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LIST OF ABBREVIATIONS

ALL acute lymphoblastic leukemia
AML acute myeloid leukemia
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GnomAD genome aggregation database
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MDS myelodysplastic neoplasm

MFC multiparameter flow cytometry

MLL mixed lineage leukemia

MR medium-risk
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NCCN National Comprehensive Cancer Network
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PCR polymerase chain reaction
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pCT post-cytotoxic therapy

RT-PCR real-time polymerase chain reaction
RNA ribonucleic acid

SBDS Shwachman-Bodian-Diamond Syndrome
SNP single nucleotide polymorphism

SNV single nucleotide variant

SR standard-risk

TARGET Therapeutically Applicable Research to Generate Effective Treatments
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TKD tyrosine kinase domain
VAF variant allele frequency
WBC white blood cell
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I. INTRODUCTION

I.1. Pediatric acute myeloid leukemia

Acute myeloid leukemia (AML) is a heterogeneous malignancy caused by the malignant
transformation of the stem cell precursors of the myeloid lineage, characterized by the
impaired maturation and uncontrolled proliferation of the leukemic blast cells. AML is a
relatively rare disease; nevertheless, it accounts for the highest number of annual deaths
from leukemias among adults, which demonstrates that it is one of the hardest to treat
hematological malignancies (1). If AML is left untreated, it progresses rapidly and can
have a fatal outcome within weeks. With the advent of molecular biology, we now have
a better understanding of the biology of AML, which has ultimately led to more accurate
diagnosis according to international standards, improved risk classification, and the

development of novel therapies.

AML is a relatively rare malignancy, as it accounts for only 1.0% of all new cancer cases;
however, in adults, it is the most common form of acute leukemia in the developed world,
with an age-adjusted incidence of 4.1 per 100,000 people (2). AML is the disease of the
elderly, as the median age at diagnosis is 68 years, with approximately 60% of patients
diagnosed at >65 years of age; nonetheless, AML can be diagnosed at any age, from
newborn to very elderly (2). Leukemia is the most common type of malignancy in
childhood, accounting for 25 to 30% of cancers, of which acute lymphoblastic leukemia
(ALL) is the most common subtype, as it constitutes 75% to 80% of cases. While pediatric
AML is a rare disease as it is responsible for only 15% to 20% of cases, with an incidence
of approximately seven cases per million children younger than 15 years per year, it
accounts for a disproportionate amount of more than 40% of childhood leukemic
mortality (1, 3-7). The frequency peaks in children under 4 years of age and then increases
steadily until adulthood (8). The incidence of AML is similar in both sexes, with a slightly
higher number in males (1). In Hungary, the annual incidence rate of AML among

children is approximately ten, according to the Hungarian Childhood Cancer Registry (5).

Over the past decades, studies have shown a global rise in the incidence of AML, most
likely due to the growing and aging of the population and also because of the increase in

therapy-related leukemias as a consequence of higher incidence and improved survival
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rates of cancer patients (9, 10). Over time, there has been a consistent rise in the incidence
of pediatric AML, especially in the frequency of AML post-cytotoxic therapy (pCT) (1,
11, 12). AML is one of the most common secondary malignancies, as approximately 0.5-
1.0% of children with malignancy develop myeloid neoplasms after cytotoxic

chemotherapy or radiation therapy (13).

There has been a remarkable improvement in the survival rate of patients with AML due
to intensified chemotherapeutic regimens, advancements in risk assessment based on
cytogenetic and molecular genetic analysis, as well as more precise measurable residual
disease monitoring (MRD), optimization of allogeneic hematopoietic stem cell
transplantation (HSCT), and advances in supportive care (14). Nonetheless, AML
patients still face a dismal prognosis, with a 5-year overall survival (OS) rate of 31.7%
(2). However, compared to adults, children have a better prognosis as they have better
tolerance of more intensive therapeutic regimens and more commonly have favorable risk
genetic features. Fortunately, the OS rates of pediatric AML have markedly improved in
the past decades. In the 1970s, 5-year OS was about 10%, while nowadays, it reaches
around 70% in developed countries (Figure 1) (15-18). Still, compared to the treatment
of ALL, where the 5-year OS of children now exceeds 90%, the survival rate of children

with AML seems suboptimal (19, 20).
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Figure 1. 5-year event-free survival (EFS) and OS of pediatric AML patients enrolled in the
AML-BFM trials from 1987 to 2012 (15). 5-year OS increased steadily over the past decades;

however, EFS improved less significantly.
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The emergence of high-throughput sequencing technologies has led to the discovery of
considerable molecular heterogeneity, observed across various patients and within
individual cases, and deepened our understanding of the mechanisms driving
leukemogenesis, clonal expansion, and resistance to treatment in leukemic cells. The wide
application of next-generation sequencing (NGS) enabled detailed characterization of
AML, leading to the identification of novel, recurrent molecular alterations, some of
which serve as important prognostic and predictive biomarkers (21-23). The
identification of targetable lesions has significantly expanded the therapeutic options
available for treating AML in recent years. However, these advances are mainly seen in

adult patients, and they are not fully reflected in the treatment of children with AML.

I.1.1. Etiology of AML

Based on the etiology, AML traditionally can be categorized into de novo AML and
secondary AML, with the latter including AML evolving from antecedent hematological
disorder and AML post-cytotoxic therapy (AML-pCT) following exposure to
chemotherapy or radiation therapy (24, 25). Most patients develop de novo AML without
identifiable predisposing environmental exposures or inherited conditions. In a significant
proportion of adult patients, AML can arise from an antecedent hematological disorder,
including myelodysplastic neoplasm (MDS), myeloproliferative neoplasm, and aplastic

anemia; though in children, it is rarely seen (26-28).

Among children with AML, the ratio of de novo AML is even higher than in adults, as
about 95% of patients present without apparent etiology (7). Known risk factors for
pediatric AML are exposure to benzene and ionizing radiation, as well as inherited
conditions (29, 30). In the past decades, it has been increasingly recognized that AML
cases can be associated with germline mutations, and recent studies have confirmed that
germline predisposition to myeloid neoplasms is more common than previously
appreciated (31, 32). Children more commonly have inherited susceptibility, predisposing

them to the development of AML than adults (32).

The incidence of pediatric AML-pCT is rising due to the broader usage of platinum-based

chemotherapy agents and the increasing number of long-term cancer survivors at risk (33-

10
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35). Risk is exceptionally high among patients with prior exposure to alkylating agents
(e.g. melphalan, cyclophosphamide), platinum compounds (cisplatin, carboplatin),
topoisomerase I inhibitors (e.g. etoposide), and ionizing radiation (13, 33, 36). The
majority of patients with AML-pCT have high-risk cytogenetic alterations and gene
mutations. The prognosis for them is generally dismal, as 4-year OS rates were 25.5%
and 37.8% for AML-pCT and de novo AML, respectively, according to the study of 2853
patients with newly diagnosed AML enrolled in multicenter trials of the German-Austrian
AML Study Group(36-38). Notably, only a small proportion of patients exposed to
cytotoxic therapy will eventually develop AML (33). Studies implicate that
approximately 20% of AML-pCT may in fact be AML with germline predisposition
caused by inherited mutations in the DNA repair genes associated with familial cancer
predisposition syndromes (39, 40). Notably, the prevalence of pathogenic germline
mutations is lower among adult patients with de novo AML, ranging from 7.2% to 13.6%,
and in children, where it varies from 2% to 19.4% (31, 41-44). Another model suggests
that patients with AML-pCT may have preexisting leukemic clones with 7P53 or PPM 1D
mutations prior to chemotherapy of primary malignancy, and these patients are at
increased risk for the development of AML (45-48). Selective pressure from the cytotoxic
therapy facilitates the emergence of these resistant clones, giving them an advantage over
normal hematopoietic stem cells (47). However, in pediatric therapy-related myeloid
neoplasm, the most frequently detected driver alterations were KMT2A4 rearrangements
along with RAS/MAPK pathway mutations. 7P53 alterations were also common events,

but unlike in adults, 7P53 mutations arose after chemotherapy (49).

I.1.2. Molecular background of pediatric AML

The bone marrow is the site of hematopoiesis, where hematopoietic stem cells (HSC) and
hematopoietic progenitor cells (HPC) undergo self-renewal and gradually differentiate
into lineage-specific, unipotent progenitors that produce specific types of blood cells.
Hematopoiesis under normal conditions is a well-regulated process shaped by the
interplay of growth factors that facilitate cellular proliferation and transcription factors
that activate certain genetic programs, leading to commitment to a specific lineage and

terminal differentiation.

11
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HSCs need to preserve a relatively constant number throughout life by carefully
regulating the processes of self-renewal and differentiation (50). The deregulation of
cellular functions may result in converting HSCs or HPCs into disease-causing stem cells,
which may lead to hematopoietic malignancies, including leukemia. In AML, HSCs and
HPCs acquire genetic alterations that confer pre-leukemic features, such as proliferative
and survival advantage and impaired differentiation and apoptosis, early in the evolution
of AML. At the time of diagnosis, the leukemic cells have already undergone a multistep

evolutionary process originating from a prior premalignant clonal state (51).

In 2002, the “two-hit hypothesis” of leukemogenesis was proposed, which stated that
AML is caused by at least two collaborating mutations belonging to different classes.
Class I mutations (such as FLT3, NRAS, KRAS, KIT) confer proliferative and/or survival
advantage to cells, while Class II mutations impair hematopoietic differentiation (e.g.
PML::RARA, RUNXI::RUNXITI, KMT2A-r, CEBPA) (52). The initiating mutations in
AML are considered to be Class II alterations, while Class I mutations are mostly later
events in leukemogenesis (52). Comprehensive genomic characterization of the AML
genome revealed that the pathogenesis of AML is more complex than previously
appreciated. Genes recurrently mutated in AML belong to various functional groups or
pathways (21, 53). In a study conducted by The Cancer Genome Atlas Research Network,
it was found that genetic alterations relevant to the pathogenesis of AML can be grouped
into nine categories, including signaling (59%), DNA-methylation-related (44%),
chromatin-modifying (30%), nucleophosmin (NPM1) (27%), myeloid transcription factor
(22%), transcription factor fusions (18%), tumor suppressor (16%), spliceosome complex

genes (14%) and cohesin complex (13%) (53).

Earlier studies revealed that AML is not a monoclonal disease but a collection of
subclones with highly dynamic and diverse genetic identities (54). Two major types of
mutation can be distinguished. Founding mutations are present in all leukemic cells, while
subclonal mutations exist in only a fraction of cells. Mutations within the founding clone
are stable, while mutations found in subclones can be gained or lost during progression
(54). Single-cell mutation profiling has shown that during disease progression, treatment,

or relapse, clonal evolution primarily occurs in linear and branching forms. Linear

12
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evolution trajectory means the new clones arise from the stepwise acquisition of
mutations, while in branching evolution, clones arise from one parental clone by
acquiring new distinct mutations in each of the daughter clones, all of which can evolve

in parallel (23, 55, 56).

1.1.2.1. Karyotypic alterations in pediatric AML

Chromosomal aberrations have a pivotal role in the diagnosis and risk stratification of
AML as they are strong independent predictors of outcome. Recurrent cytogenetic
alterations include balanced translocations, inversions, deletions, insertions,
monosomies, and trisomies. The incidence of cytogenetic abnormalities is higher in
children with AML compared to adult patients, as chromosome aberrations are detected
in 75% to 80% of pediatric AML cases in contrast to 45% to 50% seen in adults with
AML (4). Balanced chromosomal translocations are the most prevalent cytogenetic
abnormalities found in pediatric AML, which result in the formation of chimeric fusion
genes (57). Although a large variety of chromosomal alterations can be detected in AML,
most pediatric AML cases can be assigned into distinct cytogenetic subgroups: 25% have
(8;21)(q22;922)/RUNXI::RUNXITI, inv(16)(p13;q22))/CBFB::MYH11 or
t(16;16)(p13;922)/CBFB::MYH]11 (together referred to as core-binding factor (CBF)-
AML); 12% have t(15;17)(q22;q21) /PML::RARA; 20% have rearrangements involving
the KMT2A4 gene; 20% have no detectable chromosomal aberrations (normal karyotype
AML), while the remaining 23% includes NUP98 rearrangements, 12p13 abnormalities,
and other rare balanced and unbalanced cytogenetic abnormalities(57). Cytogenetic
alterations have significant age-associated variations; for example, the prevalence of
KMT?2A rearrangement is higher in younger patients, while CBF-AML is more common
in adolescents (58). Several translocations, such as t(1;22)(p13;q13)/RBM15::MRTFA,
t(7;12)(q36;p13)/MNX1::ETV6 and t(11;12)(p15;p13)/NUP98::KDM5A occur almost

exclusively in children and are rarely or never detected in adults (7, 57).
CBF-AML is the most frequent subtype of pediatric AML that can occur in all age groups,

though it is uncommon under one year of age, and its incidence increases with age (57).

