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Introduction

Acute myeloid leukemia (AML) is a cancer of blood and bone
marrow characterized by a higher percentage of immature or
undifferentiated myeloid precursor cells known as myeloblasts
or blasts. It is the most common leukemia found in older adults
accounting for about 80 % of all cases. Genetic abnormalities
defining AML primarily include t(8;21)(q22;q22.1)/RUNX1:
RUNX1T1 (12 %), the NPM1 mutation (25—30 %), isocitrate dehy-
drogenase (IDH) mutations (15-20 %), the FLT3-ITD mutation
(40 %), t(9;11)(p21.3;q23.3)/MLLT3::KMT2A, inv(16)(p13.1922) or t
(16;16)(p13.1;q22)/CBFB:MYH11, t(6;9)(p23;q24)/ DEK:NUP214,
and inv(3)(q21.3q26.2)." Of these rearrangements, aberrations
involving KMT2A (11p23) have been reported in pediatric and
adult AML? with 90 different fusion partners identified till now.>
Among the fusion partners MLLT10 (10p12.31) has been reported
as the most common fusion partner in AML.*

Similarly, the RUNX1 gene is involved in >50 chromosome
translocations of de novo and therapy-related AML.” The most
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common translocations involving RUNX1 include t(12;21)
observed in 25 % of pediatric acute lymphoblastic leukemia
(ALL), t(8; 21) in 10 % of adult AML, and t(3;21) in therapy-
related AML and myelodysplastic syndrome (MDS). Amongst
the rare translocations involving RUNX1 is t(16; 21)(q24;q22),
which results in a fusion with the CBFA2T3 gene, observed in
AML and MDS.° Johanna et al. reported 19 cases of adult AML
involving t(16; 21)(q24;922): four cases demonstrated de novo
AML at diagnosis, whereas the other patients had previously
undergone chemotherapy for different tumors or lymphomas.”
Currently, the genetic workup of AML relies on fluorescence
in situ hybridization (FISH), karyotyping and targeted next-
generation sequencing panels. We hereby present two cases of
AML, in which the standard of care (SOC) cytogenetic and
molecular analysis resulted in negative findings, but the pres-
ence of structural variants (SVs) associated with AML were
revealed using optical genome mapping (OGM) analysis.

Casereport 1
The sample of a 30-year-old female with no previous known

clinical history was received in the pathology laboratory for
molecular workup. Bone marrow examinations (aspiration
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Figure 1- Structural variant view in which optical genome mapping in Case 1 reveals; a) gene fusions detected with transloca-
tions between chromosomes 10 and 11: KMT2A:MLLT10, b) Deletion of the EZH2 gene in chromosome 7.

smears, clot section, touch preparation, and core biopsy) were
done. The complete blood count was white blood cell count
(WBC): 3.7 x 10%uL, hemoglobin (Hb): 8.8 g/uL, hematocrit
(Hct): 25.3 %, platelet count: 73x10%/uL. The specimen was
submitted to molecular investigations.

Bone marrow was hypercellular for age with the cellular
profile being consistent with AML M1 (French-American-Brit-
ish - FAB classification) with blasts comprising 81 %. The kar-
yotype was 46, XX - negative for any aberration. FISH testing
was performed with the following probes: t(9;22) BCR::ABL1/
ASS1, t(15;17) PML::RARA), t(8;21) RUNXIT1::RUNX1, 8p11 FGFRI
rearrangement, inv(3) MECOM rearrangement, i(17q), 17q
RARA rearrangement, del(5q) EGR1, 11g23 KMT2A (MLL), del
(79)/monosomy7, trisomy 8, del(20q), 11p15.4 NUP98 rear-
rangement, inv(16), t(16;16) CBFB rearrangement, 12p13 ETV6
rearrangement, 4q12 FIP 1L1/CHIC2/PDGFRA, and the 5q32
PDGFRB rearrangement was also found to be negative.

