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Abstract
Detection of Chromosomal Abnormalities (CA) is important for cancer patients. Compared to common cancer cytogenetics methods including karyotype, fluorescent
in situ hybridization (FISH), and chromosomal microarray (CMA), optical genome mapping (OGM) is an innovative method to detect CA. The objective of this
pilot study was to determine a stepwise approach to adopt OGM in the clinical setting. A blinded study was used to compare OGM, karyotype, FISH, and CMA on
five cancer cases (four leukemia/lymphoma and one solid tumor). Next-generation sequencing and a gene fusion assay were also used for confirmation. We used a
stepwise approach to analyze OGM calls. Three-quarters of 406 OGM calls in this study were filtered out according to genomic sizes, cancer genes, and knowledgebased cancer databases. The remaining 89 calls were analyzed independently/blindly to determine their reportability/ pathogenicity. OGM revealed all chromosome
abnormalities previously identified by karyotype and FISH (a total of 98 loci) and achieved a sensitivity of 100%. Compared to CMA, the sensitivity of OGM was
88% (including copy-number neutral loss of heterozygosity (CN-LOH)) and 96% (excluding CN-LOH). While, OGM cannot detect CN-LOH, while it revealed 71
additional calls, 52% of breakpoints involved genes and 7.7% of breakpoints involved known cancer genes. Although these additional/unrecognized calls may play
roles in cancer development and formation, they are currently variants of unknown clinical significance. OGM effectively characterized a complex rearrangement and
a chromothripsis-like event. OGM is a reliable method for detecting both copy number variants and structural variants in cancer genomes using a stepwise approach
and can be adopted smoothly into the clinical setting as a promising alternative to routine cytogenetic techniques of karyotype/FISH/CMA assays.
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Introduction
Chromosomal abnormalities, including copy number variants (CNVs) and structural variants (SVs), are important in cancer patients, as they
can inform targeted therapeutic decisions, prognostic risk stratification, and relapse prediction [1,2]. Therefore, the detection of CNVs and SVs
in cancer patients is of great diagnostic value [1-3]. Routine cancer cytogenetic techniques used for detecting chromosome abnormalities include
conventional chromosome analysis/karyotype, fluorescent in situ hybridization (FISH), and whole-genome chromosomal microarray assays
(CMA). A karyotype can detect genome-wide CNVs and SVs at the limit of resolution of 5 - 10 Mb and is commonly time-consuming. FISH is
locus-specific depending on specific probes for evaluating limited CNVs and SVs in the genome. Large FISH panels containing numerous probes
can detect more loci but become more expensive. CMA can detect genome-wide CNVs at a resolution that is ~ 100x more sensitive than karyotype.
However, CMA cannot detect any balanced SVs such as inversions, reciprocal translocations, and insertions, or any additional balanced complex
rearrangements, which may act as oncogenic driver mutations in cancers [1,2].
Optical genome mapping (OGM) technology is an innovative single-molecule method that can detect both CNVs and balanced/unbalanced
SVs [4-10]. It is a high-throughput and whole-genome analysis system that generates ordered restriction maps from high molecular weight
genomic DNA molecules, ranging in size from 300 kilobases (Kb) to a few megabases (Mb) [4,7 and 9-13]. Computational approaches are used
for the construction of genome-wide physical restriction maps of patient samples [4,14-18]. It provides insights into long-range genome structure
and genome variation and effectively detects genome-wide CNVs and SV [4,7-13]. It has been used as a tool/method to guide and/or validate
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DNA sequencing-based genome assemblies [7-13], to identify structural polymorphisms/ variations in normal human genomes [5,6 and 19], to
study functional methylome [20] and viral insertions [21], and to detect abnormal repeats in human diseases [22-25], oncogene amplification [26],
germline CNVs and SVs in known disease-risk and disease regions [27-29], and CNVs and SVs in cancer genomes [30-36].
Because OGM detects both CNVs and SVs in a single workflow without an amplification step, it has recently demonstrated potential clinical
utility in clinical cancer cytogenetics laboratories [4,30-34,36 and 37]. The objective of this pilot study was to determine a stepwise approach
to adopt OGM in the clinical setting. A set of five clinical cancer cases including four leukemia/lymphoma samples and one fresh solid tumor
specimen were analyzed by OGM and simultaneously tested with karyotype, leukemias/ lymphomas FISH panels, a targeted next-generation
sequencing (NGS) DNA mutation assay, and a gene fusion assay. We used a stepwise approach to analyze OGM calls independently and blindly,
to determine the feasibility of adopting OGM as a routine test into a clinical cancer cytogenetic laboratory.