The CBF complex is a heterodimeric transcription factor complex that includes a DNA-

13
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binding alpha subunit from the Runt-related transcription factor (RUNX) gene family and
anon-DNA-binding beta subunit, CBFb, which stabilizes the binding of the alpha subunit
to DNA (59). Normally, RUNX1 and CBFB heterodimerize to DNA and recruit
transcription factors that regulate the differentiation of hematopoietic cells. Both
RUNXI::RUNXITI and CBFB::MYH11 fusion genes inhibit the normal function of the
CBF complex in a dominant negative manner, leading to blockage of the myeloid
differentiation. As both t(8;21) and inv(16) disrupt the CBF complex, they are grouped
together in risk classification systems; however, several studies demonstrated
considerable clinical and molecular heterogeneity within this group. Regarding
morphology, t(8;21) is more commonly associated with ‘AML with maturation,” while
inv(16) is typically associated with ‘myelomonocytic leukemia with aberrant
eosinophils.” RUNXI::RUNXITI and CBFB::MYHII rarely occur in isolation, as
additional mutations or cytogenetic alterations are also detectable in most cases,
suggesting that these gene fusions are insufficient to induce leukemia (59-61). Additional
chromosomal aberrations are relatively common: loss of sex chromosome, del(9q),
trisomy 8, abnormal(7q), and trisomy 4 occur the most frequently; however, the
prognostic value of additional chromosomal alterations is still controversial (61-66).
Regarding prognosis, KIT mutations did not affect the complete remission (CR) rate in
children, but they affected OS, event-free survival (EFS), disease-free survival (DFS),
and relapse rate, according to most studies. Nonetheless, the results are inconclusive, as
three studies found that K/7 mutations lack prognostic significance (67-69). The
prognostic significance of KIT mutations may also differ between t(8;21) and inv(16)
(70). Additionally, the site of mutation can also influence the prognostic impact, as KIT
D816 mutation at exon 17 shows a strong adverse effect, while mutations at other sites
have no noticeable effect on prognosis (71). An increased risk of relapse was observed in
CBF-AML patients with FLT3-ITD mutations (66, 72). Contrary to that, NRAS mutations
were independent predictors of favorable outcomes in children and adults in AML with
CBFB::MYH11 (61, 73). Both fusion genes are reliable markers for MRD monitoring and
are associated with favorable outcomes, as the OS rate of patients exceeds 80%.

Nevertheless, the incidence of relapse remains around 30% (7, 70).

14
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Acute promyelocytic leukemia (APL) represents a unique disease entity formerly
classified as AML-M3 based on the French-American-British (FAB) classification
system. APL is characterized by the balanced translocation t(15;17)(q24.1;q21.2), leading
to gene fusion between the promyelocytic leukemia (PML) gene and the retinoic acid
receptor alpha (RARA). PML::RARA functions as a transcriptional repressor of both
RARA and non-RARA target genes, leading to the blockage of differentiation and
increased self-renewal of myeloid progenitor cells (74). APL accounts for 5% to 10% of
pediatric AML patients, and its prevalence rises progressively with advancing age (58).
Understanding the mechanism of pathogenesis and application of appropriate targeted
therapy turned this particularly fatal disease into a highly curable one. The combination
of all-trans-retinoic acid (ATRA) and arsenic trioxide (ATO) without conventional
chemotherapy is the basis of modern treatment regimens of APL, while the use of
traditional chemotherapy is restricted to only the induction phase for high-risk patients
(75). Children with APL have the highest cure rates of pediatric AML, with OS near 95%
and EFS of 90% (76, 77).

AML with KMT2A (formerly known as mixed lineage leukemia [MLL]) rearrangement
is a heterogeneous AML subtype that occurs significantly more frequently in children, as
16% to 26% of patients showed KMT2A rearrangement (4, 78). Moreover, in the infant
group, the rearrangement of KMT2A is the most common cytogenetic alteration,
representing more than 50% of the cases (79). The abnormality is usually a reciprocal
translocation between KMT72A and one of more than 120 other genes in distinct
chromosomal loci (78, 80). KMT2A4 encodes a histone methyltransferase, which regulates
gene transcription by methylation of histone H3 Lys4, inducing an open chromatin
conformation. KMT2A rearrangements lead to oncogenic KMT2A fusion proteins, causing
inappropriate histone modification and aberrant transcription activation, leading to
upregulated expression of HOXA/B genes and MEISI (81). The clinical outcome of
patients with KM7T2A4 rearrangement is highly variable and closely dependent on the
fusion gene partner of KMT2A4 (78, 82, 83). The most extensive study on childhood AML
with KMT2A rearrangements (KMT2A-r) was published recently, which shed light on the
prognostic significance of different KM72A rearrangements. This retrospective study

confirmed the adverse outcome of the previously defined KMT72A4 fusions
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(t(6;11)(q27;923) KMT2A::AFDN, t(10;11)(p12;q23) KMT2A4::MLLTI0,
t(10;11)(p11.2;q23)  KMT2A4::ABI1,  t(4;11)(q21;q23)  KMT2A4::AFF1 and
t(11;19)(q23;p13.3) KMT2A::MLLTI), while describing three new recurrent KMT2A-r
groups (i.e., Xq24/KMT2A::SEPT6, 1p32/KMT2A::EPS15, and 17q12), of which the
former two were associated with better outcome (78, 84). The previously described
favorable outcome of patients with translocation t(1;11)(q21;q23) KMT2A::MLLTI1 has
not been confirmed in a recent comprehensive study (83). The most common KMT2A4
translocation was t(9;11)(p22;q23) KMT2A::MLLT3 fusion occurring in 43% of patients.
The clinical outcomes of patients with KMT2A::MLLT3 are highly variable; therefore,
risk stratification within this group can be refined further. FAB M5 morphology was
associated with better outcomes, while trisomy 6 and MRD detected by flow cytometry

at the end of induction 2 were independently associated with adverse prognosis (83).

Other rare but recurring chromosomal alterations in childhood AML include
t(6;9)(p22;q34) DEK::NUPZ214 that occurs in older children and is associated with a high
risk of relapse, which may be improved by HSCT (4). The t(8;16)(pll;pl3)
KAT6A::CREBBP is present in only 1% of patients. Interestingly, it has an age-dependent
impact on prognosis, as in very young children, this fusion gene is associated with
spontaneous remission, advocating for a watch-and-wait strategy before initiating
chemotherapy. On the other hand, older pediatric patients need intensive chemotherapy
treatment (85). The t(16;21)(p11;q22) FUS::ERG 1is only present in about 0.5% of
patients; however, it is noteworthy that it is associated with markedly inferior prognosis,
with a 4-year EFS of 7% and a 4-year cumulative incidence of relapse (CIR) of 74%.
Most relapses occurred within the first year after diagnosis, and interestingly, MRD status
did not correlate with the risk of relapse, indicating that MRD is not a reliable predictor
of relapse in this specific cytogenetic group. Patients with FUS::ERG-rearrangement
require high-risk therapy, including HSCT in CR1, or even experimental therapy. (86).
In children, the occurrence of unbalanced chromosomal alterations, such as monosomy
of 7, monosomy 5/del5q, and aberrations of 12p is relatively low, affecting about 3% to

5% of cases; however, they are associated with adverse outcomes, similarly to adult cases

4.
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The abovementioned chromosomal aberrations involve large chromosomal regions;
therefore, conventional cytogenetics can detect them easily. Nevertheless, cryptic
translocations (i.e. translocations undetectable by karyotyping) require more specialized
techniques such as polymerase chain reaction (PCR) or fluorescence in situ hybridization
studies (FISH), or nowadays optical genome mapping or RNA next-generation
sequencing are also available options for detection. Several cryptic translocations have
been discovered recently and shown to be prevalent in children with AML. For example,
cryptic translocation of NUP98 is among the most common recurrent translocations in
pediatric AML, as it occurs in 4% of patients and is enriched in seemingly normal
karyotype AML (87-89). Until now, more than 30 gene partners have been reported for
NUP9S, with NUP98::NSD1 and NUP98::KDM5A being the most prevalent (89-91).
NUP98::NSD1, encoded by the cryptic t(5;11)(q35;p15.5), is a frequent event in children
with cytogenetically normal (CN) AML, as 16% of patients have this translocation
compared with 2.3% seen in adults with CN AML (87). NUP98::NSD is associated with
a high frequency of FLT3 and WTI mutations and dismal outcomes (87, 92).
NUPYS8::KDM5A and NUP9S translocations with other partners are also associated with
treatment resistance and particularly adverse outcomes (91). NUPYS plays a critical role
in regulating gene transcription in the hematopoietic system. NUP98 fusion protein
interacts with chromatin-modifying complexes, including the MLL1 complex. The
interaction between MLL and its cofactor menin has been shown to be critical in
KMT2A-r and NUP98-r leukemia, and disruption of this association is under clinical
evaluation as a potential treatment option. Recently published studies showed that menin

inhibitors are therapeutically effective in NUP98-r AML (93, 94).

RNA sequencing of children with acute megakaryocytic leukemia (AMKL) has led to the
identification of a cryptic inversion of chromosome 16, causing fusion between CBFA2T3
and GLIS2 genes in nearly 30% of children with AMKL without Down syndrome (90,
95). CBFA2T3::GLIS?2 fusion gene disrupts the balance of transcription factors essential
for normal hematopoiesis, especially causing downregulation of GATA1, which is vital
for megakaryocytic differentiation. Subsequent studies have found that CBFA2T3::GLIS2
fusion is not limited to AMKL, as it can be detected in AML with seemingly normal

karyotype and other karyotypic alterations (96, 97). The prevalence of CBFA2T3::GLIS?2
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is about 2% in pediatric AML, and it is highly enriched in younger patients, as nearly
12% of infants under the age of 1 harbor this fusion (97). CBFA2T3::GLIS?2 is associated
with resistance to conventional therapy and a high cumulative incidence of relapse even
after HSCT (96-98). The absence of recurrent cooperating mutations in this highly
aggressive disease indicated that this cryptic fusion alone could lead to malignant
transformation (97). Given the dismal outcome with standard therapies, targeted therapies
are being explored. Examination of the transcriptome of AML patients uncovered that
FOLRI encoding folate receptor alpha is overexpressed in CBFA2T3::GLIS2 AML, and
it can be targeted by luveltamab tazevibulin. Luveltamab tazevibulin is a FOLRI-
antibody-drug conjugate demonstrated to have potent anti-leukemia activity in

CBFA2T3::GLIS?2 cell lines (99).

1.1.2.2. Somatic mutations in pediatric AML

Cytogenetic alterations play a dominant role in the pathogenesis of pediatric AML;
however, disease-associated recurrent mutations are also detected frequently in patients,
especially in those with normal karyotype. The FLT3 gene is commonly mutated in
pediatric AML, though it is rarely seen in children under two years of age. However, its
prevalence increases with age, occurring in 20 to 25% of adolescents (100, 101). FLT3
encodes a receptor tyrosine kinase normally expressed by immature hematopoietic stem
and progenitor cells. It significantly influences the initial phase of myeloid and lymphoid
lineage development by regulating their growth, maturation, and cell survival (102). FLT3
mutation causes ligand-independent constitutive activation of the receptor and drives
downstream signaling pathways. Traditionally, FL73 mutations are classified into two
main types: internal tandem duplications (ITD) in the juxtamembrane domain and
missense mutations in the tyrosine kinase domain (TKD) (most commonly at codons 835
and 836), both resulting in aberrant FL73 activity (102). Several non-ITD/TKD mutations
with aberrant FLT3 activation have recently been identified in children (103). FLT3-ITD
mutations are associated with poor prognosis, especially in patients with a high allelic
ratio (>0.5). FLT3-ITD mutations have very adverse outcomes when treated with
chemotherapy alone. Nonetheless, recently, the allelic ratio has been eliminated from the
risk stratification of adults with AML because of the difficulty of standardization (104).
A newly published study by Tarlock et al. revealed that the clinical outcomes of pediatric
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patients with FLT3-ITD mutations are determined by co-occurring mutations rather than
the allelic ratio of FLT3-1TD mutations (105). FLT3-ITD mutated patients with favorable-
risk alterations such as t(8;21), inv(16), NPMI, or CEBPA mutations had significantly
superior outcomes compared to patients with high-risk genetics, including mutations of
WTI, UBTF, or NUP98::NSD1 (105). The prognostic effect of FLT73-TKD mutations is
inconsistent (106). FLT3 mutations are unstable during disease progression as they can
be gained or lost at relapse or progression, which suggests that FLT3 mutations are

secondary events in leukemogenesis (23, 107).

NPM 1 mutations are common in AML, as the prevalence is 30% in adult AML patients;
however, it is relatively rare in pediatric AML, especially in younger children (21, 100).
NPM1 mutations are notably higher in AML with normal karyotype, affecting 40% to
50% of adults and about 10% in pediatric cases (108, 109). NPM1 encodes a histone
chaperone protein mainly localized in the nucleolus, which, under normal circumstances,
shuttles between the nucleus and cytoplasm. NPM1 has several functions: cell cycle
regulation, ribosome biogenesis, and DNA damage response. The disruption of NPM1
results in the cytoplasmic dislocation of NPM1, leading to the activation of oncogenic
HOXA and HOXB cluster genes and ultimately resulting in leukemogenesis (110). The
most frequent mutation of NPM1 is an insertion of 4 base pairs in exon 12, leading to a
frameshift in the region encoding the C-terminal of the NPM1 protein. NPM1 mutations
are associated with better outcomes, resulting in reduced risk of relapse and higher overall
survival rate (4, 104, 109). Menin inhibitors seem to be promising agents in the therapy
of NPM[-mutated AML as they target the HOX/MEIS transcriptional program critical in
the leukemogenesis of NPM[-mutated AML (111).

