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Popular science summary of the thesis

About 7-8% of our body is made up of blood, an extraordinary tissue that flows
throughout the body and nourishes every organ. Blood is composed of
approximately 55% of plasma, the liquid part, and 45% of a cellular fraction which
comprise red blood cells, white blood cells, and platelets. Red blood cells, also
recognized as erythrocytes, have the role to transport oxygen from the lungs to all
tissues to then carry carbon dioxide back for exhalation. Platelets are essential for
clot formation, while white blood cells, also named as leukocytes, serve as key
players in immune defense. White blood cells are further divided into five main
subgroups: neutrophils, eosinophils, basophils, monocytes, and lymphocytes,
each with a specific role in protecting the body from infections and disease.

About 95% of blood cells are generated in the bone marrow through
hematopoiesis, a process in which hematopoietic stem cells self-renew and can
generate all the different types of blood cells mentioned above. Sometimes,
however, this finely tuned system can go wrong. When these marrow cells acquire
genetic mutations, they stop following the normal rules. The result is leukemia, a
blood cancer in which abnormal cells multiply uncontrollably and pile up in the
bone marrow and bloodstream. This overcrowding prevents healthy blood cells
from forming properly, disrupting the body’'s normal functions and leading to

serious health problems.

In this thesis, we focused on one particular subtype of leukemia called acute
myeloid leukemia (AML). This disease affects hematopoietic stem cells and early
myeloid progenitors, causing the abnormal accumulation of immature white blood
cells. The term “acute” indicates that the disease progresses rapidly and requires
urgent treatment. AML is the most common acute leukemia in adults, typically
affecting older individuals. The standard therapy is chemotherapy, aimed at
eliminating leukemic cells. However, many patients do not respond adequately,
and in some cases, the disease may return, a situation known as relapse. For this
reason, it is essential to deepen our understanding of AML and explore new

therapeutic strategies.

Therefore, in the first two studies, we focused on better understanding the role
exerted by a specific group of molecules, named long non-coding RNAs (IncRNAs),
in AML. Proteins are often considered the main players in biology, as they carry
out most of the vital functions within cells. Proteins are produced based on

instructions contained in DNA, which are first copied into RNA and then translated



into proteins. However, not all RNA molecules encode proteins: some, called non-
coding RNAs, still exert important roles in many biological processes. Among
these, INcRNAs are RNA molecules longer than 200-500 nucleotides, capable of
influencing gene expression in multiple ways. In cancers, including AML, these
molecules can become dysregulated, disrupting their normal balance and
contributing to the development or progression of the disease.

In study |, we performed genome-wide analyses comparing cells from AML
patients with those from healthy donors and identified 136 IncRNAs that were
expressed at different levels between the two groups. Among them, we
discovered a new IncRNA, which we named myeloid and AML-associated
intergenic INcRNA (MALNC). MALNC was found to be highly abundant in AML
samples, and its expression was even higher in certain AML subgroups carrying
specific genetic mutations, such as in acute promyelocytic leukemia (APL)
patients with the PML-RARA fusion gene or in those with NPMT/IDH2%%° mutations.
By analyzing patient data, we also observed that higher levels of MALNC were
linked to better overall survival, independently of other known prognostic factors.
However, functional experiments showed that MALNC mainly acts as an
oncogene, particularly in APL. In fact, MALNC promotes leukemic cell growth, while
its depletion makes cells more sensitive to differentiation treatments with ATRA
all-trans retinoic acid (ATRA) and arsenic trioxide (ATO), two drugs commonly
used in APL therapy. Finally, our results suggest that MALNC may be involved in
several important signaling pathways, not only the retinoic acid pathway essential
for the regulation of cell differentiation, but also those related to Rho GTPases,

showing that it may exert a broader regulatory role in AML biology.

In study Il, we used an advanced genetic approach called CRISPR interference
(CRISPRI) to investigate the function of nearly 8,000 different IncRNAs in AML
cells. By selectively switching off each IncRNA, we evaluated how their absence
affected cell growth, differentiation, and response to venetoclax, a drug that
targets the BCL-2 protein and is used in combination with low-dose
chemotherapy for elderly patients or patients who cannot tolerate intensive
chemotherapy treatments. Through this large-scale analysis, we identified 58
IncRNAs involved in cell proliferation, 4 in differentiation, and 23 in the response to
venetoclax. Among these, we focused on one specific IncRNA named
CATGO0000106133.1. CATGOO000106133.1 promotes leukemic cell proliferation
and is expressed in specific AML subtypes, as well as in certain normal

hematopoietic cell populations. In addition, gene editing experiments suggest that



CATGOOO000106133.1 may contribute to AML biology through its involvement in

cytokine signaling and the regulation of immune response.

Finally, in Study Ill, we shifted our focus from non-coding RNAs to a protein called
eukaryotic initiation factor 4A-3 (elF4A3), which belongs to a family of enzymes
known as helicases and is relevant in RNA metabolism at different levels. Using
publicly available datasets, we discovered that elF4A3 is dysregulated in AML
context, and that its altered expression is linked to pathways that control how RNA
is processed and translated into proteins, so-called post-transcriptional
mechanisms. We also found that elF4A3 is essential for AML cell survival, and that
either reducing its expression or targeting it with specific inhibitors led to
increased cell death. This highlights elF4A3 as a promising therapeutic target for
future AML treatments.

Together, these studies provide new insights into previously unexplored
molecules, both long non-coding RNAs and proteins, that play important roles in
AML biology. Understanding their functions not only improves our knowledge of
how leukemia develops but also opens new opportunities to identify novel

biomarkers and therapeutic targets to enhance disease management.



Divulgazione scientifica della tesi

Circa il 7-8% del nostro corpo & costituito dal sangue, un tessuto straordinario
che scorre in tutto il corpo e irriga ogni organo. Il sangue & composto per circa il
55% da una parte liquida, chiamata plasma, e per il 45% restante da tre principali

tipi di cellule: i globuli rossi, i globuli bianchi e le piastrine.

| globuli rossi, o eritrociti, trasportano l'ossigeno dai polmoni a tutti i tessuti per poi
riportare I'anidride carbonica ai polmoni per essere espulsa. Le piastrine, invece,
svolgono un ruolo fondamentale nella coagulazione del sangue, mentre i globuli
bianchi, o leucociti, agiscono come difensori del nostro sistema immunitario.
Questi ultimi si dividono in cinque principali sottogruppi: neutrofili, eosinofili,
basofili, monociti e linfociti, ciascuno con una funzione specifica nella protezione

dell’'organismo da infezioni e malattie.

Circa il 95% delle cellule del sangue viene generato nel midollo osseo attraverso
I'ematopoiesi, un processo in cui le cellule staminali ematopoietiche si auto-
rinnovano e possono dare origine a tutti i diversi tipi di cellule descritti in
precedenza. A volte, pero, questo sistema finemente regolato puo alterarsi. Infatti,
quando le cellule del midollo acquisiscono mutazioni genetiche, deviano dal loro
normale comportamento. Il risultato & la leucemia, un tipo di cancro del sangue in
cui le cellule anomale si moltiplicano in modo incontrollato e si accumulano nel
midollo osseo e nel sangue. Questo sovraffollamento impedisce la corretta
formazione delle cellule del sangue sane, compromettendo il normale

funzionamento dell'organismo e portando a gravi problemi di salute.

In questa tesi, ci siamo concentrati su un particolare sottotipo di leucemia
chiamato leucemia mieloide acuta (LMA). Questa malattia colpisce le cellule
staminali ematopoietiche e i precursori mieloidi precoci, portando all'accumulo
anomalo di globuli bianchi immaturi. Il termine “acuta” indica che la malattia
progredisce rapidamente e richiede un trattamento urgente. L'LMA & la leucemia
acuta piu comune negli adulti e colpisce tipicamente individui piu anziani. La
terapia standard € la chemioterapia, mirata all'eliminazione delle cellule
leucemiche. Tuttavia, molti pazienti non rispondono in modo adeguato e, in alcuni
casi, la malattia pud ripresentarsi, situazione nota come recidiva. Per questo
motivo, & essenziale approfondire la nostra comprensione della LMA ed esplorare
nuove strategie terapeutiche.



Pertanto, nei primi due studi ci siamo concentrati sul migliorare la comprensione
del ruolo di un gruppo specifico di molecole, chiamate RNA lunghi non codificanti
(IncRNA), nella LMA. Le proteine sono spesso considerate le protagoniste
principali della biologia, poiché svolgono la maggior parte delle funzioni vitali nelle
cellule. Queste ultime vengono prodotte a partire dalle istruzioni contenute nel
DNA, che vengono prima copiate in RNA e poi tradotte in proteine. Tuttavia, non
tutti gli RNA codificano proteine: alcuni, detti RNA non codificanti, svolgono
comunque ruoli regolatori in molti processi biologici. Tra questi, i INcRNA sono
molecole lunghe piu di 200-500 nucleotidi, capaci di influenzare 'espressione
genica in modi diversi. Nei tumori, inclusa la LMA, queste molecole possono
diventare deregolate, alterando il loro normale equilibrio e contribuendo allo
sviluppo o alla progressione della malattia.

Nel primo studio, abbiamo eseguito analisi genomiche su larga scala
confrontando le cellule di pazienti affetti da LMA con quelle di donatori sani,
identificando 136 IncRNA espressi a livelli differenti tra i due gruppi. Tra questi,
abbiamo scoperto un nuovo IncRNA, che abbiamo chiamato “myeloid and AML-
associated intergenic INcRNA” o piu brevemente MALNC. MALNC é risultato
fortemente espresso nei campioni di LMA, con livelli ancora piu elevati in alcuni
sottogruppi di pazienti portatori di specifiche mutazioni genetiche, come nei casi
di LPA (leucemia promielocitica acuta) con il gene di fusione PML-RARA o in
pazienti con mutazioni in NPMI/IDH2%%° . 'analisi dei dati clinici ha inoltre rivelato
che livelli piu alti di MALNC erano associati a una migliore sopravvivenza
complessiva, indipendentemente da altri fattori prognostici noti. Tuttavia, gli
esperimenti funzionali hanno mostrato che MALNC agisce prevalentemente come
un oncogene, in particolare nel contesto della LPA. Infatti, MALNC promuove la
proliferazione delle cellule leucemiche, mentre la sua riduzione rende le cellule piu
sensibili ai trattamenti di differenziazione con ATRA (acido all-trans retinoico) e
triossido di arsenico, due farmaci comunemente utilizzati nella terapia della LPA.
Infine, i nostri risultati suggeriscono che MALNC possa essere coinvolto in diverse
vie di segnalazione biologica rilevanti, non solo nella via dell'acido retinoico,
essenziale per la regolazione della differenziazione cellulare, ma anche in quelle
associate alle Rho GTPasi, indicando un possibile ruolo regolatore pit ampio nella
biologia della LMA.

Nel secondo studio, abbiamo utilizzato un approccio genetico avanzato chiamato
CRISPR interference (CRISPRi) per studiare la funzione di quasi 8.000 diversi

IncRNA nelle cellule di LMA. Spegnendo selettivamente ciascun IncRNA, abbiamo



valutato come la loro assenza influenzasse la crescita cellulare, la differenziazione
e la risposta al venetoclax, un farmaco che agisce sulla proteina BCL-2 e viene
impiegato in combinazione con chemioterapie a basso dosaggio nei pazienti che
non possono tollerare trattamenti intensivi. Attraverso questa analisi su larga
scala, abbiamo identificato 58 IncRNA coinvolti nella proliferazione cellulare, 4 nella
differenziazione e 23 nella risposta al venetoclax. Tra questi, ci siamo focalizzati su
uno specifico IncRNA: CATGOO000106133.1. CATGO0O000106133.1 favorisce la
proliferazione delle cellule leucemiche ed e espresso in specifici sottotipi di LMA,
oltre che in alcune popolazioni di cellule ematopoietiche normali. | nostri risultati
suggeriscono che CATGOOO0O00106133.1 possa contribuire alla biologia della LMA
attraverso il suo coinvolgimento nella segnalazione delle citochine e nella

regolazione della risposta immunitaria.

Infine, nel terzo studio, abbiamo spostato I'attenzione dagli RNA non codificanti a
una proteina chiamata “eukaryotic initiation factor 4A-3" (elF4A3), appartenente
alla famiglia delle elicasi e convolta in diverse fasi del metabolismo dellRNA.
Utilizzando dataset pubblicamente disponibili, abbiamo scoperto che elF4A3 &
deregolata nel contesto della LMA e che la sua espressione alterata € associata a
vie coinvolte nel processamento e nella traduzione dellRNA, i cosiddetti
meccanismi post-trascrizionali. Abbiamo inoltre osservato che elF4A3 é
essenziale per la sopravvivenza delle cellule di LMA, e che sia la riduzione della sua
espressione sia l'inibizione mediante molecole specifiche portano a un aumento
della morte cellulare. Questi risultati evidenziano elF4A3 come un promettente
bersaglio terapeutico per futuri trattamenti contro la LMA.

Complessivamente, questi studi forniscono nuove informazioni su molecole finora
poco esplorate, sia RNA lunghi non codificanti che proteine, che svolgono ruoli
chiave nella biologia della LMA. Capirne meglio le funzioni non solo arricchisce la
nostra conoscenza della malattia, ma apre anche la possibilita di individuare nuovi
biomarcatori e potenziali bersagli terapeutici utili per una gestione piu efficace
della LMA.



Abstract

Acute myeloid leukemia (AML) represents the most common acute leukemia in
adults, marked by the abnormal expansion of myeloid progenitor cells that fail to
properly differentiate. These immature cells accumulate in the bone marrow
thereby distrupting normal hematopoiesis. Although advances in AML research
have led to improvements in patient outcomes, the overall prognosis remains
poor, particularly for relapsed and refractory cases. A deeper understanding of the
molecular biology of AML is therefore urgently needed.

Therefore, in this thesis, we aim to clarify how long non-coding RNAs (IncRNAs)
contribute to AML pathogenesis, considering their recognized involvement in
various biological functions and their altered expression patterns across many
cancers, including AML. Additionally, we examine post-transcriptional regulatory
mechanisms, a layer of gene regulation that has received comparatively limited
attention in AML research.

In Study |, using transcriptomic analyses of 7 AML patients and 5 normal bone
marrow CD34+ samples, we identified 136 de novo IncRNAs that were differentially
expressed in AML blasts. Among these, we characterized a novel transcript, which
we named myeloid and AML-associated intergenic INcRNA (MALNC). MALNC was
overexpressed in AML, particularly in patients harboring PML-RARA fusion or
NPMI/IDH2/4° co-mutations, and higher expression was associated with better
prognosis, independent of other established risk factors. Furthermore, MALNC
knockout reduced AML cell growth and colony formation. In parallel, MALNC-
depleted cells showed increased all-trans retinoic acid (ATRA)-induced
differentiation and increased sensitivity to arsenic trioxide (ATO). To further
characterize  MALNC, transcriptomic analyses were performed in MALNC
knockout clones both at baseline and following ATRA treatment, revealing
modulation of genes involved in retinoic acid signaling. In addition, chromatin-
binding experiments showed that MALNC interacted with genes related to the

retinoic acid and Rho GTPase pathways.

In Study Il we employed high-throughput CRISPR-interference (CRISPRi) screens
to knock down 7,996 IncRNAs and investigate their roles in AML proliferation,
differentiation, and response to venetoclax. The screens identified 58 IncRNAs
involved in proliferation, 4 IncRNAs affecting differentiation, and 23 IncRNAs
associated with venetoclax response. Among these, ACO09299.3 emerged as a
candidate linked to venetoclax resistance, with patient data further showing a



correlation between its expression and poor prognosis under standard
chemotherapy  treatment. In  the proliferation  screen, MIRI7HG,
CATGOO0000106133.1, and CATGOOO00056792.1 were identified as candidate
IncRNAs promoting leukemic cell growth. Notably, CATGOOOO0O0106133.1 was
enriched in de novo and cytogenetically normal AML, strongly associated with
NPMI1 and IDH2_R140 mutations, and exhibited high expression in specific
hematopoietic lineages. Functional validation through complete knockout of
CATGOO0O0O0O0I106133.], followed by transcriptomic profiling, revealed differential
expression of genes involved in cytokine signaling and immune response

pathways, providing insights into its role in AML biology.