Amplicon-based targeted next generation sequencing
(NGS) was performed using a myeloid panel for the following
genes: ABL1, BRAF, CBL, CSF3R, DNMT3A, FLT3, GATA2, HRAS,
IDH1, IDH2, JAK2, KIT, KRAS, MPL, MYD83, NPM1, NRAS,
PTPN11, SETBP1, SF3B1, SRSF2, UZAF1, and WT1. All of which
were found negative for any mutation. Moreover, evaluations
of the full genes (ASXL1, BCOR, CALR, CDKNZA, CEBPA, ETV6,
EZH2, FBXW7, IKZF1, NFI, PHF6, PRPFS, PTEN, RB1, RUNXI,

SH2B3, STAG2, TET2, TP53, and ZRSR2) also failed to detect any
pathogenic alteration.

This sample was received in the pathology laboratory at
Augusta University to perform OGM after performing the SOC
testing. OGM was performed as per the manufacturer’s proto-
cols (Bionano Genomics Inc., San Diego, CA). Briefly, ultra-
high-molecular-weight DNA from the bone marrow sample
was isolated, labelled, and processed for analysis on the Bion-
ano Genomics Saphyr platform; for more details on the proce-
dure refer to Sahajpal et al.? Genome analysis was performed
using the rare variant pipeline included in the Bionano Access
v.1.7.2/ Bionano Solve (v.3.7.2) software.

In this case OGM identified two SVs, an unbalanced trans-
location t(7;19)(q34;p13.11)(142,520,860;17,398,836), resulting
in one copy deletion of the EZH2 gene as shown in Figure 1.
More importantly, a complex balanced rearrangement, ins
(10;11) (p12.3;11g23) (21,664,036;118,479,068) was found that
resulted in the KMT2A:MLLT10 fusion as shown in Figure 1.
Figure 2a illustrates the circos plot showing the SV events i.e.
interchromosomal translocations between chromosomes 10
and 11, and between chromosomes 7 and 19. Figure 2b shows
the enlarged SV view of the chromosome that has relevant
SVs in this case. Figure 3 shows the whole genome view with
copy number variations (CNVs) on chromosomes 7 and 19 in
this case.
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Figure 2 - Circos plot showing the structural variants (SVs) in Case 1. a) Optical genome mapping helped to find the clinically
relevant unbalanced translocation event between chromosomes 7 and 19, which resulted in copy number variation loss in
chromosome 7 and a balanced rearrangement event between chromosomes 10 and 11. b) Enlarged SV view of the chromo-

some that has relevant SVs.
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Figure 3-Whole genome view of Case 1 showing the copy number variations for chromosome 7 (loss in copy number) and

chromosome 19 (gain in copy number).

Case report 2

A 41-year-old male presented with a history of diffuse large B
cell lymphoma (DLBCL). The hematological workup for com-
plete blood count showed WBGC: 4.4 x 10%/uL, Hb: 11.4 g/ul,
Hct: 33.2 % and platelet count: 58 x 10%/uL. Bone marrow
examinations (aspiration smears, clot section, touch prepara-
tion, and core biopsy) were done. The bone marrow aspirate
was also submitted to molecular investigations.

The bone marrow was normocellular (60 % cellular), the
myeloid to erythroid (M:E) ratio was 2.1 and blasts comprised
11 %. The conclusive findings of the bone marrow examination
showed no overt evidence of involvement of any lymphoproli-
ferative disorder. Cytological atypia was seen in all three cell
lines. Immunohistochemistry was positive for CD34. Flow
cytometry identified the unique myeloblast population. Overall
findings showed suspicion of a myeloid neoplasm. Karyotyp-
ing was 46 XY - negative for any aberration. FISH testing using
the probes: t(9;22) BCR::ABL1/ASS1, 8p11 FGFR1 rearrangement,

del(5q) EGR1, del(7gq)/monosomy?7, 11923 KMT2A (MLL), trisomy
8, inv(16), t(16;16) CBFB rearrangement, del(20q), 12p13 ETV6
rearrangement, 4q12 FIP 1L1/CHIC2/PDGFRA, 5q32 PDGFRB rear-
rangement, and 11p15.4 NUP98 rearrangement was also found
to be negative. Amplicon-based targeted NGS with the myeloid
panel used in Case 1 was also employed in this case, but no
pathogenic alterations were identified in any gene.

