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Abstract: Chromosomal rearrangements of the human KMT2A/MLL gene are associated with acute
leukemias, especially in infants. KMT2A is rearranged with a big variety of partner genes and in
multiple breakpoint locations. Detection of all types of KMT2A rearrangements is an essential part of
acute leukemia initial diagnostics and follow-up, as it has a strong impact on the patients” outcome.
Due to their high heterogeneity, KMT2A rearrangements are most effectively uncovered by next-
generation sequencing (NGS), which, however, requires a thorough prescreening by cytogenetics.
Here, we aimed to characterize uncommon KMT2A rearrangements in childhood acute leukemia
by conventional karyotyping, FISH, and targeted NGS on both DNA and RNA level with subse-
quent validation. As a result of this comprehensive approach, three novel KMT2A rearrangements
were discovered: ins(X;11)(q26;q13q25)/KMT2A-BTK, t(10;11)(q22;q23.3)/ KMT2A-NUTM?2A, and
inv(11)(q12.2q23.3)/ KMT2A-PRPF19. These novel KMT2A-chimeric genes expand our knowledge of
the mechanisms of KMT2A-associated leukemogenesis and allow tracing the dynamics of minimal
residual disease in the given patients.
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1. Introduction

Over the recent years, the novel molecular techniques have substantially changed the
face of clinical laboratory diagnostics. However, in certain types of hematological malignan-
cies, the cytogenetic studies are still mandatory for classification and risk stratification [1].
They uncover most significant chromosomal aberrations in a fast and cost-effective way,
selecting peculiar cases for the advanced molecular approach.

KMT?2A (histone-lysine N-methyltransferase 2A, former MLL)-rearranged acute leukemia
represents one type of such neoplasms that are complex both for diagnostics and treat-
ment. They are commonly found in infant acute lymphoblastic leukemia (ALL)—up
to 70-80% [2,3], and with less frequency in ALL or acute myeloid leukemia (AML) in a
broader age range of older children or adults [4,5]. In pediatric AML, the incidence of
KMT2A rearrangements is approximately 15-25% [6-8]. KMT2A rearrangements are an
important predictor of outcome in acute leukemia, with the prognosis varying from good
and intermediate to poor depending on the partner gene and breakpoint location [2,9,10].
Therefore, the accurate detection of all KMT2A rearrangement types is crucial to correct the
therapy and risk groups definition.

The diagnostic struggle lies in a huge heterogeneity of KMT2A gene rearrangement.
It involves multiple partner genes—at least 94 forward and 247 reciprocal partners were
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summarized in the recent recombinome [8]. Six most frequent partner genes (AFF1, MLLT3,
MLLT10, MLLT1, ELL, AFDN) are found in about 80% of KMT2A-positive acute leukemias,
others are rarer, and for most partner genes only single cases are described [8,11]. The
main KMT2A partners (AFF1, MLLT3, MLLT1, MLLT10, ELL) encode the factors controlling
transcriptional elongation by RNA polymerase II. Other gene partners are responsible for
various functions in a cell such as cellular signaling, scaffolding, mitochondrial and cytoso-
lic enzymatic activity, etc. [12,13]. In addition, KMT2A has multiple breakpoint locations.
Most rearrangements occur within the major breakpoint cluster (introns 8 to 14), but cases
involving DNA upstream as well as downstream are known [8]. Systematic investigation of
these outliers has led to the discovery of the minor breakpoint cluster (introns 19 to 24) [14].
This molecular diversity challenges the initial molecular diagnostics and the monitoring of
minimal residual disease (MRD) in acute leukemia harboring KMT2A rearrangement.

The evaluation of all types of KMT2A rearrangements used to require labor-intensive
methods such as long-distance inverse PCR [15,16]. However, the implementation of the
next-generation sequencing (NGS) enables an easier detection of KMT2A rearrangements
on both the DNA and RNA levels [16]. A custom NGS panel of capture probes covering
the whole KMT2A gene has demonstrated a great efficacy in DNA breakpoints analysis
including the minor breakpoint cluster reveal [14]. Another useful NGS strategy is the
anchored multiplex PCR target enrichment that detects fusion transcripts when one partner
gene (e.g., KMT2A) is known [17]. These methods are robust and convenient but expensive.
They demand a thorough prescreening, which is perfectly accomplished by cytogenetics.

In this study, we report three cases of novel KMT2A partner genes uncovered as a
result of comprehensive cytogenetic and molecular genetic approach—Bruton’s tyrosine
kinase (BTK) in infant AML with (X;11)(q22.1;q23.3), NUT family member 2A (NUTM2A)
in pediatric secondary T-cell ALL with t(10;11)(q22;q23.3), and pre-mRNA processing factor
19 (PRPF19) in infant AML with inv(11)(q12.2q23.3). The KMT2A gene rearrangements
were seen in karyotype, confirmed by break-apart FISH. The common rearrangements
were excluded by translocational FISH and RT-PCR, and the samples were headed to
targeted NGS.

2. Materials and Methods
2.1. Patient 1

A 9 m.o. girl with a month history of hyperleukocytosis was admitted to the hospital’s
Onco-hematology department. Upon admission, the patient demonstrated hepatomegaly
(3 cm below the costal margin) and splenomegaly (1 cm below the costal margin). No
signs of lymphadenopathy were found. Blood tests revealed a white blood cells count of
63.18 x 10? /L containing 2% blasts, hemoglobin 10.2 g/dL, platelet count of 234 x 10° /L,
and red blood cells count of 3.87 x 10! /L. Morphological and immunological examina-
tions revealed the diagnosis of acute monocytic leukemia (M5b according to the French-
American-British (FAB) classification system). The patient was treated according to the
local protocol AML-MRD-2018. The induction treatment consisting of Ara-C (cytosine
arabinoside), mitoxantrone, and etoposide (AM42E block) was performed and a complete
MRD-negative remission by flow cytometry and RT-PCR was achieved. The consolidation
treatment consisting of high-dose Ara-C and mitoxantrone (HAM block) was complicated
by myelosuppression and the development of septic shock, which in turn led to the multiple
organ failure and patient’s death.