Materials and Methods
Clinical specimens
This study included five consecutive clinical cancer specimens from 01/01/2020 to 05/01/2020 that were referred to cytogenetic studies and had
enough material for simultaneous optical genome mapping. They consist of four leukemia/lymphoma specimens (one EDTA peripheral blood and
three EDTA bone marrow samples) and one solid tumor specimen (fresh kidney tumor tissue).

Optical genome mapping (OGM)
Ultra-high molecular weight DNA was extracted from peripheral blood, bone marrow aspirates, or fresh solid tumor tissue specimen,
according to the manufacturer’s protocols (Bionano Genomics Inc., San Diego, CA). DNA was quantified with Qubit dsDNA assay kits (Thermo
Fisher Scientific, Waltham, MA). DNA labeling was performed according to the manufacturer’s protocols (Bionano Genomics Inc., San Diego,
CA). Briefly, standard direct label enzyme 1 reactions were performed using 750 ng of purified high molecular weight DNA per specimen with
the counterstained DNA backbone. Labeled DNAs were loaded on Saphyr chips, and were imaged sequentially across nanochannels on a Saphyr
instrument (Bionano Genomics Inc., San Diego, CA).
Genome analysis was performed using software solutions provided by Bionano Genomics (Bionano Access and Bionano Solve, last accessed
on 10/5/2020, Bionano Genomics Inc., San Diego, CA) to identify potentially somatic variant calls. Rare variant pipeline analysis was performed to
sensitively capture somatic SVs occurring at low allelic fractions and copy number variant pipeline analysis for whole arm numerical abnormalities,
terminal deletions, or unbalanced translocations with centromeric breakpoints according to manufacturer’s protocols (Bionano Genomics Inc.,
San Diego, CA).
A blinded study was performed to analyze OGM calls. We used a stepwise approach to analyze all OGM calls. First, we filtered all calls
according to genomic size. The size threshold is based on genomic size used by our current SNP microarray for cancer specimens, which is also
close to the CAP recommended criteria when submitting oncology microarray proficiency testing. Second, we filtered all calls according to welldefined cancer genes and cancer-related genes (Supplemental Table S2, gene lists from CGC (https://www.cancergenomics.org/databases_ and_
gene_ lists.php), and COSMIC's cancer gene census (https://cancer.sanger.ac.uk/census)). Third, we compared these abnormalities according to
knowledge-based cancer databases (The Atlas of Genetics and Cytogenetics in Oncology and Haematology (http://atlasgeneticsoncology.org/), the
Cancer Genome Atlas Copy Number Portal (http://portals.broadinstitute.org/tcga/gistic/ browseGisticAnalyses), the Mitelman database (https://
mitelmandatabase.isb-cgc.org/), COSMIC (https://cancer.sanger. ac.uk/cosmic), the ICGC data portal (https://dcc.icgc. org/), the cBioPortal
(http://www.cbioportal.org/), the National Cancer Institute Genomic Data Commons (https://portal.gdc.cancer.gov/), My Cancer Genome
(https://www.mycancergenome.org/), and Online Mendelian Inheritance in Man (https://www.ncbi.nlm.nih.gov/omim/)). All filtered calls that
met these criteria were analyzed independently by cytogenetic technologists proficient in analyzing whole-genome CMA data. Calls were presumed
to be germline if they were present at 100% frequency and have been previously identified in constitutional microarrays as a benign structural
variation (polymorphism) in the normal human genome (such as Database of Genomic Variants (http://dgv.tcag.ca/ dgv/app/home)). We also
analyzed genes at breakpoints of calls, within 10 kb at the SV breakpoint start and end positions of insertions/deletions/ duplications, and within
50 kb for inversions/ translocations. A final clinical report including all reportable abnormalities was generated, and all calls identified by optical
mapping were annotated into a JHU-cancer cytogenetic database and BED file to use in the UCSC genome browser.

