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Abstract 
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Acute myeloid leukemia (AML) is the most frequently diagnosed type of acute leukemia in 
adults. It commonly affects people aged 60 or older, as incidence increases with age, and it 
is characterized by the accumulation of immature hematopoietic progenitor cells in the bone 
marrow. Despite recent treatment advances and improvements for certain subtypes, as acute 
promyelocyte leukemia (APL), AML remains difficult to cure. While many patients reach 
remission after induction treatment, relapses are common and 5-year overall survival remains 
dismal. Long non-coding RNAs (lncRNAs) are involved in various regulatory cellular functions 
and, like coding genes, they are frequently dysregulated in cancer. 

In this thesis, the aim was to elucidate the functional implications of lncRNAs in the 
biology and treatment response of AML and normal hematopoiesis in order to improve 
understanding of AML pathology. In Paper I, whole-transcriptome sequencing identified 
the novel lncRNA MALNC. Clinical correlation analyses and CRISPR-knockout cell models 
were used to functionally explore its implications in AML. It was identified that enhanced 
MALNC expression is specifically associated with the AML-subtypes APL and AML with co-
mutant NPM1/IDH2R140. Further, it was shown that MALNC is implicated in key factors of 
leukemogenesis, like differentiation and proliferation, and that MALNC expression associates 
with better overall survival in AML patients. Moreover, knockout of the MALNC gene sensitized 
AML cells to arsenic trioxide (ATO), all-trans retinoic acid (ATRA)-ATO combination and 
venetoclax treatment. In Paper II, three high-throughput functional CRISPR interference 
screens were performed to identify lncRNAs implicated in proliferation, differentiation or 
venetoclax response. Several novel lncRNAs were identified to potentially play a positive or 
negative role in these processes and furthermore were found to implicate AML prognosis. In 
Paper III, the lncRNA NEAT1 was studied in respect to its role in normal hematopoiesis and 
AML using CAGE- and RADICL-sequencing. It could be illustrated that NEAT1 expression 
positively correlates with cell maturity during normal hematopoiesis, in particular monocytes, 
and associates with core-binding factor AML inv(16) and t(8;21). Further, RADICL-sequencing 
identified that lncRNA NEAT1 binds to the genomic loci of key hematopoietic transcription 
factor RUNX2. In contrast to solid cancers, it was demonstrated, that higher NEAT1 expression 
correlated with better outcome in AML, independent of known risk factors. 

In summary, these studies have outlined the scope of functional implications of lncRNAs in 
normal and dysregulated hematopoiesis and have highlighted their potential roles as biomarkers 
for prognosis and drug sensitivity. These findings support the efforts to understand how 
lncRNAs could serve as novel biomarkers for personalized treatment. 
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Abbreviations 

3´/5´ RACE 3´/5´ Rapid Amplification of cDNA Ends 

allo-HSCT Allogeneic hematopoietic stem cell transplantation 

AML Acute myeloid leukemia 

APL Acute promyelocytic leukemia 

Ara-C Cytarabine (cytosine arabinoside) 

ASO Antisense oligonucleotide 

asRNA Antisense lncRNA 

ATO Arsenic trioxide (As2O3) 

ATRA All-trans-retinoic acid 

BCL-2 B-cell lymphoma 2 

CAGE-seq Cap analysis gene expression sequencing 

CAT CAGE-assisted transcriptome 

CBF-AML Core binding factor acute myeloid leukemia  

CDK Cyclin-dependent kinase 

CEBPA/CEBPα CCAAT/enhancer-binding protein alpha 

ceRNA Competing endogenous RNA 

ChIP-seq Chromatin immunoprecipitation sequencing 

CMP Common myeloid progenitor 

CN-AML Cytogenetically normal AML 

CR Complete remission 

CRISPR Clustered regularly interspaced short palindromic repeats 

CRISPRi CRISPR interference 

dCas9-KRAB Nuclease-dead Cas9 protein with Krüppel-associated box 

DE Differential expression 

DHS DNase I hypersensitive site 

DNase-seq DNase I hypersensitive site sequencing 

DNMT3A DNA methyltransferase 3 alpha 

DSRT (High-throughput) Drug sensitivity and resistance testing 

EMA European Medicines Agency 

ENCODE Encyclopedia of DNA Elements Consortium 

EZH2 Enhancer of zeste 2 polycomb repressive complex 2 subunit 

FAB French-American-British classification 

FANTOM The Functional Annotation of the Mammalian genome 

FDA U.S. Food and Drug Administration 

FLT3 FMS-related tyrosine kinase 3 

GMP Granulocyte-macrophage progenitor 



gRNA Guide RNA (also called sgRNA, single guide RNA) 

H3K27ac Histone 3 lysine 27 acetylation 

H3K4me3 Histone 3 lysine 4 trimethylation 

HMA Hypomethylating agent 

HOTAIR HOX transcript antisense RNA 

HSC Hematopoietic stem cell 

IDH1/2 Isocitrate dehydrogenase 1/2 

IDT Internal tandem duplication 

kb Kilobase 

KD Knockdown 

KMT2A Lysine Methyltransferase 2A 

KO Knockout 

LDAC Low dose cytarabine 

LFC Log fold change 

LNA  Locked nucleic acid  

LncRNA/LincRNA Long non-coding RNA/ Long intergenic non-coding RNA 

miRNA Micro RNA 

MPP Multi-potent progenitor 

mRNA Messanger RNA 

MUT Mutant 

MYC V-myc myelocytomatosis viral oncogene homologue 

NBM Normal bone marrow 

ncRNA Non-coding RNA 

NEAT1 Nuclear enriched abundant transcript 1 

NOS-AML AML not otherwise specified 

NPM1 Nucleophosmin 1 

OS Overall survival 

PCR (qRT) Polymerase chain reaction (quantitative real-time) 

PML PML nuclear body scaffold 

Pol2 RNA polymerase II 

PRC2 Polycomb repressive complex 2 

PU.1 Hematopoietic transcription factor PU.1 

R/R AML Relapsed or refractory AML 

RADICL-seq RNA And DNA Interacting Complexes Ligated and sequenced 

RARA/RARAα Retinoic acid receptor alpha 

REST RE1-silencing transcription factor 

RNA-seq RNA sequencing 

RUNX1 Runt-related transcription factor 1 

TCGA The Cancer Genome Atlas 

TET2 Tet methylcytosine dioxygenase 2 

TF Transcription factor 

TSS Transcription start site 

TTS Transcription termination site 

WT Wild-type 
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Hematopoiesis 

Hematopoietic stem cells (HSCs), located in the bone marrow, are cells that have 

the ability to generate all cellular components of the blood-forming system. 

Thereby, the formation of blood cells and maintenance of HSC homeostasis, hem-

atopoiesis, is a multifaceted system, which is tightly regulated by several factors 

in a process that is crucial for the production of mature and functional blood 

cells.1,2 Through a controlled regulation, by signaling pathways, growth regulators 

and various lineage-specific transcription factors (TFs), such as GATA1, 

GATA2, PU.1, CEBPα and NF-E2, all regulating lineage specific transcription, 

multipotent HSCs evolve into diverse lineage differentiation branches of blood 

cells.3 The multipotent HSCs develop into multipotent progenitors (MPPs), suc-

cessively giving rise to more committed common myeloid and lymphoid progen-

itors (CMPs and CLPs). The CMPs and CLPs form the starting point for their 

corresponding downstream lineage and form fully differentiated and mature 

blood cells through a sequence of maturation steps. For the myeloid lineage, ma-

ture cells include granulocytes (neutrophils, basophils, and eosinophils), mono-

cytes, macrophages, myeloid dendritic cells, platelets and erythrocytes, while 

CLPs differentiate into B-, T- and natural killer (NK)-cells.4  

 

HSCs are generally characterized by the expression of cell-surface marker 

CD34 (CD34+), which is eventually replaced with lineage specific cell-surface 

differentiation markers during differentiation in mature blood cells.5–7 Among 

these, CD11b (ITGAM) and CD11c represent markers for granulocytic matu-

ration and CD14 for monocytic maturation. These are frequently used to de-

termine cell differentiation stage in myeloid cells.8 HSCs have a self-renewal 

capacity, while predominantly lacking proliferative potential (quiescent) 

themselves.6 This self-renewal capacity is gradually lost during blood cell dif-

ferentiation, thereby enabling cells to progress through all maturation stages.4 

Thus, hematopoiesis is a precisely controlled system balancing cells´ ability 

to self-renew, to proliferate and to differentiate. Notably, its disruption and 

inefficiency can cause various types of severe hematopoietic malignancies, 

including myeloproliferative neoplasms (MPNs), myelodysplastic syndromes 

(MDSs) and leukemias. The acute leukemias are characterized by hematopoi-

etic stem and/or progenitor cells that have obtained increased self-renewal 

with simultaneous decreased differentiation capacity, or increased prolifera-

tive potential with decreased differentiation capacity.3,6  
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Leukemia 

Leukemia is a group of bone marrow and blood malignancies that are character-

ized by the accumulation of malignant white blood cells (leukocytes) in the bone 

marrow with subsequent infiltration into the peripheral blood or even other or-

gans.9 These immature precursor cells, so-called leukemic blast cells or blasts, are 

partially differentiated leukocytes that lost their ability to complete differentiation 

into fully mature and functional leukocytes at different stages of normal hemato-

poiesis and instead proliferate excessively in their immature state. 

 

Leukemia is typically subdivided into four major subtypes. Leukemias are di-

vided into acute and chronic leukemias based on either earlier (acute) or later 

(chronic) differentiation stages of affected cells, which significantly deter-

mines the onset of clinical symptoms and rate of disease progression. Further, 

leukemia is subdivided into myeloid and lymphoid leukemia based on the lin-

eage type of leukocyte from where leukemia originated. Not all leukemia 

types are normally grouped into these categories, however, this is true for the 

four main types of leukemia - namely acute myeloid leukemia (AML), chronic 

myeloid leukemia (CML), acute lymphocytic leukemia (ALL) and chronic 

lymphocytic leukemia (CLL).9    

Acute myeloid leukemia 

Acute myeloid leukemia (AML) is the most frequently diagnosed type of 

acute leukemia in adults with an incidence of 4.3 cases per 100 000 individuals 

per year (2014-2018).9–12 It can occur throughout all ages, but the incidence 

increases significantly with older age. The median age at diagnosis is 72 

years.13 Further, the incidence with increasing age becomes greater for male 

than for female individuals.9,14 AML is characterized by the rapid expansion 

of immature myeloid cells, resulting in the suppressed production of func-

tional blood cells. These include for instance granulocytes, erythrocytes and 

platelets, which result in fast clinical deterioration if left untreated (Figure 1). 

There have been limited improvements in treatment options for AML patients 

and the overall prognosis of AML remains dismal for most of the patients.15 

In one population-based study, the 5-year relative survival was only 29.5% 

(2011–2017) with especially poor outcomes for elderly patients.9,14 
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Figure 1. Schematic representation of (A) normal myeloid cell differentiation and (B) 
acute myeloid leukemia. Abbreviations: AML, acute myeloid leukemia. 

 

Efforts to improve prognosis include elucidating the mechanism behind AML 

development. In doing so, the anticipation is to improve risk classification us-

ing novel biomarker and establishing new means for personalized treatment 

as well as development of novel targeted treatment approaches.16,17 

Classification of acute myeloid leukemia 

French-American-British (FAB) classification 

AML is clinically and morphologically but especially genetically a heteroge-

neous disease with complex genetic and cytogenetic backgrounds.18 The ear-

liest efforts in classifying AML into suitable subcategories were mostly based 

on the morphological appearance of cells and lineage commitment under rou-

tine staining. This was established, and later revised, by pathologists of the 

French-American-British (FAB) co-operative group.19,20 This FAB classifica-

tion assemblies AML into eight categories, termed M0 through M7, Table 1.  

 

There, FAB types M0 to M5 are classified as different maturation stages of 

undifferentiated leukocytes, while type M6 and type M7 originate from im-

mature precursor cells of erythrocytes and thrombocytes respectively.20,21 It 

also implies a possible AML diagnosis in the presence of more than 30% 

blasts in the bone marrow. Some FAB types are useful in classifying patients 

according to their prognostic outcomes as they correlate with distinct cytoge-

netics. For instance, acute promyelocytic leukemia (APL, FAB type M3) com-

prises less than 10% of AML patients and is characterized by a chromosomal 

translocation creating a promyelocytic leukemia - retinoic acid receptor alpha 

(PML-RARA) fusion gene, which is translated into the oncogenic fusion pro-
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tein PML-RARα.22 However, most FAB types lack the presence of an under-

lying common genetic abnormality and thus, distinct FAB types consists of 

patients with diverse genetic aberrations and consequently, wide prognostic 

ranges.20–23  

Table 1. AML classification by the French-American-British (FAB) classification.20,21 

FAB type Definition 

M0 Undifferentiated acute myeloblastic leukemia 
M1 Acute myeloblastic leukemia with minimal maturation 
M2 Acute myeloblastic leukemia with maturation 
M3 Acute promyelocytic leukemia (APL) 
M4 Acute myelomonocytic leukemia 
M4eos Acute myelomonocytic leukemia with eosinophilia 
M5 Acute monocytic without differentiation 
M6 Acute monocytic leukemia with differentiation 

M7 Acute erythroid leukemia 

World Health Organization (WHO) classification 

In 2001, the World Health Organization (WHO) published the 3rd edition of 

WHO Classification of Tumors of Hematopoietic and Lymphoid Tissues, in 

which novel knowledge on recurrent cytogenetic aberrations was combined 

with morphologic and lineage-based FAB classification and information on 

previous treatment with mutagenic agents.22,23 The WHO classification has 

been since updated and revised (4th edition in 2008; revised 4th edition in 2016) 

and at this time, the revised 4th edition acknowledges, besides translocations, 

also the additional recurrent genetic mutations.11,22 WHO 2016 classification 

of AML and related neoplasms distinguishes six larger groups: AML with re-

current genetic abnormalities, AML with myelodysplasia-related changes, 

therapy-related myeloid neoplasms, AML not otherwise specified (AML, 

NOS), myeloid sarcoma, myeloid proliferations related to Down syndrome, 

Table 2.11,24 

 

AML with recurrent genetic abnormalities includes known chromosomal ab-

errations (translocations and inversions), such as t(8;21) and inv(16) (both 

core binding factor acute myeloid leukemia, CBF-AML) and recurrent genetic 

mutations such as mutated Nucleophosmin 1 (NPM1) and bi-allelic mutated 

CCAAT/enhancer-binding protein alpha (CEBPA). The WHO classification 

AML not otherwise specified (AML, NOS), is used for AML patients whose 

clinical, morphological and molecular findings categorize them neither as 

AML with recurrent genetic abnormalities, AML with myelodysplasia-related 

changes (AML-MRC) nor therapy-related myeloid neoplasms (t-MNs). 

