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Simple Summary: Structural genetic variants, such as gene fusions, are frequently detected in
hematologic neoplasias. Over the past few decades, these structural variants have gained clinical
impact via their guidance of disease classification and risk stratification. NUP98-rearrangements are
recurrent in different hematologic neoplasias, fusing the gene NUP98 to a wide variety of partners.
As they are often cytogenetically cryptic, other methodologies are required for the detection and
identification of genetic fusion partners. Here, a previously unrecognized NUP98::ASH1L fusion was
detected in a patient with acute myeloid leukemia with prior myelodysplastic/myeloproliferative
neoplasia using a genome-wide approach through optical genome mapping. Using this technique,
the clonal evolution of structural aberrations was detected during the early relapse after allogeneic
stem cell transplantation. These findings give a putative explanation for the aggressive disease course
and demonstrate the potential of this method for consecutive disease monitoring.

Abstract: Optical genome mapping (OGM) recently has demonstrated the potential to improve
genetic diagnostics in acute myeloid leukemia (AML). In this study, OGM was utilized as a tool for
the detection of genome-wide structural variants and disease monitoring. A previously unrecognized
NUP98::ASH1L fusion was detected in an adult patient with secondary AML. OGM identified the
fusion of NUP98 to Absent, Small, or Homeotic-Like Histone Lysine Methyltransferase (ASH1L) as result of
a complex structural rearrangement between chromosomes 1 and 11. A pipeline for the measurement
of rare structural variants (Rare Variant Pipeline, Bionano Genomics, San Diego, CA, USA) was used
for detection. As NUP98 and other fusions are relevant for disease classification, this demonstrates
the necessity for methods such as OGM for cytogenetic diagnostics in AML. Furthermore, other
structural variants showed discordant variant allele frequencies at different time points over the
course of the disease and treatment pressure, indicating clonal evolution. These results support
OGM to be a valuable tool for primary diagnostics in AML as well as longitudinal testing for disease
monitoring and deepening our understanding of genetically heterogenous diseases.

Keywords: clonal evolution; rare variant pipeline; disease monitoring: structural variants;
cytogenetics; karyotyping

1. Introduction

Recurrent genetic variants are highly relevant for the classification and risk stratifica-
tion of patients with acute myeloid leukemia (AML) [1]. Apart from amplification-based
techniques such as polymerase chain reaction (PCR) and sequencing, cytogenetic methods
provide important information for prognostic stratification and therapeutic decisions [2,3].
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Recurrent rearrangements at 11q15.4 involving the gene Nucleoporin 98 and 96 precursor
(NUP98) are found in a variety of hematologic neoplasias, such as AML, myelodysplastic
neoplasias (MDS), and T-cell acute lymphoblastic leukemia (T-ALL) [4,5]. The incidence of
NUP98-rearrangements in AML seems to be higher in pediatric AML patients (~2.5–5%)
compared to adult cohorts (~0.5–2.5%) [6–10]. NUP98 fusions are associated with poor
prognosis in pediatric patients because of chemotherapy resistance and a higher risk of
relapse. In addition, the most common NUP98 fusions were associated with an inferior
outcome in adults and resistance to chemotherapy [11–15]. In adults, a clear correlation to
prior treatments or other morphological findings has not been described so far. Evidence
for the prognostic implications of rare NUP98 fusions remains largely unclear due to the
vast number of fusion partners and limited information available based on a small number
of cases. Additional research is needed to determine their clinical significance [6,9,16,17].
From a clinical point of view, NUP98 fusions have recently garnered attention, as they are
now included in the latest versions of the broadly accepted classification guidelines for AML
of the World Health Organization (WHO) and the European LeukemiaNet (ELN) [1,18–20].

Many NUP98 rearrangements are cytogenetically cryptic because of the distal chromo-
some position of NUP98 on 11p15.4 near the telomeric region. Therefore, other methods
than chromosomal banding analysis (CBA) are necessary for deciphering these structural
variants (SVs). A common example is the cryptic translocation t(5;11)(q35;p15), resulting in
the gene fusion NUP98::NSD1 [15,21]. Optical genome mapping (OGM) as a novel genome-
wide amplification-free technique based on mapping of motif-labeled DNA molecules
recently showed a high concordance with current standard genetic diagnostics in different
hematologic malignancies, such as AML or MDS. Using high molecular weight DNA
isolated from bone marrow aspirate and peripheral blood samples, the methodology was
able to identify additional prognostic information, including NUP98::NSD1 and, in one
case, the rare fusion NUP98::TNRC18 [22–29].

Here, we describe NUP98::ASH1L as a previously unrecognized NUP98 gene fu-
sion and discuss its possible pathogenetic contribution to early relapse after allogeneic
hematopoietic stem cell transplantation (alloHSCT) in a patient with secondary AML and
prior myelodysplastic/myeloproliferative neoplasia with ring sideroblasts and throm-
bocytosis (MDS/MPN-RS-T). NUP98::ASH1L was identified using OGM and its fusion
transcript was further characterized via reverse-transcription PCR (RT-PCR).

2. Materials and Methods
2.1. Patient Consent

At our tertiary care center, OGM has been implemented in parallel to routine clinical cyto-
genetic testing to evaluate its feasibility in acute leukemias, as described previously [23,28,30,31].
Written and informed consent was provided for patient participation in this study and
for publication. The ethics committee of Ruhr-University Bochum approved of this work
(No. 20-7063).

2.2. Standard Diagnostics

Cytomorphologic analyses, multiparameter flow cytometry and genetic donor chimerism
testing were performed at University Hospital Knappschaftskrankenhaus Bochum. CBA
according to the International System for Human Cytogenomic Nomenclature (ISCN) with
a minimum of 20 metaphases analyzed using two unstimulated cell cultures per analy-
sis [32,33] and the absolute quantitative PCR (qPCR) monitoring of a known JAK2 V617F
variant were performed at MVZ Dr. Eberhard & Partner, Dortmund, using accredited
standard methods. An RT-PCR fusion panel (Mentype AMLplexQS, Biotype, Dresden,
Germany) including ELN 2017 standard gene fusions (RUNX1::RUNX1T1, CBFB::MYH11,
PML::RARA, BCR::ABL1) and 6 additional gene fusions (DEK::NUP214, KMT2A::AFDN,
KMT2A::MLLT3, KMT2A::ELL, NPM1::MLF1, PICALM::MLLT10), standard ELN 2017 mu-
tation analyses (ASXL1, RUNX1, TP53, NPM1, CEBPA, IDH1/2, FLT3-ITD/TKD), and
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histomorphological analyses were carried out by collaborating laboratories as part of
routine clinical diagnostics.

At the time of refractory anemia with ring sideroblasts and thrombocytosis (RARS-T,
provisional entity) diagnosis in 2015, the Interphase-Fluorescence in situ hybridization
(FISH) analyses of 200 nuclei using accredited routine diagnostic protocols, according to
the manufacturers’ recommendations (Abbott: Vysis LSI 4q12 Tricolor Probe, Vysis ETV6
Dual Color Break Apart Rearrangement Probe; Kreatech: PDGFRB (5q32); Proximal FISH
probe, FGFR1 (8p11) Break FISH probe; MetaSystems: XL ATM/TP53), and quantitative
RT-PCR testing for BCR::ABL1 transcripts (in-house test for M-bcr, m-bcr, and µ-bcr) were
performed at MVZ Dr. Eberhard & Partner, Dortmund.

2.3. Optical Genome Mapping and Rare Variant Pipeline

OGM was performed as previously described using EDTA-anticoagulated bone mar-
row aspirate from three different time points (initial diagnosis, prior to alloHSCT, and at
relapse) at the Department of Human Genetics, Ruhr-University Bochum [23,31]. Analyses
were performed using Direct Labeling Enzyme-1 (DLE-1, Bionano Genomics, San Diego,
USA) and OGM was carried out on a Saphyr instrument (Bionano Genomics, San Diego,
USA). Rare Variant Pipeline (RVP) analyses were performed using the manufacturer’s
software solutions (Bionano Access 1.7 and Bionano Solve 3.7).

Molecule quality parameters were evaluated following the manufacturer’s guidelines
and were fulfilled for all three samples [34]. Effective 361-fold coverage at initial AML
diagnosis, 629-fold coverage prior to alloHSCT, and 626-fold coverage at relapse compared
to the Genome Reference Consortium Human Build 37 (GRCh37) were reached post-
analysis. The OGM molecule quality parameters after RVP analysis, rare and confident SV
output, confident copy number variant (CNV) output, and confident aneuploidy calls are
depicted in Supplementary Tables S1–S4.

At AML diagnosis, a target throughput of 1500 Gigabases (Gb) was set to reach a
minimum effective coverage of 300X for a VAF detection limit of approximately 5% in
regard to SVs, according to the manufacturer [35]. For the assessment of residual disease
prior to alloHSCT and at relapse, a higher target throughput of 2500 Gb was set, aiming to
reach lower VAF detection limits.

Using the RVP pipeline, molecules with labeling difference compared to the labeling
pattern of GRCh37 were clustered, generating SV calls. SVs were annotated automatically
with a VAF calculated via the software using the label coverage of the SV call compared
to the coverage of the reference. In addition, CNV calls were generated automatically via
the software, comparing the coverage variation of the overall molecule labeling pattern to
the GRCh37 reference, and the VAF of CNVs was calculated based on the fractional copy
number of the CNV [36]. SV calls were annotated with population frequencies through
comparison to 179 DLE-1-labeled healthy multiethnic controls, and SVs and CNVs were
annotated and reported using a browser extensible data (BED) file, both provided by the
manufacturer (hg19 known Canonical, Bionano Genomics, San Diego, USA). SVs and
CNVs were assessed for confidence thresholds and overlap at regions of high genomic
variance using default RVP SV and CNV masks in Bionano Access Version 1.7. Rare SVs
were defined as SVs occurring in 1% or less of controls (confidence thresholds: insertion
and deletion, 0; inversion, 0.7; duplication, -1; intra-chromosomal fusion, 0.05; inter-
chromosomal translocation, 0.05; copy number variants, 0.99; aneuploidy, 0.95). In the case
of duplicate SVs, the SV with the highest molecule count was output.