Mutation of CEBPA occurs in about 5% of patients and is enriched in patients with normal
karyotypes (100). CEBPA encodes a transcription factor that regulates myelopoiesis and
granulocyte differentiation (112). Two distinct mutational patterns often occur together
on different alleles: the first one is typically a frameshift mutation that clusters at the N-
terminal and involves the transactivation domains; the second one is mostly an in-frame
mutation at the C-terminal affecting the basic leucine zipper (bZip) region. Germline

mutations predominantly cluster within the N-terminal (112). Biallelic CEBPA mutations
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have been associated with favorable outcomes; nevertheless, recently published studies
showed that patients with CEBPA-bZip mutations show favorable outcomes irrespective

of monoallelic or biallelic mutational status (112-114).

Large-scale next-generation sequencing studies have significantly advanced our
understanding of the complex genomic landscape of AML. From these studies, it became
evident that the genetic landscape of pediatric and adult AML is vastly different,
especially concerning the incidence and type of mutations. Epigenetic modulators such
as DNMT3A, IDHI, IDH2, ASXLI1, TET2, and EZH? are frequently altered in adults,
though they are extremely rare in children (21, 53, 100, 101). Similar observations were
made with mutations of genes involved in RNA splicing (SF3B1, SRSF2, U2AF ) as their
prevalence was almost 30% in adults, while they were rarely detected in the pediatric
cohort (21, 100, 115). Mutations enriched in the pediatric patients were KRAS, NRAS,
PTPNI1,and WTI (100, 101). The number of somatic mutations in children with AML
was significantly lower than in adult AML (5 per pediatric sample versus 10-13 per adult

sample) (100).

Despite the comprehensive characterization of the genome of pediatric AML in the past
decades, novel recurrent mutations can be discovered even nowadays. In 2021, Stratmann
et al. identified in-frame internal tandem duplications in the UBTF gene as a recurrent
event in children with relapsed AML, as it was found in 12% (3/25) of pediatric cases
(116). Tandem duplication (TD) in UBTF may be a previously underappreciated lesion
in pediatric AML, as most gene panels do not include this specific gene, and the length
of these duplications poses a challenge for most current NGS variant callers to detect
(116). In 2022, Umeda et al. performed a more comprehensive genetic and transcription
profiling of relapsed pediatric AML cases where they detected UBTF-TD in 8.8% of
patients, making it the third most common molecular feature in relapsed pediatric AML
cohort; that is striking, considering it has rarely been reported in the literature before (117-
119). It was shown that patients with UBTF-TD remained MRD-positive at the end of the
first induction treatment. Intermediate-risk cytogenetic abnormalities (i.e., normal
karyotype or trisomy 8) with the co-occurrence of FLT3-ITD or WTI mutations are often
observed in UBTF-TD AML cases. The co-occurrence of FLT3-1TD with UBTF-TD was
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associated with unfavorable clinical outcomes. UBTF-TD was stable as the disease
progressed and could be detected in the founding clone (117). Extended analysis of de
novo pediatric AML cases identified UBTF-TD in 4.3% (45/1,053) of de novo pediatric
patients, and all these cases lacked a concurring recurrent fusion oncoprotein (117). Given
the clonal nature of UBTF-TDs and their lack of co-occurrence with other oncogenic
drivers, it is plausible that UBTF-TDs could represent a new subtype-defining lesion in
AML (120).

1.1.3. Diagnosis and classification of AML

AML has a heterogeneous clinical presentation with nonspecific symptoms that make
recognition challenging. Signs and symptoms of AML result from leukemic infiltration
of the bone marrow and extramedullary sites. Patients commonly present with fatigue,
loss of appetite, recurrent fever, bone pain, swollen lymph nodes, or physical signs of
anemia (fatigue, pallor, headache, dyspnea on exertion), neutropenia (infections or fever),
or thrombocytopenia (easy bruising, petechiae). The most common symptoms are caused
by the excessive proliferation of leukemic blasts in the bone marrow, preventing the
normal production of red blood cells, platelets, and neutrophils. Disseminated
intravascular coagulation can occur in all subtypes of AML; however, it is much more
frequent in APL (104). Leukemic blasts can infiltrate extramedullary sites, leading to
lymphadenopathy, hepatomegaly, splenomegaly, disease in the skin (leukemia cutis),
gingiva, orbit, and rarely, testicular involvement can be observed (104). Patients with
high white blood cell counts might exhibit symptoms indicative of leukostasis, most often

affecting the lungs and brain.

Diagnosis of AML is suggested by the complete blood count with differential showing
pancytopenia, while examination of the bone marrow aspirate or biopsy can establish the
diagnosis. The diagnosis and classification of AML are based on morphological,
cytochemical analyses, immunophenotyping by flow cytometry, conventional
cytogenetic analysis, FISH, and molecular genetic testing. Immunophenotyping is a rapid
method to determine lineage and distinguish AML and ALL. Multiparameter flow

cytometry (MFC) identifies lineage and degree of maturation of leukemic blasts based on
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cell surface and intracellular markers. The minimum antibody panel requirement to fulfill
WHO criteria for diagnosis of AML includes CD34, CD117, CD11b, CDl1Ic, CD13,
CD14, CDI15, CD33, CD64, CD65, intracellular myeloperoxidase, I-lysozyme, CD41,
and CD61 (121). MFC plays a crucial role in diagnosis and the assessment of response to
treatment via the detection of MRD. Leukemic cells can present with an aberrant antigen
expression pattern called leukemia-associated immunophenotype (LAIP) that can be
detected at diagnosis and tracked during follow-up. The primary benefit of MRD
assessment through flow cytometry is its applicability to more than 90% of patients with

AML (122).

Conventional cytogenetic analysis is essential in evaluating AML, as identifying AML-
defining genetic alterations is crucial for the appropriate classification. If karyotyping
fails, FISH or real-time (RT) PCR are alternative methods to detect specific gene
rearrangements and chromosomal abnormalities. Identification of structural or numerical
chromosomal aberrations is essential as they can be closely related to prognosis and
survival, or they can lead to special treatment, as in the case of APL with
t(15;17)(q24;921) PML::RARA. In young children, it is essential to search for specific
translocations that appear in pediatric AML in a significantly higher frequency such as
t(7;12)(q36;p13) MNXI::ETVG, t(11;12)(p15;p13) NUPYS8::KDM5A and
t(1;22)(p13;q13) RBM15::MRTFA (7).

Molecular genetic testing must detect all the genetic abnormalities necessary to establish
diagnosis, risk stratification, and identify actionable therapeutic targets. Molecular
screening needs to cover both gene mutations and gene rearrangements. Patients with
NPM1 mutation and CBF-AML are recommended to undergo a baseline molecular
assessment by RT-PCR or droplet digital PCR (ddPCR) to facilitate MRD monitoring
following treatment (4, 107). In cases where AML with germline predisposition is
assumed, comprehensive testing of predisposing genes should be performed (4, 42, 123).
All pediatric patients must undergo a lumbar puncture with cerebrospinal fluid sampling
to rule out central nervous system (CNS) disease, contrary to the practice seen in adults,

where only patients with CNS symptoms are tested (4).
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Historically, AML has been classified based on morphology and defined according to the
French-American-British (FAB) classification system established in 1976. The FAB
classification utilizes criteria related to morphology and cytochemistry that is influenced
by the cell lineage and differentiation status. Nevertheless, due to the progress in
understanding the genetic background of acute leukemia, the latest classifications place
more emphasis on molecular criteria. Recently, novel AML classifications (Fifth edition
of the World Health Organization [ WHO] Classification of Haematolymphoid Tumours
and International Consensus Classification [ICC] of Myeloid Neoplasms and Acute

Leukemias) have been proposed (Table 1).

Table 1. Classification of AML according to the 5™ Edition of WHO Classification of

Haematolymphoid Tumours

Acute myeloid leukaemia with defining genetic abnormalities
Acute promyelocytic leukaemia with PML.::RARA fusion
Acute myeloid leukaemia with RUNX1::RUNXITI fusion
Acute myeloid leukaemia with CBFB::MYH11 fusion
Acute myeloid leukaemia with DEK::NUPZ214 fusion
Acute myeloid leukaemia with RBM15::MRTFA fusion
Acute myeloid leukaemia with BCR::ABLI fusion
Acute myeloid leukaemia with KMT2A rearrangement
Acute myeloid leukaemia with MECOM rearrangement
Acute myeloid leukaemia with NUP98 rearrangement
Acute myeloid leukaemia with NPMI mutation
Acute myeloid leukaemia with CEBPA mutation
Acute myeloid leukaemia, myelodysplasia-related
Acute myeloid leukaemia with other defined genetic alterations

Acute myeloid leukaemia, defined by differentiation

Acute myeloid leukaemia with minimal differentiation
Acute myeloid leukaemia without maturation

Acute myeloid leukaemia with maturation

Acute basophilic leukaemia

Acute myelomonocytic leukaemia

Acute monocytic leukaemia

Acute erythroid leukaemia

Acute megakaryoblastic leukaemia
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In the newest edition of the WHO classification, the most profound changes occurred in
AML, myelodysplasia-related (formerly known as AML with myelodysplasia-related
changes). Namely, the criterion of morphological dysplasia has been omitted due to its
lack of prognostic relevance, and a new mutation-based molecular definition has been
introduced, including a set of 8 genes (ASXL1, BCOR, EZH2, SF3B1, SRSF2, STAG?2,
U2AF1, ZRSR?2). Therefore, the presence of one or more cytogenetic or molecular
abnormalities and/or history of MDS or MDS/MPN is required for diagnosing AML,
myelodysplasia-related, without the need for morphological dysplasia (121).

I.1.4. Prognostic factors and risk stratification in pediatric AML

Accurate prognostication is one of the key factors for the successful treatment of AML.
Therefore, the intensity of post-remission therapy is mainly assigned according to the risk
of relapse to avoid excess toxicities. The outcome of AML varies widely, and both
patient-related and disease-related factors influence an individual's prognosis. Patient-
related pretreatment prognostic factors include age, performance status, and the presence
of clinically significant comorbidities. Age at diagnosis is prognostic as the survival rate
of children is superior compared to adolescents and young adults, while the clinical
outcome of older adults with AML is particularly dismal. Older individuals with AML
have a lower chance of achieving CR and face shorter disease-free survival (104).
Retrospective analysis of children (2 to <13 years), adolescents (13 to <21 years), and
young adults demonstrated significantly inferior 5-year EFS with increased age at

diagnosis (124).

Disease-related factors include the leukemic cells' cytogenetic and molecular genetic
profile and the quality of response to treatment. Establishing the molecular characteristics
of AML is crucial as both cytogenetics and molecular genetics are significant independent
predictors of prognosis and are the mainstay of the WHO classification of AML. Risk
classification of pediatric AML varied slightly between study groups, as there were no
published recommendations specific to children with AML. In 2012, an evidence-based
consensus recommendation for diagnosing and managing AML was developed (4). Risk

stratification relies heavily on recurrent cytogenetic alterations, with a handful of
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molecular genetic alterations. Genetic abnormalities with favorable risk includes
%(8;21)(q22;q22.1) RUNXI::RUNXITI, inv(16)(p13.1q22) or t(16;16)(p13.1;q22)
CBFB::MYHI11, t(15;17)(q22;921) PML::RARA, normal karyotype with NPMI or
biallelic CEBPA mutation, t(1;11)(q21;q23) KMT2A::MLLTI1 and GATAI mutation,
while complex karyotype, monosomy 7, monosomy 5/5q-, inv(3)(q21q26.2) or
(3;3)(q21;926.2) RPNI::MECOM, t(6;9)(p23;q34) DEK:NUP214, t(7;12)(q36;p13)
MNXI::ETV6, t(4;11)(q21;923) KMT2A::AFFI1, t(5;11)(q35;p15.5) NUP98::NSDI,
t(6;11)(q27;923) KMT2A4::AFDN, t(10;11)(p12;q23) KMT2A4::ABI1, %(9;22)(q34;q11.2)
and WT1 mutation with FLT3-1TD are associated with poor outcomes (4). Approximately
two-thirds of patients are categorized as intermediate risk, which comprises patients with
normal karyotypes, chromosome 1123 abnormalities, AMKL, and others with varying
clinical outcomes (58). This heterogeneity implies the presence of additional genetic
alterations not identified by cytogenetic analysis but still relevant in the clinical outcome

of patients with AML.

Risk classification systems of adult AML patients continuously incorporate novel
findings of comprehensive genomic profiling, such as those defined by the newest
European Leukemia Network (ELN) guideline (104). Unfortunately, adult risk
classifications cannot be entirely transferred to pediatric cases, as the cytogenetic and
genomic landscapes of pediatric and adult AML are fundamentally different (100, 115).
Several novel driver alterations, specific for pediatric AML, have recently been identified.
Nevertheless, these novel findings have not yet been included in the latest risk
stratifications. However, in 2024, Umeda et al. published a novel comprehensive
prognosis-related molecular classification system of pediatric AML with 23 molecular
categories (125). By applying transcriptome and genome profiling, they could classify
and risk-stratify 91.4% of patients instead of the 68.5% covered by the WHO
classification. This extensive framework for molecular diagnostics and prognostic
systems could be the foundation for risk assessment and refinement of treatment strategies

of pAML in the future.