Whole-genome SNP microarray
SNP microarray was performed with DNA extracted from bone marrow and peripheral blood specimens (QIAamp® DNA Midi Spin Kit
and Qiacube®, QIAGEN, Hilden, Germany) and solid tumor specimen (Gentra Puregene® Tissue Kit, QIAGEN, Hilden, Germany) specimens
by conventional methods (Qiagen, Hilden, Germany). DNA concentration was assessed using the Qubit fluorometer and/or NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA). The high-resolution microarray platform utilized was the Illumina Infinium CytoSNP850K v1.2 BeadChip containing over 850,000 markers (mean spacing 3.5 kb) (Illumina, Inc. USA). BeadChips were processed per manufacturer’s
guidelines and imaged with the Illumina iScan system. Data were analyzed with the CNV Partition 2.4.4.0 algorithm with GenomeStudio (v2010.3,
Illumina) and KaryoStudio (v1.4.3.0, Illumina). B - allele frequency and LogR signal intensities were used to examine and identify potentially
pathogenic regions of genomic imbalance. All analysis was performed using human reference genome assembly hg19 (GRCh37).

Targeted next-generation sequencing (NGS) assay
DNA was extracted from blood and bone marrow specimens by conventional methods (Qiacube, Qiagen, Hilden, Germany). DNA was
extracted from solid tumor tissue specimens with the Siemens TPS automated method (Siemens Healthineers, Malvern, PA). DNA concentration
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was assessed using the Qubit fluorometer using either DNA-HS or DNA-BR reagents according to vendor specification (Thermo Fisher Scientific,
Waltham, MA). Library preparation was performed using Kapa Roche HyperPrep reagents, hybrid capture performed using Integrated DNA
Technologies probes, and products sequenced using NovaSeq (Illumina paired-end technology). The targeted NGS assay used 40,670 Integrated
DNA Technologies probes and for a list of covered cancer genes in the targeted NGS assay, see https://pathology.jhu.edu/jhml-services/assets/testdirectory/HemePanel_GeneList_ v5.0.pdf. Analysis was performed using human reference sequence genome assembly hg19 (NCBI build GRCh37/
hg19). An in-house variant and CNV caller software (MDL VC 10) and CNVkit software version 0.9.5 (https://cnvkit.readthedocs.io/en/stable/,
last accessed on February 1st, 2021) were used to generate gene variants/mutations and genome-wide copy number variants from the targeted NGS
data.

Targeted gene fusion panel
Bone marrow aspirate or peripheral blood specimens were drawn into lavender top tubes containing EDTA were processed using the QIAamp
RNA Blood Mini Kit, Cat#52304, (Qiagen, Beverly, MA), according to vendor specifications, with 2 to 12 mL of each specimen. For solid tissue,
after macro-dissection to enrich for tumor, RNA was isolated utilizing the Siemens Tissue preparation automated bead-based method with Versant
TPS reagents according to vendor protocol (Siemens Healthineers, Malvern, PA). RNA concentration was assessed using the QUBIT fluorometer
with RNA-HS or RNA-BR reagents according to vendor directions (Thermo Fisher Scientific, Waltham, MA).
Probe design and construction were performed in collaboration with NanoString Technologies. nCounter Element reagents were purchased
from NanoString, and probes were synthesized by IDT (Coralville, IA). Sample processing was performed using the nCounter Prep Station
(NanoString Technologies), and RNA counting was performed using the nCounter digital analyzer (NanoString Technologies) following the
manufacturer’s protocol. Raw counts directly from the nCounter digital analyzer were subjected to normalization using the internal positive
spike-in controls by nSolver analysis software version 4.0 (NanoString Technologies), followed by probe-specific background correction. A fusion
transcript was considered as expressed if the count number was beyond the normal range, defined as the upper quantile (Q3) plus 3 times the
interquartile range in the boxplot. The full list of covered fusion and gene expression imbalance targets is on the website (https://pathology.jhu.
edu/Molecular Diagnostics/tests.cfm).

