Calibration of pathogenicity due to variant-induced leaky splicing defects:  
by 
the model ofusing  BRCA2 exon 3 as model system


SUPPLEMENTARY DATA (Table of contents)
Supplementary Materials and Methods

Supplementary Figures
Supplementary Figure S1. Human BRCA2 mRNA and protein.
Supplementary Figure S2. Selection strategy of 100 variants located BRCA2e3 and its flanking intronic regions for calibration of variant-induced splicing defects.
Supplementary Figure S3. Selection of the 13 variants that were designed to gradually weaken the 5’/3’ss strength of BRCA2 exon 3.
Supplementary Figure S4. Selection of 40 synonymous BRCA2e3 variants predicted as the most susceptible to affect splicing by disrupting putative SREs.
Supplementary Figure S5. Structure of the pCAS2.BRCA2e3 minigenes used in the splicing reporter assay.
Supplementary Figure S6. Bioinformatics predictions of an intronic variants leading to the use usage of a de novo or a cryptic 3’splice site.
Supplementary Figure S7. Impact on splicing of variations predicted to decrease the strength of BRCA2e3 splice sites.
Supplementary Figure S8. Comparison of the variant-associated splicing effects observed in the context of BRCA2e3 minigenes with in silico data obtained with SRE-dedicated approaches.
Supplementary Figure S9. Correlation between variant-associated exon skipping levels observed in the context of pCAS2-BRCA2e3 minigene assay and in silico data obtained with SRE-dedicated approaches.
Supplementary Figure S10. Sanger sequencing of the FL RT-PCR products of patients carrying variations within BRCA2e3. 
Supplementary Figure S11. Correlation analysis between BRCA2 exon 3 inclusion levels observed in different systems.
Supplementary Figure S12. Expression of human BRCA2 protein in selected mESC clones.
Supplementary Figure S13. Complementation phenotypes of BRCA2e3 variants expressed in mESCs.
Supplementary Figure S14. Sensitivity of BRCA2e3 variants to different DNA-damaging agents as determined in the mESC-based assay.
Supplementary Figure S15. Correlation analysis between BRCA2 exon 3 inclusion levels observed in minigene- and mESC-based assays.
[bookmark: _GoBack]Supplementary Figure S16. Bioinformatics predictions of an exonic variant leading to the usage of a de novo 3’splice site.
Supplementary Figure S15S17. Protein sequence alignment between twelve BRCA2 orthologs.

Supplementary Tables
Supplementary Table S1. Overview of bioinformatics predictions and experimental data obtained for the 100 selected BRCA2 exon 3 variants. (excel file)
Supplementary Table S2. Description of primers used in this study (excel file)
Supplementary Table S3. Comparison of experimental results obtained with pCAS2-BRCA2e3 minigenes carrying natural variants mapping to BRCA2 exon 3 splice sites or to flanking intronic positions with in silico data obtained with splice site-dedicated bioinformatics approaches. (excel file)
Supplementary Table S4. Comparison of the experimental results obtained with pCAS2-BRCA2e3 minigenes carrying natural BRCA2 exon 3 variants with in silico data obtained with SRE-dedicated bioinformatics approaches. (excel file)
Supplementary Table S5. Statistical analyses conducted in this study. (excel file)
Supplementary Table S5S6. Clinical and family data of patients carrying BRCA2 exon 3 spliceogenic variants. (excel file)
Supplementary Table S6. Statistical analyses conducted in this study. (excel file)

Supplementary Note
Supplementary References


Supplementary Materials and Methods