In study lll, we investigated genes involved in post-transcriptional mechanisms in
AML. Using CRISPR knockout screens from the DepMap database, the exon
junction complex helicase elF4A3, a regulator of RNA polymerase |- and II-
dependent processes previously linked to cancer progression, emerged as a top
essential gene across 18 AML cell lines. Transcriptomic analyses revealed higher
elF4A3 expression in AML cell lines and patient samples compared to normal
controls, with gene ontology analysis highlighting RNA metabolism and translation
as key affected pathways. In addition, functional experiments showed that
chemical inhibition or siRNA-mediated silencing of elF4A3 induced AML cell death
through impaired ribosome biogenesis and p53 activation, as well as through p53-

independent mechanisms.

In summary, across these three studies, we identified novel IncRNAs and post-
transcriptional regulators that expand our understanding of AML biology and drug
response, pointing to their possible use as biomarkers or therapeutic targets to

improve patient care.
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Introduction

In the literature review for this thesis, | present key concepts that frame and
support my research, providing both background and context. The first two
sections offer an overview of normal hematopoiesis and the leukemic landscape.
Because all three projects in this thesis focus on a single leukemia subtype, the
third section is devoted specifically to acute myeloid leukemia (AML). This section
outlines the disease, from its etiology and pathogenesis to the various
classification systems and the genetic alterations that disrupt normal cellular
function. The AML section concludes with a comprehensive discussion of
therapeutic approaches, covering both standard regimens and treatments
specific to acute promyelocytic leukemia (APL) relevant to Study |, as well as
venetoclax-based strategies examined in Study Il. The fourth section shifts focus
to long non-coding RNAs (IncRNAs), central to Studies | and II. It first describes
their general features and biological functions, then examines their specific roles
in AML, illustrating how selected IncRNAs influence disease biology and their
potential clinical relevance. The fifth and final section provides an overview of
post-transcriptional alterations in cancer and AML and highlights RNA helicases

of relevance to Study Il






1 Background

1.1 Hematopoiesis

Hematopoiesis is the tightly regulated biological process that generates all blood
cell lineages. In adults, this occurs primarily in the bone marrow and is initiated and
maintained by hematopoietic stem cells (HSCs), rare, immature cells endowed
with multipotency, self-renewal and long-lived capacity [1]. HSCs arise during
embryonic development and can be broadly classified into long-term HSCs (LT-
HSCs), which sustain lifelong hematopoiesis through extensive self-renewal, and
short-term HSCs (ST-HSCs), which possess more limited self-renewal potential

and act as transitional progenitors before committing to specific lineages [2].

Differentiation from HSCs to mature blood cells proceeds through a hierarchical
cascade orchestrated by different growth factors and cytokines [3,4]. From HSCs,
multipotent progenitors (MPPs) are generated, which then branch toward either
the common myeloid progenitor (CMP) or common lymphoid progenitor (CLP)
pathways.

CMPs give rise to the myeloid lineages, which include erythrocytes, granulocytes
(neutrophils, eosinophils, basophils), monocytes, and megakaryocytes, the
precursors of platelets. CLPs, on the other hand, differentiate into the lymphoid

lineages, producing B lymphocytes, T lymphocytes, and natural killer cells.

1.2 Leukemia

The term “leukemia,” derived from the two Greek words leukos (white) and haima
(blood), was first introduced in 1847 [5]. It encompasses all neoplastic disorders in
which hematopoietic cells at various maturation stages acquire genetic
abnormalities that disrupt their normal maturation and differentiation processes
[6]. As a result, immature progenitor cells, referred to as blasts, undergo
uncontrolled proliferation and progressively accumulate in the bone marrow,
peripheral circulation, and, in advanced stages, other organs. This expansion
interferes with the production of healthy cells, leading to impaired oxygen

transport, weakened immune defense, and defective hemostasis.

Different types of leukemia exist. Below is an overview of the main forms, classified
according to the lineage of the affected cells and the aggressiveness or
progression rate of the disease:



Acute leukemias: syndromes involving immature blood cells with a rapid

progression of the disease

+ Acute Lymphoblastic Leukemia (ALL): Expansion of lymphoid cells.
+ Acute Myeloid Leukemia (AML): Expansion of myeloid cells.

Chronic leukemias: syndromes involving more mature blood cells and with a

slower progression of the disease

+ Chronic Lymphocytic Leukemia (CLL): Expansion of lymphoid cells.
+ Chronic Myeloid Leukemia (CML): Expansion of myeloid cells.

1.3 Acute myeloid leukemia

AML is a hematopoietic disorder characterized by the uncontrolled proliferation
and accumulation of myeloid progenitor cells in the bone marrow and peripheral
blood [7-9]. The excessive growth of these immature myeloid cells impedes
normal hematopoiesis, leading to bone marrow failure and a range of clinical
complications [10]. AML is driven by the stepwise accumulation of genetic lesions,
acquired at multiple and often temporally separated stages. A primary founder
alteration (e.g., in DNMT3A, TET2, IDHT, IDH2 or ASXL1) can occur in HSCs, leading
to the formation of pre-leukemic HSCs [11]. These pre-leukemic cells acquire clonal
and growth advantages but retain their ability to differentiate into mature blood
cells. The acquisition of additional driver mutations (e.g., NPMI, CEBPA), either in
pre-leukemic HSCs or in their committed progenitor derivatives, can promote the
development of leukemic stem cells (LSCs), a small but highly significant
subpopulation of self-renewing cells that lose normal differentiation capacity and
can initiate and sustain the disease through the expansion of leukemic blasts.
Further cooperating mutations (e.g., FLT3-ITD, KRAS, NRAS) can occur, promoting
the development of subclones with distinct genetic combinations.

LSCs not only drive disease progression but also display strong resistance to
conventional therapies, representing a major challenge in AML treatment and the
main cause of relapse [1213]. In the absence of clinical intervention, patients
typically present with symptoms related to impaired hematopoiesis, including
anemia-induced pallor and dyspnea, recurrent infections due to neutropenia, and
an increased risk of hemorrhage caused by thrombocytopenia [14,15].



1.3.1 Epidemiology and etiology

Although AML can also occur in pediatric patients, it is the most common acute
leukemia in adults [16]. More precisely, it accounts for 30% of all leukemias in
adults, representing 0.6% of all tumors. The incidence ranges from 1.3 per 100,000
in individuals younger than 65 years to 12.2 cases per 100,000 in individuals over
65 years [17]. Despite advantages in treatment, AML remains a fatal disease for
most of the patients, with a 5-year survival rate of approximately 23% following

standard therapy [18].

A complex interplay of genetic and environmental factors influences the onset of
AML. In most cases, AML arises as a de novo malignancy without a clearly
identifiable cause. Known risk factors that can contribute to de novo AML
development include exposure to certain environmental, physical and chemical
agents, as well as pre-existing congenital disorders. Examples of such risk factors
include cigarette smoking, benzene exposure, and high-dose ionizing radiation
[19-21]. Additionally, children with Down syndrome have a 20-30% higher
predisposition to developing AML [22]. Other inherited syndromes associated
with an increased risk of AML include severe congenital neutropenia, Fanconi

anemia, and Bloom syndrome.

AML can also manifest as a secondary malignancy (s-AML) in patients with a
history of hematological disorder, such as myelodysplastic syndromes (MDS),
myeloproliferative diseases, and chronic myeloid leukemia [17]. Furthermore, AML
can arise as a consequence of prior chemotherapy or radiotherapy for a previous
malignancy, particularly when treatment regimens include alkylating agents,
topoisomerase Il inhibitors, or platinum-based compounds [23]. This specific
subset of AML is known as therapy-related AML (t-AML), and the onset can occur

up to more than a decade after the initial treatment.

1.3.2 Classification

Over the years, various classification systems have been developed to better
understand the pathogenesis of AML and to stratify patients according to
prognosis and potential treatment strategies. Initially, AML was categorized using
the French-American-British (FAB) classification, which grouped cases into eight
subtypes (MO-M7) based primarily on the morphological features and
differentiation status of leukemic blasts [24,25]. In 2001, the FAB system was
replaced by the World Health Organization (WHO) classification, which began to
integrate not only morphological and cytochemical features but also cytogenetic,



molecular, and clinical parameters [26]. Since then, advances in next-generation
sequencing (NGS) and a deeper understanding of AML biology have prompted
several revisions of the WHO classification, with five editions released to date, the
latest being the revised 5th edition published in 2022 [27]. The WHO 2022
classification introduced a restructured hierarchical approach, prioritizing genetic
features over purely morphological criteria. AML cases are stratified into two main

categories:

+ AML with defining genetic abnormalities
+ AML defined by differentiation

Notably, within the AML category with defining genetic abnormalities, AML with
myelodysplasia-related changes is included, along with a new subcategory for
“other defined genetic alterations.” This allows the incorporation of newly
discovered or rare mutations that may, in the future, warrant classification as
independent AML subtypes [28]. Additionally, separate entities include myeloid
sarcoma and secondary myeloid neoplasms, which encompass AML arising after
cytotoxic therapy or in the context of a germline predisposition.

In parallel with the release of the WHO 2022 update, a separate yet influential
classification system was proposed, named the International Consensus
Classification (ICC) [29]. While both classifications share many core principles, the
ICC diverges in certain aspects:

+ It introduces some distinct diagnostic entities and thresholds, particularly
regarding genetic mutations.

+ It places greater emphasis on TP53 mutations, recognizing them as a
defining feature in specific AML subgroups.

* It consolidates or redefines some borderline or provisional entities

previously included in the WHO system.

A comparative summary of the key differences between the WHO 2022 and ICC
2022 classifications is provided in the table below (Table 7).



WHO 2022

AML with defining genetic
abnormalities

AML with RUNX1::RUNX1T1 fusion
AML with CBFB::MYH11 fusion
Acute promyelocytic leukaemia with
PML::RARA fusion

AML with KMT2A rearrangement
AML with DEK::NUP214 fusion
AML with MECOM rearrangement
AML with RBM15::MRTFA fusion
AML with BCR::ABL 1 fusion

AML with NUP98 rearrangement
AML with NPM1 mutation

AML with CEBPA mutation

AML defined by differentiation

AML with minimal differentiation
AML without maturation

AML with maturation

Acute myelomonocytic leukemia
Acute monoblastic/monocytic
leukemia

Pure erythroid leukemia

Acute megakaryoblastic leukemia
Acute basophilic leukemia

AML with other (rare) defined
genetic alterations

AML, myelodysplasia-related

Myeloid sarcoma

ICC 2022

AML with recurrent genetic abnormalities

AML with 1(8;21)(922;022.1)/ RUNX1::RUNX1T1
AML with inv(16)(p13.1922) or
(16;16)(p13.1;022)/CBFB::MYH11

Acute promyelocytic leukemia (APL) with
t(15;17)(q24.1;921.2)/ PML::RARA; APL with other
RARA rearrangements

AML with £(9;11)(p21.3;923.3)/ MLLT3::KMT2A; AML
with other KMT2A rearrangements

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

AML with inv(3)(q21.30g26.2) or
1(3;3)(921.3;q26.2)/GATA2::MECOM (EVI1); AML with
other MECOM rearrangements

AML with BCR::ABL 1 fusion

AML with mutated NPM1

AML with in-frame bZIP CEBPA mutations

AML with mutated TP53

AML not otherwise specified

AML with minimal differentiation

AML without maturation

AML with maturation

Acute myelomonocytic leukemia

Acute monoblastic/monocytic leukemia
Pure erythroid leukemia

Acute megakaryoblastic leukemia
Acute basophilic leukemia

AML with other rare recurring translocations

AML with myelodisplasia-related gene mutations
or cytogenetic abnormalities

Myeloid sarcoma

Table 1: Classification of AML according to WHO 2022 (left) and ICC 2022 (right).

1.3.3 Diagnosis

The diagnosis of acute myeloid leukemia (AML) is a multi-step process involving
several complementary laboratory analyses [30]. Blood samples, bone marrow
aspirates, and bone marrow biopsies are collected for diagnostic evaluation.
These samples allow for the detection of blasts, assessment of their proportion,
and evaluation of their degree of differentiation through complete blood cell count
and differential count analyses as well as microscopic examination and



immunophenotyping by flow cytometry. In addition, cytogenetic analyses,
including conventional karyotyping, fluorescence in situ hybridization (FISH), and
molecular assays such as next generation sequencing (NGS)-based DNA gene
panels or PCR-based tests, are performed to confirm the diagnosis, classify the
disease into biological and prognostic AML subgroups, and guide therapeutic
decisions.

According to diagnostic criteria, a blast count exceeding 20% in the bone marrow
is generally sufficient to establish an AML diagnosis. However, the presence of
specific recurrent genetic abnormalities can justify a diagnosis even with a lower
blast percentage (210%), as recommended by the International Consensus
Classification (ICC) 2022, or even without any threshold, as defined by the WHO
2022 classification [27]. Exceptions comprise AML with BCR::ABL1 fusion, AML with
CEBPA mutation, and other rare genetically defined subtypes, which still require a
blast count of at least 20%. Moreover, NGS is increasingly employed, not only to
identify somatic mutations but also to detect potential germline variants through

sequencing of non-leukemic cells.

1.3.4 Prognostic factors and risk stratification

The prognosis of AML is determined by several clinical and biological factors

assessed at the time of diagnosis [31].

Among clinical factors, patient-specific characteristics play a central role: age,

performance status, and comorbidities significantly influence outcomes [31-35].
Patients over 60 generally have a less favorable prognosis, due both to a higher
risk of treatment-related complications and reduced tolerance to intensive
therapies. Overall health and functional capacity further shape treatment options,
while additional comorbid conditions can complicate the administration of high-
dose regimens. Disease history and clinical presentation also contribute to
prognosis. Patients with de novo AML tend to experience a more favorable course
compared with those with secondary AML, for whom achieving complete
remission with standard chemotherapy is often more challenging. Certain AML-
related complications may further worsen outcomes. Hyperleukocytosis, a
condition characterized by markedly elevated white blood cell counts, can lead to
leukostasis, impairing organ function and complicating treatment [36]. In contrast,
extramedullary disease, affecting tissues such as the skin, gums, or central
nervous system, often indicates a more aggressive disease course and can render

treatment more complex and less effective [37].



Biological factors include genetic characterization, which is performed through
cytogenetic analyses and molecular testing to predict therapy response and

survival.

The European Leukemia Net (ELN) classification, introduced in 2017 [38] and
refined subsequently in 2022 [27], provides a comprehensive framework for risk
stratification for AML patients treated with intensive chemotherapy, dividing the
disease into three categories, favorable, intermediate and adverse, based on

specific chromosomal abnormalities and genetic mutations.

The favorable prognostic risk group includes cases of AML with nucleophosmin 1
(NPMT) mutations without FMS-Like tyrosine kinase 3 Internal tandem duplication
(FLT3-ITD), as well as chromosomal abnormalities such as t(8;21), t(15;17), and
inv(16). These cases generally exhibit a good rate of survival with standard
chemotherapy. In contrast, the presence of TP53 mutation, complex karyotypes,
monosomy 5 or 7, t1(6;9), and inv(3) is associated with poor treatment response,
low rates of complete remission (CR) and a high risk of relapse. The intermediate-
risk group primarily includes AML subtypes with FLT3-ITD mutations alone or in
combination with NPMI mutations. It also encompasses AML with normal
cytogenetics or other cytogenetic abnormalities not included in the other two
groups [25]. In 2024, a new proposed ELN classification was introduced for those
patients treated with less intensive therapies [39]. Table 2 presents the 2022 ELN
risk classification alongside the updated 2024 refinement specifically designed

for patients ineligible for intensive chemotherapy.

Additionally, epigenetic factors, particularly DNA methylation patterns, have
gained attention as a potential future tool in AML prognosis. Studies have
demonstrated that DNA methylation signatures can be used to classify AML
patients into prognostic risk groups, especially beneficial for cytogenetically
normal AML patients who typically lack clear prognostic indicators [40,41].



