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Abstract

Introduction: The integration of laboratory and clinical technologies and knowledge is key to an accurate diagnosis of
hematologic neoplasms. Over the past decade, next-generation sequencing (NGS) has enabled the molecular characteriza-
tion of these diseases, identifying mutations, copy number variations, and recurrent fusion genes. This advancement has
driven the update of recommendations for the diagnosis and management of patients with hematologic neoplasms. Recent
classifications by the World Health Organization (WHO), the International Consensus Classification (ICC), and the European
LeukemiaNet (ELN) highlight the relevance of genetic data, incorporating them into their diagnostic and risk stratification
algorithms. In this context, the implementation of targeted NGS panels is recommended for their ability to simultaneously
analyze multiple genetic alterations. Objective: Although NGS is available in many laboratories, its use still lacks standardi-
zed, and experts have yet to agree on the best methods or gene targets for each disease. Material and method: The Mole-
cular Biology Group in Hematology (GBMH), in collaboration with a panel of experts, developed this consensus guide.
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Results: Genes of interest were compiled based on their clinical relevance and scientific evidence. Conclusions: This guide
aims to assist professionals in the use of targeted NGS panels in acute myeloid leukemia.

Keywords: Acute myeloid leukemia. Next-generation sequencing (NGS). Consensus guidelines.

Resumen

Introduccion: La integracion de tecnologias y conocimientos del laboratorio y la clinica es clave para un diagndstico preciso
de las neoplasias hematoldgicas. En la ultima década, la secuenciacion masiva (NGS) ha permitido caracterizar el perfil mole-
cular de estas enfermedades, identificando mutaciones, variaciones en el nimero de copias y genes de fusion recurrentes. Este
avance ha impulsado la actualizacion de las recomendaciones para el diagndstico y manejo de los pacientes con neoplasias
hematoldgicas. Las clasificaciones recientes de la World Health Organization (WHQ), la International Consensus Classification
(ICC) y la European LeukemiaNet (ELN) destacan la relevancia de los datos genéticos, incorpordndolos en sus algoritmos diag-
nasticos y de estratificacion del riesgo. En este contexto, la implementacion de paneles dirigidos de NGS se recomienda por su
capacidad para analizar multiples alteraciones genéticas. Objetivo: Aunque la NGS esta disponible en muchos laboratorios, su
uso no estd estandarizado y no hay consenso sobre la metodologia nilos genes que evaluar en cada afeccion. Material y método: £/
Grupo de Biologia Molecular en Hematologia (GBMH), en colaboracidén con un panel de expertos, elabord esta guia consensuada.
Resultados: Recoge los genes de interés segun su relevancia clinica y evidencia cientifica. Conclusiones: Esta guia busca

orientar a los profesionales sobre el uso de paneles dirigidos de NGS en la leucemia mieloide aguda.

Palabras clave: Leucemia mieloide aguda. Secuenciacion masiva (NGS). Guia de consenso.

Introduction

Acute myeloid leukemia (AML) is a malignant process
characterized by very rapid proliferation of immature
myeloid hematopoietic cells. AML is the most common
subtype of acute leukemia in adult patients, with an
incidence of 3 to 4 new cases per year per 100,000
inhabitants (approximately 2,300 cases per year in
Spain).! The median age at presentation is approxi-
mately 70 years, making it a disease of older patients.
Despite decades of research, AML remains one of the
most severe malignant hematologic diseases, with sur-
vival rates in older patients not exceeding 20-40%,
although they can reach 70% in pediatric patients.

Over the past decade, driven by next-generation
sequencing (NGS) techniques, thousands of variants
have been identified in several dozen genes involved in
AML. Although most are sporadically acquired alter-
ations, in an increasing number of cases, NGS has
allowed the identification of variants of germline origin,
making myeloid neoplasms with germline predisposition
a new category in current diagnostic classifications.>3
Recognizing this new category is important because of
its impact on the clinical management of these patients
and the adoption of genetic counseling strategies.

Similarly, the identification of somatic alterations and
their involvement in leukemogenesis mechanisms has
allowed progress toward more precise classifications and
clinical algorithms in AML. Recent revisions published in
2022 by different expert groups (World Health Organization

[WHOQ],? International Consensus Classification [ICC],®
and European LeukemiaNet [ELN]*) emphasize the
importance of molecular studies as a fundamental tool
for establishing diagnosis, stratifying risk, guiding ther-
apy, and defining measurable residual disease (MRD)
follow-up markers.