Assessment of response to treatment is widely used to risk stratify patients as it is a strong

determinant of future outcomes. Complete remission (CR) is traditionally defined as <5%
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blasts in the bone marrow. More than 90% of children with AML achieve CR after
induction therapy; nevertheless, it is important to note that 30 to 40% of patients will
eventually experience overt relapse due to residual undetected disease. Therefore, the
need for more accurate methods emerged to evaluate treatment response, which led to the
determination of MRD. Traditionally, two MRD detection methods have been used in
routine clinical practice: MFC and PCR-based approach; however, next-generation
sequencing has recently been increasingly used in research studies. Both MFC-based and
real-time (RT) PCR-based MRD measurements are highly prognostic for long-term
survival. Two MFC-MRD methods exist to target leukemia cells: the LAIP method,
which is used by several study groups, and the different-from-normal (DfN) approach
utilized in the Children's Oncology Group (COG) studies. With the LAIP approach a
patient-specific antigen combination is selected at diagnosis, while a standardized panel
is employed in the DfN approach, which has the potential to be applicable to every patient
irrespective of the immunophenotype of leukemic blast at diagnosis and has the advantage
of independence from the stability of a diagnostic LAIP, enabling the detection of blasts
even if an immunophenotypic shift occurs. Regardless of the method applied, MRD
positivity at the end of induction therapies is considered the most reliable predictor of
poor outcomes (14). The PCR-based method is used to monitor specific translocations
and mutations quantitatively. Validated molecular MRD targets for quantitative RT-PCR
are PML::RARA, RUNXI::RUNXITI, CBFB::MYH]I1, and NPM1 mutation (107). The
main advantage of quantitative RT-PCR is its increased sensitivity compared to MFC.
The most significant issue of molecular MRD is that its application is limited in children,
as MRD targets are present in a minority of pediatric AML patients (7, 126, 127).
Consequently, due to its broad applicability, MFC-MRD is the preferred method for MRD
monitoring in pediatric AML, notwithstanding the fact that its sensitivity is lower (0.1-
0.01%) than molecular MRD (14).

I.1.5. Treatment of AML

Treatment of pediatric AML differs in many ways between the international cooperative
groups. There is no consensus on the cumulative doses of drugs, the kind of anthracycline
used, the number and intensity of treatment blocks, the intrathecal chemotherapy used for

CNS prophylaxis, and the indication for HSCT. Nevertheless, regardless of the varying
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strategies, the results are reasonably comparable. The prognosis of children with AML
has dramatically improved during the past decades. CR rates as high as 80% to 90%, EFS
rates up to 50%, and OS rates of 60% to 70% are now reported (4). The therapeutic
armamentarium of pediatric AML has remained essentially unchanged. Still,
advancements in treatment delivery and improvement in supportive care have facilitated
the use of optimally intensive therapy with reduced risk of morbidity and mortality. Better
salvage therapy following relapses has also played an essential role in improving OS.
Nevertheless, traditional approaches are likely to have reached their limits, as reflected in
the modest improvement in event-free survival (EFS) (15). Therefore, refinements in risk
stratification and integrating new molecular-targeted therapies into current treatment

protocols are essential.

The use of multi-agent combination chemotherapy continues to be the cornerstone of
treatment for AML. Current management includes induction chemotherapy with the aim
of reaching remission, followed by either consolidation chemotherapy or HSCT to
prevent future relapse (4). Therapy for pediatric AML has been extrapolated from adult
AML regimens. Since 1973, the standard of care induction therapy for adult AML patients
has been the combination of cytarabine and anthracycline. With the “7+3 regimen”
cytarabine is given by continuous intravenous infusion for 7 days, while an anthracycline
is administered for 3 days (128). Like the treatment of adult patients with AML, standard
induction chemotherapy in children is also based on the “7+3” regimen, but often a third
drug (e.g. etoposide) is added. Anthracyclines are the key elements in the treatment of
AML, but their total cumulative dose needs to be limited due to their cardiotoxic side
effects (129). CNS involvement in adult AML patients is relatively rare; however, in
children with newly diagnosed AML, the presence of AML cells in the cerebrospinal fluid
has been reported to be around 30% (130, 131). At relapse, 10% of patients had CNS
involvement, and without CNS prophylaxis, CNS involvement at relapse was 20% (132-
134). Due to the high frequency of CNS involvement in children with AML and the
challenging nature of management of patients with CNS disease, intrathecal prophylaxis

is indicated in children (4).
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Several studies investigated how the outcome of children with AML could be further
improved; however, most trials have failed to show a positive impact on survival.
Administration of high-dose cytarabine, different anthracyclines, or alternative cytotoxic
agents yielded no positive results. An exception is the incorporation of gemtuzumab
ozogamicin (GO), an anti-CD33 antibody-drug conjugate. CD33 is highly expressed on
leukemic cells in more than 80% of patients with AML (14). Consequently, GO can be
used for a broad range of patients, which makes it an appealing option. In the COG
AAMLO0531 randomized study, the addition of GO to induction therapy significantly
improved the EFS of pediatric patients with newly diagnosed AML (135). GO is approved
by the FDA for the treatment of de novo AML in patients aged one month or older, in
combination with standard chemotherapy, as well as patients with relapsed AML, and is
considered a standard treatment in the United States (136). Contrary to that, GO is only
approved in Europe for treating patients with newly diagnosed AML aged 15 years and
older (137).

Consolidation therapy is provided to all patients who achieve morphological CR to
consolidate the remission status. Drugs that are being used are almost the same as
induction chemotherapies, consisting mainly of cytarabine with or without anthracyclines
and/or other additional drugs (4, 15). Many of the questions regarding post-induction
chemotherapies still need to be solved, including the number of courses and the addition

of other cytotoxic drugs.

Maintenance therapy is established to be beneficial in many cancers (including ALL);
however, studies in pediatric AML did not confirm a survival benefit with maintenance
therapy (138). Thus, it is not part of the standard of care in most treatment protocols,
except for the Berlin-Frankfurt-Miinster (BFM) AML group. The BFM-AML group has
applied maintenance chemotherapy for decades; nonetheless, the overall results do not
differ significantly from those of other groups that do not use maintenance (134). In the
AML-BFM 2012 study, patients were allocated randomly to receive maintenance to
evaluate whether specific molecular subsets could benefit. The COG clinical trial
AAMLI1031 has been evaluating the potential benefit of maintenance with sorafenib, an

FLT3 inhibitor, to find that sorafenib improved the event-free survival and relapse rate of
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children with AML (139). Maintenance therapy is routinely used in selected patient
cohorts in the adult setting. Maintenance therapy with oral azacitidine (CC-486) and
hypomethylating agents (azacitidine, decitabine) is generally recommended for patients
with non-CBF-AML who are not eligible for allogeneic HSCT based on the positive
results of randomized trials (140, 141). FLT3 inhibitors (sorafenib, midostaurin,
gilteritinib, quizartinib) can also be offered for maintenance after allogeneic HSCT in

remission for patients with a history of FLT3-ITD mutation (142).

Allogeneic HSCT constitutes the most potent anti-leukemic therapy in AML. Donor-
derived cytotoxic immune cells eliminate residual leukemia cells after a prior
conditioning regimen known as the graft-versus-leukemia effect. Indication for allogeneic
HSCT during first remission depends on the risk-benefit ratio based on the disease's
cytogenetic and molecular genetic features and response to initial therapy. Treatment-
related mortality is approximately 10% to 15% if the patient is transplanted in first
complete remission (CR1) or second complete remission (CR2). Allogeneic HSCT
should be taken into account if the probability of relapse without the procedure is
predicted to be >35% (143). Therefore, HSCT is only recommended in CR1 for patients
with unfavorable genetic alterations or inadequate response to induction therapy. For
relapsed or refractory AML patients, allogeneic HCT offers the best chance for cure
(144). Due to better prevention and treatment of infections and graft-versus-host disease,
outcomes following transplant continue to improve, leaving relapse as the main reason

for treatment failure post-HSCT (145).

L.1.5.1. Targeted therapy in pediatric AML

Enhanced insights into the pathogenesis of AML, along with progress in molecular
genomic technologies, are facilitating the identification of novel drug targets and the
development of tailored, risk-adapted treatment approaches. Since 2017, the FDA has
approved 12 new drugs for the treatment of adult patients with newly diagnosed and
relapsed/refractory AML, including: FLT3 inhibitor midostaurin, gilteritinib, and
quizartinib; IDH inhibitor enasidenib, ivosidenib, and olutasidenib; BCL2 inhibitor
venetoclax; hedgehog inhibitor glasdegib; DNMT inhibitor CC486; menin inhibitor
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revumenib; CD33-directed antibody-drug conjugate gemtuzumab ozogamycin; and
liposomal daunorubicin and cytarabine combination CPX-351. Unfortunately, therapies
for AML are predominantly developed for adult patients; therefore, the utility and
availability of novel targeted therapies are highly limited for children. Several genetic
alterations have been identified that have the potential to be targeted by novel agents, and

many of these targets are relevant for both adults and children.

The anti-CD33 antibody-drug conjugate GO has been the only available approved
targeted agent in the treatment of pediatric AML until the very recent approval of menin
inhibitor revumenib. Phase 3 COG AAMLO0531 study showed that adding GO to
induction significantly improved the EFS of children with newly diagnosed AML (135,
146). GO is currently approved by the FDA for the treatment of newly diagnosed AML
patients aged >1 month, in combination with standard chemotherapy, as well as of
patients with relapsed AML, and is regarded as a standard of care in the United States.
Contrarily, GO is only approved in Europe for treating newly diagnosed patients with
AML aged >15 years (137). Other agents targeting CD33 are also under investigation in
clinical trials, such as CD33-targeted chimeric antigen receptor T cells and CD33xCD3

bispecific antibodies.

Mutations of FLT3 - encoding a receptor tyrosine kinase - are one of the most common
somatic mutations in AML; thus, it is a promising target for therapeutic intervention.
FLT3 inhibitors can be categorized into two generations according to their specificity for
FLT3 and into types 1 and 2 based on their mechanism of action. First-generation FL7T3
inhibitors (i.e., midostaurin and sorafenib) target a broader spectrum of tyrosine kinases,
leading to more off-target effects. In contrast, second-generation FLT3 inhibitors (i.e.
quizartinib, crenolanib, and gilteritinib) have enhanced selectivity for FLT3, resulting in
fewer off-target effects. Type 1 FLT3 inhibitors (midostaurin, gilteritinib, crenolanib) are
active against both FLT3-ITD and FLT3-TKD mutations. Type 2 inhibitors (quizartinib,
sorafenib) are effective only against FLT3-ITD mutations (147). COG trial AAML1031
evaluating sorafenib in combination with chemotherapy in pediatric AML with FLT3-

ITD mutations showed favorable effects on clinical outcomes (139). Phase 3 trial testing
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gilteritinib in combination with chemotherapy in de novo AML with activating FLT3

mutations and studies with quizartinib for relapsed/refractory AML are ongoing (147).

B-cell lymphoma 2 (BCL2) is an anti-apoptotic protein linked to the pathogenesis of
hematological malignancies. Venetoclax is a selective BCL2 inhibitor that induces the
apoptosis of leukemic cells. In adult patients with AML, venetoclax combined with
azacitidine and hypomethylating agents has shown significant efficacy (148). Several
ongoing phase 1/2 trials evaluate venetoclax in combination with high-dose cytarabine,

hypomethylating agents, and CPX-351 for children with R/R AML (147).

Promising new agents in the treatment of pediatric AML are menin inhibitors. Ongoing
phase 1/2 studies, including patients with KMT72A-rearranged and NPM[-mutated acute
leukemia, have shown encouraging clinical responses with the menin inhibitors SNDX-
5613 (revumenib) and KO-539 (ziftomenib), which target the KMT2A4 fusion protein
complex (149, 150). In November 2024, revumenib was approved by the FDA for
relapsed/refractory acute leukemia with KMT2A4 translocation in adult and pediatric

patients 1 year and older.

1.2. Hereditary myeloid malignancies

Familial predisposition to hematopoietic malignancies was initially described as a rare
entity; however, several novel predisposition genes have been identified due to the
increased use of NGS. Recently published studies using high-throughput sequencing
revealed that germline predisposition to myeloid neoplasms is more common than
previously appreciated, as an estimated 5% to 10% of patients with hematological
malignancy have an underlying genetic predisposition (31, 32, 151-153). This rate can be
even higher in specific patient subsets; for example, among adolescent and young adults
with MDS with chromosome 7 abnormalities related to germline GATA2 and
SAMDY9/SAMDOYL syndromes, the frequency of hereditary hematopoietic malignancies
can be as high as 50% (153). All patients with hematopoietic malignancy should be
assessed for underlying germline predisposition. However, in clinical practice, patients

are offered genetic counseling and testing if germline predisposition is highly suspected.
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The following few aspects can raise suspicion of germline disorder: (1) long-standing
history of cytopenia, (2) history of previous malignancy, (3) diagnosed with malignancy
at an unusually young age, (4) frequent or atypical infections, (5) physical features
indicative of germline predisposition syndrome (abnormal nails or hair) (6) family history
of bleeding, easy bruising, cytopenias or hematopoietic / young-onset solid tumors (123).
Myeloid neoplasm with germline predisposition has been included in the WHO
classification as a unique entity with three main subtypes: myeloid neoplasm with
germline predisposition (1) without a pre-existing platelet disorder or organ dysfunction
(CEBPA, DDX41, TP53 variants), (2) with pre-existing platelet disorder (RUNXI,
ANKRD?26, ETV6 variants) and (3) with potential organ dysfunction (121, 154). The latter
category was extended in the 5™ edition of the WHO classification, including germline
GATA2 variant, inherited bone marrow failure syndromes, telomere biology disorders,
RASopathies, MIRAGE syndrome, SAMD9L-related Ataxia Pancytopenia Syndrome,
and Bloom syndrome (Table 2) (121).