" ELN 2022 ELN 2024
Risk cathegory ) . .
Intensive chemotherapy Less intensive treatment

- Mutated NPM1 (FLT3-

neg wt wt wh

- 1(8;21)(q22;G22.1)/RUNXT::RUNXTT1 e, WA, CGIAS ™, VFes™)

X - Mutated IDH2 (FLT3-

~IfilaidiEE)er ITD"es, NRAS™, KRAS™, TP53")

Favorable t(16;16)(p13.1;q22)/CBFB:MYH11 ’ ; ’

- Mutated NPM1wihout FLT3-ITD
- bZIP in-frame mutated CEBPA

- Mutated IDH1 (TP53")
- Mutated DDX41

- Other cytogenetic and/or molecular abnormalities
(FLT3-1TD"9, NRAS™, KRAS™, TP53")

- Mutated NPM1 with FLT3-ITD

- Wild-type NPM1 with FLT3-ITD (without
adverse-risk genetic lesions)

- (9;11) (p21.3;923.3)/MLLT3:KMT2A

- Cytogenetic and/or molecular
abnormalities not classified as favorable or
adverse

- Other cytogenetic and molecular abnormalities (FLT3-

IiiEines] i ITDP°s and/or NRAS™* and/or KRAS™; TP53%)

- 1(6;9)(p23.3;034.1)/DEK::NUP214

- t(v;11923.3)/KMT2A-rearranged

- 1(9;22)(q34.1;q11.2)/BCR::ABL1

- 1(8;16)(p11.2;p13.3)/KAT6A::CREBBP

- inv(3)(q21.3926.2) or
1(3;3)(q21.3;026.2)/GATA2, MECOM(EVIT)
- 1(3926.2;v)/MECOMI(EVI1)-rearranged

- -5 or del(5q); -7; —=17/abn(17p)

- Complex karyotype, monosomal
karyotype

- Mutated ASXL1, BCOR, EZH2,
RUNX1, SF3B1, SRSF2, STAG2, U2AF1,
and/or ZRSR2

- Mutated TP53

Adverse - Mutated TP53

Table 2: AML ELN 2022 prognostic classification based on intensive chemotherapy (left) and
less intensive treatments (right).

1.3.56 Pathogenesis

AML is a highly heterogeneous disease driven by a wide range of genetic and
molecular alterations. Approximately 50-55% of patients present with
chromosomal abnormalities [42-44], while the remaining 45-50% are
cytogenetically normal but carry somatic mutations in oncogenes, tumor
suppressor, epigenetic regulators and/or other molecular factors. The
pathogenesis of AML has traditionally been explained by the two-hit model, which
proposes that leukemogenesis requires at least two cooperating types of
mutations [45]: Class | mutations, which confer a proliferative or survival
advantage (e.g. activating mutations in FLT3 or RAS), and Class Il mutations, which
affect normal hematopoietic differentiation and promote leukemic transformation
(e.g, PML-RARA, CEBPA, or NPMI). However, with the recent increase in knowledge
in AML genetics, the mutational and molecular structure of AML has become more

complex.



13.5.1 Genetic mutations

Genetic mutations can be classified by the affected gene function. They may
impact signal transduction genes (FLT3, KIT, RAS, JAK2, PTPNII), transcription
factors and co-activators (NPMI, CEBPA, RUNXT), spliceosome complexes (SRSF2
and U2AFT) or epigenetic regulators (DNMT3A, TET2, IDHI/2, ASXLl, EZH2),
disrupting cellular homeostasis and contributing to oncogenic transformation.
Alterations in tumor suppressor genes (TP53, WTI, PHF6) further impair genomic
integrity, cell cycle control, and apoptosis, promoting leukemogenesis. Below are
details on the most common and the most clinically relevant AML genetic

mutations:

FMS-like tyrosine kinase 3 (FLT3) is a class lll tyrosine kinase receptor involved
in sustaining hematopoietic progenitors’ survival and proliferation [46]. Internal
tandem duplication (ITD) or mutations in the second tyrosine kinase domain (TKD)
of FLT3 occur in 25% and 5 to 10% of AML cases, respectively [47,48]. In both
cases, the result of the mutation affecting the FLT3 gene is a constitutive
activation of this tyrosine kinase. As a consequence, the presence of FLT3-ITD
mutation is linked to a poor prognosis in CN-AML, while the prognostic impact of
FLT3-TDK mutations is still controversial.

CCAAT/enhancer-binding protein alpha (CEBPA) is a transcription factor
involved in myeloid cell differentiation and proliferation regulation [49]. Mutations
in CEBPA, occurring either as single (monoallelic) or double (biallelic) alterations,
are found in approximately 10% of acute myeloid leukemia (AML) cases and are
generally associated with a favorable prognosis. In particular, patients with in-
frame bZIP CEBPA mutations, whether monoallelic or biallelic, exhibit high
sensitivity to intensive chemotherapy, with over 90% achieving complete
remission (CR) [50].

Nucleophosmin 1(NPM1) is a protein involved in many biological processes within
mammalian cells, among which the best described are ribosome biogenesis,
chromatin remodeling, mitotic spindle assembly, DNA repair and apoptosis
regulation [51]. Over the years, many reports have established a direct implication
of NPM1 in cancers’ pathogenesis, acting both as a proto-oncogene and a tumor
suppressor, depending on the cell type and on the protein level [52]. NPMI1
mutations occur frequently in AML cells. More precisely, 35% of AML cases in
adults show heterozygous mutation of NPMI, mostly localizing to exon 12 of the

gene. In this region, over 50 molecular variants have been discovered so far, and



are all characterized by a 4 bp insertion between nucleotide 960 and 961[53]. The
most common mutation is mutation A, arising in about 80% of AML cases with
mutant NPM], where a TCTG duplication occurs at position 960. The result of this
mutation is a frameshift at the C-terminal region of the protein, which causes the
elimination of one or both tryptophans of the NOLS motif and, at the same time,
the formation of a new Leucine rich Nuclear Export Signal (NES) motif. The
consequence is the unfolding of the 3-helix structure of NPM1 C-terminal domain,
thus decreasing the binding of the protein to the nucleolus [54]. The presence of
the newly created NES motif increases NPM1 binding to the nuclear export protein,
causing a trans localization of NPM1 mutated protein from the nucleus to the
cytoplasm. One of the biological results of the accumulation of the protein in the
cytoplasm is the aberrant recruitment of different NPM1 interactors to ectopic
regions (nucleoplasm and cytoplasm), resulting in the alteration of their
physiological function [55]. Alterations in NPM1 subcellular localization, therefore,
affect multiple cellular pathways, including the regulation of TP53, HOX gene
expression, and the maintenance of genomic stability. In addition, the presence of
NPMic+in AML cells induces not only the haploinsufficient expression of wild-type
NPMI but also the formation of heterodimers between the mutant and wild-type
form, with the subsequent alteration of NPMT's multifunctional activity in the
nucleolus [55]. NPMI mutation alone associates with favorable outcomes with
increased 5-year overall survival rates compared to other AML subtypes and
enhanced response to chemotherapy. However, the occurrence of other genetic
alterations, particularly the FLT3-ITD mutation, can significantly impact prognosis
and treatment response. The presence of both NPM1 and FLT3-ITD mutations is
associated with a more aggressive disease course and poorer outcomes. Patients
with this combination may experience higher relapse rates and reduced overall
survival compared to those with NPM1 mutations alone.

Isocitrate dehydrogenase 1 (IDH1) and isocitrate dehydrogenase (IDH2)
mutations, which affect DNA methylation, occur in about 20% of AML cases and
often associate with co-mutations in NPM1 and DNMT3A [56]. The mutation
consistently affects an arginine residue within the enzyme’s active site, R132 in
IDH1, and R140 or R172 in IDH2, occurring in approximately 80% and 20% of IDH2-
mutated patients, respectively. In the presence of these alternations, the enzymes
normally responsible for catalyzing the oxidative decarboxylation of isocitrate to
a-ketoglutarate (a-KG), gain a neomorphic function that leads to the conversion
of a-KG to the oncometabolite 2-hydroxyglutarate (2HG) [57]. This metabolite



inhibits TET2 and other a-ketoglutarate—dependent dioxygenases, resulting in a
hypermethylated phenotype. These epigenetic alterations impair normal cell
differentiation, thereby contributing to leukemogenesis [40]. The prognostic
significance of IDH mutations is not fully clarified. However, IDHI mutations have
been generally associated with a worse prognosis, whereas IDH2 mutations may
be linked to a favorable outcome. In addition, the co-occurrence of IDH mutations
with NPMI1 mutations, in the absence of FLT3-ITD, has been associated with a

better overall prognosis.

Tumor Protein 53 (TP53) mutations occur in approximately 5-15% of de novo
AML cases, rising to 30% in therapy-related AML and up to 70% in patients with
adverse chromosomal alterations, and are associated with an aggressive disease
phenotype [48,58]. TP53 encodes a crucial tumor suppressor protein that plays a
critical role in sustaining genomic integrity by regulating fundamental cellular
processes, such as DNA repair, cell cycle arrest, and apoptosis [59]. Therefore,
patients harboring TP53 mutations have a particularly poor prognosis, with low CR
rates, high relapse rates, and inferior overall survival compared to TP53-wildtype
AML [60,61]. In addition, resistance to standard cytarabine is often described, and
the presence of complex karyotypes further limits therapeutic success [58,62].

13.5.2 Chromosomal alterations

Chromosomal alterations include translocations among chromosomes, resulting
in gene rearrangements and/or gene fusions. One of the most common
chromosomal abnormalities associated with a favorable outcome in AML is the
t(8,21)(922;22), where the RUNXT-RUNXITI fusion transcript is generated due to a
chromosomal rearrangement between the RUNXTTT gene, located on chromosome
8, and the RUNXI1 gene located on chromosome 21 [63]. Presence of RUNXI-
RUNXITI fusion gene associates with a favorable prognosis in adults, but a poor
prognosis in children. Another recurrent chromosomal alteration, observed in
approximately 6-8% of de novo AML cases, is the inv(16)/t(16;16), which leads to
the fusion CGFB-MYHII transcript. Generally, patients within this AML subtype
have a good prognosis and respond well to the induction therapy [64]. Other
common chromosomal abnormalities in AML are those affecting the long arm of
chromosome 11 (119), which leads to Mixed-Lineage Leukemia (MLL) translocations
and poor prognosis, including translocations between chromosome 9 and
chromosome 11 (t(9;11)) [65].



The t(15;17) translocation is the defining genetic hallmark of acute promyelocytic
leukemia (APL), occurring in about 5-10% of all AML cases and in ~95% of APL
patients [66]. This rearrangement fuses the promyelocytic leukemia (PML) gene
on chromosome 15924 with the retinoic acid receptor alpha (RARA) gene on
chromosome 17921 [67,68]. Under normal conditions, RARA, a member of the
nuclear retinoic acid receptor (RARs) family, regulates hematopoietic stem cell
development, expansion, and differentiation. In the absence of physiological
retinoic acid (RA), RARA associates with retinoid X receptor (RXR) to form
heterodimers that bind retinoic acid response elements (RAREs) in the chromatin,
recruiting corepressor complexes and repressing transcription. This repression is
normally relieved when physiological levels of RA are present, allowing the
recruitment of coactivators with subsequent induction of RARA target genes. The
PML gene, in contrast, encodes a phosphoprotein with tumor suppressor activity.
PML forms nuclear bodies that promote cellular senescence and apoptosis, largely
through p53 activation [69]. In APL, the PML-RARA fusion oncoprotein acts as a
constitutive repressor of RARA target genes. Specifically, PML-RARA, through both
self -oligomerization and heterodimerization with RXR, competes with wild-type
RARA and promotes the recruitment of epigenetic repressors, such as DNMT3A
and HDAC, to RAREs elements. This not only blocks RARA-mediated transcription
and arrests granulocyte differentiation, but also disrupts PML nuclear bodies,

impairing apoptosis and contributing to leukemogenesis [70].

In the past, and since the disease was first described in 1957, APL was considered
as a fatal and highly malignant hematopoietic disease [71]. However, today, with
the introduction of targeted therapies, the disease outcome has been redefined.
A breakthrough in APL treatment occurred with the institution of a combinatory
treatment of all-trans-retinoic acid (ATRA) and arsenic trioxide (ATO). ATRA-ATO
treatment has led to 90% complete remission and 5-year survival [72,73],
redefining APL as one of the most curable forms of AML. Further details on APL
therapy are provided in the AML treatment section.

1.3.6 Treatments

AML treatment has undergone significant evolution in recent years to address the
disease’s heterogeneity. It consists of two main phases: induction therapy, which
aims to achieve complete remission, defined as less than 5% blasts in the bone
marrow along with the recovery of normal peripheral blood counts and post-
remission therapy, which focuses on preventing relapse and reducing minimal
residual disease (MRD) [6,74].
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The choice of treatment in each phase is tailored to patient-specific
characteristics, with age and fitness for intensive chemotherapy being key factors
in the initial assessment. Specifically, fitness for intensive chemotherapy is
evaluated based on the presence of comorbidities and the patient’s performance
status, ensuring that treatment intensity is adapted to individual tolerance levels.
In recent years, novel therapeutic strategies have been explored to enhance
treatment efficacy and selectively target distinct AML subtypes and biological
futures. Integrating these targeted agents into AML therapy has shown promise in
improving outcomes, both in intensively treated patients and particularly in those

ineligibles for intensive chemotherapy.

13.6.1  De novo-AML < 75 years old and eligible for intensive chemotherapy

The standard induction treatment for younger and medically fit patients typically
follows the 7+3 regimen, consisting of a 7-day continuous infusion of cytarabine
(a deoxycytidine analog) combined with daunorubicin (an anthracycline
antibiotic) administered for 3 days [75]. In Sweden, a variant of the 7+3 is used
with higher doses of cytarabine given for 5 days, a so called 5+3 schedule. With
this regimen, 60-85% of patients younger than 60-65 years achieve complete
remission. However, to improve overall survival (OS) and reduce the risk of relapse,
modifications to the standard induction therapy have been introduced in recent
years. Among them, CPX-351, a liposomal formulation of daunorubicin and
cytarabine, has been FDA and EMEA-approved for the treatment of therapy-
related t-AML and AML with myelodysplasia-related changes (AML-MRC).
Another important advancement is gemtuzumab ozogamicin (GO), an anti-CD33
monoclonal antibody conjugated to calicheamicin, which has been approved
alongside intensive chemotherapy for cytogenetically favorable CD33-positive
patients as core-binding factor AML [76]. Additionally, the development of FLT3
inhibitors has further refined treatment strategies for AML patients carrying FLT3
mutations. In addition to standard chemotherapy, midostaurin or quizartinib
(specific for FLT3_ITD mutations) can now be used in combination with the 7+3
regime, as both have demonstrated improved OS compared to intensive
chemotherapy alone [77,78].

For the post-remission therapy, 2 different approaches can be chosen. Allogeneic
hematopoietic stem cell transplantation (HSCT) is recommended for patients with
intermediate- to high-risk AML, as it remains the most effective curative strategy.
However, HSCT is associated with high morbidity and mortality risks, including
graft-versus-host disease (GVHD), making its use highly selective. For patients
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with favorable-risk AML, consolidation chemotherapy with high-dose cytarabine
(HIDAC), with or without gemtuzumab ozogamicin, is commonly administered.
Furthermore, in intermediate- to adverse-risk patients who are ineligible for
transplantation, CC-486 (oral azacitidine) may be added to consolidation therapy

to prolong remission and improve overall survival [79].

13.6.2 De novo-AML > 75 years old or unfit for intensive chemotherapy

Treatment of this subclass of AML patients primarily relies on hypomethylating
agents (HMAs), like azacitidine/decitabine, in combination with venetoclax [80,81],
a BCL-2 inhibitor, which will further be described in the next paragraph. For
patients with IDHI mutations, ivosidenib, either as monotherapy [82] or in
combination with azacitidine, has been approved as an effective targeted therapy.
Specifically, the combination with azacitidine has been demonstrated in the phase
I AGILE trial by promoting better event-free survival and higher OS compared to
patients singularly treated with azacitidine [83]. Additionally, gilteritinib, a FLT3
inhibitor approved as monotherapy for relapsed/refractory AML [84], is currently
under investigation in combination with HMAs, with or without venetoclax, as a
potential treatment strategy. Preliminary studies suggest that this combination
may further enhance response rates and prolong survival in patients with FLT3
mutations who may not respond adequately to standard therapies.

In terms of post-remission therapy, treatment decisions are similar to those used
for patients treated with intensive chemotherapy. HSCT remains the preferred
option for patients with intermediate/adverse-risk features, offering the potential
for long-term remission. However, for patients who are ineligible for
transplantation or belong to the ELN favorable-risk subgroup, continuous
maintenance therapy with HMAs + venetoclax or targeted agents is often
recommended to prolong remission and delay disease progression.