The increasing number of alterations, combined with
the need to obtain rapid information to identify the sub-
set of patients who can benefit from targeted therapies,
has created major challenges in managing AML, turn-
ing molecular diagnosis into a complex task that
requires multiple techniques. There is currently a
demand for standardization of new molecular methods
that optimize diagnosis and allow reproducible results
to be obtained in the clinical context. The use of NGS
enables broader and more precise genetic characteri-
zation in patients, facilitating a more robust diagnosis
of the disease, firmer prognostic typing, and/or unequiv-
ocal prediction of patient resistance to drugs, before or
during their treatment, thus offering possible therapeu-
tic alternatives in an individualized manner.

Methodologically relevant aspects in
acute myeloid leukemia

Samples

The study is usually performed on bone marrow, but
other types of samples showing at least 5% tumor infil-
tration (e.g., peripheral blood) can also be included.
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Timing of study

It should be performed at diagnosis and in case of treat-
ment failure (whether due to relapse or refractoriness).

Studies to be performed

The presence of alterations of different nature implies
that most NGS methodological approaches in AML will
require two studies in parallel: one on DNA to detect
single-nucleotide variants (SNVs), indels, and copy
number variations (CNVs), and another on RNA to
detect fusion transcripts and alterations in gene expres-
sion. Currently, there are DNA panels designed using
probe capture that allow the detection of point muta-
tions, indels, and rearrangements.

DNA-BASED PANELS

The study of point variants or small indels by NGS
has been extensively developed in recent years, with
different gene panels offering a very extensive study of
alterations in genes relevant to AML. The incorporation
of specific analysis programs and increased reading
depth of complex genes have overcome limitations
associated with the detection of variants in genes con-
sidered “difficult,” such as NGS detection of FLT3-ITD
mutations or variants in CEBPA.

Furthermore, current evidence suggesting germline
predisposition in some AML cases suggests that the
NGS panel should include genes listed under the
myeloid neoplasms with germline predisposition cate-
gory in current classifications. If there is a family history
of myeloid neoplasms or suspected predisposition, the
patient should be referred to a specialized center for
study using an expanded germline neoplasm panel and
genetic counseling. Additionally, panels are being vali-
dated for the detection of DNA rearrangements, whose
advantage is their potential ability to capture translo-
cated chromosomal regions where one of the two parts
is unknown, allowing the identification of new variants
of some translocations.

The study of relative quantification of the number of
reads in the test sample compared with a baseline
generated from control samples would allow CNV
detection with the same NGS panel. This application is
the least developed to date. However, those NGS
approaches that include it can be interesting as a com-
plementary technique to karyotyping or fluorescence in
situ hybridization (FISH), as well as for detecting small-
sized CNVs whose study by cytogenetic techniques is

compromised.® For this application, it is advisable to
include bioinformatic algorithms for their analysis in
AML panels.

RNA-BASED PANELS

The study of rearrangements using NGS has not
been as widespread as the study of point variants or
indels. However, an increasing number of NGS strate-
gies are addressing their study. Amplicon-based panels
include the study of a large number of fusion tran-
scripts, considering different breakpoints. However, this
strategy requires knowledge of the genes involved in
the fusion and their breakpoints, which limits the detec-
tion capacity of other fusions not included in the panel
design. However, there are methodological alternatives
that overcome this limitation: a) some panels allow
indirect detection of fusion genes through an imbalance
in the number of reads from the 5’ and 3’ ends of the
driver gene; in these cases, it is not possible to char-
acterize the rearrangement, since the gene involved in
the fusion is unknown; and b) capture-based panels. In
any case, the criteria and cutoff points of the commer-
cial panel should be followed, or proprietary ones
established in customized panels, and their detection
validated by alternative methods whenever possible.

Furthermore, some clinically relevant translocations
do not result in the transcription of chimeric genes.
However, the oncogenes involved are generally posi-
tioned under the control of potent promoters, leading to
their overexpression. An example of this mechanism
would be MECOM alterations. In these cases, RNA
panels can be used to quantify the expression of dys-
regulated genes, using the number of target reads rel-
ative to the total number of RNA reads.

Studies to be performed using NGS
panels in acute myeloid leukemia

Following gene selection and literature review, the
Molecular Biology Group in Hematology (GBMH) iden-
tified the key genomic alterations to be analyzed in all
AML patients at diagnosis or during relapse/refractory
stages, as listed in tables 1 and 2.

