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Abstract

Acute lymphoblastic leukemia (ALL) is a malignancy that can be subdivided into dis-
tinct entities based on clinical, immunophenotypic and genomic features, including
mutations, structural variants (SVs), and copy number alterations (CNA). Chromo-
some banding analysis (CBA) and Fluorescent In-Situ Hybridization (FISH) together
with Multiple Ligation-dependent Probe Amplification (MLPA), array and PCR-based
methods form the backbone of routine diagnostics. This approach is labor-intensive,
time-consuming and costly. New molecular technologies now exist that can detect
SVs and CNAs in one test. Here we apply one such technology, optical genome map-
ping (OGM), to the diagnostic work-up of 41 ALL cases. Compared to our standard
testing pathway, OGM identified all recurrent CNAs and SVs as well as additional
recurrent SVs and the resulting fusion genes. Based on the genomic profile obtained
by OGM, 32 patients could be assigned to one of the major cytogenetic risk groups
compared to 23 with the standard approach. The latter identified 24/34 recurrent
chromosomal abnormalities, while OGM identified 33/34, misinterpreting only 1 case
with low hypodiploidy. The results of MLPA were concordant in 100% of cases.
Overall, there was excellent concordance between the results. OGM increased the
detection rate and cytogenetic resolution, and abrogated the need for cascade test-
ing, resulting in reduced turnaround times. OGM also provided opportunities for bet-
ter patient stratification and accurate treatment options. However, for
comprehensive cytogenomic testing, OGM still needs to be complemented with CBA
or SNP-array to detect ploidy changes and with BCR::ABL1 FISH to assign patients as
soon as possible to targeted therapy.
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1 | INTRODUCTION

Acute lymphoblastic leukemia (ALL) is a hematopoietic malignancy
defined by the accumulation of lymphoid progenitor cells in the blood
and bone marrow. It can be divided into two broad groups depending
on cell lineage with the majority of cases (85%) belonging to the B-
and only 15% to the T-cell lineage.? ALL represents the most com-
mon childhood cancer and approximately 60% of cases occur in indi-
viduals under 20 years of age with the peak incidence at 1-4 years.>*

ALL is a heterogeneous disease and a combination of clinical,
immunophenotypic and genomic features are used to define distinct enti-
ties that are biologically homogeneous and clinically relevant.*® Cytoge-
netic analysis has been routinely performed at diagnosis for more than
thirty years and the identification of recurrent structural and numerical
chromosome abnormalities provided the first prognostic indicators for
risk stratification. This is reflected in the World Health Organization
(WHO) classification of B-cell lymphoblastic leukemia/lymphoma
(B-ALL/-LBL) which defines sub-groups based on the presence of primary
genomic abnormalities.® In T-cell ALL (T-ALL) WHO mentions recurrent
cytogenetic aberrations but does not yet propose distinct subgroups.

However, the low resolution of chromosomes in leukemia
together with the presence of cryptic abnormalities and the poor pro-
liferation of neoplastic cells in culture means that accurate identifica-
tion of rearrangements and imbalances by chromosome banding
analysis (CBA) only is sometimes limited.®” Some of these limitations
are overcome by the introduction of routine Fluorescent In-Situ
Hybridization (FISH) analysis and this combined approach is the main-
stay of routine diagnostics. Whilst this strategy allows the identifica-
tion of the most frequent or prognostically important subgroups, it
will not detect rare or new variants resulting in a paucity of genetic
information for some patients.

To address this, RNA and DNA sequencing and array-based tech-
nologies have been applied in the last decade. This has resulted in the
identification of novel cryptic chromosome abnormalities and pheno-
copies of existing ALL sub-groups allowing further genetic subtypes
of B-ALL to be defined. In particular, this includes Ph-like ALL that can
benefit from Tyrosine Kinase Inhibitor (TKI) therapy.®-1° Several focal
gene deletions were also identified, some of which have prognostic
significance.}*"*® Consequently, in recent years diagnostic genetic
testing of ALL has become more extensive requiring a combination of
CBA, FISH, arrays or Multiple Ligation-dependent Probe Amplification
(MLPA), and PCR-based methods.>4

The current diagnostic strategy is labor-intensive, time-
consuming, and costly. In addition, due to cost, cascade testing is often
performed which can lead to increased turnaround times (TATs) that
do not respond to the needs of clinical trials that require rapid results
for stratification into different treatment arms. It is therefore interest-
ing for laboratories to explore new technologies that can simplify and
enhance current testing pathways.