2.2. Patient 2

An 8 y.o. girl with a history of teratoid-rhabdoid tumor 4 years prior was admitted to
the hospital Onco-hematology department with pleural effusion suspected of lymphoma.
The patient was diagnosed with T-cell acute lymphoblastic leukemia (ALL TIII) with 80%
CDla + CD2 + CD3 + CD4 + CD7 + CD8 + TCRab + CD45 + CD3cyt+ blasts by flow
cytometry. The patient was treated according to the ALL IC BFM 2009 protocol. The patient
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reached MRD-negative remission by RT-PCR by the end of induction course and then was
lost for follow-up.

2.3. Patient 3

A 10 m.o. girl was admitted to the hospital due to febrile fever. Upon admission, the
patient demonstrated hepatomegaly (3 cm below the costal margin) and splenomegaly
(3 cm below the costal margin). The blood tests revealed a white blood cells count of
10.8 x 10°/L containing 5% blasts, hemoglobin 5.3 g/dL, platelet count of 53 x 10°/L, and
red blood cells count of 1.84 x 10'2/L. Morphological and immunological examinations re-
vealed the diagnosis of acute myelomonocytic leukemia (FAB M4). The patient was treated
according to the local protocol AML-MRD-2018. The induction treatment consisting of
Ara-C (cytosine arabinoside), mitoxantrone, and etoposide (AM42E block) was performed
and a complete MRD-negative remission by flow cytometry and RT-PCR was achieved.
The patient is now receiving a consolidation treatment consisting of a high-dose of Ara-C
and mitoxantrone.

All the patients underwent comprehensive cytogenetic and molecular genetic di-
agnostics following the identical karyotyping—FISH—PCR—NGS—validation pipeline.
Informed consent for the diagnostic work-up was obtained from the legal guardians of
the patients.

A bone marrow aspirate obtained at diagnosis was cultured overnight without mi-
togenic stimulation and processed as previously described [18]. G-banded karyotyping
was performed according to An International System for Human Cytogenomic Nomen-
clature [19]. The KMT2A gene rearrangement was confirmed by FISH with the Kreat-
ech ON KMT2A break-apart probe (Leica Microsystems B.V., Amsterdam, Netherlands).
The particular types of KMT2A rearrangements were excluded by FISH with transloca-
tional probes Kreatech ON KMT2A /AFF1, ON KMT2A /AFDN, ON KMT2A /MLLT1, ON
KMT2A /MLLT3 (Leica Microsystems B.V., Amsterdam, The Netherlands), and CytoCell
KMT2A /MLLT10 (CytoCell, Oxfordshire, United Kingdom). All FISH procedures were
performed according to the manufacturers’ instructions, 200 interphase nuclei and 20
metaphase plates were analyzed for each probe.

Total DNA and RNA were simultaneously extracted from the whole bone marrow
samples using the InnuPrep DNA /RNA Mini Kit (Analytik Jena AG, Jena, Germany). Eight
most common KMT2A fusions were excluded by the reverse transcription-polymerase
chain reaction (RT-PCR) with forward KMT2A primers and TagMan probes [20] with
reverse EPS15 [21], AFF1, MLLT3, MLLT1 [20], AFDN [22], MLLT10 [23], MLLT6 [24], and
ELL [25] primers. To detect unknown KMT2A fusion transcripts, NGS with anchored
multiplex PCR target enrichment by the FusionPlex Myeloid panel (ArcherDX, Boulder,
CO, USA) was used. DNA breakpoints were analyzed with the KMT2A-targeted custom
NGS panel [14]. NGS was carried out on Illumina MiSeq (Illumina, San Diego, CA, USA).
Breakpoint junctions on DNA and RNA levels were validated by Sanger sequencing. The
achieved data on the KMT2A translocation partner and breakpoint location was used for
patient-specific MRD monitoring.

3. Results
3.1. KMT2A-BTK Fusion Gene in AML with ins(X;11)(q26;q13425)

Conventional cytogenetics and FISH of bone marrow aspirates showed
45,X,ins(X;11)(q26;q13q25),—20 karyotype with 95% KMT2A-rearranged nuclei (Figure 1a,b).
The eight most frequent translocations with partner genes EPS15, AFF1, MLLT3, MLLT1,
AFDN, MLLT10, MLLT6, and ELL were excluded by FISH with corresponding translocation
probes and multiplex RT-PCR screening.
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Figure 1. KMT2A-BTK fusion gene in AML with ins(X;11)(q26,q13q25): (a) 45,X,ins(X;11)(q26;q13q25),—20 karyotype by
G-banding, rearranged chromosomes 11 and X are marked with arrows; (b) KMT2A gene rearrangement by interphase FISH
with the Kreatech ON KMT2A break-apart probe (Leica), the bar is 10 um; (c) KMT2A-BTK fusion gene; and (d) KMT2A-BTK
fusion transcript by Sanger sequencing.

The analysis by NGS with anchored multiplex PCR target enrichment revealed novel
KMT2A-BTK fusion transcripts with exon 9-exon 2 and exon 8-exon 2 breakpoint junctions.
RT-PCR with KMT2A exon 8 and exon 9 forward and BTK exon 2 reverse primers confirmed
the expression of both fusion transcripts with the latter being non-functional due to the
premature stop codon. The KMT2A-targeted NGS panel showed the KMT2A-BTK fusion
gene with intron 9-intron 1 junction and non-template insert in between. The sequences
were validated by the Sanger method (Figure 1c,d) and submitted to the GenBank database.
Accession numbers and validation primers are summarized in Table S1. RNA validation
primers were used for RT-PCR-based MRD monitoring.

