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Summary

Somatic structural variants (SVs) are important drivers of cancer development and progression. In a diagnostic set-up, especially for
hematological malignancies, the comprehensive analysis of all SVs in a given sample still requires a combination of cytogenetic
techniques, including karyotyping, FISH, and CNV microarrays. We hypothesize that the combination of these classical approaches
could be replaced by optical genome mapping (OGM). Samples from 52 individuals with a clinical diagnosis of a hematological malig-
nancy, divided into simple (<5 aberrations, n = 36) and complex (>5 aberrations, n = 16) cases, were processed for OGM, reaching
on average: 283-fold genome coverage. OGM called a total of 918 high-confidence SVs per sample, of which, on average, 13 were
rare and >100 kb. In addition, on average, 73 CNVs were called per sample, of which six were >5 Mb. For the 36 simple cases, all
clinically reported aberrations were detected, including deletions, insertions, inversions, aneuploidies, and translocations. For the 16
complex cases, results were largely concordant between standard-of-care and OGM, but OGM often revealed higher complexity than
previously recognized. Detailed technical comparison with standard-of-care tests showed high analytical validity of OGM, resulting
in a sensitivity of 100% and a positive predictive value of >80%. Importantly, OGM resulted in a more complete assessment than
any previous single test and most likely reported the most accurate underlying genomic architecture (e.g., for complex translocations,
chromoanagenesis, and marker chromosomes). In conclusion, the excellent concordance of OGM with diagnostic standard assays dem-
onstrates its potential to replace classical cytogenetic tests as well as to rapidly map novel leukemia drivers.

Introduction

The introduction of next-generation sequencing (NGS) has
dramatically changed the way clinical molecular labora-
tories analyze their samples over the past 10 years. Sanger
sequencing is rapidly losing ground compared to NGS, and
single gene analyses are gradually replaced by gene panels,
exomes, and genomes." In clinical cytogenetics, a trend to-
ward NGS-based analysis has been visible since the intro-
duction of non-invasive prenatal testing” and other
sequencing tests using cell-free DNA,® but for most diag-
nostic cytogenetic analyses (a combination of) karyotyp-
ing, fluorescence in situ hybridization (FISH), and copy
number variant (CNV) microarrays are still performed to
detect genetic biomarkers of disease. Fach of these tests
has its own limitations: karyotyping has a maximum band-
ing resolution of ~5 Mb, FISH has a higher resolution but
requires a priori knowledge of which loci to test and is
limited in throughput, and CNV microarrays offer the
best resolution down to few kb but lack the ability to iden-
tify balanced chromosomal aberrations including translo-
cations and inversions. CNV microarrays are also unable

to map gained material, meaning that they cannot distin-
guish tandem duplications from insertions in trans.

For several types of hematological malignancies, the
high degree of acquired balanced translocations, some of
which lead to cancer-driving fusion genes, and other chro-
mosomal aberrations still requires combinations of karyo-
typing, FISH, and CNV microarray as routine diagnostic as-
says. The choice for the respective diagnostic test depends
on the underlying clinical diagnosis in combination with
available and suitable tissues that can be tested. Different
clinical testing guidelines define when to use which test
in different political and geographical regions.*” In our
hospital, a combination of karyotyping and FISH is used
for chronic myeloid leukemia (CML) and lymphoma; kar-
yotyping, FISH, and CNV microarray are used for acute
myeloid leukemia (AML) and acute lymphoblastic leuke-
mia (ALL); karyotyping and CNV microarray are used for
myelodysplastic syndrome (MDS) and myeloproliferative
neoplasm (MPN); CNV microarray is used for chronic lym-
phocytic leukemia (CLL); and FISH and CNV microarray
are used on CD138-enriched plasma cells for multiple
myeloma (MM). Of note, FISH thereby represents multiple
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distinct tests, targeting different loci that vary for different
clinical indications. At present, such divergences in diag-
nostic tests are accepted and seem unavoidable. Here, we
aimed to investigate whether clinical cytogenetics could
become more generic by introducing a single test for cyto-
genetic assessment of hematological malignancies: optical
genome mapping.

Genome imaging of extremely long linear molecules,
combined with optical mapping to detect structural vari-
ants (SVs) and CNVs, is an emerging technology that
may have potential to replace all three above-mentioned
assays in cytogenetic diagnostic laboratories.®™® Originally
developed by Dr. David C. Schwartz in the 1990s,” more
recently genome imaging has been implemented in nano-
channel arrays where high-throughput imaging of long
single DNA molecules (0.15-2.5 Mb), containing fluores-
cent labels marking sequence-specific motifs distributed
throughout the genome, is achieved. Optical mapping is
then able to reconstruct the genome with highly accurate
structure and contiguity in consensus maps up to chromo-
some arm length. Label pattern differences relative to a
reference are detected and these differences are used to
call SVs.'” Because of the unique value gained by optical
genome mapping of ultra-long DNA reads, it has been
used in essentially all modern reference genome assemblies
(human GRCh,'""'* mouse,'® goat,'* maize'®) as well as
benchmark structural variation papers.'®'®

The latest iteration of this technology is now marketed
as “optical mapping for structural variation analysis using
the Saphyr whole-genome imaging system” (Bionano Ge-
nomics, San Diego). We refer to this technology as “optical
genome mapping” (OGM) throughout this study. This
technology generates images of molecules with average
NS50 > 250 kb and can generate ~300X genome coverage
per flow cell (three flow cells per chip, two chips per
instrument run). The ultra-long high-molecular-weight
(UHMW) DNA molecules are fluorescently labeled on a
6-mer single-stranded DNA motif (currently direct labeling
enzyme-1 [DLE-1]: CTTAAG) with an average label density
of 15 labels per 100 kb. Accurate and precise patterns of la-
bels allows (1) de novo assembly of the human genome,
which is then compared to the reference genome map,
and (2) extraction of aberrant molecules from reference
alignments followed by local consensus generation in or-
der to detect SVs such as deletions, insertion, inversions,
duplications, and translocations. Both approaches can
also identify CNVs and whole-chromosome aneuploidies
in a genome-wide manner based on the genome coverage
depth information. The current technology allows detec-
tion of insertions and deletions as small as 500 bp (via
the de novo assembly pipeline), which presents a much
higher resolution compared to karyotyping, FISH, and
CNV microarrays, and it allows the detection of balanced
and unbalanced events. However, small insertions may
have unknown origin when the inserted sequence is too
small to contain a unique motif pattern. Furthermore,
although SVs as small as 500 bp can be detected, the break-

point accuracy still has a median uncertainty of 3.1 kb,"?
balanced SVs with centromeric breakpoints will in most
cases escape detection, and copy-number-neutral loss-of-
heterozygosity (CN-LOH) detection is not enabled in the
current analysis tools.

Here, we describe a technical proof-of-concept study to
investigate 52 hematological malignancy samples with sim-
ple and complex cytogenetic aberrations by using OGM. All
52 samples had clinically relevant aberrations that had been
previously detected by karyotyping, FISH, and/or CNV mi-
croarray as part of routine diagnostic testing.

