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1. INTRODUCTION 

1.1- Transition from normal to malignant haematopoiesis 

1.1.1.- Normal haematopoiesis 
The life-long production of blood cells is governed by a process known as 

haematopoiesis. Acting as a highly organized, yet highly responsive system, it ensures 

the steady replenishment of mature blood cells as these cells lack the ability to proliferate 

indefinitely and often have limited lifespans. In humans, this process undergoes a 

developmental shift in location: initial blood cell production occurs in the blood islands of 

the yolk sac, transitions temporarily to the liver during later embryogenesis and 

eventually settles in the bone marrow and thymus, establishing definitive haematopoiesis 

in adults. A key distinction between primitive and definitive haematopoiesis lies in the 

presence of long-term repopulating stem cells, which possess the ability to restore the 

haematopoietic system in an adult host subjected to lethal irradiation (Jagannathan-

Bogdan & Zon, 2013). This process caters to various biological demands, including the 

production of red blood cells, the generation of platelets, and the formation of myeloid 

and lymphoid cells, among other processes. Disturbances in the homeostasis of this 

process can result in haematological pathologies such as leukaemias, lymphomas, 

anemias, thrombocytopenias and immunodeficiencies (Loughran et al., 2020; Olson et 

al., 2020; Orkin & Zon, 2008). 

The haematopoiesis process results in the production of various types of mature immune 

cells which can be assigned to two main lineages: the lymphoid lineage including T-cells, 

B-cells and NK-cells as well as the myeloid lineage comprising erythrocytes (blood cells), 

megakaryocytes (platelets), monocytes/macrophages and granulocytes (neutrophils, 

eosinophils, basophils and mast cells) (Kondo et al., 1997; Weissman, 2000). The 

classical model of haematopoietic differentiation depicts a hierarchical tree structure, 

wherein a succession of branch fate decisions ultimately gives rise to distinct mature cell 

types. Sitting at the apex of the tree, the initiation of the haematopoiesis process begins 

fundamentally with a small and rare population of pluripotent hematopoietic stem cells 

(HSCs). The prevailing hypothesis suggests that all haematopoietic lineages originate 

from this common ancestor, the HSC, which is thought to be the only bone marrow (BM) 

cell population capable of long-term self-renewal and multilineage differentiation (Orkin, 

2000; Shizuru et al., 2005). HSCs hold paramount importance in this intricate process, 

serving as the foundation for the entire haematopoietic cascade thus a lot of research 

has been focused on studying and functionally characterizing these particular cells.  
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1.1.2.- Haematopoetic stem cells - definition, niche and identification  
HSCs are primitive cells defined on the basis of two key features: (1) the capacity to 

produce all immune cells (i.e. multipotency) as well as differentiation to accomplish the 

functional lineage-committed maturation, and (2) to proliferate while fully maintaining its 

own population numbers (i.e. self-renewal). The current gold standard to functionally test 

whether a certain HSC population possesses these characteristics is by transplanting a 

single HSC into a myeloablated host which should result in long-term reconstitution of 

both lymphoid and myeloid lineages in primary and serial transplantation (Matsuzaki et 

al., 2004; Smith et al., 1991). HSCs can be found in different organs such as peripheral 

blood (PB) and BM. They constitute less than 0.01-0.2% of the total cell population in the 

BM of humans (Shin et al., 2014; Upadhaya et al., 2018). In order to ensure their life-

long functional integrity, the balance between HSCs self-renewal and differentiation must 

be tightly regulated. This is accomplished through a complex interplay of both cell-

intrinsic factors (i.e. transcriptional and epigenetic regulators), metabolic pathways, cell-

extrinsic factors or local cues from the BM microenvironment, commonly known as the 

“haematopoietic stem cell niche” or BM niche (Morrison & Scadden, 2014a; Tamma et 

al., 2017). In contrast to the high turnover of lineage-committed progenitors, most of 

these HSCs largely reside in a dormant or quiescent G0 state which protects them against 

genotoxic insults as well as environmental stresses while the bulk of haematopoiesis is 

ensured by these lineage-restricted progenitors (Cheshier et al., 1999; Passegué et al., 

2005; Sawai et al., 2016; J. Sun et al., 2014). Much of this quiescence state is controlled 

by a hypoxic microenvironment, self-renewal promoting cytokines and growth factors 

provided by mesenchymal stromal cells, endothelial cells, osteoblasts and nerve cells 

(Chandel et al., 2016; A. Wilson et al., 2008). 

Identifying and collectively describing HSCs based on their immunophenotype is crucial 

for their characterization and multiple cellular surface proteins have been found. The 

adhesion molecule CD34 is commonly used as a convenient cell surface marker for 

HSCs and early lineage-committed progenitors. CD34+ BM cells have been shown to 

possess high colony-formation potential in long-term in vitro cultures ultimately allowing 

differentiation of blood lineages in immunocompromised mice (Andrews et al., 1989). 

HSCs have been functionally profiled through in vivo studies as the (Lin-) CD34+ CD38- 

CD90+ CD49f+ CD45RA- fraction of haematopoietic cells. However, the CD34+ CD38- 

immunophenotype is predominantly used as this subset is already enriched for HSCs 

with a high self-renewal capacity (Baum et al., 1992; Lansdorp et al., 1990; Strauss et 

al., 1986).  
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1.1.3.- The myeloid lineage and its intricate regulatory network 
Depending on its progressively diminished self-renewal ability in response to the earliest 

differentiation signals, HSCs can be assigned to three categories: long-term (LT-HSC), 

short-term (ST-HSC) and multipotent progenitors (MPPs). LT-HSCs have a higher self-

renewal capacity compared to ST-HSCs which are lineage-committed and thus cannot 

sustain their self-renewal capacity (Cheng et al., 2020). MPPs have limited or no long-

term self-renewal capacity as observed in donour stem or progenitor cells where they 

were not able to restore haematopoiesis completely (K. Busch et al., 2015; Morrison & 

Weissman, 1994). In line with the current "classical haematopoiesis model", a strict 

bifurcation occurs when MPP give rise to lineage-committed progenitors, including 

common myeloid progenitors (CMPs) or common lymphoid progenitors (CLPs), each of 

which lacks the ability for self-renewal (Akashi et al., 2000; Kondo et al., 1997). At the 

second branching point in the myeloid lineage, CMPs subsequently develop into 

granulocyte-macrophage progenitors (GMPs) which generate granulocytes/monocytes 

and megakaryocyte-erythroid progenitors (MEPs) which differentiate to megakaryocytes 

and erythrocytes, respectively (Figure 1).  

Figure 1. Classical model of the human haematopoiesis tree. Simplified representation of the 
haematopoiesis process following a hierarchical organization with the HSCs sitting at the top (with 
different degrees of self-renewal capacity). HSCs and certain types of MPPs lie within the 
CD34+CD38- fraction, downstream restricted progenitors in Lin-CD34+CD38+ and terminally 
differentiated cells in the Lin+ (lineage) fractions. Circular arrows indicate self-renewal capacities. 
-Continued on next page- 
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LT-HSC: long-term haematopoietic stem cell, ST-HSC: short-term haematopoietic stem cell, MPP: 
multipotent progenitor; CMP: common myeloid progenitor, CLP: common lymphoid progenitor, 
GMP: granulocyte-monocyte progenitor; MEP: megakaryocyte-erythrocyte progenitor; DC: 
dendritic cell; NK: natural killer cell. Dotted line represents alternative pathways that have been 
proposed. Figure was adapted from (Doulatov et al., 2012). 
 

Based on the hypothetical model, key intrinsic transcription factors (TFs) together with 

cytokines, epigenetic regulators and miRNAs collectively regulate the stepwise 

differentiation process into mature blood cells (Cheng et al., 2020).  

The maturation of myeloid cells is orchestrated by a number of lineage-instructive TFs. 

For instance, at the stem-cell level, the runt-related transcription factor (RUNX1; also 

known as AML1) is part of the core-binding factor complex (CBF) and also JUNB, MYC, 

SCL, GFI1, ETV6 and GATA2, among others (Rosenbauer & Tenen, 2007). These TFs 

ultimately control specific gene expression programs which often induce transcription of 

growth factor receptors or growth factors important for myeloid differentiation. Among 

them, RUNX1 is an essential transcription factor at multiple stages of haematopoiesis 

and for establishing definitive HSCs (Kalev-Zylinska et al., 2002) as well as it plays a 

significant role in early development of embryonic HSCs (Boisset et al., 2010). RUNX1 

targets several genes many of which are also pivotal transcription regulators involved in 

the formation of all haematopoietic lineages, especially in the myeloid compartment 

(Hoogenkamp et al., 2007). 

RUNX1 regulates gene expression of various haematopoietic genes, including those 

coding for growth factors (e.g. GM-CSF, IL3, MPO), surface receptors (e.g. CD34, FLT3, 

M-CSF receptor), signalling molecules (e.g. CDKN1A, BCL2) or transcription factors 

(e.g. STAT3, MYB). However, conditional deletion of RUNX1 in adult haematopoietic 

cells did not cause complete loss of adult haematopoiesis. This indicates that RUNX1 is 

not required for maintenance of HSCs but significant downstream lineage-specific 

defects were seen (Ichikawa et al., 2004; Levantini et al., 2011; Okuda et al., 1996). 

RUNX1 is found in close genetic proximity with TFs specific to the HSC/MPP 

compartment (N. K. Wilson et al., 2010), yet it is also involved in association with TFs 

complexes linked with MEPs (Goldfarb, 2009; Pimkin et al., 2014), GMPs (Rosenbauer 

& Tenen, 2007) as well as within the lymphoid compartment (Collins et al., 2009; Niebuhr 

et al., 2013). This implies a key role of RUNX1 in controlling self-renewal and 

differentiation decisions, especially in the myeloid-cell fate program. For example, one 

of the major RUNX1 target genes is PU.1 whose transcriptional predominance is one of 

the earliest events biasing HSCs to myeloid commitment by modulating expression 

levels of GM-CSF, IL-3 cytokines and M-CSFR cytokines receptors (Gerritsen et al., 
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2019; Harada et al., 2013). Minimal amounts of PU.1 expression are required for HSCs 

maintenance, whereas elevated levels trigger myeloid differentiation (G. Huang et al., 

2008; Imperato et al., 2015). 

As Figure 2 shows, the transcription of the human RUNX1 gene is controlled by two 

distinct promoters that generate ≥12 different RUNX1 mRNA isoforms and three main 

protein isoforms. These differ in their 5´ and 3´untranslated region (UTR), coding 

sequence, RNA stability and translation efficiency that ultimately contribute to diverse 

effects on haematopoiesis (Levanon et al., 2001; Miyoshi et al., 1995). The distal 

promoter (P1 promoter) regulates the production of RUNX1C isoform and it is located 

130 kb upstream of the proximal promoter (P2 promoter) that controls transcription of 

RUNX1B and RUNX1A isoforms (Ghozi et al., 1996; Tanaka et al., 1995). Interestingly, 

the P1 promoter contains binding motifs for several key haematopoietic transcription 

factors while the usage of the P2 promoter is more basic (Martinez et al., 2016). All three 

protein isoforms contain the Runt homology domain necessary for DNA binding and 

heterodimerization with CBFβ (De Bruijn & Dzierzak, 2017). Only RUNX1B and RUNX1C 

contain downstream transcriptional regulatory domains (transactivation or TAD and 

inhibitory domains) required for recruiting essential cofactors (Rozen et al., 2023). 

 

Figure 2. RUNX1 genomic locus and its main protein isoforms. The RUNX1 genomic locus 
on human chromosome 21 is shown with the location of the proximal and distal promoters. The 
three main transcriptional isoforms of RUNX1 (with P1-derived exons highlighted in green and 
P2-derived isoforms in blue) are shown with their protein sizes (amino acids, aa) and the main 
structural domains highlighted. TAD: transactivation domain. HSPCs: Haematopoetic stem and 
progenitor cells. Light green and blue exons represent the 5´UTR from P1 and P2-derived 
isoforms, respectively. Orange exons represent the 3´UTR from the RUNX1 isoforms. 

RUNX1B and RUNX1C are the longer isoforms and they differ by 27 amino acids at their 

N-terminus which results also in different 5´UTR. The 5´UTR of RUNX1B spans more 

than 1.6 kb comprising GC-rich regions and putative internal ribosomal entry sites (IRES) 

elements that suggest differential control of translation compared to RUNX1C (Nieke et 
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al., 2017). RUNX1A lacks the transactivation and inhibitory domains at the C-terminus, 

while retaining the DNA-binding domain and has been long proposed as a natural 

dominant repressor (Levanon et al., 2001; Miyoshi et al., 1991) and contributes to 

leukaemogenesis (X. Liu et al., 2009). This structural divergence has been shown to 

enhance DNA binding and antagonises the transcriptional programs driven by 

RUNX1B/C (Gialesaki et al., 2023; Guo et al., 2012; Liu et al., 2009). Consistenly, 

expression of the different RUNX1 isoforms results in diverse effects in cell growth and 

differentiation in a myeloid progenitor cell line (Telfer & Rothenberg, 2001). 