Minigene-based splicing reporter assays. In order to evaluate the impact of the selected BRCA2e3 variants on RNA splicing, we performed a functional assay based on the comparative analysis of the splicing pattern of wild-type (WT) and mutant reporter minigenes by using the pCAS2 vector (1), as previously described (2). Briefly, the WT genomic fragments containing BRCA2e3 and 202 bp and 225 bp of upstream and downstream intronic sequence [c.68-202_ 316+225] were PCR amplified from patient genomic DNA by using a combination of forward B2Ex3_InFus_Bam-F and reverse B2Ex3_InFus_Mlu-R primers (Supplementary Table S2) and then inserted into the BamHI and MluI cloning sites of the reporter plasmid pCAS2, yielding the three-exon hybrid minigenes pCAS2-BRCA2e3 (Supplementary Figure S5). When patient genomic DNA was not available, the variants of interest were introduced by site-directed mutagenesis by using the two-stage overlap extension PCR method (3) and a combination of specific primers indicated in Supplementary Table S2 and the WT constructs as template. Then, the mutant amplicons were introduced by  into the previously linearized pCAS2 vector at BamHI and MluI cloning sites by homologous recombination using the SLICE method (4). The integrity of all constructs was confirmed by sequencing. Next, WT and mutant minigenes (400 ng/well) were transfected in parallel into HeLa cells grown at ~70% confluency in 12-well plates using the FuGENE 6 transfection reagent (Roche Applied Science). HeLa cells obtained from ATCC were tested negative for mycoplasma contamination and cultured in Dulbecco’s modified Eagle medium (Life Technologies) supplemented with 10% fetal calf serum in a 5% CO2 at 37°C. Twenty-four hours later, total RNA was extracted using the NucleoSpin RNA II kit (Macherey Nagel) according to the manufacturer’s instructions, and the transcripts encoded by the minigenes were analyzed by semi-quantitative fluorescent RT-PCR (30 cycles of amplification) in a 25 μl reaction volume by using the OneStep RT-PCR kit (Qiagen), 200 ng total RNA and the 6FAM-pCASKO1F forward and reverse pCAS-2R minigene primers (Supplementary Table S2). RT-PCR products were separated by electrophoresis on 2.5% agarose gels containing ethidium bromide and visualized by exposure to ultraviolet light under saturating conditions using the Gel Doc XR image acquisition system (Bio-RAD), followed by gel-purification and sanger sequencing for proper identification of the minigene’s transcripts. In parallel, splicing events were quantitated by performing capillary electrophoresis on an automated sequencer (Applied Biosystems) using 500 ROX™ Size Standard (Applied Biosystems) followed by a computational analysis by using the GeneMapper v5.0 software (Applied Biosystems). Results are presented as the mean of three independent experiments and represent the proportion (%) of transcripts containing exon 3 (FL) relative to the total amount of detected transcripts (FL + other isoforms such as Δ3).
Analysis of the BRCA2e3 splicing pattern in RNA samples from patient and control individuals. Informed written consent was obtained from each subject Peripheral blood samples were directly collected into PAXgene Blood RNA Tubes (Qiagen) from which total RNA was extracted by using the PAXgene Blood RNA kit, according to the manufacturer’s instructions. EBV-immortalized lymphoblastoid cell lines (LCLs) (Genethon, France) were cultured in RPMI medium (Life Technologies) supplemented with 2 mM of L-glutamine and 10% fetal calf serum, at 37°C in a 5% CO2 atmosphere. They all tested negative for mycoplasma contamination. Before RNA extraction, LCLs were transferred into 6-well plates, at 2.5x106 cells/well, and incubated for 5.5 hours with/without 200 μg/ml puromycin prior to harvest. Total RNA was extracted by using the NucleoSpin RNA II kit (Macherey Nagel). The splicing patterns of BRCA2 transcripts expressed in peripheral blood and in LCLs were analyzed by semi-quantitative fluorescent RT-PCR (40 and 26 cycles of amplification for PAXgene and LCL samples, respectively) in a 25 μl reaction volume by using the OneStep RT-PCR kit (Qiagen), 200 ng of total RNA and a combination of forward and reverse primers located in BRCA2 exons 2 and exon 5, respectively (Supplementary Table S2). Then, RT-PCR products were separated by electrophoresis on a 2% agarose gel, gel-purified and sequenced. In parallel, splicing events were quantitated by performing capillary electrophoresis on an automated sequencer (Applied Biosystems) using 500 ROX™ Size Standard (Applied Biosystems) and analyzed by using the GeneMapper v5.0 software (Applied Biosystems). Results are presented as the mean of three independent experiments.
