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Abstract

Background: Structural variations (SVs) are common genetic alterations in the human genome. However, the profile and clinical
relevance of SVs in patients with hereditary breast and ovarian cancer (HBOC) syndrome (germline BRCA1/2 mutations) remains to be
fully elucidated. Methods: Twenty HBOC-related cancer samples (5 breast and 15 ovarian cancers) were studied by optical genome
mapping (OGM) and next-generation sequencing (NGS) assays. Results: The SV landscape in the 5 HBOC-related breast cancer samples
was comprehensively investigated to determine the impact of intratumor SV heterogeneity on clinicopathological features and on the
pattern of genetic alteration. SVs and copy number variations (CNVs) were common genetic events in HBOC-related breast cancer, with
a median of 212 SVs and 107 CNVs per sample. The most frequently detected type of SV was insertion, followed by deletion. The
5 HBOC-related breast cancer samples were divided into SVhigh and SVlow groups according to the intratumor heterogeneity of SVs.
SVhigh tumors were associated with higher Ki-67 expression, higher homologous recombination deficiency (HRD) scores, more mutated
genes, and altered signaling pathways. Moreover, 60% of the HBOC-related breast cancer samples displayed chromothripsis, and 8
novel gene fusion events were identified by OGM and validated by transcriptome data. Conclusions: These findings suggest that OGM
is a promising tool for the detection of SVs and CNVs in HBOC-related breast cancer. Furthermore, OGM can efficiently characterize
chromothripsis events and novel gene fusions. SVhigh HBOC-related breast cancers were associated with unfavorable clinicopathological
features. SVs may therefore have predictive and therapeutic significance for HBOC-related breast cancers in the clinic.
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1. Introduction

Breast cancer is one of the most common malignant
tumor types worldwide [1]. Over the past decade, the study
of breast cancer genomics has been greatly assisted by ad-
vances in large-scale next-generation sequencing (NGS)
technology [2,3]. Structural variations (SVs) are large-size
genetic variations in the human genome, and include in-
sertion, deletion, duplication, inversion, and translocation.
SVs have been associated with different traits and with var-
ious diseases, including breast cancer [4–6]. They con-
tribute to gene fusion, oncogene amplification, tumor sup-
pressor gene deletion and other complex alterations leading
to evolution of the cancer genome. These alterations have
the potential to impact large stretches of DNA sequence,

thereby disrupting genes and regulatory elements [7–9].
Many SVs are closely linked to tumorigenesis and have
been used for tumor subtyping and diagnosis, as well as
for effective targeted therapy [10–14]. SVs are very preva-
lent in breast cancer cell lines [12]. Deletions in breast can-
cer genomes can also affect enhancers and thus contribute
to oncogenesis [15]. SVs have been reported in the breast
cancer cell line SK-BR-3 and in patient-derived organoids.
Detailed maps of the breast cancer genome have been es-
tablished by integrating SV profiles, thereby revealing how
SVs can disrupt the genome and also shedding light on the
complex mechanisms involved in evolution of the cancer
genome [8,16].
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Hereditary breast and ovarian cancer (HBOC) syn-
drome is most commonly characterized by deleterious
germline mutations in the BRCA1 or BRCA2 genes. Ad-
vances in NGS technology have led to the discovery of sev-
eral non-BRCA genes that are also responsible for HBOC
syndrome, such as mutations in the PALB2, ATM, BRIP1,
RAD51D and RAD51C genes, etc. [17]. The HBOC syn-
drome is estimated to cause 5–10% of all breast cancers
[18,19]. BRCA1 and BRCA2 are tumor suppressor genes
that play a crucial role in the cell by rehabilitating dam-
aged DNA in the homologous recombination repair (HRR)
pathway [18]. Breast cancers with abnormal DNA repair
functions (homologous recombination deficiency, HRD)
are more likely to exhibit genomic instability, including
abnormal SVs [20]. However, there is still only limited
knowledge regarding structural abnormalities and SV het-
erogeneity in HBOC-related cancers, with more research
required on this topic.

However, the genome-wide detection of SVs remains
challenging. Karyotype analysis is the traditional approach
used for identifying SVs, but is limited by the poor qual-
ity of mitotic chromosome metaphases and the low resolu-
tion of this technique [21]. More recently, NGS technology
has greatly enhanced the resolution and throughput of ge-
netic analysis and facilitated the discovery of SVs. How-
ever, because of the short read-length, NGS has difficulty
with SVs located in repetitive regions and regions with high
or low GC content [12,22]. Moreover, algorithms that are
used to interpret SVs fromNGSdatawith short read-lengths
have a high false-negative rate [6,23]. Third-generation,
long-read, single-molecule sequencing technologies from
Pacific Biosciences (PacBio) and Oxford Nanopore Tech-
nologies (ONT) have proven more reliable in identifying
SVs, with substantial improvements in both sensitivity and
specificity. However, these technologies still have a rel-
atively low accuracy and also require deep sequencing to
detect SVs [6,16,23].