An interesting new technology is optical genome mapping
(OGM), which uses ultra-long linear DNA molecules that are enzy-
matically labeled at specific sequence motifs. OGM allows detec-
(> 500 bp) and structural

tion of genome-wide numerical
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aberrations, including balanced rearrangements, in one assay with a
TAT of one week. This technology has already been applied to dif-
ferent cohorts of patients with hematological neoplasms with
promising results.'>-18

Here, we examine the application of OGM for the genetic charac-
terization of newly diagnosed ALL patients to determine whether this
approach can eventually replace all, or part of, the current testing
strategy. It is expected that OGM will not only lead to an improved
detection rate of chromosome abnormalities but could also facilitate
the identification of novel aberrations and contribute to the better-

individualized treatment of patients.

2 | METHODS

21 | Sample selection

A series of 41 ALL patients (29 B-ALL and 12 T-ALL) at diagnosis were
included. Thirty-eight cases were retrospective and included 21 cases
(16 B- and 5 T-ALL) with previously identified recurrent abnormalities
representative of most genetic subtypes and 16 cases with a failed or nor-
mal karyotype (chromosome banding analysis or CBA). The latter included
8 T-ALLs positively selected for OGM analysis due to the lack of karyo-
type information. The 38 retrospective cases were used as a training set
to validate the bioinformatics pathway. Three prospective cases (14, 15,
and 16) were first analyzed using OGM (blind) and the results were subse-
quently compared to those of the standard testing pathway.

The study was conducted in compliance with the principles of the
Declaration of Helsinki, Good Clinical Practice, and all applicable regu-
latory requirements. Approval by the Ethical Committee of the Uni-
versity Hospitals Leuven (Belgium) was obtained.

2.2 | Conventional testing

All 41 samples were analyzed by the conventional pathway (Table S1)
including CBA, FISH, MLPA (P335-B1 ALL-IKZF1, MRC-Holland),
RT-PCR and IG/TR monoclonality. All analyses were performed
according to standard techniques or manufacturer's instructions.
A minimum of 10 metaphases were analyzed for cases with an abnor-
mal karyotype and 20 for cases with a normal karyotype.® Cases with
less than 20 normal metaphases were considered failures. For FISH,
200 interphase nuclei were examined on cultured cells and metaphase
FISH was also performed when possible to confirm or elucidate gene
rearrangements.® Cascade interphase FISH analysis was performed
for both B- and T-ALL. Additional FISH and molecular experiments
were undertaken in some cases to clarify the karyotype.

2.3 | Optical genome mapping

Peripheral blood (PB) and bone marrow (BM) from newly diagnosed

ALL patients were used. For ethylenediaminetetraacetic acid (EDTA)
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samples, 650 pL was stored directly at —80°C without any further
processing steps or additives. For heparin samples, 10% 0.5 M EDTA
was added before freezing at —80°C. For retrospective cases, analysis
was performed on previously-stored diagnostic material, some of
which were cell pellets prepared with dimethyl sulfoxide (DMSO) and
fetal calf serum (FCS). All samples were stored at —80°C within 6 days
of collection.

Prior to genomic DNA (gDNA) isolation, samples frozen at
—80°C were thawed in a 37°C water bath. Cell pellets stored with
DMSO were resuspended in PBS with 10% FCS, centrifuged at
400 g for 15 min and, after removal of the supernatant, were
resuspended in PBS (final volume between 0.5 and 3 mL, depending
on the pellet size). Subsequently, ultra-high molecular weight
(UHMW) DNA was extracted from ~1.5 x 10® white blood cells
according to the manufacturer's instructions (Bionano Genomics,
San Diego USA). Briefly, after counting, white blood cells were pel-
leted (2200 g for 2 min) and treated with proteinase K and lysis and
binding buffer to release gDNA. After proteinase K inactivation
gDNA was bound to a paramagnetic nanobind disk. After washing,
UHMW DNA (typically sized from 50 kb to 21 Mb) was eluted in an
appropriate buffer and left to homogenize at room temperature
overnight (up to 48 h).

Seven hundred and fifty nanograms of DNA were labeled using a
sequence-specific DLE-1 Direct Labeling Enzyme that attaches a
green fluorophore to a specific 6 bp sequence, present around
15 times per 100 kb in the human genome. Subsequently, the labeled
UHMW DNA was loaded onto a Saphyr chip and scanned on the
Saphyr instrument (Bionano Genomics, San Diego USA). Up to 6 sam-
ples were analyzed in parallel. Single double-stranded DNA molecules
pass through the nanochannels where the fluorescent tags are read as
a barcode.