2.4. Reverse-Transcription Polymerase Chain Reaction

For the detection of the fusion transcript of NUP98::ASH1L, RNA was isolated and
two independent targeted RT-PCR assays were performed as previously described [37].
Reverse primers for ASH1L (NM_018489) exon 8 (5′-gtttccactgccaaaggatatc-3′) and exon 10
(5′-caggtggtagcttcgtaacca-3′) were synthesized. A cDNA-specific PCR system was designed.
A forward primer spanning NUP98 (NM_139131) exons 12 and 13 (5’-gccccagtagctttgacaga-
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3’) was used. An ASH1L exon 6 reverse primer was used (5’-tcccttgggatgagagaaag-3’).
Sequencing was performed on a 3500xL Genetic Analyzer (Applied Biosystems, Waltham,
MA, USA), and sequences were aligned and visually inspected for NUP98::ASH1L product
specificity (SeqMan software, DNAStar Inc., Madison, WI, USA). NUP98::ASH1L fusion
breakpoint was determined using BLAT search (UCSC Genome Browser) [38].

3. Results
3.1. Case Description

A 57-year-old female patient was diagnosed with RARS-T according to the 4th edition
of the World Health Organization (WHO 2008) in 2015 [39]. At that time, Interphase-
FISH analyses excluded PDGFRA, PDGFRB, FGFR1, ATM, ETV6, or TP53 abnormalities in
200 analyzed interphase nuclei. Three months earlier, a JAK2 V617F-mutation had been
detected and the presence of BCR::ABL1 fusion transcripts was excluded in peripheral
blood cells. Starting in 2015, the patient received treatment encompassing cytoreductive
and anti-thrombotic agents (hydroxyurea and acetylsalicylic acid).

Seven years later, at the age of 64 years, the patient presented with fatigue, progressive
dyspnea, angina pectoris, and sinus tachycardia. Peripheral blood counts showed severe
anemia with hemoglobin levels of 4.2 g/dL and thrombocytopenia (50/nL), but a normal
leukocyte count (5.1/nL) without circulating blasts. Cytomorphology after bone marrow
biopsy revealed a hypercellular bone marrow with a blast infiltration of 60–70% and
minimal differentiation (Figure 1a). CBA showed a complex karyotype with a derivate
chromosome 11, which was interpreted as a translocation t(1;11)(q21;p15), as well as several
other chromosomal rearrangements (Figure 1b,c). Other molecular genetic variants were
not identified via routine diagnostics.
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Figure 1. (a) Cytomorphology: bone marrow smear showing blast infiltration of 60–70% with minimal
differentiation at diagnosis; (b) single karyogram at diagnosis; (c) karyotype at initial diagnosis.

In summary, this established the diagnosis of AML with myelodysplasia-related
changes (AML-MRC), according to the WHO 2017 classification, which was current at the
time. The prior RARS-T diagnosis was reclassified as MDS/MPN-RS-T [19]. Considering
the complex karyotype with ≥3 aberrations in the absence of WHO 2017-designated
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recurrent translocations and inversions, the patient was grouped into the adverse risk
group, according to the ELN 2017 recommendations [20].

The patient was treated with induction chemotherapy according to the ‘3 + 7’ protocol
(days 1–3 daunorubicin 60 mg/m2, days 1–7 cytarabine 200 mg/m2) followed by a second
induction cycle (days 1–2 daunorubicin 50 mg/m2, days 1–3 cytarabine 500 mg/m2 twice
daily) achieving complete remission (CR) based on histomorphology, cytogenetics, and mul-
tiparameter flow cytometry. Consolidation treatment consisted of one cycle of cytarabine
(2000 mg/m2 days 1–3). Subsequently, the patient underwent alloHSCT from an unrelated
HLA-matched (10/10) female donor after receiving a reduced intensity conditioning (RIC)
regimen (fludarabine, treosulfan).

Although being in hematological CR after induction treatment, there was a relapse
detected in molecular diagnostics directly prior to start of RIC (JAK2 V617F 11.6%). After
alloHSCT, the patient was in hematological CR. However, despite the quick tapering of
immunosuppressants, molecular remission was not achieved. After an early hematolog-
ical AML relapse as detected by donor/patient chimerism testing in bone marrow and
peripheral blood samples on day +63 after alloHSCT, the patient received one course of a
hypomethylating agent (azacytidine). Finally, the patient died on day +107 after alloHSCT
due to AML relapse. The diagnostic results are summarized in Table 1.

Table 1. Summary of cytomorphologic, histopathologic, and genetic results. CBA karyotypes were
summarized as metaphases with≥3 aberrations (complex) and normal karyotypes (46,XX); CR = com-
plete remission; n.a. = not available; Trans. = Translocation; NUP98-r = NUP98-rearrangement. Myelo-
proliferative disease was diagnosed approx. 7 years prior to AML with a VAF of JAK2 V617F of 27%
in peripheral blood.

Time Point

Days after
Diagnosis
(Days after
alloHSCT)

Cyto-
Morphology Histology

Chromosomal
Banding

Analysis 1

JAK2
V617F
VAF

Donor
Chimerism

NUP98-r
VAF

AML diagnosis 0 60–70%
blasts n.a. Complex [29] 17.5% - 10% Trans.,

11% Inversion

Post-Induction I +35 CR CR n.a. n.a. - n.a.

Post-Induction II +69 CR CR 46,XX [25] <0.5% - n.a.

Post-
Consolidation +136 CR 5% blasts n.a. n.a. - n.a.

Prior to
alloHSCT

+155
(−7) CR 15% blasts n.a. 11.6% - 5% Trans.,

4% Inversion

Post alloHSCT +182
(+20) CR CR

Complex
[6/23],

46,XX [17/23]
n.a. 98% n.a.

Monitoring +204
(+42) n.a. n.a. n.a. 1.3% 2 n.a. n.a.

Relapse +225 (+63) Left shift,
single blasts 50% blasts Complex [25] 21.1% 63% 16% Trans.,

20% Inversion

Death +269 (+107)
1 For detailed karyotypes see Appendix A.1. 2 For this analysis, DNA was isolated from peripheral blood instead
of bone marrow aspirate.

3.2. OGM Findings

The OGM Circos plot at the time of AML diagnosis is depicted in Figure 2c [40]. At
this point, OGM revealed complex rearrangements detected as SVs between chromosomes
3, 5, and 10 in VAFs of 21–47% (median 24%), resulting in large losses of genomic mate-
rial detected as copy number (CN) losses with fractional CNs of approximately 1.0–1.6.
Aneuploidy losses of chromosome 16 (CN 1.63) and chromosome 3 (not encompassing
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the whole chromosome) were detected. Additionally, translocation SVs between chromo-
somes 1, 11, and 17 in smaller VAFs of 6–10% were present. A generated molecule map
(Figure 2b), partially aligned to chromosomes 1 and 11, showed two different SV calls over-
lapping the genes NUP98 and ASH1L. An inter-chromosomal-translocation SV (VAF 10%)
together with an inversion SV (VAF 11%), encompassing an approximately 100 kilobases
(kb)-spanning fragment of chromosome 1, was seen. The conjunction of these SVs resulted
in a genomic NUP98::ASH1L fusion. SVs involving the 3′ part of NUP98, leading to a recip-
rocal ASH1L::NUP98 fusion, were not detected. The software identified a 11.2 kb-spanning
breakpoint region. A DLE-1-targeting site (CTTAAG) was not present in the breakpoint
region, according to the chromosome 11 reference (chr11:3.748.481–3.748.486). Therefore,
the breakpoint region of the genomic fusion was manually limited to an 8 kb-spanning
region located in NUP98 intron 13–14 and ASH1L intron 5 (Figures 2b and 4a). The complete
upstream 5′-part of NUP98 and the complete downstream 3′-part of ASH1L were involved
in the genomic fusion. The algorithm determining the VAF utilizes the actually detected
molecules for each individual SV. This value can differ depending on coverage and labeling,
thus possibly resulting in VAF variability.
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In the consecutive OGM RVP analysis performed with bone marrow aspirate prior 
to alloHSCT, rare translocation SVs between chromosomes 3, 5, and 10 were still present 
in 2–13% VAF (median 9%). Additionally, the translocation and inversion SVs resulting in 
the NUP98::ASH1L fusion remained present in 5% and 6% VAF. No confident CNVs and 
no aneuploidies were detected. 

Figure 2. OGM resolved the underlying structural variations leading to a NUP98::ASH1L fusion
(a) Derivative chromosome 11 rated as der(11)t(1;11)(q21;p15) in CBA and schematic rearrangement
depicted as ideograms. (b) OGM molecule map (blue) where the labeling pattern indicates a rear-
rangement of chromosomes 1 and 11 (references in green), leading to a genomic NUP98::ASH1L
gene fusion; for the visualized molecule map, an inter-chromosomal translocation and an inversion
SV were called; the approximately 100 kb spanning inverted fragment is depicted in black (partly
aligned to chromosome 1 labels) and grey (inversion break point regions); the breakpoint of the
inter-chromosomal translocation utilized by the software (violet) was manually delimited to a smaller
8 kb region, as a label of chromosome 11 was absent in the molecule map (marked as “breakpoint
region”). (c) Circos plot of OGM RVP at initial AML diagnosis filtered for confident SVs occurring in
≤1% of controls and confident CNVs. For Circos plots of consecutive OGM analyses see Appendix B
Figure A1.

In the consecutive OGM RVP analysis performed with bone marrow aspirate prior to
alloHSCT, rare translocation SVs between chromosomes 3, 5, and 10 were still present in
2–13% VAF (median 9%). Additionally, the translocation and inversion SVs resulting in the
NUP98::ASH1L fusion remained present in 5% and 6% VAF. No confident CNVs and no
aneuploidies were detected.

At relapse (day +63 after alloHSCT), the NUP98::ASH1L fusion was present in 20% VAF,
while the translocation SVs between 3, 5, and 10 were present in VAFs of 1–36% (median 15%).
The translocation and inversion SVs, resulting in the NUP98::ASH1L fusion, were present
in 16% and 20% VAF, respectively. While an aneuploidy loss of chromosome 16 was absent
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at relapse compared to AML diagnosis, additional aberrations, such as translocation SVs
involving chromosomes 1, 7, 9, 17, and 21, were present. The aneuploidy CN gains of
chromosomes 21 (CN 2.44) and 22 (CN 2.88; likely reflecting tetrasomy 22) were detected.
The VAFs of selected OGM variants and the VAF of JAK2 V617F, as detected by qPCR at
all time points of OGM analyses, are depicted in Figure 3 and Table 2. Circos plots of both
consecutive OGM analyses are depicted in Appendix B Figure A1.
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Table 2. Summary of OGM findings used for disease monitoring. VAF values in this table were used
to create Figure 3. ChrA and ChrB refer to chromosomes involved in the SV. CN = Copy number.