Recent advances in long-read sequencing technology
have opened the possibility of more precise and sensitive
detection of SVs [24]. Optical genome mapping (OGM)
is a nanochannel-based genome mapping technology that
can detect multiple classes of SVs with high resolution.
OGM can generate kilobase- to megabase-size genomic
maps by automatically tagging single molecules with flu-
orophores, thereby providing images of labeled and lin-
earized ultra-high molecular weight (UHMW, >150 kbp)
DNA molecules [21,24]. Accurate and precise labelling,
together with the rare variant analysis pipeline for solid tu-
mors, allows the detection of low-level mosaic SVs by com-
paring singlemolecules directlywith the human genome. In
addition, a separate, coverage-based algorithm allows the
detection of large copy number variations (CNVs) and ane-
uploidies [21].

The OGM technique was used in this study to inves-
tigate SVs in HBOC-related breast cancers with BRCA1 or

BRCA2mutation. This should help to determine the impact
of intratumor heterogeneity in SVs on clinicopathological
features and on the genetic alteration profile. To our knowl-
edge, this is the first study that uses OGM technology to
comprehensively analyze SVs in HBOC-related breast can-
cer with BRCA1 or BRCA2 mutation.

2. Materials and Methods
2.1 Patient Enrollment

OGM analysis was performed on 20 HBOC syndrome
patients, comprising 5 breast cancer patients and 15 ovar-
ian cancer cases. These were identified frommore than 200
breast and ovarian cancer patients from our earlier studies
[25,26]. The 5 HBOC-related breast cancer patients were
comprehensively investigated in the present study. All 5 pa-
tients were diagnosed with invasive carcinoma (stage I/II)
and completed adjuvant therapy following surgery. Im-
munohistochemical staining was performed for Ki-67, es-
trogen receptor (ER), progesterone receptor (PR), and re-
ceptor tyrosine-protein kinase erbB-2 (HER2). Breast can-
cer samples were identified as luminal A, luminal B, HER-
2 overexpression, or triple negative breast cancer (TNBC)
subtypes according to the protein expression levels of ER,
PR and HER2. Ki-67 expression was classified as either
Ki-67low (≤0.3) or Ki-67high (>0.3). Table 1 shows the clin-
icopathological data, BRCA1/BRCA2 status, and other risk
gene status for the 5 breast cancer patients. Supplementary
Table 1 shows the clinicopathological data, BRCA1/BRCA2
and other risk gene status for the 15 HBOC-related ovar-
ian cancers. This project was approved by the Ethics Com-
mittee of Tianjin Medical University Cancer Institute and
Hospital (No. Ek2018050). All experiments were per-
formed in accordance with the principles of the Declaration
of Helsinki. Informed consent was obtained from each pa-
tient.

2.2 Optical Genome Mapping
UHMW genomic DNA (gDNA) was extracted from

flash-frozen tissue stored at –80 °C. This was performed
using the Bionano Prep Animal Tissue DNA Kit (Bionano
Genomics, San Diego, CA, USA) as recommended by the
manufacturer. The gDNAwas left to homogenise overnight
at room temperature. The next day, DNA molecules were
labelled using the DLS (Direct Label and Stain) DNA La-
beling Kit (Bionano Genomics, San Diego, CA, USA) as
recommended by the manufacturer. A Proteinase K solu-
tion (Qiagen, Germantown, MD, USA) was then used to in-
activate the enzyme, and successive membrane adsorption
steps were used for cleanup. The DNA backbone was coun-
terstained overnight before quantification, and the labelled
gDNA solutionwas then loaded onto a Bionano Saphyr chip
and scanned on the Bionano Saphyr instrument (Bionano
Genomics, San Diego, CA, USA).
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2.3 Calling of Structural Variants and Variant Filtering
Genome analysis and the calling of structural varia-

tions was performed using the rare variant pipeline (RVP) in
Bionano Solve (v3.7, Bionano Genomics, San Diego, CA,
USA). The variant hg19 DLE-1 SV mask, which blocks
difficult-to-map regions and common artifacts, was turned
on for data filtering. The following recommended confi-
dence scores were then applied: insertion, 0; deletion, 0; in-
version, 0.7; duplication, –1; intra- and inter-translocation,
0.05; copy number, 0.99 (low stringency, filter set to 0).
All SVs and CNVs detected in each sample were exported
in SMAP files.

2.4 Calculation of the HRD Score Using OGM Data
The HRD score combines three independent measures

of genomic instability, namely genome-wide loss of het-
erozygosity (LOH), telomeric allelic imbalance (TAI), and
large-scale state transitions (LST). These were calculated
on the basis of the label and coverage of the ultra-long
DNA molecule. LOH calculation was based on large dele-
tions, which counts the number of regions representing one
parental allele longer than 15Mb but shorter than the whole
chromosome. TAI represents the number of regions with
CN gain, CN loss, and LOH that extend to one of the sub-
telomeres, but do not cross the centromere, and are>10Mb
in size. LST represents the number of chromosomal break-
points (change in copy number or allelic content) between
adjacent regions that are >10 Mb but not whole chromo-
some.

2.5 Evaluation of Chromothripsis Using OGM Data
The chromothripsis status was inferred by visual scor-

ing according to the CNV. The number of switches between
copy-number states was counted for each chromosome.
Chromosomes containing 10 or more switches within 50
Mbwere scored as chromothripsis-positive with high confi-
dence. Chromosomes with 8 to 9, or 6 to 7 switches within
50 Mb were scored as chromothripsis-positive with inter-
mediate and low confidence, respectively [27].