Several discrepancies exist concerning the temporal expression and the importance of 

each RUNX1 isoform in both embryonic and adult haematopoiesis. The P2 promoter 

usage is far more heterogenous and its promoter activity precedes that of P1 before 

emergence of HSCs. RUNX1B is expressed in a specific endothelial subpopulation prior 

to haematopoietic commitment and its expression is more limited and restricted to MEPs 

and lymphoid lineages (Draper et al., 2016; Menegatti et al., 2021). RUNX1A constitutes 

a small portion within the overall pool of RUNX1 isoforms and its enforced expression 

has been shown to influence self-renewal capacity and long-term expansion of HSPCs 

ex vivo (Ran et al., 2013). On the other hand, P1 is the dominant promoter in adult 

haematopoiesis thus RUNX1C is the most abundant protein isoform in definitive 

haematopoietic cells in adult BM (Challen & Goodell, 2010). Its expression correlates 

with early haematopoietic markers and it is restricted to a subpopulation of CD34+ 

cycling HSCs (Ferrell et al., 2015) as well as its function is required for maintenance of 

HSPCs with engraftment potential (Lis et al., 2017; Sugimura et al., 2017). Moreover, 

RUNX1C is the earliest isoform and its upregulation is required during haematopoietic 

specification of HSPCs (Navarro-Montero et al., 2017) and its genetic deletion results in 

numerous lineage-specific defects (Draper et al., 2016). 

Due to RUNX1 significance throughout haematopoiesis, any dysregulation in its 

regulatory network directly contributes to malignant haematopoiesis and its disruption 

leads to a failure of the entire blood development (Okuda et al., 1996; Q. Wang et al., 

1996). In fact, mutations in the RUNX1 gene stand out as a highly prevalent genetic 

event in haematological malignancies, especially in acute myeloid leukaemia (AML) 

(Bellissimo & Speck, 2017; Gaidzik et al., 2016). Interestingly, studies reported higher 

frequency of the CD34+ compartment in RUNX1-mutated AML blasts which might reflect 

the association with more immature AML phenotypes (Langabeer et al., 2002; Schnittger 

et al., 2011). 
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1.1.4.- Clonal disease evolution  
Under normal conditions, the haematopoietic compartment is an inherently tumour-

suppressive system continuously regulating the small size of the HSC pool. The 

mechanism that keeps the pool constant relies on an asymmetrical division of the HSC, 

assuring that always one of the daughter cells remains an HSC (Riether et al., 2015). 

Even though haematopoiesis remains a highly efficient process for decades during 

human life, it is inevitably affected by the erosive effects of ageing and the acquisition of 

somatic DNA mutations (De Haan & Lazare, 2018; Mohrin et al., 2010). In response to 

regenerative signals that lead to excessive HSC activation in the BM niche, a shift 

towards differentiation occurs at the expense of self-renewal resulting in the depletion of 

the HSC compartment. Conversely, under conditions where differentiation is affected and 

self-renewal prioritized, the HSC compartment is excessively proliferative, detrimentally 

affecting the effective maintenance of the production of blood cells. For instance, 

processes such as chronic inflammation, heritable genetic variation and genotoxic stress 

can favour the emergence of mutations that inherently augment HSC fitness and drive 

clonal expansion of mutant HSCs (Bick et al., 2020; Coombs et al., 2017; Gibson et al., 

2017). This phenomenon is referred to as clonal haematopoiesis (CH), and it typically 

involves genetic alterations (i.e. genetic mutations, chromosomal changes) in a limited 

set of oncogenes that are also frequently mutated in leukaemia, such as DNMT3A, TET2, 

ASXL1, TP53, RUNX1, BCR-ABL1 and SF3B1 (Genovese et al., 2014; Jaiswal & Ebert, 

2019; McKerrell et al., 2015; Xie et al., 2014). In this framework, these so-called driver 

mutations confer a clonal growth advantage and can be selected through the oncogenic 

process. Simultaneously, cells that accumulate neutral mutations (also called passenger 

mutations) which lack any fitness advantage are, therefore, exempt from natural 

selection (Bowman et al., 2018; Pich et al., 2022). It's noteworthy that CH is not exclusive 

to malignant conditions -only established as a precursor condition to haematologic 

malignancies- and can also be observed in healthy individuals (Fabre et al., 2022). In 

general terms, CH heightens the risk of developing myeloid neoplasms through diverse 

potential mechanisms such as alterations in the BM microenvironment, chronic 

inflammatory signals in clonal effector cells or abnormal immune responses, among 

others. When this is further disrupted due to the heightened self-renewal capacity of 

transformed HSCs with signalling pathways working synergistically, it can lead to 

leukaemia, myeloma and lymphoma (Mendez & Patnaik, 2023; Tuval & Shlush, 2019). 

Further classification of these three blood cancer types includes acute myeloid 

leukaemia (AML), B-cell acute lymphoblastic leukaemia (B-ALL), T-cell acute 

lymphoblastic leukaemia (T-ALL), myelodysplastic syndrome (MDS), myeloproliferative 

neoplasm (MPN), chronic lymphocytic leukaemia (CLL), and follicular lymphoma (FL) 
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(Taylor et al., 2017). Even though for most cancers the cancer-initiating cell harbouring 

the transforming mutations is unknown, there is considerable evidence that most of 

leukaemia types arise from mutations that accumulate in HSCs (Reya et al., 2001). 

Longstanding observations have enabled the identification of pre-leukemic mutations in 

HSC-derived clones (also named pre-leukemic stem cells or pre-LSCs). These pre-LSCs 

give rise to healthy blood and immune cells and the occurrence of additional mutational 

events can hinder the differentiation process, leading to the malignant expansion of 

abnormal progenitor cells (Warner et al., 2004). Because leukaemogenesis is a multi-

step process, additional “hits” are required in pre-LSCs for the formation of fully 

transformed leukemic stem cells (LSCs) (Pandolfi et al., 2013). Whereas pre-LSCs 

consisting of self-renewing HSPCs are able to initiate leukaemia in vivo with variable 

latency, LSCs are functionally defined to induce fully penetrant leukaemia with rapid 

onset in murine transplantation models (Shlush et al., 2017).  

The current hypothesis is that cancer evolves through a hierarchical tree structure 

stemming and maintained by a small pool of cancer stem cells (CSCs) with self-renewal 

capacities, giving rise to differentiated non-cancerous cells via asymmetric division. 

Interestingly, the first cancer type for which this model was rigorously tested was AML 

(Bonnet & Dick, 1997; Lapidot et al., 1994). Since then, this CSC hypothesis has 

expanded to solid tumours (Dick, 2003; Kreso & Dick, 2014). In haematological 

malignancies that arise from, and are maintained by LSCs (i.e. CML, AML), significant 

efforts are being directed towards identifying these therapy-resistant LSCs in order to 

improve the clinical outcome of these patients. This subject will be explored in detail later 

within the scope of this thesis. 

1.2.- Acute myeloid leukaemia 

1.2.1.- Definition, epidemiology and pathophysiology 
AML is a haematological malignancy characterized by the clonal expansion of immature 

myeloid precursors coupled with arrested differentiation that accumulate in the peripheral 

blood and bone marrow. Consequently, the production of healthy and functional immune 

cells is significantly reduced resulting in impaired haematopoiesis (Deschler & Lübbert, 

2006; Döhner et al., 2015). This is reflected in a list of clinical manifestations which 

consists of a combination of leucocytosis and signs of bone marrow failure with a rapid 

onset of symptoms such as anaemia and thrombocytopenia. If left untreated, this disease 

may be fatal within weeks after diagnosis secondary to infection or bleeding (Versluis et 

al., 2022). 



Introduction 

9 
 

AML is the most commonly diagnosed acute leukaemia among the adult population, 

accounting for approx. 80% of all cases, with a median age at diagnosis of 68 years. The 

incidence of AML increases with age, exponentially increasing to more than 10 times in 

patients older than 65 years. The estimated 5-year overall survival (OS) is 30% and 

greatly differs between various groups depending on age and comorbidities, reaching 

50% in younger (< 60 years old) but less than 10% in older patients (Döhner et al., 2015; 

National Cancer Institute, 2019; Sasaki et al., 2021). Although significant progress in the 

treatment of AML has led to major improvements in the outcome for younger patients, 

prognosis and survival in the elderly has only marginally improved. This is mainly 

because until now the current chemotherapy regime has remained the standard of care 

for AML patients for over 40 years and tolerability in this group of patients is limited 

(Meyers et al., 2013; A. Shah et al., 2013). The disease outcome in older patients who 

are unable to receive intense chemotherapy without unacceptable side effects remains 

unfavourable, with more than 70% of them dying within the first year after diagnosis 

(Döhner et al., 2022; Sasaki et al., 2021; Shimony et al., 2023). 

As mentioned before, the pathogenesis of AML involves the clonal transformation of 

myeloid stem cells through the acquisition of chromosomal rearrangements and multiple 

gene mutations that confer proliferative advantage and impair normal haematopoietic 

differentiation. Studies on animal models contributed to the development of a two-hit 

model of leukaemogenesis which serves a conceptual framework to categorize the 

manifold mutations linked to AML (Gary Gilliland & Griffin, 2002). This model proposes 

that AML originates as a consequence of at least two oncogenic mutations which are 

classified in two categories: class I mutations that confer a proliferative and/or survival 

advantages but have no effect on differentiation (e.g. mutations in FLT3, KIT or RAS) 

and class II mutations that impair haematopoietic differentiation and subsequent 

apoptosis (i.e. PML-RARA, RUNX1-RUNX1T1 or MLL rearrangements) (Kelly & 

Gilliland, 2002; Takahashi, 2011). Depending on the clinical ontogeny, AML can be 

subdivided in three categories: the most common type is de novo AML (approx. 80% of 

all cases) that arises as a new condition, secondary AML or sAML can develop after an 

antecedent myeloid malignancy (myelodysplastic syndrome or other myeloid 

neoplasms) and therapy-related AML or t-AML that originates after leukaemogenic 

therapy (i.e. topoisomerases II, alkylating agents or radiations) (Patel et al., 2012; 

Pfirrmann et al., 2012; Sill et al., 2011).  

1.2.2.- Cytogenetics and molecular abnormalities  
AML stands out as one of the cancer types to be extensively studied by innovative high-

throughput microarray and sequencing technologies (Shivarov & Bullinger, 2014). This 
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allowed the identification of multiple recurrent somatically acquired driver mutations 

coexisting in competing clones which makes AML a very complex and dynamic disease. 

The mutational landscape of AML is very heterogenous with mutations identified in more 

than 97% of the patients (Ding et al., 2012; Welch et al., 2012). Only a few mutations 

(FLT3, NPM1 DNMT3A) are present in more than 25% of AML patients (Döhner et al., 

2015), emphasizing the idea that clinical diagnosis of AML encompasses a diverse 

spectrum of genetically distinct malignancies. From a mechanistic standpoint, these 

driver mutations generally lead to hyper-activation of signalling cascades that trigger 

uncontrolled cell proliferation, resistance to apoptosis and aberrantly affect the function 

of transcription factors vital for normal haematopoietic differentiation. 

Targeted sequencing has revealed certain clinically relevant mutations with prognostic 

and diagnostic value (i.e. FLT3, RUNX1, IDH1, CEBPA) and progress is being made to 

understand the pathogenic principles governing AML (Papaemmanuil et al., 2016; 

Richard-Carpentier & DiNardo, 2019). In an effort to dissect the functional crosstalks and 

interactions between the oncogenic proteins that drive leukaemogenesis, The Cancer 

Genome Atlas (TCGA) project analyzed the genome of 200 AML patients and described 

seven functional categories of genes that are commonly mutated in de novo AML 

according to their biological function. This includes mutations in genes involved in 

signalling pathways (FLT3, KRAS, NRAS and KIT), in genes involved in chromatin 

modifications and DNA-methylation processes (DNTM3A, TET2, IDH1, IDH2, ASXL1, 

EZH2 and MLL fusions), mutations or gene fusions in myeloid transcription factors 

(RUNX1, CEBPA and GATA2 mutations, RUNX1-RUNX1T1, PML-RARA, MYH1-CBFB 

fusions), mutations in tumour suppressor genes (WT1, TP53, PHF6), mutations in 

spliceosomal-complex genes (SRSF2, SF3B1, U2AF1 and ZRSR2), mutations in 

cohesin-complex genes (RAD21, STAG1, STAG2, SMC1A and SMC3) and mutations in 

the nucleophosmin gene (NPM1) (summarized in Figure 3).  

AML pathogenesis requires a limited number of genetic mutations along with one or two 

cooperative mutations to establish the founding clone (two-hit hypothesis). Interestingly, 

some of these transcription-factor fusions have been shown to be relevant for disease 

initiation (Corral et al., 1996; Higuchi et al., 2002; Kuo et al., 2006; Westervelt et al., 

2003) but are also mutually exclusive to other common mutations found in AML genes, 

suggesting that one activating mutation is adequate for AML pathogenesis (Abdel-

Wahab & Levine, 2013; Bullinger et al., 2017). 
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Figure 3. Overview of the mutational landscape in AML. General depiction of the most 
common mutations found in AML patients and organized based on the data from the functional 
categories described in The Cancer Genome Atlas (TCGA) network. TF: transcription factor. Red 
stars represent mutations in the assigned gene. Figure adapted from (Döhner et al., 2015). 

Nevertheless, studies integrating mutational analysis with clinical outcome in different 

AML cohorts suggest that mutations of genes encoding for epigenetic modifiers (i.e. 

DNMT3A, TET2, ASXL1 or IDH1) are not sufficient for leukemogenesis on their own 

(Challen et al., 2011; Fisher et al., 2010; Moran-Crusio et al., 2011; Quivoron et al., 2011). 

Interestingly, these “passenger lesions” were identified in elderly individuals before the 

occurrence of a clinically apparent AML per se suggesting that these mutations influence 

the clonal outgrowth of pre-LSCs but they require subsequent additional mutations. 