Allele-specific expression analysis. Allele-specific expression (ASE) of BRCA2e3-containing transcripts (+E3) was measured by performing a SNaPshot quantitative primer extension assay (SNaPshot MultiplexKit, Applied Biosystem), as previously described (1). Briefly, RT-PCR products spanning BRCA2 exons 2 to 5 were obtained from patients’ RNA sample (PAXgenes and LCLs), by using a combination of forward RT-BRCA2Ex2-F and reverse RT-BRCA2Ex5-R primers (Supplementary Table S2). In parallel, the genomic segment encompassing BRCA2e3 was amplified by PCR from the genomic DNA of the same patient by using a combination of forward BRCA2Ex3_InFus_Bam-F and reverse BRCA2Ex3_InFus_Mlu-R (Supplementary Table 3). Then, primer extension reactions were performed by using the RT-PCR and PCR products as template and variant-specific primers indicated in Supplementary Table S2. Purified extension products along with 120 LIZ Size Standard (Applied Biosystems) were separated by capillary electrophoresis on an automated 3500 Genetic Analyzer (Applied Biosystems) and analyzed by using the GeneMapper v5.0 software (Applied Biosystems). SNaPshot results obtained from patient cDNA were normalized by those obtained from corresponding patient gDNA in order to correct possible differences in fluorescent yield and terminator dye incorporation.
Mouse embryonic stem cells (mESC)-based complementation assay. PL2F7 cells (5,6) were cultured on mitotically inactive SNL feeder cells in M15 media, which is Knockout DMEM media (Life Technologies) supplemented with 15% fetal bovine serum (FBS; Hyclone), 0.00072% beta-mercaptoethanol, 100 U/ml penicillin, 100 mg/ml streptomycin and 0.292 mg/ml  L-glutamine at 37 C, in a 5% CO2 atmosphere. 
Genomic fragments containing the variant of interest were PCR-amplified from mutant pCAS2-BRCA2e3 minigenes by using specific primers carrying BAC homology arms (Supplementary Table S2). These fragments were subsequently introduced into BAC constructs containing the full-length human BRCA2 gene (BAC RPCI-11 777 19I) by recombineering in SW102 bacteria using the galK-based counter selection method as previously described (6–8). 
BAC DNA (25 µg) was then electroporated into 1.107 mESC per ml suspended in 0.9 ml PBS by setting a Gene Pulser (Bio-Rad) at 300 V, 500 mF. Twenty-four hours after electroporation, G418 (180 µg/ml) selection was performed for 5 days, after which cells were transferred to normal M15 medium until colonies became visible. Forty-eight individual colonies were picked into 96-well plates and hBRCA2 expression was verified by RT-PCR and Western blot analyses. 
For RT-PCR analysis, total RNA was extracted from mESC pellets by using RNeasy 96 kit (Qiagen), according to the manufacturer instruction and RT-PCR (30 cycles of amplification) was carried out in a 25 µl reaction volume by using the OneStep RT-PCR kit (ABM), ~100 ng total RNA and B2ex11FRT and B2ex14R RT primers, located in exons 11 and 14, respectively (Supplementary Table S2). RT-PCR products were separated by electrophoresis on 1.2% agarose gels containing ethidium bromide and visualized by exposure to ultraviolet light. For Western blot, cells were lysed in lysis buffer (20 mM HEPES, 100 mM NaCl, 1mM EDTA, 1mM NaF, 1mM EGTA, 1 mM DTT and 0,1% Triton X, including one tablet of complete mini protease inhibitor cocktail tablets per 10 ml of lysis buffer added immediately before use). Protein extracts were resolved by SDS PAGE by using NuPAGETM 3-8% Tris-Acetate protein gels (Invitrogen) and subsequently transferred to nitrocellulose membranes. Blots were blocked with milk and incubated with rabbit polyclonal anti-BRCA2 (BETHYL Laboratories, A303-434A-T-1) and mouse monoclonal anti-vinculin (Santa Cruz Biotechnology, sc25336) primary antibodies overnight at 4°C, washed with PBST and probed with horseradish peroxidase-conjugated secondary antibodies at room temperature for 1 h and subjected to ECL (Amersham). Finally, immunoreactive bands were detected by incubating immunoblots with ECL reagent and exposing for 30 sec to 10 min in a luminescence image analyser (Syngene GeneGenome) (Supplementary Figure S12). 
After confirmation of hBRCA2 expression, G418-resistant (G418R) clones (2 clones/variant) expressing equivalent levels of hBRCA2, as determined by RT-PCR and Western blot, were electroporated with PGK-Cre plasmid DNA (25 µg) into 1.107 mESC G418R per ml suspended in 0.9 ml PBS. Electroporation was performed by setting a Gene Pulser (Bio-Rad) at 230 V, 500 mF. Thrirty-six hours after electroporation,recombinant clones were selected for the deletion of the conditional allele in HAT (Hypoxanthine-Aminopterin-Thymidine) media for 5 days, after which cells were switched to HT (Hypoxanthine-Thymidine) media for 2 days and then transferred to M15 medium until colonies became visible. 