The diagnosis of hereditary predisposition to myeloid neoplasms has profound clinical
significance for the patients and their relatives, as it influences therapeutic decision-
making such as donor selection for allogeneic HSCT, the choice of conditioning regimen
before transplantation, appropriate genetic counseling, and cancer surveillance for

relatives at-risk (155).

Inherited myeloid neoplasms show significant heterogeneity in penetrance, age of onset,
and clinical characteristics (156). People carrying variants linked to germline
predisposition have an elevated lifetime risk of developing myeloid malignancies. The
clinical outcome of germline variant carriers can differ widely even within family
members with the same variant, suggesting that acquiring somatic mutations influences
individuals' risk for developing hematopoietic malignancy (157). Despite advances in the
identification of germline variants, our understanding of the pathogenesis — including the
additional somatic mutational landscape presumably responsible for variability in
penetrance - and recognition of individuals at the highest risk for developing myeloid

malignancies remains incomplete.
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Table 2. WHO classification of myeloid neoplasms associated with germline
predisposition.

Myeloid neoplasms with germline predisposition without a pre-existing platelet
disorder or organ dysfunction

* Germline CEBPA P/LP variant (CEBPA-associated familial AML)

» Germline DDX41 P/LP variant

* Germline 7P53 P/LP variant (Li-Fraumeni syndrome)

Myeloid neoplasms with germline predisposition and pre-existing platelet disorder

* Germline RUNX] P/LP variant (familial platelet disorder with associated
myeloid malignancy, FPD-MM)

» Germline ANKRD26 P/LP variant (Thrombocytopenia 2)

* Germline ETV6 P/LP variant (Thrombocytopenia 5)

Myeloid neoplasms with germline predisposition and potential organ dysfunction

* Germline GATA2 P/LP variant (GATA2-deficiency)
* Bone marrow failure syndromes
o Severe congenital neutropenia (SCN)
o Shwachman-Diamond syndrome (SDS)
> Fanconi anaemia (FA)
* Telomere biology disorders
* RASopathies (Neurofibromatosis type 1, CBL syndrome,
Noonan syndrome or Noonan syndrome-like disorders
* Down syndrome
* Germline SAMDY P/LP variant (MIRAGE Syndrome)
* Germline SAMDYL P/LP variant (SAMDO9L-related Ataxia
Pancytopenia Syndrome
* Biallelic germline BLM P/LP variant (Bloom syndrome)
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II. OBJECTIVES

The specific objectives of my PhD work were as follows:

e To perform a comprehensive genetic characterization of pediatric patients
diagnosed with AML using panel-based targeted next-generation sequencing for

the first time in a Hungarian patient cohort.

e To investigate the cytogenetic profiles of pediatric AML patients and the

relationship between cytogenetic alterations and somatic mutations.

e To evaluate the clinical impact of the identified genetic alterations on event-free

and overall survival.

e To provide a comparative analysis of genetic alterations detected in relapsed

patients at the time of diagnosis and relapse.

e To evaluate the mutational landscape of inherited myeloid malignancies with the

aim of uncovering genetic lesions contributing to disease development
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III. METHODS

II1.1. Patient samples

Seventy-five patients with pediatric AML were included in this study, with a female:male
ratio of 1:1.2. The median age at diagnosis was 9.0 years (range, 0 to 17 years), and the
median white blood cell count was 8.9x10%/L (range, 0.51 to 348x10°/L). Diagnostic bone
marrow (n=70) or peripheral blood (n=2) samples from 72 children diagnosed with AML,
as well as skin (n=1) or lymph node (n=2) samples from 3 children diagnosed with
extramedullary AML, were analyzed. Diagnoses were established based on morphologic,
immunophenotypical, and genotypical criteria at the Department of Pathology and
Experimental Cancer Research, Semmelweis University, in the Department of Pathology,
University of Pécs, or in the Department of Pathology, University of Debrecen, between
2003 and 2021 according to the classification system of WHO (154). Patients were risk
stratified and treated according to Berlin-Frankfurt-Miinster (BFM) protocols, including
AML-BFM 98, AML-BFM 2004, AML-BFM 2012, and AML-BFM 2019
(Supplementary Table S1). In addition to the diagnostic samples of 75 patients, nine
samples drawn at the time of the first relapse and three samples drawn at the second
relapse were investigated. The median follow-up time was 23.8 months (range, 0.2 to
205.0 months). Additional clinical characteristics of patients are summarized in
Supplementary Table S1. DNA was extracted from the corresponding specimens (bone
marrow, n=79; peripheral blood, n=3; skin, n=1; lymph node, n=2; and cerebrospinal
fluid, n=1) using the High Pure PCR Template Preparation K/7 (Roche Life Science,
Indianapolis, IN). Extracted DNA was quantified by using the Qubit dsSDNA HS assay
KIT and Qubit 4.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA). The study was
approved by the Ethics Committee of the Hungarian Medical Research Council (IV/51-
1/2022/EKU). Written informed consent from the patients and/or from the parents or
guardians were obtained for the study, which was conducted in accordance with the

Declaration of Helsinki.

In the frame of an international collaboration, DNA samples from well-characterized
MDS/AML families >2 members were diagnosed with a hematological disorder, of which
>1 case was specified as MDS/AML were included in this study. Overall, DNA samples

from 51 individuals from 33 families were available. Of the 51 individuals, 16 were
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diagnosed with AML, 22 MDS, 1 thrombocytopenia (TCP), 7 bone marrow failure
(BMF), 1 lymphoedema, 1 had abnormal lymphocyte subsets, and 3 were asymptomatic
carriers. Each individual carried a germline variant in 1 of 13 discrete loci known to
predispose to familial MDS/AML (158). The median age of onset was 30 years (range,
1-76 years). The age of onset of MDS/AML was highly variable and dependent on the
nature of the germline mutations. RUNX1, CEBPA, and GATA2 families exhibited early-
onset MDS/AML, with a median age of 10, 18, and 21 years at presentation, respectively,
compared with TERT/TERC, SRP72, and DDX41 families who had a longer latency and

a median age of 41.5, 51 and 56 years, respectively.

I11.2. Cytogenetic analysis

Cytogenetic aberrations were determined by conventional G-banding and FISH to detect
abnormalities related to AML. Probes for t(8;21)(q22;q22) RUNXI::RUNXITI
(ZytoVision, Bremerhaven, Germany), inv(16)(p13.1q22)/t(16;16) (p13.1;922)
CBFB::MYHI1 (Abbott Molecular, Des Plaines, 1L); t(15;17)(q22;q12) PML::RARA
(ZytoVision), and 11923 KMT2A rearrangements (ZytoVision) were used for FISH
analysis. A complex karyotype was defined as three or more chromosomal aberrations in
the absence of the recurrent AML genetic aberrations defined by using the World Health
Organization classification, including %(8;21)(q22;922),
inv(16)(p13.1922)/t(16;16)(p13.1;q22), t(15;17)(q22;q12), t(6;9)(p23;q34.1),
KMT2A4/11923 rearrangement, or t(9;22)(q34;q11.2). Patients with CBF-AML
characterized by inv(16)(p13;1q22), t(16;16)(p13;922), t(8;21)(q22;922), and t(15;17)
(q24;921) were categorized in the favorable risk group; complex karyotype, monosomy
7, 1(6;9)(p23;q34.1), inv(3) (q21926), t(4;11)(q21;923), t(6;11)(q27;23), and t(10;11)
(p12;923) were considered as adverse prognostic markers. Patients with normal
karyotype and cytogenetic abnormalities not included in the aforementioned subgroups

were classified into the intermediate-risk group.

II1.3. Assessment of FLT3-ITD and CEBPA Mutational Status

Mutation analysis of FLT3-ITD was performed from genomic DNA using primers
adapted from Kottaridis et al. (11F: 5’>-FAM-GCAATTTAGGTATGAAAGCCAGC-3’;
12R: 5’-CTTTCAGCATTTTGACGGCAACC-3’) (159). Fluorescently labeled PCR
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products were analyzed using a capillary electrophoresis 3500 Genetic Analyzer (Thermo
Fisher Scientific) and GeneMapper software 5 (Thermo Fisher Scientific). The mutant
FLT3-ITD allelic burden was calculated as the ratio of area under the mutant versus wild-
type FLT3 peak. For the assessment of the mutation status of CEBPA, the entire coding
sequence was amplified by using three overlapping PCR fragments with previously

described primer pairs and analyzed by bidirectional Sanger sequencing (160).

I11.4. Targeted next-generation sequencing and bioinformatic analysis

Targeted NGS was performed using the TruSight Myeloid Sequencing Panel (Illumina,
San Diego, CA) covering 54 leukemia-associated genes (Table 3). Individual libraries
were prepared from 50 ng of genomic DNA according to the manufacturer’s
recommendations. DNA extracted from peripheral blood mononuclear cells of 15 healthy
volunteers with normal complete blood profiles was used as negative control subjects.
After quality control and equimolar pooling, libraries were sequenced on a NextSeq 550
platform (Illumina) using v2.5 chemistry with 150 bp paired-end configuration. For the
pediatric AML cohort, raw sequencing data generated from TruSight Myeloid libraries
were analyzed by using the TruSeq Amplicon app in BaseSpace Sequence Hub
(Illumina). After demultiplexing and FASTQ file generation, reads were aligned against
the GRCh37 reference human genome with a custom banded Smith-Waterman aligner.
Single-nucleotide polymorphisms and short insertions or deletions were identified using
the  Genome  Analysis  Toolkit (Broad  Institute, Cambridge, MA;
https://gatk.broadinstitute.org).

Variants were further processed by using a custom Snakemake pipeline. SnpSift version
4.3t (https://pcingola.github.io/SnpEff) was used for annotating variants with dbSNP
version 20180423 (https://www.ncbi.nlm.nih.gov/snp), ClinVar
(https://www.ncbi.nlm.nih.gov/clinvar, last accessed July 6, 2020), or COSMIC version
92 (https://cancer.sanger.ac.uk/cosmic) coding mutations. In addition, ENSEMBL VEP
(https://www.ensembl.org/info/docs/tools/vep/index. html, last accessed June 26, 2020;
annotation data set downloaded at the same time) was used for annotating variant
consequences or impact, and allele frequency data from the 1000 Genomes, gnomAD, or
NHLBI GO Exome Sequencing Project (ESP). For reliable detection of high-confidence

mutations, variants were filtered based on several criteria: for each sample, variants were
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excluded if coverage was <100 reads, <20 reads supported the variant allele, or the variant

allele frequency (VAF) was <5%. Synonymous variants and known single-nucleotide

polymorphisms were excluded (based on an overall population allele frequency of >1%

according to the gnomAD database).

Table 3. List of genomic regions captured by the [llumina TruSight Myeloid Sequencing Panel.

Gene Targeted Region
(exon)
ABLI 4-6
ASXLI 12
ATRX 8-10,17-31
BCOR full CDS
BCORLI1 full CDS
BRAF 15
CALR 9
CBL 8,9
CBLB 9,1
CBLC 9,1
CDKN24 full CDS
CEBPA full CDS
CSF3R 14-17
CUXI full CDS
DNMT3A full CDS
ETV6/TEL full CDS
EZH?2 full CDS
FBXW7 9-11
FLT3 14,15,20
GATAI 2
GATA2 2-6
GNAS 8,9
HRAS 2,3
IDH]I 4
IDH2 4
IKZF1 full CDS
JAK? 12,14

Gene Targeted Region
(exon)
JAK3 13
KDMG6A full CDS
KIT 2,8-11,13,17
KRAS 2,3
KMT2A4 (MLL) 5-8
MPL 10
MYDSS 3-5
NOTCH1 26-28,34
NPM1 12
NRAS 2,3
PDGFRA 12,14,18
PHF6 full CDS
PTEN 5,7
PTPNII 3,13
RAD21 full CDS
RUNXI full CDS
SETBPI 4 (partial)
SF3B1 13-16
SMCIA 2,11,16,17
SMC3 10,13,19,23,25,28
SRSF?2 1
STAG?2 full CDS
TET? 3-11
TP53 2-11
U2AF1 2,6
WTI 7,9
ZRSR2 full CDS

The variants were filtered according to different criteria in the cohort of patients with

inherited myeloid malignancies. All variants in the 1000 Genomes project (1000G) or

NHLBI GO-ESP with a frequency of >0.5% were removed and retained non-synonymous

exonic or splicing calls with a variant allele frequency greater than 5%. Variants that
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occurred in 10 or more samples or those with a sequencing depth less than 20 were

removed. The mean sequencing depth was 1300 reads/locus.

I1L.5. Droplet Digital PCR

Screening and quantitative assessment of the FL73 p.D835Y mutation were performed
by ddPCR wusing a mutation-specific assay for FLT3 p.D835Y (assay ID:
dHsaMDV2010047; Bio-Rad Laboratories, Hercules, CA). Reactions were performed
according to the manufacturer’s recommendations. Droplets were generated by using the
QX200 Automated Droplet Generator (Bio-Rad Laboratories) followed by fluorescent
signal detection with the QX200 Droplet Reader system (Bio-Rad Laboratories). Results
were evaluated and quantified by using QuantaSoft software version 1.7 (Bio-Rad
Laboratories). The allelic burden of the mutation was defined as fractional abundance
calculated from the ratio of the number of mutant DNA molecules (a) and the total number
of mutant (a) plus wild-type (b) DNA molecules detected: fractional abundance Z a/(a +
b). The sensitivity of the ddPCR analysis was assessed for each sample; the lower limit

of the quantitative range could ubiquitously be determined as 0.01%.