1.2.3.- Disease classification and risk stratification  
The progression of AML classification, transitioning from morphology-based to 

cytogenetic/genetic-focused, underscores the acknowledgment of the critical role played 

by AML subtypes. This involves examining bone marrow specimens and blood smears 

morphologically, assessing surface or cytoplasmic markers through flow cytometry, 

identifying chromosomal abnormalities using conventional cytogenetic testing, and, in 

more recent approaches, screening for specific molecular genetic mutations (Short et 

al., 2018). 

Based on the morphologic heterogeneity and differentiation status of cells, AML was first 

classified into eight French–American–British (FAB) subtypes: M0 or minimal myeloid 
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differentiation (3% of cases); M1 or poorly differentiated myeloblasts (15-20%), M3 or 

promyelocytic (5-10%), M4 myelo-monoblastic (20%), M5 monoblastic (2-9%), M6 or 

erythroblastic (3-5%) and M7 or megakaryoblastic (3-12%) (J. M. Bennett et al., 1976, 

1985, 1991; Cheson et al., 1990). Although the FAB system lacks the molecular and 

genetic information that underpins the heterogenous mutational landscape of AML, this 

diagnostic criterion has not been abandoned but other more precise classifications have 

been developed. 

The latest revised version of the World Health Organisation (WHO) classification system 

provides an overview of AML subtypes with an emphasis on the integration of clinical, 

cytomolecular and pathological parameters. This system is arranged mainly into two 

main groups: AML with defining genetic abnormalities and AML defined by differentiation 

(similar to the FAB system). The first type includes characteristic gene fusions (e.g. 

RUNX1::RUNX1T1 or (t(8;21)) and genetic rearrangements involving e.g. KMT2A 

(11q23), among others (Alaggio et al., 2022).  

In 2022, a panel of experts published an updated version of the European LeukemiaNet 

(ELN) including recommendations for the diagnosis and management of AML which also 

includes guidelines for risk prediction. Here, depending on the presence of certain 

genetic alterations, AML patients are divided into favourable, intermediate and adverse 

risk groups and they also refined the prognostic value of certain genetic abnormalities 

(Döhner et al., 2022). 

1.2.4.- Diagnostic procedures and prognostic factors 
Typically, AML is defined by a percentage of immature leukaemic blasts of myeloid origin 

(at least 20%) in a bone marrow aspirate of peripheral blood smears. Mutations in NPM1 

(25-35% of all cases), CEBPA (6-10%) and FLT3-ITD (approx. 20%) are commonly used 

in clinical practice as diagnostic and predictive markers. Currently, there are other 

additional mutations included in the prognostic panel (i.e. RUNX1, ASXL1 and TP53) 

which correlate with inferior clinical outcome. The risk of treatment-related mortality has 

significantly diminished, especially among older patients, due to considerable 

advancements in supportive care. However, despite the substantial decrease in 

treatment-related death rates in recent years, the issue of the disease becoming 

chemotherapy-resistant remains a significant concern (Liersch et al., 2014; Othus et al., 

2014).  

1.2.5.- Current and novel therapies in clinical development 
The fundamental therapeutic approach for AML patients has remained largely 

unchanged for over four decades, probably due to the constellation of genetic 
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aberrations which made it difficult to adopt new personalized approaches to each 

patient´s karyotype (Döhner et al., 2015; Michaelis, 2018; Short et al., 2018). Initially, 

first-line treatment involves continuous infusion of Cytarabine (or Ara-C) in combination 

with the anthracycline Daunorubicin for 3 and 7 days (also known as the “7+3” regime), 

which remains the mainstay in order to achieve complete remission or response (CR). 

This means that less than 5% of leukaemic blasts in the bone marrow with no circulating 

blasts or evidence of extramedullary disease are present (X. Chen et al., 2015). The 

main goal of the cytotoxic chemotherapy is to impair DNA and RNA synthesis from 

proliferative leukaemic blasts. CR is normally achieved in 60-85% of adults who are 60 

years or younger with a 5-year survival rates of 30-40%. However, in older patients the 

treatment results are inferior (40-50%) with a 5-year survival rates of less than 10-15% 

(Kantarjian et al., 2021). 

Over the past decade new targeted therapies in combination with initial consolidation 

therapy have improved clinical outcome due to cytogenetic testing to facilitate 

appropriate therapy. Remission is a crucial clinical endpoint and it is a requirement for 

further post-remission treatment such as a high dose cytarabine-based consolidation 

therapy (salvage) or allogeneic haematopoietic stem cell transplantation (allo-HSCT), 

the latter one being the most effective treatment to reduce disease relapse in patients 

with intermediate or adverse risk AML (Koreth et al., 2009). Although the majority of AML 

patients respond to induction chemotherapy, in case there is an absence of CR after at 

least two courses of induction chemotherapy regime or allo-HSCT, current literature 

defines this concept as refractory AML. This group of patients does not generally respond 

well to chemotherapy treatment and a wide array of salvage regimens is used, making 

patients response to be broadly influenced by age, karyotype and previous regimens 

(Othus et al., 2015; Wattad et al., 2017). In patients which are non-eligible for initial 

intensive chemotherapy (i.e. patients above the age of 65 years or with refractory AML), 

non-intensive regimes have reshaped the therapeutic landscape. This involves the 

combination of low-dose cytarabine (LDAC), hypomethylating agents such as azacitidine 

(CC-486) and venetoclax (B-cell lymphoma [BCL]-2 inhibitor) (DiNardo et al., 2020).  

1.2.6.- Relapsed and refractory AML 
Despite the previously outlined progress in upfront therapy for AML patients, relapse is 

the most common cause of treatment failure (DeWolf & Tallman, 2020). At this stage, the 

primary issue is determining whether a patient is fit to undergo intensive salvage 

chemotherapy treatment. Approximately, 30-50% of the patients who initially achieve a 

CR and 20-30% of patients who receive HSCT subsequently will develop relapsed 
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disease (M. de Lima et al., 2021; Ossenkoppele & Schuurhuis, 2016). The prognosis of 

relapsed AML patients is broadly poor with a 5-year survival rate of less than 10%.  

Mounting evidence traces back the origin of relapsed AML to therapy-resistant leukaemia 

cells which exhibit stemness-related properties, the so-called leukaemia stem cells 

(LSCs). The current hypothesis is that disease relapse correlates with founder clone 

recurrence, subclonal expansion and dynamic changes due to relapse-specific acquired 

somatic mutations (Rapaport et al., 2021; Vosberg & Greif, 2019). This has been 

demonstrated by deep-sequencing of purified subsets of AML populations and 

xenotransplantation assays from relapsed AML samples (Eppert et al., 2011; Shlush et 

al., 2017). Early identification of this subset of leukaemia cells in AML patients is critical, 

as it facilitates the accurate allocation of patients to salvage regimens or enrolment to 

targeted therapies prior to overt AML relapse. 

1.3.- Acute myeloid leukaemia stem cells (AML LSCs) 

1.3.1.- Discovery, concept and ontogeny of AML LSCs  
AML set the precedent to be the first cancer type where the existence of cancer stem 

cells was experimentally proven. The earliest observations of slow-cycling LSCs in 

myeloid leukaemia patients can be traced back to more than 50 years go (Clarkson et 

al., 1967) and later demonstrated with empirical evidence showing the ability of AML LSC 

to initiate leukaemia in NOD/SCID mice in transplantation assays using a patient sample 

(Lapidot et al., 1994). This study set a standard method to functionally validate tumour-

initiating cells and its self-renewal capacity through serial-dilution xenografts. Since then, 

substantial progress has been made in the identification of the wide variety of malignant 

stem cell progenitors responsible to originate and propagate leukaemia in AML patients. 

This was achieved using fluorescence-activated cell sorting (FACS) to isolate engrafting 

populations from AML samples (Bonnet & Dick, 1997; Kreso & Dick, 2014). Subsequent 

improvements of immunocompromised mice strains (i.e. expressing human cytokines) 

have increased the proportion of engrafting AML samples (Wunderlich et al., 2010). 

Moreover, further studies have broadly demonstrated that AML LSCs are refractory to 

standard-of-care chemotherapy regimens (Ishikawa et al., 2007) even though this view 

has been challenged by other groups that proved that LSCs that survive chemotherapy 

are molecular and metabolically different (Boyd et al., 2018; Farge et al., 2017). 

Unfortunately, innovative treatments designed to eradicate AML LSCs have not yet 

transitioned into clinical practice. 

AML LSCs are functionally defined as a rare and heterogenous subpopulation of 

leukaemia cells with a few distinguishable properties: extensive self-renewal capacity, 
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mostly in a quiescent state with a distinct metabolism, arrested differentiation, resistant 

to drugs and localized in protective microenvironments, among other features (Ishikawa 

et al., 2007). Nevertheless, due to the vast heterogeneity of the driver mutations present 

among AML patients, the biological properties of AML LSCs greatly differ from patient to 

patient. As mentioned before, the clonal evolution of AML is a highly dynamic and multi-

step process. Defining the cell of origin of LSCs is of great importance in the AML field 

as it gives us insights of how this disease initiates and evolves. Depending on their 

developmental stage, AML LSCs can be subdivided in two different types: pre-LSCs and 

LSCs (also called leukaemia-initiating cells). Seminal discoveries analysing mutational 

patterns have led to the identification of pre-leukemic clonal states in HSCs (named pre-

LSC) which arise due to the sequential acquisition of “early” somatic DNA mutations. 

Consequently, these first hits (i.e. in epigenetic regulators) generally enhance self-

renewal potential and impair the haematopoietic differentiation potential (Corces et al., 

2016a; Lu et al., 2012; Shlush et al., 2014). These pre-LSCs are maintained in a “primed” 

state and have a propensity to transform into LSCs even though they still can contribute 

to normal haematopoiesis (Corces et al., 2016a; Corces-Zimmerman et al., 2014; Sato 

et al., 2016) (Figure 4). 

 

Figure 4. Model of how AML LSCs arise and evolve during disease progression. Depiction 
of how acute myeloid leukaemia originates from the transformation of normal quiescent or cycling 
haematopoietic stem cells (HSCs) with high self-renewal capacity, multipotent progenitors (MPPs) 
or myeloid-committed progenitors (CMPs, GMPs) that acquire primary/early mutations giving rise 
to pre-leukaemic stem cells (pre-LSCs). Over time, with the acquisition of secondary/late 
mutations, these further transform into acute myeloid leukaemia stem cells (AML LSCs).  
-Continued on next page- 
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As a result, this sequence of clonal events ultimately leads to the onset of full-blown leukaemia. 
Following standard induction chemotherapy regime (7+3), a population of therapy-resistant LSCs 
harbouring additional mutations can survive treatment and hold the capacity to initiate leukaemia 
thus represent a clinically relevant disease reservoir. Figure adapted from (Long et al., 2022; 
Vetrie et al., 2020) 

In parallel, “late” mutations are mainly found in genes affecting signalling pathways (i.e. 

FLT3) that give a proliferation advantage and promote an arrest in differentiation that 

ultimately result in the malignant expansion of aberrant progenitor cells (Gary Gilliland & 

Griffin, 2002; Zheng & Small, 2005). Only after pre-LSCs transition into LSCs do they 

differentiate and proliferate vigorously into leukaemic blasts triggering the onset of AML 

in the bone marrow. These second hits are crucial as the vigorous accumulation of the 

so-called “blasts” is fuelled by the presence of fully competent LSCs.  

1.3.2.- Hallmarks of AML LSCs  
As mentioned above, AML LSCs are defined functionally. First, they are highly competent 

at their unlimited self-renewal capacity and thus able to exhibit long-term survival in 

optimized ex vivo co-culture systems (Udomsakdi et al., 1992) and engraftment into 

immunocompromised mice (Bonnet & Dick, 1997; Eppert et al., 2011; Lapidot et al., 

1994). Importantly, their ability to engraft and initiate human AML in 

immunocompromised mice is the gold-standard property defining an AML LSC and 

engraftment levels directly correlate with LSC frequencies and poor clinical outcome 

(Griessinger et al., 2018; Pearce et al., 2006; Ran et al., 2009). Across several studies, 

AML patient samples have shown a wide range of percentage of engraftment and also 

capable to be propagated for multiple serial transplants (Curtis et al., 1984; Delmer et 

al., 1989). More than 20 years ago, other groups alternatively developed less laborious 

assays to interrogate stemness (requiring less cell number from AML samples) and 

allowed the quantitative measure of the clonogenic self-renewal capacity of LSCs and 

predict AML patient survival. Examples of these techniques are co-culture of AML cells 

with bone marrow stroma in long-term initiating cell asays (LTC-IC) or colony-forming 

(CFU) assays in semi-solid medium (i.e. methylcellulose) (Blair & Sutherland, 2000). 

AML LSCs are largely cell cycle quiescent (G0 phase) in order to shield them from 

genotoxic insults and prevent their exhaustion to mitigate the effects of leukaemia 

proliferation. This biological characteristic also makes these slow cycling cells to evade 

cytotoxic effects of chemotherapeutic agents which target rapidly proliferating cells 

(Guan & Hogge, 2000). This relatively dormant condition is tightly controlled at the 

molecular level by growth factors, microRNAs and signalling pathways in the bone 

marrow endosteal region where they generally reside (Niu et al., 2022; Vetrie et al., 

2020). Nevertheless, there are instances where the assumed requirement for a 
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quiescent state does not hold true, as certain LSCs exhibit certain features of actively 

cycling cells (Iwasaki et al., 2015). Previous studies have shown in AML primary samples 

that AML LSCs are initially quiescent but they spontaneously exit G0 phase, thus 

demonstrating that AML colony-forming cells are more active in cell cycle than their 

healthy HSC counterparts (Guan & Hogge, 2000). Linked to this quiescent state, AML 

LSCs have been shown to be metabolically less active (with low oxidative state) 

compared their HSC counterparts (Cheng et al., 2020). Dysregulation of the reactive 

oxygen species (ROS) homeostasis (too high or low levels) directly affect LSCs as high 

levels of these highly reactive byproducts can promote differentiation or impair stemness 

properties by forcing cells out of quiescence (Adane et al., 2019; Ito & Ito, 2018). 