13.6.3 Venetoclax: a BCL-2 inhibitor

Venetoclax (ABT199) is a selective inhibitor of BCL-2 [85] and has shown, since its
introduction in clinical trials, promising therapeutic effects in elderly patients or
those unfit for intensive induction chemotherapy [86]. The BCL-2 protein family
regulates the intrinsic apoptotic pathway and includes pro-apoptotic BH3-only
proteins (NOXA, PUMA, BIM, BID, BAD) and the effector proteins BAX and BAK, as
well as anti-apoptotic members such as BCL-2, BCL-XL, MCL-1, BCL-W, and BFL-
1/A1 [87]. Under physiological conditions, anti-apoptotic proteins such as BCL-2
bind and sequester BAX and BAK thereby blocking apoptosis. In response to
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cellular stress, BH3-only proteins are upregulated, promoting both the release of
BAX and BAK from anti-apoptotic proteins and their subsequent activation.
Activated BAX and BAK then oligomerize on the mitochondrial outer membrane,
leading to mitochondrial outer membrane permeabilization (MOMP) and the
release of mitochondrial factors such as cytochrome c, ultimately triggering the
caspase cascade. Venetoclax functions as a BH3 mimetic. By binding to the BH3-
binding groove of BCL-2, it displaces pro-apoptotic proteins such as BAX and BIM,
thereby promoting cell death. Since BCL-2 is frequently upregulated in
hematopoietic malignancies, including AML, venetoclax restores apoptosis and

counteracts leukemic cell survival and chemoresistance.

Because of the positive results achieved with venetoclax in Chronic lymphocytic
leukemia (CLL) [88,89], the compound was subsequently evaluated for AML,
initially as monotherapy in relapsed and refractory patients. Yet a phase 2 trial
demonstrated only limited efficacy [90]. Building on these findings, later
investigations shifted to combination regimens and reported markedly improved
outcomes. In particular, high response rates and favorable tolerability were
observed when venetoclax was combined with hypomethylating agents (HMAs)
or low-dose cytarabine (LDAC) [85,91-93]. These data led to the 2018 FDA
approval of Venetoclax, specifically in combination with an HMA or low doses
cytarabine for the treatment of elderly patients with newly diagnosed AML or

those ineligible for standard intensive chemotherapy.

Currently, several additional studies are underway to evaluate venetoclax in
combination with standard chemotherapy for younger, fit AML patients, as well as
triple-agent regimens incorporating azacitidine and targeted therapies for cases
harboring specific mutations such as FLT3, IDHI, IDH2, NPMI, and KMT2A
rearrangements [94].

Although venetoclax represents a promising option for AML, relapse and
resistance frequently occur. These phenomena can result from intrinsic or
adaptive resistance mechanisms, this latest often driven by the selection of
resistant clones harboring specific mutations such as FLT3-ITD, N/KRAS, PTPNI11
and TP53. Resistance mechanisms may include upregulated expression of partner
anti-apoptotic proteins such as MCL-1 or mutations in BAX which can alter its
physiological expression and/or its mitochondrial localization [95,96]. Continued
research is therefore necessary to better understand the activity of venetoclax

and to optimize combination strategies that enhance its therapeutic effect.
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13.6.4 APL patient treatment: ATRA and ATO combination

All-trans retinoic acid (ATRA) combined with arsenic trioxide (ATO) is the adopted
standard therapy for acute promyelocytic leukemia (APL), particularly in
standard-risk patients. ATRA was first shown to induce differentiation of APL cells
in vitro [97,98] and its combination with anthracyclines significantly improved
response rates and long-term survival compared with either treatment alone
[99,100]. ATO demonstrated efficacy in relapsed and refractory APL [101], and,
when combined with ATRA, provided high remission rates with lower toxicity than
ATRA plus anthracycline-based therapy. Since 2013, ATRA+ATO has therefore
become the standard of care [102,103], replacing traditional chemotherapy-based
regimens. Mechanistically, ATRA, a vitamin A derivative, has a dual therapeutic
effect in APL cells. On one side, pharmacological level of ATRA promote
conformational changes in PML-RARA homodimer, leading to the release of
transcriptional co-repressors. This favors the recruitment of transcription co-
activator complexes and the activation of those genes involved in myeloid cell
differentiation, such as PU.1 and C/EBP [104-106]. On the other hand, ATRA can
promote the degradation of PML-RARA oncoprotein through the activation of
both proteasome and autophagy-related pathways [107-109]. ATO acts
synergistically with ATRA. In fact, it binds to the PML portion of the PML-RARA
protein, causing sumoylation, polyubiquitination and subsequent proteasomal
degradation of this latest [110]. In addition, ATO directly targets PML to promote
the restoration of nuclear bodies, inducing cell apoptosis. This synergy between
ATRA and ATO has been shown to be highly effective, allowing for both APL cell
differentiation induction and clearance of leukemic initiating cells through
apoptotic mechanisms specifically induced by ATO. Despite this, resistance
mechanisms to ATRA-ATO therapy can still occur, which are specifically observed
in relapse patients. Resistance mechanisms include genetic mutations arising in
the RARA ligand binding domain or mutations in the arsenic binding site of the PML
gene [111-113]. Consequently, ongoing research aims to develop novel therapeutic

strategies to overcome resistance and improve outcomes for all patients with APL.



1.4 The Human transcriptome: Focus on long non-coding RNAs

The human transcriptome, which encompasses all RNA molecules encoded by our
genome, can be envisioned as an iceberg (Figure 1). The visible tip, representing
only ~2% of all transcripts, corresponds to well-characterized protein-coding
messenger RNAs. Hidden beneath the surface lies the remaining ~98%, which does
not translate into proteins [114-116]. Beyond essential housekeeping RNAs, such as
transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), and small nuclear RNAs (snRNAs),
this vast submerged portion was long regarded as “junk RNA.” However, advances
in next-generation sequencing have revealed a diverse landscape of regulatory
non-coding RNAs (ncRNAs), highlighting their critical roles in cellular processes
and shifting the perception of the transcriptome’s hidden depths.

Human transcriptome
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Figure 1. Representation of the human transcriptome as an iceberg. The visible tip of the
iceberg illustrates protein-coding transcripts, while the larger portion below the water surface
represents non-coding RNA transcripts. Non-coding RNAs can be categorized by length,
greater or less than 200 nucleotides, and by function, distinguishing regulatory from

housekeeping non-coding RNAs. Created with BioRender.com



A key distinction among regulatory ncRNAs can be made according to transcript
length. Small ncRNAs, shorter than 200 nucleotides, include, as major categorizes,
microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), and PIWI-interacting RNAs
(piRNAS). In contrast, long non-coding RNAs (IncRNAs) constitute a broad and
heterogeneous group, originally defined as transcripts longer than 200
nucleotides. More recent definitions [117,118], however, suggest a threshold of 500
nucleotides to separate transcripts in the 200-500 nt range, which may retain
limited protein-coding potential.

Although IncRNAs do not encode proteins and lack open reading frames (ORF),
they share many processing features with messenger RNAs (mRNAs): they are
transcribed by RNA polymerase Il and undergo 5' capping, 3’ polyadenylation, and
canonical splicing to produce mature isoforms [119,120]. Unlike mRNAs, however,
IncRNAs exhibit striking cell- and tissue-specific expression patterns [121-123],
generally low abundance, poor evolutionary conservation, and extensive isoform
diversity [124]. Functionally, IncRNAs can control a broad spectrum of biological
processes, including cell differentiation, cell-cycle regulation, and development
[125-128] by interacting with chromatin, proteins, and other RNA molecules, often
forming secondary and tertiary structures [129,130]. These characteristics
underscore both the complexity of IncRNA biology and its critical roles in gene
regulation in health and disease.

The first IncRNAs were identified in the early 1990s with the discovery of H19 [131],
an imprinted gene, and XIST, transcribed from the X-inactivation center and
essential for X-chromosome inactivation [132]. Subsequent advances in arrays
and next-generation sequencing technologies, including CAGE [133], enabled the
systematic identification of thousands of IncRNAs [114,116,134,135]. Today, several
IncRNA annotation databases exist, based on different strategies, including
manual curation and/or automated transcriptome assembly. For example, the
widely used GENCODE catalogue (v49) [136] includes over 34,800 human IncRNA
genes and 189,000 transcripts, derived from the manual integration of cDNA and
expressed sequence tag (EST) databases. In contrast, the FANTOM CAT [137]
database integrates transcriptome assembly with short-read data from CAGE
sequencing, providing one of the most comprehensive annotations of the human
5" transcriptome, with 28,919 IncRNA genes. Finally, one of the most extensive
IncRNA resources, the NONCODE (v6) database [138], integrates multiple datasets,
both manually curated and transcriptome-based, and currently lists over 96,000
IncRNA genes and 173,000 transcripts.



1.4.1 Classification and function of long non-coding RNAs

According to their genomic location, IncRNAs can be classified into several
categories [117,139]. The terms sense and antisense refer to INcRNAs transcribed
from the same or opposite DNA strand, respectively, relative to a protein-coding
gene. Intergenic IncRNAs are situated between two protein-coding genes,
whereas intronic IncRNAs are located within the intronic regions of coding genes.
Finally, Bidirectional IncRNAs are transcribed from the strand opposite to that of a
coding gene and are typically found within Tkilobase (kb) upstream of its promoter
region.

Beyond these classes defined by proximity to protein-coding loci, some IncRNAs
are distinguished by their association with other genomic regions or RNA
elements. Enhancer IncRNAs, for instance, originate from enhancer regions and
often orchestrate chromatin loops to modulate gene expression [140,141].
Pseudogene-derived IncRNAs [142] carry echoes of their ancestral genes, capable
of fine-tuning the mRNA levels of their parental counterparts. Adding another layer
of complexity, circular IncRNAs arise when precursor mRNAs undergo back-
splicing [143,144], forming covalently closed loops that are remarkably stable and
can act as molecular sponges or scaffolds.

IncRNAs exhibit remarkable diversity not only in their genomic location but also in
their subcellular distribution. While most IncRNAs are retained in the nucleus [145-
147], due to incomplete splicing, RNA—protein complex formation, or the presence
of nuclear retention elements (NREs), many are also detected in the cytoplasm,
either after nuclear export following transcription or as transcripts derived from
mitochondrial DNA [148]. Moreover, IncRNAs can localize within specialized nuclear
structures, such as nuclear bodies, or be released in extracellular vesicles like
exosomes [149-151]. Notably, the subcellular localization of IncRNAs is closely

linked to their functional roles, as illustrated in Figure 2.

Nuclear IncRNAs play key roles in the regulation of gene expression [119,139].
Depending on whether they act on the same chromosome or a different one, they
are classified as cis- or trans-acting IncRNAs, respectively. Several nuclear
IncRNAs function as molecular decoys, sequestering transcription factors or other
regulatory molecules to modulate transcription. For example, PANDA plays a
pivotal role in the DNA damage response by binding and sequestering the
transcription factor NF-YA, thereby preventing p53-mediated apoptosis [152].

They can also act as guides, directing transcription factors or chromatin-



modifying complexes to specific promoters or genomic regions to regulate gene
expression and chromatin accessibility. A well-characterized example is HOTAIR
[153], which recruits the Polycomb Repressive Complex 2 (PRC2) to the HOXD
locus, modulating developmental gene expression and chromatin state.
Additionally, IncRNAs can serve as scaffolds, providing platforms for the assembly
and recruitment of multiple chromatin-modifying complexes and cofactors. An
illustrative example is TERC [154], a highly stable IncRNA that functions as a
scaffold in the formation of the telomerase complex, essential for maintaining
telomere integrity and cellular lifespan. Furthermore, some nuclear IncRNAs are
associated with the formation and function of nuclear condensates: for example,
NEAT!1 is essential for paraspeckle assembly [155,156], while MALATI1 by localizing
in nuclear speckles, is involved in pre-mRNA splicing [156-158], affecting the
distribution and levels of serine- and arginine-rich (SR) proteins.
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Figure 2. Schematic representation of IncRNA functions within the nucleus (top) and the

cytoplasm (bottom). Created with BioRender.com

In contrast, cytoplasmic IncRNAs are primarily involved in post-transcriptional
regulatory processes. INcRNAs as half-STAUI-binding site RNAs (1/2-sbsRNAs)
[159], have been shown to induce mRNA decay through the presence of Alu

sequences, which promote the recruitment of the RNA-binding protein STAUI, a
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key factor in STAUl-mediated mRNA decay (SMD). Conversely, Terminal
differentiation-induced ncRNA (TINCR) IncRNA has been shown to promote
epidermal differentiation by interacting with STAU1 and base-pairing with target
mMRNAs via a 25-nucleotide “TINCR box,” promoting the stabilization of these
mRNAs rather than their degradation [160]. Another important cytoplasmic
function of IncRNAs is their microRNA-sponging activity. Acting as competing
endogenous RNAs (ceRNAs), they sequester microRNAs and prevent them from
repressing their target mRNAs [161162]. In cancer, for example, the pseudogene-
derived IncRNA PTENPI, transcribed from the tumor-suppressor gene PTEN, acts
as a sponge for miR-17, miR-19, and miR-26, ultimately enhancing PTEN protein
levels and exerting a tumor-suppressive effect [163,164]. Beyond these roles,
cytoplasmic IncRNAs can also regulate translation by influencing ribosome
biogenesis and assembly [165-167], as well as by directly interacting with
ribosomal proteins [168,169] or with translation initiation and elongation factors
[170-172]. Furthermore, IncRNAs may influence post-translational modifications,
such as ubiquitination [173], SUMOylation [174,175], or phosphorylation [176-178],
impacting protein function and turnover.

1.4.2 Long non-coding RNAs in acute myeloid leukemia

Advances in high-throughput sequencing and integrative transcriptomic analyses
have underscored the pivotal role of IncRNAs in promoting or inhibiting cancer
development and progression [122,179,180]. Their dysregulation is often driven by
a variety of genetic and epigenetic alterations, including single-nucleotide
variants, copy number variations, and aberrant DNA methylation [180,181].

In AML, IncRNAs can function as either oncogenes or tumor suppressors by
regulating fundamental cellular processes such as proliferation, apoptosis,
differentiation, cell growth, and survival [182,183]. Aberrant INcRNA expression has
also been shown to affect therapy-related pathways, contributing to the
development of drug resistance mechanisms. These roles are not mutually
exclusive, as a single INcRNA may exert multiple regulatory functions depending

on the cellular context and subcellular localization.

For these reasons, INcRNAs have attracted significant clinical interest as potential
therapeutic targets and biomarkers. Figure 3 summarizes the main functional roles

and clinical implications of IncRNAs in AML.
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Figure 3. Schematic representation of IncRNA significance in acute myeloid leukemia (AML).
Left: IncRNAs have biological and functional roles, acting as oncogenes, tumor suppressors,
and promoting therapy resistance mechanisms. Right: IncRNAs can be clinically exploited as
therapeutic targets or as biomarkers for prognosis, diagnosis, treatment response, and risk
stratification. Created with BioRender.com

14.2.1  Biological and functional significance

Several IncRNAs with oncogenic functions have been described to be upregulated
in AML. For instance, IncRNAs such as MALAT1, UCA1, SNHG1 and H19 have been
reported to act as miRNA sponges, promoting AML proliferation by disrupting the
miRNA-mediated regulation of oncogenic mMRNAs [184-189]. A similar sponging
activity has also been observed for ANRIL in HL60O cells [190], while in MOLM-13
cells, ANRIL was found to promote AML maintenance through dysregulation of
leukemic cell metabolism [191]. The well-characterized IncRNA HOTAIR enhances
leukemic cell growth by repressing HOXA5 expression through interaction with
DNMT3B [192]. Furthermore, HOTAIR can also influence C-KIT expression levels by
acting as a miRNA sponge or epigenetically promoting pi5 silencing [193,194].
RUNXOR, an intragenic IncRNA of RUNXI, regulates RUNXT expression by binding to
its promoter and enhancer regions [195]. In addition, the intergenic IncRNA PV Tl is
specifically upregulated in APL cells, where it promotes promyelocyte
proliferation by protecting MYC from degradation [196].

Conversely, IRAIN, MEG3, and NEAT1 are among the best-characterized IncRNAs
with tumor-suppressor functions in AML. IRAIN is an antisense transcript of the
insulin-like growth factor 1receptor (IGFIR) gene and acts as a scaffold to promote
long-range intrachromosomal promoter /enhancer loop formations. Low IRAIN
expression in high-risk AML is linked to shorter overall survival, elevated white
blood cell counts, and higher relapse rates [197,198]. MEG3 inhibits tumorigenesis
through both p53-dependent and p53-independent mechanisms, promoting
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apoptosis and reducing the expression of BCL-2 and MDM2 [199,200]. In AML,
however, the MEG3 promoter is frequently hypermethylated, leading to
diminished expression and loss of its anticancer activity [201]. NEAT1 is frequently
overexpressed in solid tumors, where high levels correlate with poor overall
survival [202]. In contrast, its expression is reduced in AML and APL. In APL cell
lines, this downregulation is driven by the oncoprotein PML-RARa, whereas
treatment with ATRA restores NEAT1 levels and its function as a repressor of
leukemic cell proliferation [203-205]. Additionally, low cytoplasmic NEAT1in AML
has been associated with enhanced relapse and is thought to inhibit
leukemogenesis through inactivation of the WNT signaling pathway [206].
Furthermore, other well-characterized INcRNAs, such as CAS15 and GASb5, are also
downregulated in AML, modulating SOX4 gene expression in AML with RUNXT
translocation or p53 signaling, respectively [207,208].