For each sample, we aimed to generate 1300 Gb of data to
obtain, on average, an effective genome coverage of about 300x with
a theoretical mean variant allele frequency (VAF) sensitivity of 5%
(equivalent to aberrations present in heterozygous state in 10% of the
cells). Sample preparation took up to 4 days, while the instrument run
took another 1-2 days. Quality and run parameters were assessed
according to the manufacturer's instructions and included: the total
DNA collected 2150 kb, the map rate (the % of Bionano molecules
that align to the reference), the N50 (parameter to qualify molecule
length) (> 20 kb), the N50 (= 150 kb), the average label density
(in labels/100 kb), the positive and negative label variance (respec-
tively indicating the percentage of the labels absent in the reference
and the percentage of reference labels absent in the molecules) and

the effective coverage of the reference.

24 |
calling

De novo assembly and structural variant

Samples were analyzed with 2 pipelines: the De Novo Assembly Pipe-
line, highly sensitive in detecting structural variants (SV) in a diploid

genome; and the Rare Variant Pipeline, specifically designed to detect

SVs at low allele frequency. A copy number aberrations (CNA) pipeline
is embedded in both pipelines. In accordance with guidelines,®? filter
settings were set to detect all CNA 25 Mb; of these only CNA
detected with a high confidence score (= 1) were directly reported.
SVs sized between 500 bp and 5 Mb were only reported when
encompassing clinically relevant loci associated with ALL, listed in
Table S2, or if they were associated with an unbalanced structural
rearrangement.

Applied filter settings and software versions are available in the
Supplementary Methods (Data S1). The number of SVs retained with
each filter step is provided in Table S3 and illustrated for case 19 in
Figure S1.

2.5 | Interpretation of OGM results

The validity of the filtering algorithms was assessed and optimized by
comparing the aberrations identified in the 38 retrospective cases by
the standard techniques to OGM. The same filtering was then applied

to 3 prospective cases tested blindly.

2.6 | Comparison of results

The OGM results were considered concordant with existing stan-
dard pathway results if the same abnormalities were detected by
both approaches. Where karyotypes included marker chromosomes
or rearranged chromosomes containing material of unknown origin
(e.g., der, add) the results were considered concordant if the overall
aberrations identified by OGM were consistent with the abnormali-
ties described. Cases with normal karyotypes were also considered
concordant if the same abnormalities were identified by the stan-
dard FISH panel (Table S1) and OGM. Variations in assigned
breakpoints within the same chromosome arm were not considered
discordant.

Results were considered discordant when the abnormalities iden-
tified by one of the approaches were inconsistent. Cases with normal
karyotype and FISH results and an abnormal profile by OGM were
also considered discordant.

Additional testing was undertaken to resolve any discordances
including karyotype review, supplementary FISH or molecular tests
and RNA-Seq. More details can be found in the Supplementary
Methods (Data S1).

3 | RESULTS

3.1 | Technical characteristics of the OGM analysis
We first evaluated the technical performance of the OGM analysis.
A cohort of 41 ALL patients at diagnosis was analyzed. Of these, 29
were B-ALL cases (12 adult and 17 pediatric) and 12 were T-ALL
(3 adult and 9 pediatric).
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OGM analysis resulted in an average label density of 14/100 kb,
a map rate of 79% and average effective genome coverage of 312x
with a theoretical mean VAF sensitivity of 5%. OGM quality parame-
ters for all cases are available in Table S4.

3.2 | Incidence of clonal abnormalities detected by
the different techniques

Identification of structural and numerical abnormalities is pivotal for
correct risk stratification in ALL. We, therefore, assessed how OGM
compares to the standard testing pathway in its ability to detect dif-
ferent clonal aberrations. Figures 1 and S2 show an example of the
applied validation strategy (case 15 and 3).

For the 29 B-ALL cases, clonal abnormalities were identified by
CBA in 23 cases (79%). The standard FISH panel (Table S1) identified
clonal abnormalities in 21/29 cases (72%), including 4 patients with a
normal karyotype. The overall clonal detection rate by CBA combined
with standard FISH in B-ALL cases was 93%.

For the 12 T-ALL cases, clonal abnormalities were detected by
CBA in 4 cases (33%). Three cases had a normal karyotype, five had a
failed karyotype. The standard FISH probes were applied to all cases
and clonal abnormalities were detected in 7 cases, including 4 of the
8 cases with a normal or failed karyotype. FISH analysis was inconclu-
sive (borderline result) in a further case (20) with a failed karyotype,
the suspected abnormality was not confirmed by OGM. CBA com-
bined with standard FISH identified at least one clonal abnormality in
8/12 T-ALL cases (67%).