2.6 Evaluation of Intratumoral Heterogeneity (ITH) Using
OGM Data

The variant allele frequencies (VAFs) for all SVs
within a sample were divided by the maximum VAF, thus
normalizing them within the range of 0 to 1. Subsequently,
the 0–1 range was partitioned into a series of windows with
a width of 0.05, and the proportion of SVs falling within
each window was calculated. Finally, the Shannon diver-
sity formula was applied to these proportions in order to
compute the ITH value as follows: ITH= −

∑
(Pi)(lnPi),

where Pi is the proportion of SVs falling within window i.

2.7 Whole Exome Sequencing and Data Processing
For each of the five HBOC-related breast cancer sam-

ples, DNA was extracted from paired tumor/normal tissues
using the Invitrogen PureLink Genomic DNAMini Kit (In-

vitrogen, Carlsbad, CA,USA) as recommended by theman-
ufacturer. DNA enrichment and library preparation were
carried out using the Agilent SureSelect Human All Exon
V6 kit (Agilent Technologies, Santa Clara, CA, USA) ac-
cording to routine protocols. Libraries were sequenced on
the Illumina NovaSeq6000 platform (Illumina, San Diego,
CA, USA) with 150-bp paired-end runs.

Quality control of raw reads was performed using
fastp (v0.23.1) and Trimmomatic (v0.32) to trim reads with
adapters and to remove low-quality reads. Clean reads were
aligned to the reference genome using BWA (v0.7.16a),
and the aligned reads were then analyzed to identify so-
matic variants, including SNPs and Indels using GATK
(v4.1.6.0). Somatic variants were annotated using ANNO-
VAR (v2015Mar22) and summarized by R (v4.3.1) package
maftools to gain insight into the genomic landscape of each
cancer sample.

2.8 RNA Sequencing and Data Processing
Total RNA was extracted from three HBOC-related

breast cancer samples (P3, P4, P5) using TRIzol Reagent
(Invitrogen, Carlsbad, CA, USA) and routine protocols.
Transcriptome libraries were made using the Illumina
TruSeq RNA sample preparation Kit (Illumina, San Diego,
CA, USA) according to the manufacturer’s instructions. Li-
braries were sequenced on the Illumina NovaSeq6000 plat-
form (Illumina, San Diego, CA, USA) to generate 150-bp
paired-end reads.

Quality control of raw reads was performed using
(v0.23.1) and Trimmomatic (v0.32) to trim reads with
adapters and to remove low-quality reads. Clean reads were
then aligned to the reference genome using Hisat2 (v9.2.1),
and the reference-based assembly of transcripts was per-
formed using StringTie (v1.3.3b) to quantify the expression
level of exons, transcripts and genes. Gene expression lev-
els [log2(FPKM+1)] in tumor samples were compared to
those in normal samples using one-tailed T-test.

2.9 Enrichment of Signaling Pathways
All COSMIC (https://cancer.sanger.ac.uk/cosmic)

genes found by WES to contain a mutation under-
went KEGG signaling pathway enrichment analysis
using the KOBAS (v3.0) as previously reported [28]
(http://bioinfo.org/kobas). Similarly, the COSMIC genes
found by OGM to contain a SV were analyzed by KEGG
enrichment. Cancer- and treatment-related signaling path-
ways that showed statistical significance was visualized.

2.10 Statistical Analysis
Categorical variables were compared using Fisher’s

exact test or the chi-square test, while continuous variables
were compared using the Wilcoxon rank sum test or T-test.
Statistical analysis was performed using SPSS 23 software
(IBM SPSS statistics, Chicago, IL, USA). p < 0.05 or p <

0.01 were considered to represent a statistically significant
result, as indicated.
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Fig. 1. Structural variations (SVs) detected by optical genome mapping (OGM) in hereditary breast and ovarian cancer (HBOC)
tissue samples. (A) SV counts in 20 HBOC tissue samples. (B) SV counts in 5 HBOC-related breast cancer tissue samples. (C) Circle
plots showing the SVs and copy number variations (CNVs) in 5 HBOC-related breast cancer tissue samples. BC, breast cancer; OC,
ovarian cancer.

3. Results
3.1 Data Quality and SV/CNV Calling of OGM Data

We first evaluated the technical performance of OGM
analysis in 20 HBOC-related cancer samples. This gave
the following results (median and interquartile range): N50
≥150 kbp of 253.85 kbp (219.38–312 kbp), total DNA
(≥150 kbp) of 1221.2 Gbp (363.61–1496.09Gbp), map rate
of 83.35% (51.3–89.8%), effective coverage of 318.97×
(79.95–394.05×), label density of 15.43 (14.15–18.13),
PLV of 2.45% (2.14–3.6%), and NLV of 12.25% (8–
18.48%). Thus, all OGM raw data was qualified and met
the requirement for calling SVs (Supplementary Table 2).