Targeting ROS homeostasis is another extensively exploited avenue to target 

chemotherapy-resistant LSCs. For instance, the recently developed small molecule 

BCL-2 inhibitors (i.e. venetoclax) have been shown to selectively target ROS-low 

producing AML LSCs (Lagadinou et al., 2013). 

LSCs are considered to harbour inherent therapy resistance to anti-proliferative 

treatments. Classical chemotherapy regimens primarily target the actively cycling 

leukaemic blasts resulting in a relatively effective initial remission. Wealthy evidence 

suggests that AML LSCs preferentially resist to chemotherapy treatment and thus 

represent a cellular reservoir believed to be the basis for relapsed disease. For example, 

a study showed a substantial surge in LSC frequencies (from 10 to 90-fold-increase) 

from diagnosis to relapse in AML patients (Testa et al., 2002).  

However, recent studies have shown that both quiescent and cycling AML LSCs are 

sensitive to chemotherapy (Shlush et al., 2017) and only pre-LSCs can survive 

chemotherapy (Corces-Zimmerman et al., 2014; Rothenberg-Thurley et al., 2018). 

During relapse, residual minor clones identified from initial diagnosis emerge and 

become dominant, incorporating new mutations induced by DNA damage from 

chemotherapeutic agents. Overall, the sequential accumulation of mutations accelerates 

LSC clonal diversification with new sub-clonal architectures post-chemotherapy which 

are more challenging to target, resulting in worse clinical outcome (Corces et al., 2016; 

Rothenberg-Thurley et al., 2018). AML LSCs also exhibit heightened activity of multi-

drug resistance proteins that act as efflux transporters of biomolecules relevant for 

tumour resistance LSCs (de Grouw et al., 2006; Ho et al., 2008; Vasconcelos et al., 

2021).  
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Several signalling pathways have been implicated in the maintenance, self-renewal and 

drug-resistance of AML LSCs, including the NOTCH pathway (Reya et al., 2001; Takebe 

et al., 2011), IL-2/STAT5 pathway (Wingelhofer et al., 2018), hypoxia pathway (Y. Wang 

et al., 2011), TGFβ pathway (Tabe et al., 2013), NF-κB pathway (Bosman et al., 2016; 

Gasparini et al., 2014), TNF-α pathway (Kagoya et al., 2014), WNT/β-catenin pathway 

(Pepe et al., 2022), and Hedgehog pathway (Jagani et al., 2010) (summarized in Figure 

5). Aberrant activation of these pathways in AML LSCs occurs frequently through genetic 

and epigenetic mechanisms, correlating with leukaemia initiation, progression, and 

resistance to treatment. Other mechanisms of drug resistance include different anti-

apoptotic mechanisms (i.e. BCL-2, MCL-1, mutated TP53), senescence resistance, 

aberrant RNA epigenetic modifications (i.e. m6A) or remodelling of the BM 

microenvironment, among others (Niu et al., 2022). 

Figure 5. Pathways commonly associated with maintenance and survival of AML LSCs. 
The illustration summarizes some of the major upregulated pathways involved in the increased 
self-renewal capacity and cell proliferation, block in differentiation, intrinsic resistance to 
chemotherapeutic agents and reliance on high oxidative phosphorylation (OXPHOS) that have 
been reported so far in AML LSCs. TNF-α: tumour necrosis factor alpha, TNFR: tumour necrosis 
factor receptor, IκB: IkappaB, NF-κB: nuclear factor kappa B, TGFβ: transforming growth factor 
beta, TGFβR1: transforming growth factor beta receptor I, β-Cat: β-catenin, BCL-2: B-cell 
lymphoma 2, HIF1α: hypoxia-inducible factor 1-alpha, IL2RA: interleukin-2 receptor alpha. Figure 
adapted from (Bencomo-Alvarez et al., 2019; Rodrigues et al., 2021). 



Introduction 

19 
 

1.3.3.- AML LSC-specific surface antigens and its potential therapeutic targeting 
Over the years, studies that couple immunophenotyping of AML samples and 

xenotransplantation assays have identified several proteins expressed in functionally 

defined LSC-enriched populations by comparing AML versus BM samples from healthy 

donours. The most commonly accepted immunophenotype of AML LSCs is the 

expression of CD34 and lack of CD38 (CD34+CD38−) as demonstrated by multiple 

studies via engraftment in immunodeficient mice (Eppert et al., 2011; Goardon et al., 

2011; Ishikawa et al., 2007; Sarry et al., 2010) and in vitro LTC-IC assays (Blair & 

Sutherland, 2000). Consistently, this fraction was shown to exhibit higher self-renewal 

potential and a more immature phenotype. Detailed characterization of the surface 

immunophenotype showed that CD34+ AML LSCs are hierarchically organized and 

primarily detected in multipotent progenitors (Lin−CD34+CD38−CD90−CD45RA+) that 

give rise to granulocyte-macrophage progenitors committed or GMP-like LSCs 

(Lin−CD34+CD38+CD123+CD45RA+) (Goardon et al., 2011). Examination of 

transcriptional profiles and differentiation potential has elucidated that CD34+ AML LSCs 

originate from an HSC-like progenitor that acquired heightened self-renewal capacity 

and gained expression of surface markers from mature myeloid cells (Kirstetter et al., 

2008; Somervaille et al., 2009).  

However, LSCs can also be present in other subpopulations with less frequency like 

CD34+CD38+ and even rarer in the CD34- fraction (Kreso & Dick, 2014). Recent studies 

advocate that LSC might co-exist in all CD34 and CD38 defined subpopulations as their 

LSC activity was detected in all fractions and their leukaemia-initiating activity assessed 

via engraftment into mice (Ng et al., 2016). Notably, there were hardly leukaemia cases 

originating from the CD34- or CD34+/CD38+ fractions and only the CD34+CD38- 

population and their concomitant subpopulations contained the most important 

leukaemia-initiating cells. This hypothesis has been confirmed by other studies that 

observed that only the CD34+CD38- population correlates with engraftment, in vivo 

therapy resistance and minimal residual disease (Terwijn et al., 2014; Van Rhenen et al., 

2007). The rare but engrafting CD34- AML LSCs fraction can also induce leukaemia 

(Quek et al., 2016) and may express other progenitor markers that in turn give rise to a 

non-LSC population with also a more mature myeloid immunophenotype (Sarry et al., 

2010; Taussig et al., 2010).  

Unfortunately, there is not yet a distinctive marker that is universally expressed across 

AML patients solely on CD34+CD38− LSCs but not on the leukaemic blast progeny or 

on normal HSCs. This complexity partially stems from to the vast heterogeneity of AML, 

not only among patients but also within the same sample. Regardless of these 
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challenges, there is a growing list of several cell surface markers upregulated in 

CD34+CD38− AML LSCs compared to normal CD34+CD38− HSC counterparts that 

have been identified and serve as biomarkers for LSC enrichment, disease progression 

or as drug targets. Some examples are: CD25 (Saito, Uchida, et al., 2010), CD33 (Jilani 

et al., 2002), CD123/IL3RA (Jin et al., 2009) and GPR56 (Pabst et al., 2016), among 

others. Some of these markers have been demonstrated to be enriched in leukaemia-

initiating populations in certain AML patient-derived xenografts (PDX). For instance, 

CD25 has barely detectable expression levels in normal HSCs but highly expressed in 

AML LSCs and in bulk AML blasts which is correlated with poor prognosis thus allowing 

better risk stratification (Aref et al., 2020; Terwijn et al., 2009). These quiescent and 

multidrug-resistant CD25-positive cells (CD25+CD34+CD38-) from AML patients bear 

LSC-like molecular signatures (Gönen et al., 2012) and were also capable of leukaemic 

engraftment in serial transplantation assays in mice (Kageyama et al., 2018; Saito, 

Uchida, et al., 2010). The lack of universal surface markers for the identification and 

isolation of heterogeneous AML LSCs poises a significant obstacle, prompting recent 

investigations to focus on "stemness" gene metrics capable of integrating various AML 

LSC subtypes across extensive AML sample cohorts. 

1.3.4.- AML LSC-specific gene signatures  
Similar to their HSC counterparts, LSCs employ analogous molecular mechanisms that 

drive self-renewal capacity, cell cycle quiescence and differentiation into more committed 

leukaemic progenitor cells. Despite the biological parallels between AML LSCs and 

HSCs or MPPs, robust prognostic gene profiles displaying mRNA (Eppert et al., 2011; 

Ng et al., 2016), ncRNA (Bill et al., 2019) or epigenetic signatures (N. Jung et al., 2015) 

have been developed and used as drug discovery tools to identify compounds that target 

AML LSCs in vitro and in vivo (Laverdière et al., 2018). Assessment of these grouped 

gene signatures have provided a further refined prognostic model that can predict 

clinically important parameters tightly linked to poor survival and failure to standard 

therapy across all AML subtypes. 

Initially, Gal et al. were the first study to identify gene expression profiles specific for AML 

LSCs by comparing CD34+CD38- cells to CD34+CD38+ from AML patients. They 

identified a list of up- and downregulated genes between the two populations indicating 

that a big fraction was shared with normal HSCs (Gal et al., 2006). In addition, in order 

to identify mRNA expression profiles of protein coding genes associated with AML LSCs, 

Eppert et al. compared global gene expression profiles of functionally validated LSC-

enriched fractions (i.e. via xenotransplantation assays) with fractions without LSCs and 

yielded an LSC-specific signature (LSC-R). Further comparison between LSC and 
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normal HSC-gene signatures led to the identification of a “core enriched” signature 

comprised of 44 genes altered in processes such as self-renewal, niche dependence 

and cell cycle quiescence (CE-HSC-LSC) (Eppert et al., 2011). Noteworthy, another 

study developed a 17-gene stemness signature (LSC17) with differentially expressed 

genes between 138 LSC+ and 89 LSC- cell fractions from AML patients validated by 

xenotransplantation assays. It has been demonstrated that AML patients with high 

LSC17 score do poorly with standard therapy and this score is currently being translated 

into the clinics with promising results enabling up-front, risk-adapted treatment decisions 

in patients treated with intensive chemotherapy regimens in paediatric and adult AML 

cohorts (Bill et al., 2020; Ng et al., 2022; Vasseur et al., 2023). Interestingly, this LSC17 

signature includes several protein-coding genes with reported functions in AML LSCs 

and even therapeutically targetable (i.e. CD34, CDK6 (Z. Li et al., 2021); SOCS2 (Vitali 

et al., 2015), AKR1C3 (Verma et al., 2016)) but other genes, mostly non-coding, have so 

far, no reported function. 

The LSC17 score is no longer predictive within established cytogenetic and 

cytomolecular risk groups across pediatric AML (pAML) patients, thus a more robust 

signature was developed, named LSC47 (pLSC47) signature (B. J. Huang et al., 2022). 

Moreover, based on the LSC17, the pediatric LSC6 signature (pLSC6) was also 

developed as it was specifically generated using clinical outcome data from pAML 

patients (Elsayed et al., 2020). In addition, another group developed a largely mutation-

independent LSC DNA methylation signature (LSC71) that comprises 65 new genes that 

were not previously reported and are significantly hypomethylated in LSC compared to 

their blast progeny (N. Jung et al., 2015). 

1.3.5.- Relevance of RNA-binding proteins function in AML LSCs 
While transcriptional and epigenetic mechanisms that underly leukaemogenesis are 

being thoroughly investigated in AML (Y. Sun et al., 2018; Takei & Kobayashi, 2019), 

other multiple post-transcriptional events remain comparatively understudied. A myriad 

of processes take place between RNA synthesis and protein biogenesis which includes 

(alternative) splicing, mRNA 5´capping, polyadenylation, nuclear export, stabilization, 

decay and translation of the mRNA, among others. These aforementioned functions are 

finely orchestrated by dynamic interactions between RNA molecules (i.e. mRNAs, 

microRNAs and long non-coding RNAs) and RNA-binding proteins (RBPs) via their RNA-

binding domains (RBD) or through unconventional RNA binding to ultimately form 

ribonucleoprotein (RNP) complexes (Corley et al., 2020; Lunde et al., 2007). These 

structurally well-defined RBDs (i.e. RNA-recognition motif (RRM) or KH domain) 

recognise consensus sequences in their targets to regulate RNA stability, metabolism 
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and function. Because the same target sequences can be shared by many different 

RNAs, the regulation of a cohort of transcripts can be controlled by a single RBP and 

consequently regulate a plethora of tissue or cell-specific molecular pathways (Müller-

McNicoll & Neugebauer, 2013). Conversely, RNAs can also bind to the RBP to affect its 

localization, biological function and fate (Hentze et al., 2018). 