Within AML NOS, cases are subdivided mostly into the previously used FAB 

types.11,13,24 APL carrying PML-RARA fusion gene, which is included in the 
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category AML with recurrent genetic aberrations, represents by various rea-

sons a unique entity within AML and is discussed in detail in a separate chap-

ter. 

 

Table 2. AML classification by the World Health Organization 2016 classification.20 

Acute myeloid leukemia (AML) and related neoplasms 

AML with recurrent genetic  
abnormalities 

AML with t(8;21)(q22;q22.1); RUNX1-
RUNX1T1 
AML with inv(16)(p13.1q22) or 
t(16;16)(p13.1;q22); CBFB-MYH11 
APL with PML-RARA 
AML with t(9;11)(p21.3;q23.3); MLLT3-
KMT2A 
AML with t(6;9)(p23;q34.1); DEK-NUP214 
AML with inv(3)(q21.3q26.2) or 
t(3;3)(q21.3;q26.2); GATA2, MECOM 
AML (megakaryoblastic) with 
t(1;22)(p13.3;q13.3); RBM15-MKL1 
Provisional entity: AML with BCR-ABL1 
AML with mutated NPM1 
AML with bi-allelic mutations of CEBPA 
Provisional entity: AML with mutated RUNX1 

AML with myelodysplasia-re-
lated changes 

 

Therapy-related myeloid neo-
plasms 

 

AML, NOS AML with minimal differentiation  
AML without maturation 
AML with maturation 
Acute myelomonocytic leukemia 
Acute monoblastic/monocytic leukemia 
Pure erythroid leukemia 
Acute megakaryoblastic leukemia 
Acute megakaryoblastic leukemia 
Acute basophilic leukemia 
Acute panmyelosis with myelofibrosis 

Myeloid sarcoma  

Myeloid proliferations related to 
Down syndrome 

Transient abnormal myelopoiesis (TAM) 
Myeloid leukemia associated with Down syn-
drome 

Abbreviations: NOS, not otherwise specified. 

Clinical presentation and diagnosis 

Block in differentiation during the development of normal white blood cells 

leads to reduced production of functional leukocytes and excessive prolifera-

tion of immature blasts, which out-competes other types of blood cells such 
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as erythrocytes and platelets. Therefore, leukemia patients present with symp-

toms of a decreased immune system, such as frequent infections and fevers, 

due to leukopenia as well as weakness, breathlessness and fatigue due to ane-

mia, and excessive bruising and bleeding due to thrombcytopenia. Other com-

mon debut symptoms often also include unintended loss of weight and night 

sweats.25,26   

 

Upon presentation of symptoms, a peripheral blood count with abnormally 

numbers of leukocytes can be suspicious of AML, although a bone marrow 

examination is needed to confirm the diagnosis. For this, a bone marrow aspi-

ration (liquid bone marrow), normally taken from the pelvic bone (posterior 

iliac crest) and a bone marrow smear will be investigated microscopically. 

According to WHO 2016, at least 20% of the cells present need to comprise 

of myeloblasts or monoblasts for the diagnosis of AML. This is however with 

the exception of the CBF-AML subtypes (AML with t(8;21), AML with 

inv(16) or t(16;16)), and AML with PML-RARA (APL), which are diagnosed 

as AML regardless of the blast percentage.11,22,24 

 

Following AML diagnosis, cytogenetic and genetic investigations are per-

formed to investigate the molecular background of AML. These investigations 

include chromosomal analysis (karyotyping) to test for chromosomal aberra-

tions and next-generation-sequencing (NGS) analysis to investigate genes fre-

quently mutated in AML (myeloid gene panel). Further, fluorescence in situ 

hybridization (FISH) and/or polymerase chain reaction (PCR) might be ap-

plied to promptly detect chromosomal aberrations when CFB-AML or APL 

are initially suspected.11 

Prognostic factors and risk stratification 

The prognostic outcome of AML patients is heterogeneous and lack of im-

provement in overall survival (OS) stresses the need to risk stratify patients 

into useful prognostic entities.27 The capability of AML patients to be eligible 

for intensive treatment, to respond to treatment, to reach complete remission 

(CR) and eventually to attain long disease-free survival (DFS) depends on 

several individual patient-based characteristics and AML-related factors. 

Generally, AML occurring as primary disease, defined as de novo AML, has 

better prognostic outcomes compared to treatment-related (t-AML) or second-

ary AML (s-AML), defined as AML occurring after a previous hematological 

disorder such as a MDS or MPN. Patient-based prognostic factors include age, 

performance status at diagnosis and the presence of comorbidities. These fac-

tors dictate how well patients tolerate the disease burden and intensive thera-

pies.13,28–30 AML-related factors include chromosomal aberrations and gene 

mutations.13,31   

 



 

 17 

Over the decades, there have been an increasing number of novel discoveries 

of AML-related recurrent chromosomal aberrations and genetic mutations and 

also a growing understanding of their prognostic value, allowing for their use 

in AML prognostication.32,33 The currently used AML risk stratification is 

based on the work of the European LeukemiaNet (ELN), a European research 

network aiming to improve leukemia diagnostics, treatment, research, clinical 

trial collaboration and the development of new guidelines. Their most recent 

version of AML risk stratification, ELN 2017, classifies recurrent aberrations 

in AML as favorable, intermediate or adverse risk, summarized in Table 3.34,35 

Table 3. AML risk stratification according to ELN 2017.34 

Risk group Genetic abnormality 

Favorable t(8;21)(q22;q22.1); RUNX1-RUNX1T1 
inv(16)(p13;1q22) or t(16;16)(p13.1;q22); CBFB-MYH11 

Mutated NPM1 without FLT3-ITD, mutated NPM1with FLT3-
ITDlow 

 Bi-allelic mutated CEBPA 

Intermediate Mutated NPM1 and FLT3-ITDhigh 
Wild-type NPM1 without FLT3-ITD#, wild-type NPM1 with FLT3-
ITDlow#  
t(9;11)(p21.3;q23.3); MLLT3-KMT2A 
Cytogenetic abnormalities not classified as favorable or adverse 

Adverse t(6;9)(p23;q34.1); DEK-NUP214 
t(v;11q23.3); KMT2A rearranged 
t(9;22)(q34.1;q11.2); BCR-ABL1 
inv(3)(q21.3;q26.2) or t(3;3)(q21.3;q26.2); GATA2,MECOM(EVI1) 
-5 or del(5q); -7; -17/abn(17p) 
Complex karyotype, monosomal karyotype 
Wild-type NPM1 and FLT3-ITDhigh 
Mutated RUNX1 
Mutated ASXL1 
Mutated TP53 

FLT3-IDThigh, high allelic ratio (> 0.5); FLT3-IDTlow, low allelic ratio (< 0.5). 
# in the absence of any adverse-risk genetic lesions. 

Multiple cytogenetic abnormalities, defined by having three or more chromo-

somal aberrations, are associated with an especially dismal prognosis (CK-

AML, complex karyotype), as opposed to patients without cytogenetic aber-

rations (CN-AML, cytogenetically normal). Genetic aberrations presenting in 

patients with CN-AML, has become an additional tool, such as double mu-

tated CEBPA stratifying patients into favorable risk and for instance mutated 

RUNX Family Transcription Factor 1 (RUNX1), which gives an adverse 

risk.34,36   



 

 18 

Leukemogenesis and recurrent aberrations  

The genetic landscape in AML is characterized by various genetic mutations 

and chromosomal aberrations that can result in, for instance, in neomorphic 

fusion genes.37 These genetic changes involve key aspects of leukemogenesis: 

loss-of-function events inferring a reduced differentiation potential with con-

sequent reduced apoptosis due to impaired transcription factors and gain-of-

function events leading to increased proliferation or enhanced self-re-

newal/survival.38 These are also referred to as class I (proliferation) and class 

II (differentiation) type of mutations.39 While the underlying causes of aber-

rations leading to leukemia development are not entirely elucidated, it has 

been established that it is a multistep process of abnormalities, effecting dif-

ferent pathways. Early accumulating aberrations impair the self-renewal ca-

pacity of HSCs and consists of genes recurrently associated with clonal hem-

atopoiesis of indeterminate potential (CHIP), such as DNA Methyltransferase 

3 Alpha (DNMT3A), Ten-eleven translocation methylcytosine dioxygenase 1 

(TET1) and ASXL Transcriptional Regulator 1 (ASXL1).40 Primary somatic 

mutations require secondary mutations, which enhance proliferation capaci-

ties for leukemic transformation. These include changes in tyrosine kinases 

and signaling genes such as Fms-like Tyrosine Kinase 3 internal tandem du-

plication (FLT3-ITD) and Janus kinase 2 (JAK2).41,42  

 

Genes affected by recurrent mutations in AML can be further grouped by 

their functional role in signaling genes (FLT3, NRAS, KRAS, KIT, JAK2), my-

eloid transcription factors (RUNX1, CEBPA), nucleophosmin (NPM1), tumor-

suppressor genes (TP53, WT1), genes regulating DNA-methylation 

(DNMT3A, TET2, IDH1/2), genes related to chromatin modifications (ASXL1, 

EZH2, BCOR and KMT2A), and genes involved in cohesion- (SMC1A/3, 

RAD21 and STAG1/2) and spliceosome complexes (SF3B1, SRSF2 and 

U2AF1).43,44 Among them, common mutations, like FLT3, NPM1, DNMT3A 

and IDH1/2 constitute attractive entities for personalized therapies, yet, except 

of FLT3, limited success has been observed targeting those mutations in AML 

so far.34,45,46  

 

FLT3, which encodes a cytokine receptor tyrosine kinase expressed in early 

hematopoietic stem and progenitor cells, regulates their proliferation and dif-

ferentiation. FLT3-activating mutations occur in approximately 30% of pa-

tients with AML, primarily as in-frame internal tandem duplications (ITD) 

within the juxtamembrane region or as missense point mutations in the tyro-

sine kinase domain (TKD).47,48 In patients with AML, the presence of the 

FLT3-ITD mutation adversely affects survival, both at diagnosis and upon 

failure of initial therapy.16,49,50 
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NPM1 is encoding a nucleolar shuttle-protein involved in various functions, 

including inhibition of centrosome duplication, ribosomal biogenesis, DNA 

repair and histone chaperone.51–53 Mutations in this gene result in the aberrant 

delocalization of both mutant and wild-type NPMI protein to the cytoplasm, 

where cytoplasmic mutant NPM1 is denoted an oncoprotein (NPM1c+).54 In 

AML, NPM1c+ has been confirmed to be implicated in leukemogenesis 

through homeobox (HOX) gene expression, impairing fundamental p53-de-

pendent cell cycle arrest and increased autophagy through aberrant delocali-

zation of PML.55,56 NPM1 mutations are frequently co-mutated with FLT3, 

DNMT3A or IDH mutations and associated with favorable prognosis in ab-

sence of mutant FLT3.50,57–59 Since NPM1 mutations are considered an early 

stage mutation in AML and as it constitutes one of the most frequent mutations 

in AML, occurring in 30% of the AML cases, it has been under extensive 

investigation for therapeutic targeting.60  

 

IDH1 and IDH2 genes encode for isocitrate dehydrogenase (IDH) enzymes, 

which are crucially involved in the tricarboxylic acid (TCA) cycle. There, 

IDH1, located in the cytoplasm, and IDH2, located in the mitochondria, con-

vert isocitrate into α-ketoglutarate (α-KG) through oxidative decarboxylation. 