HAT-resistant (HATR) colonies were counted after methylene blue staining by using ImageJ and the number of colonies was then compared to that of no-HAT control to determine the rescue rate (HATx100/no-HAT). In parallel, 24 individual colonies were picked into 96-well plates and genotyped by Southern blotting as previous described (6,9). After confirmation of BRCA2 recue, HATR clones (2 clones/variant) were selected for genotoxic and irradiation sensitivity assays. For this purpose, HATR clones were seeded in triplicate in 96-well plates at 8,000 mESC HATR per well. Next, drug treatment (with cisplatin, Mitomycin C (MMC), methyl methanesulfonate (MMS), olaparib or camptothecin) was performed for 72 hours, 18 hours after seeding, whereas ionizing irradiation (137Cs source, γ-irradiator) was performed 24 hours after seeding. Finally, cells were cultured in fresh M15 media for 72 hours, after which the relative number of living cells was measured using XTT assay (Sigma) (6,10). Drug treatment concentrations as well as irradiation doses are indicated in Supplementary Figure S13 
In addition, the splicing pattern of hBRCA2 transcripts expressed in HATr mESC was analyzed by semi-quantitative fluorescent RT-PCR (24 cycles of amplification) in a 25 μl reaction volume by using the OneStep RT-PCR kit (Qiagen), 200 ng of total RNA and a combination of specific primers located in BRCA2 exons 2 and exon 5 (Supplementary Table S2). Then, RT-PCR products were separated by electrophoresis on a 2% agarose gel, gel-purified and sequenced and splicing events were quantitated by performing capillary electrophoresis on an automated sequencer (Applied Biosystems) using 500 ROX™ Size Standard (Applied Biosystems) and computational analysis by using the GeneMapper v5.0 software (Applied Biosystems). The relative level of FL transcripts was determined by calculating the percentage of transcripts containing BRCA2e3 (FL) relative to the total amount of transcripts with and without BRCA2e3 (FL + Δ3). All the cell lines were tested negative for mycoplasma contamination.
Performance assessment of splicing-dedicated algorithms. The evaluation of the predictive power of splicing-dedicated bioinformatics methods was performed by measuring three parameters defined as follows: sensitivity (Sen) = [TPx100/(TP+FN)], specificity (Spe) =  [TNx100/(TN+FP)] and accuracy (Acc) = [(TN+TP)x100/(TN+TP+FN+FP), where TP (true positive) and FN (false negative) are the numbers of positive samples that are predicted/called to be positive and negative, respectively. Analogously, TN (true negative) and FP (false positive) values are the numbers of negative samples that are predicted to be negative and positive respectively. TP, TN, FP, FN were determined by taking into account previously determined generic thresholds (11) as indicated under Supplementary Figure S3. 
Statistical analyses. Data derived from comparison of experimental and in silico analyses were compared by using (i) Student test or Mann-Whitney for assessing the performance of the bioinformatics tools in discriminating variants that induced exon skipping versus those that did not) and (ii) Spearman or Pearson correlation for measuring the correlation between exon inclusion levels and in silico predictions, as detailed in Supplementary Table S6. All statistical analyses were performed by using GraphPad Prism software (Version 5.0). Results are expressed as two sided p-values (* p-value<0.05, ** p-value<0.01, *** p-value<0.001) and were considered significant when p-value <0.05. 