OGM on the other hand identified a clonal abnormality in all B-
and T-ALL cases (100%) providing an increased detection rate com-
pared to the standard testing pathway in both B- and T-ALL.

However, in some cases, there was no full concordance between
the identified abnormalities. OGM failed to distinguish some subclonal
aberrations, observed by CBA in 7 patients (case 7, 9, 13, 17, 22, 32,
40) and only identified the abnormalities present in 1 of the 2 indepen-
dent clones detected in another (B-ALL, case 8). The latter had an
independent clone with t(X;4) detected by CBA and confirmed by
metaphase FISH (using whole chromosome painting probes) that was
not detected by OGM. FISH confirmed that the breakpoint on the X
chromosome was located in the centromeric region. It is well
established that in regions concentrated around centromere and telo-
mere regions OGM molecule alignment can be unreliable.

In general, however, non-detection by OGM was due to misin-
terpretation of CBA or to the abnormalities being present in a small
subset of CBA metaphases (7-18%). Whilst OGM was unable to
detect the subclonal aberrations present in these cases, it was able
to detect aberrations present at this, or lower frequencies in others.
It is therefore difficult to establish OGM sensitivity with respect to
CBA results. By performing additional interphase FISH (data avail-
able in Supplementary Methods (Data S1) and Figure S3), we could
estimate the true size of the clones and established that aberra-
tions present in at least 15% of ALL cells can be reliably detected
using OGM.

There were only two cases where we were unable to explain the
discordant results. In case 36 (B-ALL), CBA suspected a large struc-
tural rearrangement involving the short arm of chromosome 2 and the
long arm of chromosome 14 in the majority of metaphases (90%) that
was not confirmed by OGM. A review of the karyotype still yielded a
high suspicion of a translocation, whilst OGM showed no evidence of
chromosome 2 nor 14 involvement. It is possible that the breakpoints
occur in repetitive regions not covered by OGM. Similarly, in case
22 (T-ALL), OGM reported a DUX4:FRG2B rearrangement which
could not be confirmed with FISH nor RNA seq. This false-positive
result was probably due to a similar labeling pattern in both regions.

The full results for all techniques are summarized in Table 1. Addi-
tional details are available in Table S5.

3.3 | Ability of OGM to detect disease defining
abnormalities

3.3.1 | Concordance to detect recurrent SVs

Having evaluated first the general sensitivity of OGM to detect clonal
aberrations, we next tested the capacity of OGM to identify specific
lesions. We first focused on the detection of SVs typically present in
B- and T-ALL. Seventeen recurrent SVs (as defined by lacobucci et al.)
were identified in 26 ALL patients by the standard testing panel.2® Of
note, in one T-ALL patient (case 19) 2 recurrent SVs were identified.
All the observed SVs were also detected by OGM analysis (Table 2).
Initially, the IGH::CRLF2 fusion was not detected by OGM in case
38 (B-ALL) but, after manual inspection of the OGM profile, the trans-
location was visible but had not been called by the Bionano analytical
pipeline (data not shown). The software has since been upgraded and
this variant is called by the new version.

In addition to the SVs detected by the standard testing pathway,
OGM analysis identified a further 10 recurrent SVs (Table 2). All of
these were confirmed by FISH and/or molecular techniques. Some
cases presented with a normal karyotype (2, 5, 27, 28), while others
had an abnormal karyotype. In the latter group, the additional SVs
were either not observed in the karyotype (B-ALL, case 34, PAX5
rearrangement) or were not recognized as a recurrent SV due to low-
resolution banding (6, 14, 39, 42). In one B-ALL case (13) an isochro-
mosome for the long arms of a chromosome 9 [i(9q)] was observed in
poor quality metaphases whilst a t(1;19)TCF3::PBX1 was identified by
OGM. After karyotype review, a t(1;19) and i(9q) were present in
3/72 metaphases. The FISH analysis also confirmed a t(1;19) in 35%
of cells and a trisomy 9q in only 6.5% of cells. The t(1;19) was thus
missed by cytogenetics due to poor quality chromosomes and the
i(9g) was missed by OGM due to the small size of the subclone.

In the T-ALL cases, FISH identified rearrangements of TRA/D,
TRB, and TLX3 in 7 patients. Identification of the partner chromosome
however required additional analysis and in 3 cases (24, 28, 42) the
partner remained undetermined even after extensive FISH testing.
OGM confirmed these rearrangements and in addition identified the

partner gene in all cases.
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FIGURE 1 Example of the workflow used to validate optical genome mapping as a diagnostic tool in acute lymphoblastic leukemia (case 15).
(A) Chromosome banding analysis (R-banding) identified a typical t(9;22)(q34;q11) BCR::ABL1. Arrows indicate aberrant chromosome 9 and 22.

