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Abstract 

Homologous recombination deficiency (HRD) leads to genomic instability that marks HRD 

tumor genome with a specific genomic scar. Present in many cancers, HRD is important to 

be detected as it is associated with a hyper-sensitivity to some classes of drugs, in particular 

the PARP inhibitors. Here, we investigate the use of structural variants detected by the 

Optical Genome Mapping (OGM) technology to identify HRD tumors. We first compared the 

performance of OGM and whole genome sequencing (WGS) in an HRD triple negative 

breast carcinoma (TNBC) carrying a germline BRCA2 deleterious mutation. We showed the 

excellent performance of OGM and its ability to recognize subclonal events not detected by 

WGS. We then analyzed by RVA OGM data from fifteen TNBC samples from the clinical trial 

RadioPARP. We defined two features characteristic of HRD. Tandem duplication (TD) and 

insertion events were found increased in HRD tumors. We showed that insertion calls were 

probably mostly TD too small to be called as TD by RVA. The insertion/TD feature fully 

discriminated HRD from all homologous recombination proficient (HRP) TNBC but one. This 

outlier carried a CCNE1 amplicon probably explaining the excess of insertion/TD. Total 

numbers of translocations were similar in HRP and HRD TNBC. We suggested a novel 

feature, translocations and intra-fusions isolated from another event by 3 megabases. 

Isolated translocations and intra-fusions perfectly discriminated HRD from HRP TNBC.  

Our results demonstrate that the OGM technology is an affordable way of getting an insight 

of the structural variants present in solid tumors, even with low tumoral cellularity. It 

represents an alternative technology for HRD diagnosis, which should now be evaluated in 

independent series of tumors of different tissue origins.   
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Introduction 

Our cells are constantly exposed to endogenous and exogenous damage that alters DNA. 

Double Strand Breaks (DSB) of the DNA are the most toxic type of damage as they will lead 

to aneuploidy if left unrepaired before cell division. This repair can be performed using 

several different pathways (Ceccaldi et al. 2016; Scully et al. 2019), but the Homologous 

Recombination (HR) pathway is the only one able to repair ad integrum the genome, since it 

utilizes an intact copy of the broken genome region as a template, i.e. the sister chromatid 

after replication or the homologous chromosome during meiosis. Key actors in the HR 

pathway include BRCA1, BRCA2 and PALB2. These large proteins bind to the ends of the 

broken DNA to deposit on the single stranded DNA a microfilament made up of RAD51 and 

RAD51 paralogues. This microfilament will recognize and invade the homologous sequence 

to copy it. The continuity of the broken DNA will be eventually restored after resolution of the 

chromatid or chromosome bridges (Holliday junctions). Three other main mechanisms of 

repair of DSBs are the Non-Homologous End Joining (NHEJ), a process that is tolerant to 

nucleotide changes and insertion or deletion of bases (indel); Alternative-End Joining (Alt-EJ) 

/ Microhomology-mediated end joining (MMEJ), a process that induces systematic small 

deletions with microhomologies: and Single Strand Annealing (SSA), which induces large 

deletions. 

Homologous recombination deficiency (HRD) is an important feature to be recognized in 

cancer (Groelly et al. 2022). Many possible mechanisms may explain such deficiency. The 

main causes are mutations of key HR actors, most frequently BRCA1 or BRCA2, but PALB2, 

RAD51 paralogs (RAD51C, RAD51B and possibly RAD51D) mutations also play a significant 

role. These mutations could be inherited in hereditary breast and ovarian cancer syndrome 

(HBOC) or somatic. The second wild-type allele of the respective HR gene is inactivated in 

HRD tumors by deletion of the region, or more rarely by somatic mutations. Epigenetic 

inactivation of HR genes, mainly BRCA1 and RAD51C, by hypermethylation of the promoter 

region of these genes is also a frequent mechanism of HRD. HRD is found in approximately 

half of triple negative (hormone receptors negative, no over-expression of HER2) breast 
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carcinomas (TNBC) and of high-grade serous ovarian carcinomas, and in many other solid 

tumors at lower frequencies (Riaz et al. 2017; Knijnenburg et al. 2018).  

