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Abstract

PCa samples from MRI/US-fusion targeted biopsy.

complete loss of function.

Background: Prostate cancer (PCa) is characterized by complex genomic rearrangements such as the ETS oncogene
family fusions, yet the clinical relevance is not well established. While paneled genetic tests of DNA repair genes are
recommended in advanced PCa, conventional genomic or cytogenetic tools are not ideal for genome-wide screening
of structural variations (SVs) such as balanced translocation due to cost and/or resolution issues.

Methods: In this study, we tested the feasibility of whole-genome optical genomic mapping (OGM), a newly devel-
oped platform for genome-wide SV analysis to detect complex genomic rearrangements in consecutive unselected

Results: We tested ten samples, and nine (90%) passed quality check. Average mapping rate and coverage depth
were 58.1 +23.7% and 157.3 +£97.7 %, respectively (mean £ SD). OGM detected copy number alterations such as
chréq13 loss and chr8qg12-24 gain. Two adjacent tumor samples were distinguished by inter/intra-chromosomal trans-
locations, revealing that they're from the same ancestor. Furthermore, OGM detected large deletion of chr13g13.1
accompanied by inter-chromosomal translocation t(13;20)(q13.1;p13) occurring within BRCA2 gene, suggesting

Conclusion: In conclusion, clinically relevant genomic SVs were successfully detected in PCa samples by OGM. We
suggest that OGM can complement panel sequencing of DNA repair genes BRCA1/2 or ATM in high-risk PCa.
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Background

Prostate cancer (PCa) genome is characterized by a rela-
tively low mutation burden but high frequency of large
complex structural variations (SVs) [1, 2]. For example,
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ETS family gene fusion is a known driver of the disease
and occurs by intra- or inter- chromosomal transloca-
tions or deletions [3]. Thereby, genome-wide SV analysis
of PCa can provide valuable information regarding its
pathogenesis [4]. Current modalities of genome-wide SV
analysis include karyotyping, fluorescence in situ hybridi-
zation (FISH), chromosomal microarrays (CMA), and
recent addition of whole-genome sequencing (WGS).
Yet, each tool has its own limitation (resolution, manual
labor, requirement of live cells, inability to detect bal-
anced translocation or cost) and is not wildly applied to
study complex SVs in prostate cancer samples. In fact,
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Table 1 Summary of 9 prostate cancer samples

Sample name Age MRI findings PSA (ng/mL) Target lesion ISUP GG

Gleason Score

P1 68 Left anterior TZ, PI-RADSS5, cT3aNO 5.79 6(3+3) 1

P2 86 Right midgland PZ, PI-RADSS5, cT3aNO 6.36 9(5+4) 5

P3 83 Right midgland PZ, PI-RADSS5, cT2bNO 18 73+4) 2

P4 63 Left TZ, PI-RADSS5, cT2bNO 24 73+4) 2

P5* 78 Right TZ, PI-RADS5, cT3aN0 16.9 8(4+4) 4

pe* 78 Right TZ, PI-RADS5, cT3aN0 16.9 8(4+4) 4

p7 80 A large tumor involving both TZ, PI-RADS5, cT2cNO 439 7(3+4) 2

P8 78 Multifocal, diffuse lesion involving both PZ and right TZ, 30.7 9(5+4) 5
PI-RADS5, cT3aN1

P9 62 Right PZ, PI-RADSS, cT3NO 76.7 7(4+3) 3

MRI magnetic resonance imaging, PSA prostate specific antigen, ISUP GG International Society of Urological Pathology Gleason grade group, TZ transition zone,

PI-RADS Prostate Imaging-Reporting and Data System, PZ peripheral zone

*From the same patient

genome-wide SV analysis for PCa is not popular in clinic
yet.

Germline and somatic mutations of DNA repair genes
such as BRCA1, BRCA2, and ATM in PCa have been
associated with aggressive disease course and resistance
to androgen receptor-targeted therapies [5-7]. Recently,
PARP inhibitors have improved survival in PCa patients
with DNA repair gene mutations, particularly BRCA2 [8,
9]. In this regard, precise assessment of BRCA2 and other
DNA repair genes is now recommended for all metastatic
PCa patients [10].

Optical genome mapping (OGM) is a recently devel-
oped genomic SV detection tool with superior sensitiv-
ity to conventional cytogenetic methods [11], particularly
for the detection of balanced rearrangement. It can aid a
sequencing-based approach to detect clinically relevant
genomic aberrations and characterize complex SVs such
as chromoplexy or chromothripsis [12—14]. Also, it has
provided results comparable to conventional cytogenetic
techniques in diagnosis and prognostic genomic marker
detection of leukemia and multiple myeloma [15, 16].