α-KG is an essential factor in energy metabolism and key enzymatic co-factor 

for many α-KG–dependent dioxygenases including DNA hydroxylases of the 

TET family and histone lysine demethylases (KDMs).61,62 In AML, IDH1/2 

mutations occur in about 20% of patients, and frequently co-occur with mutant 

NPM1 and DNMT3A. The prognostic role of IDH-mutations is yet to be fully 

elucidated, although the outcome seem to be inferior for patients with co-mu-

tated NPM1-AML.50,63 Mechanistically, mutant IDH1 and IDH2 are charac-

terized by mutations in specific arginine residues (R132 in IDH1; R140 and 

R172 in IDH2) altering enzymatic function. This results in the production and 

accumulation of the oncometabolite 2-hydroxyglutarate (2–HG), which antag-

onistically binds, and thereby inhibits, α-KG-dependent dioxygenases. Thus, 

IDH1/2-mutant AML is characterized by inhibition of differentiation through 

aberrant histone methylation.64,65 Additionally, IDH2 mutations have also 

been implicated to enhance leukemic stemness through activation of Homeo-

box Protein Meis1 (Meis1) protein.66 

 

Frequently occurring chromosomal aberrations in AML include 

inv(16)/t(16;16), t(15;17) and t(8;21), resulting in MYH11-CBF, PML-RARA, 

and RUNX1-RUNX1T1 (AML1-ETO) fusion genes, respectively. All of these 

are associated with better outcome and the involvement or rearrangement of 

transcription factors.67–70 Further, balanced rearrangements involving KMT2A 

(also known as MLL, histone lysine methyltransferase 2a) are frequent in 

AML, which involves various identified fusion partners (t(11;#)).71 
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Therapeutic approaches 

Overall AML survival can be significantly impaired by delayed induction 

treatment due to its fast proliferating nature and thus, treatment should be ini-

tiated promptly after diagnosis in patients eligible for treatment.72  

 

Generally, AML treatment is depending on patient fitness and the genetic 

background of the individual AML-case.73 Primary AML is predominantly 

treated with intensive induction chemotherapy.37 However, prominent draw-

backs of standard intensive chemotherapy are severe side-effects, rendering it 

unsuitable for many elderly patients and in patient with comorbidities. Further, 

despite intensive induction chemotherapy with all its drawbacks, early disease 

recurrences (relapses) are still common.13 Thus, induction chemotherapy can 

often sufficiently reduce the number of leukemic blast cells, however residual 

leukemic stem cells have often remained and can initiate relapses, typically 

into a more treatment-resistant disease with dismal prognosis.74 Moreover, 

about 10-40% of patients do not respond to initial treatment, and are defined 

as relapsed or refractory (R/R) AML.75  

 

AML induction treatment has, since the 1970s, been dominated by the so-

called 7+3 standard chemotherapy regime, consisting of cytarabine (cytosine 

arabinoside/Ara-C, 7 days) and an anthracycline (daunorubicin or idarubicin, 

3 days). The 7+5 regime has in some countries, such as Sweden, been replaced 

by a 5+3 induction therapy (cytarabine 5 days, anthracycline 3 days) using 

higher doses of Ara-C. After two cycles of induction therapy, more than two-

thirds of younger AML patients and about half of older AML patients will 

obtain complete remission (CR), defined by recovery of normal blood cell 

counts in peripheral blood and <5% of blasts in bone marrow.76 An obtained 

CR needs to be followed by several cycles of consolidation therapy with high 

dose chemotherapy or an allogenic stem-cell transplantation (allo-HSCT) to 

reduce the risk of relapse. The latter is normally chosen for patients with in-

termediate or high-risk AML eligible for allo-HSCT. Obtaining a CR is cru-

cial for the overall prognosis in AML. Other important prognostic factors in-

clude the fitness of the patient, the AML risk profile and the availability of a 

stem cell donor. 

 

During the recent years, numerous novel targeted treatment options have been 

developed and approved for AML therapy. Often these targeted treatments are 

directed against specific deregulated genes and/or have demonstrated to ben-

efit specific AML subgroups.77 Of those, the European Medicines Agency 

(EMA, 2017) approved the addition of multi-kinase inhibitor midostaurin 

(Rydapt) to induction therapy for patients with FLT3-TKD or FLT3-ITD, 

where it has been shown to improve outcome compared to induction treatment 

alone.47,78 Further, EMA (2018) approved the use of gemtuzumab ozogamicin 
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(GO, Mylotarg), a monoclonal antibody-calicheamicin conjugate targeting 

CD33+ AML cells, as supplementary treatment for intensive induction treat-

ment in de novo AML with favorable or intermediate cytogenetic risk.79 

Midostaurin and GO are therefore added to induction therapy upon confirma-

tion of mutant FLT3 and CFB-AML respectively.47,72  

 

Elderly patients (>80%) and patients with severe comorbidities are often not 

eligible for intensive chemotherapy. These groups of patients are given differ-

ent options, including low dose cytarabine (LDAC) or hypomethylating 

agents (HMA, decitabine (Dacogen) or azacitidine (Vidaza)) in combination 

with the Bcl-2-inhibitor venetoclax (Venclexta), a treatment that is further dis-

cussed in the next section.27,80–82 Recently, other novel therapies have been 

approved for older or unfit patients including the hedgehog inhibitor 

glasdegib, approved  by EMA 2020 in combination with LDAC.83–85 Further, 

HMA combined with FLT3 inhibitor gilteritinib (Xospata) has been approved 

for FLT3-mutant AML,49,86 and HMA in combination with small molecule 

IDH1/2 inhibitors for IDH1/2 mutated AML.87,88  

 

The small molecule drug APR-246 present a promising future treatment pos-

sibility for AML with TP53 mutations, a gene frequently mutated in cancers 

and significant poor prognosis in AML.89 TP53 mutations are characterized 

by missense mutations impairing p53 protein activity and APR-246 has been 

shown to restore p53 activity in TP53-mutant AML cell lines and patient sam-

ples. Both the monotherapy and APR-246 in combination with HMA, where 

remarkable synergies have been observed in vitro and in vivo, are currently 

under investigation in phase II and III clinical studies for AML and MDS.49,86–

88,90–92 

 

Relapsed or refractory (R/R) AML are commonly treated with intensive chem-

otherapy regimens, modified compared to the given induction treatment, or 

with HMA +/- venetoclax.80,81,93–95 Recently, the U.S. Food and Drug Admin-

istration (FDA) approved IDH1 inhibitor ivosidenib (Tibsovo, 2019) and 

IHD2 inhibitor enasidenib (Idhifa, 2017) based on promising early results 

from clinical trials. Ivosidenib has been found beneficial both for R/R AML 

and even younger de novo AML carrying IDH1 mutations, while enasidenib 

has been approved for R/R AML carrying IDH2 mutations.87,90,96,97 In 2019, 

EMA approved gilteritinib as monotherapy for R/R AML with FLT3 muta-

tion.49,80,86 Treatment-related (t-AML) and secondary AML (s-AML) can be 

treated with Vyxeos liposomal, a combination of cytarabine and anthracycline 

daunorubicin in a liposomal solution intended to prolong drug activity. Gen-

erally, and when possible, inclusion in clinical trials is recommended for AML 

patients. This includes AML subtypes based on specific genetic abnormalities 

and/or clinical trials with immunotherapy.98,99 
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Bcl-2-inhibitor venetoclax 

Venetoclax is a B-cell leukemia/lymphoma-2 (Bcl-2) inhibitor that interferes 

with the intrinsic mitochondrial apoptosis pathway, where it induces apoptosis 

by interference with anti-apoptotic protein Bcl-2.94 Venetoclax was first de-

scribed to be beneficial for CLL but is currently subject to intensive clinical 

investigation in numerous hematological malignancies including lymphoma, 

multiple myeloma, ALL and AML.100–104 

 

Bcl-2, like B-cell lymphoma-extra-large (Bcl-xL) and myeloid cell leukemia 

1 (Mcl-1), belongs to the Bcl-2 protein family, which are anti-apoptotic pro-

teins inhibiting apoptosis by binding and thus blocking the action of pro-apop-

totic BH3-only proteins such as Bcl-2 interacting mediator of cell death 

(BIM).105 Upon treatment, venetoclax (a BH3-mimic) binds to the BH3 bind-

ing site of Bcl-2, thereby freeing pro-apoptotic proteins and enabling the in-

duction of apoptosis via oligomerization of Bcl-2-associated protein x (Bax) 

and Bcl-2 homologues antagonist/killer (Bak) (Bak/Bax), followed by cyto-

chrome c release and activation of caspases.100,106  

 

Since the promising discovery of Bcl-2 targeted therapy, it has been apparent 

that, in contrast to CLL patients with broad venetoclax benefit, AML patients 

present varying responses to venetoclax treatment. Identification of bi-

omarkers to stratify for venetoclax response are highly warranted and under-

way.107 Studies have indicated that overexpression of BCL-2 mRNA, mutant 

PTPN11 and KRAS, high CD14 and CD369 mRNA expression and low levels 

of phosphorylated Stat3 protein exhibit venetoclax resistance, while more im-

mature/undifferentiated AML subtypes, high HOX, MCL-1 and BCL-XL 

mRNA expression, PML-RARA fusion gene as well as mutant WT1, IDH2, 

FLT3-ITD and NPM1 correlate with increased venetoclax sensitivity.107–114 So 

far, venetoclax has been approved in combination with HMA or LDAC for 

treatment of unfit, elderly (>75 years) AML patients who are not suitable for 

intense chemotherapy.72,81,94,115 However, several clinical trials (phase I and 

II) are currently conducted to investigate the effect of Venetoclax in various 

treatment combinations as extensively reviewed in116,117. The underlying 

mechanisms of venetoclax response remain to be elucidated.  
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Acute promyelocyte leukemia 

Acute promyelocytic leukemia (APL) represents a molecular and prognostic 

unique entity within AML and is often considered a distinct subtype of mye-

loid leukemia.118 APL comprise about 5-10% of AML cases and is character-

ized by differentiation blockage at the promyelocytic cell stage of myeloid 

development, thus overlaps with AML FAB3 morphology and classification. 

Patients are currently stratified into low, intermediate and high-risk groups, 

defined by white blood cell and platelet count.119  

 

Historically, APL patients had particular dismal prognoses among all AML 

patients, yet introduction of oral administration of a vitamin A derivative 

termed all-trans retinoic acid (ATRA) treatment, and later combination treat-

ment of ATRA with arsenic trioxide (AS2O3, ATO) improved APL outcome 

significantly.38,120 Notably, APL patients have currently the best overall sur-

vival among all AML subgroups if treated early.120,121 

 

Despite the fundamental improvement in APL overall survival through intro-

duction of ATRA-ATO therapy, there remain some challenges to be addressed 

for this subtype. Among those are unresponsive to ATRA-ATO therapy due 

to mutations in the RARα binding domain of PML-RARα or mutations in B2 

domain of PML protein, relapses, the occurrence of differentiation syndrome 

and early death, defined as death prior to treatment induction or during induc-

tion. 122–126  

Molecular pathophysiology 

As previously stated, APL is defined by the presence of a translocation-caused 

fusion oncogene. The waste majority of APL patients carry a translocation 

between chromosomes 15 and 17, termed t(15;17), resulting in an oncogenic 

fusion gene of transcription factor promyelocytic leukemia (PML) on chromo-

some 15 with retinoic acid receptor α (RARA) located on chromosome 17.127 

Less than 5% of APL patients carry other rarer translocation partners of RARA 

such as PLZF t(11;17), NPM t(5;17) and NuMA t(11;17).128 

 

Mechanistically, the predominant fusion oncoprotein PML-RARα causes the 

transcriptional repression of many key target genes of the retinoic acid recep-

tor α (RARα). Those target genes of RARα, including CDKN1A (encoding 

p21), C/EBPE and HOXA1, have been found to be particularly important for 

proliferation, cell survival and differentiation and their repression conse-

quently results in obstruction of differentiation and impaired cell death.129 Ad-

ditionally, APL has displayed additionally aberrations such as mutant FLT3 

and FLT3-ITD as well as mutations in epigenetic regulators such as DNMT3A 

and IDH1/2.130 
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All-trans retinoic acid and arsenic trioxide treatment 

Three decades ago, reports stated that ATRA treatment induces terminal dif-

ferentiation in APL patients, yet it quickly became evident that mono-thera-

peutic use of ATRA was insufficient in preventing relapses.131,132 Combinato-

rial administration of ATRA and anthracycline-based chemotherapy improved 

this impediment of incomplete blast differentiation and elevated overall sur-

vival of APL patients tremendously. It was used as standard APL therapy for 

many years.118,130  

Mechanistically, ATRA treatment, a ligand for RARα, overcomes the tran-

scriptional gene repression of PML-RARα and thus induces differentiation 

and apoptosis in cells expressing the PML-RARα fusion protein.120,133,134 At 

present, APL therapy comprises largely of a combination of ATRA with ATO 

instead of chemotherapy.130,135 ATO has displayed striking synergy with 

ATRA by targeting PML in PML-RARα for degradation. ATO has been 

proven to improve overall survival in newly diagnosed APL as well as low-

risk APL patients in clinical studies.118,136 Response rates comparable to chem-

otherapy combinations, both in the induction and consolidation setting, has 

been observed in APL, including high-risk disease. Combinatorial therapy 

with ATRA-ATO imply an encouraging chemo-free therapy, omitting many 

of the chemotherapy-mediated side effects for APL patients.121,137 Mechanis-

tically, ATO has been shown to degrade PML protein as well as to play a role 

in cell differentiation and induction of apoptosis.138–141  

Due to the efficient eradication of PML-RARα, ATRA and ATO have been 

suggested to be beneficial in other AML subtypes, both through induction of 

differentiation but also the ability to cause oncoprotein degradation. Further, 

numerous studies have exposed that some non-APL AML patients respond to 

ATRA treatment despite the absence of PML-RARα fusion protein. This led 

to attempts of identifying markers that indicate sensitivity even in non-APL 

AML.142 Several studies have identified mutant-NPM1 as a potential marker 

for sensitivity to differentiation treatment.143–145 There, both NPM1-mutant 

cell lines and patient cells displayed an increased susceptibility towards 

ATRA or ATO treatment and synergy in their combination. Consistently, 

NPM1-mutant AML patients have shown increased sensitivity towards 

ATRA-ATO, yet also presented with some inconsistencies.145 These discov-

eries point out that some, yet not all, NPM1-mutant AML patients could ben-

efit from ATRA-ATO, while for others underlying resistance-inferring mech-

anisms remain to be considered. Further, in vitro and in vivo studies have in-

dicated that mutant IDH1/2 infers increased susceptibility to ATRA mono-

therapy and ATRA-ATO combinatorial treatment, yet failed to predict ATRA 

sensitivity in all patients.146–148 Hence, further avenues, such as the non-coding 

regulatory mechanisms, should be explored to identify marker of ATRA-ATO 

sensitivity and to introduce its therapeutic use in non-APL AML subgroups. 
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The discovery of the non-coding genome 

For decades, the central dogma of molecular biology dominated, defining that 

the genomic code DNA is transcribed into intermediary messenger RNAs 

transcripts (derived from protein-coding RNA transcripts, called mRNAs), 

which in turn are translated into proteins (Figure 2). It defines proteins as the 

functional units of life, denoting only an exchange function to RNA tran-

scripts.149 Further, some other classes of RNAs have been well described, such 

as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs). Both of these are 

functional housekeeping RNAs crucially involved in ribosomal biogenesis 

and translation.150 

 

Figure 2. Central dogma of biology and the discovery of ncRNAs. The ncRNA are 
divided into housekeeping and various regulatory ncRNAs. 