A median of 223 SVs per sample were detected in 20
HBOC-related cancer samples using the recommended con-
fidence filter settings with control database (≤1%) filter.
These included a median of 42 insertions, 42 deletions, 30
duplications, 3.5 inversions, 30 inter-chromosomal translo-
cations and 18 intra-chromosomal translocations (Fig. 1A).
A median of 212 SVs per sample were detected in the 5
HBOC-related breast cancers filtered using the recommend
confidence filter settings with control database (≤1%), with
a median of 63 insertions, 38 deletions, 33 duplications,
5 inversions, 35 inter-chromosomal translocations and 20
intra-chromosomal translocations (Fig. 1B,C, Table 2). The
most frequent SV type was insertion, followed by deletion.
SV patterns differed between each sample. The most fre-
quent SV type was insertion in samples P1 and P4, deletion

in samples P2 and P3, and duplication in sample P5. Inver-
sion was the least frequent SV type in all samples (Fig. 1B).
A median of 107 CNVs per sample were detected, with a
median of 61 non-masked gains and 29 non-masked losses
(Fig. 1C, Table 2). Therefore, SVs and CNVs were both
very common in HBOC-related breast cancer.

3.2 Number of SVs Associated with Ki-67 Expression
We next examined the number of SVs in breast cancer

subtypes. TNBC contained 93 insertions in P1 and 80 in
P5, whereas luminal B breast cancer showed 32 insertions
in P2, 26 in P3, and 63 in P4. TNBC showed a trend for
more inversions than luminal B breast cancer. The number
of other SV types between the breast cancer subtypes was
similar (Fig. 2A). Furthermore, the total number of SVs in
Ki-67high breast cancer samples was 212 (P1), 300 (P3), and
359 (P5), whereas in Ki-67low samples it was 153 (P2) and
153 (P4). Therefore, the Ki-67high samples showed a trend
for more total SVs than Ki-67low samples. Similar trends
were seen for inter-chromosomal translocations (Ki-67high:
35 (P1), 52 (P3), 42 (P5) vs. Ki-67low: 31 (P2), 21 (P4)),
as well as for intra-chromosomal translocations (Ki-67high:
32 (P1), 51 (P3), 21 (P5) vs. Ki-67low: 14 (P2), 18 (P4))
(Fig. 2B). We therefore defined breast cancer samples with
more SVs and with high Ki-67 expression as SVhigh HBOC-
related breast cancer (n = 3), and those with less SVs and
lowKi-67 expression as SVlow HBOC-related breast cancer
(n = 2).
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Fig. 2. The relationship between SV counts and luminal subtype/Ki-67 expression in HBOC-related breast cancers, as detected
by OGM. (A) SV counts in triple negative and in luminal B breast cancers. (B) SV counts in breast cancers with different levels of Ki-67
expression.
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Table 1. Clinicopathologic feature of five breast cancer samples.

ID Age Pathlogy Stage
Lymph node
metastasis

Neoadjuvant
therapy

Adjuvant systemic
therapy

Relapse
ER
status

PR
status

HER2
status

HER2
FISH

Ki-67 p53 CDK5/6
Luminal
subtype

BRCA1/2 germline
mutation

Oher risk genes
germline mutation

P1 53 invasive carcinoma II Yes No Yes No <1% <1% 1+ NA 50% 80% 50% Triple-negative BRCA1, p.Glu1836fs NA
P2 35 invasive carcinoma I No Yes Yes No 1% <1% 1+ NA 10% <1% 10% Luminal B BRCA1, p.Leu1306fs NA
P3 44 invasive carcinoma II Yes No Yes No 90% 20% 2+ Negative, heterogeneity 55% 5% <1% Luminal B BRCA2, p.Arg2520Ter NA
P4 28 invasive carcinoma II No No Yes No 90% 15% 2+ Negative 30% <1% <1% Luminal B BRCA1, p.Gln1281Ter NA
P5 64 invasive carcinoma II No No Yes No <1% <1% 0 NA 70% >90% 40% Triple-negative BRCA1, p.Asp942fs NA
ER, estrogen receptor; PR, progesterone receptor; HER2, receptor tyrosine-protein kinase erbB-2; NA, not applicable.

Table 2. SVs and CNVs summary of the five HBOC-related breast cancers in OGM.
SV calls using the recommend confidence filter settings without control filter

P1 P2 P3 P4 P5 Total
Insertion 691 610 628 641 639 3209
Deletion 565 619 705 530 640 3059
Duplication 93 116 124 77 163 573
Inversion 89 77 77 58 87 388
Interchr_Translocation 35 31 52 21 42 181
Intrachr_Translocation 32 14 51 18 20 135
Total 1505 1467 1637 1345 1591 7545
SV calls using the recommend confidence filter settings with control ≤1% filter

P1 P2 P3 P4 P5 Total
Insertion 93 32 26 63 80 293
Deletion 30 38 115 25 93 301
Duplication 17 33 38 24 103 214
Inversion 5 5 18 2 20 50
Interchr_Translocation 35 31 52 21 42 181
Intrachr_Translocation 32 14 51 18 21 135
Total 212 153 300 153 359 1174
CNV calls (non-masked only) and Aneuploidy (non-masked only)