Considering their relevance in shaping the transcriptome and proteome, there is a 

growing interest in investigating the role of RBPs in controlling myeloid differentiation. In 

addition, alterations in RBPs such as dysregulation or mutations have also been linked 

to AML initiation and maintenance (Kharas et al., 2010; Neelamraju et al., 2018; 

Palanichamy et al., 2016). Global expression analysis in normal and AML samples 

suggest that RBP expression profiles can not only segregate in myeloid cell types (HSCs, 

progenitor cells, monocytes) but also in leukaemic cells (LSCs and leukemic blasts) 

(Saha et al., 2019). In healthy HSCs, a number of RBPs have been reported to be 

relevant in maintaining HSCs stemness and quiescence (Copley et al., 2013; Rentas et 

al., 2016). Given that HSCs and LSCs share core transcriptional programs that regulate 

self-renewal and differentiation, it is to be expected that hijacking normal RBP function 

can result in malignant haematopoiesis, regardless of their necessity for normal HSCs. 

In fact, comparison of mRNA expression levels of RBPs between AML patients and 

human CD34+ HSCs uncovered a RBP network significantly upregulated and crucial for 

AML survival (E. Wang et al., 2019). 

Notably, recent reports are uncovering the molecular dependencies of certain RBPs that 

are selectively enriched in the fraction of AML LSCs, in particular those involved in 

splicing, RNA modification, translation and mRNA export (Paris et al., 2019; Park et al., 

2014; Vu, Pickering, et al., 2017; Vujovic et al., 2023; E. Wang et al., 2019; Weng et al., 

2018). For instance, a study identified a set of 128 RBPs preferentially expressed in 

LSCs and that are important for self-renewal function, from which 32 were essential for 

in vivo leukaemic propagation (Vujovic et al., 2023). For instance, HNRNPA1 and 

KHDRBS1 were shown to impact post-transcriptional regulation of RUNX1 isoform 

generation that contribute to dysregulation in leukaemia and HSC function (Davis et al., 

2021; Gialesaki et al., 2023). Moreover, loss-of-function approaches targeting ELAVL1 

highlighted a significant inhibitory effect to LSCs through controlling LSC stemness, 

differentiation arrest and survival (Vujovic et al., 2023). Another LSC-specific RBP is 

SYNCRYP who was shown to indirectly co-regulate target mRNAs implicated in LSC 

stemness gene expression programs (Vu, Prieto, et al., 2017). 
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Mushashi-2 (MSI2) stands out as one of the most relevant AML LSC-specific RBP. 

Functional studies have demonstrated its enhanced expression in haematological 

malignancies as well as its well-established role in leukaemic cell fate and stem cell self-

renewal. While high MSI2 expression is predominantly observed in haematological 

neoplasms, MSI1 expression is not as commonly reported. This discrepancy may stem 

from the recognized role of MSI2 as a regulator within the haematopoietic system 

(Kharas & Lengner, 2017; Park et al., 2014). MSI2 is highly expressed in more primitive 

cells like LT-HSCs, ST-HSCs and MPPs and its expression levels declines at later stages 

of myeloid differentiation. In this context, lack of MSI2 leads to reduced engraftment and 

depletion of HSCs in vivo, poorer engraftment and defects in lympho-myeloid primed 

progenitors (LMPPs) activity due to failure in maintaining quiescence (De Andrés-

Aguayo et al., 2011; Kharas et al., 2010). Moreover, another study highlighted the 

relevance of MSI2 as an important regulator of the HSC translatome and showed that 

conditional ablation of MSI2 resulted in a failure of HSC maintenance and engraftment 

with increased commitment divisions. In contrast, forced expression of MSI2 in human 

cord blood cells increased long-term repopulating activity of LT-HSC and ST-HSC, 

enhanced long-term engraftment and impaired myeloid differentiation thus suggesting 

that MSI2 function is relevant for the maintenance and self-renewal of HSCs in mice 

(Park et al., 2014). Consistent with this, the relevance and requirement of MSI2 function 

in leukaemia has been demonstrated in mouse and human systems, especially in 

myeloid leukaemias. MSI2 has been thoroughly investigated as an independent adverse 

prognostic marker in AML patients and increased MSI2 expression drives the 

aggressiveness of leukaemia (Byers et al., 2011; Kharas et al., 2010). The requirement 

of MSI2 for AML progression was further observed in a panel of human AML cell lines as 

MSI2 depletion resulted in reduced proliferation, differentiation and increased apoptosis 

(Kharas et al., 2010). 

Mammalian MSI2 has four isoforms and all of them include two highly conserved RRMs 

in the N-terminal region followed by a less-conserved C-terminal region that allows 

protein-protein interactions and its susceptible to different post-translation modifications 

(PTMs) (M. Li et al., 2020). In humans, RRM1 provides preferential RNA binding 

specificity to tandem UAG-containing target sequences whereas RRM2 has a 

complementary role by increasing RNA affinity (Ruth Zearfoss et al., 2014; Sakakibara 

et al., 2001). In general terms, MSI proteins are thought to bind to the 3´UTR of their 

target RNAs and interact with the polyA-binding protein thus competing for eIF4G leading 

to inhibition of translation initiation (Ito et al., 2010; Kawahara et al., 2008). However, 
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more recent studies suggest that MSI2 also promotes the translation of its target mRNAs 

(Vu, Prieto, et al., 2017; Yeh et al., 2023).  

Integrative genome-wide approaches like individual nucleotide resolution cross-linking 

and immunoprecipitation (i.e. iCLIP, HITS-CLIP) coupled with polysome profiling and 

other complementary techniques like HyperTRIBE (identification of RBP targets by RNA 

editing) have revealed that even though MSI2 has a vast mRNA interactome, 

translational differences are restricted only to a small fraction of these transcripts 

(Karmakar et al., 2022; Nguyen et al., 2020). Of particular interest is the fact that MSI2 

gain- or loss-of-function significantly alters several central pathways involved in RNA 

biogenesis, cell cycle and stem self-renewal and different strategies have characterized 

a handful of validated MSI2-targets relevant in the AML context. For instance, transcripts 

encoding for components of the TGFβ pathway (i.e. SMAD3, TGFBR1) were shown to 

be directly regulated by MSI2 (Park et al., 2014). Other relevant AML transcripts that 

have been found to be regulated by MSI2 at the translational level include FLT3 

(frequently mutated and overexpressed in AML patients) (Hattori et al., 2017), BCL2 

(pivotal anti-apoptotic effector in AML LSCs) (Kwon et al., 2015), TSPAN3 (required for 

maintaining the self-renewal AML LSCs and subsequent disease initiation) (Kwon et al., 

2015), CDKN1A, NUMB and MYC (Vu, Prieto, et al., 2017), among others. 

Other recent studies have provided more insights on the MSI2 oncogenic role and its 

interactome in AML LSCs. By combining MSI2 conditional knockout in an MLL-AF9 

mouse model and subsequent target profiling, MSI2 was demonstrated to be required 

for LSC maintenance through controlling the efficient translation of the oncogenic self-

renewal program, including pro-LSC factors such as IKZF2, MYC and HOXA9 (Park et 

al., 2015). Similarly, another study uncovered a functionally dysregulated RBP 

interactome controlled by MSI2 together with SYNCRIP that post-transcriptionally 

regulate the myeloid leukaemia self-renewal program (Vu, Prieto, et al., 2017). 

Noteworthy, it was discovered that there was a significant increase in MSI2 RNA-binding 

activity in LSCs compared to normal HSCs and progenitor cells that resulted in a 

selective control of MSI2-driven translation of its oncogenic targets. This might explain 

the differential requirement of MSI2 in leukaemia (i.e. AML LSCs) compared with normal 

haematopoiesis (i.e. HSCs) (Nguyen et al., 2020) (Figure 6). Another AML LSC feature 

that has been linked to MSI2 function is chemoresistance. Recently, a study 

demonstrated that genetic silencing of MSI2 resulted in an increased sensitivity to 

daunorubicin which suggests that selective MSI2 inhibition in combination with 

chemotherapy agents could be an attractive therapeutic strategy in AML treatment (Han 

et al., 2015). 
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Figure 6. Differential requirement of MSI2 in AML LSCs vs normal HSCs. A) Depiction 
showing in the upper panel the progressively diminished MSI2 activity in stem (HSC) and 
progenitor cells (GMP) compared to myeloid differentiated cells. Lower panel shows the higher 
MSI2 activity in fully transformed acute myeloid leukemia stem cells (AML LSCs) compared to 
HSCs resulting in malignant transformation. B) Upper panel shows mechanism of action of how 
MSI2 binds to the mRNAs associated with self-renewal and maintenance of the stem cell 
compartment. The lower panel illustrates heightened RNA binding by MSI2, leading to decreased 
levels of target oncogenic proteins, thereby reinforcing a positive-feedback loop crucial for 
maintaining LSC function. Depleting MSI2 in AML LSCs notably impacts the protein levels of these 
targets compared to normal HSCs. IKFZF2: IKAROS Family Zinc Finger 2, SMAD3: Mothers 
against decapentaplegic homolog 3, TSPAN3: Tetraspanin 3. Figure adapted from (Nguyen et al., 
2020; Park et al., 2015). 

Notably, recent strategies have been directed towards the development and 

characterization of small molecule antagonists designed to target AML LSC-specific 

oncogenic RBPs, including MSI2. On this pursue, Ro 08-2750 (Ro) was demonstrated 

to bind selectively to the RRM1 of MSI2 and inhibit downstream MSI2 targets which 

resulted in a reduction of the disease burden in vivo (Minuesa et al., 2019). 

The leukaemogenic role of MSI2 has also been investigated in other leukaemia types. 

Initially identified as an oncogenic fusion protein of HOXA9 in chronic myeloid leukaemia 

(CML) in accelerated phase (Barmpouti et al., 2003), MSI2 was shown to be essential 

for regulation of progression to blast crisis in CML patients (Kharas et al., 2010) and 

identified as an early indicator for poorer prognosis (Ito et al., 2010). Moreover, higher 

expression of MSI2 has been linked with MDS stem cells as well as with a more 

aggressive phenotype and poorer prognosis in high-risk MDS (Taggart et al., 2016). 

Overall, substantial evidence indicates that MSI2 is involved in the effective translation 
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of the oncogenic LSC self-renewal program, suggesting MSI2 as a potential therapeutic 

target for myeloid leukaemia stem cells. 

1.4.- Long non-coding RNAs in malignant haematopoiesis 
High-throughput sequencing technologies have demonstrated that the human genome 

undergoes pervasive transcription with nearly 90% of its DNA sequences transcribed into 

RNA but only a minor fraction of the genome is ultimately dedicated to actually encode 

proteins (Andrews et al., 1989; Eddy, 2001). Initially argued to be non-functional “junk” 

DNA, a huge family of non-coding transcripts referred to as non-coding RNA (ncRNA) is 

receiving attention in recent years, shifting the perspective that these RNA molecules act 

as a simple intermediary of protein synthesis towards a functional RNA molecule 

regulating gene expression and genome organization. Despite most of these ncRNAs 

were identified decades ago, we are recently witnessing an increasing number of 

biological and functional assignments. Overpowering proof has shown aberrant ncRNA 

expression profiles and subsequent affected downstream signalling processes which 

have been directly linked to cancer development and progression (Calvo Sánchez & 

Köhn, 2021; Nemeth et al., 2024; Slack & Chinnaiyan, 2019). This has prompted 

researchers to focus on this field of research in order to define their clinical relevance 

and exploit their potential use as future prognostic biomarkers or therapeutic targets 

(Adams et al., 2017; Deveson et al., 2017). 

In general, ncRNAs can be broadly classified into two major classes based on an 

arbitrary transcript size cut-off of 200 nucleotides (nt) although many ncRNAs may fall 

into both sides of this threshold. Small ncRNAs (<200 nt) comprise different 

housekeeping ncRNAs such as transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) 

indispensable for protein synthesis, microRNAs (miRNAs) that target and silence 

complementary mRNA transcripts, small nucleolar RNA (snoRNAs) that perform post-

transcriptional modifications or small nuclear RNAs (snRNAs) that represent the core 

part of the spliceosomal complex, among others. On the other side, long non-coding 

RNAs (lncRNAs; >200 nt) are gaining attention as they play an important regulatory role 

as modulators of gene expression at the epigenetic, transcriptional and post-

transcriptional level during cell differentiation and development (Costa, 2005; Morris & 

Mattick, 2014). Thus, every lncRNA regulating cell fate (i.e. cell pluripotency, lineage 

commitment or apoptosis) during haematopoiesis, if deregulated, might contribute to 

leukaemia and other haematological malignancies. In fact, lncRNAs are rapidly gaining 

recognition in the AML field and the list of relevant lncRNAs, either abnormally expressed 

and used as prognostic markers or mutated genes, is growing exponentially even though 

the majority of them has not yet been functionally characterized. 
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1.4.1.- Biogenesis and mechanisms of lncRNAs  
LncRNAs are functionally defined as transcripts over 200 nucleotides that appear to lack 

protein coding potential. Initially thought to be large by-products transcribed by RNA 

polymerase II (Pol II) with no biological relevance, with the advent of deep sequencing 

technologies, thousands of lncRNAs have been annotated and their role in tumorigenesis 

is gradually elucidated. Mirroring mRNAs in their biogenesis, structure and maturation, 

lncRNAs are mostly transcribed by Pol II and then may undergo mRNA-like processing 

steps such as canonical splicing, 5´-capping and 3´polyadenylation (Iyer et al., 2015; 

Statello et al., 2020). Additionally, protein-coding genes can yield transcript variants that 

lack coding capacity, thus expanding the extensive repertoire of annotated lncRNAs in 

human cells. The majority of lncRNAs are suggested to be expressed at lower levels and 

in a more tissue- and cell type-specific manner than most mRNAs (Derrien et al., 2012), 

they contain fewer exons and they are less evolutionary conserved across mammals 

(Hezroni et al., 2015). According to their genomic origins and transcription site by Pol II, 

lncRNAs can be classified as (1) sense lncRNAs transcribed on the same direction as 

coding exons; (2) antisense lncRNAs which are transcribed in the opposite strand of 

coding exons, (3) intergenic lncRNAs lying within two protein coding regions and (4) 

emerging from overlapping known non-coding regions (i.e. enhancer and promoter 

regions, introns of protein-coding genes or pseudogenes). Moreover, as mRNAs, their 

transcription is also tightly controlled by lineage-determining chromatin modifying 

complexes and transcription factors (Cabili et al., 2011; Washietl et al., 2014).  