In this study, we performed OGM on PCa tissues
acquired by transrectal ultrasonography (US)-guided
needle biopsy on target lesion from MRI at the time of

Table 2 Structural variation summary

diagnosis. OGM found clinically relevant SVs affecting
tumor suppressor genes such as BRCA2 and genomic
heterogeneity between two adjacent tumors.

Materials and methods

Patient samples

The study was approved by the Bioethics Committee of
the Severance Hospital (No. 4-2021-0276). All participat-
ing individuals gave informed consent.

Prostate cancer histology

We used the 2014 Gleason grade group (GG) proposed
by the ISUP. Gleason grade is a point 1 to 5 given to the
histological findings of prostate adenocarcinoma - grade
1 as well-differentiated to grade 5 as poorly differenti-
ated. Gleason grade can vary in a single patient across
the tumor regions. Gleason score is a sum of the most
commonly observed Gleason grade and the second-most
commonly observed grade. For instance, Gleason score
9 (5+4) means that the most commonly observed Glea-
son grade is 5, and the second-most commonly observed
grade is 4 in a tumor. The 2014 ISUP Gleason grade

P1 P2 P3 P4 P5 P6 P7* P8 P9*
Deletions (> 1kb, <1Mb) 410 395 414 243 420 388 503 136 224
Insertions (> 1kb) 452 432 596 338 397 410 760 214 461
Duplications 63 63 96 10 66 73 5 128 3
Inversion 6 12 17 4 9 16 4 1 1
Inter-chromosomal translocations 1 1 3 0 2 3 4 0 0
Intra-chromosomal translocations 3 9 3 1 5 5 1 0 0

*De novo assembly pipeline
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group (GG) is a five-tier prognostic categorization of
the Gleason score into five groups. GG1 - Gleason score
6(3+3); GG2: Gleason score 7(3+4); GG3: Gleason
score 7(4+ 3); GG4: Gleason score 8(4+4); GG5: Glea-
son score 9(4+5), 9(5+4) or 10(5+5).

Ultra-High Molecular Weight (UHMW) gDNA isolation

from frozen tissue

Ten prostate cancer tissues were collected from prostate
needle biopsy. The tissue was snap-frozen and stored at —
80°C. ~10 mg frozen tissue was used for ultra-high molec-
ular weight (UHMW) gDNA following the tissue and
tumor DNA isolation protocol (#30,339) from Bionano
Genomics (https://bionanogenomics.com/support-page/
sp-tissue-and-tumor-dna-isolation-kit/). The tissue was
mechanically homogenized in a buffer containing ethanol
and filtered through 40 um cell strainer. Tissue homoge-
nate was pelleted by centrifugation. Resuspended pel-
lets were lysed and digested, then Phenylmethylsulfonyl
Fluoride Solution (PMSF, Millipore Sigma) was added to

inactivate Proteinase K. Released gDNA binds to a single
paramagnetic Nanobind Disk (Bionano Genomics, San
Diego, CA, USA) following addition of salting buffer (SB,
Bionano Genomics) and 100% isopropanol (Fisher Scien-
tific, Hampton, NH, USA). After four wash steps, the disk
was transferred to a clean tube, and the gDNA was eluted
at room temperature.

Direct label and staining (DLS)
Using Bionano Prep Direct Label and Stain assay
(#30,206, https://bionanogenomics.com/support-page/
dna-labeling-kit-dls/), 750ng UHMW gDNA was enzy-
matically labeled at a specific sequence motif (green).
Proteinase K (Qiagen, Hilden, Germany) was used to
inactivate DLE-1 enzyme. After a series of membrane
adsorption, the labeled DNA was stained for backbone
visualization (blue). All procedures were done according
to the manufacturer’s instructions.

Labeled UHMW gDNA was quantified by Qubit
dsDNA High Sensitivity Assay (Thermo Fisher Scientic,
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Fig. 2 Copy Number Variations of Prostate Cancer Tissue Sample A Copy number variation landscape of 9 samples. B Insertion at MECOM gene,
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Waltham, MA, USA) and 4-12ng/pL labeled samples
were directly loaded onto Bionano Saphyr® Chip G2.3.

Bionano Solve Pipeline

Genome map assembly, alignments, and structural
variation calling were generated using Bionano Solve
v3.5. Genome Reference Consortium Human Build 37
(GRCh37) was used for the reference genome. Analyzed
data was visualized with Bionano Access v1.5.2.