ChrA ChrB ChrA Reference ChrB Reference SV Type Genes Time Point VAF

Translocation SV ogm[GRCh37] t(1;11)(q22;p15.4) indicating NUP98::ASH1L

1 11 155384865 3755020 Translocation ASH1L, NUP98
AML diagnosis
Prior alloHSCT

Relapse

10%
5%

16%

Inversion SV ogm[GRCh37] inv(1)(q22q22) indicating NUP98::ASH1L

1 1 155349797 155279255 Inversion ASH1L
AML diagnosis

Prior to alloHSCT
Relapse

11%
4%

20%

Translocation SV indicating der(5) ogm[GRCh37] t(5;10)(q31.1;q22.2)

5 10 132131355 75647791 Translocation -
AML diagnosis

Prior to alloHSCT
Relapse

46%
9%

25%



Cancers 2023, 15, 2942 8 of 17

Table 2. Cont.

ChrA ChrB ChrA Reference ChrB Reference SV Type Genes Time Point VAF

Translocation SVs indicating Chr21-Rearrangement (only present at Relapse)
3 21 16778711 30261569 Translocation - Relapse 2%
3 21 18733184 42711338 Translocation FAM3B Relapse 3%

10 21 72180437 34005936 Translocation EIF4EBP2, SYNJ1 Relapse 6%
11 21 21948118 17221321 Translocation USP25 Relapse 3%
21 21 24252871 42525873 Translocation - Relapse 1%
21 21 24495432 29856259 Translocation - Relapse 3%

Chr Reference Start Reference End CNV Type fractional CN Time point VAF

CNV losses indicating Monosomy 16 (only present at AML diagnosis)
16 2263650 21369108 CNV loss 1.67 AML diagnosis 16%
16 22822268 32019651 CNV loss 1.69 AML diagnosis 16%
16 46438848 85148570 CNV loss 1.68 AML diagnosis 16%

3.3. Confirmation of the NUP98::ASH1L Gene Fusion

To validate the NUP98::ASH1L gene fusion in OGM and determine its transcription,
RT-PCR and consecutive Sanger sequencing were applied to bone marrow samples isolated
at initial AML diagnosis. Here, an in-frame fusion transcript of NUP98 exon 14 to ASH1L
exon 6 was identified (Figure 4b).

For NUP98, a typical fusion breakpoint downstream of the repeat regions encoding
Gly-Leu-Phe-Gly and Phe-Gly (GLFG/FG) amino acids was identified [4,41–43]. While
the upstream DNA-binding AT-hook motif (exons 2–4) of ASH1L was not included in
the transcript, the SET-domain (Su(var)3-9, Enhancer-of-zeste, and Trithorax-domain) and
its associated AWS-domain (associated with SET) and post-SET-domain were retained.
Additionally, the three downstream chromatin reader domains, namely plant homeodomain
(PHD)-type zinc finger, bromo domain (BD), and bromo-adjacent homology (BAH) domain,
were retained in the transcript (Figure 4c) [44].
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and intron 5 of ASH1L using OGM data. (b) RT-PCR analysis showed an in-frame fusion of entire
exon 14 of NUP98 to entire exon 6 of ASH1L (sequencing chromatograph exported from SeqMan
software). (c) Retained protein domains according to the transcript sequence.

4. Discussion
4.1. OGM as a Tool for Cytogenetic Diagnostics of AML

The exact classification of disease is essential for prognosis and treatment decisions
in AML. The WHO recently updated their classification system. For the group of AML
with defining genetic abnormalities, it now recognizes—apart from known fusions, e.g.,
PML::RARA, RUNX1::RUNX1T1 or CBFB::MYH11—rearrangements involving KMT2A,
MECOM, and NUP98, irrespective of the fusion partner, as disease-defining, even with
blast counts below 20% [18]. The novel ELN 2022 recommendations for diagnosis and
management of AML in adults now recognize three different AML subtypes defined by
NUP98-rearrangements, two defined by specific fusions (::NSD1 and ::KDM5A) and one
defined by NUP98-rearrangements other than NSD1 or KDM5A [1].

NUP98::ASH1L now represents a novel NUP98 fusion in this category detected in a
case of AML post-MDS/MPN-RS-T. In NUP98 rearrangements, there is a wide variety of
fusion partners. Bertrums et al. recently identified 13 different fusion partners for NUP98
via transcriptome analysis in a cohort of 2235 children suffering from pediatric AML [45].
In total, at least 39 different fusion partners have been described to date, which can be
subdivided into homeodomain (HD)-containing genes (at least 11 partners) and non-HD
genes (at least 28 partners) [4,22,45–48]. Intriguingly, ASH1L has not been detected as a
fusion partner for NUP98 so far.

There has been a growing amount of evidence that OGM can be an important diagnos-
tic tool in cytogenetic diagnostics in AML with the potential of not only augmenting but
replacing other cytogenetic methods [22–28]. Recently, we have extensively reviewed the
current evidence of OGM as a diagnostic tool in AML, comparing it to standard approaches
in cytogenetic diagnostics, most importantly CBA, FISH, and CMA [27]. The present work
adds another important feature, namely the detection of classification-relevant but so far
unknown gene fusions, as exemplified here through the detection of a NUP98::ASH1L
fusion. Especially for NUP98 rearrangements, the WHO states that these SVs are often cryp-
tic in CBA [18]. Although standard FISH diagnostics would have been able to detect the
NUP98 break-apart, the novel fusion partner would have remained cryptic with standard
cytogenetic diagnostic procedures and standard FISH-panels. This underlines the value of
techniques such as OGM.

4.2. NUP98::ASH1L in Context of NUP98-Rearrangements

To the best of our knowledge, this is the first description of a NUP98::ASH1L fusion. It
was found in an AML-MRC. The NUP98::ASH1L fusion was represented by a combination
of an inversion and translocation SV in OGM. The genomic breakpoint could be narrowed
down to an 8 kb region by adapting the OGM results. A limitation of the method was that
it was not possible to determine whether exon 14 of NUP98 was included in the genomic
fusion. Using RT-PCR, the transcript showed an inclusion of the entire exon (Figure 4a,b).

NUP98 is a protein cofactor for the nuclear export protein exportin-1 (XPO1) [44].
Although it belongs to the nucleoporin subfamily, oncogenic NUP98 fusion proteins only
involve the GLFG/FG-rich repeats encoded by the 5′ end of NUP98 [4,5]. In NUP98 fusions,
these repeats are known to form nuclear puncta via chemical phase separation, which
contribute to the leukemogenesis of NUP98 fusions [49,50].

The upregulation of HOX genes is a common driver of leukemogenesis in AML [51].
Many NUP98 fusion oncoproteins, such as NUP98::NSD1, have been shown to bind to
HOX gene loci and lead to their overexpression. Several NUP98-fusion proteins, such as
::KDM5A, ::NSD1, and ::HOXA9, are known to co-localize and interact with the KMT2A-
complex (syn. MLL-complex), which typically leads to the increased expression of targets,
most importantly HOX genes. In vivo, the NUP98::HOXA9 fusion gene needs functional
KMT2A for leukemogenesis [49,52,53]. In contrast, the rare NUP98::KMT2A fusion seems
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to unfold its leukemogenic potential through cell cycle alteration rather than through
HOX gene upregulation [54,55]. Aside from the variable pathogenetic roles of different
NUP98-fusions, NUP98-rearranged murine models show a huge variability in phenotypes
such as myeloproliferation, myelodysplasia, and secondary or de novo leukemic transfor-
mation [56–60]. Thus, NUP98-fusions are far from being understood and—depending on
the fusion partner—drive leukemogenesis in different ways from both a pathogenetical
and cytomorphological perspective.

As the N-terminal region of NUP98, which is typically involved in these rearrange-
ments, seems unlikely to be targetable, independent researchers sought to address the large
group of variable C-terminal fusion partners [5,61,62]. A subset of non-HD NUP98 partners
are associated with epigenetic regulation and show common features, such as SET-domains
(ASH1L, KMT2A, NSD1, NSD3, SET, SETBP1), PHD-type zinc fingers (ASH1L, BPTF, JADE2,
KDM5A, KMT2A, NSD1, NSD3, PHF23, TAF3), or bromo-domains (ASH1L, BPTF, BRWD3,
KMT2A) [21,45,47,63–70]. These may represent subgroups with distinct biological functions
and are potentially directly targetable, as has been shown for the PHD of the NUP98::PHF23
oncoprotein in AML cell lines through disulfiram, a drug currently used for the treatment
of chronic alcohol abuse, as it inhibits the PHD-containing acetaldehyde dehydrogenase
needed for alcohol metabolism [71–74]. Other targets might be pathway-related proteins or
co-occurring mutations, such as the NUP98::NSD1-associated FLT3-internal tandem dupli-
cation (FLT3-ITD), where inhibitors are part of current standard therapies, or, as has been
recently shown, interferon signaling as a putative target pathway in FLT3-ITD-mutated
NUP98::HOXD13 AML cell lines [1,75,76].

In NUP98-rearranged neoplasia, the 5′-NUP98::partner-3′ genomic fusion must typi-
cally be transcribed and translated to an oncoprotein to unfold its leukemogenic potential.
Therefore, NUP98-rearrangements need to generate a gene fusion open reading frame
(GF-ORF). Of all 35 fusion partners mentioned in a review published in 2020 by Michmer-
huizen et al., only the rare NUP98-fusions ::IQCG, ::RARG, and ::MLLT10 had DNA strand
orientations that required a more complex genomic rearrangement than a single transloca-
tion or inversion, as shown for the novel NUP98::ASH1L [4,77–79]. Two other exceptionally
rare NUP98-fusions, namely ::BRWD3 and ::TAF3, also fell in this category [45–47]. The
necessity of a more complex rearrangement in these cases with more than two chromosomal
breakpoints might partially explain why NUP98::ASH1L has not been described before.

4.3. Role of ASH1L in Leukemia and Putative Implications for NUP98::ASH1L

ASH1L is a gene encoding a histone lysine methyltransferase involved in the epigenetic
regulation of chromatin through histone 3 lysine 4 and 36 methylation (H3K4 and H3K36).
H3K36 mediates DNA repair and is an important regulator of cell differentiation and
growth. ASH1L preferentially methylates H3K36 (H3K36me2) [80,81]. Overexpression,
copy number amplification, and mutations of ASH1L are recurrently found in different
neoplasia, including breast and thyroid cancer [82–85].