P1 P2 P3 P4 P5 Total
Gain 40 19 61 71 245 436
Loss 29 0 63 36 2 130
Total 69 19 124 107 247 566
Aneuploidy Gain 0 0 0 0 8 8
Aneuploidy Loss 0 0 1 1 0 2
Total 0 0 1 1 8 10
SVs, structural variations; CNVs, copy number variations; HBOC, hereditary breast and
ovarian cancer; OGM, optical genome mapping.
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Table 3. Fusions identified by OGM and validated by RNA-Seq.
Sample ID Fusion LeftBreakpoint RightBreakpoint SV type

P3 C12orf76::ZFAT chr12:110486168 chr8:135669980 interchr_fusion
P4 CLTC::DHX40 chr17:57768072 chr17:57676098 dup
P5 CKMT2-AS1::PDE4D chr5:80597106 chr5:58489362 intrachr_fusion
P4 NAV1::PKP1 chr1:201687883 chr1:201282294 dup_split
P5 EXOC6::NSMCE4A chr10:94733989 chr10:123727321 intrachr_fusion
P5 RBM38::RAE1 chr20:55968389 chr20:55929088 dup
P5 TOM1L2::TRPC4AP chr17:17875576 chr20:33642834 interchr_fusion
P5 EIF3L::TRIOBP chr22:38254747 chr22:38130406 dup

3.3 SVhigh HBOC-Related Breast Cancers Show Higher
HRD Scores

Next, three core indexes for HRD (LOH, TAL, LST)
were calculated using OGM data. The median HRD score
for the three SVhigh HBOC-related breast cancers was
higher than in the two SVlow samples (129 vs. 69). For
the SVhigh and SVlow samples, the median LOH score was
14 vs. 4, the median TAI value was 15 vs. 5, and themedian
LST score was 97 vs. 60, respectively (Fig. 3A). SVs and
gene mutations were also detected in DNA damage repair
(DDR) genes. SVs were frequently detected in HR genes
other than BRCA1/2 genes, and were present in both the
SVhigh and SVlow samples (Fig. 3B). In total, 80% (4/5) of
the HBOC-related breast cancer samples carried DDR mu-
tations. The median number of DDR gene mutations (3 vs.
2.5, Fig. 2B) and the median ITH score (2.771 vs. 2.367,
Fig. 3C) were both slightly higher in SVhigh samples com-
pared to SVlow samples, although neither reached statistical
significance, possibly due to the small sample size. There-
fore, a higher number of SVs in HBOC-related breast can-
cer was associated with higher Ki-67 expression and higher
HRD scores.

3.4 SVhigh HBOC-Related Breast Cancer has More
Mutated Genes and Altered Signaling Pathways

WES data analysis was performed to compare genetic
mutations between SVhigh and SVlow HBOC-related breast
cancer samples. This revealed that missense mutations
were the most frequent variant in both groups. The me-
dian number of total mutations per sample (1145 vs 946.5)
and of missense mutations per sample (906 vs 719.5) were
both slightly higher in the SVhigh group compared to the
SVlow group (Fig. 4A,B). Furthermore, the median number
of mutated genes per sample was higher in the SVhigh group
(642.7 vs. 573, p = 0.053) (Fig. 4C). The median number
of SV genes per sample was also higher in the SVhigh group
(590 vs. 295.5, Fig. 4D).

We next examined whether the COSMIC genes with
SVs and distinct mutations (Supplementary Tables 3–6)
were enriched in tumor-related signaling pathways (Fig. 4E,
Supplementary Table 7). The SVhigh group was more
enriched in SV-related signaling pathways than the SVlow

group (20 vs. 13). Seven signaling pathways were ex-

clusively enriched in the SVhigh group, namely the p53,
VEGF, Jak-STAT, Hippo, TGF-beta, NF-kappa B and en-
docrine resistance pathways (Fig. 4E). In addition, more
mutation-related signaling pathways were enriched in the
SVhigh group (20 vs. 6), including signaling pathways as-
sociated with cancer therapy such as the EGFRi resistance
pathway, the PD-L1&PD-1 pathway, platinum drug resis-
tance pathway, and endocrine resistance pathway. There-
fore, SVhigh HBOC-related breast cancers exhibit more mu-
tated genes and altered signaling pathways.

3.5 SVhigh HBOC-Related Breast Cancers Show More
Chromothripsis Events

Three regions showed copy number gains in all 5
HBOC-related breast cancer samples, including chromo-
some (Chr) 1q25-32 gain, Chr 1q41-44 gain and Chr
8q22-q24 gain (harboring MYC oncogene) (Fig. 5A).
Chr 1q25.3-q44 gain, Chr6p24.3 gain and Chr 8q22.3-
q24.3 gain (harboring MYC oncogene) were recurrent
CNV regions in SVlow samples (Fig. 5A). More recur-
rent CNV regions were detected in SVhgh samples, includ-
ing seven CNV gain regions and one CNV loss region:
Chr1q23.1-q32.3 gain, Chr1q41-q44 gain, Chr2p25.3-
q25.1gain, chr3q22.1-q26.3gain (harboring PIK3CA onco-
gene), chr8q12.1-q24.3 gain (harboring MYC oncogene,
HRRgeneNBN), chr17q21.3-q24.3 gain (harboringRNF43
oncogene, HRR gene BRIP1), chr18q21.2-q23 gain (har-
boring cell proliferation gene BCL2), chrX q21.31 loss
(Fig. 5A). Therefore, SVhigh HBOC-related breast cancers
exhibited more CNVs involved in tumorigenesis.