Material and methods

Sample selection

Heparinized bone marrow aspirates (BMAs) or peripheral blood
samples (heparin or EDTA) were sent to our clinical laboratory
for routine cytogenetic diagnostic testing (karyotyping, FISH,
and/or genome-wide CNV microarray). In cases with sufficient
left-over material, samples were stored at —80 pC. Of these, 52
samples with a cytogenetically abnormal result were anonymized
and processed for OGM according to consent practices, local
ethical guidelines, and institutional review board that allows de-
identified sample use. In addition, a separate analysis was per-
formed for five samples for which standard-of-care test results
failed to arrive at a diagnosis to confirm the low false positive
rate of OGM and the validity of the currently applied filter
settings.

Isolation of UHMW DNA for OGM

UHMW DNA was isolated following the manufacturer’s guidelines
with small modifications (Bionano Prep SP Frozen Human Blood
DNA Isolation Protocol, Bionano Genomics #30246). In order to
preserve DNA integrity and prevent clotting of the samples, we
added DNA stabilizer to heparinized samples and additionally
filtered some BMA samples with 100 um cell strainer (pluriStrainer
Mini 100 pm, pluriSelect) by centrifugation for 5 min at 400 x g
(Table S1). White blood cells were counted with HemoCue (Radi-
ometer Benelux) and 1.5 M cells were used for the DNA isolation
protocol. Cells were pelleted (2,200 x g, 2 min) and, after
removing the supernatant, the cell pellet was resuspended in pro-
teinase K and RNase. Following this, to release the gDNA, we
added lysis-and-binding buffer (LBB) and mixed the samples by us-
ing HulaMixer (Thermo Fisher Scientific). After PMSF treatment
(Sigma-Aldrich), Nanobind disks were placed on each sample solu-
tion and isopropanol was added. We then mixed samples by using
HulaMixer to bind the released gDNA onto the disks. After
washing steps, the disks were transferred to fresh tubes and the
gDNA was eluted from the disks. Finally, we mixed and equili-
brated the gDNA overnight at room temperature to facilitate
DNA homogeneity. DNA quantification was carried out with Qu-
bit dsDNA Assay BR Kit with a Qubit 3.0 Fluorometer (Thermo
Fisher Scientific).

Labeling of UHMW gDNA and chip loading

The UHMW gDNA labeling was performed following the manu-
facturer’s guidelines using the Bionano Prep Direct Label and Stain
(DLS) Protocol. Briefly, 750 ng of purified UHMW DNA was labeled
with DL-green fluorophores using the DLE-1 chemistry, followed
by proteinase K digestion (QIAGEN) and DL-green cleanup with
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two membrane adsorption steps on a microplate. Finally, we ho-
mogenized the labeled samples by mixing with HulaMixer and
stained them overnight (Bionano DNA stain reagent) at room tem-
perature, protected from light, to visualize the DNA backbone.
Finally, DNA quantification was carried out with Qubit dsDNA
Assay HS Kit with a Qubit 3.0 Fluorometer (Thermo Fisher
Scientific).

Data collection

Labeled gDNA samples were loaded on 3x 1,300 Gb Saphyr chips
(G2.3) and imaged by the Saphyr instrument. We ran each flow
cell on maximum capacity to generate 1,300 Gb of data per sample
by using hg19 as the reference for real-time quality-control assess-
ment (for quality control and run summary metrics, see Table S1).

Variant calling and filtering

Variant calling enabling SV and CNV detection was executed with
the rare variant pipeline (RVP) included in Bionano Solve (v.3.4).
Generally, the SV calling algorithm is most powerful for small
SVs and any aberration type that creates new DNA fusions that
do not exist in the reference genome. The CNV algorithm mainly
serves to recover large aberrations that are not picked up by the SV
tool, such as (partial) aneuploidies and terminal deletions. For
each SV and CNV call, confidence scores are calculated and pro-
vided by Bionano Genomics.” For data filtering, the rare variant
hg19 DLE-1 SV mask, which blocks difficult-to-map regions and
common artifacts, was turned on and the following recommended
confidence scores were applied: insertion, 0; deletion, 0; inversion,
0.01; duplication, —1; translocation, 0; and copy number, 0.99
(low stringency, filter set to 0). In order to get rare SVs only, we
filtered out calls present in an OGM dataset of 57 human control
samples provided by Bionano Genomics.”' Per sample, prefiltered
data were downloaded as .csv files for SVs and CNVs separately. We
used these .csv files to determine the numbers and types of aberra-
tions per sample (Table S2, Table S3). “Whole-genome CNV” views
were only enabled in the latest Bionano Solve software version 3.5
and were generated for few examples retrospectively.

We applied size-cutoff filters to further reduce the number of
variants and prioritize clinically relevant aberrations similar to
best practices of current standard-of-care CNV microarray analyses
(Figure S1). SV calls < 100 kb were filtered out unless they overlap-
ped with any gene routinely analyzed in the diagnostics of hema-
tological malignancies (Table S4). For CNV calls, only events > 5
Mb were considered unless (1) they belong to a larger segmented
CNV; (2) they are part of a more complex aberration, for example
an unbalanced translocation; or (3) they have a fractional copy
number (FCN) > 4, indicating a putative amplification event.*”

Data comparison for clinically reported aberrations

For comparison of OGM data to the standard-of-care workflow, the
visual data presentation, consisting of circos plot as well as indi-
vidual aberration details, were utilized. From all variants called
per case, a pre-filtered .csv file was investigated for the presence
of the known aberrations (from karyotyping, CNV microarray,
and/or FISH) (Table S5). Only previously clinically reported SVs
were considered (excluding balanced SVs with centromeric break-
points and CN-LOH). SVs with a variant allele frequency (VAF) of
<10% were considered as beyond the scope of this study. In case of
VAF discrepancies between CNV microarrays and karyotyping, the
array results were used for comparison. Concordance of OGM with
previous findings was considered whenever the same event was

detected, even if the size or breakpoints of an SV/CNV were
slightly different (Table S5). Potential novel SVs were observed
for several cases, but the detailed investigation of those was
beyond the scope of this manuscript.

Technical comparison between OGM and standard-of-
care assays

To investigate sensitivity, specificity, and positive predictive values
(PPVs) of OGM, we compared SVs and CNVs detected by OGM to
FISH (for 25 simple and complex cases, Table S6), karyotyping
(translocations only, for 25 simple cases, Table S7), and CNV mi-
croarray (for 21 simple cases, Table S8). For these comparisons,
all SVs and CNVs obtained after the applied filter settings were
considered, irrelevant of whether these concerned clinically rele-
vant variants or not.

Terminology

Terminology as used in this article is based on two different algo-
rithms that are incorporated in the RVP, one for SVs and one for
CNVs. Consequently, terminology is slightly different than
commonly used in cytogenetics laboratories.