(B) OGM results represented as a circos plot revealing 4 large chromosomal aberrations (>5 Mb) including a t(9;22)(q34;q11), t(13;22)(q14;q11)
and 2 deletions affecting the long and short arm of chromosome 19. The SV track was not shown in the plot for clarity as it also includes
unreported SVs. (C) Standard FISH analysis confirmed the presence of a BCR::ABL1 rearrangement in 71% of interphase nuclei. Extra FISH
experiments were performed to confirm the additional OGM findings. FISH identified rearrangements of both FOXO1 and IGL in ~40% of
interphase nuclei, confirming the presence of the t(13;22)(q14;q11). In addition, FISH confirmed the 19q deletion detected by OGM, illustrated by
the loss of one red/green (‘yellow’) BCL3/19q13 signal whilst two blue signals were observed for the control probe encompassing centromere

8. The following probes were used: LSI BCR (SG)/ABL (SO) (DC DF) [9934/22q11, Vysis]; LSI FOXO1 (DC BA) [13q14, Vysis]; XL IGL (DC BA)
[22g11, Metasystems] and BCL3 (DC BA) [19g13, Empire Genomics] together with CEP8 (SA) [Vysis]. (D) Detailed analysis of the clinically
relevant structural variants and copy number aberrations (as provided by the genome browser view from the Bionano Access Software) revealed
involvement of the FOXO1 gene in the t(13;22)(q14;q11) and 2 submicroscopic deletions encompassing exon 4-8 of IKZF1 and the downstream
region of BTG1. (E) Graph illustrating the loss of IKZF1 exon 4-8 and the downstream area of BTG1 as shown by MLPA analysis. The final ratio for
the IKZF1 probes (exons 1-8) and BTG1 probes (area: downstream, exons 1-2) is given compared to the reference probes. MLPA was performed
according to manufacturer's specifications (SALSA P335-C1, MRC-Holland); data analysis was performed with Coffalyzer. Normal range: 0,7-1,3.
Abbreviations: OGM optical genome mapping, SV structural variant, FISH fluorescent in-situ hybridization, DC DF dual color dual fusion probe,
SG spectrum Green, SO spectrum Orange, DC BA dual color break apart probe, SA single color spectrum Aqua, MLPA multiple ligation-dependent
probe amplification, CEP centromeric probe [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Recurrent chromosome abnormalities of clinical relevance detected by OGM versus current testing strategy
Number of detected variants

Genetic subtype® Recurrent chromosomal abnormality Case ID CBA/FISH/RT-PCR OGM
B-ALL t(12;21) t(12;21)(p13;922) [ETV6::RUNX1] 3;4;10;29 4 4
t(1;19) t(1;19)(q23;p13.3) [TCF3::PBX1] 1;13;41 2 3
BCR:ABL1 t(9;22)(a34;q11) [BCR::ABL1] 15;30 2 2
BCR::ABL1-like t(8;9)(p22;p24) [PCM1::JAK2] 8 1 1
inv(9)(p24p13) [PAX5::JAK2] 27 0 1
t(1;5)(q22;q32) [MEF2D::CSF1R] 14 0 1
CRLF2 rearrangements t(X;14)(p22.33;q32) [IGH::CRLF2] 38 1 1
ZNF384 rearrangements 1(12;22)(p13.31;913.2) [EP300::ZNF384] 2 0 1
PAXS5 rearrangements dic(9;20)(p13;q11) [PAX5::ASXL1] 39 0 1
t(3;9)(p13;p13.2) [PAX5::FOXP1] 6 0 1
ins(9;?)(p13.2;?) [PAX5::ZNF318] 34 0 1
iAMP21 iAMP21 17 1 1
T-ALL TAL1 deregulation STIL:TAL1 19;23 2 2
IGH::TAL1 5 0 1
LMO2 deregulation t(11;14)(p13;q11) [TRA::LMO2] 19 1 1
t(7;11)(a34;p13) [TRB:LMO2] 22 1 1
TLX1 (HOX11) deregulation t(7;10)(q34;q24) [TRB::TLX1] 42 0 1
TLX3 (HOX11L2) deregulation t(5;14)(q35;932) [BCL11B::TLX3] 24 1 1
HOXA10 deregulation inv(7)(p15q34) [TRB::HOXA10] 11 1 1
t(7;7)(p15.2;q34) [TRB::HIBADH] 28 0 1

Subtotal recurrent SVs 17/27 27/27
B-ALL Aneuploidy High hyperdiploidy 7;18;32;35;37 5 5
Low hypodiploidy 12;16 2 1

Total 24/34 33/34

2adapted from lacobucci I, Mullighan CG. Genetic Basis of Acute Lymphoblastic Leukemia. J Clin Oncol 2017;35(9):975-983.