We further evaluated chromothripsis events in all 5
HBOC-related breast cancer samples according to CNV
visual scoring as previously reported [27]. This revealed
that 60% (3/5) of HBOC-related breast cancer samples
showed chromothripsis (P3, P4, P5). The higher CNV vi-
sual score referred to more severe chromothripsis in tumor
tissue (Fig. 5C). The most severe chromothriptic events
were seen in P5. The circle plot (Fig. 5B) and CNV
plot of the whole genome (Fig. 5D) for P5 revealed ab-
normal CNV changes and multiple chromosomes affected
by chromothripsis. Of note, the tumor suppressor gene
PTEN was lost in chromothriptic chromosome 10. Tran-
scriptome sequencing showed that PTEN gene expression
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Fig. 3. Associations between SV counts and homologous recombination deficiency (HRD), mutations in DNA damage repair
(DDR) genes, and intratumoral heterogeneity (ITH) in HBOC-related breast cancers. (A) HRD core indexes in SVhigh and SVlow

groups. (B) SVs and mutations in DNA damage repair (DDR) genes in SVhigh and SVlow groups. (C) ITH in SVhigh and SVlow groups.

was significantly down-regulated in breast cancer tissues
at the mRNA level compared to normal adjacent tissues (p
= 0.009) (Fig. 5E). The Golgi-associated gene GOLPH3
was duplicated in chromothriptic chromosome 5. Tran-
scriptome sequencing confirmed that GOLPH3 expression
in breast cancer tissues was significantly up-regulated at the
mRNA level compared with normal adjacent tissues (p =
0.014) (Fig. 5F). Both these genes are closely associated
with platinum drug resistance, and hence it is interesting to
note that patient P5 may show early relapse after platinum-
based chemotherapy in the clinic.

3.6 SVhigh HBOC-Related Breast Cancers Show More
Novel Gene Fusions

OGM detected 8 novel gene fusions in HBOC-related
breast cancers. These were validated by RNA-Seq (Ta-

ble 3). 50% fusions were due to interchr_trans or intra-
chr_trans, 50% fusions were due to duplication. 75% (6/8)
fusions were detected in SVhigh HBOC-related breast can-
cer samples. Three novel fusions are described here in
detail (Fig. 6A–C). CKMT2-AS1::PDE4D was detected in
SVhigh sample P5 (Fig. 6A) and was formed by the fu-
sion of lncRNA CKMT2-AS1 with functional gene PDE4D
as an intrachr_fusion. Transcriptome sequencing showed
that expression of PDE4D in tumor tissues was signifi-
cantly increased compared with normal adjacent tissues (p
= 0.013). C12orf76::ZFAT was detected in SVhigh sample
P3 and was formed by an interchr_fusion of the functional
genes C12orf76 and ZFAT. The expression of ZFAT in tu-
mor tissues was significantly increased compared to nor-
mal adjacent tissues (Fig. 6B) (p = 0.0009). CLTC::DHX40
was detected in SVlow sample P4 for the first time (Fig. 6C).
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Fig. 4. Comparison of genetic mutations and altered signaling pathways between SVhigh and SVlow HBOC-related breast cancers.
(A) Mutations in SVhigh samples. (B) Mutations in SVlow samples. (C) Number of mutated genes per sample in SVhigh and SVlow groups.
(D) Number of SV genes per sample in the SVhigh and SVlow groups. (E) Altered signaling pathways at the SV and mutation level in the
SVhigh and SVlow groups.

The fusion was caused by duplication, and both CLTC and
DHX40 were significantly up-regulated in tumor tissues
compared with normal adjacent tissues (p = 0.00036, p =
0.0014).

4. Discussion
The aim of this study was to assess the utility of OGM

for detecting SVs in HBOC-related breast cancers. OGM
is an advanced technology that uses high-resolution imag-
ing techniques to map the structure and organization of the
genome, thus providing valuable insights into SVs. It can
identify SVs that are often missed by traditional sequencing
methods, allowing a more comprehensive understanding of
the genome. Furthermore, OGM is a label-free technique,
making it a non-destructive and cost-effective tool com-
pared to other sequencing technologies. It also allows di-
rect visualization and analysis of genomic features, thereby
eliminating the need for time-consuming DNA amplifica-
tion or labeling. OGM has demonstrated its utility in can-
cer research and in helping to advance precision medicine
[21,24]. In the present research, the landscape of SVs in

HBOC-related breast cancer samples was comprehensively
investigated by OGM to determine how the intratumor het-
erogeneity of SVs impacts clinicopathological features and
the genetic alteration profile. OGM was also able to detect
gene fusions with high accuracy, and several novel gene fu-
sions were identified and validated.