The required genes were selected by GBMH consen-
sus due to their recommendation by international expert
groups for diagnosis, risk stratification, and treatment:
mutations in ANKRD26, ASXL1, BCOR, CEBPA, DDX41,
ETV6, EZH2, FLT3-ITD, FLT3-TKD, GATA2, IDH1, IDH2,
NPM1, RUNX1, SAMD9, SAMDIL, SF3B1, SRSF2,
STAG2, TP53, U2AF1, and ZRSR2; fusions BCR::ABL1,
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CBFA2T3:GLIS2, = CBFB:MYH11,  DEK:NUP214,
MECOM:X, ETV6:X, FUS:ERG, KAT6A::CREBBP,
KMT2A:X, NUP98:X, RBM15:MRTFA, RUNX1:RUNX1T1,
NPM1:MLF1,  PICALM:MLLT10, RUNX1:CBFA2TS,
PRDM16:RPN1, PML::RARA, and other X::RARA fusions.
The recommended genes were selected by GBMH
consensus based on literature due to their involvement
in AML, though their clinical utility remains debated:
mutations in ATG2B, GSKIP, BRAF, CALR, CBL, CSF3R,
CUX1, DNMT3A, GATA1, JAK2, KIT, KRAS, KMT2A-
PTD, MBD4, MPL, NF1, NRAS, PHF6, PPM1D, PTPN11,
RAD21, SETBP1, SH2B3, SMC1A, SMC3, TERC, TERT,
TET2, and WT1 (Supplementary Table 1); regarding
fusions, the study of rearrangements is recommended
using NGS approaches that allow detection of the great-
est number of rearrangements currently recognized as
specific entities in AML (Supplementary Table 2).

Clinical utility of NGS panel studies in
acute myeloid leukemia

Diagnosis

Recently, the 2022 update of the WHO diagnostic
classification has been published.? Additionally, another
new diagnostic classification, the ICC, has emerged,
developed by an international group of experts.® Both
classifications have greater emphasis on genetic alter-
ations and have lowered the blast threshold required
for diagnosing AML in certain cases. Specifically, the
ICC establishes the category of AML with recurrent
genetic alterations when the alteration is detected and
they present > 10% blasts (except BCR::ABL1 AML).
For the remaining subtypes, the threshold of > 20%
blasts continues to be considered, but a new category
is introduced: myelodysplastic syndrome (MDS)/AML
directly associated with genetic alterations related to
myelodysplasia and 10-19% blasts. The WHO has
gone further and does not establish a required blast
threshold for the diagnosis of AML with recurrent
genetic alterations (except BCR::ABL1 AML and AML
with mutated CEBPA). Table 3 summarizes both diag-
nostic classifications, highlighting their similarities and
differences.

Likewise, both classifications have included myeloid
neoplasms with a germline predisposition. These ger-
mline neoplasms occur in association with inherited
germline mutations and specific clinical features. The
most established forms (e.g., Fanconi anemia or dys-
keratosis congenita) occur as inherited syndromes that
present predominantly non-hematological findings in

children. However, today we know of the existence of
autosomal dominant diseases with predisposition to
hematologic neoplasms. Some of these patients pres-
ent as a hematologic neoplasm, while others have a
preexisting disease or some organ dysfunction. Both
classifications are summarized in table 4.

The 2022 WHO classification maintains the subclas-
sification of this entity into three subgroups, and they
are now classified using the combination of disease
phenotype (AML, MDS...) with genotype (mutation); for
example, AML with a germline pathogenic variant in
RUNX1.

In addition to this terminological novelty, TP53 muta-
tions (Li-Fraumeni syndrome) have been incorporated,
as well as SAMD9/SAMDOL and BLM mutations pres-
ent in MIRAGE and Bloom syndrome, respectively. On
the other hand, the ICC, unlike the WHO classification,
subclassifies the entity into four subgroups, as it incor-
porates acute lymphoblastic leukemias with germline
predisposition with mutations in the PAX5 and IKZF1
genes.

The recommendation is to include in somatic muta-
tion panels the genes included in the WHO 2022 and
ICC classifications related to germline hematologic
neoplasm predisposition. However, due to the specific
needs of these studies (expanded gene panels, specific
sample, and genetic counseling), if there is a family his-
tory of myeloid neoplasms or suspected predisposition,
the patient should be referred to a specialized center.
A specific working group for this type of neoplasms has
been established within the Spanish Society of
Hematology and Hemotherapy (SEHH) to develop a
guideline aimed at the diagnosis and follow-up of these
patients.