3.3.2 | Concordance to identify aneuploidy

In B-ALL, aneuploidy represents an important risk factor with high
hyperdiploidy (gain of =5 chromosomes) being linked to a favorable
outcome, whilst low hypodiploid cases (31-39 chromosomes) have a
very poor prognosis.>?! Hence, precise documentation of the chro-
mosome count is mandatory at diagnosis.

OGM CNA pipeline correctly determined the chromosome copy
number in 38/41 cases, including 5 high hyperdiploid samples (7, 18,
32, 35, 37). Discordances were seen in 3 cases where there was a
gain or loss of an almost entire haploid/diploid set (changes in
ploidy). In 2 cases with low hypodiploidy (12, 16), the chromosomal
gains were correctly identified by OGM but the results were incor-
rectly interpreted as hyperdiploid (Table 2). The OGM software
allows you to manually plot the zygosity states of all the SVs (using
filter set B, described in Supplementary Methods (Data S1) section,
on the “De Novo Assembly” data), chromosome per chromosome.
Loss of heterozygosity (LOH) for certain chromosomes might be
indicative of the loss of one copy of these chromosomes (or of copy-
neutral LOH). By correlating zygosity states with karyotype or FISH
results, the baseline could be corrected for one of the two cases

(case 12) resulting in the same low hypodiploid karyotype as
detected with conventional cytogenetic tests. However, this manual
approach was not successful for case 16 probably due to the lower
blast count (~40%).

Importantly, in both low hypodiploid cases, there were discor-
dances between the results of CBA, FISH, MLPA and OGM. One case
had a normal karyotype, losses by FISH and gains by MLPA and OGM,
and the other had an abnormal karyotype, normal FISH and MLPA
and gains by OGM. This cohort also included a case with a tetraploid
clone (34), detected by CBA and FISH. OGM correctly identified the
abnormalities present but misinterpreted the ploidy as diploid. Overall,
there was no one technique that was 100% successful at reliably iden-

tifying patients with ploidy alterations.

3.3.3 | Conclusion

To summarize, there was an overall good concordance between the
different approaches to detect the major cytogenetic risk groups
(Table 2). OGM analysis identified 32 of the 33 patients that could be
classified into the known recurrent cytogenetic subgroups compared
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to 23 by traditional genomics. Within these 33 patients, the standard
approach identified 24/34 recurrent chromosomal abnormalities,
while OGM identified 33/34, misinterpreting only one case with low
hypodiploidy.

3.4 | Accuracy of OGM to detect focal deletions

In B-ALL several small focal submicroscopic deletions of prognostic
significance have been identified that require molecular techniques,
such as MLPA, for their identification. Based on the copy number
alterations present, patients can then be classified into different risk
stratification groups.??

The ability of OGM to detect these small deletions was compared
to the results of MLPA analysis and we assessed how this impacted
risk assignment (Table Sé).

MLPA was performed in 27/29 of B-ALL patients. Seventeen had
an abnormal and 10 cases a normal profile. For two patients we had
insufficient material to permit MLPA analysis.

The MLPA results were concordant with OGM in 100% of the
cases (27/27). Biallelic gene deletions, as well as downstream dele-
tions of BTG1, were correctly identified by both techniques. In 4 cases
OGM also detected gain of the PAR1 region due to gain of chromo-
some X but this has no known clinical impact. The smallest focal dele-
tion picked up in the current cohort using OGM was a 17.7 kb
deletion of exons 5-7 of IKZF1 (case 14). Risk assignment into good
or poor UKALL CNA profiles was identical based on MLPA versus
OGM results.??

3.5 | Refinement of abnormal karyotypes and
resolution of abnormalities of unknown origin
by OGM

As shown in Table 1, OGM enhanced the karyotype in cases where
the chromosomal origin of some rearrangements was unknown
(marker and derivative chromosomes). As well as confirming deletions,
OGM identified the genomic imbalances and determined the underly-
ing structural rearrangements enabling abnormalities to be redefined
as balanced or unbalanced translocations. In case 17 (B-ALL) for
example, a very complex karyotype with monosomy 21 and the pres-
ence of a marker chromosome could be redefined by OGM as chro-
mothripsis of chromosome 21 confirming also the iAMP21 previously
documented by FISH.