Similar to Case 1, OGM analysis helped to identify a balanced
translocation  t(16;21)(q24.3;922.12)  (88,902,697;34,843,977),
which resulted in the fusion of the CBFA2T3::(RUNX1 genes as
shown in Figure 4. Figure 5a illustrates the circos plot which
shows the translocation event between chromosomes 16 and
21, and Figure 5b shows the enlarged SV view of the chromo-

some having relevant SV.
Interpretation and relevance of molecular findings

In Case 1, OGM unveiled a novel rearrangement of KMT2A
(11p23), resulting in the KMT2A::MLLT10 fusion. Although the
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Figure 4-Showing the structural variant view in which optical genome mapping in Case 2 identified the translocation between
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chromosomes 21 and 16 resulting in the CBFA2T3::RUNX1 gene fusion.
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Figure 5-Circos plot summarizing the structural variant event in Case 2 a) the interchromosomal translocation between chro-
mosomes 16 and 21, b) enlarged structural variant (SV) view of the chromosome with relevant SVs.

World Health Organization (WHO) 2017 guidelines only
included MLLT3:KMT2A t(9;11)(p21.3;q23) as an AML-specific
gene fusion, there are now over 90 different KMT2A fusion
partners listed in the 2022 WHO guidelines, with recommenda-
tion to label any KMT2A rearrangement as an AML defining
aberration. Rearrangement of KMT2A, (previously known as
the MLL gene), is seen in 4—5 % of de novo adult AML patients
and up to 22 % in pediatric patients.” The KMT2A rearrange-
ment leads to the formation of a distinct oncogenic fusion pro-
tein affecting several downstream molecular signaling
pathways.'* In addition to the KMT2A::MLLT10 rearrangement,
an unbalanced translocation t(7;19)(q34;p13.11) resulted in the
deletion of the EZH2 gene. EZH2 belongs to the polycomb group
(PcG) protein complex, located at 7g36.1, which promotes gene

silencing by histone modification of H3 lysine 27 via methyla-
tion. Loss of EZH2 function results in upregulation of EZH2 tar-
get genes responsible for augmentation of proliferation and
apoptosis invasions. Loss of the EZH2 protein expression has
been found in 50 % of individuals affected with AML and path-
ogenic variants of EZH2 were found in 31.27 %."""?

The t(16;21)(q24;922), a fusion product of RUNX1 with
CBFA2T3, identified in Case 2 is a less common karyotypic
event found in AML. RUNX1 is part of the core binding factor
transcription complex that regulates genes involved in
hematopoietic development and differentiation. CBFA2T3
also known as myeloid translocation gene (MTG16 or ETO2)
functions as a transcriptional corepressor in hematopoiesis.
Hence, the oncogenic translocation results in a fusion protein

b‘ﬂ"‘
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that suppresses the expression of RUNX1 target genes
involved in hematopoietic differentiation, cell cycle regula-
tion, and transforming growth factor g signaling pathways
resulting in tumorigenic properties of the cells.’***

Discussion

We present two cases of AML that were labeled ‘normal’ as
per the conventional SOC techniques. The application of the
OGM technique helped in unravelling the pathogenic chro-
mosomal abnormalities, underscoring the unique advantage
of adopting OGM for the clinical diagnosis of AML samples.

OGM, a relatively recent molecular genomics technique,
utilizes ultra-high molecular weight DNA molecules labelled
at specific sequence motifs (CTTAAG) to generate 400x cover-
age or more, which allows the detection of even low-level
mosaicism. This enables an unbiased assessment of genome-
wide complex rearrangements and different classes of SVs
(inversions, translocations, insertions, deletions, duplica-
tions) down to 500 base pairs (bp) in size. With its better reso-
lution, OGM far exceeds the resolution of current SOC
including karyotyping. With the resolution limit of 5 Mb,
nearly 50 % of patients with de novo AML have normal karyo-
types,’” as exemplified in the two case reports here.