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Supplementary Figure S1. Human BRCA2 mRNA and protein. (A) Main features of full-length BRCA2 mRNA and protein (adapted from (12)). The diagrams, which are not drawn to scale, are based on BRCA2 reference sequences NM_000059.3 (transcript) and NP_000050.2 (protein). The full-length BRCA2 transcript contains 27 exons and a protein coding sequence from r.1 (exon 2) to r.10257 (exon 27). BRCA2 exon 3 (r.68-r.316), the focus of this study, is highlighted in dark grey. This exon codes for a BRCA2 segment (p.Asp23-p.Leu105) that includes the major part of the critical PALB2 binding domain (PB) and the transcriptional transactivation domain (TT). The interaction of BRCA2 with PALB2 via PB is important for its nuclear localization and stability, chromatin binding, recruitment to DNA damage sites, checkpoint maintenance, and for functionally connecting to BRCA1 (13–17), The minimal region of PB (represented in yellow) spans BRCA2 positions p.Thr10 to p.Pro40 (15). One third of this region is encoded by the 3’-terminal portion of BRCA2 exon 2 (r.28-r.67), whereas the remaining two thirds are encoded by the 5’-proximal portion of exon 3 (r.68-r.120). The TT domain (shown in green), which physiological role remains uncertain, interacts with the transcriptional repressor EMSY and is implicated in transcriptional regulation, namely of androgen receptor-regulated genes (18,19). The primary and auxiliary activating regions of the TT domain correspond to p.Arg18-p.Asn60 (partially overlapping PB) and p.Asn60-p.Leu105, respectively (20,21). (B) Impact of BRCA2 exon 3 skipping on the functional integrity of BRCA2. Yellow and green represent the PB and TT BRCA2 protein domains described in (A). PB, PALB2 binding domain; TT, transcriptional transactivation domain; DB2, DNA binding domain 2; H, helical domain; OB, oligonucleotide binding folds (H and OB are portions of the DNA binding domain 1); NLS, nuclear localization signal; P, phosphorylation site; nt, nucleotides; Δ3, skipping of exon 3; aa, amino acids.
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Supplementary Figure S2. Selection strategy of 100 variants mapping to BRCA2e3 and its flanking intronic regions for calibration of variant-induced splicing defects. To calibrate the severity of variant-induced BRCA2e3 splicing defects, we selected translationally silent variants (intronic or synonymous) bioinformatically predicted to affect BRCA2e3 splicing by either weakening the strength of 5’ or 3’ splice sites (5’/3’ss, n=21) or by disrupting putative splicing regulatory elements (SREs, n=40) as further detailed in Supplementary Figures S2-S3. In addition, we also retained those detected in probands selected from families undergoing genetic counselling in one of the BRCA diagnostic laboratories from the French GGC-Unicancer (n=13). Functional analyses were also performed for a set of missense variants (n=24) identified in probands undergoing genetic counselling in one of the BRCA diagnostic laboratories, including c.316G>A (p.Gly106Arg) that was identified in a child who died at age 5 yo of malignancy associated with Fanconi anemia (FA). Two pathogenic variants, c.92G>A (p.Trp31*) and c.145G>T (p.Glu49*) that were previously described for their impact on splicing (35, 36) were also retained as controls. 3’ss, 3’ splice site; 5’ss, 5’ splice site; SSFL, SpliceSiteFinder-like; SRE, splicing regulatory element.
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Supplementary Figure S3. Selection of the 13 variants that were designed to gradually weaken the 5’/3’ss strength of BRCA2 exon 3. After performing in silico predictions of variant-induced alterations of the strength of BRCA2e3 5’/3’ss by using the MaxEntScan algorithm (ΔMES values relative to WT), we selected 21 variants at the exon-intron borders that were predicted to gradually weaken the strength of BRCA2e3 3’ss (A) or 5’ss (B). This selection encompassed 8 variants previously identified within the BRCA2e3 splice sites in the context of HBOC genetic testing by the French GGC network as described in the BRCA-Share database (light blue bars, Supplementary Table S1; 3’ss, n=2 and 5’ss, n=6) and 13 other variants designed to gradually weaken the 3’ss or the 5’ss of exon 3 (dark blue bars; n=4 or n=9, respectively). Out of these 13 variants, 8 were artificially created and 5 are naturally occurring variants described in the ClinVar database (Supplementary Table S1). A total of 21 variants expected to directly affect the definition of BRCA2e3 splice sites were thus integrated into our calibration set and experimentally tested in the minigene splicing assay. The grey color indicates variants that were not retained for experimental analysis. ΔMES, changes in MaxEntScan scores relative to WT.
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Supplementary Figure S4. Selection of 40 synonymous BRCA2e3 variants predicted as the most susceptible to affect splicing by disrupting putative SREs. First, we simulated all possible single nucleotide changes in BRCA2e3 (n=747, the majority being “artificial”, i.e. currently absent from human variation databases). Then, only synonymous variants (n=161) were retained for an exploratory SRE-dedicated in silico analysis with QUEPASA, HEXplorer, SPANR and HAL. We then applied the “at least 3” decision rule with the thresholds indicated in the top panel inferred by Tubeuf and co-workers (11) to predict which variants were more likely to induce exon skipping (n=49). Next, a number of 40 variants were selected by taking into account the 25 SNVs with the most extreme negative scores produced by each SRE-dedicated approach as indicated in the table at the bottom. The grey background indicates variants present in a precedent column in the same table. Variants in the white background thus represent all those selected for experimental analyses and integration into our dataset. Twenty-eight out of the selected 40 single nucleotide changes correspond to artificial variations not yet described in human variation databases, whereas the following 12 variants are naturally occurring changes: c.75A>G, c.99A>G, c.102A>G, c.114>G, c.165C>T, c.195A>C, c.222G>A, c.243C>T and c.256C>T, c.267G>T, c.267G>A, and c.303C>T (Supplementary Table S1).