II1.6. Statistical Methods

EFS and OS were estimated by using the Kaplan-Meier method and compared statistically
by using the log-rank test. CR was defined as <5% blasts in the bone marrow, no evidence
of leukemia at any other site, and evidence of regeneration of normal hematopoietic cells.
OS was calculated from the date of diagnosis to exit or last follow-up. EFS was calculated
from the date of diagnosis to the first event (induction failure, relapse, or death) or to the
date of the last follow-up (death from early toxicity was excluded). Patients who failed to

achieve CR on day 60 were considered as treatment failures.
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IV. RESULTS
IV.1. Genomic characterization of patients with pediatric AML

IV.1.1. Cytogenetic profiles of pediatric AML patients at diagnosis

Cytogenetic analysis is essential for the classification and prognostication of AML;
therefore, it was performed as part of the standard-of-care diagnostic workup.
Cytogenetic results were available in 71 out of 75 patients with normal karyotype detected
in 22.5% (n=16) of the patients. KMT2A-rearrangements were the most frequently
observed (n=16, 22.5%) cytogenetic aberrations, followed by CBF-rearrangements
(n=10, 14.1%): t(8;21) translocations (n=7) and inv(16)/t(16;16) alterations (n=3). Eleven
patients had karyotypes associated with adverse prognosis (complex karyotype,
monosomy 7, t(6;9) or inv(3)). Twenty percent of the patients (n=15) were characterized
by ‘other’ aberrations (i.e. cytogenetic abnormalities not classified in the above-
mentioned subgroups) (Figure 2). The cytogenetic categories showed age-related
distribution with younger children harboring KMT2A-rearrangement and ‘other’
aberrations more frequently, while the abundance of CBF-rearrangements and adverse

karyotype increased with age (Figure 3).
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Figure 2. Pie chart showing the frequency of the major cytogenetic subgroups in pediatric AML.
Favorable risk cytogenetic groups are shown in shades of green, the poor risk groups in shades of

red, while shades of blue indicate intermediate risk subgroups.
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Figure 3. Distribution of the cytogenetic subgroups according to age groups. Cytogenetics
appeared different according to age groups with younger children harboring KMT2A4-
rearragement and ‘other’ aberrations more frequently, while the ratio of CBF-rearrangement

increased with age.

IV.1.2. Targeted NGS-based mutation profiling of pediatric AML at diagnosis

Targeted NGS with an average allelic depth of 4,960x revealed in total 154 single
nucleotide variants (SNVs) and short insertions/deletions in the diagnostic samples of 74
patients. The number of mutations identified in patients at diagnosis showed uneven
distribution across specific cytogenetic subgroups, although these differences were not
statistically significant (Figure 2). Median number of mutations per patient was 2.0
(range: 0-18) with the highest rate of mutations in CN-AML (3.0) and the lowest in
KMT2A-rearranged AML (1.0) (Figure 4). In terms of mutation classes, missense and
frameshift mutations were the most commonly detected, followed by duplications and

splice site variants (Figure 5-6).
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Figure 4. Number of mutations detected at diagnosis according to cytogenetic subgroup. The

highest mutation rate was detected in normal karyotype AML and karyotypes associated with

adverse prognosis.

10%

frameshift

inframe deletion
inframe insertion
missense

%% protein altering variant
splicing

nonsense

duplication

T
1%

53%

Total=178

Figure 5. Pie chart showing the distribution of mutation types in the diagnostic samples of 74
pediatric AML patients. Frequencies are based on the results of NGS analysis (n=154), fragment
analysis of FLT3-ITD (n=17) and Sanger sequencing of CEBPA (n=7).
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Figure 6. Bar graph depicting the total number of mutations detected in individual genes ranked

in order of recurrence. Different colors distinguish between mutation types.

Distribution of VAFs showed heterogeneity with most genes being affected by both
subclonal and clonal alterations. Mutations in ASXLI, CBL, ETV6, IDHI and NPM]I
emerged with a VAF of >30% in all cases (Figure 7). Overall, 83.8% of patients (62/74)
carried at least one mutation in genes analyzed by NGS. Considering all genetic

alterations detected by different modalities including cytogenetics, aberrations were

identified in 98.6% (73/74) of patients.
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Figure 7. Variant allele frequencies in individual genes across the 40 genes analyzed by NGS.
The most common class of mutations involved genes controlling kinase signaling (36.7%;

n=65) and encoding transcription factors (20.9%; n=37), followed by chromatin
modifiers (15.3%; n=27), tumor suppressors (9.6%; n=17), DNA methylation (5.6%;
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n=10), cohesion genes (5.6%; n=10) and RNA splicing (3.4%; n=6). Figure 8A depicts
the pairwise co-occurrence of the mutations in the different functional subgroups.
Mutations associated with activated signaling commonly emerged together and with
mutations of genes encoding transcription factors and epigenetic modifiers, while NPM1
and epigenetic modifier mutations were mutually exclusive (Figure 8B). Mutations of

kinase signaling genes were found in 60.8% of patients spread across all subtypes.
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Figure 8. (A) Circos plot diagram illustrating the pairwise co-occurrence of molecular aberrations
based on the functional groups. (B) Mutations associated with activated signaling commonly

emerged together and with mutations of genes encoding transcription factors and epigenetic
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modifiers. Mutations of tumor suppressor genes occurred concomitantly with mutations of other

functional groups.

Of the 54 genes examined, 40 genes were altered in our cohort, with 17 genes recurrently
mutated in over 5% of patients (Figure 9). FLT3 (24%, 18/74), NRAS (14%, 10/74) and
GATA2 (11%, 8/74) represented the most frequently mutated genes (Figure 9-10). FLT3-
ITDs were detected in 14.9% (11/70) of the diagnostic patient samples, including a total
of 17 FLT3-ITD mutations with median allelic ratio of 0.09 (range: 0.02 - 4.91). At the
same time, the length of ITD varied between 6 and 96 base pairs (Table 4). The majority
(63.6%; 7/11) of FLT3-ITD+ cases carried a single mutation, while 18.2% (2/11) of
patients harbored two, and 18.2% (2/11) three mutations. As expected, FLT3-ITD
mutations were predominantly present in patients with CN-AML (27%; 4/15) and CBF-
AML (20%; 2/10).

w
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Percent of samples mutated (%)

Figure 9. Bar plot showing mutations ranked by frequency of mutations in patients.

Following FLT3-ITD mutations, alterations of the TKD of FLT3 were the most frequently
observed, as FLT3-TKD mutations were present in 8.1% (6/74) of patients: mutations
occurred in codons 835 (n=4), 836 (n=1) and 841 (n=1). Of the six patients with FLT3-
TKD mutation, 4 patients had KMT724-rearrangement. Conversely, 31.0% (5/16) of
patients with KMT2A4-rearrangements harbored FLT3 mutation, and interestingly, no
FLT3-1TD, only FLT3-TKD mutation was found in this subgroup. Additionally, a single

patient harbored a point mutation at the juxtamembrane domain of FLT3.
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Table 4. FLT3-ITD mutations detected by fragment analysis.

Diagnosis / Number oi.' FLT3- FLT3-ITD Allelic ratio
Table Relapse ITD mutations per length (bp) (FLT3-
sample TD/FLT3wt)
P10 Diagnosis 1 51 0.09
P19 Diagnosis 2 21 1.57
P19 Diagnosis 2 51 6.25
P22 Diagnosis 1 30 0.02
P31 Diagnosis 1 36 4.68
P31 Relapsel 1 36 0.59
P31 Relapse?2 1 36 12.04
P34 Diagnosis 1 87 0.44
P36 Diagnosis 2 30 0.02
P36 Diagnosis 2 75 0.17
P37 Diagnosis 1 39 0.78
P38 Diagnosis 3 21 0.02
P38 Diagnosis 3 30 0.02
P38 Diagnosis 3 48 0.57
P41 Diagnosis 3 45 0.08
P41 Diagnosis 3 57 0.31
P41 Diagnosis 3 69 0.02
P43 Diagnosis 1 96 0.09
P53 Diagnosis 1 6 0.02
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Figure 10. Heat map displaying the somatic variants detected in the 54 target genes analyzed
in the diagnostic samples of 74 pediatric AML patients. [llustrated is the distribution of the
somatic variants, age groups, and cytogenetic profiles as determined by karyotyping or FISH, as

well as the mutation frequency of the individual genes for all cases.

RAS pathway mutations (NRAS, KRAS, PTPN11, CBL) were present in 27.0% (20/74) of
patients and mainly occurred in KMT72A-rearranged cases and CN-AML. Most NRAS
mutations (7/10) were found at codon 61, while mutations at codons 12 and 13 were
detected in 2 and 1 case, respectively. The median VAF of NRAS mutations was 35% (7-
74%).

NPM1 mutations were detected in 6.8% (5/74) of patients. Of the 5 mutations, 4 have
been previously reported: 3 patients had type A mutation (c.863 864dupTCTG), 1 patient
had type J mutation (c.863 864insCCGG), and one patient presented with a novel NPM1
mutation (c.869 873delinsCCCTTTCCC). Four out of 5 patients with NPMI mutant
harbored concomitant FL73 mutations. NPMI mutation was associated with normal

karyotype (p=0.0015), in line with previous publications.

KDM6A mutations were present in 8.1% of patients (6/74) at diagnosis with close
association with CBF rearrangements, as 30% (3/10) of patients with CBF-AML harbored
KDM6A mutations (p=0.0343). Notably, KDM6A4 mutations were restricted to patients
with t(8;21) AML, while they were absent in inv(16)/t(16;16)). Regarding CBF-
rearranged AML, no enrichment of K/7 or RAS mutations was found in this subgroup of

our cohort.

Besides genes with known mutational hotspots (NRAS, FLT3, IDHI, ASXLI, SRSF2)
recurrent variants were detected in CUXI and BCORLI genes. CUXI c.1573C>G
p.Leu525Val and c.1613A>G p.Asp538Gly variants were detected in 2-2 patients,
respectively, with VAFs ranging from 6% to 44%. Overall, CUXI/ mutations were
detected in 8% (6/74) of patients, predominantly associated with CN-AML (5/6;
p=0.0013). Nine percent (7/74) of patients carried BCORLI mutations, including a
recurrent frameshift mutation (c.2541del p.Ser848ValfsTer5) identified in 3 patients

previously not described.
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The entire coding region of CEBPA gene was screened in 68 patients. CEBPA mutations
were detected in 3 patients (4.4%), all of whom harbored both N- and C-terminal type of
mutations. Two novel frameshift mutations were identified (c.950 953delinsACCTT
p.Leu317HisfsTer4; ¢.691 701del p.Val232AlafsTer85) in our cohort. Out of the three
CEBPA mutant children two had de novo AML with normal karyotype, and one patient
presented with therapy-associated AML with complex karyotype.

IV.1.3. Comparative analysis of mutation profiles at diagnosis and relapse

To uncover progression related changes in mutational profile, targeted NGS analysis was
performed on matched diagnosis-relapse samples of 8 patients with pediatric AML.
Overall, 9 first relapse samples and 3 second relapse samples were analyzed (in a single
case no diagnostic DNA sample was available). The relapse samples carried a slightly
higher number of mutations compared to the diagnostic samples, with an average of 2.5
mutations (range: 1-6) per sample in the relapsed cohort (vs 2.0 at diagnosis). 61.5%
(8/13) of initially detected mutations persisted at relapse, 38.5% (5/13) of mutations were
detected only in the diagnostic sample, while 65.4% of mutations (17/26 relapse
mutation) emerged during disease progression. Mutations that persisted from diagnosis
to relapse had a higher VAF at diagnosis compared with those that were eliminated at
relapse (median VAF at diagnosis: 30.7% vs 10.9%). However, due to the relatively
limited number of samples analyzed, this did not reach statistical significance. At relapse,
mutations were identified in 16 genes with WT1 (42%; 5/12), FLT3 (42%; 5/12), NRAS
(33%; 4/12) and NPM1 (25%; 3/12) representing the top four affected genes (Figure 11).
Comparison of the function of the affected genes at diagnosis and relapse unveiled
enrichment of mutations of genes affecting tumor suppression (44.4% vs. 16.2%) and

transcription factors (55.6% vs. 35.1%) at relapse.
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Figure 11. Heat map displaying the mutational status of nine patients at the time of diagnosis and
relapse. Stable mutations (i.e. present at diagnosis and relapse) and unstable mutations (i.e.
present either only at diagnosis or at relapse) are shown with different colors. (DNA was not
available from Patient #75 to perform NGS analysis at diagnosis, however, the NPM I mutational

status was known.)