Results

We performed OGM of ten prostate needle biopsy sam-
ples, and nine samples passed the initial quality check.
One sample could not be included in this study due to
insufficient DNA concentration. Clinical characteris-
tics of the tumors are summarized in Table 1. N50 range
of the analyzed DNA molecules were 1954 to 235.9
Kbp. The average mapping rate and coverage depth was
58.1£23.7% and 157.3+97.7 %, respectively (mean 4 SD)
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(Additional file 2: Table S1). When aligned to reference
human genome (GRCh37), 479 to 1,227 SVs (mean=+ SD:
868+236) were found. The most frequent SV type was
insertion, followed by deletion (Table 2; Fig. 1A). When
divided by histologic grades (low Gleason grade group
(GG): 1-3, n=>5; high GG: 4-5, n=4), high GG tumors
showed more frequent duplications, inversions, and
translocations than low GG tumors, yet not statistically
significant (Fig. 1B, p-value by Wilcoxon rank test).

For copy number alteration, chromosome (Chr) 6q13
loss and Chr8q12-24 gain were the most frequent events
(78% and 44%, respectively). Chr8q12-24 gain (harbor-
ing MYC oncogene) was frequently accompanied by
Chr8p21-23 loss (harboring NKX3-1 tumor suppres-
sor gene) (Fig. 2A). Loss of Chr13q13.3-q22.2 (harbor-
ing tumor suppressor RBI) and gain of Chr3q26 was
observed in two GG 5 samples (P2 and P8) (Fig. 2A).
Notably, the gain of Chr3q26 in P2 sample was accompa-
nied by insertion in a histone-lysine N-methyltransferase
gene MECOM (Fig. 2B). A 2.4 Mb-size deletion Chr17p21
involving BRCA 1 was observed in one GG 2 sample (P3).

We further analyzed inter- and intra-chromosomal
translocations (Additional file 1: Fig. S1). We focused P5
and P6, which were derived from two adjacent tumors
identified by MRI in a single patient (Fig. 3A). While the
two samples shared some intra-chromosomal transloca-
tions, they were differed from each other by additional
inter or intra-chromosomal translocations, of which
breakpoints are occurring at the shared translocation

sites. For example, both P5 and P6 exhibited t(4;4)
(q22.2:q25), but only P6 had t(2;4)(p11.3:q25) and t(2;4)
(q32.1:q25). In contrast, P5 had t(2;4)(p16,3:q22.3). Simi-
larly, both P5 and P6 exhibited t(6;6)(q15:q22.31), but
only P6 had t(6;6)(q12:q22.31), and only P5 had t(6;6)
(q14.3:q22.31). Furthermore, t(2;8)(q22.3:q24.22) was
observed only in P5. For other types of SVs, most indels
found in P6 overlapped with P5. The total number of SVs
was 895 in P6 and 899 in P5 (Table 2). While both P5 and
P6 were graded as GG4, we observed difference of domi-
nant histological pattern between the tumors (Fig. 3B).

In sample P9, a GG 3 tumor described as PI-RAD5
region in MRI, OGM found deletion of chr9p23 (start
position: 10,018,386; end position: 10,022,066) affect-
ing PTPRD gene. Further panel sequencing (Trusight "
Oncology kit, Illumina) found a frameshift muta-
tion of PTPRD (AA change: p.T1578Lfs*2; HGV Sc:
NM_002839.3:c.4732delA).

Lastly, we describe a complex genomic rearrange-
ment affecting BRCA2 at P8, a GG 5 tumor. One
copy of BRCA2 was lost by wide copy number loss of
chr13q12.3-14.3, also involving RB1 (Fig. 4A). The other
copy of BRCA2 was disrupted by an inter-chromosomal
translocation t(13;20)(q13.1;p13) (Fig. 4B). Interest-
ingly, multiple inter or intra-chromosomal translocations
occurred nearby the translocation breakpoints - t(2;20)
(q12.3;p13) involving GCC2 and SIRPA, t(2;4)(q13;q28.3)
involving  ACOXL, and t(9;13)(q22.2;q13.1) involving
SEMA4D and RXFP2 (Fig. 4A). Importantly, this patient
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Fig. 4 Complex Genomic Rearrangements involving BRCA2. A Circos plot showing multiple translocations and copy number variations of P8.
Translocations locus described in right. B Chromosome view of t(13;20)(q13.1;p13)

had a history of malignant choroidal melanoma. We
performed germline panel sequencing, which did not
reveal relevant mutations related to cancer susceptibility.
Peripheral blood germline testing of t(13;20)(q13.1;p13)
is planned. Additional chromosomal translocation data
are summarized in Additional file 2: Table S3.