Discovered in cellular models (Bryant et al. 2005; Farmer et al. 2005), the hypersensitivity of 

HRD tumors to PARP inhibitors was demonstrated in clinical trials (Mirza et al. 2016; Ray-

Coquard et al. 2019). Thus, establishing the HR status of tumors, especially for high-grade 

serous ovarian carcinomas, is highly clinically relevant. Different methods have already been 

developed to diagnose HRD. Since this deficiency is due to the inactivation of HR genes 

target-sequencing of these genes is the most direct approach. Despite its large use in clinics, 

some limitations were identified, such as interpretation of variants of unknown significance 

and of variants in genes with more distant role in HR (for example ATM, CDK12…), the lack 

of detection of BRCA1 and RAD51C methylation, which are major players of HRD, and of 

course the inability to detect HRD of unknown origin. The current strategy consists in 

measuring patterns of somatic alterations of the cancer genome (mutations or structural 

rearrangements) directly due to the DNA repair defect. The first generation of HRD 

signatures, extracted from SNP-arrays, includes large genomic changes (LST; Large Scale 

Transition), the amount of Loss of Heterozygosity (LOH) as well as the Telomeric Allelic 

Imbalance (TAI) (Abkevich et al. 2012; Birkbak et al. 2012; Popova et al. 2012). Those 

signatures are presently the FDA-approved tests used in clinics. Large sequencing panels or 

Whole Genome Sequencing (WGS) allow the measure of the Single Base Substitution (SBS) 

signature 3 shown to be associated with BRCA1/2 deficient tumors (Polak et al. 2017). WGS 

allows not only the recognition of SBS3, but also the exhaustive description of rearrangement 

signatures, some of them being strongly associated with HRD, such as RefSig R5 

characterized by deletions smaller than 100kb. RefSig R3, characterized by a number of 

tandem duplications (TD) smaller than 100kb has also been shown to be associated 

specifically with BRCA1-mutated tumors (Nik-Zainal et al. 2016; Davies et al. 2017). This 

WGS approach and the associated diagnostic pipeline HRDetect are highly performant but 

remain costly in terms of sequencing and data storage, and demanding in terms of 

bioinformatics. 
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We here explore Optical Genome Mapping (OGM) as an alternative from WGS for its ability 

to detect HRD. OGM is an affordable genome-wide visualization technique able to detect 

structural rearrangements. It is non sequencing based and does not employ mechanical 

forces to destroy the DNA. Molecules larger than 150kb are directly extracted and labeled 

with fluorophore tags approximately 15 times every 100 kb. Labelled DNA is then linearized 

on a chip where nano channels are engraved in order to image unique large DNA molecules 

on the Saphyr genome imager.  Molecules are then aligned to gather to create a consensus 

optical map that is automatically compared to a reference map in a genome wide fashion and 

for which any deviation in the labelling pattern or molecule coverage indicates the presence 

of a structural variant (SV) or a copy number variant (CNV). The entire genome has a high 

coverage, usually beyond 300X, allowing to detect even rare variants. Evaluation of patterns 

compared to a reference is then used to detect structural variants.   

We first compared OGM and high-coverage WGS in one BCRA2-inactivated Triple Negative 

Breast Cancer (TNBC; negative for estrogen and progesterone receptors and not 

overexpressing HER2). We then studied a TNBC clinical cohort for which the HRD status 

was known.  

 

Materials and Methods 

Whole Genome Sequencing  

Whole Genome Sequencing (WGS) was performed with Illumina NovaSeq 6000 paired-end 

technology and selected read length was 2 x 150bp. Resulting fastq files were aligned to the 

reference genome hg38 using Burrows-Wheeler Aligner v0.7.15. Duplicates were marked 

with Sambamba and removed with Samtools. Resulting bam files were analyzed together for 

structural variants using Delly v0.9.1 and Manta v1.6(Rausch et al. 2012; Chen et al. 2016). 

Both pipelines used a somatic filtering to filter out germline variants present in the germline. 

Resulting vcf files were analyzed using R and the library tidyverse.  
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Optical Genome Mapping (OGM) 

Optical genome mapping (OGM) requires at least 5mg of frozen tissue in order to extract at 

least 750ng of genomic DNA (gDNA). High-molecular weight DNA was extracted by the 

Bionano Prep SP Tisue Kit following the manufacturer’ instructions. DNA labeling was 

performed according to the DLS protocol with the DLE1 enzyme (CTTAAG sequence). The 

Saphyr Chip linearizes the labelled molecules and guides them into nanochannels to be 

imaged. Three samples were analyzed simultaneously for 3 days in order to obtain the 

highest possible coverage (Supp Table). Rare Variant Analysis (RVA) was performed using 

the Access software version 1.7 and solve version 3.7. The limits of detection of RVA are 

SVs > 5kb down to 5% allele fraction). A copy number variation tool running in parallel is able 

to detect CNVs > 500kb down to 10% allele fraction. Smap files generated by Bionano’s 

pipelines were downloaded and data analyses were performed with R using the tidyverse 

library.  