The SV tool calls insertions, deletions, duplications, inversions,
and interchromosomal and intrachromosomal translocations.”
Intrachromosomal translocation breakpoints involve regions
with a minimum distance of 5 Mb from each other on the same
chromosome, meaning that also interstitial deletions or inversions
> 5 Mb are called as intrachromosomal translocations.”” CNVs are
instead detected on the basis of coverage depth information via a
copy number analysis pipeline embedded in the RVP. The copy
number tool identifies FCN changes and chromosomal aneu-
ploidy events.*”

Classical cytogenetics

All routine diagnostic assays (karyotyping, FISH, and CNV micro-
arrays) were performed prior to this study, according to standard
procedures. At least one of these assays identified a clinically rele-
vant aberration in all samples.

For karyotyping, BMA samples were cultured for 24 and 48 h,
respectively, in RPMI1640 medium supplemented with 10% fetal
calf serum and antibiotics. After hypotonic treatment with
0.075 M KCI and fixation in methanol/acetic acid (3:1), micro-
scopic slides (GTG banding) were prepared. Chromosomes were
G-banded with trypsin and Giemsa, and at least 20 metaphases
were analyzed in case of a normal karyotype and at least 10 in
case of an abnormal karyotype. Karyotypes were described accord-
ing to the standardized International System for Human Cytoge-
netic Nomenclature (ISCN) 2020.

For FISH analysis, standard cytogenetic cell preparations were
used. FISH was performed with commercially available probes ac-
cording to the manufacturer’s specifications (Abbott Molecular,
Des Plaines, Illinois). At least 100 interphase nuclei were scored
for structural aberrations and 200 interphase nuclei were scored
for numerical aberrations by two independent investigators.

CNV microarray analysis was carried out with the CytoScan HD
array platform (Thermo Fisher Scientific). Hybridizations were per-
formed according to the manufacturer’s protocols. The data were
analyzed via the Chromosome Analysis Suite software package
(Thermo Fisher Scientific) with annotations of genome version
GRCh37 (hgl9). Aberrations were described according to ISCN
2020.
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Figure 1. Example of a deletion

Ilustration of a recurrent likely heterozygous deletion in MDS spanning TET2 in sample 19.

(A) CNV microarray profile showing the log2 ratios of the TET2 deletion on chromosome 4 (log2 of O refers to copy number 2 and
log2 —0.5 refers to copy number 1 for events present in 100% of the cells).

(B) Circos plot of chromosome 4. The TETZ2 deletion is called both by the CNV tool (blue arrow) and the SV tool (orange arrow).

(C) Genome map view showing the TET2 deletion. Upper track, CNV track (CN, indicating normalized copy number state); lower track:
SV track; green bar with small vertical lines, reference genome map with labels; blue bar with small vertical lines, samples genome map

with labels.

Results

Samples included

All hematological malignancy samples (n = 52) in this study
were first analyzed with the standard-of-care workflow, fol-
lowed by the analysis of residual material by OGM to detect
diagnostically relevant (i.e., reported) chromosomal aberra-
tions. We chose a combination of myeloid and lymphoid
neoplasms with an abnormal cytogenetics report to repre-
sent a broad set of clinically relevant SVs (Table S5). These
are representative for the most common referrals to our
clinic, with an estimated yearly number of 1,800 samples.
On the basis of the diagnostically reported aberrations, the
52 samples were classified into two different groups: 36 sam-
ples with <5 aberrations (categorized as simple cases) and 16
samples with > 5 aberrations or an unspecified marker chro-
mosome (categorized as complex cases) (Table S5).

OGM results and SV/CNV calling
OGM of the 52 hematological malignancy samples
resulted in an average of 283-fold effective coverage

(£53.73) and an average label density of 14.6/100 kb
(+1.57), a map rate of 71.66% (*10.02), and an average
NS50 (>150 kb) of 263 kb (+31.2) (Table S1). In total, we
identified 47,713 SVs and 7,921 CNVs in 52 hematological
malignancy samples (Table S9, Table S10).

Of all identified SVs in the total cohort, 2,138 were rare.
Of these, 1,235 overlapped with genes, 514 of which were
>100 kb (Table S2). For size distributions of the SV and
CNV calls, see Table S11.

Per sample, an average of 918 SVs was detected in total,
comprising 484 insertions, 383 deletions, 18 inversions,
22 duplications, six interchromosomal translocations,
and four intrachromosomal translocations. Fach sample
showed 10 gene-overlapping rare SVs > 100 kb on average
(Table S2, Table S3, Figure 1, Figure 2, Figure S1).

Filtering for rare variants is not available yet for CNVs.
However, the RVP analysis can mask regions of the genome
with unusual high variance of relative coverage across con-
trol datasets (including centromeric and telomeric re-
gions), assuming that these high-variance regions may be
regions of high CNV occurrence in germline of normal
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Figure 2. Example of a balanced translocation

Mlustration of the recurrent translocation t(11;14)(q13;q32) in sample 44.

(A) Karyogram showing t(11;14)(q13;932).

(B) Example of nucleus in which interphase FISH with the IGH-CCND1 dual color dual fusion probe shows a green (IGH), a red (CCND1),

and two IGH-CCND1 fusion signals.

(C) Circos plot showing chromosomes 11 and 14. The purple line in the middle of the circos plot visualizes the translocation.
(D) Genome map view showing the translocation t(11;14)(q13;q32). Upper green bar, reference genome map of chromosome 11; blue
bar, samples genome map; lower green bar, reference genome map of chromosome 14; pink bars, CCND1 and IGH.

(E) Aberrant molecules supporting the translocation.

healthy individuals.”® For the total of 7,921 CNV calls,
3,807 CNV calls (3,322 losses and 485 gains, of which 22
were putative amplifications with FCN > 4) were left after
masking, 323 of which were >5 Mb. This size cutoff is used
because the main purpose of the CNV tool is to identify
large aberrations that are not detected by the SV tool,
such as partial aneuploidies or terminal deletions. Per sam-
ple, this led to an average of six (median 3.5, range: 0-41)
CNVs > 5 Mb (Table S2, Table S3). It is noted that these
numbers are inflated by segmentation of large CNVs, par-
tial trisomies, or monosomies, similar to findings in CNV
microarrays, and by some of the very complex cases, e.g.,
with underlying chromoanagenesis events, or less-optimal
sample quality. This is indicated from the deviation of
average from median values of CNVs per sample. In order
to enable future discoveries, all SVs, as well as all rare SVs
and CNVs, are shared (Table S9, Table S10, Table S12).

OGM reaches 100% true positive rate for known
aberrations in simple cases

In the 36 cases classified as simple, a total of 46 aberrations
that fall within the scope of this study (22 deletions, three
gains, eight balanced translocations, one balanced three-
way translocation, one unbalanced translocation, two
inversions, and nine aneuploidies) had been previously re-
ported diagnostically. Importantly, 100% of these aberra-

tions were also detected by OGM with a combination of
SV and CNV outputs. For two samples (samples 1 and
13), a lower CNV calling threshold (see material and
methods) had to be applied to reach full concordance
(Table S5). Lowering the CNV calling threshold for these
two samples led to the identification of three and 14 addi-
tional CNVs per sample, respectively.