ASH1L is a crucial regulator of the KMT2A-complex, as it enables the recruitment of
KMT2A through its cofactor PSIP1 (syn. LEDGF) to multiple target genes associated with
leukemic transformation. Via this pathway, ASH1L regulates gene transcription, including
homeobox (HOX) genes. The histone lysine demethylase KDM2A was described to be an
opposing regulator of ASH1L by specifically demethylating H3K36me2, which leads to the
dissociation of KMT2A/PS1P1 and the decreased description of KMT2A target leukemia
genes. In hematopoietic stem and progenitor cells, ASH1L and KMT2A are transcribed
at high levels and expression decreases with myeloid differentiation. For KDM2A, this
relation is inverse [81,82,86,87].

The cooperation of KMT2A and ASH1L is required for the effective transcription of
HOX genes. Only the co-expression of both genes resulted in over 100-fold-increased activa-
tion in the promotor regions of HOX genes in cell lines. Moreover, the standalone C-terminal
part of ASH1L, with deleted N-terminal DNA-binding motifs, is sufficient to induce ad-
equate HOX gene expression in cooperation with KMT2A [86,88]. In the NUP98::ASH1L
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fusion described here, the C-terminal part was completely retained, whereas the DNA-
binding motifs coded by ASH1L exons 2–4 were not present in the fusion. Therefore, the
NUP98::ASH1L oncoprotein might be capable of HOX gene regulation despite the lack of
the ASH1L N-terminus.

ASH1L plays an important role in the pathogenesis of 5′-KMT2A-rearranged AML, as
has recently been shown [62,82,89]. It is a potential future target in this high-risk subgroup.
An inhibitor of the SET-domain of ASH1L showed promising results in KMT2A-rearranged
in vitro models. The inhibition of ASH1L’s SET-domain led to downregulation of the HOX
gene expression and induced apoptosis and differentiation in KMT2A::MLLT3-transformed
leukemia cells [62].

Although speculative, we hypothesize that the NUP98::ASH1L fusion leads to in-
creased H3K36me2, enabling PS1P1 recruitment to ASH1L-written H3K36me2 marks.
Therefore, elevated KMT2A/MLL complex epigenetic regulation would lead to the over-
expression of KMT2A-regulated oncogenes, such as HOX genes (Figure 5). A similar
mechanism was previously described in the related fusion NUP98::NSD1, where H3K36-
methylation and -acetylation through the oncoprotein led to a high level HOX expres-
sion [56]. Functional experiments are needed to verify this hypothesis and to analyze
through which underlying mechanisms the NUP98::ASH1L oncoprotein potentially me-
diates leukemic transformation. Moreover, the retained SET-domain of NUP98::ASH1L
might be addressable in the future, as targeting of the SET domain of wildtype ASHL1 was
successful in KMT2A-rearranged cell lines.
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role of ASH1L in H3K36-dimethylation in leukemia (adaption of [62,80–82,87–90]); KDM2A and
ASH1L are functional antagonists leading to demethylation of H3K36me2 and dimethylation of
H3K36 respectively; H3K36me2, dimethylated by ASH1L, enables the recruitment of KMT2A via
its cofactor PS1P1, leading to the upregulation of HOX cluster genes; PS1P1 is not able to bind
to H3K36me, that was demethylated by KDM2A, therefore inhibiting the KMT2A-related HOX
gene expression. (b) Putative implications for the NUP98::ASH1L oncoprotein: increased H3K36
methylation might lead to the enhanced recruitment of PS1P1 and KMT2A and, therefore, the
upregulation of oncogenes, such as HOX genes; it is to be determined whether NUP98::ASH1L
mediates its leukemic capabilities via the formation of nuclear puncta as in other related NUP98-
fusions [49,50].
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4.4. OGM as a Tool for Disease Monitoring in AML

The case presented in this work represents secondary AML evolving from a JAK2
mutated MDS/MPN. At the time-point of transformation, the blast count in the bone
marrow was between 60% and 70%, whereas the VAF of the known JAK2 V617F variant
and the novel NUP98::ASH1L fusion were around 17% and 10%, respectively (Table 1).
Although comparing the results of different techniques, this ratio remained roughly the
same before alloHSCT. Despite the initial response, there was an early hematological and
molecular relapse.

In the future, OGM might prove to be another helpful tool in disease monitoring in a
subgroup of cases. Of course, in most cases, amplification-based methods will continue to
show a more sensitive detection of small genetic variants compared to OGM on the Saphyr
platform with the current settings (the coverage in our work was, on average, around
300- 600-fold). Nevertheless, once SVs have been detected, no matter whether they are
relevant for disease biology or not, they can be followed up using this method. Unlike in
acute lymphoblastic leukemia, most centers do not search for a distinct measurable residual
disease (MRD) marker in their AML patients, apart from the predefined panels. OGM
would need some improvement in coverage to compete with other methods used in this
context, such as the combination of panoptical methods, flow cytometry, and FISH. In the
case of a lack of small genetic variants for the detection of MRD via amplification-based
techniques, OGM might become a helpful tool for the determination of remission for this
subgroup of patients in the future. This, naturally, must be proven in a larger context.

5. Conclusions

In this work, we exemplarily present OGM as a tool for high-resolution SV disease
monitoring and describe ASH1L as a novel fusion partner for NUP98 in a case of secondary
AML. We furthermore show the capability of OGM in aiding the generation of a hypothesis
for the mechanism of this variant regarding disease biology. This work highlights the value
of OGM for enhanced cytogenetic diagnostics and subsequent relevance for classification
and stratification by detecting known and unknown fusion partners for genes such as
NUP98. Moreover, there seems to be a place for genome-wide, high-resolution cytogenetics
for monitoring disease, especially if monitoring via amplification-based methods is not
possible. Finally, from a scientific point of view, the method potentially helps to identify
genomic regions of interest involved in disease evolution. This should be addressed
through future research. In conclusion, this work offers possibilities to further evaluate
novel genetic findings functionally and to study serial samples over time.
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Appendix A

Appendix A.1

Detailed Results of Conventional Karyotyping for Table 1:

• Initial AML diagnosis: 44~51,XX,-3,add(3)(p11),+add(3)(p11),-10,der(11)t(1;11)(q21;
p15),+21,+1~4mar[cp29]

• Post-Induction II: 46,XX [25]
• Post-alloHSCT: 46~49,XX,add(3)(p11),-10,der(11)t(1;11)(q21;p15),+21,+22,1~2mar,?

inc[cp3]/ 49~50,XX,-3,-10,der(11)t(1:11)(q21;p15),+21,+22,+3~4mar,?inc[cp3]/ 46,XX [17]
• Relapse: 46~49,XX,-3,-10,der(11)t(1;11)(q21;p15),+21,+22,+1~5mar,?inc[cp14]/ 45~49,

XX,add(3)(p11),-10,der(11)t(1;11)(q21;p15),+21,+22,+2~5mar,?inc[cp8]/ 48~49,XX,add
(3)(p11),-10,der(11)t(1;11)(q21;p15),add(11)(p1?4),+21,+22,+2~6mar,?inc[cp3]

Appendix B

Cancers 2023, 15, x FOR PEER REVIEW 14 of 18 
 

 

46,XX [25] 
• Post-alloHSCT: 

46~49,XX,add(3)(p11),-10,der(11)t(1;11)(q21;p15),+21,+22,1~2mar,?inc[cp3]/ 
49~50,XX,-3,-10,der(11)t(1:11)(q21;p15),+21,+22,+3~4mar,?inc[cp3]/ 
46,XX [17] 

• Relapse: 
46~49,XX,-3,-10,der(11)t(1;11)(q21;p15),+21,+22,+1~5mar,?inc[cp14]/ 
45~49,XX,add(3)(p11),-10,der(11)t(1;11)(q21;p15),+21,+22,+2~5mar,?inc[cp8]/ 
48~49,XX,add(3)(p11),-

10,der(11)t(1;11)(q21;p15),add(11)(p1?4),+21,+22,+2~6mar,?inc[cp3] 

Appendix B 

 
Figure A1. Circos plots of consecutive OGM RVP analyses filtered for confident SVs occurring in 
≤1% of controls and confident CNVs; (a) prior to alloHSCT (+155 days); (b) relapse (+225 days). 

References 
1. Döhner, H.; Wei, A.H.; Appelbaum, F.R.; Craddock, C.; DiNardo, C.D.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Godley, L.A.; Has-

serjian, R.P.; et al. Diagnosis and Management of AML in Adults: 2022 ELN Recommendations from an International Expert 
Panel. Blood 2022, 140, 1345–1377. https://doi.org/10.1182/blood.2022016867. 

2. Ley, T.J.; Miller, C.; Ding, L.; Raphael, B.J.; Mungall, A.J.; Robertson, A.G.; Hoadley, K.; Triche, T.J.; Laird, P.W.; Baty, J.D.; et al. 
Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia. N. Engl. J. Med. 2013, 368, 2059–2074. 
https://doi.org/10.1056/NEJMoa1301689. 

3. Papaemmanuil, E.; Gerstung, M.; Bullinger, L.; Gaidzik, V.I.; Paschka, P.; Roberts, N.D.; Potter, N.E.; Heuser, M.; Thol, F.; Bolli, 
N.; et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia. N. Engl. J. Med. 2016, 374, 2209–2221. 
https://doi.org/10.1056/NEJMoa1516192. 

4. Michmerhuizen, N.L.; Klco, J.M.; Mullighan, C.G. Mechanistic insights and potential therapeutic approaches for NUP98-rear-
ranged hematologic malignancies. Blood 2020, 136, 2275–2289. https://doi.org/10.1182/blood.2020007093. 

5. Gough, S.M.; Slape, C.I.; Aplan, P.D. NUP98 gene fusions and hematopoietic malignancies: Common themes and new biologic 
insights. Blood 2011, 118, 6247–6257. https://doi.org/10.1182/blood-2011-07-328880. 

6. Struski, S.; Lagarde, S.; Bories, P.; Puiseux, C.; Prade, N.; Cuccuini, W.; Pages, M.-P.; Bidet, A.; Gervais, C.; Lafage-Pochitaloff, 
M.; et al. NUP98 is rearranged in 3.8% of pediatric AML forming a clinical and molecular homogenous group with a poor 
prognosis. Leukemia 2017, 31, 565–572. https://doi.org/10.1038/leu.2016.267. 