Prognosis

In addition to cytogenetic analysis, the identification
of mutations with prognostic and therapeutic impact
can help refine prognostic groups in AML, especially in
patients with a normal karyotype, potentially influencing
subsequent treatment decisions.

In 2017, the ELN published recommendations on the
management of AML treated with intensive chemother-
apy, establishing risk stratification based on genetic
and molecular alterations.® These recommendations,
updated in 2022, maintain this stratification into three
risk groups: favorable, intermediate, and adverse, intro-
ducing the following changes:

— The FLT3-ITD allelic ratio is no longer considered in
risk stratification; all AML with FLT3-ITD are classified
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Table 1. Study of single-nucleotide variants (SNV)/indels using next-generation sequencing (NGS) techniques. Genes,
regions of interest, and clinical utility in acute myeloid leukemia (AML)

Reference sequence | Study regions Diagnosis Prognosis Treatment Hereditary
(hotspots) predisposition

ANKRD26
ASXL1

BCOR
CEBPA
DDX41
ETV6
EZH2

FLT3-ITD

FLT3-TKD
GATA2

IDH1
IDH2
NPM1
RUNXT
SAMDI
SAMDIL
SF3B1
SRSF2
STAG2
TP53
U2AF1
ZRSR2

NM_014915.2
NM_015338.6

NM_001123385.2
NM_004364.5
NM_016222.4
NM_001987.5
NM_004456.5
NM_004119.3

NM_004119.3
NM_032638.5

NM_005896.4
NM_002168.2
NM_002520.6
NM_001754.5
NM_017654.4
NM_152703.5
NM_012433.4
NM_001195427.2
NM_001042749.2
NM_000546.6
NM_006758

NM_005089.4

Mandatory genes

5 UTR + exons 1-2

Full coding region
(exon 13)

Full coding region
Full coding region
Full coding region
Full coding region
Full coding region

Exons 11-20 (exons
14-15)

Exons 14-23 (exon 20)

Full coding region +
intron 4

Exon 4

Exon 4

Exons 10, 11

Full coding region
Full coding region
Full coding region
Exons 11-16

Full coding region
Full coding region
Full coding region
Exons 2, 6-8

Full coding region

X

< X X X X

X X X X X X

Recommended genes

ATG2B
BRAF
CALR
CBL
CSF3R
Cuxi
DNMT3A

GATA1

NM_018036.7
NM_004333.6
NM_004343.3
NM_005188.4
NM_156039.3
NM_001202543.2

NM_175629.2

NM_002049.4

Exons 28-33

Full coding region
Exon 9

Exons 8-9

Exons 6-10 and 14-18
Full coding region

Full coding region
(exon 23)

Full coding region
(exon 2)

X

X
X
X
X
X

X
X

(Continues)
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Table 1. Study of single-nucleotide variants (SNV)/indels using next-generation sequencing (NGS) techniques. Genes,
regions of interest, and clinical utility in acute myeloid leukemia (AML) (continued)

Reference sequence | Study regions Diagnosis | Prognosis Treatment Hereditary
(hotspots) predisposition

Recommended genes

GSKIP NM_016472.5 Full coding region
JAK2 NM_004972.3 Full coding region
(exons 12, 14)
KIT NM_000222.2 Exons 2-18
KRAS NM_033360.4 Exons 2-4
KMT2A-PTD * NM_001197104.2 Exons 2-11
MBD4 NM_003925.3 Full coding region
MPL NM_005373.2 Exons 3-6, 10, 12
NF1 NM_001042492.3 Full coding region
NRAS NM_002524.4 Exons 2-4
PHF6 NM_032458.3 Full coding region
PPM1D NM_003620.4 Full coding region
PTPNT1 NM_002834.5 Full coding region
RAD21 NM_006265.3 Full coding region
SETBP1 NM_015559.3 Exon 4
SH2B3 NM_005475.3 Full coding region
SMCIA NM_006306.4 Full coding region
SMC3 NM_005445.4 Full coding region
TERC NR_001566.1 Full coding region
TERT NM_198253.3 Full coding region
TET2 NM_001127208.3 Full coding region
Wwri1 NM_024426.6 Exons 7, 9

X X
X
X
X
X
X X
X
X X X
X
X
X
X X X
X
X X
X X
X
X
X X
X X
X
X

These duplications cannot be detected by conventional cytogenetics and/or fluorescence in situ hybridization (FISH). NGS techniques can explore these duplications in

DNA or RNA.