Comparison of matching mutation profiles between clones dominating at diagnosis and
relapse revealed three different patterns: (i) completely identical mutational profiles were
observed in two patients (Patient #43, Patient #62) at diagnosis and relapse; (ii) in five
patients the founding clone in the primary tumor gained additional mutations and evolved
into the relapsed clone; (iii) while in a single patient the mutation profile slightly changed
from diagnosis to relapse, as the initially detected FLT3-TKD mutated subclone was

eradicated by the chemotherapy (Figure 11).
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Patient #75 relapsed >3 years following initial diagnosis and presented with an entirely
different leukemic clone regarding not only the mutation profile but also the
immunophenotype and the karyotype (Figure 12). At diagnosis, this patient presented
with CN-AML with NPM1 mutation (no DNA sample was available for targeted NGS),
while at first relapse, the NPMI mutation was eradicated, and in the meantime,
monosomy 7, NRAS, and WTI mutations emerged, raising the possibility that instead of
a clonally related relapse, the patient developed therapy-related AML. Following
allogeneic hematopoietic stem cell transplantation (alloHSCT) the patient experienced a
second relapse from the clone detected at the first relapse carrying monosomy 7 with a
newly acquired subclonal CUXI mutation (the presence of NRAS, WTI and CUXI
variants in the diagnostic sample could not be tested due to lack of DNA sample for

targeted NGS).

Patient #75

Age: 12 years
WBC: 4G/L .

FAB: M5 . > >
Karyotype: normal .
NPM1 Monosomy 7 Monosomy 7
NRAS: 38% NRAS: 46%
WT1: 26% WT1:37%
CUX1: 8%
AML BFM 98 AML BFM 2004 AlloHSCT ~ FLAG-IDA
|_ — J |
| | ||
4/2011 5/2014 4/2015 2/2019
do d29 d69 m3 mé mlo m20 m27 m37 m39 mdo méd m4s Death
FCM BM 40% 1% 3% 0.1% 1% 0% 0.3% 0.5% 53% 11% 0.9% 0% 73%

Figure 12. Detailed illustration of the clinical and genetic events from diagnosis to relapse.
Comparison of matching mutation profiles between clones dominating at diagnosis and relapse

revealed emergence of an entirely different leukemic clone.

Except for two patients (Patient #40 and Patient #3) who relapsed very early and showed
active clonal evolution, time from diagnosis until the first relapse suggested a prolonged
time requirement of clonal evolution from a founding clone compared to the quick return

of an identical clone at the time of relapse (median 24.5 vs 9.5 months. To gain further
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insights into the clonal dynamics, we studied Pt36, who had samples available from
multiple disease time points. The patient initially presented with NPM1, FLT3-ITD and
GATA2 mutations at diagnosis; 2 years later she eventually relapsed with a clone carrying
the original NPM1 mutation and a newly acquired BCOR mutation, and shortly after
achieving CR a second relapse evolved with the same NPM [ mutation accompanied by a
novel FLT3 D835Y mutation. Interestingly, FLT3 D835Y mutation was detectable by
ddPCR with a low VAF (1.67%) as early as the time of the first relapse. The mutation
was still present when the patient achieved CR2 with MRD positivity after two courses

of salvage chemotherapy (VAF: 0.19%) (Figure 13).

Patient #36

Age: 10 years —
WBC: 45G/L o .

FAB: MO _— [ ]
Karyotype: normal

NPM1: 61% NPM1: 59% NPM1: 67%
GATAZ2: 5% BCOR: 28% FLT3-TKD: 71%
FLT3-ITD: 0.3
o o
o o
AMLBFM 98 ‘D‘&. x#@‘;\‘“ O ‘(\?"Gé’ o
11/2015 2/2018 11/2018 2/2019
mo ml m22 m28 m29 m30 m31 m36 m38 m39
FCM 88% 0% 0% 36% 19% 1% 0.2% 91% 0,4% 0%
FLT3-TKD ddPCR 0% 0% 0% 1.7% 0.3% 0.2% 69%

Figure 13. Detailed illustration of the clinical and genetic events from diagnosis to relapse.
Comparison of matching mutation profiles between clones dominating at diagnosis and relapse
revealed branching evolution with the acquisition of additional mutations. Abbreviations: allo-
HSCT: allogeneic hematopoietic stem cell transplantation, AraC: cytarabine, Aza: azacitidine,
BFM: Berlin-Frankfurt-Miinster, ddPCR: droplet digital polymerase chain reaction, FAB:
French-American-British, FCM: flow cytometry, FLA: fludarabine, GO: gemtuzumab

ozogamicin, m:month, Nivo: nivolumab, TKD. tyrosine kinase domain, WBC: white blood cell
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IV.1.4. Evaluation of clinical outcomes of patients based on molecular profiles

At 5 years, the EFS and OS for the whole cohort proved to be 50.0% and 56.2% (Figure
14), respectively, with a median follow-up time of 23.8 months (range: 0.2-205). Risk
classification based on cytogenetics and mutational status of NPM1, CEBPA, FLT3-1TD
and WTI revealed that patients in the favorable-, intermediate and adverse-risk categories
had significantly different 5-year EFS and OS (EFS: 90% vs. 30% vs. 18%, p<0.0001;
08S:90% vs. 42% vs. 22%; p=0.0014) (Figure 15). Multiparametric flow cytometry MRD
follow-up data was available from 61 patients. CR after 2 courses of intensive
chemotherapy was reached by 91.8% (56/61) of patients, while three patients experienced

fatal complications during the induction therapy, and two patients were non-responders.
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100 100 —\
. 80 —\ T 804 \
2 = AY
= 5]
™ 2
S 60 RLL#—H% g 60— e e
2 —
7] o L
T 40 £ 40—
o -
S 3
20— w20
0 | T | | | 0 T | T T |
0 1 2 3 4 5 0 1 2 3 4 5
Time from diagnosis (years) Time from diagnosis (years)
Number at risk 74 48 37 33 26 20 Number at risk 74 45 34 28 20 15

Figure 14. Five-year (a) event-free survival and (b) overall survival rates of the total cohort.

Due to the small number of patients, assessment of the prognostic significance of
individual mutations was limited; only mutations in tumor suppressor genes (7P53,
PHF6, and WTI) were significantly associated with induction failures (Fisher exact test:
p=0.0039) and shorter three-year EFS (22.2% vs 61.2%; Fisher exact test: p=0.044)
(Figure 15).
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Figure 15. Three-year event-free survival of patients with wild-type tumor suppressor genes

and with tumor suppressor mutations.

We investigated the prognostic significance of early response to treatment on day 28.
AML BFM protocols define >20% blasts on day 28 as poor response to treatment. Using
this cutoff value, both the 5-year EFS and OS significantly differed between good and
poor responders (57.3% vs. 0%, p<0.0001; 64.2% vs. 28.6%, p=0.0414). We also
investigated whether lowering the blast cutoff to 5% and assessing the MRD status at
day 28 influence prognosis as evaluated by flow cytometry; however, interestingly, no

difference was observed in the 5-year EFS and OS of patients (data not shown).

Stratification based on AML-BFM protocols was the following: patients with
RUNXI::RUNXITI, CBFB::MYHI11, PML::RARA, normal karyotype with NPMI or
biallelic CEBPA mutations were categorized in the favorable subgroup. Patients with
complex karyotype (i.e. >3 aberrations), monosomy 7, t(6;9), inv(3), t(6;11), t(10;11) or
FLT3-ITD with WTI mutation belonged to the adverse risk group, with all remaining
patients categorized as intermediate risk. The 5-year OS was 90.0% for patients with
favorable prognosis, 42.3% for patients with intermediate risk and 22.2% among patients
with unfavorable prognosis (p=0.0014), while the EFS values in these risk groups proved
to be 90.0%, 30.0 and 18.5%, respectively (p<0.0001) (Figure 16).
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Figure 16. Five-year (a) event-free survival and (b) overall survival rates according to favorable
(yellow), intermediate (blue), and adverse (red) risk groups based on cytogenetic alterations and

mutational status of NPM1, CEBPA, FLT3-1TD, and WTI. Log-rank P value is indicated.
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In our cohort, 25.3% (19/75) of patients experienced relapse. Our cohort is representative
for patients with relapsed AML in terms of time to relapse (TTR) rates, as approximately
half of the relapses (57.9%; 11/19) were early relapses, occurring within 1 year after
diagnosis. Comparing the 3-year OS of patients with early and late relapse from the time
of relapse revealed significantly better prognosis for patients with late relapse (87.5% vs.

9.1%; p=0.0004; log-rank test) (Figure 17).

100
80—
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Time from diagnosis (years)
Number at risk
Late relapse 1 8 7 7
Early relapse 8 5 2 1

Figure 17. Three-year overall survival rates of patients with early (blue) and late (yellow)
relapses. OS was calculated from the time of relapse. Patients with late relapses had significantly

superior survival. Log-rank P value is indicated.
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IV.2. Assessment of acquired mutations in inherited myeloid malignancies

Targeted NGS with a mean allelic depth of 1,300 revealed in total 78 acquired mutations
corresponding to 27 genes. At least one acquired mutation was identified in 28/51
individuals. The median variant allele frequency of the acquired mutations was 11.7%
(range, 5.2-99.5%).

To better understand the spectrum of acquired mutations in inherited myeloid disorders,
in addition to our cohort, we performed an integrative analysis of the acquired mutations
in published families harboring germline variants in the same 13 predisposing loci.
Overall, 395 MDS/AML patients from 64 publications were included in the analysis. The
integrated results showed marked heterogeneity of acquired mutations in familial myeloid
malignancies. We found a high frequency of second-hit RUNXI, CEBPA, and DDX41
mutations in patients harboring these germline mutations. Monosomy 7, trisomy 8,
STAG?2 and ASXL I mutations were recurrently detected in GATA2 families, while CEBPA
families usually acquired secondary GATA2 mutations. Acquired 7P53 mutations were
present in a strikingly high 75% of patients with germline SBDS mutation, several of

whom encountered multiple 7P53 mutations.

Our study reveals a distinctive mutational pattern in TERT families for the first time. Four
families (FML) with germline TERT variants were included in our series (FMLO038,
FMLO039, FML040 and FMLO041), with overall six patients with aplastic anemia (AA)
(n=2), MDS (n=3) and AML (n=1), and three asymptomatic carriers.

Figure 18 shows a schematic representation of the location of the four TERT germline
variants: FMLO038 (p.Arg83Pro) and FMLO041 (p.His482Profs*27) harbor heterozygous
missense and truncating variants, respectively, within the RNA interacting domains,
while families FMLO039 (p.Arg631Gln) and FML040 (p.Pro785Leu) retained
heterozygous missense 7ERT variants located within catalytic reverse transcriptase
domain (RTD) responsible for maintaining telomere ends. A previous study showed that
carriers of the RTD TERT variants in FML039 and FML040 exhibit short telomeres and
abolished/reduced telomerase activity (161).
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Figure 18. Analysis of TERT families. (a) Schematic of the TERT protein. The location of
germline variants of 9 individuals in our series is depicted in relation to the RNA-interacting and
catalytic domain(s). Circles represent individual cases and are color-coded by disease phenotype.
(b)(c) Schematic representation of TERT families, FML040 and FML039. Black represents AML;
red, MDS; blue, bone marrow failure; and green, other cancers. Samples included for targeted
sequencing are indicated with an asterisk. (d) Variants identified in TERT families, FML040 and
FMLO039. Germline variant pattern (TERT, GATA2, NOTCH1), cooperating acquired mutations
with corresponding VAF and patient phenotype (AML, AA or asymptomatic) are indicated.
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A complex pattern of inheritance was observed in FML040, suggesting that germline
variants at three discrete loci, including TERT, NOTCH 1, and GATA2, may determine the
clinical presentation in this family (Figure 18D). Two offspring inherited TERT and
NOTCHI (p.Pro2128Leu) variants from the asymptomatic mother, including the index
case who developed secondary AML (I1.4), and her sister diagnosed with AA (IL.1).
Sibling II.1 also inherited a germline GATAZ2 variant (p.Prol14Ser) that was also present
in her asymptomatic sister (I[.2) which we assume was inherited from her father (LII).
Interestingly, in the index case with secondary AML (I1.4) acquired mutations in
NOTCH]I (p.Glul636Lys, Alal634Asp) and GATA2 (p.Phe400Leu) at low VAF could
also be detected. Therefore, our current model proposes that the onset of overt symptoms
may depend on the presence of both NOTCHI and GATA?2 variants since the symptom-
free mother (I.1) harbors a single NOTCH]I variant and the asymptomatic sibling (I11.2)
carries a single GATA?2 variant. In support of this model, we found that the index case in
family FMLO039 (II1.1), with AA and having a germline TERT variant, also retained two
acquired NOTCHI mutations (p.Pro2551fs, p.Ser2499delinsSerPro) and a GATA2
mutation (p.Glu398Lys) with low VAFs.
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V. DISCUSSION

Although the treatment efficacy of AML has improved during the past decades, primarily
owing to increasingly intensified regimens, refined allograft indications, and supportive
care, the clinical outcomes have plateaued, with 70% of patients achieving 5-year survival
(134, 162, 163). The genomic background of AML has been widely studied; however,
pediatric AML is less characterized as only a limited number of studies focused on
investigating the molecular landscape of children with AML at diagnosis (101, 119, 164-
168). Genomic profiling of pediatric AML unveiled a low tumor mutational burden
similar to adult patients, with some shared recurrently mutated genes. Nevertheless, the
spectrum of genetic alterations in pediatric and adult AML patients are remarkably
different, suggesting that the pathogenesis of pediatric AML differs from that of adult
AML (115, 164). Consequently, not all findings related to adult AML patients apply to
children, justifying the need to further investigate the mutation profiles of children with

AML.