The different types of aberrations that were tested in this
study included several aberrations that are well known in
hematological malignancies. As such, the 22 investigated
deletions ranged from 515 kb to full arm deletions span-
ning up to 95.8 Mb. This included three deletions span-
ning TET2, two of which were of identical size. All three
samples were retrieved from individuals with MDS (sam-
ples 19, 23, and 24; for example, see Figure 1). A deletion
of TP53 was instead observed in sample 7, which also
showed a gain on 12p12.3qter. In contrast to CNV micro-
arrays, which can only detect gains and losses, OGM is
also able to call translocations. This combination of CNV
calls with translocation calls helped to pinpoint that
both loss and gain in sample 7 were the consequence of
an unbalanced translocation: t(12;17)(p11.21;p11.2).
Other investigated and confirmed gains were a gain of
21g21.3qter in sample 13 and a gain of 1g21.1qter in sam-
ple 26. Furthermore, ten translocations were investigated,
of which, eight were balanced, one was a balanced
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In all three CML cases, a recurrent BCR-ABL1 fusion was detected. The resolution of OGM allowed identification of possibly two different
BCR breakpoints in the three samples (chromosome 22); however, they differ by only one label. We were also able to distinguish three
different breakpoints in ABL1 (chromosome 9), all mapping to intron 1. Translocation breakpoints are indicated by yellow (ABL1) and

red (BCR) arrows.

three-way translocation, and one was unbalanced. Translo-
cations included the well-known t(9;22)(q34;q11.2),
which results in a BCR-ABL1 fusion gene present in three
independent CML samples (Figure 3), one of which carried
the three-way translocation t(6;9;22)(p23;q34;q11). Our
cohort also included the two inversions inv(16)(p13q22)
(sample 4) and inv(3)(q21.3926.2) (sample 6) and nine an-
euploidies. The latter ones included four instances of tri-
somy 8, one trisomy 12, and four losses of the chromo-
some Y. All aneuploidies of the autosomes were called
correctly with the used RVP analysis, whereas the aneu-
ploidies of the sex chromosomes had to be manually in-
ferred from the visualized data of the CNV plot. However,
this manual inference is no longer required with the more-
recent Bionano Solve software v.3.5.

Correlation of known clinically relevant findings with
OGM in complex cases

Fourteen of the 16 complex cases showed full concordance
with previous findings (Table S5). Of those 14 cases, four
required a lowered CNV filter threshold to identify all
respective aberrations (Figure S2, Figure S3), leading to an
average of eight additional CNVs per sample. We did not
observe full concordance with previous findings in only
two cases (samples 39 and 49). Sample 39 represents a
very complex case in which we still identify the majority
of previously known aberrations (eight out of 11 aberra-
tions). The three missed aberrations had a previously esti-
mated VAF of ~10%, which is the current borderline
threshold for reliable SV detection, which may explain
why these aberrations were partly missed. For sample 49,
one out of five known aberrations, a 2.4 Mb deletion at

7q22.1 overlapping CUX1, was called only by the CNV
tool and was filtered out because of our suggested size filter
of 5 Mb, although it was present in the unfiltered data.

Overall, next to still identifying all but four known aber-
rations in this cohort, we observed that OGM most likely
reveals the true underlying nature of the complex aberra-
tions (Table S5, Figure S3). For several cases, breakpoints
of gains and losses identified by CNV microarrays match
the translocation breakpoints identified by OGM or refined
previously known translocations from karyotyping. Very
interestingly, even complex chromoanagenesis events,”*
all previously diagnosed as likely chromothripsis by CNV
microarray, were confirmed and new events were identified
(cases 40, 42, 45, 50, and 51, Table S5, Figure 4, Figure S3).
In addition, for several of the complex cases, it seems that
the clinically detected rearrangements are even more com-
plex than previously seen, e.g., additional translocations
were identified or marker chromosomes of unknown
origin were resolved (Table S5).

Technical comparison of standard-of-care and OGM
To estimate how many additional true or false positive var-
iants may be detected next to the correctly detected clini-
cally relevant aberrations, we compared the filtered OGM
data with all standard-of-care tests separately per aberra-
tion type. That is comparing OGM with karyotyping as
gold standard for translocations; FISH as gold standard
for specific translocations, rearrangements, and focal dele-
tions/amplifications; and CNV microarray as gold standard
for CNVs, i.e., chromosomal gains and losses.

For FISH, we investigated 52 loci analyzed by 16 different
FISH probes in 25 samples (13 simple and 12 complex). All
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the shattering of chromosome 8. In addi-
NV L tion, a monosomy of chromosome 7 is
R visible.
(C) CNV microarray profile showing the
log2 ratios for chromosome 8.

(D) OGM data of chromosome 8, showing
the aberrant CNV profile (top) and
genome maps (bottom).

(C) and (D) show highly resembling CNV
profiles, which are further supported by
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: comparison. Of the remaining 30
SVs and 30 CNVs called by OGM, 37

results obtained by OGM were 100% concordant with the
respective FISH results and included 17 true positive and
35 true negative aberrations (Table S6, Figure 5).

Next, we compared all translocations identified by OGM
and karyotyping. In 25 simple cases with karyotyping per-
formed, 49 translocation calls were investigated, 22 of
which showed full concordance between OGM and karyo-
typing. Twenty-seven translocation calls were not sup-
ported by karyotyping (Figure 5, Table S7, Figure S4).
Further manual inspection of these 27 calls revealed that
22 of those overlapped with the DLE-1 mask region for at
least one of the two translocation partners and should
have been filtered out (Figure S5). This leaves only five calls
that were not identified by karyotyping (Figure 5,
Figure S4). At least two of those, both in sample 36
(with insufficient number of metaphases available for
karyotyping), seemed to be true positive translocations
(t(3;20)(p13;p12.2) and t(3;20)(p13;p12.3)) (Figure S6).
Both translocations were flanking a 1.3 Mb deletion on
chromosome 3p13 (70,429,305-71,751,401) and a 2.5
Mb deletion on chromosome 20p12.3p12.2 (7,427,312-
9,942,214), respectively, that were both also seen by CNV
microarray and were part of a more complex rearrange-
ment including other parts of chromosome 20 as well.

Finally, we compared OGM with CNV microarray data
for a subset of 21 simple cases. In total, we compared 167
calls (99 SVs and 68 CNVs), 63 (25 SVs and 38 CNVs) of
which have already been shown to be 100% concordant
because they were (part of) clinically reported aberrations.
Of the residual 104 calls, 44 SVs were not identifiable by
CNV microarray because of the nature of their aberration
(e.g., translocation) and were therefore excluded from the

events (seven SVs and 30 CNVs),

theoretically identifiable by CNV mi-
croarray, were not confirmed (Table S8, Figure S4). Con-
cerning the seven SVs that were not identified by CNV mi-
croarray, five of those overlap with the DLE-1 mask region
supplied by Bionano Genomics (see material and methods)
and should have been filtered out (Figure S7), only leaving
two likely false positive SV calls in the OGM data of the 21
studied cases (Figure 5). Concerning the 30 CNV calls by
OGM that were not confirmed by CNV microarray, 21
(70%) of those were derived from three samples with rela-
tively low coverage (samples 11, 13, and 24, all around
200x), most likely explaining their more noisy CNV pro-
file (Table S1, Figure S4). Excluding these three samples re-
sulted in only nine likely false positive CNV calls by OGM
in 18 samples (Figure 5).