 

However, the fast progressing improvements in sequencing techniques re-

vealed that the majority of the human genome is indeed transcribed into RNA 

transcripts. Interestingly, the ~20,000 known proteins were identified to only 

account for about 1-2% of the transcriptome, indicating the presence of nu-

merous novel and possibly functional RNA than previously acknowl-

edged.151,152 RNA transcripts not translated into proteins were hence termed -

non-protein-coding RNAs- or -non-coding RNAs- (ncRNAs). Still, the vast 

majority of discovered ncRNA transcripts were previously considered as -

transcriptional noise- due to their individual low abundance and no apparent 
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function. Now, it is recognized that there exist various classes of regulatory 

RNAs with great structural diversity that are not only functional but often cru-

cial for normal cell function.153,154 They are thought to explain the complexity 

of the mammalian genome, compared to simpler organisms with similar pro-

tein numbers but lower ncRNA content. Further, they hold fundamental infor-

mation on normal and aberrant cell processes.155 Thus, their potential use as 

diagnostic and/or prognostic markers, or even as therapeutic targets in various 

diseases, including AML, is of significant scientific interest.156  

 

Non-coding transcripts are largely subcategorized by their transcript length 

into small ncRNAs (<200nt, sncRNAs) or long ncRNAs (>200nt, lncRNAs) 

and both groups, sncRNAs and lncRNAs, consist of numerous structural and 

functionally distinct entities.157 SncRNAs, including entities such as mi-

croRNAs (miRNAs), small nuclear RNAs (snRNAs), and piwi-interacting 

RNAs (piRNAs), have been prominently demonstrated to be involved in 

mRNA degradation, splicing, regulation of gene transcription, translation and 

genomic stability.150,157–159 LncRNAs are discussed in the following chapter.  

Long non-coding RNAs 

Long non-coding RNAs (lncRNAs) are structurally and functionally a heter-

ogeneous group of non-coding transcripts.160 They are commonly defined as 

transcribed RNA molecules that are longer than 200 nucleotides in length and 

without known or only minimal protein-coding potential, and lack an open 

reading frame (ORF) of more than 100 amino acids in length.161–163 Yet, some 

annotated lncRNAs, such as lncRNA HOXB-AS3 and lncRNA LINC00961, 

are translated into small functional peptides and classified as -encoding 

lncRNAs-.164–166 LncRNAs are in many ways structurally similar to mRNA, as 

they are transcribed by RNA polymerase II (RNA Pol2), exist as mono-exonic 

transcripts or are canonically spliced into multi-exonic transcripts. Further, 

they may be 5´capped, polyadenylated and may be exported to the cyto-

plasm.152,160–162 However, in contrast to mRNAs, the majority of lncRNA se-

quences are poorly conserved between species, except few lncRNA sequences 

that were found to be ultra-conserved.152  

 

Remarkably, almost exclusively all discovered lncRNAs are not universally 

expressed throughout all cell and tissue types. Many studies have found that 

they are displaying predominantly cell-type-, time- and stimuli-specific ex-

pression patterns and are tightly developmentally controlled.151 There, 

lncRNAs are tightly transcriptionally controlled by extrinsic signaling to in-

duce or inhibit transcription of target genes. This could implicate tissue-spe-

cific targeting of deregulated lncRNAs in disease, thereby possibly circum-

venting side effects. 
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The number of annotated lncRNAs varies greatly between lncRNA databases, 

ranging from about 16,000 to almost 100,000 lncRNAs. As of today (2022), 

the LNCipedia v.5.2 contains 49,372 genes, while FANTOM CAT contains 

59,110. Contributing factors to this large discrepancy are inconsistent classi-

fications of lncRNA transcripts as well as lack of stringent nomenclature.167  

Classification of long non-coding RNAs 

Classification according to genomic location 

 

Figure 3. LncRNA classification according to genomic location and direction of tran-
scription relative to neighboring protein-coding genes. Abbreviations: mRNA, mes-
senger RNA; lncRNA, long non-coding RNA. 

 

A common approach to classify lncRNAs is based on their genomic location 

and direction of transcription relative to neighboring protein-coding genes 

(Figure 3).162,168 LncRNAs are generally classified as genic or intergenic 

lncRNAs, based on the intersection with an adjacent protein-coding gene.168 

 

Genic transcripts have a sequence intersection with the protein-coding gene 

loci.  They can be localized completely within an intronic region of the pro-

tein-coding gene and thereby omit any exonic overlap (intronic lncRNAs) or 

have internalized the coding gene within an lncRNA intron (overlapping 

lncRNAs). Genic transcripts can also locate within 1 kilobase pairs (kb) dis-

tance of the coding gene and are then termed upstream sense and downstream 

sense lncRNAs.168–173 These genic lncRNAs are often involved in the tran-

scriptional regulation of the adjacent protein-coding gene and include 

lncRNAs regulated by cryptic promoters, that are epigenetically silenced pro-

moters requiring activation prior to expressing lncRNAs.173,174 

Another type of lncRNAs are bidirectional transcripts. These are located on 

the opposite strand of a protein-coding gene and in the opposite direction of 

transcription. Depending on the orientation of the transcription of lncRNAs 
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relative to protein-coding gene, these transcripts may either be defined as bi-

directional convergent (transcription towards each other, tail-to-tail) or bidi-

rectional divergent lncRNAs (transcription opposing to each other, head-to-

head).157,174 Bidirectional lncRNAs do not intersect with genic sequences of 

the neighboring protein-coding gene although transcription start sites (TSSs) 

or transcription termination sites (TTSs) lie frequently in proximity (<1kb).169 

Bidirectional divergent lncRNAs may even share a bidirectional promoter re-

gion with the neighboring protein-coding gene and are often expressed in a 

co-dependent manner.157,174  

 

Contrary to genic lncRNAs, transcripts located at greater distance (>1kb) from 

any up- or downstream protein-coding genes, in the open sea of the genome, 

are classified as intergenic lncRNAs, or long intergenic non-coding RNAs 

(lincRNAs). This class of lncRNAs is by far the largest.168,175 It has also been 

suggested that lincRNAs with an extensive distance (>50kb) to any adjacent 

protein-coding gene could be defined as isolated lncRNAs.176 Subsequently, 

lncRNAs may further be defined as being same sense or antisense lncRNA.168 

Same sense lncRNAs (or sense lncRNAs) are transcripts located on the same 

strand as a neighboring protein-coding gene, while lncRNAs located on the 

opposite strand of a protein-coding genes are defined as antisense lncRNAs 

(asRNAs).157,169,170  

 

Lastly, there are lncRNAs that are defined by their association with other struc-

tural elements rather than protein-coding genes or by the way they are tran-

scribed. LncRNAs transcribed from enhancer regions are defined as enhancer-

associated lncRNAs (elncRNAs or eRNAs) and may play a direct role in the 

transcription of protein-coding genes locally within the same chromosome (in 

cis), or distantly on other chromosomes (in trans).177,178 Transcribed 

pseudogenes are lncRNAs expressed from the sense or anti-sense sequence of 

pseudogenes and have been identified to regulate mRNA levels of their parental 

genes.179,180 One distinct type of lncRNAs are circular lncRNAs (circRNAs), 

that are long circular RNA transcripts derived from backsplicing of pre-mRNA 

of protein-coding genes. Due to their circular nature, circRNAs are protected 

from exonuclease degradation and therefore highly stable transcripts.181–184 

Functional implications of long non-coding RNAs 

LncRNAs are considered being part of epigenetic mechanisms regulating how 

stable DNA sequences are phenotypically differently expressed and regulated. 

The concept of epigenetic mechanisms facilitated the understanding of why 

cells with virtual identical genetic sequence, such as brain and liver cells, can 

have extreme diverging morphology, metabolism and function. This added 

layer of regulation also contributes to the observation, why some organisms de-

spite high complexity may carry fewer genes.155,185  
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With the identification of mutations in epigenetic regulators, the awareness on 

the importance of epigenetic regulators such ncRNAs has increased and that 

these will contribute to improve the understanding of AML pathogenesis. Op-

posing to genetic alterations, which permanently alter gene sequences and also 

their protein product, epigenetic alterations are adjustable to external require-

ments and can be completely reversed.186 Epigenetic mechanisms include vari-

ous processes to control and change, for instance, expression of genes. Among 

those mechanisms are post-transcriptional modifications, DNA methylation, 

regulation through ncRNAs and histone modification including acetylation, 

methylation, ubiquitination, phosphorylation and sumoylation.187 Epigenetic 

regulation through ncRNAs such as miRNAs and lncRNAs involves various 

mechanisms itself.  

So far, they have been stated to be involved in processes such as genomic 

imprinting, transcriptional and post-transcriptional regulation such as chroma-

tin remodeling, initiation of translation, splicing, mRNA editing and stability, 

formation of subnuclear compartments, such as paraspeckles, and miRNA se-

questering.188 The key molecular functions of lncRNAs are schematically 

summarized in Figure 4.  

 

Figure 4. Simplified overview of lncRNAs mechanism of action in nuclear and 
cytoplasmic compartments respectively. 

 

An increasing number of studies has revealed that lncRNA transcripts are in-

volved in various crucial cellular processes, such as cell differentiation, cell 

proliferation, cell cycle and apoptosis regulation. Further, several lncRNAs 

are implicated in key signaling pathways. In consequence, copy number 

changes, transcriptional deregulation as well as somatic mutations of 
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lncRNAs has been shown to be implicated in numerous diseases, such as can-

cer.189,190  

 

LncRNAs have been described to act locally, in cis, and in distance, in trans, 

and can express functionality through the transcription process itself or by the 

transcribed product. Although lncRNAs are defined by size, the size definition 

is an indiscriminate cut-off value and gives little information about function-

ality.162 With the increasing understanding of the structure-sequence-to-func-

tion relationship and a growing number of examples of functionally mapped 

lncRNAs, the functional diversity of lncRNAs becomes more apparent. 

Hence, there are new efforts to classify lncRNAs, as well as other non-coding 

transcripts, by their function rather than the genomic location or transcript 

length. One way to functionally classify lncRNAs groups lncRNAs into sig-

naling, decoy, guide, scaffold and enhancer lncRNAs.  

 

Signaling lncRNAs are indicators for spatial and time-dependent regulation of 

processes such as signaling transcriptional activity or repression. This can be 

exemplified by the lncRNA X-inactive-specific transcript (XIST) located on 

the X chromosome, whose expression signals transcriptional repression of the 

second X chromosome in a dosage-dependent manner.191  

 

Decoy lncRNAs sequester away other biomolecules, including miRNAs, tran-

scription factors and RNA-binding proteins (RBP), and thus interfere with 

their mechanism of action. An example is lncRNA H19 Imprinted Maternally 

Expressed Transcript (H19), which has been exposed to sponge miR-138 and 

miR-200a and thereby lifting repression of their target genes in colorectal can-

cer.192 In contrast, guide lncRNAs bind and direct other biomolecules to spe-

cific sites, like chromatin loci, to induce their site-specific functionality. 

LncRNA HOX antisense intergenic RNA (HOTAIR) is implicated in HOX 

gene repression by acting as a guide lncRNA. Through its 5`end, HOTAIR 

binds and leads Polycomb Repressive Complex 2 (PRC2) to HOX gene clus-

ters, where the chromatin modifier PRC2 induced transcriptional repression 

by chromosomal constriction.193  

 

Next, scaffold lncRNAs form the backbone for complex formation of several 

biomolecules, like RBP. There, transcriptional regulators are bound by 

lncRNAs, facilitating both spatial interaction between them as well as increas-

ing complex stability. Interestingly, lncRNAs exhibit commonly multiple dif-

ferent functional roles. Therefore, lncRNA HOTAIR acts not only as decoy, 

as afore-described, but also as a scaffold lncRNA through 3´directed binding 

to the histone demethylase complex lysine-specific demethylase/CoRE1-si-

lencing transcription factor/RE1-silencing transcription factor 

(LSD1/CoREST/REST), to induce site specific gene silencing.194,195 Lastly, 

enhancer lncRNAs are located partially or fully within enhancer regions and 
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may play a direct role in the transcription of protein-coding genes in cis or 

trans.177,178 One of such eRNAs is ARID5B-inducing enhancer associated long 

noncoding RNA (ARIEL), which enables chromatin looping interactions in 

order to promote the contact of regulatory enhancer and promoter regions to 

induce gene transcription of ARID5B in cis in T-cell acute lymphoblastic leu-

kemia.196  

 

Crucially, lncRNA functionality is not limited to the lncRNA transcript itself. 

It can further be derived from the initiation or progression of their own tran-

scription and splicing. Moreover, the genomic loci of lncRNAs can hold tran-

scriptional regulatory elements, such as promoters, which fulfill crucial regu-

latory functions.197 The latter can be exemplified by lncRNA Pvt1 Oncogene 

(PVT1), whose promoter activity regulates MYC transcription in cis inde-

pendently of PVT1 RNA transcription.198  

 

Taken together, although many lncRNAs are annotated and individual tran-

scripts have been studied mechanistically, for the vast majority of them, there 

is still a lack of understanding of their biological functions.  

LncRNAs in hematopoiesis and acute myeloid leukemia 

With the discovery of lncRNAs, research on their role in cancer has been fo-

cused on the discovery of novel cancer-specific lncRNAs, either acting as on-

cogenic or tumor suppressor lncRNAs in different cellular contexts.199 How-

ever, few of the newly discovered lncRNAs have structurally and functionally 

been studied in depth. Furthermore, most of the identified lncRNAs have been 

studied in solid tumors, whereas lncRNA involvement in hematopoiesis and 

hematopoietic malignancies, such as AML, remains largely unexplored.  