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Supplementary Figure S5. Structure of the pCAS2-BRCA2e3 minigenes used in the splicing reporter assay. The pCAS2-BRCA2e3 minigenes were generated by inserting a genomic fragment containing BRCA2e3 as well as upstream/downstream flanking intronic sequences (165 and 225 nucleotides, respectively) into the intron of the pCAS2 vector, as indicated. The pCAS2 vector carries two exons (A and B) with a sequence derived from the human SERPING1/C1NH gene, separated by an intron containing BamHI and MluI cloning sites. Boxes represent exons, and lines in between indicate introns, whereas the bent arrow specifies the cytomegalovirus (CMV) promoter and the black circle indicates the polyadenylation signal (Poly A). Arrows below the exons represent primers used in RT-PCR reactions. The star in the forward primer symbolizes a 6-FAM 5’ fluorescent modification for detection of the RT-PCR products upon capillary electrophoresis. 
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Supplementary Figure S6. Bioinformatics predictions of an intronic variants leading to the use usage of a de novo or a cryptic 3’ splice site. Predictive 3’ss scores were obtained with SpliceSiteFinder-like (SSFL) and MaxEntScan (MES) algorithms for both reference (WT) and mutated mutant (c.68-1G>A) sequencessequences, as indicated. Both panels consistThe image consists of a screen shots of the intron 2-exon 3 junctions obtained with the Alamut Visual v2.11 software tool (Interactive Biosoftware). The reference intronic and exonic sequences are indicated by a the white and grey backgrounds, respectively. whereas the exonic segments have a grey background. (A) 
As observed in the minigene assay (Supplementary Table S1), BRCA2 c.68-1G>A leads to the production of transcripts containing BRCA2e3 deleted of its first 6 nucleotides (E3Δp(6nt)) due to the creation of a de novo 3’ss (MES = 8.3) concomitant to the destruction of the natural 3’ss (MES = 6.1 and 0; SSFL = 87.9 and 0, in the WT and mutated contexts, respectively), as predicted by both MES and SSFL algorithms. 
(B) In the minigene assay (Supplementary Table S1), BRCA2 c.100G>A is responsible of a partial splicing defect with the production of three transcripts: (i) one containing the entire exon 3 (FL= 77%), (ii) one lacking exon 3 (∆3 = 14%) and (iii) one with inclusion of exon 3 deleted from its first 45 nucleotides ([E3Δp(45nt)] = 9%), due to the creation of a de novo 3’ splice site at the position c.112 (MES = 3.2 and SSFL = 77.3) in competition with the natural 3’ splice site (MES = 6.1 and SSFL = 87.9). 
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Supplementary Figure S7. Impact on splicing of variations mapping to BRCA2e3 splice sites. (A) Distribution of 24 variations mapping to the 3’ss or the 5’ss of BRCA2e3. The diagram shows the nucleotide composition in the vicinity of BRCA2e3 splice sites, the amino acid sequence encoded by the exon (1-letter code), as well as the relative position and identity of the variants of interest. Artificial variants are indicated by a dot. (B) Variant-induced alterations in the strength of BRCA2e3 splice sites as predicted by the MES, SSFL (ΔMES and ΔSSFL values relative to WT) and SPiCE in silico tools. (C) RT-PCR analysis of the splicing pattern of pCAS2-BRCA2e3 minigenes carrying the variants of interest. Wild-type (WT) and mutant pCAS2-BRCA2e3 minigene constructs were transiently expressed in HeLa cells. The splicing patterns of the RNA produced from the different minigenes were then analyzed by semi-quantitative fluorescent RT-PCR followed by capillary electrophoresis. Results represent the mean of BRCA2e3 skipping level (Δ3) of three independent transfection experiments. Error bars indicate standard error of mean values. E3, exon 3; MES, MaxEntScan; SSFL, SpliceSiteFinder-like.