On the basis of the numbers of these comparisons, we
calculated a sensitivity and specificity of 100% for the com-
parison with FISH. For the comparison with translocations
identified by karyotyping, our data showed a sensitivity of
100%. The PPV for karyotyping was 45% (22/49) but was
improved to 82% (22/27) after excluding false positive
events that were erroneously missed by the mask filter. The
comparison with CNV microarray for SVs showed a sensi-
tivity of 100% and a PPV of 87% (48/55) and was increased
to 96% (48/50) after correcting for the falsely applied mask
filter. The comparison with CNV calls showed 100% sensi-
tivity but a PPV of only 56% (38/68), which was increased
to 81% (38/47) when removing three low-coverage samples.

Testing the filtering strategy using five aberration
negative samples

To allow for application of a novel technology in clinical
practice, it is important to identify the amount of
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Figure 5. Venn diagrams comparing OGM to FISH, karyotyping,
and CNV microarray

(A) Comparison between OGM and FISH. We used 16 FISH probes
to analyze 52 loci in n = 25 cases (simple and complex). All results
were identical between OGM and FISH.

(B) Comparison between OGM and karyotyping (translocations)
for n = 25 simple cases. From a total of 27 OGM translocation
calls, karyotyping confirmed 22. Five residual calls, of which at
least two most likely represent true positive calls, were not
confirmed by karyotyping (Figure S6).

(C) Comparison of SV calls provided by OGM with CNV microar-
ray data in n = 21 simple cases. Of 50 SVs detected by OGM, 48
were also seen in CNV microarray data. The remaining two SVs
that were not detected by CNV microarray are shown in Figure S7.
(D) Comparison of CNV calls provided by OGM with CNV micro-
array data in n = 21 simple cases. Of 47 CNVs detected by OGM,
38 were also seen in the CNV microarray data. Nine additional
CNV calls were not detected by CNV microarray. Venn diagrams
were made via BioVenn (see web resources).

aberrations that require expert evaluation per sample. To
test this, we ran five samples that were aberration negative
by all standard-of-care tests. These were not considered
part of the above-described cohort with clinically relevant
aberrations but were investigated in addition to check the
false positive rate and the feasibility for clinical interpreta-
tion of aberrations remaining after filtering. In these five
samples, a total of 18 SV calls and four CNV calls remained
when we used the above-described filter settings. Six SV
calls were excluded as likely false positive, as described in
Table S13. Of the remaining 12 SV calls (three deletions,
four insertions, four duplications, and one interchromo-
somal translocation) and four CNVs, seven fulfilled our
suggested criteria for further clinical evaluation (Table
S13). However, none of these were considered clinically
relevant for the respective indications according to
current diagnostic procedures. For these five samples, we

concluded that the number of aberrations per sample is
manageable and no aberration of known clinical relevance
was identified, fitting the previous negative results by stan-
dard-of-care testing for all five samples.

Balanced translocations leading to potential fusion
genes or gene disruptions

While the main focus of this study was the identification of
the true positive rate for previously identified aberrations,
we were nevertheless interested in whether our dataset in-
cludes novel aberrations that may lead to novel insights
in hematological malignancies. Because of the lack of stan-
dard assays to identify translocations with high accuracy,
we focused on potentially balanced translocations that
lead to potential fusion genes or disrupt at least one of
the respective genes. From the list of all rare SVs (n =
2,138, Table S12), 266 presented as interchromosomal
translocations. Of those, 53 were unique calls distributed
over 17 different samples leading to “potential fusions”
by Bionano Genomics’ SV annotation, which is defined as
having genes within a 12 kb window on both sides of the
translocation breakpoints. Five of these samples carried
known translocations previously detected (three BCR-
ABL1 [Figure 3], one KMT2A-ELL, and one IGH-CCND1),
whereas four other samples (sample 42, 45, 50, and 51)
showed known or novel chromoanagenesis events,
harboring 21 translocations altogether. If we exclude these
samples on the basis of the assumption that the known
translocations and the chromoanagenesis are the main
driving events in these samples, 15 candidate balanced
translocations in eight samples (four simple and four com-
plex cases) were left for further analysis (Table S14). For
three of those events, at least one of the translocation part-
ners was a well-known cancer gene in COSMIC: MSI2,
BCL3, and RUNXI1. One of these translocations (sample
48) was unbalanced, as it showed a partial deletion of
RUNX1 coinciding with the translocation breakpoint.
Therefore, it was excluded, assuming that a deletion or
gene-disruption is a disease driver rather than the potential
gene fusion. The two other translocations are marked as
“potential fusions” by Bionano Genomics’ SV annotation
(in samples 3 and 43) and presented as truly balanced
events and were therefore of potential interest (Figure S8).
These included one IGH-BCL3 rearrangement that has
been previously described in literature for individuals
with CLL?*® but was undetected in our respective sample
because only CNV microarray data was available. The other
case carried a translocation t(7;17)(q32;q21) that was diag-
nostically reported after karyotyping. Now OGM refined
the breakpoints and enabled the detection of a balanced
translocation within the gene bodies of UBE3C and MSI2,
respectively. Subsequent fine-mapping or follow-up on
the RNA level would be able to define whether this leads
to a fusion gene with a viable fusion protein or rather to
the disruption of one or both genes. To our knowledge,
this fusion has not been previously reported by any stan-
dard-of-care diagnostic test or in literature.
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Discussion

OGM on the Saphyr genome imaging system relies on a
high-throughput comparison of distance and pattern of
fluorescent labels on long DNA molecules > 150 kb to
the respective distance and pattern in a given references
sequence (e.g., hgl9 or hg38). Only recently, increased
throughput, lowered costs, and improved resolution have
allowed for the usage of this technology for structural
variant detection in clinically relevant human applica-
tions. The identification of structural variants is key for
the diagnostics of genetic disorders. Recent work from Bar-
seghyan et al.'” illustrates this by showing how genome
imaging correctly diagnoses Duchenne muscular dystro-
phy from clinical samples. In another study, a prostate tu-
mor sample was profiled by comparing the cancer sample
with matched blood by genome imaging.”®

In the current retrospective proof-of-concept study, we
aimed to investigate whether OGM would be suited to
replace karyotyping, CNV microarray, and FISH as single
diagnostic test for the detection of acquired cytogenetic ab-
errations in hematological malignancies. Therefore, we
compared previously reported diagnostic data from 52 he-
matological malignancy samples with data generated by
OGM. All samples performed according to specifications;
on average we reached a label density of 14.6/100 kb and
an N50 molecule length (>150 kb) of 263 kb resulting in
283 x genome coverage.