 

LncRNAs identified in hematopoiesis and AML have frequently been recog-

nized as antisense or cis-located transcripts controlling or opposing the func-

tion of protein-coding genes that play a crucial role in hematopoiesis and/or 

leukemogenesis. Thus, aberrant expression of these lncRNAs tremendously 

impacts the transcriptional regulation of differentiation, proliferation and/or 

survival genes. An example of a lncRNA with impact on differentiation in-

cludes lncRNA PU.1-AS. It is located antisense of the key hematopoietic tran-

scription factor PU.1 and negatively regulates PU.1 expression by impeding 

with its translation.200 Further, numerous leukemogenesis-associated 

lncRNAs have been identified within the HOX gene loci (including 

HOXB_AS3, previous described HOTAIR, HOTAIRM1, HOXBLINC and 

HOTTIP), controlling the transcription of HOX genes, that are crucially in-

volved in differentiation, hematopoietic cell development and prolifera-

tion.201,202 Of these lncRNAs, oncogenic HOTAIR acts even in AML as a 
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guide to recruit PRC2 to the HOX loci, thereby inducing epigenetic gene re-

pression. Another HOX-related lncRNA, HOXLINC, facilitates gene tran-

scription of certain HOX genes through recruitment of histone methyltransfer-

ase KMT2A.202,203 Also, lncRNA HOTAIRM1, located in the HOXA gene 

loci, has been described to control cell cycle progression and to enhance cell 

autophagy and proliferation in AML, while lncRNA HOTTIP has been found 

to enhance leukemogenesis through enhanced hematopoietic stem cell self-

renewal.204–206  

 

Several studies have revealed associations between the expression of certain 

lncRNAs and the occurrence of recurrent genetic and cytogenetic aberrations 

in AML patients. This suggests the existence of a direct or indirect lncRNA 

regulation by genes affected by aberrations in cis or trans. It could also indi-

cate that the lncRNA expression signature has similar characteristics to those 

of aberrations, indicating that lncRNA deregulation is an independent contrib-

utor to leukemogenesis.207 This is in line with the observation that lncRNAs 

can be associated with certain transcriptomic expression signatures.208–210 

Many lncRNAs expressed from the HOX loci have also been linked to NPM1 

mutations in AML, as their aberrant gene expression impairs HOX gene tran-

scription, which strongly resembles the expression pattern of NPM1c+ signa-

ture genes.203 Other associations have been identified for lncRNAs SOC S2-

AS and CCAT2 (both with FLT3-ITD+) and LONA, SAMD12-AS1 and 

HOXB_AS3 (with mutant NPM1).207,211,212 In many cancers, including AML, 

Myc-regulated lncRNAs have been shown to contribute to leukemogene-

sis.213–215 Remarkably, while PVT1 promoter acts as a tumor suppressor DNA 

boundary element to control MYC expression, PVT1 expression is also con-

trolled by transcription factor Myc. Furthermore, PVT1 has been established 

to contribute to c-Myc stability, indicating a precarious feedback control.216  

 

Moreover, an important functional role of lncRNAs is to act as competing 

endogenous RNA (ceRNAs) through their ability to sequester miRNA away 

from their targets, thereby impacting on its transcriptional regulation.217  In 

AML, lncRNA DANCR promotes autophagy by sequestering miR-20a-5p, 

while MALAT1 promotes AML progression by sequestering miR-96.218,219 

Other lncRNAs impede AML development by tumor suppressor functions and 

have been identified to be downregulated in AML. Of those, lncRNA MEG3 

has been exposed to activate tumor suppressor protein p53, yet its expression 

is negatively controlled in TET2-mutant AML.220 Further, tumor suppressor 

function of HOTAIRM1 has been associated with degradation of PML-RARα 

fusion protein by regulating autophagy and thus controlling myeloid differen-

tiation in APL cell line NB4.221,222 Interestingly, several lncRNAs have been 

implicated in AML prognosis and drug responses. Accordingly, it has been 

suggested that they could play a role in AML patient stratification, aiding the 

selection of patients for specific therapies or to avoid treatment resistance. 
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Expression of GAS6-AS2, TUG-1 and MEG3 have for instance been associ-

ated with drug resistance against cytarabine, doxorubicin and vincristine re-

spectively.223–225 These findings are of utmost importance and contribute to a 

better understanding of AML pathology, and they could potentially have a 

direct impact on treatment decisions. The anticipation is that lncRNA expres-

sion can help to guide treatment decisions in AML in the future. Yet, under-

lying functional mechanisms require further investigation to confirm observed 

associations. 

Implications of lncRNA NEAT1 

Nuclear paraspeckle assembly transcript 1 (NEAT1) is a lncRNA, that in con-

trast to most lncRNAs, has been extensively described in and linked to various 

cancers. It has been linked to numerous molecular and functional pathways 

with both oncogenic and tumor suppressor contributions.226 NEAT1 is located 

on chromosome 11 and transcribed as two isoforms, NEAT1_1 and 

NEAT1_2.227 Of these, NEAT1_1 is 3.7 kb long and transcribed in various 

cell types, whereas isoform NEAT1_2, which shares the 5´end with 

NEAT1_1, is a far longer isoform (22.7 kb) and where the expression is lim-

ited to certain cell types (Figure 5).228,229 LncRNA NEAT1_2 is localized 

within the nucleus, where it is crucially involved in the architectural formation 

and maintenance of nuclear paraspeckles, which are multi-components com-

posed membraneless subcellular compartments.229 There, NEAT1_2 is signif-

icantly contributing to the initiation of liquid-liquid phase separation through 

recruitment of paraspeckle core proteins, like NONO.226,230  

 

Figure 5. NEAT1 comprises of two main isoforms, a shorter iso-
form named NEAT1_1 and a longer isoform named NEAT1_2. 

 

NEAT1 is frequently overexpressed in numerous human tumors, such as col-

orectal, lung and breast cancer, and higher expression is correlated with poor 

survival in cancer patients.231–233 There, NEAT1 initiates tumor development 

and progression by impacting tumor suppressor genes.228 Other studies have 

also shown that NEAT1 is transcriptionally controlled by transcription factor 

Myc and regulated by tumor suppressor p53. Further, it has been described 
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that NEAT1 is positively associated with cellular stress and especially upreg-

ulated after DNA damage in a p53-dependent manner.215,234,235  

 

In contrast to solid tumors, NEAT1 research has been limited in hematological 

malignancies, in AML it has been only scarcely reported. Yet, in contrast to 

the frequent overexpression in solid tumors, NEAT1 has been previously 

shown to be downregulated in both AML and APL, where it was associated 

with tumor suppressor functions.236,237 In APL, NEAT1 was identified as a 

target of PML-RARα repression, which could be lifted by ATRA induced dif-

ferentiation, upon which NEAT1 is significantly upregulated.236 It has been 

reported to negatively regulate cell proliferation, through sequestering miR-

23a-3p and thereby implicating SMC1A expression in AML.237 

 

In short, NEAT1 exemplifies the complex functional extent of lncRNA tran-

scripts, both across and within cellular contexts, and their great mechanistic 

involvement in cancer as well as potential as prognostic marker. NEAT1 also 

highlights the necessity to elucidate its exact functional implication in AML. 
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Aims of the doctoral thesis 

The overall aim of this doctoral thesis was to identify and define long non-

coding RNAs (lncRNAs) transcripts that play a role in acute myeloid leukemia 

(AML) and that can be utilized to improve risk stratification, prognosis or 

treatment in AML. The paper-specific aims were: 

 

Paper I 

A new mutant NPM1/IDH2R140- and PML-RARA-associated lncRNA 

MALNC plays a role in AML biology, prognosis and drug response. 

To identify novel differentially expressed lncRNAs in acute myeloid leukemia 

compared to healthy bone marrow cells. Further aims were to structurally and 

functionally characterize an identified differentially expressed top identified 

lncRNA candidate as well as to define its association with clinical parameters 

and drug sensitivity. 

 

Paper II 

Identification of long non-coding RNAs involved in leukemogenesis and 

venetoclax response of acute myeloid leukemia through CRISPR-dCas9 

interference screens.  

To identify lncRNAs that are functionally implicated in myeloid leukemia 

through regulating either myeloid differentiation, cell proliferation or re-

sponse to Bcl-2-inhibitor venetoclax by high-throughput functional CRISPR 

interference screens in AML cells. Further, the aim was to investigate the clin-

ical association between for candidate lncRNA.  

 

Paper III 

The biological and prognostic role of long non-coding RNA NEAT1 in 

acute myeloid leukemia.     

To study the expression and involvement of lncRNA NEAT1 in normal hem-

atopoiesis and in acute myeloid leukemia. Further, the aim was to investigate 

the effect of NEAT1-depletion for global transcriptional deregulation and to 

define its chromatin interactions using RADICL-sequencing.  
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Materials and methods 

Materials and methods used in this thesis are described in the following sec-

tion. Comprehensive descriptions of each experimental method can be found 

in the respective Paper I-III. 

Cell lines, primary patient and healthy donor material 

Myeloid leukemia cell lines were used for gene expression measurements and 

loss-of-function studies. These included HL60, NB4, U937, THP1, Nomo1, 

TF-1, HT93, Kasumi1, K562, KG1, KG1α, OCI-AML2 and OCI-AML3 (Pa-

per I), MOLM13 (Paper II) and Kasumi1 (Paper III). AML patient samples 

included in the studies were derived from the bone marrow (BM) or peripheral 

blood (PB) of newly diagnosed AML patients. Mononuclear cells from the 

diagnostic samples were isolated by Ficoll-Plaque density-gradient centrifu-

gation before they were vitally frozen. Normal bone marrow cells (NBM) 

from healthy donors were aspirated from the BM and enriched for CD34+ cells 

using magnetic-activated cell sorting (MACS). AML patient and NBM sam-

ples were collected after informed consent. The studies were approved by the 

regional ethical review board in Stockholm.  

AML and NBM cohorts 

Throughout this doctoral thesis, various cohorts with AML patient and NBM 

samples were used, comprising of extensive clinical and next-generation se-

quencing (NGS) data. These were used to analyze lncRNA expression and to 

correlate lncRNA expression with clinical variables and genetic aberrations. 

In Paper I, initial lncRNA discovery was performed in a small AML-NBM 

cohort (AML n=7; NBM n=5) and lncRNA deregulation was confirmed in a 

larger AML-NBM cohort (KAW-AML cohort, n=103; NBM n=11). Clinical 

correlation analyses were performed in the research group´s own ClinSeq-

AML cohort (AML, n=325) in Paper I and Paper III. The obtained findings 

were then validated in The Cancer Genome Atlas (TCGA-LAML) cohort 

(AML, n=200) in Paper I. The ClinSeq-AML cohort consists of AML cases 

diagnosed in Sweden between 1997 and 2014. This cohort is comprised of 
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RNA-sequencing data, mutational panel data, whole-genome-sequencing data 

and clinical data. Clinical data was collected from the Swedish Adult Acute 

Leukemia Registry as well as from individual medical patient reports. Expres-

sion and mutational data were obtained through RNA-sequencing and tar-

geted-DNA-sequencing. The TCGA-LAML consists of newly diagnosed 

AML patient samples biobanked in the US between 2002 and 2009. It com-

prises of whole-genome-sequencing data, whole-exon-sequencing data, 

mRNA-sequencing data as well as clinical data.  Additionally in Paper III, 

microarray data from the Microarray Innovations in LEukemia study cohort 

(MILE, GEO number GSE13159) was used.238,239 Further, microarray data on 

hematopoietic stem cells, precursor and progenitor cells derived from healthy 

donors were used in Paper III, including HemaExplorer-cohort and Rapin-

cohort.240,241  

Gene expression analyses  

Quantitative real-time polymerase chain reaction   

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed 

in Paper I and Paper III in order to investigate the levels of gene expression. 

Thereby, expression was measured and compared among different cell lines, 

tissues, subcellular cell fractions, polysomal fractions and after gene expres-

sion modifications or drug treatments. For this, total RNA was extracted by 

trizol or spin-column-based extraction and reverse transcribed into comple-

mentary DNA (cDNA) using reverse transcriptase enzyme. Next, qRT-PCR 

was conducted using either SYBR or TaqMan detection using two gene-spe-

cific primer. Gene transcript quantification was analyzed by the comparative 

Delta Delta Ct method 2–ΔΔCt normalizing against expression of housekeeping 

genes. 

RNA-sequencing  

Bulk RNA-sequencing is a frequently applied method to quantify global levels 

and sequences of RNA transcripts in cells at a given time point (Figure 6). 

Through the quantification is relative, changes in transcriptomes between 

samples can be investigated using differential expression analyses. This is 

done by RNA extraction, fragmentation and reverse transcription. Then, se-

quencing adapters are ligated to transcripts ends and the transcripts are then 

sequenced and mapped back against a reference genome. Transcripts can be 

quantified based on the number of reads mapped per gene. In Paper I and 

Paper III, RNA-sequencing was performed and analyzed to quantify lncRNA 

levels and to determine global transcriptomic changes upon lncRNA deple-

tion.  
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CAGE-sequencing 

Cap analysis of gene expression sequencing (CAGE-seq) is a sequencing tech-

nique for genome-wide relative quantification of RNA transcription per tran-

scription start site (TSS) as well as identification of active transcription start 

sites (TSS).242–244 In contrast to standard RNA-sequencing, CAGE specifically 

sequences the 5´Cap of cDNA transcripts (mature RNA)(Figure 6). In brief, 

CAGE-seq is performed by RNA extraction and cDNA synthesis. Then, 

cDNA transcript sites are biotinylated, which retains full length 5´ RNA Cap 

structure for sequencing, while immature transcripts are degraded using 

RNase.245 In this thesis, CAGE-sequencing and data was used to investigate 

expression levels of lncRNAs and also to map TSS corresponding to lncRNA 

isoforms. In Paper I and Paper III, CAGE-sequencing data was used to de-

termine gene expression levels and identify gene-specific TSS. 

Figure 6. Schematic representation and comparison between bulk 
RNA-sequencing and CAGE-sequencing. 