In the context of AML, IncRNAs have also been recognized for their role in
mediating therapy resistance, thereby influencing treatment response and clinical
outcomes. Several long non-coding RNAs have been specifically implicated in
resistance to the standard chemotherapeutic agent cytarabine. For instance, high
expression of DANCR has been associated with reduced sensitivity to cytarabine,
due to its involvement in the regulation of autophagy activation through the miR-
874-3p/ATGI6L1 axis [209]. Additionally, cytarabine sensitivity has also been
shown to be influenced by HOTAIRM1 [210] and GAS6-AS2 [211], which contribute
to resistance via modulation of the Wnt/beta-catenin and GAS6/TAM signaling
pathways, respectively. Furthermore, other IncRNAs have been implicated in
resistance to doxorubicin. Notably, XIST functions as a competing endogenous
RNA for miR-29a, leading to increased MYC expression, enhanced cell viability, and
decreased sensitivity to doxorubicin[212]. Similarly, MEG3 and UCAI have been
shown to promote doxorubicin resistance by sponging specific microRNAs,
interfering with the regulation of ALG9 expression [213] and the PI3K/AKT pathway
[214], respectively. In addition, evidence of IncRNA involvement in non-standard
treatments such as venetoclax has also been observed. For instance, SNHG1
promotes the recruitment of DNA methyltransferases DNMT1 and DNMT3B to the
promoter of the tumor suppressor gene ZCCHCIO [215], which is involved in p53-

dependent apoptosis, thereby contributing to drug resistance.

14.2.2  Clinical relevance

From a clinical perspective, IncRNAs with well-defined roles in promoting or
inhibiting AML pathogenesis and progression are under investigation as potential
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therapeutic targets. While CRISPR gene editing, ribozymes, and aptamers are
primarily used to explore INcRNA expression and function in preclinical studies,
strategies such as antisense oligonucleotides (ASOs), small interfering RNAs
(siRNAs), and small-molecule inhibitors have been investigated in various cancer
types, often in combination with delivery systems such as nanoparticles and
extracellular vesicles like exosomes, for their potential use in targeting INcRNAs in
clinical settings. In the context of AML, a siRNA-loaded lipid nanoparticle targeting
the overexpressed IncRNA LINCO1257 has been explored in vitro, where it was
shown to reduce KASUMI-1 cell proliferation without affecting healthy cells [216].
However, the translation of IncRNA-targeting therapies into clinical practice faces
significant challenges [217]. Poor sequence conservation across species
complicates the development of relevant animal models, while the often-low
endogenous expression levels of INcRNAs require highly sensitive and efficient
targeting methods. Additionally, the lack of effective, specific, and safe delivery
systems for these therapeutic strategies remains a major hurdle, limiting their

advancement beyond preclinical studies [217,218].

Nevertheless, beyond their potential as therapeutic targets, several long non-
coding RNAs have also emerged as promising biomarkers with diverse clinical
applications. Some IncRNAs have been identified as potential diagnostic and
prognostic markers. For example, elevated levels of LINCOO899 and PANDA have
been described in acute myeloid leukemia and are associated with poorer overall
survival [219,220]. Conversely, low levels of IRAIN have been shown in a cohort of
64 de novo non-M3 AML patients to correlate with worse prognosis compared to
controls [197]. These findings highlight the potential use of these IncRNAs as
prognostic markers to be incorporated into standard clinical routines.
Furthermore, as previously highlighted, the expression of certain long non-coding
RNAs is associated with drug resistance, underscoring their potential use as
markers for treatment response. Therefore, incorporating the detection of
expression levels for those INcRNAs with a well-defined correlation with treatment
outcome into clinical routine could assist in guiding more informed therapeutic
decisions, ultimately improving prognosis and reducing relapse rates. Finally,
IncRNA-based expression signatures have demonstrated potential for risk
stratification in AML. Analysis of multiple AML cohorts identified a four-IncRNA
signature that can predict patient outcomes independently of age, sex, and ELN
classification [197]. Similarly, in a cohort of 274 AML patients treated with
chemotherapy, comprehensive INcRNA profiling revealed 33 IncRNAs significantly
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associated with overall survival [221]. This set was refined into a robust four-
IncRNA prognostic signature, capable of stratifying patients irrespective of their
cytogenetic or mutational background.

Taken together, these findings underscore the multifaceted clinical relevance of
IncRNAs in AML, not only as potential therapeutic targets but also as valuable
biomarkers across diagnostic, prognostic, predictive, and risk stratification
categories. Although their limited stability, low expression, and the lack of
accessible and standardized detection methods continue to pose challenges,
these promising applications highlight the need for further investigation into their
utility in improving disease management and personalizing treatment strategies.
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1.5 Post-transcriptional alterations: The role of DEAD-box helicases

While transcriptional alterations, such as those affecting the epigenetic machinery
and transcription factors, are well established in cancer and AML, numerous post-
transcriptional mechanisms, acting between messenger RNA (mRNA) synthesis
and protein production, have also emerged as important regulators of gene
expression in cancer, influencing cell fate and disease progression [222,223].
These include the dysregulation of non-coding RNAs as ribosomal and transfer
RNAs, miRNAs, IncRNAs, and RNA-binding proteins (RBPs), all of which play crucial
roles in MRNA metabolism, from RNA processing and splicing to dysregulation of
mRNA decay and translation (Figure 4).
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Figure 4. Schematic representation of post-transcriptional mechanisms that may be altered
in tumorigenic conditions. Altered function of RNA-binding proteins and/or non-coding RNAs
can affect pre-mRNA processing and splicing in the nucleus, while in the cytoplasm, spliced
mMRNAs can be impacted in terms of editing, stability, decay, and translation. Created with
BioRender.com

Among the diverse families of RBPs involved in mRNA metabolism, DEAD-box
helicases (DDX) represent a key group with specialized functions [224]. DEAD-box
RNA helicases are RBPs characterized by a highly conserved Asp-Glu-Ala-Asp (D-
E-A-D) motif and belong to superfamily 2 (SF2) of RNA helicases. Through ATP
hydrolysis, DEAD-box proteins can bind RNA, form RNA-protein complexes, and
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unwind duplex RNA, ultimately regulating mRNA translation by influencing
alternative RNA splicing, ribosome assembly, RNA transport, RNA decay, RNA
storage and translation initiation [225,226]. In the context of AML, DEAD-box
helicase 5 (DDX5), for example, is essential for AML cell proliferation both in vitro
and in vivo [227] while germline mutations in DDX41 have been associated to
higher risk of developing myeloid neoplasms such as AML, causing haplo-

insufficient expression of the protein [228].

1.56.1 Eukaryotic Initiation factor 4A-lll

Among DEAD-box proteins, the eukaryotic Initiation factor 4A-IlI (elF4A3), also
recognized as DDX48, [229] is ubiquitously expressed in the human body and has
been found to exert an oncogenic function in several cancers [230-233]. elF4A3
belongs to the elf4A family, which also includes elF4A1 and elF4A2. While elF4A1
and elF4A2 are primarily involved in translation initiation processes [234], elF4A3
forms to the core of the exon junction complex (EJC) [235] together with other 3
proteins: MAGOH, RBM8 (also known as Y14), and CASC3 (also known as MLN51).
In the nucleus, the core of the EJC is assembled in a sequence independent
manner roughly 24 nucleotides upstream of exon—exon junctions, where it acts as
a scaffold for peripheral proteins involved in pre-mRNA splicing [236,237]. After
splicing, the EJC core remains bound to the mRNA and, through dynamic
interactions with other factors, regulates multiple post-transcriptional processes,
including mRNA nuclear export, translation, and stability via nonsense-mediated
mRNA decay (NMD) [236]. In addition to the role of elf4A3 within the EJC, recent
evidence [238] has underlined a critical role of this helicase also in ribosome
biogenesis, promoting rRNA R-loop clearance within nucleolar compartments, and
a role in the MDM2-p53 axis. Furthermore, transcriptomic analyses performed
upon chemical inhibition of elF4A3 have revealed defects in NMD affecting
transcripts involved in cell cycle regulation, together with an impaired formation
of RNA stress granules [239].

In tumorigenic conditions, elF4A3 is often upregulated and has been shown to
have a prognostic value [240,241]. Although its role varies across tumor types, a
recurring theme is its ability to promote cell proliferation, survival, and metastasis
through aberrant expression and stabilization of RNA transcripts, including mRNAs
but also circular RNAs, miRNA and long-non-coding RNAs. In glioblastoma, elF4A3
has shown to increase the expression of the circular RNA circASAP], which acts as
an oncogene by activating the NRAS/MEKI/ERK1-2 signaling pathway [242]. In the
same cancer type, elF4A3 also stabilizes the INcRNA AGAP2-AS], prolonging its
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half-life and driving tumor progression [243]. In ovarian cancer, elF4A3 promotes
proliferation by binding to and stabilizing PDK4 mRNA [244], while in non-small cell
lung cancer, elF4A3 interacts with the IncRNA LINCOO667, which enhances the
stability of VEGFA mRNA, a key factor involved in angiogenesis and tumor growth
[245].
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Figure 5. Schematic representation of elF4A3 functions in different cellular compartments. In
the nucleolus, elF4A3 is involved in ribosome biogenesis by clearing R-loops from nascent
rRNA. In the nucleoplasm, elF4A3 forms the core complex of the exon junction complex (EJC)
and promotes RNA splicing. In the cytoplasm, elF4A3 participates in RNA translation,

nonsense-mediated decay (NMD), and RNA localization. Created with BioRender.com

Although elF4A3 has not been extensively investigated in hematopoietic
malignancies, its central role in RNA metabolism and oncogenic processes
suggests it may represent a clinically relevant factor. Preclinical studies have
explored the therapeutic potential of elF4A3 inhibition in solid tumors [246,247]
highlighting its promise as a druggable target. Nevertheless, further research is
required to define elF4A3 specific functions across different cancer types and

cellular contexts, including acute myeloid leukemia.
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2 Research aims

STUDY I: MALNC: A NEW MUTANT NPMI/IDH274° AND PML-RARA ASSOCIATED
LNCRNA WITH IMPACT ON AML CELL PROLIFERATION, MATURATION AND DRUG
RESPONSE

STUDY

To identify novel differentially expressed IncRNAs in AML through
comprehensive deep RNA sequencing analyses.

To explore clinical and genetic associations of the most promising IncRNA
with relevant AML subtypes and patient outcomes.

To perform structural and functional characterization of the selected
IncRNA candidate.

To elucidate the molecular mechanisms underlying the activity of the
IncRNA in AML pathogenesis.

[l IDENTIFICATION OF LONG NON-CODING RNAS INVOLVED IN

LEUKEMOGENESIS AND VENETOCLAX SENSITIVITY OF ACUTE MYELOID LEUKEMIA
THROUGH CRISPR-CAS9 INTERFERENCE SCREENS

To identify, through CRISPR-dCas9 interference screens, novel long non-
coding RNAs functionally implicated in AML, affecting proliferation,
differentiation, and venetoclax response.

To investigate the clinical significance of candidate IncRNAs in AML by
expression profiling and correlation with clinical parameters.

To biologically characterize selected IncRNAs using gene editing and in

vitro assays.

STUDY lll: THE EXON-JUNCTION COMPLEX HELICASE EIF4A3 HOLDS THERAPEUTIC
POTENTIAL IN ACUTE MYELOID LEUKEMIA

To explore essential genes in AML using publicly available CRISPR
knockout screening datasets.

To characterize the biological function and clinical significance of a
selected gene using transcriptomic data from AML cell lines and primary
patient samples.

To evaluate whether the selected gene holds potential as a therapeutic
target in AML.
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3 Materials and methods

Specific materials and methods of particular relevance are described in the
following section, with additional details provided in the corresponding units of
Studies I-Il.

Ethical considerations

The work presented in this thesis is based on AML cell lines and human samples
from AML patients and healthy donors. All projects were ethically approved by the
Stockholm board in accordance with the Declaration of Helsinki. Patient samples
consisted of bone marrow aspirates collected during routine diagnostic
procedures, while samples from healthy donors were obtained during scheduled
appointments. All participants provided informed consent for the use of their
biological material in research, in accordance with the Nuremberg Code and good
research practices. They were fully informed about the study aims and
procedures and had the capacity to decide voluntarily whether to participate. To
ensure confidentiality, all samples were coded, and personal identifiers were
stored separately, accessible only to a limited number of authorized personnel.
This allowed patient data to be retrieved if a participant withdrew consent or if
additional approval was required for future research, while maintaining anonymity
for those handling the samples. In addition, in Study |, animal models were used to
investigate the effect of INcRNA knockout on disease engraftment. All experiments
were conducted under the ethical approval of the Swedish Board of Agriculture

and adhered to the three principles of replacement, reduction, and refinement.
Cell lines

Different leukemic cell lines were used across the three projects, including HL-60,
NB4, OCI-AMLS, OCI-AML2, MOLM-13, Kasumi-1, K562, KG-1, THP-1, F36P, IMS-M2
and U937. All cell lines were cultured in RPMI 1640 medium supplemented with
GlutaMAX, 10-20% heat-inactivated fetal bovine serum (FBS), and 1% penicillin-
streptomycin. Cells were seeded at a density of 0.1-1 x 10° cells/mL and
maintained at 37 °C in a humidified incubator with 5% CO..

Cohorts of primary AML and Normal Bone Marrow (NBM) samples

For all three studies, patient samples including molecular and clinical data were
used to evaluate the expression of candidate IncRNAs and post-transcriptional
molecules in primary cells, and to correlate their expression profile with clinical

parameters. Primary samples from AML patients consisted of the mononuclear
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cell fraction extracted from bone marrow using a Ficoll-Plaque density-gradient
centrifugation, while samples from healthy donors were further enriched for
CD34" cells using magnetic-activated cell sorting (MACS). Specifically, in Studies
I, I, and I, the research group’s own ClinSeq cohort [248,249], comprising 325
Swedish AML patient samples collected at diagnosis between 1999 and 2014, was
analyzed. Clinical data for this cohort were obtained from the Swedish Acute
Leukemia Registry and patient medical records, while transcriptomic and
mutational data were obtained through RNA sequencing and targeted DNA panel
sequencing [250]. In Studies | and Il, a parallel cohort, referred to as the Knut and
Alice Wallenberg (KAW) cohort, was also included. This cohort comprised 103 AML
patients as well as 11 healthy donors. In addition, in Study I, a smaller cohort
consisting of 7 AML patients and 5 NBM samples was used for the discovery and
identification of candidate IncRNAs through deep RNA sequencing, serving as a

basis for further analyses.
Publicly available data from cell lines and primary cells

In Study |, to validate findings from the in-house ClinSeq cohort, data from the
Cancer Genome Atlas (TCGA) AML cohort were used [251,252]. This cohort
comprises clinical and transcriptomic data from 151 de novo AML patients
diagnosed in the USA between 2002 and 2009. In Study lll, to identify potential
essential genes in AML and evaluate their expression levels, CRISPR screen
knockout and RNA-seq data, performed on 18 AML cell lines, were retrieved from
DepMap [253]. Additionally, RNA-Seq raw counts and clinical metadata from the
BEAT AML cohort [254] were retrieved, comprising 476 AML patients and 23
healthy donors.

Real-time qPCR

To investigate gene expression at the single-gene level, real-time quantitative PCR
(RT-gPCR) analyses were employed in Studies |, Il and lll. Total RNA was extracted
from cells using spin-column—-based methods and quantified with a
spectrophotometer to assess yield and integrity, ensuring comparable input
across samples. Following RNA to cDNA conversion using reverse transcriptase
enzymes, RT-qPCR was performed. The TagMan assay was preferentially used
over SYBR Green because of its higher specificity and sensitivity, relevant for low-
abundance transcripts such as IncRNAs. Relative quantification of gene
expression was performed using the comparative CT method (2-AACT) [255].
Expression values were normalized to internal reference genes (B-actin, GAPDH,
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or TBP), and the relative expression of each target gene was calculated against

designated calibrator samples.
RNA sequencing

RNA sequencing (RNA-seq) is a next-generation sequencing technique that
enables genome-wide profiling of a given transcriptome. In general, total RNA is
purified, and its quality is assessed to ensure integrity and purity. Highly abundant
RNA species, such as rRNAs, are usually removed to enrich for messenger and
non-coding RNAs. The remaining RNA molecules are then fragmented and
reverse-transcribed into complementary DNA (cDNA), which provides a more
stable template for sequencing. Adapters are ligated to both ends of the cDNA
fragments to generate a library that can be amplified and subsequently
sequenced. Depending on the platform used, sequencing is performed through
cyclic detection of incorporated nucleotides or other signal-based chemistries,
producing millions of short reads that represent the original RNA molecules. The
generated reads are then demultiplexed, quality-checked, and aligned to a
reference genome to quantify transcript abundance and determine gene

expression levels.