3.2. KMT2A-NUTM2A Fusion Gene in T-ALL with $(10;,11)(q22;423.3)

Bone marrow and pleural fluid aspirates were analyzed by G-banded karyotyping
and FISH with the KMT2A break-apart probe. Pleural fluid aspirates were also ana-
lyzed by real-time RT-PCR for the eight most common KMT2A rearrangements screen-
ing and headed to the NGS analysis. Conventional cytogenetics and FISH showed
47,XX,1(10;11)(q22;q923),+mar karyotype with 100% KMT2A-rearranged nuclei (Figure 2a,b).
The KMT2A break-apart probe demonstrated an unusual signal distribution with the ad-
ditional copy of rearranged 3’-portion of KMT2A gene, which was placed on the marker
chromosome as shown by metaphase FISH (Figure S1). Common rearrangements were
excluded. The NGS with anchored multiplex PCR target enrichment identified the novel
KMT2A-NUTM2A fusion transcript with exon 11-exon 1 breakpoint junction, which was
Sanger validated (Figure 2d, Table 1).
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Figure 2. KMT2A-NUTM?2A fusion gene in T-ALL with t(10;11)(q22;q23.3): (a) 47,XX,t(10;,11)(q22;q23),+mar karyotype by
G-banding, rearranged chromosomes 10 and 11 are marked with arrows; (b) KMT2A gene rearrangement by FISH with
the Kreatech ON KMT2A break-apart probe (Leica), the bar is 10 um; (c) KMT2A-NUTM?2A fusion gene; and (d) KMT2A-
NUTM2A fusion transcript by Sanger sequencing.

Table 1. GenBank (http://www.ncbi.nlm.nih.gov/Genbank, accessed on 27 July 2021) database accession numbers for
novel KMT2A fusion genes and transcripts.

Rearrangement Fusion Gene Fusion Transcript
ins(X;11)(q26;q13q25)/ KMT2A-BTK MN687943 MN238630 (exon 9-exon 2)
. . ) MT721855 (forward)
t(10;11)(q22;q23.3)/ KMT2A-NUTM2A MT721856 (reciprocal) MT721854
inv(11)(q12.2q23.3)/ KMT2A-PRPF19 MZ443566 MZ443565

Genomic DNA analysis revealed the junction of KMT2A intron 11 to NUTM2A up-
stream of DNA designating the so-called spliced fusion. The sequences of the forward
(Figure 2c) and reverse chimeric genes were confirmed by direct PCR from genomic
DNA followed by Sanger sequencing and placed in the GenBank database (Table 1; see
Table S1 for validation primers). RNA validation primers were used for RT-PCR-based
MRD monitoring.

3.3. KMT2A-PRPF19 Fusion Gene in AML with inv(11)(q12.2q23.3)

Conventional cytogenetics and FISH of bone marrow aspirates showed
46,XX,inv(11)(q12.2g23.3) [20] karyotype (Figure 3a) with 90% KMT2A-rearranged nu-
clei. Separate 5’ and 3' KMT2A probes were both located within the 11q chromosomal
band, indicating the inversion of this chromosome (Figure 3b). The sample was immedi-
ately headed to the KMT2A-targeted NGS panel, which revealed a novel KMT2A-PRPF19
fusion gene with intron 8-intron 1 junction. RT-PCR with KMT2A exon 8 forward and
PRPF19 exon 2 reverse primers confirmed the expression of the corresponding fusion
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transcript. The sequences were validated by the Sanger method (Figure 3c,d) and sub-
mitted to the GenBank database (Table 1; see Table S1 for validation primers). Validation
primers are summarized in Table S1. RNA validation primers were used for RI-PCR-based
MRD monitoring,.
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Figure 3. KMT2A-PRPF19 fusion gene in AML with inv(11)(q12.2q23.3): (a) 46,XX,inv(11)(q12.2q23.3) karyotype by G-
banding, inverted chromosome 11 is marked with arrows; (b) KMT2A gene rearrangement by metaphase FISH with the
Kreatech ON KMT2A break-apart probe (Leica), the bar is 10 um; (c) KMT2A-PRPF19 fusion gene; and (d) KMT2A-fusion
transcript by Sanger sequencing.

4. Discussion

As a result of karyotyping—FISH—PCR—NGS—validation comprehensive diag-
nostic work-up, three novel KMT2A rearrangements in childhood acute leukemia were
discovered: ins(X;11)(q26;q13q25)/KMT2A-BTK, t(10;11)(q22;q23.3)/ KMT2A-NUTM?2A,
and inv(11)(q12.2q23.3)/ KMT2A-PRPF19.

To the best of our knowledge, the presented ins(X;11)(q26;q13g25) infant AML is
the first case of BTK translocations in hematologic malignancies, and its value for leuke-
mogenesis is to be further investigated. However, as the breakpoint junction is located
in BTK intron 1, upstream of its coding region (the translation starts in exon 2), we can
speculate that BTK structure itself is not committed and its activity is increased due to the
upregulated expression together with KMT2A.

The BTK gene located in the chromosomal band Xq22.1 encodes for a Tec family
kinase—Bruton tyrosine kinase. This protein is known to play a crucial role in B-cell
maturation [26,27]. BTK mutations cause X-linked agammaglobulinemia type 1, which
is associated with a failure of Ig heavy chain rearrangement [28]. In addition to the role
in normal B-cells development, the BTK high expression has long been known in B-cell
malignancies (e.g., multiple myeloma, mantle cell lymphoma, and chronic lymphocytic
leukemia) [29-31]. BTK also acts as a tumor suppressor in other cells, supposedly, due to
its ability to stabilize the p53 protein and increase the p73 protein level [32].

BTK expression is found in all hematopoietic lineages except in T-cells [33,34]. How-
ever, in contrast to lymphoid maturation, BTK signaling in healthy myelopoiesis as well
as the development of AML is poorly understood. Many studies have shown that AML
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cell lines and primary AML cultures are characterized by increased expression and con-
stitutive activity of BTK [33,35]. According to several studies, BTK inhibition leads to a
significant reduction in cell expansion potential in both primary AML cultures and AML
cell lines [33,36]. This suggested the role of BTK as a potential therapeutic target in acute
myeloid leukemia, so preclinical and clinical studies are performed to estimate the BTK
selective inhibitor ibrutinib usage in the treatment of AML [33,36-38].