Full-length transcript and splicing investigation 

Primer walk 

In order to confirm the whole transcript sequence and to identify lncRNA 

isoforms, primer walk was performed in Paper I. It was performed by strate-

gically amplifying suspected exonic regions of lncRNA cDNA, followed by 

Sanger-sequencing using sequencing-plasmids. Alignment of sequences back 

to the human reference genome identified true exonic regions, full exonic se-

quences and exon-exon splice-sites of the target lncRNA.  
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Rapid Amplification of cDNA Ends  

Since primer walk is incapable of determining 5´and 3´ proximate transcript 

sequences, Rapid Amplification of cDNA Ends (5´RACE and 3´RACE) was 

applied in Paper I to determine exact lncRNA transcript start and terminal 

sites. For 5´RACE, RNA was extracted and 5´Cap was replaced by an adapter 

sequence. Then, cDNA is synthesized using an internal gene-specific primer 

and a primer binding the 5´RACE adapter. For 3´RACE, the extracted RNA 

was reverse transcribed, making use of a 3´RACE primer binding available 

poly(A)tails.246 Both 5´and 3´RACE products were re-amplified by nested 

PCR to increase the specificity for the target transcript. Obtained amplicons 

were then separated by gel electrophoresis, purified, cloned into a sequencing 

vector and Sanger-sequenced as described for primer walk. 3´RACE protocol 

relies on the presence of a poly(A)tail, thus was performed with both using 

native RNA or artificially polyadenylated RNA. Presence of successful 3´tran-

scripts in both set-ups indicated endogenous presence of a poly(A)tail. 

Coding potential analyses 

In order to confirm that the identified and studied lncRNA MALNC in Paper 

I is indeed a lncRNA and not a mRNA, coding potential was investigated by 

in silico coding potential prediction as well as by wet-lab investigation using 

polysomal fractionation. 

In silico prediction 

Based on the lncRNA transcript structure and sequence, protein-coding prob-

ability can be predicted with logistic regression models in silico taking into 

account open reading frame (ORF) length and presence of known protein gene 

motifs. Here, two different coding potential predictors were utilized in Paper 

I: Coding Potential Calculator (CPC2.0, coding cut-off ≥ 0.5) and Coding Po-

tential Assessment tool (CPAT, coding cut-off >0.364) Obtained coding po-

tential scores were compared to known coding and non-coding genes.247–249 

Polysome fractionation 

Additionally, polysome fractionation was carried out in Paper I, which indi-

cates the translational capacity of the lncRNA or its functional implication in 

ribosome biogenesis based on its association with ribosomes. In brief, cell ly-

sates containing RNA were sucrose-gradient separated using ultra-centrifuga-

tion. Resulting gradient fractions (n=13) were analyzed for RNA content by 

qRT-PCR. Thereby, non-translated RNAs are usually not associated with ri-

bosomes and thus locate in earlier fractions (1-6). However, translated RNAs 
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are associated with ribosomes and located in the heavier, later fractions (7-

13). The lncRNA localization was then assessed in comparison to ACTB 

(well-known translated RNA) and luciferase (spiked-in, untranslated RNA).  

Functional cell assays 

In order to study the implication of lncRNAs on crucial cellular processes, the 

impact on cell differentiation, apoptosis, cell cycle and cell proliferation was 

investigated. These performed methods are described briefly in the following.  

 

To analyze lncRNAs implication during myelopoiesis, cell differentiation was 

induced in cell lines by treatment with all-trans retinoic acid (ATRA). Differ-

entiation levels were then measured by increased cell-surface staining of gran-

ulocytic marker CD11b using flow cytometry measurement in Paper I and 

Paper II. Further, CD11b the transcript, which increases with increasing cell 

maturity, was quantified using qRT-PCR in Paper I. In Paper III, spontane-

ous monocytic differentiation upon lncRNA-knockdown was determined by 

qRT-PCR detection of monocytic cell surface marker CD14, which increases 

with progressing monocytic cell maturity.250 

 

In Paper I, apoptosis levels and cell cycle distributions were compared be-

tween endogenous and depleted lncRNA expression. For apoptosis analysis, 

cells were stained with an Annexin V- antibody and propidium iodine (PI). 

Annexin V binds to cells that display phosphatidylserine (PS) on their cell 

surface, which is associated with ongoing apoptosis. PI intercalates with DNA 

and thus, only stains necrotic or dead cells, due to previous loss of cell mem-

brane integrities.251 Hence, flow cytometric analyses using strategic gating 

identified and quantified viable cells (Annexin-/PI-), early apoptotic (An-

nexin+/PI-) and late apoptotic and necrotic cells (Annexin+/PI+). For cell cycle 

analysis, cells were stained with PI. The intensity of PI correlates with DNA 

content in the cell at the present stage. Thus, the percentage of cells per cycle 

phase (G1, S and G2) was quantified, corresponding to one set of chromosome 

pairs (2N, GO/G1), ongoing DNA replication (2N-4N, S-phase) or two sets of 

chromosomes pairs (4N, G2).252,253 

 

In Paper I, cell viability was measured through metabolic cell activity. For 

this, WST-8 tetrazolium salt was used, which is reduced to the dye formazan 

by dehydrogenases within the cell. Absorbance of formazan dye formed after 

addition of WST-8 was measured at consecutive time points using a plate 

reader.254 In Paper III, cell proliferation was determined by qRT-PCR analy-

sis of MKI67 gene expression (encoding Ki-67), which strongly correlates 
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with increased cell proliferation.255 Further, colony forming assay was per-

formed in Paper I using semi-solid methylcellulose medium, which deter-

mines the ability of single cells to initiate cell colonies.  

Gene expression modifications  

Powerful tools in the functional investigation of overexpressed lncRNAs are 

the phenotypic analyses upon depletion of lncRNA expression. These loss-of-

function studies are dependent on appropriate, feasible methods to interfere 

either with lncRNA transcription itself or reduction of available lncRNA tran-

scripts post-transcription. Three commonly used molecular approaches have 

been applied in this doctoral thesis: CRISPR-Cas9-induced knockout of 

lncRNA genomic loci in Paper I, CRISPR-dCas9-KRAB repression (CRIS-

PRi) inferring with initiation of lncRNA transcription in Paper II and ASO-

based degradation of a transcribed lncRNA in Paper III. These techniques are 

described in the following and summarized in Figure 7.  

CRISPR knockout 

CRISPR (clustered regularly interspaced short palindromic repeats) is a ge-

nome editing technique allowing for the nucleotide-specific modification of 

genomic sequences. Originally, CRISPR combines the effector protein Cas9 

Figure 7. Schematic representation of methods to abolish lncRNA expression. (A) 
CRISPR-Cas9-knockout with two independent gRNA deletes the genomic loci of whole 
genes, specific exon or TSS regions. (B) CRISPR-dCas9-KRAB repression uses dead-
Cas9-KRAB to introduce transcriptional repression at TSS. (C) ASO-based degrada-
tion uses DNA-based antisense oligos (ASOs) to induce RNase H1-mediated degrada-
tion of the RNA transcript of interest. 
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with a specific single guide RNA (gRNA) sequence. This gRNA guides the 

Cas9 with nuclease activity to specific genomic loci to introduce site-specific 

double-stranded DNA breaks. These breaks are thereafter repaired using non-

homologous end-joining (NHEJ), which introduces insertions or dele-

tions.256,257 Thus, CRISPR is used to perturb protein-translation through intro-

duction of frameshifts. Alternatively, specific changes can be incorporated in 

the site of cleavage by utilizing homology-directed repair (HDR). It can be 

used to correct point mutations or knocks-in changed gene versions to create 

functional cell models.258 In Paper I, CRISPR-Cas9 knockout cells were cre-

ated by deletion of genomic sequences of the lncRNA MALNC. There, two 

gRNA were used to create two dsDNA breaks and thus, to delete larger in-

between located genomic regions. Successful genomic deletion was con-

firmed using genomic cleavage assay by DNA extraction, PCR amplification, 

cloning and Sanger-sequencing. Single-cell clones were generated and deple-

tion of lncRNA expression was confirmed by qRT-PCR.  

CRISPR interference 

Many modified uses of the original CRISPR approach have been developed, 

such as combining enzymatically inactive Cas9 protein (deadCas or dCas) 

with effector units instead of introducing DNA breaks. These effector units 

introduce chemical changes or modify gene expression reversibly. These in-

clude site-specific gene repression (CRISPR interference CRISPRi), gene ac-

tivation or labelling can be introduced. Of these, CRISPRi uses deadCas9 cou-

pled with a Krüppel-associated box (KRAB) repressor to site-specifically di-

rect gRNA to targets of transcriptional repression.259–262 High-throughput se-

quencing of CRISPR-modified genomes has accelerated genome-wide 

investigations of gene perpetrations.263–265 Thus, in Paper II, CRISPRi was 

used to abolish expression of lncRNAs in a genome-wide approach.  

Antisense oligos 

Another approach to abolish lncRNA expression is the use of single-stranded 

antisense oligos (ASOs).266 These are DNA based oligos of 15–25nt that are 

delivered to cells by common transfection methods such as electroporation. 

There, they bind to complementary target RNA sequences and the formed 

DNA:RNA hetero-duplexes are consequently targeted by RNase H-induced 

degradation.267–269 In order to avoid undesirable enzymatic degradation by ex-

onucleases prior to target binding, ASOs can be chemically modified. These 

modifications include using phosphorothioate instead of phosphodiester back-

bones and by flanking of the ASO with so-called locked nucleic acid (LNA) 

nucleotides, which contain a modified 2′-ribose ring.270,271 These ASOs are 

also termed GapmeRs.266 In Paper III, this approach was applied to deplete 

lncRNA NEAT1 expression.  
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Drug sensitivity and resistance 

In order to investigate the drug response of cells in presence and absence of 

lncRNA expression, changes in drug response were measured upon lncRNA-

knockout (Paper I) and lncRNA-knockdown (Paper II). In Paper I, a high-

throughput drug sensitivity and resisting testing (DSRT) was carried out meas-

uring drug response of cells against 525 unique drugs.272 Further, Beat-AML 

drug response data was retrieved to correlate drug response to AML sub-

groups.273 In Paper II, the lncRNA implication in Bcl-2-inhibitor venetoclax 

response was investigated.  

Chromatin accessibility and interactions 

In order to investigate the transcriptional activity and regulation in lncRNA 

transcription through transcription factor binding to lncRNA loci in AML cell 

lines, data from Assay for Transposase-Accessible Chromatin using sequenc-

ing, DNase I hypersensitive site sequencing and Chromatin immunoprecipita-

tion-sequencing was investigated in Paper I (Figure 8). Further, RADICL-

sequencing was performed in Paper III in order to investigate the chromatin-

binding sites of lncRNA NEAT1 in AML patients. 

 

Figure 8. Schematic representation of peaks obtained from chromatin ac-

cessibility methods DNase-sequencing and ATAC-sequencing, transcription 

factor (TF)-ChIP-sequencing and histone-ChIP-sequencing. Abbreviations: 

Ac, Acetylation; Me, Methylation; TF, Transcription factor. 

DNase- and ATAC-sequencing 

DNase- (DNase I hypersensitive site sequencing) and ATAC-sequencing (As-

say for Transposase-Accessible Chromatin using sequencing) are methods to 
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identify open chromatin sites, which are associated as prerequisite for tran-

scription initiation (Figure 8). In brief, DNase-sequencing is based on the de-

tection of chromatin regions that are easily targeted by DNase I digestion due 

to their unprotected, uncoiled state.274,275 In contrast, ATAC-sequencing uses 

a transposase (Tn5), which transposes and cuts open chromatin. This includes 

simultaneous tagmentation for sequencing.276–279 In Paper I, data from both 

DNase- and ATAC-seq were analyzed to study the transcriptional activity at 

lncRNA loci.  

ChIP-sequencing 

ChIP-sequencing (Chromatin Immunoprecipitation (ChIP) followed by se-

quencing) is a method to detect binding of DNA-binding proteins to chromatin 

regions. Thereby, gene regulation by certain proteins and transcription factors 

can be studied.280–282 In brief, chromatin and DNA-binding proteins are cross-

linked, chromatin sheared and DNA-binding proteins of interest specifically 

pulled-down using targeted antibodies. Recovered chromatin fragments are 

sequenced to identify chromatin regions that were specifically bound by and 

co-precipitated with the DNA-binding protein.281 In Paper I, transcription fac-

tor binding and histone modifications were detected using ChIP-seq data.  

RADICL-sequencing 

RNA And DNA Interacting Complexes Ligated and sequenced (RADICL-

seq) is used to investigate the interaction of RNA transcripts with specific 

chromatin locations on a genome-wide basis. Thereby it provides useful in-

formation on gene expression regulation through interaction with RNA. In 

Paper III, this technique was used to investigate the chromatin interaction 

sites of the lncRNA NEAT1. From chromatin binding, regulatory functional-

ity of lncRNA NEAT1 can be inferred at the identified genomic loci. In short, 

RADICL-sequencing was conducted by nuclei isolation and fixation using 

formaldehyde, followed by DNase I chromatin digestion. A biotinylated 

adapter was then used to proximity ligate adjacent RNA:DNA molecules. This 

was followed by cross-linking reversal and conversion to double-stranded 

DNA (dsDNA). Then, dsDNA was enzymatically digested and fragments 

were then purified, ligated with sequencing adapters and sequenced.283,284  
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Results and discussion 

Paper I 

A new mutant NPM1/IDH2R140- and PML-RARA-associated lncRNA 

MALNC plays a role in AML biology, prognosis and drug response. 

 

Figure 9. Graphical abstract of Paper I. LncRNA MALNC was found to be upregu-
lated in AML, to correlate positively with better survival and is involved in key pro-
cesses of leukemogenesis.   