OGM for simple and complex cases

Most remarkably, OGM was able to identify all previously
reported SVs and CNVs in simple cases. Identification of
100% of the aberrations, however, required lowering the
stringency settings used for CNV filtering in two samples,
only slightly increasing the overall number of CNV calls.
This leaves room for improvement of the CNV algorithm
in future software versions.

For the complex cases, we also observed a very high
concordance with previous findings, although the samples
often appeared to be more complex than previously
thought. Only in two cases (samples 39 and 49) did we
fail to observe full concordance with previous findings,
but this was most likely due to an estimated VAF of
~10% of three missed events in sample 39 and the strict
size cutoffs we used for the CNV tool, which filtered out
one event in sample 49. The accuracy with which stan-
dard-of-care tests estimate the 10% VAF is limited, and
therefore, VAFs may in reality be below this threshold. As
such, this value is at the edge of current specifications,
and so missing this aberration might not be surprising.
Interestingly, we still detected the vast majority of all other
aberrations with low VAFs. Furthermore, most recent de-
velopments are very promising because they now allow
for deeper coverage and herewith enable detection of SVs
even below 1% VAF, which is lower than the current clin-
ical need.

For sample 49, the CNV tool identified the known dele-
tion, which however, was filtered out because of the
applied 5 Mb CNV size cutoff. It remains unclear why
this interstitial deletion was missed by the SV tool, which
is usually highly sensitive for this type of aberration.

Benefits of OGM
Especially for complex cases, a key benefit of OGM became
apparent: only a combined assay that enables the detec-
tion of (almost) all aberrations in one single test is able
to unravel the true underlying architecture of complex
genomic rearrangements. In the current study, we
observed that several of the gains and losses identified by
CNV microarrays match adjacent translocation break-
points identified by OGM. Previously, the identification
of translocations has always required karyotyping and/or
FISH because translocations cannot be identified with
CNV microarrays. But karyotyping may miss events or
may not identify exact breakpoints, as also observed for
several cases of our study (Table S5, Figure S8). Occasion-
ally, karyotyping is even impossible, e.g., when no meta-
phase chromosomes were obtainable. For unbalanced
translocation breakpoints, OGM may increase the preci-
sion over array results because the exact translocation po-
sition can be derived from assembled molecules with a pre-
cision of few kilobases and is also called separately by the
accompanied CNVs. This advantage over CNV microarrays
may be most apparent for noisy samples or low VAF where
arrays may result in imprecise CNV boundaries. The latter
may also be true in regions with low array probe density,
usually caused by high genome complexity due to repeats.
Another benefit of OGM is the systematic genome-wide
assessment of balanced translocations, which is unprece-
dented by karyotyping or FISH. We exemplified the ability
to identify novel translocations leading to potential gene
disruption at the breakpoints or novel fusion genes. Those
are generally important drivers for cancer development,
and discovery of new drivers can lead to important biolog-
ical insight and potential new treatment possibilities.”’
Identified balanced translocations included an IGH-BCL3
rearrangement, which is known in CLL but was not de-
tected previously in our sample, and a balanced trans-
location affecting UBE3C and MSI2 in an AML sample
(Figure S8). Whether this results in a possible gene disrup-
tion leading to a loss of function of one or both genes or a
true gene fusion requires further fine-mapping or follow-
up on the RNA level. Interestingly, the latter translocation
was the only reported aberration for this AML case, empha-
sizing the potential importance of the event. MSI2 fusions
have been reported in two CML cases with different fusion
partners. One fusion partner was HOXA9, whereas the
other fusion partner involved in t(7;17)(q32-34;q23) could
not be identified.”® To our knowledge, UBE3C-MSI2 fusions
have not been reported to date. Alternatively, the disrup-
tion of either gene could play a role as well, but no clear
indication suggests that either is a tumor suppressor. There
have only been few reports on somatic loss-of-function
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mutations in MSI2, but interestingly, copy number gains
and overexpression were observed in ALL?’ and were
posited to drive aggressive AML.*” Whether the balanced
translocation observed here increases MSI2 expression re-
mains speculative.

In our view, the capability to detect balanced and unbal-
anced events in one assay can be among the greatest ben-
efits of OGM, exemplified by the translocation work alone.
Traditionally, fusion-gene mapping used methods such as
SKY-FISH followed by FISH and PCR to identify one or
both fusion partners of recurrent translocations.®' Short-
read NGS can successfully identify different kinds of varia-
tions, including translocations that lead to novel fusion
genes.”’*>3% For diagnostics of hematological diseases,
however, NGS is so far only used for targeted gene analysis
in order to identify somatic point mutations, whereas kar-
yotyping, FISH, and CNV microarray are still used to detect
cytogenetic aberrations.*** Most likely the complex com-
bination of variant types that underlie hematological ma-
lignancy have so far prevented the mass-adoption of
genome sequencing as a standard-of-care test. Only very
recently has clinical short-read whole-genome sequencing
(WGS) been demonstrated as a successful clinical tool for
hematological diseases.”> While highlighting promises,
this study still focuses on a limited set of aberrations,
does not show full sensitivity for low level somatic variants
for all variant types, and still raises the issue of too high
costs at this moment. In addition, not all aspects consid-
ered for guidelines of standard-of-care tests have yet
been addressed.”” Furthermore, sequencing technologies
remain limited by repeat elements that are longer than
the sequence reads and therefore do not allow unique
mapping, which masks many SVs in short-read sequencing
and some in long-read sequencing, as shown by recent
benchmark studies.'®*® Emerging long-read genome
sequencing technologies make identification of SVs
easier’’*” and show potential to unravel complex events
such as chromoanagenesis.’”*! Other than WGS, there
have also been successful applications of RNA-seq focusing
on detection of fusion genes in leukemia,**** which has,
however, also not entered the clinical setting yet and the
sensitivity for low VAF needs to be shown. OGM now offers
the possibility for a rather easy and direct identification of
such fusions, as well as an easy detection of inversions that
were likewise difficult to identify until now. Its indepen-
dence of sequence context in combination with the ul-
tra-long molecules enables the analysis of even the most
complex regions of the genome.

Compared to NGS, OGM is in our view conceptually a
simpler approach to detect cytogenetic aberrations, but it
will never replace somatic point mutation or other
small variant assays. The current workflow comes with a
ready-to-use software solution, is not more compute
intense than short-read WGS, and can easily reach genome
coverage >200-300x% at a reasonable cost, starting at a re-
agent price of $450 per sample according to manufacturer’s
information (see web resources).We see the advantage that

OGM data can be analyzed easily by lab-oriented
personnel using a graphical user interphase, and OGM
may therefore enter routine cytogenetic laboratories even
if they do not have huge bioinformatic capacities. In sum-
mary, we do not foresee a replacement of NGS by OGM but
rather a complementary use of both technologies with ad-
vantages of OGM for (large) cytogenetic aberrations and of
NGS with its proven effectiveness and sensitivity for so-
matic point mutations and some structural variant types.
The complementary use of both technologies may offer
advantages for clinical use by offering most comprehen-
sive tests. We foresee this benefit until the time that one
truly generic, comprehensive, easy to use, and affordable
(long-read) sequencing approach exists (for a comparison
of the key benefits of OGM compared to the other technol-
ogies, see Table S15).