To date, three BTK inhibitors are approved by FDA: ibrutinib, acalabrutinib, and
zanubrutinib. Several preclinical and clinical studies were performed to determine whether
BTK inhibitors could be used in the treatment of AML. The first-in-class BTK inhibitor,
ibrutinib, was shown to reduce AML blasts proliferation and enhance the cytotoxic effect
in combination with chemotherapy [33,36,37]. Additional preclinical studies demonstrated
the activity of ibrutinib in AML with internal tandem duplication of the juxtamembrane
region of the FMS-like tyrosine kinase 3 receptor (FLT3-ITD) [38]. It was also shown
that the new BTK inhibitor, abivertinib (AC0010), inhibits cell proliferation and reduces
the colony forming capacity of AML cells, especially harboring FLT3-ITD mutation, by
BTK-dependent and independent mechanisms [39]. The open-label phase 2a multicenter
clinical study, which evaluates the efficacy and safety of ibrutinib alone or in combination
with either cytarabine or azacitidine in adult patients with AML (for whom the standard
treatment had failed or who had not received prior therapy and who refused standard
treatment options) was terminated due to limited efficacy. Apparently, the use of ibrutinib
alone or in combination with chemotherapy in AML does not improve the treatment
outcomes [40]. Clinical studies on the efficacy and safety of abivertinib in patients with
AML are planned.

The t(10;11)(q22;923.3)/ KMT2A-NUTM2A chromosomal translocation in pediatric
T-ALL in our study is the first case demonstrating the NUTM2A rearrangement in hemato-
logical malignancies. This gene and its highly similar homolog NUTM2B have previously
been identified in endometrial stromal sarcomas forming in-frame fusion with YWHAE [41]
and small round cell sarcomas forming in-frame fusion with CIC [42]. Our study showed
fusion formation between KMT2A intron 11 and NUTM2A upstream DNA, which results in
the so-called spliced fusion. In this type of KMT2A rearrangement, the partner breakpoint
is located in genomic DNA upstream of the gene itself [43]. This phenomenon is especially
common in t(11;19)(p13;q23)/KMT2A-MLLT1 translocation (for up to half of the cases,
see [8]), but it is also known in other rearrangements.

Unlike the two above-mentioned genes, PRPF19 to our knowledge has never been
shown to be involved into cancerogenesis. This is a gene in the 11q12.2 chromosomal band
that encodes core ubiquitin-protein ligase involved in pre-mRNA splicing and DNA repair.
It acts as a component of spliceosome and is required for spliceosome assembly, stability,
and activity [44—48]. PRPF19 can also be recruited to the RNA polymerase II C-terminal
domain, thus coupling transcriptional and spliceosomal machineries [49]. In addition to
its role in transcriptional processes, PRPF19 is involved in DNA damage response and
DNA repair. As a part of the XAB2 complex, PRPF19 is involved in RNA II polymerase
transcription stop in sites of DNA damage [50]. PRPF19 can be recruited to the sites of
DNA damage and allows the activation of ATR, a master regulator of the DNA damage
response [51]. It also plays a role in DNA double-strand break repair by recruiting the
repair factor SETMAR to the altered DNA [52]. The above-mentioned features suggest the
menace of any PRPF19 gene alterations for cell integrity. However, only a minor PRPF19
part of the six first amino acids is lost due to the inv(11)(q12.2q23.3) event.

Therefore, we demonstrate here the effective cooperation of conventional cytogenetics
and advanced molecular approach for KMT2A rearrangements detection. Through this
approach, we have discovered three novel KMT2A translocation partners in childhood
acute leukemia—genes encoding tyrosine kinase BTK, ubiquitin-protein ligase PRPF19,
and NUTM2A—gene of poorly known function. Studying these new KMT2A translocations
will provide a better understanding of the molecular mechanisms behind their oncogenic
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properties. The achieved sequences for novel KMT2A fusions are highly leukemia-specific
and patient-specific markers for PCR-based MRD monitoring.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9080924 /s1. Table S1: Validation primers for novel KMT2A fusion genes
and transcripts. Figure S1: KMT2A-NUTM2A fusion gene in T-ALL with t(10;11)(q22;q23.3):
(a) 47,XX,t(10;11)(q22;q23),+mar karyotype by G-banding, rearranged chromosomes 10 and 11, and
a marker chromosome are marked with arrows; (b) KMT2A gene rearrangement by FISH with the
Kreatech ON KMT2A break-apart probe (Leica) on the same metaphase plate.

Author Contributions: Conceptualization, E.Z.; methodology, E.Z.; validation, E.Z. and A.B.; in-
vestigation, E.Z., S.L., O.S., O.P, G.T. and Y.O.; resources, O.S., O.P, G.T. and Y.O.; data curation,
E.Z.; writing—original draft preparation, E.Z. and S.L.; writing—review and editing, E.Z. and Y.O.;
supervision, M.M., A.M., G.N. and Y.O.; project administration, E.Z.; funding acquisition, E.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: KMT2A rearrangement assessment was supported by the Russian Science Foundation
(grant no. 19-75-10056). Quantitative RT-PCR for MRD monitoring was supported by Russian
Presidential (grant no. MK-1645.2020.7).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Ethics Committee of Dmitry Rogachev
National Medical Research Center of Pediatric Hematology, Oncology and Immunology (protocol
code 11/2018, 20.11.2018).

Informed Consent Statement: Informed consent for the diagnostic work-up was obtained from the
legal guardians of the patients.

Data Availability Statement: Data are contained within the article or supplementary material. The
sequences of novel KMT2A fusion genes and transcripts can be found in the GenBank database
(http:/ /www.ncbi.nlm.nih.gov/Genbank, accessed on 27 July 2021) under the accession numbers
listed in Table 1.