Karyotype and Fluorescence in situ hybridization (FISH)
Conventional G-banded chromosome studies were performed using standard techniques. A minimum of 20 metaphase cells were analyzed from
unstimulated bone marrow aspirate, peripheral blood, or solid tumor cultures. The abnormal karyotypes were described using the International
System for Human Cytogenetic Nomenclature (ISCN 2016). FISH was performed on interphase nuclei using disease-specific panels of probes
according to the manufacturer’s protocol (Abbott Molecular Inc., Des Plaines, IL). The CLL FISH panel includes 6CEN (D6Z1), 6q23.3 (MYB),
11CEN (D11Z1), 11q22.3 (ATM), 12CEN (D12Z3), 12q15 (MDM2), 13q14.3 (D13S319), 13q34 (LAMP1), 11q13 (CCND1), and 14q32 (IGH)
probes (Abbott Molecular Inc., Des Plaines, IL). The B-ALL FISH panel includes 1q23 (PBX1), 19p13.3 (TCF3), 4CEN (D4Z1), 10CEN (D10Z1),
17CEN (D17Z1), 8q24 (5'MYC,3'MYC), 9p21 (CDKN2A), 9CEN (D9Z1), 9q34 (ABL1), 22q11.2 (BCR), 11q23 (5'MLL[KMT2A], 3'MLL[KMT2A]),
12p13 (ETV6), 21q22 (RUNX1), 14q32 (3'IGH,5'IGH), 17p13 (TP53), 17CEN (D17Z1), Xp22.33/Yp11.32 (3'CRLF2, 5'CRLF2), and Xp22.33/
Yp11.32 (3'P2RY8, 5'P2RY8) (Abbott Molecular Inc., Des Plaines, IL). The AML/MDS FISH panel includes 3q21 (RPN1), 3q25.32 (MLF1), 3q26.2
(MECOM), 4q21 (AFF1), 5p15.2 (D5S630), 5q31 (EGR1), 5q35.1 (NPM1), 6p23 (DEK), 6q27 (MLLT4), 7CEN (D7Z1), 7q31 (D7S486), 8p11.2
(KAT6A), 8CEN (D8Z2), 8q22 (RUNX1T1), 8q24.1 (MYC), 9p22 (MLLT3), 9q34 (ABL1), 9q34 (NUP214), 10p12 (MLLT10), 11p15.4 (3'NUP98,
5'NUP98), 11q23 (5'MLL [KMT2A],3'MLL[KMT2A]), 13q14.3 (D13S319), 13q34 (LAMP1), 15q24.1 (PML), 16p13.3 (CREBBP), 16p13 (MYH11),
16q22 (CBFB), 17p13 (TP53), 17q21 (RARA), 17CEN (D17Z1), 19p13.1 (ELL), 19p13.3 (MLLT1), 20q12 (D20S108), 20q13.2 (ZNF217), 21q22
(RUNX1), and 22q11.2 (BCR) (Abbott Molecular Inc., Des Plaines, IL). The X/Y FISH included XCEN (DXZ1) and YCEN (DYZ1) probes (Abbott
Molecular Inc., Des Plaines, IL). A total of 200 nuclei per probe were evaluated with fluorescence microscopy by two technologists scoring blinded
from each other using a Zeiss Axioscope system. The analysis was performed using Cytovision software (Leica Inc., Buffalo Grove, IL). The specimen
was considered abnormal if the results exceeded the laboratory-established cut-off for each probe set.