To detect genes with significant changes in expression between experimental
groups, differential expression analyses were performed. Additionally, Gene Set
Enrichment Analyses (GSEA) were conducted using Gene Ontology (GO) [256]
and Reactome databases [257] to evaluate cellular pathways potentially impacted
by the experimental perturbations. In this thesis, RNA-seq data from both publicly
available sources and internal AML data were used to examine the expression of
candidate IncRNAs in Studies | and Il, as well as the expression of the elF4A3
helicase in Study lll. Additionally, RNA-seq analyses were conducted in Studies |
and Il to evaluate differential gene expression in AML cell lines with knockouts of
two IncRNAs of interest: MALNC and CATGOOOO0O0I106133.], respectively. Similarly,
in Study lll, differential expression analysis was performed on AML patient
samples stratified by high versus low EIF4A3 expression levels, as well as between
AML and normal cells.

Cap Analysis of Gene Expression (CAGE) sequencing

CAGE sequencing is a technique developed at the RIKEN Institute in Japan to
capture and analyze 5'-capped RNAs at a high-resolution level [258,259]. The
method relies on biotinylation of the 7-methylguanosine cap structure of mature
RNAs, enabling the selective pull-down of cDNAs, reverse-transcribed from these
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capped transcripts, using streptavidin beads. Subsequently, a linker is added to
the cDNA, and specific enzymes are used to shorten the cDNA fragments to 20-
30 nt. These cDNA fragments, referred to as CAGE tags, are then amplified and
sequenced, and the reads are mapped back to the genome. This process allows
the identification of CAGE tag starting sites (CTSSs) at single-base resolution.
Because RNA polymerase Il often initiates transcription over a small region rather
than a single nucleotide, CTSSs can be grouped into CAGE clusters using
clustering algorithms. These Cage clusters define active transcription sites, and
the number of CAGE tags within each cluster provides quantitative information on

transcripts and isoform expression levels.

An evolved version of the classical CAGE protocol, known as HeliScope CAGE
[260], has been extensively employed in the FANTOMS5 project to map
transcription start sites and discover novel mMRNAs and IncRNAs across human
tissues, including those targeted in the CRISPR interference screen of Study Il.
HeliScope CAGE is a more efficient technique, as it allows direct sequencing of
first-strand cDNA without the use of linkers, enzymatic digestions, or PCR
amplification, reducing the likelihood of technical artifacts. Furthermore, it requires
less RNA input, enabling gene expression analysis even in small or restricted cell
populations. HeliScope CAGE data were subsequently used in Studies | and Il to

assess INcRNA expression levels and transcription start sites localization.

CRISPR interference screen

In Study I, CRISPR interference (CRISPRI) [261] screens were conducted to identify
IncRNAs involved in AML cell proliferation, differentiation, and response to the
BCL2 inhibitor venetoclax. In the conventional CRISPR-Cas9 system, a single-
guide RNA (sgRNA) directs the Cas9 nuclease to a specific genomic locus, where
it introduces a double-strand break (DSB). Repair of this DSB predominantly
occurs through the error-prone non-homologous end joining (NHEJ) pathway,
often resulting in small insertions or deletions (indels) [262]. In protein-coding
genes, such indels can cause frameshift mutations that disrupt the open reading
frame (ORF), leading to loss of protein expression. However, because IncRNAs lack
ORFs, the indels and frameshifts generated by traditional CRISPR-Cas9
approaches would not effectively disrupt their function. In contrast, CRISPRi
employs a catalytically inactive Cas9 (dCas9), which can be fused to a Kruppel-
associated box repressor domain (KRAB) [263]. dCas9 still binds DNA at sgRNA-
specified sites but cannot cut the genome, while KRAB recruits chromatin-

modifying complexes that deposit repressive histone marks. Together, they
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silence genes by blocking RNA polymerase Il access and establishing a repressive
chromatin environment at promoter or proximal regulatory regions. Therefore,
CRISPRi represents a more suitable strategy to achieve stable and specific

transcriptional repression of INncRNAs.

As illustrated in Figure 6, 7,996 IncRNAs expressed across eight AML cell lines were
identified through CAGE analysis from the FANTOMS project [137]. A pooled gRNA
library was then generated, containing six independent gRNAs designed within a
region spanning 25 nucleotides upstream and 250 nucleotides downstream of the
major CAGE peaks of each IncRNA. To minimize potential off-target effects,
IncRNAs located within +2 kb of a protein-coding gene transcriptional start site
(TSS) were excluded from the library.

Following plasmid backbone vector cloning, the library was packaged into lentiviral
particles and transduced into MOLM-13 AML cells, previously engineered to stably
express dCas9-BFP-KRAB, in biological duplicates. Transduction was performed
at low multiplicity of infection (MOI) to ensure that each cell received only one
gRNA construct. In addition, to ensure sufficient library coverage, each replicate

was maintained at a minimum of 80 x 10° cells.

After 4 days of puromycin selection to ensure stable integration, three

independent CRISPR interference (CRISPRI) screens were performed:

- Proliferation screen: Cells were cultured for 21 population doublings, and

samples were collected at time points 7 and 31 to assess the impact of
IncRNA knockdown on cell growth.

- Differentiation screen: Cells were treated with either 10 nM ATRA or vehicle
control (0.1% DMSO, v/v) for 72 hours.

- Drug response screen: Cells were treated with either 10 nM venetoclax or
vehicle control (0.1% DMSO, v/v) for 48 hours.

For each screen, live cells positive for BFP (representing dCas9-expressing cells)
were collected by flow cytometry at the specified time points. In the
differentiation screen, CDIIb* cells were additionally isolated from the ATRA-
treated group. Next-generation sequencing (NGS) was then performed on
extracted genomic DNA to quantify gRNA abundance under each screening
condition. This allowed us to infer the relative contribution of each targeted
IncRNA to the biological processes of interest, providing insights into their

potential roles in AML pathogenesis and drug response.
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Figure 6. Workflow of the three CRISPR interference screens performed in study Il. Created

with BioRender.com
Paired guide RNA CRISPR- Cas9 Knockout

In Studies | and IlI, paired-guide RNA CRISPR-Cas9 knockout strategies were
employed to disrupt the transcription of the targeted IncRNAs, MALNC and
CATGOOOO0O0106133.1, respectively. Canonical CRISPR-Cas9 approaches typically
use a single guide RNA (sgRNA) together with the Cas9 nuclease to induce small
insertions or deletions (indels) [262]. However, as outlined earlier, this strategy is
not optimal for INcRNAs, since partial truncations or indels may not fully abolish
transcript function. To overcome this limitation, a double-knockout strategy was
applied, in which two sgRNAs were designed to target sequences located
upstream and downstream of INCRNA primary TSSs.

Knockout efficiency was verified in multiple steps. Initially, bulk cell populations
were analyzed following genomic DNA extraction by PCR amplification across the
targeted region. Successful deletions were identified by a band size shift on gel
electrophoresis and confirmed by Sanger sequencing to ensure that the intended
deletion had occurred. To obtain clonal cell populations, single-cell sorting was
performed by flow cytometry. Individual clones were expanded and validated as
described for the bulk populations. Heterozygous and homozygous deletions were
distinguished by PCR genotyping using primers located both inside and outside
the deleted region, and the absence of transcript expression was confirmed by
RT-gPCR.
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siRNA knockdown

RNA interference (RNAI) is a cellular mechanism in which RNA can trigger gene
expression inhibition in a homology-dependent manner [264—-266]. This process
represents a key post-transcriptional regulatory pathway that modulates RNA
stability and translation [267]. In mammals, RNAi is primarily mediated by
microRNAs (miRNAs), which guide the RNA-induced silencing complex (RISC) to
complementary messenger RNAs, resulting in translational repression or
degradation. The same RNA interference machinery can also recognize exogenous
double-stranded RNAs, a feature that can be exploited experimentally for gene
silencing using short RNAs (shRNA) or small interfering RNAs (siRNAs). In the
specific case of siRNA synthetic production, once introduced into the cell, siRNAs
are incorporated into the multiprotein RISC complex, where Argonaute 2 (AGO2)
mediates degradation of complementary target RNAs in the cytoplasm. In Study
lll, siRNA-mediated knockdown was performed to silence selected messenger
RNAs. A SMARTpool ON-TARGET plus strategy was employed, consisting of four
double-stranded siRNAs per target gene, each chemically modified to minimize
off-target effects by reducing sense-strand incorporation into RISC and
decreasing microRNA-like seed-based interactions [268—270]. The siRNAs were
introduced into AML cell lines by electroporation, ensuring efficient intracellular
delivery and robust depletion of the target transcripts for downstream functional
analyses.

Chromatin Isolation by RNA Purification

Chromatin Isolation by RNA Purification (ChIRP) is a method developed in 2011 [271]
to map RNA—protein—chromatin complexes. The technique uses biotinylated 20-
nucleotide antisense probes complementary to the RNA of interest, enabling the
pull-down of target RNA, together with its associated macromolecules (DNA and
proteins), using streptavidin beads. Before hybridization, cells are crosslinked to
stabilize RNA—chromatin interactions and then sonicated to fragment chromatin
into 100-500 nt pieces. ChIRP employs two non-overlapping probe sets (“even”
and “odd") designed across the full length of the target RNA to perform parallel
pulldowns, providing an internal control that helps distinguish specific from
nonspecific interactions. This design also eliminates the need for prior knowledge
of RNA accessibility. After reverse crosslinking, the isolated DNA can be analyzed
by sequencing (ChIRP-seq) to identify genomic regions bound by the RNA, or the
protein fraction can be analyzed by mass spectrometry (ChIRP-MS) to

characterize RNA—-RBP interactions. Additionally, the RNA itself can be recovered
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to confirm efficient target RNA pulldown and to investigate potential RNA—RNA
interactions occurring at the chromatin level. In Study I, ChIRP-seq analyses were
performed to determine whether the IncRNA MALNC binds to chromatin and to

explore its potential regulatory role at the DNA level.
Functional assays

In the work presented in this thesis, several functional assays were performed to
investigate the role of selected IncRNAs and RNA helicases in specific biological
processes, including cell viability, apoptosis, cell cycle regulation and cell
differentiation.

In Studies |, Il, and lll, cell viability assays were conducted to evaluate the impact
of IncRNA deletion or helicase perturbation on AML cell proliferation. Cell viability
was assessed by measuring the metabolic activity of living cells. In Studies | and Il
the WST-8 assay was used, while in Study lll, the XTT assay was employed. Briefly,
both methods rely on the addition of a tetrazolium-based reagent (either WST-8
or XTT), which is reduced by cellular dehydrogenase enzymes in metabolically
active cells to produce a water-soluble colored formazan dye [272,273]. The
absorbance of this dye, measured spectrophotometrically on a plate reader, is

directly proportional to the number of viable cells.

In Studies | and lll, apoptosis assays were performed to assess the impact of
specific IncRNA deletions (Study I) or of elF4A3 and TP53 knockdown (Study i)
on cell death, distinguishing viable, early apoptotic, late apoptotic, and necrotic
cells. Specifically, flow cytometry analyses were conducted following staining with
Annexin V-FITC and propidium iodide (PI) [274]. Annexin V is a calcium-
dependent protein that strongly associate with phosphatidylserine residues,
which translocate from the inner to the outer layer of the plasma membrane
during early apoptosis. In contrast, Pl is a DNA-intercalating dye that penetrates
only cells with compromised membrane integrity, thereby staining late apoptotic
and necrotic cells. By evaluating the fluorescence emission of Annexin V
conjugated to a fluorescent dye (in this case FITC) and PI, different cell
populations can be distinguished: viable cells (Annexin V~/PI”), early apoptotic
cells (Annexin V*/PI7), late apoptotic cells (Annexin V*/PI*), and necrotic cells
(Annexin V~/PI*). In addition, in Study Il Pl staining alone was used to discriminate
live from dead unfixed cells, based on the selective uptake of the dye by cells with
damaged membranes [275,276].
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In Study |, Pl was also employed to analyze cell cycle distribution. In this assay,
cells were first fixed, allowing Pl to intercalate into the DNA. The resulting
fluorescence intensity is proportional to the DNA content, enabling discrimination
of different cell cycle phases. Specifically, cells in the Go/G; phase display a 2N
DNA content, cells in the S phase show intermediate fluorescence due to ongoing
DNA synthesis, and cells in the G,/M phase exhibit a 4N DNA content [277].

In Studies | and II, cell differentiation upon ATRA treatment was assessed by flow
cytometry analyses using CDI1lb, a granulocytic cell surface marker. In Study |,
CDTlb levels were also evaluated by flow cytometry analysis in APL cells following
MALNC depletion. Under the same treatment conditions, RT-gPCR was performed
to quantify CDIlb and CD66d transcripts in MALNC-KO and MALNC-WT cells.
CD66d, a member of the CEACAM (carcinoembryonic antigen-related cell
adhesion molecule) family, was employed as an additional marker of granulocytic
differentiation in Study | [278,279].

Animal studies

In Study |, we investigated whether depletion of the IncRNA MALNC affects the
engraftment capacity and disease progression of AML cells in a mouse
transplantation model. For this purpose, we used immunodeficient mice that
transgenically express human cytokines relevant to myelopoiesis. These mice,
known as NSG-SGM3 [280], are derived from the cross of NOD-scid gamma (NSG)
mice [281-283], which carry a complete deletion of the interleukin-2Ry (IL-2Ry)
gene and consequently lack functional T cells, B cells, and NK cells, with
NOD/SCID-SGM3 (NSS) [284] mice that transgenically express human SCF (Stem
Cell Factor), GM-CSF (Granulocyte-Macrophage Colony-Stimulating Factor), and
IL-3. These cytokines enhance support for the human myeloid lineage, thereby

improving the engraftment and functional differentiation of AML cells in vivo.

Briefly, sub-lethally irradiated NSG-SGM3 mice (9-10 weeks old) were
transplanted with 1 x 10A6 NB4 MALNC-WT or NB4 MALNC-KO cells via tail vein
injection, six hours post-irradiation (n = 4 per group). Animal welfare was
monitored regularly, and blood sampling was initiated two weeks after
transplantation. 21 days post-transplantation, when animals began to show signs
of morbidity, all mice were sacrificed, and spleen, peripheral blood, and bone
marrow were collected. Spleen weight was determined using an analytical balance,
while blood and bone marrow parameters were analyzed using an automated cell
counter (Sysmex XP-300) and flow cytometry. For flow cytometry, mCD45-PE
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and hCD45-Pacific Blue antibodies were used to distinguish murine from human
leukocytes, respectively, and propidium iodide (PI) was included to exclude dead
cells. Gating was defined using fluorescence-minus-one (FMO) controls. The

experimental workflow is summarized in Figure 7.
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Figure 7. Schematic representation of in vivo experiments performed on NSG-SGM3 mice
transplanted with NB4 MALNC wild-type and NB4 MALNC knockout cells. Created with
BioRender.com

Statistical analysis

Statistical analyses for studies I-Ill were performed primarily using RStudio (v3.6.2
or later) and GraphPad Prism (v9.4.1 or later). Flow cytometry data were analyzed
with FlowJo (v10.6.1-v10.8.0). Data distribution was evaluated for normality using
the Shapiro—Wilk test. When the data followed a normal distribution, differences
between two groups were analyzed with two-tailed Student’s t-tests, while
comparisons among three or more groups were performed through one- or two-
way ANOVA analyses, followed by Dunnett’s post-hoc test for multiple pairwise
comparisons. For data not normally distributed, two groups’ comparisons were
carried out using the Mann—Whitney U test, and comparisons among three or
more groups using the Kruskal-Wallis test, followed by Dunn’s multiple
comparison test. Associations between numerical variables were evaluated using
Spearman'’s rank correlation (p). Overall survival (OS) was calculated from the date
of diagnosis to either death or the most recent follow-up. Survival probabilities
were estimated with the Kaplan—Meier method, and group differences were
evaluated using the Mantel-Cox log-rank test. To determine the prognostic
significance of candidate IncRNAs in Studies | and Il, multivariate Cox proportional
hazards regression analyses were conducted. A p-value or adjusted p value < 0.05
was considered statistically significant. Statistical significance is indicated in
figures as follows: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (¥***),
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4 Results and discussion

4.1 Studyl

411 Study rationale

As outlined in the literature review of this thesis, AML is a highly heterogeneous
malignancy characterized by multiple, often co-occurring alterations at the
genetic, epigenetic, and post-transcriptional levels. This complexity has driven
research efforts toward the development of targeted therapies aimed at
improving patient outcomes. Nevertheless, despite these advances, the overall
survival rate for AML remains poor, and several unmet clinical needs persist. These
limitations are largely due to an incomplete understanding of the molecular
mechanisms underlying AML pathogenesis and progression. Given that the non-
coding genome remains relatively underexplored in the context of AML, Study |
was designed to use transcriptomic data from primary AML and normal bone
marrow CD34+ cells to specifically investigate the role of IncRNAs in this disease.
In fact, IncRNAs have been shown to function as both oncogenes and tumor
suppressors in various cancers; however, their biological functions and clinical
relevance in AML remain poorly defined. This study aimed to improve the
identification and characterization of IncRNAs that may play key roles in AML

biology and serve as potential therapeutic targets or biomarkers.