*KMT2A-PTD: partial tandem duplications of variable size involving between 2 and 3 exons of the KMT2A gene.

as intermediate risk, regardless of the ratio or the

simultaneous presence of NPM1 mutation.”

— In addition to the ASXL7 and/or RUNX1 genes con-

sidered in the previous classification, the “AML with
myelodysplasia—related mutations” category is
expanded to include the genes ASXL1, BCOR, EZH2,
RUNX1, SF3B1, SRSF2, STAG2, U2AF1, or ZRSR2
and they are classified in the adverse risk group,
even in the absence of cytogenetic abnormalities
related to myelodysplasia.®*®

— The presence of adverse risk cytogenetic abnormal-

ities in AML with NPM1 mutations is now defined as
adverse risk."”

— Only in—frame mutations in the bZIP region of the

CEBPA gene are considered favorable risk, regard-
less of their occurrence as biallelic or monoallelic
mutations.

— Other recurrent cytogenetic abnormalities that define

the disease are included in the adverse risk group,
such as t(3g26.2;v) affecting the MECOM gene'? or
1(8;16)(p11;p13) associated with the KAT6A:CREBBP
fusion.™

— Finally, hyperdiploid karyotypes with multiple triso-

mies (or polysomies) are no longer considered com-
plex karyotypes and adverse risk."
Thus, the groups are as follows:
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Table 2. Study of rearrangements using next-generation sequencing (NGS) techniques. Fusion genes and clinical
utility in acute myeloid leukemia (AML)

Fusion genes Diagnosis Prognosis Treatment

Mandatory rearrangements

BCR:ABL1 X X X
CBFA2T3::GLIS2* X

CBFB:MYHI11 X X X
DEK::NUP214 X X

MECOM::X*$ (MYC, ETV6, RUNXT1, RPN1) X X

ETV6:X (MNX1)® X

FUS::ERG X

KAT6A::CREBBP X X

KMT2A:X (AFF1* AFDN, MLLTT", MLLT3, MLLT4, MLLT6, MLLT10, MLLTT11, ELL, TET1)® X X

KMT2A-PTD? X

NUP98::X (NSD1* KMD5A"f X

RBM15::MRTFA (MKL1) X

RUNXT1::RUNXTT1 X X X
PML::RARA X X X
NPM1::MLF1 X

PICALM::MLLT10 X

RUNX1::CBFA2T3 X

PRDM16::RPNT X X

X::RARA (IRF2BP2, NPM1, ZBTB16, STAT5B, STAT3, TBL1XR1, FIPIL1, BCOR)® X X

Recommended rearrangements

Current diagnostic and prognostic classifications of AML include a large number of rearrangements. Their study is recommended using
NGS approaches that allow for the detection and characterization of the greatest number of possible rearrangements, including those
with high incidence in AML, as well as other less frequent but recurrent rearrangements in AML.

*Rearrangements described predominantly in pediatric AML.

TKMTZ2A-PTD: partial tandem duplications of variable size involving between 2 and 3 exons of the KMT2A gene. These duplications cannot be detected by conventional
cytogenetics and/or fluorescence in situ hybridization (FISH). NGS techniques can explore these duplications in DNA or RNA.

*MECOM::X rearrangements generally involve the 3q26 region and result in overexpression of the MECOM gene. inv (3)(q21q26)/t (3;3)(q21;q26) are the most frequent
chromosomal alterations in patients with 3q26 alterations. These alterations do not result in the transcription of a chimeric gene; however, overexpression of the MECOM
gene occurs.

8|t is recommended to study the greatest number of partner genes possible.

FAVORABLE RISK ¢ inv(16)(p13.1g22) or (16;16)(p13.1;q22); CBFB:MYHT11.

The initial risk assigned to these rearrangements
may change during treatment according to MRD results.
The co-occurrence of mutations in KIT and/or FLT3
does not alter risk categorization.

— Mutations:

e Mutated NPM1 in the absence of FLT3 internal
tandem duplications (FLT3-ITD) and adverse risk
cytogenetic alterations. The risk may change during
treatment according to MRD results.