Acknowledgments: The authors thank Elina Dadakhanova for technical support and Nikolai Lomov
for the useful advice during manuscript preparation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, ]. WHO Classification of Tumours of Haematopoietic
and Lymphoid Tissues, 4th ed.; IARC: Lyon, France, 2017; pp. 153-155.

2. Balgobind, B.V.; Raimondi, S.C.; Harbott, J.; Zimmermann, M.; Alonzo, T.A.; Auvrignon, A.; Beverloo, H.B.; Chang, M.; Creutzig,
U.; Dworzak, M.N.; et al. Novel prognostic subgroups in childhood 11q23/MLL-rearranged acute myeloid leukemia: Results of
an international retrospective study. Blood 2009, 114, 2489-2496. [CrossRef] [PubMed]

3. Chessells, ].M.; Harrison, C.; Kempski, H.; Webb, D.K.H.; Wheatley, K.; Hann, I.M.; Stevens, R.F.; Harrison, G.; Gibson, B.E.
Clinical features, cytogenetics and outcome in acute lymphoblastic and myeloid leukaemia of infancy: Report from the MRC
Childhood Leukaemia working party. Leukemia 2002, 16, 776-784. [CrossRef]

4. Creutzig, U.; Zimmermann, M.; Reinhardt, D.; Rasche, M.; Von Neuhoff, C.; Alpermann, T.; Dworzak, M.; Perglerova, K;
Zemanova, Z.; Tchinda, J.; et al. Changes in cytogenetics and molecular genetics in acute myeloid leukemia from childhood to
adult age groups. Cancer 2016, 122, 3821-3830. [CrossRef] [PubMed]

5. Mullighan, C.G. Molecular genetics of B-precursor acute lymphoblastic leukemia. . Clin. Investig. 2012, 122, 3407-3415. [CrossRef]

6. Harrison, C.J.; Hills, R.; Moorman, A.; Grimwade, D.J.; Hann, I.; Webb, D.K.H.; Wheatley, K.; De Graaf, S.5.N.; Berg, E.V.D.;
Burnett, A.K.; et al. Cytogenetics of Childhood Acute Myeloid Leukemia: United Kingdom Medical Research Council Treatment
Trials AML 10 and 12. J. Clin. Oncol. 2010, 28, 2674-2681. [CrossRef] [PubMed]

7. Balgobind, B.V.,; Zwaan, C.M.; Pieters, R.; Heuvel-Eibrink, M.M.V.D. The heterogeneity of pediatric MLL-rearranged acute
myeloid leukemia. Leukemia 2011, 25, 1239-1248. [CrossRef]

8. Meyer, C.; Burmeister, T.; Groger, D.; Tsaur, G.; Fechina, L.; Renneville, A.; Sutton, R.; Venn, N.C.; Emerenciano, M.; Pombo-De-
Oliveira, M.S.; et al. The MLL recombinome of acute leukemias in 2017. Leukemia 2018, 32, 273-284. [CrossRef] [PubMed]

9.  Moorman, A.V.; Ensor, HM.; Richards, S.M.; Chilton, L.; Schwab, C.; Kinsey, S.E.; Vora, A.; Mitchell, C.D.; Harrison, C. Prognostic

effect of chromosomal abnormalities in childhood B-cell precursor acute lymphoblastic leukaemia: Results from the UK Medical
Research Council ALL97/99 randomised trial. Lancet Oncol. 2010, 11, 429-438. [CrossRef]


https://www.mdpi.com/article/10.3390/biomedicines9080924/s1
https://www.mdpi.com/article/10.3390/biomedicines9080924/s1
http://www.ncbi.nlm.nih.gov/Genbank
http://doi.org/10.1182/blood-2009-04-215152
http://www.ncbi.nlm.nih.gov/pubmed/19528532
http://doi.org/10.1038/sj.leu.2402468
http://doi.org/10.1002/cncr.30220
http://www.ncbi.nlm.nih.gov/pubmed/27529519
http://doi.org/10.1172/JCI61203
http://doi.org/10.1200/JCO.2009.24.8997
http://www.ncbi.nlm.nih.gov/pubmed/20439644
http://doi.org/10.1038/leu.2011.90
http://doi.org/10.1038/leu.2017.213
http://www.ncbi.nlm.nih.gov/pubmed/28701730
http://doi.org/10.1016/S1470-2045(10)70066-8

Biomedicines 2021, 9, 924 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Emerenciano, M.; Meyer, C.; Mansur, M.B.; Marschalek, R.; Pombo-De-Oliveira, M.S. The Brazilian Collaborative Study Group of
Infant Acute Leukaemia The distribution ofMLLbreakpoints correlates with outcome in infant acute leukaemia. Br. . Haematol.
2013, 161, 224-236. [CrossRef] [PubMed]

Zerkalenkova, E.; Lebedeva, S.; Kazakova, A.; Baryshev, P.; Meyer, C.; Marschalek, R.; Novichkova, G.; Maschan, M.; Maschan,
A.; Olshanskaya, Y. A case of pediatric acute myeloid leukemia with t(11;16)(q23;q24) leading to a novel KMT2A-USP10 fusion
gene. Genes, Chromosom. Cancer 2018, 57, 522-524. [CrossRef] [PubMed]

Marschalek, R. Systematic Classification of Mixed-Lineage Leukemia Fusion Partners Predicts Additional Cancer Pathways. Ann.
Lab. Med. 2016, 36, 85-100. [CrossRef]

Winters, A.C.; Bernt, KM. MLL-Rearranged Leukemias—An Update on Science and Clinical Approaches. Front. Pediatr. 2017, 5,
4. [CrossRef] [PubMed]