Results
CNVs and SVs by routine cytogenetic tests
Karyotype, FISH, and CMA of five specimens detected two abnormal karyotypes, seven positive FISH loci among a total of 98 loci tested, and
twenty-five calls by CMA (Table 1). Combination of all three techniques showed a total of twenty-three CNVs, five SVs, and two regions of copynumber neutral loss of heterozygosity (CN-LOH) (Table 1 and Supplemental Table S1).

CNVs and SVs by OGM
Specimens tested in this study had an ultra-high molecular weight DNA concentration ranging from 42 to 131 ng/µL. OGM collected data
(~1300 Gb per specimen), which achieved an effective genome coverage of over 400x. Molecule N50 (for molecules >150 kb) values were greater
than 250kb. OGM generated ~2,099 calls per specimen (Table 1). Approximately 81 calls per specimen in this study were obtained after analyzing
using Bionano software (Bionano Genomics Inc., San Diego, CA).
We obtained ~ 18 calls per specimen after applying the above three filters (Table 1), which eliminated ~ 75% of OGM calls and reduced
analysis time. We analyzed the calls independently, manually, and achieved consistent results among analyzers. OGM revealed two unbalanced
translocations and two deletions that were detected by karyotype (Supplemental Table S1) and achieved a sensitivity of 100%. It also detected three
gene fusions (NUP98/NSD1, BCR/ABL1, and MLLT3/KMT2A), a complex 11;14 rearrangement, and two deletions that were detected by FISH
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Table 1: Overview of clinical, cytogenetic and OGM data in this study.
Sample

1

2

3

4

5

Total number

Tissue source

Bone marrow

Bone marrow

Peripheral blood

Bone marrow

Kidney tumor fresh tissue

3

Tumor type

AML

CLL

B-ALL

AML

Wilms' tumor, blastemapredominant

4

Karyotype

46,XY[20]

46,XY[20]

46,XY[20]

46,XX,der(9)t(9;11)
(p21;q23),der(11) del(11)
(p11.2p13) t(9;11) (p21;q23)
[10]//46,XY[10]

46,XY,del(3)(p12
p12),add(14)(q23) [20]

2 abnormal
karyotypes

FISH

NUP98/NSD1 fusion
by AML/MDS panel

Normal AML/
MDS and CLL
panels

BCR/ABL1 fusion and
loss of CDKN2A and
ETV6 by B-ALL panel

MLLT3/MLL fusion by AML/
MDS FISH panel and XX/XY
cells by X/Y FISH

der(14)t(11;14) by a
metaphase FISH

7 abnormal FISH

SNP microarray (CMA)

4

7

6

4

4

25

All OGM calls

2,207

2,090

2,034

2,169

1,997

10,497

OGM calls after Bionano
pipelines

89

54

121

89

53

406

OGM calls >250 kb

16

11

12

8

6

53

OGM calls < 250kb with
cancer genes

2

6

5

2

5

20

Additional OGM calls
with SV

5

3

3

4

1

16

20

20

14

12

89

Total OGM calls identified 23
for review

assays among a total of 98 probe loci tested in this study (Supplemental Table S1) and achieved a sensitivity and specificity of 100%.
Compared to CMA, OGM revealed 22 of 23 CNVs (96%) and did not detect a low-level gain of the whole short arm of chromosome 6 (case 2
in Table 2). OGM did not detect two regions of CN-LOH as expected (Table 2). Therefore, the sensitivity of OGM was 96% (excluding CN-LOH
calls by CMA) and 88% (including CN-LOH calls by CMA) compared to CMA. OGM revealed 71 additional calls including 51 CNVs and 20 SVs,
which were not reported by CMA (Supplemental Table S1).
Table 2: Results of SNP microarray in this study.
Sample

1

2

SNP microarray findings
Chromo-some
Breakpoints

Breakpoint
Start

Breakpoint Stop Size (bp)

Abnormality Type
(% mosaicism
if applicable)^

Reported/
Pathogenic

Identified by OGM
using pipelines of
CNV1 and/or CSV2

chr 3

3p14.2

6,03,41,773

6,04,65,279

1,23,506

Loss (N/A)