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Supplementary Figure S8. Comparison of the variant-associated splicing effects observed in the context of BRCA2e3 minigenes with in silico data obtained with SRE-dedicated approaches. The 73 exonic variations outside the reference splice sites were separated into 2 groups according to their impact on splicing as experimentally determined by performing pCAS2-BRCA2e3 minigene-based splicing assays (Figure 1 and Supplementary Table S1). Panels A to F E compare these data with the corresponding in silico results obtained with QUEPASA, HEXplorer, SPANR, HAL, LRskip and LRinc, respectively (Supplementary Table S5). The dashed lines indicate the thresholds used in this study as shown in Supplementary Table S5. Two-sided p-values were calculated by using ANOVA or Kruskal-Wallis, as indicated in Supplementary Table S6. *, p<0.05; **, p<0.01; ***, p<0.001.




Supplementary Figure S9. Correlation between variant-associated exon skipping levels observed in the context of pCAS2-BRCA2e3 minigene assay and in silico data obtained with SRE-dedicated approaches. Exon skipping levels refer to semi-quantitative data obtained from the pCAS2-BRCA2e3 minigene assay (Supplementary Table S1). Panels A to E compare these data with the corresponding in silico results obtained with QUEPASA, HEXplorer, SPANR, HAL and LRskip and LRinc, respectively (Supplementary Table S1). Determination coefficients (R²) and two-sided p-values were determined by performing a Pearson or Spearman correlation analysis, as indicated in Supplementary Table S6. *, p<0.05; **, p<0.01; ***, p<0.001.
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Supplementary Figure S10. Sanger sequencing of the FL RT-PCR products of patients carrying variations within BRCA2e3. Partial sequence chromatograms of FL cDNA fragments amplified from RNA samples of heterozygous patients carrying the following BRCA2e3 variants: c.92G>A, c.145G>T, c.231T>G, c.316G>C and c.316G>A, as indicated. The electropherograms show the presence of both alleles in the FL BRCA2e3 RT-PCR products (overlapping wild-type and mutant peaks indicated by the arrows).
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Supplementary Figure S11. Correlation analysis between BRCA2 exon 3 inclusion levels observed in the minigene assay and in patient RNA samples.different systems.
(A) Comparison of BRCA2 exon 3 splicing patterns observed in patient-derived samples and minigene assay. The impact on splicing of BRCA2e3 variants was determined in the context of the pCAS2-BRCA2e3 minigene (mono-allelic) and compared with those observed in equivalent patient-derived RNA samples (bi-allelic). The precise correspondence between the levels of exon skipping observed in the pCAS2-BRCA2e3 minigene assays and patient-derived RNA samples (LCLs untreated with puromycin, and PAXgene) and the identity of the corresponding BRCA2e3 variant, is indicated on Supplementary Table S1. R², coefficient of determination.
(B) Comparison of BRCA2 exon 3 splicing patterns observed in minigene assay and allele-specific expression monitored in patient-derived RNA samples. The impact on splicing of BRCA2e3 variants was determined in the context of the pCAS2-BRCA2e3 minigene and compared with allele-specific expression (ASE) assessed in equivalent patient-derived RNA samples. The correspondence between the levels of exon 3 skipping observed in the pCAS2-BRCA2e3 minigene assays and the relative contribution of the variant allele to the expression of full-length BRCA2 transcripts observed in patient-derived RNA samples (mean values per variant) and the identity of the corresponding BRCA2e3 variant, is indicated on Supplementary Table S1. R², coefficient of determination. 
(C) Comparison of BRCA2 exon 3 splicing patterns observed in mESC and minigene assay. The impact on splicing of BRCA2e3 variants was determined in the context of the pCAS2-BRCA2e3 minigene (mono-allelic) and compared with those observed in mESC (mono-allelic). The precise correspondence between the levels of exon skipping observed in the pCAS2-BRCA2e3 minigene assays and mESC and the identity of the corresponding BRCA2e3 variant, is indicated on Supplementary Table S1. R², coefficient of determination.