412 Results

In Study |, we initially performed deep RNA sequencing on a small discovery
cohort, comprising 7 AML patients and 5 healthy bone marrow donors, to identify
IncRNAs differentially expressed between leukemic and normal cells. From the 136
novel IncRNA candidate transcripts filtered in the initial analysis, we selected one
currently only partially annotated IncRNA for further investigation, which we
subsequently named MALNC (myeloid and AML-associated intergenic long non-
coding RNA). This choice was driven by the observation that MALNC was
consistently overexpressed in AML cells, not only in the initial discovery cohort
but also in our larger internal ClinSeq cohort, suggesting potential disease

relevance.

To explore the full length and transcript structure of MALNC, we employed
PrimeWalks, RACE (Rapid Amplification of cDNA Ends) and CAGE sequencing
analyses, which revealed that MALNC is a long transcript, spanning a region of

more than 70 kilobases, with multiple isoforms transcribed from three mutually
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exclusive TSSs. Polysome profiling and in silico analyses confirmed the absence of
coding potential, supporting its classification as a non-coding RNA. Subcellular
fractionation experiments showed that MALNC localizes to both the nucleus and

cytoplasm, indicating possible multifunctionality and complex regulatory roles.

Subsequently, we analyzed MALNC expression in both our internal ClinSeq AML
cohort (n = 325) and the publicly available TCGA AML cohort (n = 151) [251] to
investigate potential correlations with clinical and genetic parameters. In both
cohorts, MALNC expression was significantly associated with APL patients and
AML cases harboring co-occurring NPMT1 and IDH2"4° mutations. Moreover, higher
MALNC expression associated with improved overall survival, both when including
and excluding APL patients, and this correlation remained significant, also

independently of other established prognostic factors.

Given that MALNC showed the highest expression in the APL/AML subtype in
primary cells and across different cell lines tested, with the promyelocytic cell
lines NB4 (PML—RARA positive) and HL-60 (PML—RARA negative but APL-derived)
exhibiting the highest levels, we decided to further investigate MALNC within this
AML subtype. Upon induction of cell differentiation with ATRA, we observed in
both HL6O and NB4 cells a marked decrease in MALNC levels, suggesting that its
expression is downregulated during myeloid maturation. Similarly, under
physiological conditions, MALNC expression peaked at the promyelocytic stage
and progressively decreased during normal myeloid differentiation. The
involvement of MALNC in myeloid cell differentiation was reinforced by CRISPR
knockout experiments. At basal levels, RNA sequencing analysis revealed altered
expression of genes implicated in the retinoic acid signaling pathway, such as
ZNF536 [285] and DHRS3 [286-288], following MALNC deletion. Consistently,
upon ATRA treatment, MALNC-deficient cells exhibited upregulation of retinoic
acid-responsive genes such as RARB [289] and enhanced expression and higher
protein levels of differentiation markers CD1lb and CD66d. These findings support
a model in which MALNC loss impacts the retinoic acid pathway and sensitizes
APL cells to ATRA, promoting differentiation at both the transcriptional and
phenotypic levels. Furthermore, ChiIRP-seq analysis demonstrated that MALNC
binds directly to key retinoic acid pathway genes [109,285,290,291], including
RARA, STATI, RXRA, and ZNF536 in APL cell lines. This finding helps explain, at least
in part, how MALNC may regulate cell differentiation by directly interacting with
critical regulatory loci.
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The functional consequences of MALNC loss were further investigated using both
in vitro and in vivo approaches. In vitro, MALNC depletion resulted in reduced cell
viability in HL60 cells and impaired colony-forming capacity in both NB4 and
HL60O cells. The effects of MALNC knockout were also evaluated in vivo through
transplantation of NB4 MALNC-WT and NB4 MALNC-KO cells into
immunodeficient NSG-SGM3 mice. Spleen size, assessed by weight, and the
proportion of human CD45* peripheral blood (PB) cells were significantly higher in
mice transplanted with NB4 MALNC-WT cells compared with those receiving NB4
MALNC-KO cells (Figure 8A-B). Moreover, mice in the NB4 MALNC-WT group
displayed elevated peripheral white blood cell (WBC) counts, along with reduced
red blood cell counts, hemoglobin levels, and platelet counts (Figure 8C). Taken
together, these findings indicate that MALNC knockout impairs AML cell growth in

vivo.
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Figure 8. (A) Dot plot showing spleen weight of mice at 20 days post-transplantation with
either NB4 MALNC-WT or NB4 MALNC-KO cells. (B) Bar graph showing the % of hCD45+ cells
of total leukocytes in the Peripheral Blood (PB) of mice transplanted with NB4 MALNC-KO or
MALNC-WT NB4 cells. (C) Mice hematological parameters at 20 days post-transplantation
with either NB4 MALNC-WT or NB4 MALNC KO cells. Student’s t-test was used for statistical
analysis. Statistical significance is indicated as follows: P values * < 0.05; ** < 0.01; *** < 0.00.

Additionally, drug screening data showed that MALNC knockout cells were more
sensitive to arsenic trioxide (ATO), a key therapeutic agent used in standard APL
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treatment, suggesting that MALNC may also modulate drug sensitivity. Regarding
its upstream regulation, analysis of ENCODE ChlIP-seq data [292] comparing NB4
MALNC expressing cells and K562 non-expressing cells revealed MYC binding
within the MALNC locus, indicating a potential direct or indirect role of MYC in the
transcriptional regulation of MALNC.

4.1.3 Discussion

In study |, we reported the discovery of MALNC, a novel IncRNA overexpressed in
AML. After characterizing its complex genomic locus and identifying several
isoforms, we demonstrated that MALNC is specifically expressed in distinct AML
subgroups, including APL and NPMI/IDH2/4° co-mutated cases, which together
account for 10% and 5% of AML patients, respectively [27,293]. These findings
reinforce accumulating evidence that IncRNAs are frequently associated with
specific mutational backgrounds in AML [207,294-296]. In the case of MALNC, this
expression pattern suggests a potentially shared transcriptional program
between the two AML subtypes. This is further supported by previous
observations that NPMI/IDH274° co-mutated AML displays an APL-like phenotype,
characterized by the absence of HLA-DR expression, CD34 negativity, and high
MPO levels[297,298]. In these two AML subgroups, MALNC may therefore exert a
comparable functional role, an observation reminiscent of other IncRNAs such as
CRNDE [299]. Notably, CRNDE, which is upregulated in APL cells, is also highly
expressed in NPMT mutant AML, where in both contexts it contributes to a block
in differentiation.

To further explore the functional role of MALNC, we focused on the APL subtype.
In APL cell lines, MALNC expression decreased progressively during ATRA induced
differentiation, a pattern mirrored in normal hematopoiesis, where its expression
peaked in promyelocytes compared to earlier or later differentiation stages. This
highlights that MALNC not only may serve as promyelocytic stage marker, but may
also be involved in myeloid cell differentiation. Indeed, MALNC depletion not only
showed reduced cell growth at baseline, but also enhanced differentiation upon
ATRA treatment. Furthermore, under both basal conditions and ATRA-induced
differentiation, several genes involved in the retinoic acid (RA) pathway showed
altered expression. Some genes, such as ZNF536, were affected in both
conditions, while others, including RARB, were mainly altered only after ATRA
treatment. Moreover, 7 genes that were dysregulated in MALNC-KO cells, both at
baseline and after ATRA treatment, were found to be directly bound by MALNC in
NB4 cells. These results suggest that MALNC could play a stage-specific role in
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aberrant myeloid differentiation. By influencing gene transcription, partly through
its interaction with chromatin, MALNC affects cell proliferation and may contribute
to the differentiation block characteristic of APL. Moreover, MALNC appears to
regulate transcription both independently of external signals (such as ATRA) and
in ways that become more pronounced after ATRA treatment, highlighting its
heterogeneous and context-dependent activity. In addition, we further
hypothesize that MALNC may be regulated upstream by MYC, as observed for
other IncRNAs [300,301]. Supporting this, MYC ChIP-seq data from ENCODE show
binding within the MALNC locus in cells expressing the IncRNA. This regulatory
connection could also explain the decrease in MALNC levels upon ATRA
treatment, as MYC is typically upregulated in leukemogenic contexts [302,303]
but downregulated upon ATRA-induced differentiation [304—306].

From a clinical standpoint, MALNC may present diverse key features. On one hand,
MALNC expression was found to correlate with better overall survival in AML
patients, even after adjusting for favorable prognostic markers such as PML-RARA
and NPM1[307,308]. This finding is somewhat counterintuitive, as MALNC appears
to play a primarily oncogenic role, impairing differentiation and enhancing
proliferation both in vitro and in vivo. However, such paradoxes are not uncommon
in the AML context [12,309,310]. One possible explanation is that leukemic cells
maintained in a more proliferative and less differentiated state may be more
responsive to chemotherapy, thereby improving treatment outcomes. Therefore,
MALNC holds potential as a broader prognostic marker in AML, possibly offering
additional stratification value beyond currently established genetic indicators. In
addition, the observed correlation between MALNC depletion and increased
sensitivity to ATO in APL cell lines suggests that MALNC may serve as a marker for
treatment response and/or a therapeutic target to enhance treatment efficacy.
Considering that ATO, in combination with ATRA, represents the standard therapy
for APL patients, it would be highly relevant to further investigate the mechanisms
by which MALNC modulates response to this combinatorial treatment. Future in
vitro and in vivo studies could help clarify whether MALNC could be used to
assess treatment response or guide therapeutic strategies in APL patients.
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4.2 Studyll

421 Study rationale

As outlined in the rationale for Study |, IncRNAs have been shown to exert key roles
in various cancers, including AML. The FANTOMS project, using CAGE-seq data,
identified more than 19,175 new functional IncRNAs in the human genome across
1,829 human cell types and tissues, and further generated an atlas of 27,919
IncRNAs expressed in normal and disease contexts [137]. This prompted us to
further investigate the role of already annotated and newly discovered IncRNAs in
the context of AML. To this end, we employed a CRISPR interference (CRISPRi)
screen. CRISPRI is particularly suitable for studying IncRNAs because conventional
CRISPR/Cas9 knockout approaches are often ineffective: the absence of open
reading frames in INcRNAs means that small indels generally do not abolish their
function. In contrast, CRISPRi represses transcription by targeting promoter
regions. Moreover, the use of a CRISPR interference screen with a pooled sgRNA
library enables the simultaneous and efficient repression of multiple IncRNA
targets, allowing systematic assessment of their contribution to cellular
phenotypes in a high-throughput manner.

This strategy has proven successful in uncovering novel IncRNAs involved in
physiological processes [311-314] as well as in cancer [315-319]. However, only a
few IncRNA-focused CRISPRi screens have been performed in the context of AML
[320,321] and none have investigated their role under drug treatment. Therefore,
this study aimed to identify IncRNAs involved in key biological processes relevant
to leukemia progression, as well as to explore their potential roles in drug

resistance, such as during venetoclax treatment, using CRISPRi screens.

4.2.2 Results

In study Il, similar to study |, we investigated whether novel or previously
unexplored IncRNAs could play a role in AML tumorigenesis. To this end, we
performed three independent CRISPR—dCas9 interference screens, each
targeting 7,996 IncRNAs identified through CAGE sequencing analysis from the
FANTOMS project. IncRNAs were targeted with barcoded gRNAs in the AML cell
line MOLM-13 expressing dCas9-KRAB protein, and the abundance of each guide
was subsequently assessed by next-generation sequencing (NGS) to evaluate the
involvement of the targeted IncRNA in cell proliferation, differentiation, and

response to the BCL-2 inhibitor venetoclax.
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Candidate genes were filtered using two main criteria: (i) presence among the top
100 positive or negative hits according to the Robust Rank Aggregation (RRA)
method, which assesses whether sgRNAs targeting a gene consistently rank
among the most enriched or depleted guides, and (ii) overlap between the two
biological replicates performed for each screen. Additionally, further filtering of
candidate genes was conducted by considering the expression of candidate

IncRNAs in primary cells and their correlation with clinical parameters.

In the differentiation screen, only 4 candidate genes were identified due to

bottleneck effects and limited library coverage; therefore, this dataset was

excluded from further analyses. The venetoclax response screen revealed 11 genes

potentially involved in resistance and 12 associated with sensitivity. Among these
latest, INcRNA AC009299.3 emerged as the most compelling candidate. This
phenotype was validated with single-guide RNA perturbation, and subsequent
clinical correlation analyses within our internal AML ClinSeq cohort (n=325)
demonstrated that AC009299.3 expression is higher in elderly patients, in
intermediate and adverse ELN2017 subgroups, and in secondary AML cases.
Importantly, its high expression correlated with worse prognosis in patients
treated with standard chemotherapies.

The proliferation screen yielded the most robust results, identifying 47 candidate

genes that may promote cell growth and 11 with potential inhibitory effects. Owing
to the strength of these findings, the proliferation screen was prioritized for
downstream analyses and became the focus of subsequent functional
investigations. Among the candidates, three IncRNAs, MIRT7HG,
CATGOO0O000106133.1, and CATGOO0O00056792.1, were selected for further study
based on their expression patterns and clinical associations. MIR17HG is a well-
characterized IncRNA previously shown to drive cell proliferation in cancer
settings [322-324], whereas CATGOOO000Q106133.1 and CATGOOO00056792.1
represent novel transcripts. In our internal KAW cohort (AML n =103; CD34* n =11),
both novel IncRNAs showed elevated expression in AML samples compared with
normal CD34* cells, consistent with the screen results. Clinical correlations were
assessed within the internal ClinSeq AML cohort (n = 325), revealing notable
associations: all three IncRNAs were linked to NPMI mutation; MIR17HG and
CATGOO0O0O0056792.1 showed higher expression in female patients; and
CATGOOO000106133.1 was enriched in de novo AML and cytogenetically normal

cases.
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Given that MIRT7HG is already annotated and well characterized, and that
CATGOO0O00056792.1gene is located within the intronic region of RUNXT, implying
that its targeting for functional studies or future therapeutic approaches could be
challenging due to potential off-target effects, CATGOOO00106133.1 was selected
for more in-depth investigation. Subcellular localization analysis revealed that
CATGOOO0O00106133.1 is predominantly localized in the nucleus, suggesting that it
may directly or indirectly influence gene transcription. Moreover, CAGE-seq data
in normal cells demonstrated differential expression of CATGOOOOO106133.1
across hematopoietic differentiation stages, with the highest levels observed in
basophils, natural killer cells, and monocytes. The functional role of
CATGOO0000106133.1was further explored by generating a double knockout in HL-
60 cells of the first 5 and primary TSSs of CATGOOOOQ0106133.], as predicted from
FANTOM5 CAGE clusters, thereby abolishing the transcription of all known
transcript variants expressed in AML cell line. RNA sequencing of
CATGOO0000I106133.1 deficient cells identified 1,406 differentially expressed
genes (DEGs), including HOXAT and HOXATO from the HOXA cluster, which is well-
established to drive leukemogenesis [325,326]. In addition, Gene Ontology (GO)
and Reactome pathway analyses of these DEGs revealed significant enrichment
for terms related to cytokine signaling and immune response. Interestingly, among
the cytokine signaling—associated DEGs, IRF8 was highlighted as a key candidate.
Not only was IRF8 downregulated upon CATGOOOOO106133.1 depletion, but it was
also identified in motif enrichment analysis as one of the most enriched
transcription factors located in proximity to the 5 primary TSSs of
CATGOO0O0O0O0I106133.1, and as a top hit in the motifs common to the 1,406 DEGs.
This dual evidence suggests that CATGOOOO0O0106133.1 may modulate cytokine
signaling pathways, potentially through a regulatory interplay with IRF8.