 

In Paper I, differential transcriptomic analysis between AML patient samples 

and healthy bone marrow samples identified a novel lncRNA upregulated in 

AML. This lncRNA was henceforth named MALNC. This lncRNA has not 

been functionally described before and is currently only partly annotated 

(LOC105370601). Structural characterization of MALNC revealed a multi-

exonic transcript with numerous isoforms and a suggested Myc-regulated pro-

moter. Interestingly, it was discovered that the expression of this lncRNA cor-

related with the specific AML-subtype APL and with AML carrying co-mu-

tant NPM1/IDH2R140. These subgroups account for 10% and 15% of AML pa-

tients respectively.34,285 This suggests a potential shared pathogenesis between 
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those two subgroups identified by high MALNC expression. Furthermore, 

correlation analysis with clinical AML parameters identified that MALNC ex-

pression correlated positively with better overall survival, dependently and in-

dependently of known AML risk factors. This significant finding proposes 

that MALNC could serve as a potential prognostic marker stratifying for non-

APL AML patients with favorable AML prognosis. Various functional anal-

yses using MALNC-expressing cell lines and CRISPR generated MALNC-

knockout cells (MALNCKO) revealed that MALNC is implicated in key factors 

of leukemogenesis, like impaired differentiation and proliferation. 286 It was 

noted that the locus of MALNC is transcriptionally repressed and MALNC 

expression reduced specifically during ATRA-induced granulocytic differen-

tiation but not monocytic differentiation. Further, MALNC-knockout in-

creased ATRA-induced myeloid differentiation and increased the expression 

of ATRA-induced genes. Coherent, differential expression analysis of MAL-

NCKO identified genes involved in regulation of retinoic acid receptor signal-

ing pathway.287–289 Of those, DHRS3, which was downregulated in MALNCKO, 

has been previously reported to control retinoic acid homeostasis.288–290 It was 

therefore hypothesized that downregulation of DHRS3 upon MALNC-knock-

out presumably accumulates excess ATRA in the cells. Subsequently, this 

causes an increase in differentiation, if fusion protein PML-RARα-induced 

gene repression can be lifted sufficiently.288–290 Notably, this suggests a crucial 

implication of MALNC in cell maturation and should be further investigated. 

Moreover, MALNC-knockout reduced significantly cell proliferation and col-

ony formation, increased apoptosis and changed the cellular response to AML 

treatments. Interestingly, MALNC-knockout sensitized AML cells to ATO and 

the ATRA-ATO combination, but less to ATRA treatment alone, demonstrat-

ing that MALNC potentially displays resistance though involvement of pre-

dominant ATO involved mechanisms. Association of MALNC to ATO-con-

trolled mechanisms such as proteosomal- and autophagy-regulated degrada-

tion of both PML-RARα and NPM1c+ should therefore be further investigated. 

Additionally, MALNC-knockout increased sensitivity towards Bcl-2-inhibitor 

venetoclax, yet increases resistance to Cdk-inhibitor treatment, indicative of 

its potential use as a predictive marker for treatment response. Since veneto-

clax is implicated in both apoptosis and autophagy, MALNC could exhibit 

venetoclax resistance through specific interference with members in the in-

trinsic apoptotic pathway or through venetoclax´ role in autophagy by inter-

ference with the BH3-dependent Bcl-2/Beclin-1 interaction.291,292  

 

Overall, the results of Paper I suggest that MALNC is implicated in key fac-

tors of leukemogenesis, serves potentially as indicator for prognosis and treat-

ment response and could possibly be used for improved risk classification of 

AML patients. Still, the biological mechanism of lncRNA MALNC remains 

unclear and functional association of MALNC with AML requires additional 

investigation.  
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Paper II 

Identification of long non-coding RNAs involved in leukemogenesis and 

venetoclax response of acute myeloid leukemia through CRISPR-dCas9 

interference screens.  

Figure 10. Graphical abstract of Paper II. Three high-throughput functional CRISPR 
interference screens identified lncRNAs suggested to be implicated in AML cell pro-
liferation, cell differentiation and venetoclax response. These lncRNAs were identified 
based on the enrichment or depletion of gRNA targeting those 8,000 AML-expressed 
lncRNAs. Abbreviations: ATRA, all-trans retinoic acid; VEN, venetoclax. 

 

 In Paper II, several lncRNAs were identified to be functionally implicated 

in AML using three functional high-throughput CRISPR-dCas9 interference 

screens in MOLM13 cells. In particular, lncRNAs functionally involved in 

either proliferation or differentiation, key aspects of AML development, or 

involved in the response to bcl-2-inhibitor venetoclax were identified. 

LncRNAs were selected based on their overlap in two biological replicates. 

The selected functional implicated lncRNAs were then analyzed for their ex-

pression in various AML cell lines and normal bone marrow cells (healthy 

CD34+) using CAGE-sequencing data. Further, lncRNAs were correlated with 

clinical AML parameters, including mutational status, risk groups, overall sur-

vival and blood values using the Swedish ClinSeq-AML cohort (n=325).  

 

Among identified lncRNAs, two lncRNAs were recognized to have positive 

influence   (MIR17HG and CATG00000056335), and two lncRNAs to have a 

negative influence (CATG00000095269 and CATG00000002239) on cell 

proliferation. LncRNA MIR17HG associated positively with female sex, high 
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blast percentage in bone marrow and inferior overall survival in AML patients. 

Further, MIR17HG was also showed higher expression in AML cell lines 

compared to healthy CD34+ cells suggesting an oncogenic role in AML.293,294 

This is in line with previous studies reporting MIR17HG as an oncogenic 

lncRNA by promoting cell proliferation and metastasis in colon and osteosar-

coma cell lines.293,294  

 

Next, the functional differentiation screen indicated a positive effect of the 

intergenic lncRNA RP11-444A22.1 on myeloid cell differentiation, while 

lncRNA CATG00000058672 indicated a potential inhibiting role on cell dif-

ferentiation. RP11-444A2 was significantly less expressed in AML cell lines 

than in healthy CD34+ cells, indicative of a tumor suppressor function in 

AML. In contrast, high expression of RP11-444A2 inferred dismal prognosis 

in AML patients, yet this might be due to positive correlation with age, a 

known prognostic factor for poor survival.13 

 

Lastly, the functional implication in venetoclax response identified the most 

implicated lncRNAs of all three conducted screens. There, lncRNAs 

CATG00000056792, SNHG12, AC016735.1, and TERC were suggestively 

involved in venetoclax resistance, while C17orf76-AS1, AC009299.3, and 

CATG00000056029 were suggestively involved in venetoclax sensitivity.  

 

In agreement with current findings, SNHG12 has been previously linked to 

drug responses in other cancers. This supports that its use as venetoclax re-

sponse indicators in AML should be further investigated.295,296 Of utmost in-

terest was the discovery of lncRNA AC009299.3, proposed to be indicative of 

venetoclax sensitivity. AC009299.3 expression strongly correlated with infe-

rior survival in AML patients, secondary AML, as well as intermediate and 

adverse risk groups. To this day, this lncRNA has not been previously de-

scribed and could serve as a valuable prognostic marker in AML. Moreover, 

further investigations should aim at exploring its mechanistic involvement in 

venetoclax sensitivity and if AML patients expressing AC009299.3 poten-

tially benefit clinical treatment with venetoclax. 

 

Taken together, numerous novel and uncharacterized lncRNAs suggested to 

be implicated in leukemogenesis and drug response were identified in Paper 

II. Many of these could be mechanistically important for AML development 

and could be prospectively elucidate novel treatment targets or aid AML risk 

stratification. Especially candidates identified to correlate with venetoclax re-

sponse indicate great potential to serve as biomarkers for treatment response 

and should be further investigated. 
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Paper III 

The biological and prognostic role of long non-coding RNA NEAT1 in 

acute myeloid leukemia.     

  

Figure 11. Graphical abstract of Paper III. NEAT1 expression correlates with mon-
ocytes during normal haematopoiesis and is upregulated in AML, where it positively 
correlated with better survival. Knockdown of NEAT1 reduces proliferation and 
apoptosis and upregulates genes involved in glycolysis. Further, RADICL-sequencing 
identified NEAT1 binding to chromatin loci of RUNX2. 

 

NEAT1 is a multi-functional lncRNA implicated in various cellular processes 

such as cell cycle progression, cell proliferation and apoptosis.237 However, 

despite its frequent involvement in solid tumor development, its role in AML 

and normal hematopoiesis remains unclear. In Paper III, the role of lncRNA 

NEAT1 was therefore studied in the context of myeloid development and 

AML. Here, transcriptomic data analyses identified that during normal hema-

topoiesis, NEAT1 expression is decreased during early hematopoietic differ-

entiation stages but increases with cell maturity. It was particularly highly ex-

pressed in monocytes, suggesting a specific association to monocytes and/or 

monocytic differentiation. Further, it was shown that NEAT1 expression was 

increased in AML as a whole compared to normal bone marrow (NBM) and 

that higher NEAT1 expression associates with better OS in AML, independent 

of known risk factors. Remarkably, these findings are in contrast to previous 

reports. There, NEAT1 has been shown to be generally upregulated in solid 

cancers and associated with adverse outcome. This suggests a cell-type spe-

cific functionality in AML not previously reported for NEAT1.297,298 Specific 

subgroup analysis, pointed out that NEAT1 was explicitly upregulated in 
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AML with inv(16) and t(8;21) and, in line with previous reports, it was also 

confirmed to be lower expressed in APL patients.236 In APL, NEAT1-knock-

down has been shown to impair ATRA-induced differentiation in NB4 cells 

and has therefore been suggested to act as a tumor suppressor.299 Further, it 

has been shown that NEAT1 expression correlate positively with ASXL1, 

KRAS and NRAS mutations and negatively with TP53-mutant AML. All of 

these mutations associate with poor prognosis in AML.89,300,301 In line, NEAT1 

is indeed a transcriptional target of p53 and its induction contributes to the 

tumor suppressor functions of p53.302,303 Thus, poor overall survival in ab-

sence of NEAT1 might be in part due to lack of functional p53. However, 

upregulation of NEAT1 in ASXL1- and RAS-mutant AML suggests a novel 

cell-specific mechanism, which obliges further exploration. Interestingly, 

transcriptional activation of NEAT1 by p53 could be potentially therapeuti-

cally exploited in AML patients with low NEAT1 expression by re-activation 

of mutant p53 using APR-246 and should be further investigated.91,304 Simi-

larly, the existence of unique regulation mechanisms of NEAT1 expression is 

reflected by results on proliferation and apoptosis. Previous studies have re-

ported that overexpression of NEAT1 inhibited cell proliferation and en-

hanced apoptosis.305,306 In contrast, here it was shown that knockdown of 

NEAT1 decreased expression of the proliferative marker Ki-67 and the anti-

apoptotic proteins Bcl-2, Mcl-1 and Bcl-xL (also called Bcl-2L1). Variations 

in these findings encourage for further investigation. It has been suggested that 

mutations occurring in its promoter impact NEAT1 expression and also that 

NEAT1 isoforms could contribute to diverse mechansisms.227,307,308  

 

Next, by ASO-induced NEAT1-knockdown, the transcriptional changes upon 

NEAT1 depletion were investigated using CAGE-sequencing. Differential 

gene expression analysis showed that depletion of NEAT1 significantly en-

riched for genes associated with glucose metabolism. This suggests a func-

tional implication of NEAT1 in metabolic regulation of AML cells. In line, a 

similar glycolytic implication of NEAT1 has been previously observed in 

breast cancer.309 Interestingly, the chromatin-binding analysis of NEAT1 us-

ing RADICL-sequencing revealed that NEAT1 RNA has interactions with 

chromatin loci of genes encoding key hematopoietic transcription factor 

(RUNX2) as well as chromatin regulators (KMT2A, KMT5B and CHD7). To-

gether with the observation that NEAT1-knockdown induces increase of mon-

ocytic differentiation marker CD14 suggests a functional implication of 

NEAT1 in mechanisms controlling myeloid differentiation.  

 

Thus, the results of Paper III suggest that lncRNA NEAT1 has a role in hem-

atopoiesis and AML cell differentiation and suggests that NEAT1 has a unique 

role in AML in contrast to other cancers.  
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Concluding remarks and future perspectives 

For decades, cancer, defined as uncontrollable cell growth, was uniformly 

treated by chemotherapies, targeting fast dividing cells without consideration 

of underlying genetics. Since the introduction of genomic and transcriptomic 

sequencing, the understanding of cancer biology has improved, leading to in-

creased awareness that numerous deranged pathways, including differentia-

tion block and uncontrollable cell growth, are caused by genetic aberrations 

and contribute to cancer development. Importantly, these genetic and cytoge-

netic aberrations alongside cancer heterogeneity, accounts for varying treat-

ment outcomes. It has been demonstrated that cells develop strategies to cir-

cumvent cell death and develop treatment resistances and that personalized 

medicine is essential for successful elimination of leukemic stem cells. Un-

derstanding the mechanistic heterogeneity of cancer is therefore central in the 

ambition to understand AML biology and consequently to develop or identify 

novel targeted therapeutic options. Through an exceptional development dur-

ing the past years, discovery of genetic mutations such as IDH1 (2008), IDH2 

(2012), has led to novel and targeted drug discoveries with promising im-

provements in AML outcomes.87,90,96,97  However, while functional proteins 

are certainly important for cellular processes, the discovery of non-coding re-

vealed an enormous potential for a novel layer of regulatory units and their 

possible implications in leukemogenesis.  

 

The here presented doctoral thesis has outlined the range of functional impli-

cations of long non-coding RNAs in normal and dysregulated hematopoiesis 

and highlighted their implication in AML. Numerous novel lncRNAs with po-

tential key functions in AML were identified in Paper I and Paper II. Paper 

III highlighted the different functional implications of lncRNA NEAT1 in 

AML compared to solid cancers. Further, it was shown that lncRNA research 

in AML still holds a great potential to be further explored.  

 

These discoveries support the ongoing scientific efforts to investigate the role 

of non-coding RNAs in AML development and provides a foundation to better 

understand AML biology. This is crucial to eventually develop personalized 

treatment options and better risk stratifications in order to improve overall 

outcome of AML.  
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The new lncRNAs described in this thesis have demonstrated an ability to 

stratify AML into new groups based on the expression of lncRNAs (Paper I-

III). This could help to identify shared pathologic mechanisms in these AML 

patients that are missed by coding-gene aberrations and that could create a 

basis for new treatment approaches. Their implication and co-occurrence with 

genetic aberrations should therefore be further investigated. Furthermore, 

identified lncRNAs displayed strong association to overall survival (Paper I-

III), indicating their potential to serve as prognostic markers. This is espe-

cially valid for lncRNAs displaying an independent prognostic value, such as 

MALNC (Paper I) and AC009299.3 (Paper II). Lastly, lncRNAs were iden-

tified that correlated with treatment resistances and sensitivities, which sug-

gests that they could be used to stratify AML patients for different treatment 

approaches. This could prevent unnecessary treatments and side-effects in 

AML patients not likely to respond to a certain treatment. It could instead 

guide the treatment towards an approach with a higher likelihood of a benefit 

for the patient. However, the underlying molecular mechanisms of lncRNAs 

are vast and oblige additional analyses. 