Our results indicate that SVs are very common in
HBOC-related breast cancers. Manual inspection of all the
SVs revealed a redundancy rate of 7.8%, which was mainly
focused on deletion. However, this SV type showed no
difference in trend between groups and did not affect the
results for the association between number of SVs and lu-
minal type or Ki-67 expression, or the group based on the
SV count. Hence, no further analysis was performed and
the data is shown in Supplementary Table 8 for reference
(Supplementary Table 8). The number of SVs was found
to be associated with Ki-67 expression, which is a nuclear
marker of cell proliferation and an important indicator of
tumor cell activity. Breast cancers that express high levels
of Ki-67 are associated with faster tumor growth and worse
clinical outcome [29]. It has been suggested that SVs could

9

https://www.imrpress.com


Fig. 5. Copy Number Variations (CNVs) and chromothripsis detected by OGM in HBOC-related breast cancers. (A) The CNV
landscape of the 5 samples. (B) The circle plot shows the abnormal CNV changes in P5. (C) The heat map shows the chromothripsis
visual scores for the 5 samples. (D) The whole-genome CNV profiles illustrates the abnormal CNV changes in P5. (E) Schematic
showing loss of the tumor suppressor gene PTEN in chromothriptic chromosome 10 in P5. (F) Schematic showing duplication of the
Golgi-associated protein gene GOLPH3 in chromothriptic chromosome 5 in P5.

provide additional prognostic information for patients [30].
HBOC-related breast cancers with SVhigh could therefore
imply poor prognosis for BRCA1/2 mutated patients and
indicate heterogeneity for tumor invasiveness, drug resis-
tance, and recurrence.

BRCA1/2mutations are the main cause of HRD in the
clinic. The HRD scores in the 5 HBOC-related breast can-
cer patients examined in this study ranged from 64 to 134,
demonstrating they all had homologous recombination defi-
ciency [31]. We also observed that SVhigh patients showed
a trend for higher HRD scores and more DDR mutations,
implying these HBOC-related breast cancer patients could
be sensitive to PARP inhibitors [32]. Moreover, SVhigh pa-
tients showed a trend for higher ITH scores, which is a
biomarker for immunotherapy [33]. Given that PD-L1 ex-
pression and the PD-1 checkpoint pathwaywere enriched in
SVhigh patients, it is also reasonable to conclude that such
patients may benefit from PARP inhibitors combined with
immunotherapy.

We also explored the genetic alteration profile of
HBOC-related breast cancers. SVhigh HBOC-related breast
cancers showed an overall trend for more genetic mutations
andmoremutated genes. The open access BioPortal/TCGA
databases do not provide SV data, but CNV and SNV data
can be obtained. For validation purposes, we evaluated the
correlation between CNV load and SNV in TCGA. Pos-
itive correlations were found between the CNV load and
SNV count (Spearman correlation analysis, p = 5.459672
× 10−45, rho = 0.432) (Supplementary Fig. 1A), as well
as between CNV load and the number of mutated genes
(Spearman correlation analysis, p = 1.485089× 10−44, rho
= 0.43) (Supplementary Fig. 1B). These results suggest
that samples with a high CNV load have high SNV counts
and a high number of mutated genes. Furthermore, it has
been reported that more SVs were associated with more
mutations in ovarian and prostate cancers [34]. Our re-
sults are consistent with the above trends reported in the
literature on the correlation between SVs and mutation. In
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Fig. 6. Identification of novel gene fusions using OGM. (A) The top and bottom left panel show a detailed schematic of the CKMT2-
AS1::PDE4D fusion. The bottom right panel shows the expression of PDE4D in tumor tissue compared with normal adjacent tissue. (B)
The top and bottom left panel show a detailed schematic of the C12orf76::ZFAT fusion. The bottom right panel shows the expression of
ZFAT in tumor tissue compared to normal adjacent tissue. (C) The left panel shows a detailed schematic of the CLTC::DHX40 fusion.
The right panel shows the expression of CLTC and DHX40 in tumor tissue compared to normal adjacent tissue. Note: *p< 0.05, **p<
0.01.
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addition, the mutated genes were mainly enriched in sig-
naling pathways involved in tumorigenesis, tumor progres-
sion and resistance to therapies, including signaling path-
ways for EGFRi resistance, platinum drug resistance and
endocrine resistance.

SVhigh HBOC-related breast cancers also showed
more CNV, of which gains in Chr 1q, 3q, 8q ,17q and
losses in ChrX have previously been associated with re-
duced survival [35–38]. If >80% of a chromosome by
length has either lower or higher CNV than baseline, a
whole-chromosome aneuploidy event would be identified.
This was the case for sample P3, which was not only called
as having multiple CNVs, but also showed aneuploidy loss
in chromosome X. Comprehensive assessment of multiple
types of genomic alterations might expand our current un-
derstanding of precision medicine in breast cancer. Chro-
mothripsis is a type of genome instability characterized by
one or several chromosomes being affected by tens to hun-
dreds of clustered DNA rearrangements [27,39–41]. In
the current study, chromothripsis was found in 60% (3/5)
of HBOC-related breast cancer samples in which multiple
chromosomes were affected. It was reported earlier that
chromothripsis events are pervasive in cancer, with a fre-
quency of>60% in a cohort ofmetastatic breast cancers and
25% in a cohort comprised of predominantly luminal breast
cancers [39]. In our study, chromothripsis was mainly
associated with deleterious BRCA1/2 germline mutations.
This is consistent with a previous report that pathogenic
germline variants of essential checkpoint or DNA repair
factors may facilitate chromothripsis [27]. Chromothrip-
sis is also thought to promote or even cause tumor devel-
opment by simultaneously inactivating tumor-suppressor
genes, amplifying oncogenes, and forming oncogenic fu-
sions [39,42–45]. In the present study, more chromothripsis
events were identified in SVhigh HBOC-related breast can-
cers. We observed that the tumor suppressor gene PTEN
was lost and down-regulated, while the Golgi-associated
protein gene GOLPH3 was amplified and up-regulated in
sample P5, which were associated with platinum drug re-
sistance [46]. Patient P5 showed the most chromothrip-
tic chromosomes amongst the SVhigh HBOC-related breast
cancers.