Meyer, C.; Lopes, B.A.; Caye-Eude, A.; Cavé, H.; Arfeuille, C.; Cuccuini, W.; Sutton, R.; Venn, N.C.; Oh, S.H.; Tsaur, G.; et al.
Human MLL/KMT2A gene exhibits a second breakpoint cluster region for recurrent MLL-USP2 fusions. Leuk. 2019, 33,
2306-2340. [CrossRef] [PubMed]

Meyer, C.; Schneider, B.; Reichel, M.; Angermueller, S.; Strehl, S.; Schnittger, S.; Schoch, C.; Jansen, M.\W.].C.; Van Dongen, J.;
Pieters, R.; et al. Diagnostic tool for the identification of MLL rearrangements including unknown partner genes. Proc. Natl. Acad.
Sci. USA 2005, 102, 449-454. [CrossRef]

Lomov, N.; Zerkalenkova, E.; Lebedeva, S.; Viushkov, V.; Rubtsov, M.A. Cytogenetic and molecular genetic methods for
chromosomal translocations detection with reference to the KMT2A/MLL gene. Crit. Rev. Clin. Lab. Sci. 2021, 58, 180-206.
[CrossRef] [PubMed]

Afrin, S.; Zhang, C.R.C.; Meyer, C.; Stinson, C.L.; Pham, T.; Bruxner, T.J.C.; Venn, N.C,; Trahair, T.N.; Sutton, R.; Marschalek, R.;
et al. Targeted Next-Generation Sequencing for Detecting MLL Gene Fusions in Leukemia. Mol. Cancer Res. 2018, 16, 279-285.
[CrossRef]

Nijs, J.D.; Gonggrijp, H.; Augustinus, E.; Leeksma, C. Hot bands: A simple G-banding method for leukemic metaphases. Cancer
Genet. Cytogenet. 1985, 15, 373-374. [CrossRef]

ISCN. An International System for Human Cytogenomic Nomenclature; Karger Publishers: Basel, Switzerland, 2020; Volume 160,
pp- 7-8.

Jansen, M.W.].C.; Van Der Velden, V.H.].; Van Dongen, ].].M. Efficient and easy detection of MLL-AF4, MLL-AF9 and MLL-ENL
fusion gene transcripts by multiplex real-time quantitative RT-PCR in TagMan and LightCycler. Leukemia 2005, 19, 2016-2018.
[CrossRef]

Burmeister, T.; Meyer, C.; Groger, D.; Hofmann, J.; Marschalek, R. Evidence-based RT-PCR methods for the detection of the 8
most common MLL aberrations in acute leukemias. Leuk. Res. 2015, 39, 242-247. [CrossRef]

Prasad, R.; Gu, Y,; Alder, H.; Nakamura, T.; Canaani, O.; Saito, H.; Huebner, K.; Gale, R.P; Nowell, P.C.; Kuriyama, K. Cloning of
the ALL-1 fusion partner, the AF-6 gene, involved in acute myeloid leukemias with the t(6;11) chromosome translocation. Cancer
Res. 1993, 53, 5624-5628. [PubMed]

Zerkalenkova, E.; Lebedeva, S.; Kazakova, A.; Tsaur, G.; Starichkova, Y.; Timofeeva, N.; Soldatkina, O.; Aprelova, E.; Popov, A,;
Ponomareva, N.; et al. Acute myeloid leukemia with t(10;,11)(p11-12;q23.3): Results of Russian Pediatric AML registration study.
Int. ]. Lab. Hematol. 2018, 41, 287-292. [CrossRef]

Suzukawa, K.; Shimizu, S.; Nemoto, N.; Takei, N.; Taki, T.; Nagasawa, T. Identification of a Chromosomal Breakpoint and
Detection of a Novel Form of an MLL-AF17 Fusion Transcript in Acute Monocytic Leukemia with t(11;17)(q23;q21). Int. J. Hematol.
2005, 82, 38-41. [CrossRef]

Mitani, K.; Kanda, Y.; Ogawa, S.; Tanaka, T.; Inazawa, J.; Yazaki, Y.; Hirai, H. Cloning of several species of MLL/MEN chimeric
c¢DNAs in myeloid leukemia with t(11;19)(q23;p13.1) translocation. Blood 1995, 85, 2017-2024. [CrossRef]

Honigberg, L.A.; Smith, A.M,; Sirisawad, M.; Verner, E.; Loury, D.; Chang, B.; Li, S.; Pan, Z.; Thamm, D.; Miller, R.A_; et al. The
Bruton tyrosine kinase inhibitor PCI-32765 blocks B-cell activation and is efficacious in models of autoimmune disease and B-cell
malignancy. Proc. Natl. Acad. Sci. USA 2010, 107, 13075-13080. [CrossRef]

Shinners, N.P,; Carlesso, G.; Castro, I.; Hoek, K.L.; Corn, R.A.; Woodland, R.L.; Scott, M.L.; Wang, D.; Khan, W.N. Bruton’s
Tyrosine Kinase Mediates NF-kB Activation and B Cell Survival by B Cell-Activating Factor Receptor of the TNF-R Family. J.
Immunol. 2007, 179, 3872-3880. [CrossRef] [PubMed]

Conley, M.E.; Dobbs, K.; Farmer, D.M.; Kilic, S.; Paris, K.; Grigoriadou, S.; Coustan-Smith, E.; Howard, V.; Campana, D. Primary B
Cell Immunodeficiencies: Comparisons and Contrasts. Annu. Rev. Immunol. 2009, 27, 199-227. [CrossRef] [PubMed]

Tai, Y.-T.; Chang, B.Y.; Kong, S.-Y.; Fulciniti, M.; Yang, G.; Calle, Y.; Hu, Y.; Lin, J.; Zhao, J.-J.; Cagnetta, A.; et al. Bruton tyrosine
kinase inhibition is a novel therapeutic strategy targeting tumor in the bone marrow microenvironment in multiple myeloma.
Blood 2012, 120, 1877-1887. [CrossRef]