The realm of lncRNAs is characterized by its multifaceted nature concerning their 

mechanism of action which is directly tied to their subcellular localization. Unlike mRNAs 

that normally engage with the translational machinery in the cytoplasm, a larger 

proportion of lncRNAs are localized in various nuclear compartments (i.e. chromatin, 

nucleoplasm or subnuclear domains). LncRNAs can also be found in the cytoplasm, 

nuclear bodies, mitochondria or even released into exosomes (C. J. Guo et al., 2020; 

Tian & Manley, 2016). Based on the localization where these lncRNA carry out their 

regulatory roles, lncRNAs can be classified to act in cis (absolutely nuclear and 

accumulated at their sites of transcription where they affect the expression of nearby 

genes), nuclear acting in trans (localized to the nucleus but need to be relocated from 

their site of synthesis to affect gene regulation) and those which are cytoplasmic and 

function in trans affecting the expression of distal genes (X. Chen et al., 2015).  

Nuclear lncRNAs are implicated in epigenetic regulations via either the recruitment of 

activator or repressor chromatin-modifying complexes to chromatin sites, transcriptional 

regulations through guiding or preventing the recruitment of transcription factors onto 
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target promoters or splicing regulations via sponging components of the spliceosome 

machinery. On the other side, cytoplasmic lncRNAs usually exert its function by blocking 

translation of mRNAs, affecting mRNA stability and modulating its degradation, serving 

as scaffolds with the ability to bind multiple effector molecules such as RBPs and 

promoting/inhibiting their function or acting as small regulatory RNA sponges for 

recruiting miRNAs (also called competitive endogenous RNAs or ceRNAs), among other 

mechanisms (Marchese et al., 2017; Salmena et al., 2011). Moreover, the adaptable and 

modular scaffold nature of lncRNAs allows them to bind several protein factors that might 

not interact or collaborate functionally solely through protein-protein interactions 

(Guttman & Rinn, 2012; Zappulla & Cech, 2004). 

1.4.2.- Functional implications of lncRNAs in normal haematopoiesis 
The relatively low expression levels and conservation across species of lncRNAs 

compared to mRNAs (Pang et al., 2006), along with their highly specific expression 

patterns across different cell types, lineages, and stages of development or disease, 

indicate that lncRNAs play integral roles particularly throughout the haematopoiesis 

process (Guttman & Rinn, 2012; Washietl et al., 2014) .  

HSCs and multipotent progenitors require a tightly regulated gene-regulatory program to 

orchestrate cell fate transitions such as lineage commitment and differentiation. Given 

that all blood cell types originate from a single HSC, it is understandable that the majority 

of studies have concentrated on uncovering the functions of lncRNAs that regulate 

pathways governing HSC maintenance. Interestingly, expression of lncRNAs has been 

found to be elevated in HSCs and that is dynamically expressed during the differentiation 

process (M. Luo et al., 2015). These HSC-specific lncRNAs closely correlate with 

protein-coding genes with well-known functions in the regulation of haematopoiesis and 

cell fate decisions (Z. Wu et al., 2019). By deep RNA-sequencing, another study 

uncovered a subset of 159 unannotated lncRNAs uniquely expressed in HSCs but not in 

their differentiated progenies (M. Luo et al., 2015). This evidence was largely congruent 

with results from another study that revealed that hundreds of lncRNAs are co-expressed 

with lineage-specific transcription factors in HSCs compared to that in lineage-primed 

progenitors (Cabezas-Wallscheid et al., 2014). Consistently, another study performed 

systematic profiling of the non-coding transcriptome within the hematopoietic 

compartment defined fingerprint lncRNAs that regulate lineage HSC proliferation and 

differentiation (Schwarzer et al., 2017). 

For instance, Spehd was shown to be required for haematopoiesis as its reduced levels 

led to decreased capacity of HSCs for multilineage differentiation (Delás et al., 2019). 
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Similarly, HOTTIP lncRNA was shown to regulate self-renewal and differentiation of 

HSCs. Notably, its aberrant expression led to an AML-like disease in vivo by 

reprogramming the haematopoietic chromatin and transcriptional program (H. Luo et al., 

2019). Moreover, the lncRNA HOTAIR was reported to be upregulated in CD34+ AML 

LSCs compared to HSCs and required or proliferation and self-renewal of LSCs as well 

as for development and progression of AML (Gao et al., 2018). There is a growing list of 

lncRNAs involved in HSC self-renewal and quiescence; some examples are XIST 

(Yildirim et al., 2013), MALAT1 (X. Y. Ma et al., 2015), H19 (Venkatraman et al., 2013) 

and MEG3 (Sommerkamp et al., 2019), among others. 

Besides their crucial function in HSCs maintenance, a plethora of studies have delved 

into the role of specific lncRNAs in controlling the differentiation of HSCs into myeloid 

precursors (Alvarez-Dominguez et al., 2014; Schwarzer et al., 2017). For example, the 

lncRNA HOTAIRM1 appears to be the most prominent upregulated lncRNA during 

granulocyte differentiation and myeloid cell maturation via stabilizing gene expression of 

the key transcriptional regulators HOXA1 and HOXA4 (Z. H. Chen et al., 2017; Langston 

& Gudas, 1992; X. Zhang et al., 2009). Other lncRNAs have been revealed in different 

myeloid maturation stages such as maturation of granulocytes, erythropoiesis and others 

(Qiu et al., 2021). With compelling evidence showcasing the diverse effects of lncRNAs 

involved in haematopoietic fate decisions, particularly within the HSC compartment, 

there is significant potential for the identification and utilization of lncRNAs as biomarkers 

in leukaemia.  

1.4.3.- Prognostic relevance of lncRNAs in AML 
Since lncRNAs are differentially expressed during normal and malignant haematopoiesis 

(Schwarzer et al., 2017), this class of ncRNAs is attracting much attention and mounting 

evidence show their key role in AML pathogenesis. Over the past years, genome-wide 

expression studies have highlighted the relevance of lncRNAs as independent 

prognostic markers in AML patients and correlated their distinct expression patterns with 

genetically defined AML subtypes and their clinical outcomes (De Clara et al., 2017; Mer 

et al., 2018; T. Sun et al., 2022; Zhu et al., 2023). For instance, a pioneering study 

established a prognostic score comprised of 48 lncRNAs in cytogenetically normal AML 

patients that associated distinctively with most recurrent AML mutations such as FLT3-

ITD, NPM1, CEBPA or RUNX1 but not with DNMT3A and TET2 thus suggesting mutually 

exclusive oncogenic pathways activated by lncRNAs (Garzon et al., 2014). Using whole 

transcriptome profiling, Garzon et al. studied lncRNAs in more detail as independent 

prognostic markers and correlated their expression with distinct mRNA and miRNA 

signatures, providing meaningful information about which leukaemogenic pathways were 
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altered (Papaioannou et al., 2017). These scores were later incorporated in a clinical 

setting and an unfavourable lncRNA score correlated with poor treatment response and 

lower survival rates (Tsai et al., 2019). Since then, several prognostic lncRNA signatures 

focused in regulatory mechanisms that drive AML pathogenesis have been reported, with 

a focus in m6A regulatory genes (Zhong et al., 2022), autophagy (C. Zhao, Wang, et al., 

2021) or mitochondrial cell-death (Zhu et al., 2023), among others.  

Another group built a 11-gene mRNA expression scoring system (Chuang et al., 2015). 

Despite the variations in the statistical analysis and AML cohorts used in the study, only 

three of these genes (i.e. GPR56, KIAA0125, TM4SF1) were reported in another 

independent gene signature (Metzeler et al., 2008). Recent studies are focusing on the 

construction of lncRNA signatures that correlate with LSCs activity in order to identify 

and characterize AML LSC-specific lncRNAs with functional relevance and therapeutic 

potential. Originally identified as mRNAs and without confirmed non-coding potential, 

numerous ncRNAs reside within these signatures and await characterization. In pursuit 

of identifying prognostic biomarkers that can correlate with AML LSCs activity, Eppert et 

al. was the first group to identify mRNA expression profiles of protein-coding genes that 

correlate with functionally validated AML LSCs. A comparison of this gene signature with 

another derived from normal HSCs led to a “core enriched” (CE)-HSC-LSC signature 

comprising 44 stem cell-associated genes (including a subset of not yet annotated 

lncRNAs) highly expressed in LSCs (Eppert et al., 2011). High expression of this score 

was validated to have a negative prognostic impact in cytogenetically normal (CN)-AML 

patients (Metzeler et al., 2013). Subsequently, a study generated a CE-HSC-LSC-

derived signature consisting of 111 lncRNAs that correlated strongly with LSCs activity 

(Bill et al., 2019).  

1.4.4.- FAM30A is an LSC-specific prognostic marker in AML with no reported 
function  
Noteworthy, FAM30A (also called KIAA0125) was the most consistently deregulated 

lncRNA in younger and older AML patients in the lncRNA-based signature derived from 

Bill M et al. FAM30A is also among other established prognostic adult and paediatric 

signatures commonly used in the clinics for the identification of AML LSCs (Eppert et al., 

2011; Elsayed et al., 2020; B. J. Huang et al., 2022; N. Jung et al., 2015, S. W. K. Ng et 

al., 2016). 

The biochemical and molecular features of FAM30A are poorly understood, as its non-

coding nature has not been definitively confirmed through in vitro experiments. Its 

prognostic relevance in AML and other haematological malignancies has been primarily 
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assessed through computational prediction studies (Hung et al., 2021; Y. H. Wang et al., 

2021). Even though FAM30A has been proposed to have context-specific oncogenic 

(Diniz et al., 2019; T. Zhang et al., 2023) or tumour-suppressor potential (Yang, Zhao, et 

al., 2019; Yao et al., 2017) in different tumour types, diseases or biological processes (D. 

S. de Lima et al., 2019), the underlying mechanism whereby this lncRNA exert its 

function still remains unexplored. 

1.4.5.- Regulatory role of lncRNAs in AML pathogenesis 
In AML, the growing characterization of relevant deregulated lncRNAs involved in 

leukemogenesis has revealed the variety of their exerted mechanisms (examples 

summarized in Figure 7). For example, HOTAIRM1 (HOXA Transcript Antisense RNA 

Myeloid-Specific 1) is one of the most well studied lncRNA and its myeloid-restricted 

function has been investigated in AML. This oncogenic lncRNA was demonstrated to 

enhance in cis the expression of their neighbouring HOXA cluster gene locus and 

myeloid differentiation markers like CD11B via recruitment of the UTX/MLL epigenetic 

complex to their promoters as well as acting in trans as a competing endogenous RNA 

as sequestering miRNAs (X. Chen et al., 2015; X. Q. D. Wang & Dostie, 2017; X. Zhang 

et al., 2009). Overexpression of the lncRNA HOXBLINC was identified in NPM1-mutated 

AML patients and critical for leukaemogenesis via recruitment of MLL1, chromatin 

domains and increasing promoter accessibility (Z. H. Chen et al., 2017). Another 

example of a cis-regulatory lncRNA is the unconventional RUNXOR which is transcribed 

from an upstream promoter of the RUNX1 gene. This lncRNA was found to be 

upregulated in AML patient samples. The proposed mechanism in KG-1 cells is that 

through its 3´end, this lncRNA interacts with RUNX1 promoter and enhancers and 

promotes interchromosomal contacts with distant gene loci of recurrent RUNX1 

translocation partners (i.e. EVI1, ETO) as well as recruiting epigenetic modifiers such as 

EZH2 to specific promoters (H. Wang et al., 2014). Another lncRNA reported to have 

functions through RUNX1 is LOUP which recruits RUNX1 to the enhancer and promoter 

regions of the SPI gene to promote its transcription to ultimately induce myeloid 

differentiation. Interestingly, the AML-specific oncogenic protein fusion RUNX1-ETO or 

t(8;21) disrupts this interaction thus preventing LOUP-mediated molecular functions 

(Trinh et al., 2021). 

Although less characterized in comparison with nuclear lncRNAs, cytoplasmic lncRNAs 

have also been studied in the AML context. Once exported to the cytosol, lncRNAs 

presumably undergo similar processing pathways compared to mRNAs and associate 

with diverse RBPs or miRNAs. Paradoxically, a large fraction of cytoplasmic RNAs is 

found in polysomal fractions and engaged by the translation machinery thus affecting 
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translation of mRNAs (Carlevaro-Fita et al., 2016). For example, PU.1-AS lncRNA 

associated to polysomes in the cytoplasm and decreases the translation of PU.1 mRNA, 

its antisense coding gene and vital transcription factor for normal haematopoiesis, via 

selective binding to the translation initiation factor eIF4A (Ebralidze et al., 2008). The 

lncRNA NEAT1 is downregulated in AML and has tumour suppressor activity. NEAT1 

deficiency was shown to enhance AML LSC self-renewal and AML progression. When 

translocated to the cytoplasm, NEAT1 recruits and promotes the degradation of crucial 

components from the WNT signalling pathway and inactivates its downstream effectors 

ultimately affect AML LSC self-renewal capacity (Yan et al., 2021). Another example of 

an oncogenic cytoplasmic lncRNA is HOXA10-AS which is overexpressed in KMT2A-

rearranged AML. Mechanistically, it was demonstrated that the stem-cell specific 

HOXA10-AS lncRNA acts in trans to induce NF-kB target genes and induce 

leukemogenesis by blocking monocytic differentiation (Al-Kershi et al., 2019). The 

cytoplasmic lncRNAs can also function as ceRNAs to recruit certain miRNAs and 

regulate target mRNA translation. For example, CRNDE elicits its oncogenic function via 

sponging miR-181 which in turn downregulates NOTCH2, part of an important signalling 

pathway involved in differentiation and proliferation of AML cells (X. Ma et al., 2020).  