Clonal chromosomal abnormalities are more common in pediatric AML compared to
adult cases, and many of these cytogenetic alterations have important implications for
prognosis (7, 58, 126, 169). The results of this study indicate that the distribution of
patients across different cytogenetic categories was in line with previous reports as
abnormal karyotype was detected in 77.5% (55/71) of pediatric AML patients, and
KMT2A-rearrangement and normal karyotype were the two most observed genotypes.
Due to the limited number of patients, analyzing the prognostic implications of individual
chromosomal abnormalities was not feasible. However, using cytogenetics for risk
classification effectively differentiated between groups with favorable, intermediate, and

adverse risks in our cohort.
Through the panel-based targeted NGS approach, we detected SNVs/indels in 83.8% of
patients. Furthermore, when these results were combined with cytogenetic data, we

observed at least one molecular aberration in 98.6% of patients.

Although the study focused on only a limited number of genes, the distinct combination

of mutations resulted in a unique genomic profile for each patient. As expected, the
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number of variants per case was relatively low, reflecting the low tumor mutational

burden previously observed in pediatric AML(164, 165).

Patients with KMT2A-rearrangement had fewer mutations than other subtypes of AML in
accordance with previously published studies (101, 167). KMT2A-rearrangement is
associated with early onset AML; however, in our cohort, more than half of patients with
KMT2A-rearrangement were older than 2 years. An increased number of mutations was
detected in patients with normal karyotypes and karyotypes associated with adverse
prognosis. In our cohort, the most common class of mutations involved genes that control
kinase signaling and encode transcription factors, while mutations in epigenetic
components or spliceosome complexes commonly occurring in adult AML patients were
present infrequently, in line with the literature (21, 170, 171). Comparison of the mutation
landscape revealed significant differences in the mutational frequencies in some affected

genes (Figure 19.).
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Figure 19. Differences in mutation frequencies of key myeloid genes in our cohort compared
with TARGET (Therapeutically Applicable Research to Generate Effective Treatments) AML
results. It should be noted that some of the differences in individual gene mutation frequencies
between the two cohorts may be attributed to the different sequencing technologies (deep targeted
next-generation sequencing versus whole-exome sequencing) used in these studies, as well as to
the limited size (n = 75) of our patient cohort. Notably, our cohort included five cases of Down
syndrome acute megakaryocytic leukemia and three cases of APL, whereas these entities were

absent from the TARGET AML cohort.
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RAS pathway mutations (NRAS, KRAS, PTPN11, CBL) occurred less commonly in our
cohort as 27% of patients carried a RAS pathway mutation at diagnosis compared to 40-
50% frequencies reported in the previous publications (101, 115, 164, 172). KIT
mutations were less frequently observed with only a single CBF-AML patient carrying
KIT mutation, while KIT mutations are detected at a significantly higher ratio (20-40%)
in pediatric CBF-AML patients in the literature (67, 68, 173).

In our cohort, BCORLI, CUX1, KDMG6A, PHF6, and STAG2 mutations were detected at
a higher frequency than in any other previous publications predominantly using whole-
genome sequencing (WGS) and whole-exome sequencing (WES) (101, 115, 164, 174).
Mutations in BCOR and its homologue, BCORL1 were first described in adult AML
presenting in 5-10% of patients - mostly detected in secondary- and therapy-related AML
- associated with inferior outcomes (175-177), while in children with AML, BCOR /
BCORLI mutations were present in only 2.9-3.4% of patients (101, 164, 167, 174).
Assessment of clonality using VAF values suggested that the vast majority of
BCOR/BCORLI mutations were subclonal that might explain the significantly higher
frequency of BCOR/BCORL I mutations in our cohort.

Interestingly, CUXI mutations detected in 8% of our cohort were not identified in the
previous WGS/WES-based pediatric AML studies and were detected only in a single
patient with pediatric AML by Tarlock et al. using deep-sequencing (115, 119, 164, 167).
CUX1 is a transcription factor regulating cell cycle progression and apoptosis and acts as
a haplo-insufficient tumor suppressor frequently impaired in myeloid neoplasms, mainly
through loss of chromosome 7 (21, 178, 179). CUXI mutations are associated with
inferior prognosis in myeloid malignancies, similar to the adverse outcome of -7/(del7q)
myeloid malignancies (178, 180). The higher frequency of CUXI mutations detected in
our cohort may be explained by the usage of deep sequencing, which enabled us to

identify CUX mutations even at a subclonal level.
KDM6A was recurrently altered in our cohort (8.1%) and associated with

RUNXI::RUNXITI-rearrangement, in contrast with previous publications where
KDM6A mutations were only described in 0.5-3% of pediatric AML patients and
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enrichment of KDM6A4 mutation has not been previously described in children with CBF-
AML (115, 119, 168). Nevertheless, studies on adult CBF-AML showed that mutations
of chromatin modifiers (including KDM6A as well) were observed almost exclusively in

AML with RUNX1::RUNXITI fusion (65, 181).

Another X-linked tumor suppressor gene recurrently mutated in our cohort was PHF6.
PHF6 mutations are rare events in pediatric AML as only 1.4-3.6% of patients harbor
PHF6 mutations with association with poor outcomes (101, 164, 182). Recently,
Stratmann et al. demonstrated that the mutational frequency of PHF6 was substantially
higher in relapsed or primary resistant patients than previously reported in diagnosis-only
cohorts (116). This finding supports the association of PHF6 mutations with poor

outcomes, also reported in our study and by Marceau-Renaut et al. (101).

Risk stratification of pediatric AML is mostly based on cytogenetics; however, some
recurrent mutations such as NPMI, CEBPA, FLT3-ITD with WTI are also included in
most risk classifications (4, 183). Recently, several publications suggested the
optimization of risk stratifications of AML by incorporating additional genetic lesions
(184-187). The newly published risk classification of the European LeukemiaNet
recommends mutational analysis of genes including BCOR, EZH2, SF3BI1, SRSF2,
STAG2, U2AF1 and ZRSR? as these alterations are associated with high-risk features and
adverse prognosis (104). Unfortunately, prognostic stratifications developed for adults
are not necessarily suitable for children. Nonetheless, these initiatives draw attention to
the clinical need to further investigate how newly identified molecular alterations of
pediatric AML could be incorporated in the current risk classifications. Most studies in
the field of pediatric AML focused on the prognostic significance of a single gene or a
subset of genes; however, with these approaches, the true heterogeneity of pediatric AML
could not be captured. Only a limited number of studies evaluated the prognostic
significance of mutations in childhood AML in the era of high-throughput sequencing.
The favorable prognostic impact of NPMI and CEBPA mutations has been well
established for many years, while the prognostic significance of other molecular
alterations is less defined (112, 127, 188, 189). Marceau-Renaut et al. demonstrated that
PHF6 and RUNXI mutations are associated with poor prognosis in childhood AML,
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while Umeda et al. showed that UBTF tandem duplication is a recurrent lesion in pediatric
AML and associated with poor outcomes (101, 117). Due to the limited size of our cohort,
the prognostic significance of individual mutations could not be comprehensively
investigated; still, results from our current analysis suggest that tumor suppressor gene
mutations (PHF6, TP53, WT1) are associated with induction failure and a trend toward
shorter EFS, although these findings will need to be confirmed in independent, larger

studies.

Our study also compared the mutational landscape of 8 matched diagnosis and relapse
pediatric AML samples using panel-based targeted NGS and revealed a slightly higher
number of mutations at relapse compared to the diagnostic samples and mutations
persisting at relapse had higher VAF at diagnosis compared with those that were
eliminated. Relapse-specific mutation could not be identified. However, mutations in
tumor suppressor genes and epigenetic modifiers occurred more frequently at relapse. In
five patients, relapsed AML evolved from one of the subclones detected at the initial
diagnosis and was accompanied by several additional mutations that were absent or
present at a lower allele frequency in the diagnostic sample, indicating the multistep
process of leukemia recurrence. In contrast, two patients relapsed early with seemingly
identical clones suggesting the incomplete eradication of leukemic cells by initial
treatment. Comparing the clinical outcomes of patients with early and late relapse
unveiled that patients with early relapse have significantly worse prognosis, suggesting
that identification and quantification of MRD may be of great importance as early

intervention and change of therapy may improve the clinical outcome of these patients.

Inherited myeloid malignancy is considered a rare disease entity that exhibits significant
heterogeneity in penetrance, age of onset, and clinical presentation. Genetic analysis of
affected families has clearly demonstrated that causative germline variants represent just
one piece of the puzzle, and to understand the clinical heterogeneity seen even within
families, it is inevitable to uncover the landscape of acquired mutations. In an
international collaboration, we studied the somatic mutational landscape of familial
myeloid malignancies, integrating the somatic profiling of 446 individuals from this study
with previously published families with inherited variants in 13 predisposition gene loci.

Our analysis demonstrated significant heterogeneity in acquired mutations and confirmed
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previous observations of the striking frequency of second-hit RUNXI, CEBPA, and
DDX41 mutations in patients harboring these germline variants (158). While we observed
enrichment of distinct acquired genetic alterations in specific subgroups, such as
recurrence of STAG2 and ASXL1 in GATA2 families, GATA2 mutations in CEBPA
families, and 7P53 mutations in patients with SBDS mutation, because of the
heterogeneity of acquired mutations, their overall frequency was low. Therefore,
recognizing the relevance of these infrequent secondary variants in this relatively rare

entity is challenging.

Analysis of four families with germline 7ERT variants revealed that the combination of
NOTCHI and GATA2 may act as a risk factor for development of myeloid disease.
Although the exact molecular mechanism for the functional interaction between TERT,
NOTCHI and GATA?2 has not been elucidated, it has previously been demonstrated that
telomerase affects NOTCHI signaling (190) while NOTCH]I directly controls the
expression of GATA2 (191). Further studies are needed to assess whether acquired
NOTCHI and GATA2 mutations play a crucial role in disease progression or if other

related mutations can also be found in families with germline TERT variants.

Our dataset has provided insights into the complex interplay between genetic lesions that
may contribute to disease development, particularly in the case of TERT-mutated
families, suggesting that a particular combination of germline and somatic co-occurring
variants may shape disease progression. Above all, there is an unmet need to include
familial loci for analysis in routine diagnostic panels to gain a better understanding of the

pathogenesis of both familial and sporadic disease.
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VI. CONCLUSIONS

The conclusions of my work are the following:

e We determined the mutational profile of a relatively large cohort of Hungarian
children diagnosed with AML by targeted next-generation sequencing for the first

time.

e Three novel mutations in NPMI and CEBPA genes and a recurrent BCORLI

mutation in three patients were identified.

e BCORLI, CUXI, KDM6A, PHF6, and STAG2 were found to be more frequently
mutated in pediatric AML than previously appreciated. Low VAFs of these

mutations suggest that these alterations are late events in leukemogenesis.

e CUXI was recurrently mutated in cytogenetically normal AML, while KDM6A4
mutations are significantly enriched in AML with RUNXI::RUNXITI fusion.

e Mutations of tumor suppressor genes (PHF6, TP53, WTI) were found to be

associated with induction failure and a trend towards shorter EFS.

e Comparing samples from diagnosis and relapse revealed significant enrichment
of mutations in tumor suppressor genes and genes involved in epigenetic

modification at relapse.

e Acquired mutational landscape of individuals with germline predisposition to

myeloid malignancy showed marked heterogeneity.

e Our study identified a novel mutational signature in 7ERT families for the first

time.

e The combination of NOTCHI and GATA2 mutations may act as a risk factor for

developing myeloid disease in patients with germline TERT variants.
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VII. SUMMARY

Our study focused on molecular genetic profiling of pediatric acute myeloid leukemia
(AML) and inherited myeloid malignancies using a panel-based targeted next-generation

sequencing (NGS) approach.

We performed an integrative analysis of cytogenetic and molecular profiles of pediatric
AML from a multicentric, real-world patient cohort. To the best of our knowledge, our
study is the first to characterize the mutational landscape of pediatric AML patients
treated according to AML BFM protocols in Central-Eastern Europe. Our results
demonstrate that childhood AML represents a distinct entity that differs from adult AML
regarding the spectrum of gene mutations. We identified three novel mutations in NPM1
and CEBPA genes and a recurrent BCORL I mutation in three patients. We demonstrated
that BCORL1, CUXI, KDM6A, PHF6, and STAG?2 genes were more frequently mutated
in pediatric AML than previously appreciated in earlier studies. Mutations of tumor
suppressor genes were associated with induction failure and a trend towards shorter EFS;
moreover, they were enriched in relapse samples alongside mutations of genes involved
in epigenetic modification. Our results suggest that targeted NGS is a robust tool for the
reliable detection of disease-relevant alterations that determine distinct genetic subgroups

of pediatric AML and are also associated with disease prognosis.

The somatic mutational landscapes of 51 individuals from 33 families with inherited
myeloid malignancy were analyzed using a panel-based targeted NGS approach. Our
analysis demonstrated significant heterogeneity in acquired mutations that explains the
clinical heterogeneity observed even within families with the same germline variant. Our
dataset has provided insights into the complex interplay between genetic lesions that may
contribute to disease development. We identified a novel mutational signature in TERT
families for the first time. The combination of NOTCHI and GATA2 mutations may act
as a risk factor for developing myeloid disease in patients with germline TERT variants.
Overall, our results demonstrate that a particular combination of germline and somatic
co-occurring variants may shape disease progression. Therefore, the investigation of
acquired mutations in inherited myeloid malignancies is essential to understand the
reason behind the significant heterogeneity in penetrance, age of onset, and clinical

outcome.
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