Wang, M.L,; Rule, S.; Martin, P.; Goy, A.; Auer, R.; Kahl, B.S,; Jurczak, W.; Advani, R.; Romaguera, ].E.; Williams, M.E.; et al.
Targeting BTK with Ibrutinib in Relapsed or Refractory Mantle-Cell Lymphoma. N. Engl. ]. Med. 2013, 369, 507-516. [CrossRef]
[PubMed]

Woyach, J.A.; Bojnik, E.; Ruppert, A.S.; Stefanovski, M.R.; Goettl, V.M.; Smucker, K.A.; Smith, L.L.; Dubovsky, J.A.; Towns,
W.H.; MacMurray, J.; et al. Bruton’s tyrosine kinase (BTK) function is important to the development and expansion of chronic
lymphocytic leukemia (CLL). Blood 2014, 123, 1207-1213. [CrossRef] [PubMed]


http://doi.org/10.1111/bjh.12250
http://www.ncbi.nlm.nih.gov/pubmed/23432364
http://doi.org/10.1002/gcc.22646
http://www.ncbi.nlm.nih.gov/pubmed/30107050
http://doi.org/10.3343/alm.2016.36.2.85
http://doi.org/10.3389/fped.2017.00004
http://www.ncbi.nlm.nih.gov/pubmed/28232907
http://doi.org/10.1038/s41375-019-0451-7
http://www.ncbi.nlm.nih.gov/pubmed/30899083
http://doi.org/10.1073/pnas.0406994102
http://doi.org/10.1080/10408363.2020.1844135
http://www.ncbi.nlm.nih.gov/pubmed/33205680
http://doi.org/10.1158/1541-7786.MCR-17-0569
http://doi.org/10.1016/0165-4608(85)90181-5
http://doi.org/10.1038/sj.leu.2403939
http://doi.org/10.1016/j.leukres.2014.11.017
http://www.ncbi.nlm.nih.gov/pubmed/8242616
http://doi.org/10.1111/ijlh.12969
http://doi.org/10.1532/IJH97.05025
http://doi.org/10.1182/blood.V85.8.2017.bloodjournal8582017
http://doi.org/10.1073/pnas.1004594107
http://doi.org/10.4049/jimmunol.179.6.3872
http://www.ncbi.nlm.nih.gov/pubmed/17785824
http://doi.org/10.1146/annurev.immunol.021908.132649
http://www.ncbi.nlm.nih.gov/pubmed/19302039
http://doi.org/10.1182/blood-2011-12-396853
http://doi.org/10.1056/NEJMoa1306220
http://www.ncbi.nlm.nih.gov/pubmed/23782157
http://doi.org/10.1182/blood-2013-07-515361
http://www.ncbi.nlm.nih.gov/pubmed/24311722

Biomedicines 2021, 9, 924 10 of 10

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Rada, M.; Barlev, N.; Macip, S. BTK: A two-faced effector in cancer and tumour suppression. Cell Death Dis. 2018, 9, 1064.
[CrossRef]

Rushworth, S.; Murray, M.Y.; Zaitseva, L.; Bowles, K.; MacEwan, D.]. Identification of Bruton’s tyrosine kinase as a therapeutic
target in acute myeloid leukemia. Blood 2014, 123, 1229-1238. [CrossRef] [PubMed]

Schmidt, U.; Boucheron, N.; Unger, B.; Ellmeier, W. The Role of Tec Family Kinases in Myeloid Cells. Int. Arch. Allergy Immunol.
2004, 134, 65-78. [CrossRef]

Tomasson, M.H.; Xiang, Z.; Walgren, R.; Zhao, Y.; Kasai, Y.; Miner, T; Ries, R.; Lubman, O.; Fremont, D.H.; McLellan, M.D.; et al.
Somatic mutations and germline sequence variants in the expressed tyrosine kinase genes of patients with de novo acute myeloid
leukemia. Blood 2008, 111, 4797-4808. [CrossRef] [PubMed]

Zaitseva, L.; Murray, M.Y.; Shafat, M.S.; Lawes, M.].; MacEwan, D.; Bowles, K.; Rushworth, S.A. Ibrutinib inhibits SDF1/CXCR4
mediated migration in AML. Oncotarget 2014, 5, 9930-9938. [CrossRef] [PubMed]

Nimmagadda, S.C.; Frey, S.; Edelmann, B.; Hellmich, C.; Zaitseva, L.; Kénig, G.M.; Kostenis, E.; Bowles, K.M.; Fischer, T. Bruton’s
tyrosine kinase and RAC1 promote cell survival in MLL-rearranged acute myeloid leukemia. Leuk. 2017, 32, 846-849. [CrossRef]
Pillinger, G.; Abdul-Aziz, A; Zaitseva, L.; Lawes, M.; MacEwan, D.; Bowles, KM.; Rushworth, S.A. Targeting BTK for the
treatment of FLT3-ITD mutated acute myeloid leukemia. Sci. Rep. 2015, 5, 12949. [CrossRef]

Huang, S.; Pan, J.; Jin, J.; Li, C; Li, X,; Huang, J.; Huang, X,; Yan, X.; Li, F; Yu, M.; et al. Abivertinib, a novel BTK inhibitor:
Anti-Leukemia effects and synergistic efficacy with homoharringtonine in acute myeloid leukemia. Cancer Lett. 2019, 461, 132-143.
[CrossRef]

Cortes, ].E.; Jonas, B.; Graef, T.; Luan, Y.; Stein, A.S. Clinical Experience With Ibrutinib Alone or in Combination With Either
Cytarabine or Azacitidine in Patients With Acute Myeloid Leukemia. Clin. Lymphoma Myeloma Leuk. 2019, 19, 509-515.el.
[CrossRef] [PubMed]