No

Yes1,2

chr 4

4q13.2

6,96,71,302

6,97,08,718

37,416

Loss (N/A)

No

Yes2

chr 6

6p21.33

3,13,60,255

3,14,53,618

93,363

Loss (N/A)

No

Yes2

chr 15

15q11.2

2,27,50,305

2,32,26,254

4,75,949

Gain (N/A)

No

Yes1

chr 2

2q12.3 to q14.3

10,74,93,000

12,78,95,000

2,04,02,000

Abnormal*

Yes

Yes2

Yes

Yes2

Yes

Yes2

Yes

No

(5-10%)
chr 2

2q22.1 to q23.3

14,22,10,000

15,35,00,000

1,12,90,000

Abnormal*
(5-10%)

chr 2

2q35 to q37.1

21,82,30,000

23,13,90,000

1,31,60,000

Abnormal*
(5-10%)

chr 6

6pter to p11.1

1,08,666

5,87,52,089

5,86,43,423

Gain
(~15%)

chr 6

6q11.1 to qter

6,18,91,118

17,09,19,470

10,90,28,352

CN-LOH (~15%)

Yes

No

chr 11

11q14.3 to q22.1

8,92,85,550

10,06,24,538

1,13,38,988

Abnormal*

Yes

Yes2

chr Y

Ypter to qter

whole

Chromosome

~ 58,000,000

Loss (~30%)

Yes

Yes1

chr 7

7p12.2

5,04,15,555

5,04,79,414

63,859

Loss

Yes

Yes2

chr 9

9pter to p13.1

46,587

3,87,73,251

3,87,26,664

Yes

Yes1

chr 9

9p21.3

2,10,73,945

2,22,93,804

12,19,859

Yes

Yes2

Yes

Yes1

Yes

Yes1,2

No

Yes2

(5-10%)
3

(70-80%)
Loss
(70-80%)
Homozygous Loss
(~95-100%)
chr 12

12p13.33 to p11.1

1,91,619

3,48,53,011

3,46,61,392

Loss
(70-80%)

chr 12

12p13.2

1,18,04,717

1,20,55,043

2,50,326

Homozygous Loss
(~95-100%)

chr 18

18p11.32

2,74,474

5,70,500

2,96,026

Loss
(70-80%)
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4

5

chr 11

11p15.1

1,91,89,752

3,49,44,453

1,57,54,701

Loss (~50%)

Yes

Yes1,2

chr 18

18p11.32

19,08,848

19,73,417

64,569

Loss (~40%)

No

Yes2

chr X

Xpter to qter

whole

Chromosome

~ 155,000,000

Loss (~20%)

Yes

Yes1

chr Y

Ypter to qter

whole

Chromosome

~ 58,000,000

“XY” Donor cells present

Yes

Yes1

chr 3

3p12.3 to p12.1

7,52,27,937

8,36,99,033

84,71,096

Loss (~40%)

Yes

Yes2

chr 11

11pter to p15.4

1,98,510

63,55,016

61,56,506

Gain

Yes

Yes1

(~95-100%)
chr 11

11p15.4 to p13

63,62,948

3,17,93,051

2,54,30,103

CN-LOH (~95-100%)

Yes

No

chr 14

14q23.1 to qter

6,10,72,875

10,72,87,663

4,62,14,788

Loss (~90%)

Yes

Yes1

Chr: chromosome; CN-LOH: copy-number neutral loss of heterozygosity; CNV: copy number variant pipeline; CSV: rare variant pipeline.
*"Abnormal" regions visible by SNP array, but present at a low frequency (5% -10%) and unable to be distinguished as gain, loss or CN-LOH. These abnormalities were identified visually
due to a subtle change in the B-allele frequency plots; however, no visible difference in copy number change/LogR was identified or indicated by the software
^: Percent frequency is estimated based on B-allele frequency plots. Findings that show no clonal change (N/A) are estimated to be germline.