7. Xie, W.; Raess, P.W.; Dunlap, J.; Hoyos, C.M.; Li, H.; Li, P.; Swords, R.; Olson, S.B.; Yang, F.; Anekpuritanang, T.; et al. Adult 
acute myeloid leukemia patients with NUP98 rearrangement have frequent cryptic translocations and unfavorable outcome. 
Leuk. Lymphoma 2022, 63, 1907–1916. https://doi.org/10.1080/10428194.2022.2047672. 

8. Huber, S.; Baer, C.; Hutter, S.; Dicker, F.; Meggendorfer, M.; Pohlkamp, C.; Kern, W.; Haferlach, T.; Haferlach, C.; Hoermann, 
G. AML and MDS Classification according to Who 2022 and International Consensus Classification: Do We Invent a Babylonian 
Confusion of Languages? Blood 2022, 140, 555–556. https://doi.org/10.1182/blood-2022-162326. 

Figure A1. Circos plots of consecutive OGM RVP analyses filtered for confident SVs occurring in
≤1% of controls and confident CNVs; (a) prior to alloHSCT (+155 days); (b) relapse (+225 days).

References
1. Döhner, H.; Wei, A.H.; Appelbaum, F.R.; Craddock, C.; DiNardo, C.D.; Dombret, H.; Ebert, B.L.; Fenaux, P.; Godley, L.A.;

Hasserjian, R.P.; et al. Diagnosis and Management of AML in Adults: 2022 ELN Recommendations from an International Expert
Panel. Blood 2022, 140, 1345–1377. [CrossRef] [PubMed]

2. Ley, T.J.; Miller, C.; Ding, L.; Raphael, B.J.; Mungall, A.J.; Robertson, A.G.; Hoadley, K.; Triche, T.J.; Laird, P.W.; Baty, J.D.; et al.
Genomic and epigenomic landscapes of adult de novo acute myeloid leukemia. N. Engl. J. Med. 2013, 368, 2059–2074. [CrossRef]
[PubMed]

https://doi.org/10.1182/blood.2022016867
https://www.ncbi.nlm.nih.gov/pubmed/35797463
https://doi.org/10.1056/NEJMoa1301689
https://www.ncbi.nlm.nih.gov/pubmed/23634996


Cancers 2023, 15, 2942 14 of 17

3. Papaemmanuil, E.; Gerstung, M.; Bullinger, L.; Gaidzik, V.I.; Paschka, P.; Roberts, N.D.; Potter, N.E.; Heuser, M.; Thol, F.;
Bolli, N.; et al. Genomic Classification and Prognosis in Acute Myeloid Leukemia. N. Engl. J. Med. 2016, 374, 2209–2221.
[CrossRef] [PubMed]

4. Michmerhuizen, N.L.; Klco, J.M.; Mullighan, C.G. Mechanistic insights and potential therapeutic approaches for NUP98-
rearranged hematologic malignancies. Blood 2020, 136, 2275–2289. [CrossRef] [PubMed]

5. Gough, S.M.; Slape, C.I.; Aplan, P.D. NUP98 gene fusions and hematopoietic malignancies: Common themes and new biologic
insights. Blood 2011, 118, 6247–6257. [CrossRef] [PubMed]

6. Struski, S.; Lagarde, S.; Bories, P.; Puiseux, C.; Prade, N.; Cuccuini, W.; Pages, M.-P.; Bidet, A.; Gervais, C.; Lafage-
Pochitaloff, M.; et al. NUP98 is rearranged in 3.8% of pediatric AML forming a clinical and molecular homogenous group with a
poor prognosis. Leukemia 2017, 31, 565–572. [CrossRef]

7. Xie, W.; Raess, P.W.; Dunlap, J.; Hoyos, C.M.; Li, H.; Li, P.; Swords, R.; Olson, S.B.; Yang, F.; Anekpuritanang, T.; et al. Adult acute
myeloid leukemia patients with NUP98 rearrangement have frequent cryptic translocations and unfavorable outcome. Leuk.
Lymphoma 2022, 63, 1907–1916. [CrossRef]

8. Huber, S.; Baer, C.; Hutter, S.; Dicker, F.; Meggendorfer, M.; Pohlkamp, C.; Kern, W.; Haferlach, T.; Haferlach, C.; Hoermann, G.
AML and MDS Classification according to Who 2022 and International Consensus Classification: Do We Invent a Babylonian
Confusion of Languages? Blood 2022, 140, 555–556. [CrossRef]

9. Marceau-Renaut, A.; Duployez, N.; Ducourneau, B.; Labopin, M.; Petit, A.; Rousseau, A.; Geffroy, S.; Bucci, M.; Cuccuini, W.;
Fenneteau, O.; et al. Molecular Profiling Defines Distinct Prognostic Subgroups in Childhood AML: A Report from the French
ELAM02 Study Group. Hemasphere 2018, 2, e31. [CrossRef]

10. Shiba, N.; Yoshida, K.; Hara, Y.; Yamato, G.; Shiraishi, Y.; Matsuo, H.; Okuno, Y.; Chiba, K.; Tanaka, H.; Kaburagi, T.; et al.
Transcriptome analysis offers a comprehensive illustration of the genetic background of pediatric acute myeloid leukemia. Blood
Adv. 2019, 3, 3157–3169. [CrossRef]

11. Hollink, I.H.I.M.; van den Heuvel-Eibrink, M.M.; Arentsen-Peters, S.T.C.J.M.; Pratcorona, M.; Abbas, S.; Kuipers, J.E.;
van Galen, J.F.; Beverloo, H.B.; Sonneveld, E.; Kaspers, G.-J.J.L.; et al. NUP98/NSD1 characterizes a novel poor prognostic group
in acute myeloid leukemia with a distinct HOX gene expression pattern. Blood 2011, 118, 3645–3656. [CrossRef] [PubMed]

12. Thol, F.; Kölking, B.; Hollink, I.H.I.; Damm, F.; van den Heuvel-Eibrink, M.M.; Michel Zwaan, C.; Bug, G.; Ottmann, O.;
Wagner, K.; Morgan, M.; et al. Analysis of NUP98/NSD1 translocations in adult AML and MDS patients. Leukemia 2013, 27,
750–754. [CrossRef] [PubMed]

13. Wei, S.; Wang, S.; Qiu, S.; Qi, J.; Mi, Y.; Lin, D.; Zhou, C.; Liu, B.; Li, W.; Wang, Y.; et al. Clinical and laboratory studies of
17 patients with acute myeloid leukemia harboring t(7;11)(p15;p15) translocation. Leuk. Res. 2013, 37, 1010–1015. [CrossRef]
[PubMed]

14. Chou, W.-C.; Chen, C.-Y.; Hou, H.-A.; Lin, L.-I.; Tang, J.-L.; Yao, M.; Tsay, W.; Ko, B.-S.; Wu, S.-J.; Huang, S.-Y.; et al. Acute myeloid
leukemia bearing t(7;11)(p15;p15) is a distinct cytogenetic entity with poor outcome and a distinct mutation profile: Comparative
analysis of 493 adult patients. Leukemia 2009, 23, 1303–1310. [CrossRef]

15. Fasan, A.; Haferlach, C.; Alpermann, T.; Kern, W.; Haferlach, T.; Schnittger, S. A rare but specific subset of adult AML patients can
be defined by the cytogenetically cryptic NUP98-NSD1 fusion gene. Leukemia 2013, 27, 245–248. [CrossRef] [PubMed]

16. Niktoreh, N.; Walter, C.; Zimmermann, M.; von Neuhoff, C.; von Neuhoff, N.; Rasche, M.; Waack, K.; Creutzig, U.; Hanenberg, H.;
Reinhardt, D. Mutated WT1, FLT3-ITD, and NUP98-NSD1 Fusion in Various Combinations Define a Poor Prognostic Group in
Pediatric Acute Myeloid Leukemia. J. Oncol. 2019, 2019, 1609128. [CrossRef]

17. Shiba, N.; Ichikawa, H.; Taki, T.; Park, M.-J.; Jo, A.; Mitani, S.; Kobayashi, T.; Shimada, A.; Sotomatsu, M.; Arakawa, H.; et al.
NUP98-NSD1 gene fusion and its related gene expression signature are strongly associated with a poor prognosis in pediatric
acute myeloid leukemia. Genes Chromosomes Cancer 2013, 52, 683–693. [CrossRef]

18. Khoury, J.D.; Solary, E.; Abla, O.; Akkari, Y.; Alaggio, R.; Apperley, J.F.; Bejar, R.; Berti, E.; Busque, L.; Chan, J.K.C.; et al. The
5th edition of the World Health Organization Classification of Haematolymphoid Tumours: Myeloid and Histiocytic/Dendritic
Neoplasms. Leukemia 2022, 36, 1703–1719. [CrossRef]

19. WHO Classification of Tumours of Haematopoietic and Lymphoid Tissues, 4th ed.; Swerdlow, S.H. (Ed.) International Agency for
Research on Cancer: Lyon, France, 2017; ISBN 9789283244943.