« Presence of in-frame mutation in the bZIP region [NTERMEDIATE RISK

of CEBPA. — Mutations:
— Rearrangements: o Mutated NPM1 with FLT3-ITD mutation. The risk
e 1(8;21)(922;q22.1); RUNX1:RUNX1T1. may change according to MRD results.
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Table 3. World Health Organization (WHO) and International Consensus Classification (ICC) 2022 classifications for
the diagnosis of acute myeloid leukemia (AML)

AML with recurrent genetic alterations (no minimum AML with recurrent genetic alterations (requires 10% blasts for diagnosis)
blast threshold required except for indicated entities)

APL with PML::RARA rearrangement APL with t (15;17)(q24.1;q21.2)/ PML::RARA"

AML with RUNXT::RUNX1T1 rearrangement AML with t (8;21)(q22;q22.1)/ RUNX1::RUNX1T1

AML with CBFB::MYH11 rearrangement AML with inv (16)(p13.1922) or t (16;16)(p13.1;q22)/ CBFB::MYH11

AML with DEK::NUPZ214 rearrangement AML with t (6;9)(p22.3;q34.1)/ DEK::NUP214

AML with KMT2A rearrangements AML with t (9;11)(p21.3;q23.3)/ MLLT3::KMT2A*

AML with MECOM rearrangements AML with inv (3)(q21.3926.2) or t (3;3)(q21.3;q26.2)/ GATAZ, MECOM (EVI1)!

AML with BCR::ABL1 rearrangements (> 20% blasts)** AML with t (9;22)(q34.1;911.2)/ BCR::ABLT** (> 20% blasts)**

AML with NPM1 mutation AML with NPM1 mutation

AML with CEBPA mutation (> 20% blasts)'"
AML with in-frame mutation in bZIP in CEBPA AML with NUP98 rearrangements
AML with RBM15::MRTFA rearrangement AML with other rare recurrent translocations

AML with other defined genetic alterations™

Categories considered AML (> 20% blasts) or MDS/AML (10-19% blasts)

AMIL related to myelodysplasia (> 20% blasts)® AML with gene mutations associated with myelodysplasiaf
AML with cytogenetic alterations associated with myelodysplasia***

AML with mutated TP53

AML defined by differentiation (> 20% blasts)™" Category without recurrent genetic alterations AML

AML not otherwise specified (NOS) (> 20% blasts) or MDS/AML (10-19% blasts)

*The diagnostic categories indicated in the top take precedence over those located lower in the classification.

Other recurrent translocations affecting RARA should be reported, including: IRF2BP2::RARA, NPM1::RARA, ZBTB16::RARA, STAT5B::RARA, STAT3::RARA; other rarely
rearranged RARA genes are TBLIXR1, FIP1L1, BCOR.

*Other recurrent translocations affecting KMT2A should be reported, including AFF1:KMT2AS, AFDN::KMT2A, MLLT10:KMT2A, TET1:KMT2A, KMT2A::ELL, KMT2A:MLLT1%
(Soccur predominantly in children).

0ther recurrent translocations affecting MECOM should be reported, including MECOM::?, MECOM::MYC, ETV6::MECOM, MECOM::RUNXT.

**Both classifications require 20% blasts to adequately differentiate it from chronic myeloid leukemia.

"ncludes both in-frame mutation in bZIP in CEBPA and biallelic mutations and requires 20% blasts for diagnosis.

Hncludes rare but recurrent gene fusions in AML.

$Can be defined by gene mutations or cytogenetic alterations. Gene mutations are ASXL1, BCOR, EZH2, SF3B1, SRSF2, STAG2, U2AF1, or ZRSR2. Cytogenetic alterations
are complex karyotype (> 3 alterations), 5q deletion or loss of 5q due to unbalanced translocations, monosomy 7, 7q deletion or loss of 7q due to unbalanced
translocations, 11q deletion, 12p deletion or loss of 12p due to unbalanced translocations, monosomy 13, 13q deletion, 17p deletion or loss of 17p due to unbalanced
translocations, isochromosome 17q, isodicentric idic (X)(q13).

MDefined by the presence of mutations in the genes ASXL1, BCOR, EZH2, RUNX1, SF3B1, SRSF2, STAG2, U2AF1, or ZRSR2. It is noteworthy that they are the same
mutations included by the WHO adding the RUNXT mutation.