 

Data and statistical analyses 

To compare breakpoints of structural variants between two different methods we used the 

following distance:  

Dist = |Astart – Bstart| + |Aend– Bend| 

where Astart is the starting chromosomal position of the variant detected in method A and 

Aend the ending chromosomal position of the same variant, and the same annotation is used 

for method B.  

We filtered out all the variants detected by Delly or Manta supported by less than 10 reads, 

as well as deletions, duplications, insertions and inversions smaller than 1kb. Structural 

variants of the same type with distance between their breakpoints of less than 6kb (below the 

resolution of OGM) were combined as a same event. For Delly and Manta comparison, SVs 

were considered equivalent if they have the same type, and if their distance is smaller than 

10 for precise variants supported by discordant split reads, and smaller than 510bp for 

imprecise variants supported only by discordant paired reads.   
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Variants detected by OGM and present in the control database of Bionano were filtered out. 

When comparing OGM and WGS, the threshold of maximum distance to consider an event 

equivalent used is 50kb. 

The Wilcoxon Mann-Whitney nonparametric test was used in order to assess significant 

differences between the two groups of samples. P values < 0.05 were considered significant. 

The significance of the p values is annotated on graphs as * if p < 0.05, ** if p < 0.005 and *** 

if p < 0.001.   

 

Results and Discussion 

Comparison of OGM and WGS to detect structural variants in tumor DNA  

In order to evaluate OGM results we compared the structural variants detected by the RVA to 

those detected by WGS in a TNBC occurring in a BRCA2-mutation carrier. This sample was 

first analyzed with OGM, without its paired control at a coverage of 984X. Using the VAF of 

the detected variants, we estimated the tumor cellularity of this sample to be around 60%. 

Using RVA method we detected 46 deletions, 9 duplications (3 tandem, 2 inverted and 4 split 

duplications), 9 insertions, 5 inversions, 49 translocations et 27 intra-fusions. This tumor 

sample was also sequenced with WGS along with its paired blood sample. We obtained a 

mean coverage of 83X for the tumor sample and 50X for the germline sample. Using the 

VAF of the detected variants, we estimated the tumor cellularity of the sample around 40%. 

We used two methods for calling structural variants (SVs): Delly and Manta. Delly detected 

24 translocations, 27 deletions, 2 duplications, 10 inversions and no insertion, whereas 

Manta detected 75 translocations, 58 deletions, 11 duplications, 34 inversions and no 

insertion. All the SVs detected by Delly were found by Manta, except for one inversion. 

We compared the SVs detected by OGM using RVA with those detected by WGS using Delly 

or Manta (Figure 1). Delly detected 13 out of 49 translocations, 17 out of 46 deletions,1 out of 

9 duplications, none of 9 insertions and none of 5 inversions detected by OGM. Manta alone 

found 32 out of 49 translocations, 25 out of 46 deletions, 3 out of 9 duplications but none of 9 

insertions and none of 5 inversions detected by OGM. To be noticed, two translocations and 
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two deletions detected by OGM were actually identical within the resolution of the technique, 

and both events corresponded to a single event detected by Delly and Manta. Translocations 

detected by OGM but not by WGS had less molecules supporting them, indicating a lower 

VAF and probably a sub-clonal event. Thus, OGM was more sensitive than WGS to detect 

sub-clonal variants, but we cannot exclude (i) that the two tumor sample extractions 

contained different subclonal structure; (ii) that these lower VAF events detected by OGM 

corresponded to noise. For the other SVs detected only by OGM, 4 deletions and 2 

duplications had a VAF ≥ 0.45 and were probably germline variants. Since the intra-fusions 

are not detectable by Delly or Manta, we compared OGM intra-fusions with deletions, 

duplications and inversions detected by WGS and confirmed 10 intra-fusions with Delly and 

17 with Manta. For the events detected only by WGS, 20 deletions and 3 duplications 

detected by Manta were smaller than 5kbp and therefore not detectable by OGM.  

The correspondence between OGM and WGS results was thus largely validated, confirming 

the reliability of the OGM technique. 