OGM analysis also allows a more precise assignment of chromo-
some breakpoints and, following analysis, breakpoints were adjusted
in some cases. Although most were minor changes (with the results
considered concordant) this led to the reclassification of the type of
rearrangement in some cases. For instance, a translocation was
reclassified as a dicentric chromosome in case 39 (B-ALL): dic(9;20)
(p13.2;911.21)[PAX5::ASXL1], a recurrent abnormality known to be
associated with intermediate risk.**

Similarly, in case 14 refinement of the breakpoints led to the iden-
tification of a MEF2D::CSF1R translocation, while in case 27, a PAX5::
JAK2 fusion gene was identified solely by OGM. Both cases could be
redefined as BCR::ABL1 like B-ALL instead of B-ALL, NOS. Other SVs
that were detected only by OGM, included an EP300::ZNF384 fusion
gene (case 2) and other important translocations involving PAX5 and
FOXO1 (cases 6, 15, 34). These translocations may influence B-ALL
outcome 82325

For 7 T-ALL/LBL cases (5, 20, 21, 25, 26, 28, 42) OGM was the
sole method to either detect additional SVs, including a TCF7:SPI1
fusion gene and BCL11B, TAL1 rearrangements or to identify TRA/TRB
fusion partners. All variants were confirmed using FISH and/or RNA
seq. The BCL11B rearrangement in case 25 designated by OGM was
due to a t(6;14) only rarely described in T-ALL.2%

In addition to identifying otherwise non-detected abnormalities,
the resolution of breakpoints by OGM also disproved putative
rearrangements. In case 9 (B-ALL), the t(1;19)(q23;p13)[TCF3::PBX1]
suspected by CBA could not be confirmed by FISH analysis. Indeed,
OGM revealed that no TCF3::PBX1 was present, and the breakpoint

was reassigned to the long arm of chromosome 19.

4 | DISCUSSION

In this study, we evaluated the opportunities of OGM in the diagnos-
tic work-up of ALL and compared OGM to our standard testing path-
way. Overall, we experienced an excellent concordance between the
results of the conventional approach and OGM. There were however
some significant discrepancies, which highlight the limitations and
advantages associated with each of the techniques used.

First, our study emphasizes that the poor resolution of chromo-
somes and the complexity of the karyotype sometimes means that
the nature of certain abnormalities cannot be fully determined, and
critical abnormalities may be overlooked. Non-detected aberrations
by CBA may also result from the poor proliferation of leukemic cells in
culture and overgrowth by normal cells. Although the routine use of
disease-specific FISH panels increases the diagnostic yield by identify-
ing both abnormalities in non-proliferating cells and cryptic abnormali-
ties, our cohort contained cases where no abnormalities were
detectable by combined CBA/FISH. This highlights the limitation of
FISH to detect only the aberrations included in the diagnostic panels.

OGM identified abnormalities in all cases with normal CBA and
FISH, thus increasing the overall detection rate. Disease-defining
abnormalities were detected in 32 ALL patients compared to only
23 by our standard testing pathway. Interestingly, based on OGM
analysis 3 patients could be reclassified, the first (case 13) as a B-ALL
with TCF3::PBX1 and the other 2 (case 14 and 27) as BCR::ABL1 like
B-ALL instead of B-ALL, NOS.

At present, the WHO discriminates no subgroups among
T-ALL/-LBL patients. Although currently not needed for prog-
nostic purposes, the detection of SVs and CNAs by OGM might

define personalized treatment options in the future.
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Secondly, OGM allowed the correction of karyotypes and chro-
mosomal breakpoints. OGM was not only able to identify balanced
and non-balanced rearrangements but, as it offers more precise map-
ping of breakpoints, it allowed improved identification of both known
and novel/rare abnormalities of clinical significance. In T-ALL, OGM
abrogated the need for (elaborate) cascade FISH testing in cases with
T-cell receptor rearrangements to identify the fusion partner, resulting
in an important reduction of the TAT.

However, OGM also has limitations. In some cases, it was unable
to identify abnormalities present only in a subset of cells by CBA.
While CBA provides information at the single-cell level and can there-
fore inform on clonal architecture, OGM analysis provides an overall
representation of abnormalities present at the population level.
Although the resulting discordance can be explained by the sensitivity
of molecular techniques to identify low-level abnormalities, it also
reflects the fact that CBA detects abnormalities present in proliferat-
ing cells while OGM demonstrates abnormalities present in non-
proliferating cells. The incidence of aberrations and estimation of
clone sizes, determined by CBA, is further influenced by the selection
of metaphases for analysis. OGM, unlike some other molecular-based
copy number technologies, does not include an amplification step and
thus provides a more accurate estimation of aberration incidence.
FISH analysis performed on interphase nuclei of cultured cells also
provides a good estimation of clone size and demonstrated that OGM
could reliably detect abnormalities present in at least 15% of cells.