20. Döhner, H.; Estey, E.; Grimwade, D.; Amadori, S.; Appelbaum, F.R.; Büchner, T.; Dombret, H.; Ebert, B.L.; Fenaux, P.;
Larson, R.A.; et al. Diagnosis and management of AML in adults: 2017 ELN recommendations from an international expert panel.
Blood 2017, 129, 424–447. [CrossRef]

21. Reader, J.C.; Meekins, J.S.; Gojo, I.; Ning, Y. A novel NUP98-PHF23 fusion resulting from a cryptic translocation t(11;17)(p15;p13)
in acute myeloid leukemia. Leukemia 2007, 21, 842–844. [CrossRef]

22. Balducci, E.; Kaltenbach, S.; Villarese, P.; Duroyon, E.; Zalmai, L.; Friedrich, C.; Suarez, F.; Marcais, A.; Bouscary, D.;
Decroocq, J.; et al. Optical genome mapping refines cytogenetic diagnostics, prognostic stratification and provides new molecular
insights in adult MDS/AML patients. Blood Cancer J. 2022, 12, 126. [CrossRef] [PubMed]

23. Gerding, W.M.; Tembrink, M.; Nilius-Eliliwi, V.; Mika, T.; Dimopoulos, F.; Ladigan-Badura, S.; Eckhardt, M.; Pohl, M.; Wün-
nenberg, M.; Farshi, P.; et al. Optical genome mapping reveals additional prognostic information compared to conventional
cytogenetics in AML/MDS patients. Int. J. Cancer 2022, 150, 1998–2011. [CrossRef] [PubMed]

https://doi.org/10.1056/NEJMoa1516192
https://www.ncbi.nlm.nih.gov/pubmed/27276561
https://doi.org/10.1182/blood.2020007093
https://www.ncbi.nlm.nih.gov/pubmed/32766874
https://doi.org/10.1182/blood-2011-07-328880
https://www.ncbi.nlm.nih.gov/pubmed/21948299
https://doi.org/10.1038/leu.2016.267
https://doi.org/10.1080/10428194.2022.2047672
https://doi.org/10.1182/blood-2022-162326
https://doi.org/10.1097/HS9.0000000000000031
https://doi.org/10.1182/bloodadvances.2019000404
https://doi.org/10.1182/blood-2011-04-346643
https://www.ncbi.nlm.nih.gov/pubmed/21813447
https://doi.org/10.1038/leu.2012.249
https://www.ncbi.nlm.nih.gov/pubmed/22929522
https://doi.org/10.1016/j.leukres.2013.05.020
https://www.ncbi.nlm.nih.gov/pubmed/23800796
https://doi.org/10.1038/leu.2009.25
https://doi.org/10.1038/leu.2012.230
https://www.ncbi.nlm.nih.gov/pubmed/22945772
https://doi.org/10.1155/2019/1609128
https://doi.org/10.1002/gcc.22064
https://doi.org/10.1038/s41375-022-01613-1
https://doi.org/10.1182/blood-2016-08-733196
https://doi.org/10.1038/sj.leu.2404579
https://doi.org/10.1038/s41408-022-00718-1
https://www.ncbi.nlm.nih.gov/pubmed/36055992
https://doi.org/10.1002/ijc.33942
https://www.ncbi.nlm.nih.gov/pubmed/35064925


Cancers 2023, 15, 2942 15 of 17

24. Neveling, K.; Mantere, T.; Vermeulen, S.; Oorsprong, M.; van Beek, R.; Kater-Baats, E.; Pauper, M.; van der Zande, G.; Smeets, D.;
Weghuis, D.O.; et al. Next-generation cytogenetics: Comprehensive assessment of 52 hematological malignancy genomes by
optical genome mapping. Am. J. Hum. Genet. 2021, 108, 1423–1435. [CrossRef] [PubMed]

25. Sahajpal, N.S.; Mondal, A.K.; Tvrdik, T.; Hauenstein, J.; Shi, H.; Deeb, K.K.; Saxe, D.; Hastie, A.R.; Chaubey, A.; Savage, N.M.; et al.
Clinical Validation and Diagnostic Utility of Optical Genome Mapping for Enhanced Cytogenomic Analysis of Hematological
Neoplasms. J. Mol. Diagn. 2022, 24, 1279–1291. [CrossRef]

26. Suttorp, J.; Lühmann, J.L.; Behrens, Y.L.; Göhring, G.; Steinemann, D.; Reinhardt, D.; von Neuhoff, N.; Schneider, M. Optical
Genome Mapping as a Diagnostic Tool in Pediatric Acute Myeloid Leukemia. Cancers 2022, 14, 2058. [CrossRef]

27. Levy, B.; Baughn, L.B.; Akkari, Y.M.N.; Chartrand, S.; LaBarge, B.; Claxton, D.F.; Lennon, P.A.; Cujar, C.; Kolhe, R.;
Kroeger, K.; et al. Optical Genome Mapping in Acute Myeloid Leukemia: A Multicenter Evaluation. Blood Adv. 2022, 7, 1297–1307.
[CrossRef]

28. Vangala, D.B.; Nilius-Eliliwi, V.; Gerding, W.M.; Schroers, R.; Nguyen, H.P. Optical Genome Mapping in MDS and AML as
tool for structural variant profiling-comment and data update on Yang et al.: “High-resolution structural variant profiling of
myelodysplastic syndromes by optical genome mapping uncovers cryptic aberrations of prognostic and therapeutic significance”.
Leukemia 2023, 37, 248–249. [CrossRef]

29. Nilius-Eliliwi, V.; Gerding, W.M.; Schroers, R.; Nguyen, H.P.; Vangala, D.B. Optical Genome Mapping for Cytogenetic Diagnostics
in AML. Cancers 2023, 15, 1684. [CrossRef]

30. Vieler, L.-M.; Nilius-Eliliwi, V.; Schroers, R.; Vangala, D.B.; Nguyen, H.P.; Gerding, W.M. Optical Genome Mapping Reveals and
Characterizes Recurrent Aberrations and New Fusion Genes in Adult ALL. Genes 2023, 14, 686. [CrossRef]

31. Nilius-Eliliwi, V.; Tembrink, M.; Gerding, W.M.; Lubieniecki, K.P.; Lubieniecka, J.M.; Kankel, S.; Liehr, T.; Mika, T.; Dimopoulos, F.;
Döhner, K.; et al. Broad genomic workup including optical genome mapping uncovers a DDX3X: MLLT10 gene fusion in acute
myeloid leukemia. Front. Oncol. 2022, 12, 959243. [CrossRef]

32. International Standing Committee on Human Cytogenomic Nomenclature. ISCN 2020: An International System for Human
Cytogenomic Nomenclature (2020); Karger: Basel, Switzerland, 2020; ISBN 9783318067064.

33. Rack, K.A.; van den Berg, E.; Haferlach, C.; Beverloo, H.B.; Costa, D.; Espinet, B.; Foot, N.; Jeffries, S.; Martin, K.; O’Connor, S.; et al.
European recommendations and quality assurance for cytogenomic analysis of haematological neoplasms. Leukemia 2019, 33,
1851–1867. [CrossRef] [PubMed]

34. Bionano Genomics. Saphyr Molecule Quality Report Guidelines Document Revision: C. Available online: https://
bionanogenomics.com/wp-content/uploads/2018/04/30223-Saphyr-Molecule-Quality-Report-Guidelines.pdf (accessed on
30 March 2023).

35. Bionano Genomics. Bionano Solve Theory of Operation: Structural Variant Calling Document Revision K. Available online:
https://bionanogenomics.com/wp-content/uploads/2018/04/30110-Bionano-Solve-Theory-of-Operation-Structural-
Variant-Calling.pdf (accessed on 30 March 2023).

36. Church, D.M.; Schneider, V.A.; Graves, T.; Auger, K.; Cunningham, F.; Bouk, N.; Chen, H.-C.; Agarwala, R.; McLaren, W.M.;
Ritchie, G.R.S.; et al. Modernizing reference genome assemblies. PLoS Biol. 2011, 9, e1001091. [CrossRef] [PubMed]

37. Bachman, J. Reverse-transcription PCR (RT-PCR). Methods Enzymol. 2013, 530, 67–74. [CrossRef] [PubMed]
38. Kent, W.J. BLAT—The BLAST-like alignment tool. Genome Res. 2002, 12, 656–664. [CrossRef]
39. Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Vardiman, J.W. WHO Classification of Tumours

of Haematopoietic and Lymphoid Tissues; International Agency for Research on Cancer: Lyon, France, 2008.
40. Krzywinski, M.; Schein, J.; Birol, I.; Connors, J.; Gascoyne, R.; Horsman, D.; Jones, S.J.; Marra, M.A. Circos: An information

aesthetic for comparative genomics. Genome Res. 2009, 19, 1639–1645. [CrossRef]
41. Powers, M.A.; Macaulay, C.; Masiarz, F.R.; Forbes, D.J. Reconstituted nuclei depleted of a vertebrate GLFG nuclear pore protein,

p97, import but are defective in nuclear growth and replication. J. Cell Biol. 1995, 128, 721–736. [CrossRef]
42. Fontoura, B.M.; Blobel, G.; Matunis, M.J. A conserved biogenesis pathway for nucleoporins: Proteolytic processing of a 186-

kilodalton precursor generates Nup98 and the novel nucleoporin, Nup96. J. Cell Biol. 1999, 144, 1097–1112. [CrossRef]
43. Yung, E.; Sekulovic, S.; Argiropoulos, B.; Lai, C.K.; Leung, M.; Berg, T.; Vollett, S.; Chang, V.C.-D.; Wan, A.; Wong, S.; et al.

Delineating domains and functions of NUP98 contributing to the leukemogenic activity of NUP98-HOX fusions. Leuk. Res. 2011,
35, 545–550. [CrossRef]

44. Saito, S.; Yokokawa, T.; Iizuka, G.; Cigdem, S.; Okuwaki, M.; Nagata, K. Function of Nup98 subtypes and their fusion proteins,
Nup98-TopIIβ and Nup98-SETBP1 in nuclear-cytoplasmic transport. Biochem. Biophys. Res. Commun. 2017, 487, 96–102. [CrossRef]

45. Bertrums, E.J.M.; Smith, J.L.; Harmon, L.; Ries, R.E.; Wang, Y.-C.J.; Alonzo, T.A.; Menssen, A.J.; Chisholm, K.M.; Leonti, A.R.;
Tarlock, K.; et al. Comprehensive molecular and clinical characterization of NUP98 fusions in pediatric acute myeloid leukemia.
Haematologica 2023. Online ahead of print. [CrossRef]

46. Ostronoff, F.; Ries, R.E.; Gerbing, R.B.; Marra, M.A.; Yussanne, M.; Long, W.; Zong, S.; Mungall, K.; Andrew, A.; Gerhard, D.S.; et al.
Rearrangements in Nucleoporin Family of Genes in Childhood Acute Myeloid Leukemia: A Report from Children Oncology
Group and NCI/COG Target AML Initiative. Blood 2015, 126, 169. [CrossRef]