The 51 CNV calls included 25 deletions (49%) and 26 duplications (51%). For these 25 OGM deletion calls, 44% were detected by CMA and/
or NGS and 56% were not detected (Figure 1A). OGM detected partial gene deletions that were not detected by CMA. For example, OGM revealed
a 23 kb deletion including exon 1 and partial intron 1 of the XBP1 gene (case 3, Figure 2A), which was confirmed by an NGS assay (Figure 2B-C).
For these 26 OGM duplication calls, 27% were also detected by CMA and/or NGS and 73% were not detected by CMA/NGS (Figure 1B). The 20 SV
calls included 8 interchromosomal translocations (40%), 7 insertions (35%), 4 intrachromosomal translocations (20%), and an inversion (5%). The
majority of SV calls were not evaluated by targeted NGS/gene fusion assays/CMA because of no/limited coverage (Figure 1C).

Figure 1: 71 Additional call by OGM. Yes (?): revealed by either NGS or CMA with slightly abnormal LogR and/or B-allele separation. OMIM: Online Mendelian Inheritance in Man.

Breakpoint analyses of additional calls revealed 74 (52%) breakpoints involved RefSeq genes (novel/non-cancer genes) and 68 (48%) breakpoints
involved non-gene regions (Figure 1D). Among 74 breakpoints with RefSeq genes, ~ one-quarter involved novel/unknown genes, and ~ one-third
involved OMIM disease genes (half of which had known genes involving gene fusions/ rearrangements in cancers) (Figure 1D). Repeat elements
including LINEs, LTR elements, SINEs, DNA elements, and satellites were present in ~ 40% of breakpoints involved non-gene regions and in ~
25% of breakpoints involved RefSeq genes. Overall, three of the additional calls (4.2%) contained cancer genes associated with patients’ cancers and
were reportable, and fifteen (21.1%, majority of SV calls with breakpoints involved novel/non-cancer genes and non-gene regions) were variants of
unknown clinical significance (Supplemental Table S1).

Complex chromosome rearrangement/chromothripsis by OGM
OGM characterized two complex chromosome rearrangements in this study. Sample 5 had an abnormal chromosome 14 with additional
genomic material added into the band of 14q23 by karyotype (Figure 3A), a gain of 11p15.4-pter, and loss of 14q23.1-qter by CMA (Figure 3B),
and metaphase-FISH revealed 11p material on the abnormal chromosome 14 (Figure 3C). OGM detected an unbalanced 11;14 translocations with
breakpoints of 11p15.4 (between PRKCDBP and SMPD1 genes) and 14q23.1 (between SIX6 and SIX1 genes) in a Wilms tumor specimen (Figure
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Figure 2: A partial deletion of XBP1 in case 3. A. OGM revealed an exon 1 loss. B. Next-generation sequencing (NGS) confirmed this loss. C. NGS-reads show a deletion breakpoint at chr
22:29, 195, 163 (intron 1).

Figure 3: Abnormal chromosome 14q in case 5. A. Partial G-baned karyotype shows abnormal 14q. B. CMA shows loss of 14q and gain CN-LOH of 11p. C. Metaphase-FISH shows NUP98
(11p15) on abnormal chromosome 14q. D. OGM reveals unbalanced 11;14 translocation.

Figure 4: Chromothripsis-like event in case 2. A. Visualization of complex rearrangements by OGM. B-C. B-allele frequency of CMA shows subtle evidence of genomic rearrangements
of chromosomes 2q and 11q.