Eight novel gene fusions were identified in this study
and validated by RNA-Seq. We accessed the RNA-Seq
reads, confirmed that the fusions were all in-frame, and
identified that the breakpoints were located at the edges
of exons without leading to premature termination codon
(PTC), premature stop, and nonsense mediated decay. The
IGV screenshots of the 8 fusions are included in the supple-
mentary figures (Supplementary Figs. 2–9) to show the
fusions identified by RNA-Seq. Two of these fusions were
intrachr_trans, which can be called as either true translo-
cation events or duplications/deletion events with Bionano
software. Intra-chromosomal fusion breakpoints typically
involve regions located at least 5 Mbp away from each

other on the same chromosome. Meanwhile, duplication
>5 Mb, deletion >5 Mb, and intra-chromosomal fusions
with a reference distance between fusion points of <1 Mb
are also called as intra-chromosomal fusion events. The two
intra-chromosomal fusion events found in P5 in our study
were confirmed not to be caused by duplication or deletion
events, but rather by an extra copy of a segment fused to
another segment.

The newly identified gene fusion CKMT2-
AS1::PDE4D in SVhigh HBOC-related breast cancer
was formed by fusion of the lncRNA CKMT2-AS1 with
functional gene PDE4D. CKMT2-AS1 is an autophagy-
related lncRNA previously reported to be a prognostic
biomarker in papillary renal cell carcinoma [47]. Tran-
scriptome sequencing revealed that CKMT2-AS1::PDE4D
was associated with increased PDE4D expression in tumor
tissues. This may predict worse survival in tamoxifen-
treated breast cancer patients, since PDE4D is known to
play a pivotal role in acquired tamoxifen resistance via
the blocking of cAMP/ER stress/p38-JNK signaling and
apoptosis [48].

Using the OGM technique, we identified sev-
eral gene fusions that interfere with gene transcrip-
tion and expression. Some were previously reported,
including RBM38::RAE1 [49], NAV1::PKP1 [50] and
EIF3L::TRIOBP [51]. A novel gene fusion in SVhigh

HBOC-related breast cancer found in the present study was
C12orf76::ZFAT. This fusion resulted from interchr_fusion
of the two functional genes C12orf76 and ZFAT. Lit-
tle is known about the clinical significance and biolog-
ical function of C12orf76. ZFAT was originally identi-
fied as a susceptibility gene for autoimmune thyroid dis-
ease [52], regulates apoptosis in human T-cell acute lym-
phocytic leukaemia (T-ALL) [53,54], and participates in
the development of ovarian cancer [55]. We found that
C12orf76::ZFAT fusion correlated with increased expres-
sion of ZFAT, which might play a critical role in breast can-
cer.

The OGM technique also identified the novel gene
fusion CLTC::DHX40 in SVlow HBOC-related breast can-
cer. This was caused by duplication of CLTC and DHX40,
with both genes also showing significant up-regulation
in tumor tissues. CLTC encodes for a major subunit of
clathrin, a multimeric protein on cytoplasmic organelles,
as well as being a recurrent fusion partner for the ALK ty-
rosine kinase gene in anaplastic large-cell lymphoma and
inflammatory myofibroblastic tumor [56,57]. DHX40 en-
codes for a member of the DExH/D box family of ATP-
dependent RNA helicases that play an essential role in RNA
metabolism [58]. Hyper/hypomethylatedDHX40was iden-
tified in platinum-resistant ovarian cancers [59], indicating
that CLTC::DHX40 could also be involved in breast can-
cer development and drug resistance. Although multiple
fusions were identified here by integrating OGM data with
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RNA-seq data, these should be confirmed in larger tumor
cohorts and their functional roles clarified by further inves-
tigations.

This study has several limitations. Firstly, the rela-
tively small number of cases meant there was low statisti-
cal power to assess the associations between SVs and other
clinical or genomic features. Secondly, the observed chro-
mothripsis and novel gene fusion events should be validated
in larger cohorts and their potential biological functions in-
vestigated in HBOC-related breast cancers.

5. Conclusions
In conclusion, OGM is a promising tool for the de-

tection of SVs and CNVs in HBOC-related breast cancer.
This method can efficiently characterize and quantify chro-
mothripsis events and novel gene fusions in cancer tissues.
SVhigh HBOC-related breast cancers were associated with
unfavorable clinicopathological features, with these genetic
alterations having potential predictive and therapeutic sig-
nificance in the clinic.
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