negative numbers. The graphs appear thus as mirror images. Differences between RAD51

paralog mutant and RAD52 mutant cells were statistically analyzed using unpaired one-way

ANOVA and Tukey’s test. �� p< 0.01, ��� p< 0.001, ns not significant.

(TIF)

S9 Fig. Quantitative RT-PCR analysis. Expression of RAD51B, RAD51C, RAD51D, XRCC2
and XRCC3 was measured by qRT-PCR as indicated in the methods section for wild-type,

mutant and complemented mutant cell populations, respectively. Relative expression levels are

presented for the U2OS (top) and HEK293 (bottom) cell lines.

(TIF)

S1 Table. Designation of mutant clones.

(DOCX)

S2 Table. Sequencing results for the genotyping of RAD51 paralog disrupted U2OS cells.

(DOCX)

S3 Table. Sequencing results for the genotyping of RAD51 paralog disrupted HEK293

cells.

(DOCX)

S4 Table. Genomic PCR primers for MCF10A cells.
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S5 Table. Oligonucleotides for gRNAs targeting RAD51 paralogs.
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