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Supplementary Figure S12. Expression of human BRCA2 protein in selected mESC clones. Human BRCA2 and mouse vinculin proteins from WT and variant mESC clones were detected by Western blot analysis before Cre-mediated deletion of the conditional mouse allele, as described under Supplementary Materials and Methods. The anti-BRCA2 antibody is specific for the human protein as it does not recognize the mouse orthologue. Vinculin (~120 kDa) was used as loading control. Due to the small molecular weight difference between FL and Δ3 BRCA2 proteins (~384 kDa and ~375 kDa, respectively), these large protein isoforms are indistinguishable by Western blot analysis. The figure consists of a composite image corresponding to different experiments. FL, full-length; Δ3, skipping of exon 3 (corresponding to an internal protein deletion of 83 amino acids, i.e. ~11 kDa, Supplementary Figure S1).
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Supplementary Figure S13. Complementation phenotypes of BRCA2e3 variants expressed in mESCs. Mouse ES cells expressing either WT or mutant BRCA2 from a genomic copy of the human gene were electroporated with a pGKCre expression plasmid to induce loss of the conditional mBrca2 allele and restore the HPRT gene. Upon Cre-recombinase expression cells become mBrca2 deficient, a lethal condition unless complemented by the expression of a (full or partially) functional hBRCA2 variant. Seven days post pGKCre transfection, colonies were counted after methylene blue staining by using ImageJ and the number of colonies was compared to that of no-HAT control to determine the rescue rate (HATx100/no-HAT). The rescue rate of each variant was then compared to that of the WT-expressing cells, as indicated below each plate. The qualitative nature of the complementation output is indicated between parenthesis (Yes, complementation equivalent to WT; Poor, partial complementation; No, failed complementation
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Supplementary Figure S14. Sensitivity of BRCA2e3 variants to different DNA-damaging agents as determined in the mESC-based assay. After loss of the conditional mBRCA2 allele, mESC colonies expressing either WT or mutant hBRCA2 (two colonies per mutant, as indicated) were exposed to DNA-damaging agents (olaparib, methyl methanesulfonate, Mitomycin C, cisplatin, camptothecin, or ionizing radiation) as described under Supplementary Materials and Methods. Survival of mESCs expressing hBRCA2 variants was then measured by the XTT assay and compared to that of mESC expressing wild-type hBRCA2. Values represent the percentage of surviving cells compared with untreated cultures. Error bars indicate standard deviation.
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Supplementary Figure S15. Correlation analysis between BRCA2 exon 3 inclusion levels observed in minigene- and mESC-based assays.  The impact on splicing of BRCA2e3 variants was determined in the context of the pCAS2-BRCA2e3 minigene (mono-allelic) and compared with those observed in mESC (mono-allelic). The precise correspondence between the levels of exon skipping observed in the pCAS2-BRCA2e3 minigene assays and mESC and the identity of the corresponding BRCA2e3 variant, is indicated on Supplementary Table S1. R², coefficient of determination.
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Supplementary Figure S16. Bioinformatics predictions of an exonic variant leading to the usage of a de novo 3’ splice site. Predictive 3’ss scores were obtained with SpliceSiteFinder-like (SSFL) and MaxEntScan (MES) algorithms for both reference (WT) and mutant (c.100G>A) sequences, as indicated. The image consists of a screen shot of the BRCA2 intron 2-exon 3 junction obtained with the Alamut Visual v2.11 software tool (Interactive Biosoftware). The intronic and exonic sequences are indicated by the white and grey backgrounds, respectively. 
In the minigene assay (Supplementary Table S1), BRCA2 c.100G>A is responsible of a partial splicing defect with the production of three transcripts: (i) one containing the entire exon 3 (FL= 77%), (ii) one lacking exon 3 (∆3 = 14%) and (iii) one with inclusion of exon 3 deleted from its first 45 nucleotides ([E3Δp(45nt)] = 9%), due to the creation of a de novo 3’ splice site at the position c.112 (MES = 3.2 and SSFL = 77.3) in competition with the natural 3’ splice site (MES = 6.1 and SSFL = 87.9). 
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Supplementary Figure S175. Protein sequence alignment between twelve BRCA2 orthologs. This alignment was generated by the Alamut Visual v2.11 interface (Interactive Biosoftware) and focuses on the region corresponding to the end of BRCA2e3. The black arrow points to the position of a missense variation (BRCA2 p.Gly106Arg), located at the end of exon 3, and identified in a Fanconi anemia patient as mentioned in the main text. Amino acids are indicated in a single-letter code.
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GGC-Unicancer consortium
French HBOC diagnostic laboratories within the “Genetic and Cancer Group” (GGC)
(http://www.unicancer.fr/)
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