4.2.3 Discussion

In Study II, we identified several newly discovered and previously annotated
IncRNAs with important roles in AML cell proliferation and drug response. Among
these, AC009299.3 emerged as a key regulator of venetoclax sensitivity.
Functional validation showed that AC009299.3 knockdown reduced AML cell
susceptibility to venetoclax, highlighting its potential role as a modulator of drug
response. LncRNAs have previously been shown to influence drug responses in
AML [184,210,214], including SNHG1, which promotes venetoclax resistance by
epigenetically silencing ZCCHCIO [215]. However, our study is the first to identify
a novel IncRNA, AC009299.3, that promotes AML sensitivity to venetoclax.
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Interestingly, under standard chemotherapy conditions, high AC009299.3
expression correlated with poorer overall survival, suggesting that this IncRNA may
mark biologically aggressive AML subtypes. Consistent with this, elevated
AC009299.3 expression was associated with secondary AML and with patients
classified within the ELN intermediate or adverse risk groups [38]. Taken together,
these findings raise the possibility that ACO09299.3 could serve as a predictive
biomarker to identify patients who may benefit more from venetoclax based
regimens than from just conventional chemotherapy, thereby informing more

personalized treatment strategies.

From the proliferation screen, three IncRNAs, MIR17HG, CATGOO000106133.1, and
CATGOO000056792.1, were selected based on their expression profiles and
clinical correlation analyses. Among them, we focused primarily on
CATGOOOO0OO0106133., a previously uncharacterized IncRNA showing high
expression in AML patient samples compared with CD34" normal cells. Its
expression was also higher than that of MIRT7HG and CATGOOO0O0056792.1 in
AML cells. RNA-seq analyses of CATGOOOOOQI06133.1 knockout clones revealed
over 1,406 differentially expressed genes, including members of the HOXA cluster,
such as HOXAIO and HOXAI, which are well-established regulators of
hematopoietic differentiation and AML pathogenesis [326-328] and often
perturbed and associated with IncRNAs [329-331] in tumorigenic conditions.
Pathway enrichment analyses (GO and Reactome) highlighted cytokine signaling
and immune-related processes. Notably, IRF8, a transcription factor fundamental
for monocytic and macrophage differentiation [332] and recognized as both an
AML-biased dependency and an independent adverse prognostic factor
[333,334], was downregulated upon CATGOOO00106133.1 knockout. Moreover,
IRF8 motifs were enriched within both the CATGOO000106133.1 promoter and the
promoters of differentially expressed genes. Taken together, these data suggest
that CATGOOO0O0106133.1 and IRF8 might regulate each other, either directly or

indirectly, in a feedback loop mechanism.

Overall, this study led to the identification of novel IncRNAs that regulate key
cellular phenotypes and drug responses in AML. From the screening analyses, four
candidates were selected and subsequently validated through functional
experiments. These findings provide a strong foundation for mechanistic
investigations, as understanding how these IncRNAs interact with other molecular
players in AML may reveal novel biomarkers and potential therapeutic targets for

future clinical intervention.
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4.3 Studylll

4.3.1 Study rationale

As outlined in the rationale for Studies | and Il, the heterogeneity of AML, driven by
a complex spectrum of genetic alterations, highlights the need to broaden our
understanding of disease biology beyond the well-characterized mutations
affecting signaling pathways, transcription factors, and epigenetic regulators. In
particular, post-transcriptional alterations remain substantially underexplored,
even though mutations in splicing factors such as SRSF2, SF3B1 and U2AFI
[335,336], as well as alterations in enzymes involved in mRNA N6-modification
[337], clearly demonstrate the importance of post-transcriptional regulation in
AML pathogenesis. In Study lll, we therefore concentrate on essential genes in
AML, with special attention to elF4A3, a core helicase of the exon-junction
complex (EJC). elF4A3 orchestrates key post-transcriptional processes and has
been implicated in tumor progression and poor prognosis in other cancers [238].
Based on these findings, we hypothesize that elF4A3 may play a critical and
therapeutically targetable role in AML pathogenesis.

4.3.2 Results

In Study Il we firstly employed CRISPR-derived functional screening data obtained
from the DepMap repository [253] to investigate essential genes in AML. Among
the top 50 genes identified across 18 different AML cell lines, we observed a
recurrent enrichment of genes involved in post-transcriptional mechanisms. This
trend was further supported by Reactome pathway analysis, which revealed an
enrichment of terms related to translation, ribosome biogenesis, splicing and
nonsense-mediated decay. Among these top genes, the helicase elF4A3 emerged
as a prominent candidate due to its involvement in almost all the pathways just
mentioned and its ranking as the most essential enzyme among members of the
DEAD-box family, implicated in the treatment of both solid and hematological
tumors [338]. Transcriptomic data from DepMap revealed significantly higher
elF4A3 expression in AML cells compared to non-cancerous diploid cells. This
pattern was also consistently observed in AML patient samples data, which
showed markedly higher elF4A3 expression than normal CD34* cells. Additionally,
differential gene expression analyses were conducted by comparing AML cell lines
and patient samples to their respective normal controls, as well as patient samples

with low versus high elF4A3 expression. Across all comparisons, Gene Ontology
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(GO) analysis of differentially expressed genes consistently highlighted pathways

related to RNA metabolism and translation.

Further characterization of elF4A3 showed that siRNA-mediated knockdown of
the enzyme induced AML cell death. A similar phenotype was observed also upon
chemical inhibition of elF4A3, while normal CD34+ and peripheral blood
mononuclear cells were minimally affected. This effect on leukemic cell death, was
partially dependent on p53 activation via the checkpoint triggered by impaired
ribosome biogenesis (IRBC) [339]. In fact, the simultaneous silencing of elF4A3 and
TP53 reversed the effects on cell death in two out of the three AML cell lines
tested, OCI-AML3 and IMS-M2, and rescued the upregulation of CDKNIA and
MDM?2 in all three cell lines, an effect that was instead observed when elF4A3 was
silenced alone. The involvement of elF4A3 within the IRBC was further confirmed
by the observation that co-silencing elF4A3 and RPL5, a core regulator of the IRBC
(343), rescued the elF4A3-mediated knockout effects on p53 in all cell lines
tested. To explore why dual targeting of elF4A3 and TP53 did not alter cell death
levels compared with elF4A3 silencing alone in OCI-AML2, we investigated the
expression of pro-apoptotic target genes. Interestingly, in OCI-AML2 cells,
upregulation of the pro-apoptotic gene BBC3 (PUMA) [340] upon elF4A3
knockdown occurred independently of TP53 expression levels. These findings
indicate that elF4A3-induced apoptosis can occur through both p53-dependent
and p53-independent mechanisms in AML context.

4.3.3 Discussion

In Study lll, we highlighted the relevance of post-transcriptional mechanisms in
the context of AML, focusing particularly on the dependence of AML cells on the
helicase and EJC component elF4A3. We demonstrated that elF4A3 is highly
expressed in AML cell lines and patient samples, and that its elevated levels
correlate with the dysregulation of genes involved in post-transcriptional
regulation. These findings underscore the importance of further investigating
genes involved in these mechanisms, such as elF4A3, as potential novel
therapeutic targets in AML. Moreover, both elF4A3 depletion and chemical
inhibition induced cell death in AML cell lines, which can occur either through p53
activation or independently of p53. This phenotype appears to result from
nucleolar stress activation and impaired ribosome biogenesis caused by elF4A3
loss, consistent with previous studies highlighting a central role for this helicase in
ribosome biogenesis control [238]. In the p53-dependent pathway, elF4A3
perturbation leads to 5sRNP complex (RPL5 together with RPL1l and 5s rRNA)
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mediated sequestration of MDM2, resulting in p53 stabilization and subsequent
cell death induction. However, we also observed evidence of p53-independent
mechanisms: notably, the upregulation of the pro-apoptotic gene BBC3 in OCI-
AML2 cells following both elF4A3 knockdown and combined elF4A3 and TP53
silencing suggests that apoptosis and PUMA upregulation can also be triggered
through alternative mechanisms not directly involving p53 [341].

From a clinical point of view, the findings shown in this study related to cell death
induction upon elF4A3 perturbation may inform the development of novel
targeted therapeutic strategies for patients with high levels of elF4A3. As we also
showed in this study, selective elF4A3 inhibitors have already been developed,
designed to interfere with elF4A3 function within the EJC or its role in nonsense-
mediated mRNA decay [246,342]. However, none of these compounds have yet
been evaluated within in vivo experimental studies. Based on our results, it would
therefore be of great interest to further investigate the effects of elF4A3 inhibition
in preclinical AML models, particularly in cases harboring mutant TP53, where

targeting elF4A3 could promote cell death independently of p53 status.
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Figure 9. Schematic overview of AML cellular processes occurring before and after elF4A3

perturbation. Created with BioRender.com
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5 Conclusions and Points of prospective

Studies | and Il of this thesis identified five novel IncRNAs associated with AML and
highlighted their potential clinical relevance; however, substantial work remains
before these molecules can be translated into clinical applications. Further
mechanistic studies and validation in primary patient samples and animal models
are essential to clarify their roles and therapeutic potential before entering in
clinical trials. In fact, although long non-coding RNAs are attractive molecules due
to their pronounced cell- and tissue-specific expression, their detectability and
stability in body fluids, and the large number that remain unexplored, their poor
conservation across species and the limited understanding of their precise
biological functions present significant challenges. Notably, IncRNAs with potential
as biomarkers for prognosis or predicting drug response require rigorous
prospective validation in large and well-characterized patient cohorts. Their
often-low abundance may also pose detection challenges in standard clinical
settings. In addition, any therapeutic application of IncRNAs would require a clear
understanding of their functions, including the specific roles of different isoforms,
in both normal and disease contexts. Because IncRNAs can participate in multiple
regulatory mechanisms, interacting with a broad spectrum of molecules, precise

characterization is essential to minimize the risk of off-target effects.

Specifically, in Study I, we demonstrated that MALNC, in APL-specific context,
appears to influence the expression of several genes, including genes involved in
the retinoic acid pathway, and binds to chromatin, which may partially explain the
dysregulation of these genes. However, further clarification is needed to
understand how MALNC regulates gene expression, potentially through physical
interactions with chromatin-modifying enzymes, transcription factors, or the
PML-RARA fusion protein. Interestingly, ZNF536, a zinc finger protein associated
with the regulation of the retinoic acid pathway [285,343], was found to be
upregulated in APL cells lacking MALNC expression, both under basal conditions
and upon ATRA treatment. Moreover, the genomic locus of ZNF536 was shown to
be bound by MALNC. These findings suggest that further investigation into the
potential interplay between MALNC and ZNF536 could provide novel insights into
the role of MALNC in APL biology. In parallel, since we show that MALNC also
localizes to the cytoplasm, studies exploring its potential involvement in post-
transcriptional mechanisms, such as affecting mRNA stability or acting as a miRNA
sponge, may help clarify alternative or complementary functions of this INncRNA in
APL gene regulation.
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Therefore, further mechanistic studies, such as those described above, together
with the findings presented in this thesis, could help clarify the biological function
of MALNC, while also providing insights into its therapeutic potential. To confirm
its role in APL pathogenesis, its involvement in cell proliferation, differentiation, and
drug response should be validated in primary APL patient samples. These studies
are crucial to determine whether the observations made in APL cell lines are
consistent in more heterogeneous and clinically relevant contexts. In vivo
investigations will also be essential to establish a clearer link between MALNC
expression and sensitivity to anti-leukemic therapies, including ATO, which was
shown in vitro to promote higher sensitivity upon MALNC depletion and the
combinatorial ATO+ATRA treatment, and to evaluate its potential as a predictive
marker for treatment response. Finally, although this study primarily focused on
MALNC in the context of APL, it is also important to explore its role and clinical
relevance in other AML subtypes, such as those harboring NPMI1/IDH2R"° co-
mutations, where MALNC was also found to be highly expressed, as well as in
normal hematopoiesis, where it exhibits a distinct expression pattern with high
levels at specific stages of differentiation.

In Study II, we identified one IncRNA, AC009299.3, with potential relevance to
venetoclax sensitivity; however, its mechanism of action remains unclear.
Additionally, further investigation of its expression in patient cohorts receiving
venetoclax-based combination therapy could be essential to evaluate its
potential as a biomarker of treatment response. Among the three IncRNAs
identified as regulators of AML cell proliferation, we focused on
CATGOO000106133.1, which was found, both in the initial screen and through
subsequent CRISPR-mediated knockout experiments, to promote cell
proliferation. Although our RNA-seq data suggested a link between
CATGOOO0O00106133.1, cytokine signaling, and immune response pathways,
additional mechanistic studies are needed to clarify this connection. Interestingly,
we identified IRF8 and IRF4 binding motifs within the CATGOO0O00106133.1
promoter region, suggesting that these transcription factors, both members of the
IRF family [344], may directly regulate its expression. Further IRF8/IRF4
perturbation and ChIP-seq experiments are needed to confirm this potential
transcriptional regulation. Additionally, RNA-seq data also revealed reduced IRF8
mMRNA levels upon CATGOOO0O00106133.1 knockout, indicating a possible feedback
loop between the two molecules. Mechanistically, CATGOOO00106133.1 may
regulate IRF8 expression at multiple levels. At the transcriptional level, it could
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influence the recruitment of transcription factors and/or chromatin modifiers at
the IRF8 promoter or other regulatory regions. Notably, AML proliferation has been
shown to be promoted by IRF8 both in vitro and in vivo through the recruitment
of ZMYND8 together with BRD4 to its enhancer regions [333]. Therefore,
investigating a potential interaction between CATGOOOOO106133.1 and these
epigenetic regulators may be particularly relevant. Although CATGOO000106133.1
is mainly nuclear, a small cytoplasmic fraction might regulate IRF8 post-
transcriptionally. CATGOOOOO106133.1 could affect IRF8 mRNA translation
efficiency, but also act as a miRNA sponge, similar to linc-223, which has been
shown to function as a ceRNA for miR-125-5p to promote IRF4 expression in AML
cells [345]. Finally, since CAGE sequencing data suggested preferential expression
of CATGOOOO0O0I106133.1 in certain healthy hematopoietic cell types, further
investigation of its specificity and functional role in these contexts would be
relevant. Beyond the IncRNAs we focused on, the proliferation and venetoclax
screens identified 77 additional IncRNAs, representing novel candidates for future
studies aimed at uncovering new mechanisms that regulate AML cell behavior.

Similar to the considerations outlined for INcRNAs, the use of helicase molecules
as therapeutic targets in leukemic settings also requires further investigation.
Specifically, our results from Study Ill position elF4A3 as a promising target for
AML therapy. Both genetic (siRNA) and pharmacological inhibition of elF4A3 were
shown to trigger cell death in AML cell lines. Additionally, chemical inhibition of
elF4A3 had minimal effects on normal CD34+ cells, underscoring its potential as
selectively target in leukemic cells. However, a deeper understanding of elF4A3’s
mechanisms of action in the leukemic context remains critical. Of particular
importance will be to elucidate whether and how elF4A3 depletion might affects
other biological processes in leukemic context, and to clarify the mechanisms
underlying p53-independent cell death. Moreover, future studies should
determine whether elF4A3 loss induces cell death in AML models harboring
mutant TP53, as demonstrating efficacy in this subclass would strengthen the
translational relevance of targeting elF4A3 in patients lacking functional p53. To
translate these findings into a potential clinical setting, additional studies in
patient-derived cells and relevant animal models are essential to validate the
effects of elF4A3 depletion and to assess potential toxicity and safety. Finally,
evaluating the synergistic effects of elF4A3 inhibition in combination with current

standard-of-care therapies, both in vitro and in vivo, will be crucial to establish its
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therapeutic relevance as a novel or complementary strategy to improve AML

outcome.

Overall, these three studies expand knowledge of IncRNAs and post-
transcriptional regulation in AML, shed light on the disease’s molecular
heterogeneity, and provide a foundation for further mechanistic characterization
of these molecules. Such work will be essential to define their biological roles in
greater detail and explore their value as complementary prognostic markers and

possible therapeutic targets.
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