47. Tarlock, K.; Zhong, S.; He, Y.; Ries, R.; Severson, E.; Bailey, M.; Morley, S.; Balasubramanian, S.; Erlich, R.; Lipson, D.; et al. Distinct
age-associated molecular profiles in acute myeloid leukemia defined by comprehensive clinical genomic profiling. Oncotarget
2018, 9, 26417–26430. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ajhg.2021.06.001
https://www.ncbi.nlm.nih.gov/pubmed/34237281
https://doi.org/10.1016/j.jmoldx.2022.09.009
https://doi.org/10.3390/cancers14092058
https://doi.org/10.1182/bloodadvances.2022007583
https://doi.org/10.1038/s41375-022-01763-2
https://doi.org/10.3390/cancers15061684
https://doi.org/10.3390/genes14030686
https://doi.org/10.3389/fonc.2022.959243
https://doi.org/10.1038/s41375-019-0378-z
https://www.ncbi.nlm.nih.gov/pubmed/30696948
https://bionanogenomics.com/wp-content/uploads/2018/04/30223-Saphyr-Molecule-Quality-Report-Guidelines.pdf
https://bionanogenomics.com/wp-content/uploads/2018/04/30223-Saphyr-Molecule-Quality-Report-Guidelines.pdf
https://bionanogenomics.com/wp-content/uploads/2018/04/30110-Bionano-Solve-Theory-of-Operation-Structural-Variant-Calling.pdf
https://bionanogenomics.com/wp-content/uploads/2018/04/30110-Bionano-Solve-Theory-of-Operation-Structural-Variant-Calling.pdf
https://doi.org/10.1371/journal.pbio.1001091
https://www.ncbi.nlm.nih.gov/pubmed/21750661
https://doi.org/10.1016/B978-0-12-420037-1.00002-6
https://www.ncbi.nlm.nih.gov/pubmed/24034314
https://doi.org/10.1101/gr.229202
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1083/jcb.128.5.721
https://doi.org/10.1083/jcb.144.6.1097
https://doi.org/10.1016/j.leukres.2010.10.006
https://doi.org/10.1016/j.bbrc.2017.04.024
https://doi.org/10.3324/haematol.2022.281653
https://doi.org/10.1182/blood.V126.23.169.169
https://doi.org/10.18632/oncotarget.25443
https://www.ncbi.nlm.nih.gov/pubmed/29899868


Cancers 2023, 15, 2942 16 of 17

48. Cheng, W.-Y.; Li, J.-F.; Zhu, Y.-M.; Lin, X.-J.; Wen, L.-J.; Zhang, F.; Zhang, Y.-L.; Zhao, M.; Fang, H.; Wang, S.-Y.; et al. Transcriptome-
based molecular subtypes and differentiation hierarchies improve the classification framework of acute myeloid leukemia. Proc.
Natl. Acad. Sci. USA 2022, 119, e2211429119. [CrossRef]

49. Chandra, B.; Michmerhuizen, N.L.; Shirnekhi, H.K.; Tripathi, S.; Pioso, B.J.; Baggett, D.W.; Mitrea, D.M.; Iacobucci, I.; White,
M.R.; Chen, J.; et al. Phase Separation Mediates NUP98 Fusion Oncoprotein Leukemic Transformation. Cancer Discov. 2022, 12,
1152–1169. [CrossRef] [PubMed]

50. Terlecki-Zaniewicz, S.; Humer, T.; Eder, T.; Schmoellerl, J.; Heyes, E.; Manhart, G.; Kuchynka, N.; Parapatics, K.; Liberante, F.G.;
Müller, A.C.; et al. Biomolecular condensation of NUP98 fusion proteins drives leukemogenic gene expression. Nat. Struct. Mol.
Biol. 2021, 28, 190–201. [CrossRef] [PubMed]

51. Alharbi, R.A.; Pettengell, R.; Pandha, H.S.; Morgan, R. The role of HOX genes in normal hematopoiesis and acute leukemia.
Leukemia 2013, 27, 1000–1008. [CrossRef] [PubMed]

52. Sump, B.; Brickner, J.H. Nup98 regulation of histone methylation promotes normal gene expression and may drive leukemogenesis.
Genes Dev. 2017, 31, 2201–2203. [CrossRef]

53. Xu, H.; Valerio, D.G.; Eisold, M.E.; Sinha, A.; Koche, R.P.; Hu, W.; Chen, C.-W.; Chu, S.H.; Brien, G.L.; Park, C.Y.; et al. NUP98
Fusion Proteins Interact with the NSL and MLL1 Complexes to Drive Leukemogenesis. Cancer Cell 2016, 30, 863–878. [CrossRef]

54. Fisher, J.N.; Thanasopoulou, A.; Juge, S.; Tzankov, A.; Bagger, F.O.; Mendez, M.A.; Peters, A.H.F.M.; Schwaller, J. Transforming
activities of the NUP98-KMT2A fusion gene associated with myelodysplasia and acute myeloid leukemia. Haematologica 2020,
105, 1857–1867. [CrossRef]

55. Fagnan, A.; Mercher, T. NUP98 and KMT2A: Usually the bride rather than the bridesmaid. Haematologica 2020, 105, 1757–1760.
[CrossRef] [PubMed]

56. Wang, G.G.; Cai, L.; Pasillas, M.P.; Kamps, M.P. NUP98-NSD1 links H3K36 methylation to Hox-A gene activation and leukaemo-
genesis. Nat. Cell Biol. 2007, 9, 804–812. [CrossRef] [PubMed]

57. Lin, Y.-W.; Slape, C.; Zhang, Z.; Aplan, P.D. NUP98-HOXD13 transgenic mice develop a highly penetrant, severe myelodysplastic
syndrome that progresses to acute leukemia. Blood 2005, 106, 287–295. [CrossRef] [PubMed]

58. Slape, C.; Lin, Y.W.; Hartung, H.; Zhang, Z.; Wolff, L.; Aplan, P.D. NUP98-HOX translocations lead to myelodysplastic syndrome
in mice and men. J. Natl. Cancer Inst. Monogr. 2008, 39, 64–68. [CrossRef] [PubMed]

59. Pineault, N.; Buske, C.; Feuring-Buske, M.; Abramovich, C.; Rosten, P.; Hogge, D.E.; Aplan, P.D.; Humphries, R.K. Induction of
acute myeloid leukemia in mice by the human leukemia-specific fusion gene NUP98-HOXD13 in concert with Meis1. Blood 2003,
101, 4529–4538. [CrossRef]

60. Kroon, E.; Thorsteinsdottir, U.; Mayotte, N.; Nakamura, T.; Sauvageau, G. NUP98-HOXA9 expression in hemopoietic stem cells
induces chronic and acute myeloid leukemias in mice. EMBO J. 2001, 20, 350–361. [CrossRef]

61. Mohanty, S.; Jyotsana, N.; Sharma, A.; Kloos, A.; Gabdoulline, R.; Othman, B.; Lai, C.K.; Schottmann, R.; Mandhania, M.;
Schmoellerl, J.; et al. Targeted Inhibition of the NUP98-NSD1 Fusion Oncogene in Acute Myeloid Leukemia. Cancers 2020, 12,
2766. [CrossRef]

62. Rogawski, D.S.; Deng, J.; Li, H.; Miao, H.; Borkin, D.; Purohit, T.; Song, J.; Chase, J.; Li, S.; Ndoj, J.; et al. Discovery of first-in-class
inhibitors of ASH1L histone methyltransferase with anti-leukemic activity. Nat. Commun. 2021, 12, 2792. [CrossRef]

63. Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A.; Sonnhammer, E.L.L.; Tosatto, S.C.E.; Paladin, L.; Raj, S.;
Richardson, L.J.; et al. Pfam: The protein families database in 2021. Nucleic Acids Res. 2021, 49, D412–D419. [CrossRef]

64. Jaju, R.J.; Fidler, C.; Haas, O.A.; Strickson, A.J.; Watkins, F.; Clark, K.; Cross, N.C.; Cheng, J.F.; Aplan, P.D.; Kearney, L.; et al.
A novel gene, NSD1, is fused to NUP98 in the t(5;11)(q35;p15.5) in de novo childhood acute myeloid leukemia. Blood 2001, 98,
1264–1267. [CrossRef]

65. Rosati, R.; La Starza, R.; Veronese, A.; Aventin, A.; Schwienbacher, C.; Vallespi, T.; Negrini, M.; Martelli, M.F.; Mecucci, C. NUP98
is fused to the NSD3 gene in acute myeloid leukemia associated with t(8;11)(p11.2;p15). Blood 2002, 99, 3857–3860. [CrossRef]

66. van Zutven, L.J.C.M.; Onen, E.; Velthuizen, S.C.J.M.; van Drunen, E.; von Bergh, A.R.M.; van den Heuvel-Eibrink, M.M.;
Veronese, A.; Mecucci, C.; Negrini, M.; de Greef, G.E.; et al. Identification of NUP98 abnormalities in acute leukemia: JARID1A
(12p13) as a new partner gene. Genes Chromosomes Cancer 2006, 45, 437–446. [CrossRef] [PubMed]

67. Panagopoulos, I.; Kerndrup, G.; Carlsen, N.; Strömbeck, B.; Isaksson, M.; Johansson, B. Fusion of NUP98 and the SET binding
protein 1 (SETBP1) gene in a paediatric acute T cell lymphoblastic leukaemia with t(11;18)(p15;q12). Br. J. Haematol. 2007, 136,
294–296. [CrossRef]

68. Kaltenbach, S.; Soler, G.; Barin, C.; Gervais, C.; Bernard, O.A.; Penard-Lacronique, V.; Romana, S.P. NUP98-MLL fusion in human
acute myeloblastic leukemia. Blood 2010, 116, 2332–2335. [CrossRef] [PubMed]

69. Roussy, M.; Bilodeau, M.; Jouan, L.; Tibout, P.; Laramée, L.; Lemyre, E.; Léveillé, F.; Tihy, F.; Cardin, S.; Sauvageau, C.; et al.
NUP98-BPTF gene fusion identified in primary refractory acute megakaryoblastic leukemia of infancy. Genes Chromosomes Cancer
2018, 57, 311–319. [CrossRef] [PubMed]

70. Cheng, C.-K.; Chan, H.-Y.; Yung, Y.-L.; Wan, T.S.K.; Leung, A.W.K.; Li, C.-K.; Tian, K.; Chan, N.P.H.; Cheung, J.S.; Ng, M.H.L.
A novel NUP98-JADE2 fusion in a patient with acute myeloid leukemia resembling acute promyelocytic leukemia. Blood Adv.
2022, 6, 410–415. [CrossRef] [PubMed]