NGS requires a larger panel to include all the structural
variants with the utility and success being dependent upon
the technique employed such as the amplicon or capture-
based, short-read or long-read sequencing approaches. The
amplicon-based technique using a myeloid panel with a read
length of 200 bp was employed for these two case reports.
However, this approach lacks the ability to detect larger dele-
tions and insertions or CNVs, leading to a failure to detect the
CNV event involving EZH2. Moreover, the approach is also
limited in identifying translocations and gene fusions.

Finally, FISH, though useful, is a targeted approach that
only uses probes of known or suspected SVs; it is not capable
of discovering novel or additional SVs. Furthermore, depend-
ing upon the probe utilized, multiple attempts are needed
thereby delaying the start of personalized therapy to achieve
the best patient outcome. Moreover, breakpoint probes in FISH
fail to identify fusion partners, which could be critical in prog-
nosis and eventually disease outcome.’® As exemplified here,
the 11923 KMT2A(MLL) breakpoint FISH probe for AML used as
recommended by the WHO, did not detect the fusion partners
in Case 1, thereby limiting its clinical utility. The del (7q) probe
recommended for AML, targets the 7q22 and 7q31.2 regions,
and does not span EZH2 which is located at 7q36.1."” Conse-
quently, the EZH2 deletion was not detected using this probe.

In recent publications, OGM has demonstrated up to 100 %
clinical concordance with traditional cytogenetic analysis
and identified the additional clinically relevant SVs that
remain beyond the scope of current SOC technologies.®"?
OGM provides a comprehensive ‘picture’ of the whole
genome, enabling detailed analysis of SVs, unraveling com-
plex or cryptic rearrangements and identifying translocated
partners, all within a turnaround time of 3—4 days. Addition-
ally, it helps to better classify the AML as per the FAB or Euro-
pean Leukemia Net (ELN) classifications and for therapeutic
decisions for AML patients.

Conclusion

These cases demonstrate the clinical utility of OGM, where a
genome that was considered molecularly ‘normal’ was found
to harbor genetic aberrations, including KMT2A and RUNX1
rearrangements, which are recognized as AML-defining
genetic abnormalities. Overall, this report supports the use of
OGM as a next-generation cytogenomic tool in the routine
diagnostic workflow.

Conflicts of interest

The authors declare no conflicts of interest.

REFERENCES

1. Vakiti A, Prerna M. Acute Myeloid Leukemia. Treasure Island,
Florida: StatPearls Publishing; 2018.

2. Miyamura T, Kudo K, Tabuchi K, Ishida H, Tomizawa D, Ada-
chi S, et al. Hematopoietic stem cell transplantation for pedi-
atric acute myeloid leukemia patients with KMT2A
rearrangement; A nationwide retrospective analysis in Japan.
Leuk. Res. 2019;1(87):106263.

3. Gorecki M, Koziot I, Kopystecka A, Budzynska J, Zawitkowska J,
Lejman M. Updates in KMT2A gene rearrangement in pediatric
acute lymphoblastic leukemia. Biomedicines. 2023;11(3):821.

4. Peterson JF, Sukov WR, Pitel BA, Smoley SA, Pearce KE, Meyer
RG, et al. Acute leukemias harboring KMT2A/MLLT10 fusion: a
10-year experience from a single genomics laboratory. Genes,
Chromosomes and Can. 2019;58(8):567-77.

5. De Braekeleer E, Douet-Guilbert N, Morel F, Le Bris MJ, Férec C,
De Braekeleer M. RUNX1 translocations and fusion genes in
malignant hemopathies. Future Oncol. 2011;7(1):77-91.

6. Boils CL, Mohamed AN. t (16; 21)(q24; q22) in acute myeloid
leukemia: case report and review of the literature. Acta Hae-
matol. 2008;119(2):65-8.

7. Flach J, Shumilov E, Joncourt R, Porret N, Tchinda J, Legros M,
et al. Detection of rare reciprocal RUNX1 rearrangements by
next-generation sequencing in acute myeloid leukemia.
Genes, Chromosomes and Canc. 2020;59(4):268-74.