Although in this cohort, the non-detection of subclones was of no
clinical relevance, there is a risk of missing clinically relevant SVs pre-
sent only in a subset of the cells. Furthermore, for pathologies where
karyotype complexity has prognostic significance, for example MDS,
the emergence of a subclone with additional abnormalities could
impact risk stratification and outcome. Nevertheless, the sensitivity of
cytogenetics to detect small clones can also be questioned since only
20 metaphases are analyzed.

A second limitation of OGM is the non-detection of chromosomal
abnormalities due to the location of the breakpoints. OGM can detect
all balanced rearrangements except those that occur within highly
repetitive regions of the genome such as centromeres and the short
arms of the acrocentric chromosomes. However, these loci generally
contain no actionable genes concerning ALL and are not considered
driver abnormalities. Still, an important consideration is that also
iso—/isodicentric chromosomes could be misinterpreted, whilst Rob-
ertsonian translocations go completely undetected by OGM. This
includes rob(15;21), an important predisposing factor to ALL with
iAMP21.27:28

Interestingly, the OGM software failed to detect a t(X;14), an
abnormality associated with intermediate to poor prognosis,127-34
although it was clearly visible during manual inspection. The non-
detection of abnormalities involving the PAR1 region has previously
been reported.?®*® Following this finding the OGM analytical soft-
ware has been updated and the new version now calls this IGH::CRLF2
translocation. Nevertheless, the region is currently always manually
inspected in our routine setting. Of note, in contrast to the studies by

Lestringant et al, and Lihmann et al, OGM was able to detect a

P2RY8::CRLF2 rearrangement in one case (confirmed by FISH) outwith
this study.'®'® Moreover, Lestringant et al. also reported cross-con-
tamination between samples, a problem we did not encounter.'®

Besides potentially missing important alterations, OGM some-
times also provides false-positive results. We encountered a DUX4::
FRG2B rearrangement that could not be confirmed by FISH nor by
RNA sequencing. This error is probably due to a similar labeling pat-
tern of both regions on chromosomes 4 and 10. DUX4
rearrangements are recurrent genetic alterations associated with
favorable outcomes in B-ALL.2 To avoid prognostic inaccuracies con-
firmation of the rearrangement with a second technique is therefore
strongly advised.

Importantly, this study has highlighted the problem of ploidy
assessment in B-ALL, a major drawback in a pathology that includes
ploidy as a key risk stratification subgroup. This is a well-known limita-
tion of molecular-based karyotype technologies that do not include
any allele-specific information. Low hypodiploid clones frequently co-
exist with a duplicated near triploid clone. As OGM presents an aver-
age copy number this may result in a copy number gain of 3, as was
seen in cases 12 and 16. Manual zygosity plotting of the variants
detected by OGM can help resolve ploidy problems but is less reliable
in cases with low blast counts. We anticipate improvements of the
LOH calling by the De Novo Assembly pipeline. For example, calling
missing or additional labels due to single nucleotide polymorphisms in
the 6-mer recognition motif, as recently suggested by Neveling et al.,
will also improve baseline corrections.”

Since OGM is currently unable to entirely replace CBA, we com-
bine OGM with CBA in our diagnostic workup of ALL. We also con-
tinue to perform BCR:ABL1 FISH to avoid delays in TKI-based
therapy. This new approach is less labor-intensive (avoiding cascade
FISH panel testing and MLPA or array-based techniques) and can be
done at roughly half the cost of the combination of traditional
methods (FISH, MLPA and PCR-based methods). Since implementing
OGM in the routine diagnostic setting, a further 59 ALL cases have
been analyzed, and all were successfully resolved using OGM.

In summary, OGM addresses some of the limitations associated
with conventional cytogenomic testing, simplifying the workflow and
avoiding the need for complementary FISH analysis to identify partner
genes. This approach reduces the overall number of tests required as
well as TATs and labor time. Results are comparable to CBA with
improved diagnostic yield. The simplified flow allows detection of
most major genomic risk markers in one test and means that the clini-
cian receives one comprehensive integrated report rather than multi-
ple individual reports. However, OGM still needs to be complemented
with CBA to detect ploidy changes and the presence of subclones,

and with IG/TR clonality assays for future disease monitoring.
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