 

An encouraging application would be the direct use of oncogenic lncRNA 

transcripts for targeted therapies. There have been multiple approaches on 

how to reduce the expression of mRNAs and lncRNAs that promote disease 

progression. One method has been the targeting of RNA transcripts with anti-

sense oligos (ASOs), as applied in Paper III. ASO-based in vivo therapies 

have obtained promising results in several clinical trials and have been in some 

instances FDA-approved for the treatment of inherited genetic syndromes. 

Yet, major limitations for many studies have been the distribution of the ASOs 

to their target and insufficient stability. Some of which are now gradually 

overcome by increasing ASO stability through chemical modifications and 

improved target-directed delivery through combination with antibodies, cell-

delivering peptides, polymers or nanoparticles. It is also crucial to have com-

plete understanding of possible co-targets of each ASO as well as all func-

tional implications that come with depletion of certain lncRNAs to avoid po-

tential contra-indications.269,310,311  

 

To conclude, this doctoral thesis has provided evidence that lncRNAs can be 

critically involved in key events of leukemogenesis and hematopoiesis. Their 

role in AML has a clear potential to impact on future AML treatment decisions 

and therapy developments. 
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Populärvetenskaplig sammanfattning 

Akut myeloisk leukemi är en relativt vanlig form av blodcancer bland vuxna 

och drabbar framför allt äldre (>65 år). I Sverige, insjuknar ungefär 350 vuxna 

per år. AML karaktäriseras av en ansamling av omogna blodceller i benmär-

gen, vilket i sin tur leder till brist av intakta mogna blodceller. AML är en 

allvarlig sjukdom med mycket dålig prognos. Fördjupad förståelse kring sjuk-

domens utveckling kan möjliggöra mer riktade behandlingar och på sikt för-

hoppningsvis förbättra prognosen. Under det senaste decenniet har man med 

hjälp av nya sekvenseringstekniker upptäckt långa RNA molekyler (på eng-

elska long non-coding RNAs, lncRNAs) som visat sig essentiella för ett flertal 

cellulära funktioner inklusive styrningen av genuttryck. Dessa lncRNA har 

sedan i sin tur bedömts ha stor betydelse för utveckling av sjukdomar så som 

cancer. Deras inblandning i AML är dock hittills ofullständigt beskriven. 

 

Syftet med denna avhandling var att identifiera nya AML-specifika lncRNAs. 

Vidare att studera dessa lncRNAs roll inom utveckling av AML med hänsyn 

till deras användning som prognosmarkörer och/eller behandlingsindikatorer. 

Avhandlingen består av tre studier vilka sammanfattas kortfattat nedan. 

 

I studie I identifierades, genom sekvensering av AML-patientmaterial, det ti-

digare obeskrivna lncRNA transkriptet MALNC, vilket förfaller ha en viktig 

betydelse inom AML biologin. I första skedet analyserades MALNC struktu-

rellt, vilket bekräftade att MALNC är icke-kodande för proteiner, samt visade 

att MALNC omfattar flera transskript former. Med hjälp av korrelationsana-

lyser inkluderande klinisk patientdata, kunde vi konstatera att höga nivåer av 

MALNC transkriptet korrelerade med specifika AML subgrupper. Dessa 

subgrupper inkluderar patienter med akut promyeloisk leukemi (APL) och 

AML patienter som bär genmutationer i både NPM1 och IDH2R140. Vidare 

förefaller höga nivåer av MALNC-transskript i sig, och oberoende av andra 

kända prognosmarkörer, vara förknippat med överlägsen prognos hos AML 

patienter. Olika cellförsök har använts för att studera blodcellernas förmåga 

att dela sig eller mogna. Denna förmåga studerades även efter borttagning av 

MALNC med hjälp av gensaxen CRISPR. Dessutom analyserades cellernas 

känslighet för vissa AML-behandlingar före och efter borttagning av 

MALNC. Det visade sig att MALNC-borttagning minskar cellernas tillväxt 
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och överlevnadsförmågan. MALNC-borttagning gör också cellerna mer käns-

lig mot behandlingskombinationen syntetiskt A-vitamin (ATRA) och arse-

niktrioxid (ATO), samt venetoclax (protein-hämmare). Därmed kan MALNC-

uttrycket särskilja patienter som svarar eller inte svarar på dessa behandlingar. 

Förhoppningen är att MALNC genom detta kan bidra till att förbättra AML-

behandlingen och därmedelst AML-överlevnaden. 

 

I studie II användes ett stor-skalig funktionellt CRISPR cellförsök, där genut-

trycket av 8,000 lncRNAs nedreglerades med hjälp av ett hämningskomplex 

(CRISPRi). Försöket identifierade nya lncRNAs specifikt inblandade vid cell 

tillväxt och cell mognad vid AML men även lncRNAs som kunde indikera 

svar på venetoclaxbehandling. Flera signifikanta lncRNAs inblandade i dessa 

tre mekanismer upptäcktes. Av dessa förefaller fem lncRNAs vara inblandade 

i att hämma eller öka celltillväxt, två av att hämma eller öka cellutmognad och 

sju associerades till bättre eller sämre svar på venetoclaxbehandling. Uttrycket 

av dessa lncRNAs i olika AML-cellinjer och friska benmärgsceller och korre-

lerades sedan till kliniska AML-patientdata. Bland annat identifierades höga 

uttryck av lncRNA MIR17HG i AML och att detta höga uttryck tycktes vara 

kopplat till ökad celltillväxt. Höga nivåer av MIR17HG korrelerade även till 

sämre överlevnad hos AML-patienter. Höga nivåer av ett annat lncRNA, 

AC009299.3, vilket associerades med högre venetoclaxkänslighet, korrele-

rade med ogynnsamma genetiska subgrupper, sekundär AML och avsevärt 

sämre prognos. Sammantaget har de identifierade lncRNAs trolig prognostisk 

relevans i AML och kan förbättra förståelsen för AML-sjukdomen samt bidra 

med information som kan förbättra behandlingsval hos AML-patienter.  

 

I studie III studerades lncRNA NEAT1, som tidigare har visats ha stor rele-

vans för solida tumörer, AML och normala blodceller. Analys av RNA-se-

kvenseringsdata av normala blodceller och AML-patienter visade att NEAT1 

är specifikt uttryckt i en viss typ av mogna blodceller, monocyter, samt att 

NEAT1-uttrycket är korrelerat till vissa subgrupper av AML, framför allt de 

som karakteriseras av kromosomavvikelserna inv(16) och t(8;21). Dessutom 

visar vi i denna studie att högt NEAT1 uttryck har betydelse för AML-över-

levnad, tidigare studier har endast kopplat NEAT1-uttryck till dålig prognos i 

solida tumörer. Dessutom fastställdes att NEAT1 har en unik roll i AML med 

en trolig koppling till blodcellsutvecklingen. Detta ökar kunskapen om cell-

specifika verkningsmekanismer av lncRNAs och kan bidra till att öka kun-

skapen kring AML. 
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Populärwissenschaftliche Zusammenfassung 

Akute myeloische Leukämie (AML) ist eine schwerwiegende Krebserkran-

kung des Blutes und der Blutzellentwicklung im Knochenmark, die haupt-

sächlich ältere Menschen betrifft (>65 Jahre). In Schweden werden jährlich 

ungefähr 350 Fälle erfasst. Somit ist AML die häufigste Form von akuter Leu-

kämie im Erwachsenenalter. AML ist gekennzeichnet durch die Ansammlung 

von unreifen Blutzellen im Knochenmark, was durch zahlreiche Veränderun-

gen im Genom verursacht wird. Mit Ausnahme von einigen wenigen AML 

Untergruppen, ist die allgemeine Prognose sehr eingeschränkt. Während die 

meisten AML Patienten eine Besserung durch Chemotherapie erfahren, erlei-

den viele innerhalb kurzer Zeit einen Rückfall mit schwerbehandelbarem oder 

behandlungsresistentem Verlauf. Um die Prognose von AML grundlegend zu 

verbessern, bedarf es einem besseren Verständnis für die Mechanismen, die 

zur Entstehung von AML beitragen. Diese dienen in der Folge, der Entwick-

lung neuer und besser auf den Patienten abgestimmter Behandlungsmöglich-

keiten. Mit Hilfe von neuen Sequenzierungsmethoden wurden bisher unbe-

kannte lange RNA Moleküle (engl. für Ribonukleinsäure) entdeckt. Diese 

stammen von bestimmten Abschnitten im Genom, den Genen, und stellen 

wichtige Funktionseinheiten in Zellen dar. Diese sogenannten langen nichtko-

dierenden RNA Transkripte (hier nachfolgend lncRNAs genannt) beeinflus-

sen auf verschiedenen Ebenen die Interaktion mit der Genomarchitektur. Ver-

änderung in ihrem Vorkommen (Expression) wurde bisher mit zahlreichen 

Krankheitsentwicklungen in Verbindung gebracht. Während die meisten 

lncRNAs zunächst in soliden Tumoren studiert wurden, blieb ihre Bedeutung 

in der Entstehung von AML und normaler Blutbildung bislang weitgehend 

unerforscht. Das Ziel dieser Dissertation war daher die Entdeckung und Ein-

ordnung von lncRNAs in der Entwicklung und Biologie von AML und nor-

maler Blutbildung, sowie deren Bedeutung als eventuelle Indikatoren für 

Prognose und Therapieerfolg bei AML. Die Dissertation umfasst drei Teilstu-

dien, die im Folgenden kurz zusammengefasst sind. 

 

In Studie I wurde durch Sequenzierung von AML Patientenmaterial ein 

neues, bisher unbekanntes lncRNA entdeckt, welches im Weiteren MALNC 

benannt wurde. Diesem lncRNA konnte durch systematisch strukturelle und 

funktionelle Untersuchungen eine wesentliche Bedeutung für AML-spezifi-

sche Krankheitsprozesse nachgewiesen werden. MALNC zeigte besondere 
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Bedeutung für gewisse AML-Untergruppen, sowie Patienten der akuten pro-

myelomischen Leukämie (APL), als auch AML Patienten, die Mutationen in 

gewissen Genen aufwiesen (NPM1, IHD2R140). Auffallend war besonders, 

dass je mehr MALNC vorhanden war, desto signifikant höher war die Über-

lebensdauer von AML Patienten. Des Weiteren konnte durch Zellversuche, 

bei denen mit Hilfe der sogenannten Genschere CRISPR das MALNC-Gen 

entfernt wurde, gezeigt werden, dass Abwesenheit von MALNC zu einer 

Hemmung von Zellwachstum sowie einer Steigerung von Zellsterben führt.  

Auβerdem veränderte die Abwesenheit von MALNC die Sensitivität von 

AML Zellen gegenüber Behandlungen. Dieses umfasste eine erhöhte Sensiti-

vität gegenüber Behandlungen mit einer Vitaminverbindung (ATRA), einer 

Arsenverbindung (ATO) und einem spezifischen Eiweiβhemmer (Veneto-

clax).  MALNC steht daher im Verdacht eine wichtige Rolle in der Klassifi-

zierung und im Behandlungserfolg von AML Patienten zu spielen.  

 

In Studie II wurde durch eine groβangelegte funktionelle CRISPR Zellstudie 

durchgeführt. In dieser wurde die Expression von 8,000 lncRNAs gehemmt 

(genannt CRISPRi), und dadurch neue lncRNAs identifiziert. Dabei wurden 

zahlreiche lncRNAs identifiziert, die eine Bedeutung für das Zellwachstum, 

Zelldifferenzierung oder veränderter Sensitivität gegenüber Venetoclax ha-

ben. Expression von diesen identifizierten lncRNAs wurde im Weiteren in 

AML Zelllinien und normalen Blutzellen verglichen und die Expression mit 

klinischen AML Patientendaten korreliert. Unter anderem identifizierte dies 

das lncRNA MIR17HG, welches in Verbindung mit erhöhtem Zellwachstum 

gebracht wurde und AML Patienten identifiziert, welche eine schlechtere 

Überlebensprognose haben. Ein weiteres lncRNA, AC009299.3, welches im 

Zusammenhang mit erhöhter Venetoclax Sensitivität identifiziert wurde, kor-

relierte mit unvorteilhaften genetischen AML Risikogruppen und deutlich 

schlechterer Prognose. Zusammenfassend wurden in dieser Studie zahlreiche 

lncRNAs identifiziert, die signifikante Bedeutung in der Krankheitsentwick-

lung von AML haben könnten.  

 

In Studie III wurde das lncRNA NEAT1 in Zusammenhang mit AML ge-

bracht. Mit Hilfe von Sequenzierungsdaten konnte nachgewiesen werden, 

dass NEAT1 eine Rolle in der Differenzierung von gewissen Blutzellen spielt, 

den Monocyten. Des Weiteren korrelierte NEAT1 Expression mit spezifi-

schen Untergruppen von AML, welche die strukturellen Genomveränderun-

gen inv(16) oder t(8;21) aufwiesen. Im Gegensatz zu soliden Tumoren, in de-

nen NEAT1 mit schlechter Prognose in Verbindung steht, konnte hier gezeigt 

werden, dass NEAT1 in AML ein Indikator für längeres Überleben ist. Diese 

Studie hat gezeigt, dass lncRNAs zellspezifische funktionelle Rollen aufwei-

sen können und hat zum besseren Verständnis der Beteiliguung von NEAT1 

in AML beigetragen.  
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