 

Structural variants that discriminate HRD and HRP TNBC 

We then analyzed by OGM a cohort of TNBC with a known status for BRCA genes and HRD 

status determined by shallowHRD (Eeckhoutte et al. 2020). Out of the 24 patients included in 

the RadioPARP clinical trial (ClinicalTrials.gov Identifier: NCT03109080) (Loap et al. 2022), 

frozen archived material was available for 17 cases (Supp Table 1). Two of the 17 retrieved 

samples did not pass the quality control. Overall, we analyzed by RVA 15 high quality 

samples, of which 8 were HRD and 7 HRP at a mean coverage of 517X. All SVs detected by 

RVA were visualized on circos plots (Figure 2; Supp Figure 1). A visual inspection of these 

results revealed that the HRD tumors appeared to be carrying more SVs than the HRP 

tumors. Filtered SVs were then reclassified by type and size for duplications (splitted, 

inverted and tandem), deletions, insertions, and inversions (Table 1). We found 3 categories 

of SVs reaching significance when comparing counts in HRD and HRP tumors: tandem 

duplications (TD) between 10 and 100kb, insertions between 1 and 10kb and between 10 
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and 100kb (Wilcoxon rank test; p-values 1.9x10-2, 3.1x10-4 and 1.9x10-4, respectively)(Figure 

3A). The high number of TD in BRCA1 tumors was anticipated, as they have been described 

as a key feature of these tumors. However, the detection of small insertions was surprising in 

such a tumor context (Nik-Zainal et al. 2016). We thus hypothesized that these small 

insertions could actually be TD. This is anticipated as OGM will re-categorize duplication as 

insertion when low label signals prevent from identifying a repeated pattern. Indeed, when 

plotting the sizes of the insertions and TDs detected by OGM in each sample, insertions 

were found rarely exceeding 30kb, whereas TDs were rarely smaller than 30kb (Figure 3B). 

Also supporting this hypothesis, manual inspection of ten of the largest insertions (≥ 30 kb) 

allowed to reclassify all of them but one as TD (one was reclassified as an inverted 

duplication)(Figure 3C).  

Therefore, we subsequently combined insertions and duplications according to sizes as a 

same feature of HRD (Figure 3D). This feature fully separates HRD from HRP tumors but one. 

Visual inspection of the circos plot of this tumor revealed that it carried an amplification of 

CCNE1 (Figure 3E). Interestingly, over-expression of CCNE1 is known to induce over-

replication, and has been associated with a TD phenotype of various sizes (Menghi et al. 

2018). Having identified and explained this outlier case, the TD/insertion feature then fully 

discriminated HRP and HRD TNBC (Figure 3G). However, previous works have demonstrated 

that this TD phenotype less than 100 kb is very specific of BRCA1-inactivated but not of 

BRCA2-inactivated tumors (Nik-Zainal et al. 2016). These TD are most probably linked to other 

functions of BRCA1 in genome maintenance, independently of HR (Willis et al. 2017). 

Surprisingly, we found no difference in number of detected translocations between HRD and 

HRP tumors (Table 2, Figure 2). This contrasts with the strong association of this feature 

defined by WGS with HRD (Nik-Zainal et al. 2016), and with their clear contrast between HRD 

and HRP tumors by visual inspection of the circus plot (Figure 2). The translocations detected 

in the HRD tumors appeared randomly distributed across the genome, which is not the case 

of the HRP tumors. We previously described tumor genome of TNBC and have found the 

rearrangements following two density distributions with a cut-off of around 3 Mb (Popova et al. 
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2012). We thus suggested a new feature of isolated event when a free interval of a given 

translocation (or intra-fusion) breakpoint from another event was ≥3 Mb. We found that isolated 

translocation, isolated intra-fusion and isolated translocation+intra-fusion features perfectly 

discriminated HRD and HRP tumors, and even the CCNE1 amplified tumor (Figure 4). We 

further tested all possible free intervals from 0 to 5Mb and evaluated the number of isolated 

translocations+intra-fusions for each interval according to the HR status. Actually, a perfect 

discrimination was observed from 0.8 to 4.5 Mb free intervals, demonstrating the robustness 

of this new feature of isolated events. As a cross-validation, we then compared the number of 

isolated events detected by OGM and of the large-scale genomic alterations (LGA) feature 

identified by the shallowHRD pipeline previously developed (Eeckhoutte et al. 2020). These 

two features correlated well (r2 = 0.78; p_value = 1.3 x10-5), suggesting that the two 

independent methods are measuring a similar genomic feature (Figure 4). The only outlier 

sample being of low tumor content, which may explain an underestimated LGA score by 

shallowHRD.  

In conclusion, OGM analyses of TNBC allowed a cost effective and readily interpretable 

genome profiling, even in samples with low tumor content. Two robust and important features 

were identified. Firstly, tandem duplications, which were often recognized as insertions by the 

present Bionano pipeline when less than 30 kb, and which high number 

(insertions+duplications) almost perfectly identified BRCA1 tumors. However, we also found 

that CCNE1-amplified tumors could present a similar TD phenotype. Secondly, the number of 

isolated inter- and intra-chromosomal translocation events (translocations and intra-fusions, 

respectively), as defined by a free interval of another event of around 3 Mb, represented a 

robust feature of HRD.  