 

Figure 7. General overview of the mechanisms of lncRNAs involved in AML progression. 
Schematic displaying some examples of lncRNAs driving AML progression, especially in the LSC 
context.  
-Continued on next page- 
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HOTTIP: HOXA transcript at the distal tip, HOXBLINC: HOXB locus-associated long non-coding 
RNA, HOTAIR: HOX antisense intergenic RNA, H4me3: tri-methylation at Histone 3, DANCR: 
Differentiation antagonizing non-protein coding RNA, XIST: X-inactive specific transcript, 
MALAT1: Metastasis-associated lung adenocarcinoma transcript 1, KCNQ1OT1: KCNQ1 
Opposite strand/antisense transcript 1, NEAT1: Nuclear enriched abundant Transcript 1. 

Recent research studies are also highlighting the relevance of lncRNAs in regulating 

chemotherapy resistance in AML. For example, the lncRNA KCNQ1OT1 was found to 

sponge the miRNA miR-193a-3p and induce expression of TSPN3, which is important of 

AML progression and chemoresistance (H. Sun et al., 2020). Another LSC-specific 

lncRNA, LINC00152, was shown to induce chemoresistance of AML cells via acting in 

trans on PARP1 gene expression (Cui et al., 2021). In the same line, knockdown of 

LINC00239 increased sensitivity to doxorubicin in AML cells via downregulating the 

PI3K/AKT/mTOR pathway and promote cellular apoptosis (Yang, Dai, et al., 2019) and 

the lncRNA SNHG5 regulates chemoresistance by targeting the miR-32/DNAJB9 

pathway involved in autophagy (D. Wang et al., 2020). In addition, the well-known 

scaffolding lncRNA MALAT1 was found to be overexpressed in AML patients. 

Downregulation of MALAT1 led to increased sensitivity to Cytarabine which can be 

mechanistically explained via the decoy of miR-96, involved in AML proliferation (Hu et 

al., 2019). Notably, the lncRNA DANCR was recently identified as an important regulator 

of AML LSCs activity by regulating their self-renewal capacity and quiescence (Bill et al., 

2019). Bill et al., also unveiled a distinctive lncRNA signature specific to AML LSCs, some 

of which await functional characterization (i.e. FAM30A). These AML LSC-specific 

lncRNAs stand as promising targets for novel therapeutic approaches and significant 

ongoing progress is being made in this field. 

1.4.6.- Therapeutic strategies to target lncRNAs in AML 
The nascent but potential field of leveraging lncRNA for cancer therapy comprises 

several phases, from the identification of optimal oncogenic lncRNA targets with high 

therapeutic index to designing appropriate drugs for high-precision targeting. LncRNAs 

possess unique biochemical and molecular strengths that enhance their potential as 

therapeutic targets such as tissue- or cell-specific expression and their unique sequence 

specificity also renders them remarkable therapeutic targets by minimizing off-target 

effects. On the contrary, they also exhibit notable weaknesses including repetitive 

sequences, inadequate annotation and a high rate of sequence evolution (Winkle et al., 

2021). There are four principal therapeutic strategies that aim to suppress the activity 

(loss of function) and/or expression of oncogenic lncRNAs: RNA interference (RNAi) 

approaches, antisense oligonucleotides (ASOs), CRISPR-Cas systems and small 

molecule approaches. 
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RNAi has been until recently the standard loss-of-function study to discover important 

cancer lncRNA drivers (Beermann et al., 2018; Gutschner et al., 2011; Delás et al., 2017; 

Tiessen et al., 2019). In essence, RNAi strategies generally utilize chemically engineered 

transcripts of 20-40 nt in length that, upon complementary binding to the target RNA, 

triggers the degradation of the formed RNA duplex via canonical cellular machinery 

(Chang et al., 2012). Subsequently, this can lead to transient (small interfering RNA, 

siRNA) or sustained (short hairpin RNA, shRNA) downregulation of the target RNAs. For 

instance, knockdown of the LSC-specific lncRNA DANCR resulted in decreased self-

renewal capacity and quiescence and DANCR-targeting in vivo increased the survival of 

mice (Bill et al., 2019). Although RNAi approaches are relatively fast and easy to use, its 

effectiveness in targeting nuclear lncRNAs has long been debated as the RNAi 

machinery is predominantly located in the cytoplasm (Lennox & Behlke, 2016; Maamar 

et al., 2013). To overcome the constraints of RNAi, researchers have increasingly turned 

to the genome-editing tool known as clustered regularly interspaced short palindromic 

repeats-CRISPR-associated endonuclease (CRISPR-Cas9) in recent years. This shift 

has allowed the functional characterization of several lncRNAs in AML (Bester et al., 

2018; Fernando et al., 2017; M. Ng et al., 2019). This system relies on the site-specific 

cleavage by endonuclease Cas9 at a target DNA sequence guided by previously 

designed single-guide RNA (sgRNA) in order to achieve long-term gene editing (Miller et 

al., 2007; Wiedenheft et al., 2012). Different strategies can be employed for targeting 

lncRNAs: removing the entire locus of the lncRNA gene (Bassett et al., 2014), deleting 

the major promoter region of the lncRNA gene (Aparicio-Prat et al., 2015), introducing 

transcription termination within the lncRNA gene signals guided by epigenetic machinery 

(Janga et al., 2018) or stronger suppression of lncRNA expression using CRISPR 

interference system (modified Cas9 fused with transcriptional repressors) (Perez-Pinera 

et al., 2013).  

In particular, research studies have been focusing on ASOs, which have arguably 

become the forefront contender in lncRNA therapeutics due to their favourable 

pharmacological properties (i.e. tolerability, activity, stability) and customizable design as 

it allows chemical modifications of the structure. ASOs represent a group of chemically 

synthesized short fragments of single-stranded oligonucleotides that recognize their 

target RNAs via Watson-Crick base-pairing (Crooke et al., 2021; Rinaldi & Wood, 2018). 

Depending on their design and mode of targeting, there are two ASOs modalities. ASOs 

can be “Gapmers” that bind to their target lncRNAs through sequence complementarity 

and trigger their degradation (simple loss of function or knockdown) via RNaseH in the 

nucleus (Monia et al., 1993). Alternatively, ASOs can also be steric blocker (SB-ASOs) 
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that bind their target RNAs, without degrading it, and disrupt lncRNA interactions with 

other molecules, hence their downstream effect (Havens & Hastings, 2016). 

Comprehensive studies have demonstrated that, in comparison to RNAi, ASOs exhibit 

significantly greater efficacy in depleting both nuclear lncRNAs and, to a considerable 

extent, cytoplasmic lncRNAs (including nascent RNA transcripts) (Lennox & Behlke, 

2016). ASOs-mediated downregulation of the stem cell-specific lncRNA HOXA10-AS led 

to decreased leukemic growth of KMT2A-rearranged AML blasts in vivo (Al-Kershi et al., 

2019). Moreover, several examples of using ASOs to succesfully target lncRNAs in the 

AML field have been reported in vitro and in vivo (Bester et al., 2018; De Clara et al., 

2017; Gourvest et al., 2021; Papaioannou et al., 2017). Notably, the liposome-

incorporated ASOs called Prexigebersen (BP1001) has been demonstrated to exert 

potent antitumour activity in the treatment of patients with newly diagnosed and 

relapsed/refractory AML in combination with decitabine and venetoclax in a phase 2 

clinical trial (ClinicalTrials.gov, NCT02781883).  

An alternative method for drugging lncRNA is using small molecules. Akin to SB-ASOs, 

their mechanism typically involves inducing lncRNA loss of function by disrupting its 

native structure or hindering recognition of the binding partner(s) (Costales et al., 2020). 

They offer significant advantages including optimal cell permeability and 

pharmacokinetic profiles, yet their development is hindered by uncertainties regarding 

toxicities and off-target effects. Consequently, most small molecule inhibitors concentrate 

on disrupting lncRNA-protein interactions, an area where the understanding is slightly 

more advanced (Disney et al., 2016; R. Zhao et al., 2022). For example, compounds that 

target XIST, a well-known oncogenic lncRNA in AML, reduce its conformational space 

and displace binding of the epigenetic modifiers PRC2 and SPEN (Jiang et al., 2024; C. 

Wang et al., 2020).  

There is unequivocal evidence regarding the contribution of lncRNAs in the development, 

progression, and drug resistance in AML. Understanding the functional role of lncRNAs 

is still at an early stage, given their complex involvement in gene regulation through 

dynamic interactions with diverse molecules or protein complexes. In elucidating the 

functional and clinical relevance of lncRNAs that lack prior characterization, perturbation 

experiments—particularly loss-of-function studies—play a crucial role. Among these 

lncRNAs, some have been identified as significant prognostic markers for high-risk AML 

and are part of established AML LSC signatures; nevertheless, yet they remain to be 

characterized. Unfortunately, the development of lncRNA-targeted therapeutics is 

constrained by this limited understanding, resulting in a lack of therapeutic examples 

targeting lncRNAs, for instance, in AML. However, as nucleic acid-targeting therapeutic 
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strategies progress rapidly with enhanced toxicity profiles and pharmacokinetics, the 

identification and evaluation of targeted lncRNAs in AML could potentially be translated 

into clinical applications to improve survival rates in AML patients.
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1.5.- Aims of the study 
Long non-coding RNAs (lncRNAs) are increasingly emerging as important prognostic 

biomarkers and potential therapeutic targets in cancer. It has been known for many years 

that high FAM30A expression significantly correlates with signatures of leukaemic stem 

cell (LSC) activity and poor prognosis in both adult and paediatric acute myeloid 

leukaemia (AML). However, the precise molecular role of FAM30A in AML LSCs is poorly 

understood. Thus, it is hypothesized that FAM30A could directly regulate AML LSC 

activity so the primary objectives of this thesis are as follows: 

 

I. Investigating the biological and molecular attributes of FAM30A and 
identification of potential protein binding partners.  

II. Evaluation of how modulation of FAM30A expression phenotypically 
affects AML LSCs activity. 

III. To propose a mechanistic model of a putative oncogenic axis involving 
FAM30A, its protein interactors and subsequent downstream effects, as 
these could provide a rationale for effective anti-LSCs targeting. 

IV. The assessment of the leukaemogenic potential of FAM30A in vivo. 

 

To achieve these goals, KG-1a, a monocytic AML cell line with known LSC activity, was 

primarily used as a mechanistic model to study the molecular function of FAM30A. 

Screening and further analysis of protein binding partners of FAM30A were determined 

using RNA-pulldowns alongside mass spectrometry analysis and immunoprecipitation 

(IP) assays. After establishing fluorescently-tagged stable cell lines for FAM30A gain- or 

loss-of-function, RNA-sequencing analysis, cell viability and apoptosis assays, cytotoxic 

treatment with chemotherapeutic agents, colony forming cell (CFC) assays, and lineage 

commitment were assessed for each cell line in vitro. To unravel the regulatory network 

between FAM30A and its protein binders as well as the effects on downstream targets, 

protein translation inhibition assays, public CLIP-sequencing data, IP and luciferase-

reporter assays were used. Ultimately, in order to assess the oncogenic potential of 

FAM30A in promoting leukaemic engraftment, cell lines were transplanted into 

immunocompromised mice and engraftment in the bone marrow as well as analysis of 

the immunophenotype (via FACS) of the engrafting cell populations was subsequently 

analysed after 6 weeks.
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2. MATERIALS AND METHODS 
2.1.- MATERIALS 

2.1.1.- Cell lines 
Cell lines were either purchased from DSMZ or kindly acquired from: 

- Group of Prof. Dr. Hüttelmaier group, Institute of Molecular Medicine, University 

of Halle. 

- Group of Prof. med. Lutz P. Müller group, Innere Medizine Medizin IV 

(Hematology and Oncology), Universitätsklinikum Halle. 

Table 1. Cell lines used for cell culture 

Name Origin / Cell type Distributor Reference 

MV4-11 Acute monocytic leukemia 
UKH Halle, 

DSMZ 
(Drexler et al., 2004) 

MOLM-13 Acute myeloid leukemia DSMZ (Matsuo et al., 1997) 

ME-1 Acute myeloid leukemia DSMZ 
(Yanagisawa et al., 

1991) 

GDM-1 Acute myelomonocytic leukemia DSMZ 
(Ben-Bassat et al., 

1982) 

KG-1a Acute myeloid leukemia DSMZ (Koeffler et al., 1980) 

K562 Chronic myeloid leukemia  
Hüttelmaier, 

DSMZ 
(Lozzio & Lozzio, 1975) 

HEK293T Human embryonic kidney 
Hüttelmaier, 

DSMZ 
(DuBridge et al., 1987) 

 

2.1.2.- Bacteria 
The bacterial strain employed for transformation of cloned plasmids in this study was 

Escherichia coli TOP10 (genotype: F-mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 deoR araD139 Δ(ara leu)7697 galU galK rpsL (StrR) endA1 nupG). 