Higher resolution of OGM

We observe that for a wide range of structural variants,
OGM offers higher resolution compared to the standard
technologies. Current resolutions and reporting criteria
of standard-of-care technologies are 5 Mb for karyotyping,
and <5 Mb for leukemia-specific regions and >5 Mb for
non-leukemia-specific regions for CNV microarrays. FISH,
finally, is a targeted test and can only detect specific rear-
rangements, such as fusion genes and gains and losses of
the selected target regions.

OGM in combination with the RVP instead allows the
detection of insertions within a size range of 5-50 kb, dele-
tions > 5kb, translocations (or transpositions) > 70 kb, in-
versions > 100 kb, and duplications > 150 kb.?” This
higher resolution of OGM for all types of variants will
allow the detection of smaller cancer-associated events
that usually escape detection by classical means, poten-
tially leading to new insights and maybe even better treat-
ment options. The resolution for germline SVs is usually
based on de novo assembly of optical maps, which is supe-
rior compared to the RVDP, and allows SV detection down to
500 bp resolution.*® This, however, has not yet been opti-
mized for somatic events.

Current challenges and opportunities

Although OGM comes with a lot of advantages, there are
also limitations to this new technology. First, the detection
of Robertsonian translocations or any other balanced
translocations with breaks in the (peri-)centromeric re-
peats is not possible yet because of missing labels for the
centromeres. Second, we did not yet include the detection
of events with a VAF < 10% systematically. Another study
including systematic dilution series would be required to
test detection limits of lowest level somatic aberrations,
but first results with even higher coverage promise further
improvements. Third, CN-LOH identification is not
enabled yet. We have, however, analyzed two exemplary
samples with previously identified large LOH regions (sam-
ple 25 and 40, LOH of 87 and 107 Mb, respectively), and
within the homozygous regions, 88% (37/42) and 89%
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(49/55) of SV calls were called as homozygous by the de
novo assembly algorithm (RVP does not support genotyp-
ing of called events) (Figure S9). We anticipate that with
some improvements this can allow for calling LOH for at
least larger regions spanning several Mb. We believe that
calling missing or additional labels, due to a (common) sin-
gle nucleotide polymorphism in the 6-mer recognition
motif, will allow for improved “genotyping” and could
further improve LOH calling.

Concerning the detection of events with a VAF < 10%,
which were too rare in our cohort to draw major conclu-
sions, the RVP tool only requires a default minimum of
three molecules showing the identical SV;* hence, lower
VAFs shall be identified when higher coverage is enabled.
We also anticipate that higher throughput, and usage of
the 2"¢ laser that is already included in the Saphyr instru-
ment but not actively used yet, will enable the use of a 2"¢
dye that would allow for sample barcoding and pooling on
the same flow cell in future. This should at least enable
pooling of two samples that have been differentially
labeled, but the average of ~50 labels per molecule should
also allow ratio labeling with two dyes, allowing for pool-
ing of three or more samples, as was shown previously
for FISH.**

Turnaround time and analytical validity

Turnaround times (TATs) are critical for clinical imple-
mentation of new tests. The TATs of OGM currently
sum up to around 2 days for wet lab (DNA isolation, la-
beling, and chip loading), 1-2 days for running the ma-
chine (depending on coverage needed), and 1-2 days
for data analysis (depending on type of analysis). For
tumor samples, the high amount of coverage needed for
somatic SV detection makes this challenging because it
increases both run time and data analysis time. Fortu-
nately, we observed a dramatic improvement in analysis
time for RVP versus de novo assembly, but further im-
provements are necessary. One might need to think
about applying the RVP tool to a defined set of genes or
regions of interest only, as was recently demonstrated
for facioscapulohumeral dystrophy,*> which would
dramatically speed up analysis and reduce the number
of aberrations that need to be considered. Furthermore,
one combined report for the SV and CNV outputs coming
from two different algorithms, a composite ideogram
style visualization, such as described in Luebeck et al.,*°
and a “genome-wide CNV profile” similar to CNV micro-
arrays, would simplify data analysis. The latter is now
available within the most recent update of the Bionano
software (Figure S10), as should be an ISCN-compatible
nomenclature for OGM aberrations as suggested by us
(Table S16) and others.*’

While we could show 100% sensitivity for detecting
the previously known clinically relevant aberrations, we
could also provide analytical validity on the basis of an
in-depth technical comparison. As such, a comparison
between OGM and FISH resulted in 100% sensitivity

and specificity. When comparing OGM with transloca-
tions detection by karyotyping, we could also show
100% sensitivity and PPV of up to 82%. Finally, the com-
parison with CNV microarrays also resulted in a sensi-
tivity of 100% for both SV and CNV calls. This came
with a PPV of 96% for the SV calls and a PPV of up to
81% for CNV calls. These results imply that OGM shows
a sensitivity of 100% in each comparison and a PPV of
>80%. The most significant improvements to further
reduce the already low amount of false positives are
needed for the detection of CNVs.

Conclusion

In summary, the data presented in this manuscript and
the promising future improvements of the technology
convince us that the use of OGM for diagnostic purposes
will be feasible in the near future. Thereby, OGM has the
potential to replace existing cytogenetics analyses and
may become the one generic test for all (molecular) cytoge-
netic applications, thereby being highly complementary
to existing sequencing-based technologies.

Data and code availability

Due to local regulation, individuals’ data cannot be made publicly
available. However, we can respond to individual requests that can
be sent to the corresponding authors. All software is commercially
available via Bionano Genomics. All filter settings suggested here
can be reproduced in the available Bionano Genomics software
suite.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.ajhg.2021.06.001.
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Bionano Access, https://bionanogenomics.com/support/software-
downloads/#bionanoaccess

Bionano price information, https://bionanogenomics.com/

BioVenn, https://www.biovenn.nl/index.php

Cosmic Catalogue of Somatic Mutations in Cancer, https://cancer.
sanger.ac.uk/cosmic
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Figure S1. Flow diagram for filtering somatic SVs and CNVs
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Figure S1. Flow diagram for filtering somatic SVs and CNVs. All data in this study were
analyzed using the Rare Variant Pipeline from Bionano Genomics (v.3.4). Data were
prefiltered using confidence scores recommended by Bionano Genomics, and variants
overlapping the DLE-1 mask region were excluded (DLE-1 mask on). For SVs, also all variants
with a frequency >0% in the control cohort were filtered out. For the remaining SVs, all SVs
were analyzed when they were >100kb in size. SVs <100kb were analyzed when they
overlapped with a gene previously implicated in hematological malignancies (Table S4). For
CNVs, the current software version does not allow to filter for frequency. Therefore, only a
size threshold was applied, meaning that all CNVs >5Mb were analyzed. Smaller CNVs were
only taken into account if they were either part of a fragmented larger CNV, were part of a
more complex aberration, for example an unbalanced translocation, or had a fractional copy
number (FCN) >4.