OGM is thus an interesting and promising approach for HRD determination. Validation of the 

features we are proposing are ongoing in independent TNBC cohorts, in different breast cancer 

subtypes, and in other types of cancers, in particular high-grade ovarian carcinomas. For future 

application of OGM in clinics, as pros, this method is cost-effective and highly efficient even 

with samples of low tumor content, it does not require complex analyses and high data storage. 
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As cons, it requires a high quantity and quality of frozen tumor samples and an OGM dedicated 

platform. More technical developments and optimization are thus mandatory before realistic 

implementation of OGM in routine diagnosis of HRD. 
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Figure Legends 

Figure 1. Comparison of Whole Genome Sequencing (WGS) and Optical Genome 
Mapping (OGM) of a BRCA2-mutated triple-negative breast carcinoma (TNBC). 
Upper panel: Circos plots representing WGS Structural Variant (SV) analyses with Delly and 

Manta bioinformatics pipelines and OGM RVA analyses. Del: deletions, dup: duplications, 

ins: insertions, inv: inversions. Lower panel: Venn diagrams representing RV comparisons 

with Delly, Manta and RCA analyses of translocations, deletions and duplications. 

Figure 2. Circos plots of Optical Genome Mapping (OGM) of four representative 
examples of triple-negative breast carcinomas (TNBC) analyzed by RVA. 
Left panel: two examples of HRD TNBC. Right panel: two examples of HRP TNBC. 

Figure 3. Analysis of insertions (Ins) and tandem duplications (TD) in the series of 
triple-negative breast carcinomas (TNBC). 
A. Box plot representing the number of insertions (Ins) of two size classes and of tandem 

duplication (TD) in HRD (orange) and HRP (blue) TNBC. B. Representation of number of INS 

(orange) and TD (blue) according to size classes in the series of TNBC. C. Manual re-

alignment showing that this rearrangement called INS by RVA could be re-classified as DUP. 

D.  Box plot representing the number of insertions plus duplication (Ins+Dup) of two size 

classes in HRD (orange) and HRP (blue) TNBC. E. Circos plot of the outlier HRP case with 

enlargement of the CCNE1 region showing its amplification. * and *** indicate p_value < 0.05 

and < 0.001, respectively; Wilcoxon Mann-Whitney nonparametric test. 

Figure 4. Analysis of translocation events in the series of triple-negative breast 
carcinomas (TNBC). 
A. Box plot representing the number of total translocation events (TRA), isolated 

translocations (Isolated TRA), Intra-fusions (INTRA), isolated intra-fusions (Isolated INTRA) 

and isolated TRA plus INTRA in HRD (orange) and HRP (blue) TNBC. B. 2D plot 

representing number of isolated TRA plus INTRA (x-axis) and number of Large Genomic 

Rearrangements (LGA) detected by shallowHRD (y-axis). ** and *** indicate p_value < 0.005 

and < 0.001, respectively; Wilcoxon Mann-Whitney nonparametric test. 
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Table 1. Analysis of differential structural variants (SVs) between homologous recombination 
proficient (HRP) and deficient (HRD) triple negative breast cancers (TNBC) 

     
 Type of SVs Size P_values  
 

DEL 

<10kb 0.16  
 <100kb 0.46  
 <1Mb 0.32  
 <10Mb 0.51  
 >10Mb 1.00  
 

TD 

<10kb 1.00  
 <100kb 0.019  
 <1Mb 0.71  
 <10Mb 1.00  
 >10Mb 1.00  
 

DUP split 

<10kb 1.00  
 <100kb 0.68  
 <1Mb 0.75  
 <10Mb 0.76  
 >10Mb 1.00  
 

DUP inv 

<10kb 1.00  
 <100kb 0.056  
 <1Mb 0.16  
 <10Mb 1.00  
 >10Mb 1.00  
 

INS 

<10kb 0.00031  
 <100kb 0.00093  
 <1Mb 0.28  
 <10Mb 1.00  
 >10Mb 1.00  
 

INV 

<10kb 1.00  
 <100kb 0.079  
 <1Mb 0.084  
 <10Mb 1.00  
 >10Mb 1.00  
 TRA TRA 0.32  
 Intra-F Intra-F 0.46  
     

SV : structural variant, DEL : deletion, TD : tandem duplication, DUP : duplication, INS : insertion, INV : 
inversion, TRA : translocation, Intra-F : intrafusion. P_variant is given comparing HRD and HR TNBC.  
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