Discussion

In this study, we aimed to assess the utility of OGM to
detect complex genomic rearrangements using consecu-
tive unselected series of PCa samples via MRI/US fusion
biopsy. Gleason grade group (GG) is a well-established
prognostic indicator of PCa retrieved from biopsy. High
GG (4-5) tumors tended to show more frequent duplica-
tions, inversions, and translocations than low GG (1-3)
tumors. It has been known that the burdens of genomic

SVs (copy number alterations, aneuploidy) correlate with
Gleason grades and prognosis [4, 17, 18].

Compared to the other cancers, PCa genome is charac-
terized by frequently balanced rearrangements that affect
multiple oncogenes and tumor suppressor genes [19].
While most SVs involved intergenic or intronic noncod-
ing genomic regions, we identified SVs that affect onco-
genes (MYC and MECOM) and tumor suppressor genes
(NKX3-1, RB1, BRCAI, BRCA2, and PTPRD). PTPRD
encodes protein tyrosine phosphatase and is frequently
inactivated in solid tumors such as glioblastoma [20]. We
showed that a case of PTPRD truncating mutation co-
occurs with the allelic loss of the PTPRD gene. BRCA2
is one of the most frequently mutated DNA repair genes
in advanced PCa [21]. About 1.1% of unselected PCa had
germline BRCA2 mutations, and about 4.9% had somatic
mutations [22]. Detection of BRCA2 genetic alteration
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is clinically relevant because it suggests a response to
PARP inhibitors [8, 9], and familial analysis is indicated
if germline mutation is suspected. Somatic alterations
from large genomic rearrangements are frequent in
BRCA1/2 due to genomic instability from high densities
of repetitive elements in the BRCA1/2 genes [23]. In our
case, single copy loss of BRCA2 and RBI by large dele-
tion of chromosome 13q12-14 and inter-chromosomal
translocation of breakpoint occurring at BRCA2 was
found. Molecular studies suggest that BRCA2 mutation
combined with RBI alteration, located on chromosome
13q14, can generate an aggressive PCa model with cas-
tration resistance [24]. In particular, in the case of bal-
anced translocation that involves BRCA2, like our case,
detection is unavailable with CMA, and it is challenging
to detect short-read sequencing.

We observed a split duplication involving TMPRSS2,
but no other ETS family gene rearrangement was found
(Additional file 2: Table S3). ETS genomic rearrangement
frequency varies across races, and in the Asian popula-
tion, the frequency is lowest. Li et al. analyzed 208 pri-
mary prostate cancer tissues by WGS and found that only
9% of the tumors had TMPRSS2-ERG fusion [25]. In their
analysis, FOXA1 and SPOP mutations were more fre-
quent than those reported in western populations, which
are known to be mutually exclusive to ETS genomic
rearrangements.

This study has several limitations. First, due to a rela-
tively small number of subjects included in this study,
sufficient power was not achieved to access the associa-
tion between identified SVs and clinical features. Second,
we did not analyze patients’ follow-up data because we
used diagnostic PCa samples prospectively. Third, we did
not confirm the identified SVs with another assay such as
WGS. While we did not incorporate WGS in our study,
earlier studies combining OGM and WGS in advanced
PCa samples have found that large insertions and dupli-
cations were frequently missed by short-read WGS dis-
covery approach [14, 26]. In hematologic malignancies,
studies comparing OGM to conventional cytogenetic
approaches also reported that OGMs identified large
(>5Mb) or complex SVs that were not detected by con-
ventional tools [16, 27]. For PCa, a more extensive study
with long-term follow-up data is necessary to confirm
the clinical implication of those large or complex SVs.

OGM has the advantage of detecting complex struc-
tural rearrangements. However, OGM alone is not suf-
ficient for confirming the exact rearrangement position.
As OGM compares motif-specific label patterns to the
reference genome instead of sequencing base pairs, the
genomic location of the variants is not accurate [10].
We previously observed location differences between
OGM and chromosomal microarray. Therefore, the
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exact rearrangement position detected by OGM needs
to be confirmed by sanger sequencing or NGS yet.

Conclusion

In conclusion, OGM represents a promising tool iden-
tifying SVs disrupting PCa relevant genes with clinical
and therapeutic significance. All consecutive biopsy
samples passed quality checks except for one, and we
successfully detected SVs in all tested samples. We sug-
gest that OGM can complement short-read sequencing
in cancer molecular assessment.
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