Figure S2. Examples of filter adjustment for CNV calling
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Figure S2. Examples of filter adjustment for CNV calling. For some samples with low VAF, a
lower stringency threshold for CNV calling was required. For example A) 5qg22.1qter loss
(VAF 10%) in sample 47 (complex, MDS): lower stringency threshold shows larger CNV region
than higher stringency threshold (red bars). B) Monosomy 18 (VAF 10%) in sample 47
(complex, MDS): whole chromosome 18 loss only seen with lower stringency threshold (red
bars). C) Loss of 5921.3g34 (sample 49, MDS): two different VAFs% (30%,45%) detected by
high confidence threshold, VAF of 15% only detected with lower stringency threshold.



Figure S3. Circos plots of all complex cases
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Figure S3. Circos plots of all complex cases. A) Explanation of visualization of the circos plot.
B) Overview of all circos plots of the complex cases in the study (without size cut-offs).



Figure S4. Venn diagrams: technical comparison between OGM and standard-of-care tests
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Figure S4. Venn diagrams: technical comparison between OGM and standard-of-care tests
A) Comparison between OGM and FISH. 16 FISH probes were used to analyze 52 loci in N=25
cases (simple and complex). All results were identical between OGM and FISH. B+C)
Comparison between OGM and karyotyping (translocations) for N=25 simple cases. B) From
a total of 49 OGM translocation calls, karyotyping confirmed 22. Twenty-seven translocation
calls were not confirmed by karyotyping. C) Of the 27 not-confirmed translocation calls, 22
were overlapping a DLE-1 mask region and should have been filtered out (Figure S5).
Correcting for this leaves five residual unconfirmed calls, of which at least 2 represent likely
true positive calls (Figure S6). D+E) Comparison of SV calls provided by OGM with CNV-
microarray data in N=21 simple cases. D) Of 55 SVs detected by OGM, 48 matched the CNV-
microarray data. The remaining seven SVs that were not detected by CNV-microarray are
shown in Figure S7. E) Five of the 7 SVs that were not detected by CNV-microarray overlap
with DLE-1 mask regions and should have been filtered out. This leaves only 2 SVs that are
not confirmed by CNV-microarray. F+G) Comparison of CNV calls provided by OGM with
CNV-microarray data in N=21 simple cases. F) Of 68 CNVs detected by OGM, 38 were also
seen in the CNV-microarray data. The additional 30 CNV calls were not detected by CNV-
microarray. G) Of those 30 OGM CNVs calls that were not detected by CNV-microarray, 21
originated from 3 low coverage samples (samples 11, 13, 24, ~200x coverage, Table S1).
Excluding these CNV calls leaves nine CNV calls that were not seen by CNV-microarray.



Figure S5. Putative false positive translocations overlapping DLE-1 mask regions
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Figure S5. Putative false positive translocations overlapping DLE-1 mask regions. A).
Putative false positive translocation t(3;19)(q29;p13.3) in sample 6. The breakpoints of this
translocation are in the repeat-rich telomeric regions of both chromosomes. B) Putative false
positive translocation t(16;21)(g11.2;p11.2) in sample 14. The breakpoints of this
translocation are in the pericentromeric heterochromatin of chromosome 16 and the
repeat-rich acrocentric short arm of chromosome 21. C) Putative false positive translocation
t(X;Y)(g21.31;p11.2) in sample 17. The breakpoints of this translocation involve SegDup
regions on both chromosomes. A-C: The DLE-1 mask track shows SegDup- (mint), common
false positive- (orange) and gap- (purple) regions and is provided by Bionano Genomics.



Figure S6. Putative true positive translocations
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Figure S6. Putative true positive translocations. A) Two different translocations
1(3;20)(p13;p12.2) and t(3;20)(p13;p12.3) were detected by OGM in sample 36 that have not
been reported by karyotyping before, though only 2 metaphases were analyzed. No repeat-
rich regions are involved. Both translocations are flanking a 1.3 Mb deletion on chromosome
3p13 (70429305 71751401) and a 2.5 Mb deletion on chromosome 20p12.3p12.2
(7427312_9942214), and are part of a more complex rearrangement including other parts of
chromosome 20 as well. The oncogene FOXP1 on chromosome 3p13 is deleted by these
translocations, and the genes EIF4E3 and BMP2 are disrupted. B) Circos plot showing only
chromosome 3 and 20. The circos plot shows that the breakpoints of the translocations co-
localize with CNV calls of both deletions, underlining our hypothesis that these
translocations are true. C) CNV microarray data of the respective sample show that the
deletion on 3p13 was also visible by the CNV-microarray, although it was not clinically
reported (<5Mb, no AML gene), additional evidence for a true event.



Figure S7. SVs not confirmed by CNV-microarray
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Figure S7: SVs not confirmed by CNV-microarray. A-C) SVs overlapping with DLE-1 mask
regions. A) An inverted duplication at 7q11.21 was reported for sample 12. The genome map
for this translocations is located in a region with SeqDup. B) Another inverted duplication at
7911.21 was detected in sample 19, in close proximity to the translocation in sample 12.
Also this translocations is located in a region with SegDup C) A recurrent deletion at 7¢q32.2
was detected in samples 22, 23 and 29. This deletion overlaps with a gap in the reference. D-
E) SVs not overlapping with DLE-1 mask regions. D) An inverted duplication at 7p11.2 was
detected in sample 27. No repeat-rich regions are involved. E) A deletion at 10924.32 was
detected in sample 12. No repeat-rich regions are involved.



Figure S8. Balanced translocations leading to potential gene disruptions or fusion genes
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Figure S8. Balanced translocations leading to potential gene disruptions or fusion genes. A)
Balanced translocation between IGH and BCL3 that was not reported previously in our CLL
sample, as only CNV-microarray data was available (sample 43). B) Balanced translocation
between UBE3C and MSI2 in an AML sample (sample 3). Interestingly, this translocation one
was the only reported aberration for this AML case, emphasizing the potential importance of
the event.



Figure S9. Loss-of-heterozygosity calling with OGM
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Figure S9. Loss-of-heterozygosity calling with OGM. Example of a previously identified large
LOH region (87 Mb) in sample 25 (bottom). Within the homozygous region 88% of SV calls
were called as homozygous by the de novo assembly algorithm, in contrast to chromosome
1 without LOH of the same sample (top).



Figure S10. Comparison of CNV-microarray data and OGM
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Figure S10. Comparison of CNV-microarray data and OGM. Comparison of CNV-microarray
results with the new ‘whole genome CNV’ visualization that is enabled in the latest Bionano
Access software v1.5, for two cases. A) Unbalanced translocation t(2;7)(p16.3;921.3) in
sample 2, shown with array (upper panel) and OGM data (lower panel), B) Trisomy 12 and
13914.13g31.2 loss in sample 9, shown with array (upper panel) and OGM data (lower
panel).
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