Lee, C.-H.; Marifio-Enriquez, A.; Ou, W.; Zhu, M.; Ali, R.; Chiang, S.; Amant, F; Gilks, C.B.; Van De Rijn, M.; Oliva, E.; et al. The
Clinicopathologic Features of YWHAE-FAM?22 Endometrial Stromal Sarcomas. Am. J. Surg. Pathol. 2012, 36, 641-653. [CrossRef]
Sugita, S.; Arai, Y.; Aoyama, T.; Asanuma, H.; Mukai, W.; Hama, N.; Emori, M.; Shibata, T.; Hasegawa, T. NUTM2A-CIC fusion
small round cell sarcoma: A genetically distinct variant of CIC-rearranged sarcoma. Hum. Pathol. 2017, 65, 225-230. [CrossRef]
[PubMed]

Meyer, C.; Burmeister, T.; Strehl, S.; Schneider, B.; Hubert, D.; Zach, O.; Haas, O.; Klingebiel, T.; Dingermann, T.; Marschalek, R.
Spliced MLL fusions: A novel mechanism to generate functional chimeric MLL-MLLT1 transcripts in t(11;19)(q23;p13.3) leukemia.
Leukemia 2007, 21, 588-590. [CrossRef] [PubMed]

Zhang, X.; Yan, C.; Hang, J.; Finci, L.I; Lei, J.; Shi, Y. An Atomic Structure of the Human Spliceosome. Cell 2017, 169, 918-929.e14.
[CrossRef] [PubMed]

Bertram, K.; Agafonov, D.E.; Liu, W.-T.; Dybkov, O.; Will, C.L.; Hartmuth, K.; Urlaub, H.; Kastner, B.; Stark, H.; Lithrmann, R.
Cryo-EM structure of a human spliceosome activated for step 2 of splicing. Nat. Cell Biol. 2017, 542, 318-323. [CrossRef]

Zhang, X.; Yan, C,; Zhan, X,; Li, L.; Lei, J.; Shi, Y. Structure of the human activated spliceosome in three conformational states. Cell
Res. 2018, 28, 307-322. [CrossRef]

Zhan, X,; Yan, C.; Zhang, X.; Lei, J.; Shi, Y. Structure of a human catalytic step I spliceosome. Science 2018, 359, 537-545. [CrossRef]
[PubMed]

Fica, S.M.; Oubridge, C.; Wilkinson, M.E.; Newman, A.J.; Nagai, K. A human postcatalytic spliceosome structure reveals essential
roles of metazoan factors for exon ligation. Science 2019, 363, 710-714. [CrossRef]

David, C.J.; Boyne, A.R.; Millhouse, S.R.; Manley, ]. The RNA polymerase II C-terminal domain promotes splicing activation
through recruitment of a U2AF65-Prp19 complex. Genes Dev. 2011, 25, 972-983. [CrossRef] [PubMed]

Kuraoka, I; Ito, S.; Wada, T.; Hayashida, M.; Lee, L.; Saijo, M.; Nakatsu, Y.; Matsumoto, M.; Matsunaga, T.; Handa, H.; et al.
Isolation of XAB2 Complex Involved in Pre-mRNA Splicing, Transcription, and Transcription-coupled Repair. J. Biol. Chem. 2008,
283, 940-950. [CrossRef]

Maréchal, A.; Li, J.-M.; Ji, X.Y,; Wu, C.-S.; Yazinski, S.A.; Nguyen, D.; Liu, S.; Jiménez, A.E.; Jin, ].; Zou, L. PRP19 Transforms into a
Sensor of RPA-ssDNA after DNA Damage and Drives ATR Activation via a Ubiquitin-Mediated Circuitry. Mol. Cell 2014, 53,
235-246. [CrossRef] [PubMed]

Beck, B.D.; Park, S.-J.; Lee, Y.-].; Roman, Y.; Hromas, R.A.; Lee, S.-H. Human Pso4 Is a Metnase (SETMAR)-binding Partner That
Regulates Metnase Function in DNA Repair. J. Biol. Chem. 2008, 283, 9023-9030. [CrossRef]


http://doi.org/10.1038/s41419-018-1122-8
http://doi.org/10.1182/blood-2013-06-511154
http://www.ncbi.nlm.nih.gov/pubmed/24307721
http://doi.org/10.1159/000078339
http://doi.org/10.1182/blood-2007-09-113027
http://www.ncbi.nlm.nih.gov/pubmed/18270328
http://doi.org/10.18632/oncotarget.2479
http://www.ncbi.nlm.nih.gov/pubmed/25294819
http://doi.org/10.1038/leu.2017.324
http://doi.org/10.1038/srep12949
http://doi.org/10.1016/j.canlet.2019.07.008
http://doi.org/10.1016/j.clml.2019.05.008
http://www.ncbi.nlm.nih.gov/pubmed/31227358
http://doi.org/10.1097/PAS.0b013e31824a7b1a
http://doi.org/10.1016/j.humpath.2017.01.012
http://www.ncbi.nlm.nih.gov/pubmed/28188754
http://doi.org/10.1038/sj.leu.2404542
http://www.ncbi.nlm.nih.gov/pubmed/17252016
http://doi.org/10.1016/j.cell.2017.04.033
http://www.ncbi.nlm.nih.gov/pubmed/28502770
http://doi.org/10.1038/nature21079
http://doi.org/10.1038/cr.2018.14
http://doi.org/10.1126/science.aar6401
http://www.ncbi.nlm.nih.gov/pubmed/29301961
http://doi.org/10.1126/science.aaw5569
http://doi.org/10.1101/gad.2038011
http://www.ncbi.nlm.nih.gov/pubmed/21536736
http://doi.org/10.1074/jbc.M706647200
http://doi.org/10.1016/j.molcel.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24332808
http://doi.org/10.1074/jbc.M800150200

	Introduction 
	Materials and Methods 
	Patient 1 
	Patient 2 
	Patient 3 

	Results 
	KMT2A-BTK Fusion Gene in AML with ins(X;11)(q26;q13q25) 
	KMT2A-NUTM2A Fusion Gene in T-ALL with t(10;11)(q22;q23.3) 
	KMT2A-PRPF19 Fusion Gene in AML with inv(11)(q12.2q23.3) 

	Discussion 
	References