8. Sahajpal NS, Mondal AK, Tvrdik T, Hauenstein J, Shi H, Deeb
KK, et al. Clinical validation and diagnostic utility of optical
genome mapping for enhanced cytogenomic analysis of
hematological neoplasms. J. Mol. Diagn. 2022;24(12):1279-91.

9. Arber DA. Acute myeloid leukemia, Hematopathology. Cleve-
land, Ohio: Elsevier; 2018. p. 429-66.

10. Jitawatanarat P. The molecular basis of cancer. Bangkok Med J.
2016;12:111.

11. Kempf JM, Weser S, Bartoschek MD, Metzeler KH, Vick B, Her-
old T, et al. Loss-of-function mutations in the histone methyl-
transferase EZH2 promote chemotherapy resistance in AML.
Sci Rep. 2021;11(1):1-3.

12. Mechaal A, Menif S, Abbes S, Safra I. EZH2, new diagnosis and
prognosis marker in acute myeloid leukemia patients. Adv
Med Sci. 2019;64(2):395-401.

13. Athanasiadou A, Stalika E, Sidi V, Papaioannou M, Gaitatzi M,
Anagnostopoulos A. RUNX1-MTG16 fusion gene in de novo
acute myeloblastic leukemia with t (16; 21)(q24; q22). Leuk
Lymphoma. 2011;52(1):145-7.

14. Sood R, Kamikubo Y, Liu P. Role of RUNX1 in hematological
malignancies. Blood. 2017;129(15):2070-82.

15. Ibdnez M, Such E, Onecha E, Gémez-Segui I, Liquori A, Sellés J,
et al. Analysis of SNP array abnormalities in patients with DE


http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0001
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0001
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0002
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0003
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0004
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0004
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0004
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0004
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0005
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0006
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0007
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0007
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0007
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0007
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0008
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0009
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0009
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0010
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0011
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0011
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0011
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0011
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0012
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0012
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0012
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0013
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0013
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0013
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0013
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0014
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0014
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0015

S$426

HEMATOL TRANSFUS CELL THER. 2024;46(S6):5421—5426

16.

NOVO acute myeloid leukemia with normal karyotype. Sci
Rep. 2020;10(1):5904.

Kim Yeseul, Kim Boram, Seong Moon-Woo, Lee Dong Soon,
Hong Kyung Taek, Kang Hyoung Jin, et al. Cryptic KMT2A/
MLLT10 fusion detected by next-generation sequencing in a
case of pediatric acute megakaryoblastic leukemia. Cancer
Genet. 2023;276:36-9.

17 .https://www.ogt.com/products/product-search/cytocell-del-7q-

deletion/. Accessed February 20, 2024.

18.

19.

Neveling K, Mantere T, Vermeulen S, Oorsprong M, van Beek R,
Kater-Baats E, et al. Next-generation cytogenetics: comprehen-
sive assessment of 52 hematological malignancy genomes by
optical genome mapping. Am ] Hum Genet. 2021;108(8):1423-35.
Mantere Tuomo, Neveling Kornelia, Pebrel-Richard Céline, Beno-
ist Marion, Zande Guillaume van der, Kater-Baats Ellen, et al.
Next generation cytogenetics: genome-imaging enables compre-
hensive structural variant detection for 100 constitutional chro-
mosomal aberrations in 85 samples. BioRxiv. 2020: 2007-20.


http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0015
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0016
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0016
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0016
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0016
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0016
https://www.ogt.com/products/product-search/cytocell-del-7q-deletion/
https://www.ogt.com/products/product-search/cytocell-del-7q-deletion/
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0018
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0019
http://refhub.elsevier.com/S2531-1379(24)02833-5/sbref0019

	Optical genome mapping identifies hidden structural variation in acute myeloid leukemia: Two case reports
	Introduction
	Case report 1
	Case report 2
	Interpretation and relevance of molecular findings

	Discussion
	Conclusion
	Conflicts of interest
	References