3D). In sample 2, OGM revealed a chromothripsis-like event with multiple interchromosomal translocations between chromosomes 2q12.3-q37.1
and 11q12.2-q22.3 in a chronic lymphoblastic leukemia (CLL) specimen (Figure 4A), which were suggested by CMA (Figure 4B-C).
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Discussion
This pilot study analyzed OGM calls blindly to assess efficacy as a clinical test in a clinical cancer cytogenetic laboratory. OGM detects genomewide CNVs and SVs in cancer specimens at rates comparable to the combined standard of care routine cytogenetic techniques of karyotype/FISH/
CMA assays. It revealed more CNVs and SVs calls compared to CMA. This preliminary study demonstrated a feasible approach to adopt OGM
in a clinical diagnostic laboratory. For cancer cytogenetics technologists who routinely analyze CMA data, OGM calls can be easily analyzed and
reported according to a procedure similar to that with which we analyze CMA calls. Therefore, OGM can be adopted smoothly into a clinical setting
as a promising alternative to conventional cancer cytogenetics technologies.
Complex rearrangements and chromothripsis events are frequently challenging to determine by karyotype/FISH/CMA assays because of
their complexity. OGM provided accuracy and insight into the precise structure of the SVs. It detected an unbalanced 11;14 translocations with
breakpoints of 11p15.4 (between PRKCDBP and SMPD1 genes) and 14q23.1 (between SIX6 and SIX1 genes) in a Wilms tumor specimen. The most
common renal tumor of childhood, Wilms tumor is genetically heterogeneous [38]. Although the SIX1 gene and 11p abnormalities have been
reported in Wilms tumor [38,39], the unbalanced 11;14 translocations by OGM revealed a novel gene rearrangement/fusion, which may lead to
developing blastemal type of Wilms tumor. OGM revealed a chromothripsis-like event involving chromosomes 2q12.3-2q37.1 and 11q14.3-q22.1
in a CLL patient. Chromothripsis has been indicated in the prevalence of genomic instability in high-risk, relapsed/refractory CLL [40]. Detection
of chromothripsis in CLL might help in therapeutic decisions along the CLL clinical course. For CLL patients, the karyotype is limited by the low
number of mitotic neoplastic cells [41], FISH is loci specific, and CMA cannot reveal balanced SVs. OGM can detect both CNVs and SVs across the
genome, which makes it a more favored method for CLL patients in a clinical cancer cytogenetics laboratory.
OGM revealed additional CNV calls compared to CMA and can detect smaller CNVs even at an exon-level of cancer genes. For example, it
detected a partial deletion of the X-box binding protein 1 (XBP1) gene in a B-cell acute lymphoblastic leukemia (ALL) specimen (case 3). Since
pre-B ALL cells are uniquely vulnerable to endoplasmic reticulum stress, XBP1 as a downstream effector of the unfolded protein response pathway
is identified as a novel therapeutic target to overcome drug resistance in pre-B ALL [42]. Homozygous deletion of XBP1 has been reported to
increase sensitivity to valosin-containing protein/p97 inhibitor, and the targeting of p97 is a novel promising therapeutic approach in B-cell ALL
[43]. Therefore, an exon-level deletion of XBP1 in B-cell ALL may have a potential treatment implication.
Besides well-known SVs in cancers, OGM also identified additional SV calls. Half of these SV breakpoints in this study involved novel genes,
non-cancer genes, and upstream/downstream regions of genes. Although these unrecognized SVs may play significant roles in cancer development
and formation, they are currently classified as variants of unknown clinical significance. However, with the accumulation of additional SV calls
by OGM in various cancers, some of them may become recognized as recurrent abnormalities in specific types of cancers. Therefore, detection of
genome-wide SVs by OGM may identify targetable genomic aberrations for novel breakthrough treatment options.

Conclusion
OGM is a reliable method for detecting both CNVs and SVs in cancer genomes using a stepwise approach and can be adopted smoothly into the
clinical setting as a promising alternative to routine cytogenetic techniques of karyotype/FISH/CMA assays. It may reveal additional genome-wide
CNV and SV calls compared to CMA, and these additional/unrecognized calls may play important roles in cancer development and formation.
OGM can efficiently characterize complex chromosome rearrangements and/or chromothripsis events. Future work will involve comprehensively
validating various abnormalities in cancers, improving the clinical analysis pipeline to determine clinical importance of additional calls, including
potential candidate/novel cancer genes, and determining the optimal workflow for diagnostic purposes in a clinical cancer cytogenetics laboratory.
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