71. Ning, Y. A cryptic translocation leading to NUP98-PHF23 fusion in AML. Best Pract. Res. Clin. Haematol. 2016, 29, 320–323.
[CrossRef] [PubMed]

https://doi.org/10.1073/pnas.2211429119
https://doi.org/10.1158/2159-8290.CD-21-0674
https://www.ncbi.nlm.nih.gov/pubmed/34903620
https://doi.org/10.1038/s41594-020-00550-w
https://www.ncbi.nlm.nih.gov/pubmed/33479542
https://doi.org/10.1038/leu.2012.356
https://www.ncbi.nlm.nih.gov/pubmed/23212154
https://doi.org/10.1101/gad.310359.117
https://doi.org/10.1016/j.ccell.2016.10.019
https://doi.org/10.3324/haematol.2019.219188
https://doi.org/10.3324/haematol.2020.253476
https://www.ncbi.nlm.nih.gov/pubmed/32611575
https://doi.org/10.1038/ncb1608
https://www.ncbi.nlm.nih.gov/pubmed/17589499
https://doi.org/10.1182/blood-2004-12-4794
https://www.ncbi.nlm.nih.gov/pubmed/15755899
https://doi.org/10.1093/jncimonographs/lgn014
https://www.ncbi.nlm.nih.gov/pubmed/18648006
https://doi.org/10.1182/blood-2002-08-2484
https://doi.org/10.1093/emboj/20.3.350
https://doi.org/10.3390/cancers12102766
https://doi.org/10.1038/s41467-021-23152-6
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1182/blood.V98.4.1264
https://doi.org/10.1182/blood.V99.10.3857
https://doi.org/10.1002/gcc.20308
https://www.ncbi.nlm.nih.gov/pubmed/16419055
https://doi.org/10.1111/j.1365-2141.2006.06410.x
https://doi.org/10.1182/blood-2010-04-277806
https://www.ncbi.nlm.nih.gov/pubmed/20558618
https://doi.org/10.1002/gcc.22532
https://www.ncbi.nlm.nih.gov/pubmed/29427526
https://doi.org/10.1182/bloodadvances.2021006064
https://www.ncbi.nlm.nih.gov/pubmed/34673934
https://doi.org/10.1016/j.beha.2016.10.002
https://www.ncbi.nlm.nih.gov/pubmed/27890253


Cancers 2023, 15, 2942 17 of 17

72. Zhang, Y.; Guo, Y.; Gough, S.M.; Zhang, J.; Vann, K.R.; Li, K.; Cai, L.; Shi, X.; Aplan, P.D.; Wang, G.G.; et al. Mechanistic insights
into chromatin targeting by leukemic NUP98-PHF23 fusion. Nat. Commun. 2020, 11, 3339. [CrossRef]

73. Park, E.S.; Chung, Y.J.; Aplan, P.D. PO-020 Discrepancy in efficacy of disulfiram between NUP98-PHF23 fusion acute myelogenous
leukaemia cell line and in vivo mouse model: Sharing normal hematopoietic stem cells niche. ESMO Open 2018, 3, A235.
[CrossRef]

74. Gough, S.M.; Lee, F.; Yang, F.; Walker, R.L.; Zhu, Y.J.; Pineda, M.; Onozawa, M.; Chung, Y.J.; Bilke, S.; Wagner, E.K.; et al.
NUP98-PHF23 is a chromatin-modifying oncoprotein that causes a wide array of leukemias sensitive to inhibition of PHD histone
reader function. Cancer Discov. 2014, 4, 564–577. [CrossRef]

75. Stone, R.M.; Mandrekar, S.J.; Sanford, B.L.; Laumann, K.; Geyer, S.; Bloomfield, C.D.; Thiede, C.; Prior, T.W.; Döhner, K.;
Marcucci, G.; et al. Midostaurin plus Chemotherapy for Acute Myeloid Leukemia with a FLT3 Mutation. N. Engl. J. Med. 2017,
377, 454–464. [CrossRef]

76. Li, Y.; Yang, W.; Patel, R.M.; Casey, E.B.; Denby, E.; Mendoza-Castrejon, J.; Rodriguez-Lopez, P.; Magee, J.A. FLT3ITD drives
context-specific changes in cell identity and variable interferon dependence during AML initiation. Blood 2023, 141, 1442–1456.
[CrossRef] [PubMed]

77. Pan, Q.; Zhu, Y.-J.; Gu, B.-W.; Cai, X.; Bai, X.-T.; Yun, H.-Y.; Zhu, J.; Chen, B.; Weng, L.; Chen, Z.; et al. A new fusion gene
NUP98-IQCG identified in an acute T-lymphoid/myeloid leukemia with a t(3;11)(q29q13;p15)del(3)(q29) translocation. Oncogene
2008, 27, 3414–3423. [CrossRef]

78. Such, E.; Cervera, J.; Valencia, A.; Barragán, E.; Ibañez, M.; Luna, I.; Fuster, O.; Perez-Sirvent, M.L.; Senent, L.; Sempere, A.; et al.
A novel NUP98/RARG gene fusion in acute myeloid leukemia resembling acute promyelocytic leukemia. Blood 2011, 117,
242–245. [CrossRef]

79. Soler, G.; Kaltenbach, S.; Dobbelstein, S.; Broccardo, C.; Radford, I.; Mozziconacci, M.-J.; Bernard, O.A.; Penard-Lacronique, V.;
Delabesse, E.; Romana, S.P. Identification of GSX2 and AF10 as NUP98 partner genes in myeloid malignancies. Blood Cancer J.
2013, 3, e124. [CrossRef] [PubMed]

80. Tanaka, Y.; Katagiri, Z.-I.; Kawahashi, K.; Kioussis, D.; Kitajima, S. Trithorax-group protein ASH1 methylates histone H3 lysine 36.
Gene 2007, 397, 161–168. [CrossRef]

81. Zhu, L.; Li, Q.; Wong, S.H.K.; Huang, M.; Klein, B.J.; Shen, J.; Ikenouye, L.; Onishi, M.; Schneidawind, D.; Buechele, C.; et al.
ASH1L Links Histone H3 Lysine 36 Dimethylation to MLL Leukemia. Cancer Discov. 2016, 6, 770–783. [CrossRef]

82. Rogawski, D. The Function of the ASH1L Histone Methyltransferase in Cancer: A Chemical Biology Approach. Ph.D. Thesis,
University of Michigan, Ann Arbor, MI, USA, 2018.

83. Xu, B.; Qin, T.; Yu, J.; Giordano, T.J.; Sartor, M.A.; Koenig, R.J. Novel role of ASH1L histone methyltransferase in anaplastic
thyroid carcinoma. J. Biol. Chem. 2020, 295, 8834–8845. [CrossRef] [PubMed]

84. Liu, L.; Kimball, S.; Liu, H.; Holowatyj, A.; Yang, Z.-Q. Genetic alterations of histone lysine methyltransferases and their
significance in breast cancer. Oncotarget 2015, 6, 2466–2482. [CrossRef]

85. Fujimoto, A.; Furuta, M.; Totoki, Y.; Tsunoda, T.; Kato, M.; Shiraishi, Y.; Tanaka, H.; Taniguchi, H.; Kawakami, Y.; Ueno, M.; et al.
Whole-genome mutational landscape and characterization of noncoding and structural mutations in liver cancer. Nat. Genet.
2016, 48, 500–509. [CrossRef]

86. Collins, C.T.; Hess, J.L. Role of HOXA9 in leukemia: Dysregulation, cofactors and essential targets. Oncogene 2016, 35, 1090–1098.
[CrossRef]

87. Jones, M.; Chase, J.; Brinkmeier, M.; Xu, J.; Weinberg, D.N.; Schira, J.; Friedman, A.; Malek, S.; Grembecka, J.; Cierpicki, T.; et al.
Ash1l controls quiescence and self-renewal potential in hematopoietic stem cells. J. Clin. Investig. 2015, 125, 2007–2020. [CrossRef]
[PubMed]

88. Tanaka, Y.; Kawahashi, K.; Katagiri, Z.-I.; Nakayama, Y.; Mahajan, M.; Kioussis, D. Dual function of histone H3 lysine
36 methyltransferase ASH1 in regulation of Hox gene expression. PLoS ONE 2011, 6, e28171. [CrossRef] [PubMed]

89. Aljazi, M.B.; Gao, Y.; Wu, Y.; Mias, G.I.; He, J. Histone H3K36me2-Specific Methyltransferase ASH1L Promotes MLL-AF9-Induced
Leukemogenesis. Front. Oncol. 2021, 11, 754093. [CrossRef] [PubMed]

90. Yuan, W.; Xu, M.; Huang, C.; Liu, N.; Chen, S.; Zhu, B. H3K36 methylation antagonizes PRC2-mediated H3K27 methylation.
J. Biol. Chem. 2011, 286, 7983–7989. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-020-17098-4
https://doi.org/10.1136/esmoopen-2018-EACR25.555
https://doi.org/10.1158/2159-8290.CD-13-0419
https://doi.org/10.1056/NEJMoa1614359
https://doi.org/10.1182/blood.2022016889
https://www.ncbi.nlm.nih.gov/pubmed/36395068
https://doi.org/10.1038/sj.onc.1210999
https://doi.org/10.1182/blood-2010-06-291658
https://doi.org/10.1038/bcj.2013.20
https://www.ncbi.nlm.nih.gov/pubmed/23852159
https://doi.org/10.1016/j.gene.2007.04.027
https://doi.org/10.1158/2159-8290.CD-16-0058
https://doi.org/10.1074/jbc.RA120.013530
https://www.ncbi.nlm.nih.gov/pubmed/32398261
https://doi.org/10.18632/oncotarget.2967
https://doi.org/10.1038/ng.3547
https://doi.org/10.1038/onc.2015.174
https://doi.org/10.1172/JCI78124
https://www.ncbi.nlm.nih.gov/pubmed/25866973
https://doi.org/10.1371/journal.pone.0028171
https://www.ncbi.nlm.nih.gov/pubmed/22140534
https://doi.org/10.3389/fonc.2021.754093
https://www.ncbi.nlm.nih.gov/pubmed/34692539
https://doi.org/10.1074/jbc.M110.194027

	Introduction 
	Materials and Methods 
	Patient Consent 
	Standard Diagnostics 
	Optical Genome Mapping and Rare Variant Pipeline 
	Reverse-Transcription Polymerase Chain Reaction 

	Results 
	Case Description 
	OGM Findings 
	Confirmation of the NUP98::ASH1L Gene Fusion 

	Discussion 
	OGM as a Tool for Cytogenetic Diagnostics of AML 
	NUP98::ASH1L in Context of NUP98-Rearrangements 
	Role of ASH1L in Leukemia and Putative Implications for NUP98::ASH1L 
	OGM as a Tool for Disease Monitoring in AML 

	Conclusions 
	Appendix A
	 

	Appendix B
	References