***The cytogenetic alterations defining this entity are complex karyotype (> 3 alterations without the presence of other recurrent genetic alterations collected in the
classification and excludes hyperdiploid karyotypes with three or more trisomies or polysomies without structural alterations) and different unbalanced alterations: del
(5q)/t (5q)/add (5q); -7/del (7q); +8; del (12p)/t (12p)/add (12p); i (17q), -17/add (17p) or del (17p); del (20q); and/or idic (X)(q13).

ncludes cases of AML without specific genetic alterations.

APL: acute promyelocytic leukemia.

e Non-mutated NPM1 with FLT3-ITD mutation. ADVERSE RISK
— Rearrangements:

o 1(9;11)(p21.3;g23.3); MLLT3::KMT2A. The presence MUtatith: .
of this alteration takes precedence over the co-oc-  ® Mutations in ASXL1, BCOR, EZH2, RUNX1, SF3BT,

currence of rare adverse risk mutations. Additionally, SRSF2, STAG2, U2AF1, or ZRSR2, although they
initial risk may change according to MRD results. should not be considered adverse prognostic mark-

e Presence of cytogenetic alterations is not consid- ers if they coexist with a favorable prognostic
ered favorable or adverse risk. marker.
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Table 4. World Health Organization (WHO) and International Consensus Classification (ICC) 2022 classifications of
hematologic neoplasms with germline predisposition

Myeloid neoplasms with germline predisposition without
preexisting platelet abnormalities or organ dysfunction

Germline P/LP variants of CEBPA (familial AML
associated with CEBPA)

Germline P/LP variants of DDX41
Germline P/LP variants of TP53 (Li-Fraumeni syndrome)

Myeloid neoplasms with germline predisposition and

preexisting platelet abnormalities

Germline P/LP variants of RUNXT (familial platelet
disorder with associated myeloid neoplasm, FPD-MM)

Germline P/LP variants of ANKRDZ26 (thrombocytopenia 2)
Germline P/LP variants of ETV6 (thrombocytopenia 5)

Myeloid neoplasms with germline predisposition and

potential organ dysfunction

Germline P/LP variants of GATAZ (GATAZ2 deficiency)

Bone marrow failure syndromes:
Severe congenital neutropenia
Shwachman-Diamond syndrome
Fanconi anemia

Telomeropathies

RASopathies (neurofibromatosis type 1, CBL syndrome,
Noonan syndrome or Noonan syndrome-like diseases)

Down syndrome
Germline P/LP variants of SAMD9 (MIRAGE syndrome)

Germline P/LP variants of SAMDIL (pancytopenia
syndrome with SAMDIL mutations)

Germline biallelic P/LP variants of BLM (Bloom syndrome)

Hematological neoplasms with germline predisposition without
constitutional disease affecting multiple organ systems

Myeloid neoplasms with germline mutation of CEBPA

Myeloid or lymphoid neoplasms with germline mutation of DDX41
Myeloid or lymphoid neoplasms with germline mutation of TP53

Hematological neoplasms with germline predisposition associated with
constitutional platelet abnormalities

Myeloid or lymphoid neoplasms with germline mutation of RUNXT

Myeloid neoplasms with germline mutation of ANKRD26
Myeloid or lymphoid neoplasms with germline mutation of ETV6

Hematological neoplasms with germline predisposition with
constitutional disease affecting multiple organ systems

Myeloid neoplasms with germline mutation of GATA2
Myeloid neoplasms with germline mutation of SAMDY

Myeloid neoplasms with germline mutation of SAMDIL

Myeloid neoplasms associated with bone marrow failure syndromes
Fanconi anemia
Shwachman-Diamond syndrome
Telomeropathies including dyskeratosis congenital
Severe congenital neutropenia
Diamond-Blackfan anemia

Juvenile myelomonocytic leukemia associated with neurofibromatosis

Juvenile myelomonocytic leukemia associated with Noonan syndrome

Myeloid or lymphoid neoplasms associated with Down syndrome

Acute lymphoblastic leukemia with germline predisposition*

Acute lymphoblastic leukemia with germline mutation of PAX5

Acute lymphoblastic leukemia with germline mutation of /KZF1

*Down syndrome, with germline mutations in ETV6 and TP53, also predisposes to acute lymphablastic leukemia.

P: pathogenic; LP: likely pathogenic.

o Mutated TP53 with an allelic fraction of at least 10% e 1(9;22)(q34.1;,q11.2); BCR::ABL1.
and regardless of whether it is mono- or biallelic. e 1(8;16)(p11;p13); KAT6A::CREBBP.
Frequently, mutated TP53 is associated with com- o inv(3)(g21.3026.2) or 1(3:3)(q21.3:026.2); GATA2,

plex and monosomic karyotype.
— Rearrangements:
o 1(6;9)(p23;934.1); DEK::NUP214.

MECOM(EVI).
o 1(3926.2;v); MECOM(EVI1)-rearranged.

o t(v;11923.3); KMT2A rearrangements excluding  ® -5 or del(5q); -7.

partial tandem duplications (PTD).

e -17/abn(17p).
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e Complex or monosomic karyotype. A complex
karyotype is defined by the presence of three or
more unrelated chromosomal abnormalities in the
absence of other defining recurrent genetic abnor-
malities of class; hyperdiploid karyotypes with three
or more trisomies (or polysomies) without structural
abnormalities are excluded. On the other hand, a
monosomic karyotype is defined by the presence
of two or more distinct monosomies (excluding loss
of X or Y), or a single autosomal monosomy in
combination with at least one structural chromo-
somal abnormality (excluding CBF-AML).

In addition to genetic stratification at diagnosis,
experts highlight early MRD assessment'® and the use
of targeted therapies as key factors in individual risk
evaluation. Thus, in clinical practice, a patient with
NPM1 mutations or CBFB::MYH11, RUNX1::RUNX1T1,
and MLLT3::KMT2A rearrangements can transition
groups according to the presence or absence of MRD.

Regarding follow-up markers, currently flow cytome-
try and quantitative polymerase chain reaction (PCR)
are the two standard techniques for MRD follow-up.
However, new approaches are being explored, such as
digital PCR (dPCR), limited by sensitivity and the need
for a specific design for each alteration, or error-cor-
rected NGS, which allows the detection threshold to be
increased to 0.01-0.001%. This latter possibility is very
attractive, as it would allow the identification of MRD
molecular markers in almost all AMLs, while excluding
germline variants and premalignant alterations associ-
ated with clonal hematopoiesis.

In addition to the ELN prognostic classification, the
extensive molecular characterization of AML that NGS
has provided has enabled new classification proposals
that aim to integrate the classification and stratification of
AML, such as that proposed by Papaemmanuil et al. in
2016' and revised in 2022."” This genomic classification
performed in 3,653 patients eligible for intensive treat-
ment includes 16 genetic-molecular classes. Each class
represents a biological subgroup of AML associated with
clinical-biological characteristics and a different response
to induction treatment with chemotherapy.

Treatment

Currently, apart from the relevance of correct char-
acterization of mutations at diagnosis of all AMLs due
to their impact on prognosis, we must bear in mind that
it can also have an impact on treatment, which consti-
tutes an important advance beyond schemes based on
standard chemotherapy.

At present, the only drug targeting mutations that is
approved for use in first-line treatment is midostaurin, an
FLT3 inhibitor that can be administered in combination
with chemotherapy to those patients presenting an inter-
nal tandem duplication (FLT3-ITD) or a point mutation in
the tyrosine kinase domain (TKD) (FLT3-TKD), both of
which lead to constitutive receptor activation. In relapsed
or refractory AML patients with FLT3 mutations, both ITD
and TKD, the use of the FLT3 inhibitor gilteritinib as
monotherapy has been approved. These inhibitors have
received approval for all patients carrying FLT3 muta-
tions, regardless of cytogenetic characteristics.
Additionally, there are other drugs targeting these muta-
tions that are in late phases of clinical trials and showing
very promising results (quizartinib, sorafenib, crenolanib,
etc.) not only in first line but also in more advanced
phases or as maintenance treatment.

Similar to FLT3, the detection of mutations in IDH?
and IDH2 by NGS may also have therapeutic rele-
vance. In this regard, clinical trials are being devel-
oped for the approval of IDH1 inhibitors (enasidenib)
and IDH2 (ivosidenib), which are already in very
advanced phases and could also be administered in
first line. In earlier phases of evaluation are other tar-
geted treatments such as menin inhibitors for patients
with KMT2A rearrangement or NPM1 mutation'® and
another group of drugs targeting TP53 mutations.'

As a consequence of all the innovation occurring in
the field of drugs targeting molecular targets, the treat-
ment of AML, which until recently was uniform for all
patients, will become increasingly personalized. Both
in the case of new diagnoses and in patients present-
ing relapse, it will be necessary to perform mutational
analysis rapidly, as treatment initiation should wait for
these results.
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