Bacteria were cultivated in LB (lysogeny broth) liquid medium (Luria-Bertani recipe – 1 

% (w/v) Tryptone, 0.5 % (w/v) yeast extract, 1 % (w/v) NaCl), supplemented with 

antibiotics (30 μg/mL Kanamycin or 150 μg/mL Ampicillin) for bacterial selection. For the 

initial transformation and selection of recombinant clones, bacteria were plated on LB 

medium supplemented with agar (1.5% w/v) and 100 mg/mL Ampicillin or 50 mg/mL 

Kanamycin for colony growth, and subsequently analyzed by PCR for positive 

transformants. 
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2.1.3.- Animals  
All mice were housed at the Beatson Research Unit (University of Glasgow, UK) under 

the supervision of the staff of Prof. David Vetrie (Wolfson Wohl Cancer Research Centre, 

University of Glasgow). The mouse strain used for this study was NRG-3GS [(NOD.Cg-

Rag1tm1Mom Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav/J].  

2.1.4.- Chemicals, reagents and cell culture 
The chemicals used in this thesis were purchased from Sigma-Aldrich, Roth, PeqLab, 

Thermo Fisher Scientific unless otherwise stated. Cell culture dishes and flasks were 

acquired from TPP (Techno Plastic Products) and serological pipettes and 

methylcellulose cell culture dishes from Corning. The cell culture growth medium (RPMI, 

DMEM) and associated supplements for cell culture such as GlutaMAX, Opti-MEM, 

Trypsin and PBS were obtained from Thermo Fisher Scientific. The FBS was purchased 

from Thermo Fisher Scientific and PAN-Biotech. Methylcellulose-based medium 

including cytokines was acquired from Stem Cell Technologies. Centrifuge tubes used 

for sucrose-based gradient fractionations were purchased from Beckman Coulter. 

Dynabeads conjugated with streptavidin or protein A for protein, RNA pulldowns and 

immunoprecipitation studies were also purchased from Thermo Fisher Scientific. 

Enzymes and reaction buffers required for PCR reactions, cloning and in vitro 

transcription were purchased to New England Biolabs and Promega. The Master Mixes 

for qRT-PCR were manufactured by High Qu GmbH and Promega and the protein and 

nucleotide ladder used for agarose and SDS-polyacrylamide gels respectively were 

purchased from Thermo Fisher Scientific. 

2.1.4.1.- Buffers and reagents 
Table 2. Recipes for buffers and reagents. 

Name Receipt 

PBS (phosphate buffered saline) 
140 mM NaCl 
2.6 mM KCl 
8 mM Na2HPO4 
1.5 mM KH2PO4 

PBS-T (PBS – Tween) 1 x PBS 
1% Tween-20 

5x TBE (Tris/Borate/EDTA) 
450 mM Tris 
450 mM Boric acid 
10 mM EDTA 

TAE (Tris/Acetate/EDTA) 
40 mM Tris 
20 mM Glacial acetic acid 
1 mM EDTA 

NuPAGE (blotting buffer) 50 mM Tris 
40 mM Glycerin 
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0.04 % SDS 
10 % Methanol 

Ponceau-S 0.1 % Ponceau-S 
5 % acetic acid 

Total Lysis Buffer 
50 mM Tris (pH 7,4) 
50 mM NaCl 
1 % SDS 
2 mM MgCl2 

Gradient Buffer 
10 mM HEPES-KOH (pH 7,2) 
5 mM MgCl2 

150 mM KCl 
Gradient Lysis Buffer 1x Gradient Buffer 

0,5% NP-40 
Immunoprecipitation Buffer 1x Gradient Buffer 

1% Triton X-100 

Lysis Buffer for LC-MS/MS 1x Gradient Buffer 
1% DDM 

TRIzol 

0.8 M Guanidine thiocyanate 
0.4 M Ammonium thiocyanate 
0.1 M Sodium acetate (pH 4,5) 
5 % Glycerin 
48 % Roti®Aqua Phenol 

Cell fractionation Buffer 
10 mM HEPES-KOH pH 7,2 
5 mM MgCl2 
150 mM KCl 
100-200 µg/µL Digitonin 

BW Buffer (Binding-Wash Buffer) 
5 mm Tris-HCl pH 7,5 
0.5 mm EDTA 
1 m NaCl 

Trypsin-EDTA 
0.05 % Trypsin 
0.4 mM EDTA 
sterile PBS 

 

2.1.5.- Antibodies  
Table 3. Primary antibodies used for Western Blot and immunofluorescence 
studies. 

Primary Antibody Species Company Catalog number 

anti-MSI2 mouse Biorbyt orb69392 

anti-MSI2 rabbit Bethyl A303-215A 

anti-HNRNPA1 rabbit Cell Signaling /NEB #8443 

anti-ACTB mouse Sigma-Aldrich A5316 

anti-LaminB1 rabbit Cell Signaling /NEB #13435 (D9V6H) 

anti-HIF1α rabbit Cell Signaling /NEB #14179 (D2U3T) 
anti-PTBP1 mouse Serum (Chou et al., 2000) 

anti-EEF2 mouse Santa Cruz sc-166409 

anti-VCL mouse Sigma-Aldrich V9131 

anti-RUNX1 mouse Santa Cruz sc-365644 (A-2) 

anti-NUMB rabbit Cell Signaling /NEB #2756 (C29G11) 
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anti-SMAD3  rabbit Cell Signaling /NEB #9523 (C67H9) 

anti-MYC (c-MYC) rabbit Cell Signaling /NEB #5605 (D84C12) 

anti-RPL7 rabbit Bethyl A300-741A 

Anti-STAT5 mouse Thermo-Fisher ST5-8F7 

Anti- pSTAT5 (Tyr694) rabbit Cell Signaling/NEB #4322 (D47E7) 
 

Table 4. Fluorescently-conjugated secondary antibodies used in western blot and 
immunofluorescence studies. 

Antibody Species 
reactivity Company Catalog 

number 

IRDye680RD donkey  mouse LI-COR 926-68072 

IRDye680RD donkey  rabbit LI-COR 926-68073 

IRDye800CW donkey  mouse LI-COR 926-32212 

IRDye800CW donkey  rabbit LI-COR 926-32213 
Alexa Fluor® 488 AffiniPure F(ab')₂ 
Fragment Donkey IgG (H+L)* rabbit DiaNova 711-546-152 

 

*Antibody used for immunofluorescence studies. 

Table 5. Antibodies used in flow cytometry studies (FACS). 

Antibody Fluorophore Company Catalog / Order no. 

anti-CD34 human VioBlue Miltenyi Biotec 130-113-744 
anti-CD34 human BV-510 BD Biosciences 745070 
anti-CD25 human VioBright-B515 Miltenyi Biotec 130-113-287 
anti-CD38 human FITC Miltenyi Biotec 130-119 
anti-CD11B human VioBlue Miltenyi Biotec 130-110-558 
anti-HLA-DR human APC-Cy7 BD Biosciences 335796 
anti-CD33 human FITC Miltenyi Biotec 130-111-135 
anti-CD45 human FITC BD Biosciences 561865 
Annexin-V FITC BD Biosciences 560931 

 

2.1.6.- Standard Kits and Assays 
Table 6.- Commercial kits and systems. 

Name Company Catalog / Order no. 

OneTaq® 2X Master Mix with Standard 
Buffer New England Biolabs M0482 

Q5® High-Fidelity 2X Master Mix New England Biolabs M0492 
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Zero Blunt™ TOPO™ PCR Cloning Kit New England Biolabs 451245 

Agarose Gel Extraction Kit - Column Kit Jena Bioscience PP-202L 

Plasmid Mini-Prep Kit - Column Kit Jena Bioscience PP-204L 

PureLink™ HiPure Plasmid-Midiprep-Kit Thermo Fisher Scientific K210004 
PCR Cloning Kit New England Biolabs E1202 

PureLink™ Genomic DNA-Minikit Thermo Fisher Scientific K182002 

CellTiter-Glo® Assay System Promega G7571 

Dual-GloTM Luciferase Assay System Promega E1960 

DC Protein Assay Bio-Rad 5000111 
 

2.1.7.- Oligonucleotides and probes 
All oligonucleotides were purchased from Eurofins Genomics GmbH. 

Table 7. Sequences of oligonucleotides used for molecular cloning. 

Name Sequence (5´--> 3´) Restriction site 

FAM (FAM30A repeats) _s GGTTTAAACTTGACCTCTTTCAG
CCCTTGGTTACAGGA PmeI 

FAM (FAM30A repeats) _as GGCTCGAGAACTGATCAAATTTG
GTGTTACAAG XhoI 

RUNX1-BS (binding sites) _s AATTCTGTGGTTAACCACATGTG
GTTAACCACAA EcoRI 

RUNX1-BS (binding sites) _as AGCTTTGTGGTTAACCACATGTG
GTTAACCACAG HindIII 

RUNX1-P1 promoter _s GGAGATCTGGTTTCATTAAAACA
GTCCTTTTATTTCAA BglII 

RUNX1-P1 promoter _as GGCTCGAGCGCTTCCTCCTGAA
AATGCACCCTCTTCTG XhoI 

RUNX1-P2 promoter _s GGAGATCTGCCGCTGACGCACG
CAGCAAGTGAGACGCG BglII 

RUNX1-P2 promoter _as GGCTCGAGCATCCAGCCAAGAA
GCCAGTTAATTCAAAA XhoI 

 

Table 8. Sequences of oligonucleotides used for RT-qPCR. 

Name Sense (5´--> 3´) Antisense (3´--> 5´) 

FAM30A endg 
(endogenous) 

CCCACAATATAGACAGGCATTGTCAC
T 

CCAGGCAGATTTCCCAAATCCGGC
T 

FAM30A ex 
(exogenous) 

CCATCGTGGAACAGTACGAGCGCGC
CG  

CCAGGCAGATTTCCCAAATCCGGC
T 

FAM30A 
Exons 1-2 GACATCGGGAACGGACGG GACCCAGGAGGTCTGGCATA 

FAM30A 
Exons 1-3 CCTTTTCAGCAGACGCCCT AGCATCTGGCGAGGACCTTC 

FAM30A 
Exons 4-5i TCTCACAATGCGTGTTGAGCTT TCCATAGCAGCCTGCCTACA 
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FAM30A 
Exon 5i GAATCTATGCCTGTCACGGGG TCCATAGCAGCCTGCCTACA 

FAM30A 
Exon 5e AACGTGCCCTTGTAACACCA AAGGTGTCCATTCTGACAGCC 

GPR56 CTGCTTCTGCAACCACTTGAC GAGCAGAGGTAGGCGGCAAT 

DNMT3B AGCCCATGCAACGATCTCTC CCAGGAACCGTGAGATGTCC 

CD52 CAGCCTCCTGGTTATGGTACAG   ACAGGGCTAAGGCTGAGACG 

NGFRAP1 GAGAGGAAGACCGCCCTTTG TCCTCAACTGCAGCTCCCTA 

SMIM24 CCCTTCTGGTGCTGGAGTTTC TTCTGAACGTGGTCTCCTCCT 

MMRN1 CCCCACGGGAAACATACCTC TCTGAGGACAGGATCCACCG 

NYNRIN ACACTCGCTCAAGATGCTTTCA AAGAGATTCCCCGCAAAGGTG 

CPXM1 CTTTGTGCTAAGTGCCAACCTC CAGCAATCCCAAGCTCCGT 

AKR1C3 AGAAGTAAAGCTTTGGAGGTCACA GGACCAACTCTGGTCGATGAAAA 

ZBTB46 GCGGCGCTCATGAGTAAGAA ATGGCCGAGAAGCTGCAGTA 

EMP1 TGGAGACCAGCAAGTATTGTCC TTAGAGCCATTGGCAGCATCA 

ARHGAP22 AAGCCTAGTGATGGGGGAGC GTCACCTGTGTCCCTTGTAGAG 

NEAT1 TGATGCCATCTCACAGGCAG TGCTGCGTATGCAAGTCTGA 

U6 GTGCTCGCTT CGGCAGCACA TATAC AAAATATGGA ACGCTTCACG 
AATTTG 

ACTB TCCCTGGAGAAGAGCTACG GTAGTTTCGTGGATGCCACA 

EEF2 GGAGTCGGGAGAGCATATCA GGGTCAGATTTCTTGATGGG 

PPIA GTCTCCTTTGAGCTGTTTGCAG ATGGACAAGATGCCAGGACCC 

BCL2 AAAAATACAACATCACAGAGGAAGT CCTTGGCATGAGATGCAGGA 

TGFBR1 GCAGAGCTGTGAAGCCTTGAGA TGCCTTCCTGTTGACTGAGTTG 

TSPAN3 CCTTCCGACCTCTATGCTGAGG GAATAGCTGCAAATGCCAGTGCG 

VRK1 AGACCCCAAAAGATGTCACG CCAAGGAAGATGGCCAGTAA 

MALAT1 GAGAAGTGTCAGCCTCACCTG TGCTTTTAACAGGCTTCTGGA 

RUNX1A CTCCCTGAACCACTCCACTG TTAACATCTCCAGGGTGCTGTGTC
TTC 

RUNX1B/C CTCCCTGAACCACTCCACTG 
 CAGAGAGGGTTGTCATGCCG 

RUNX1C GTGCATTTTCAGGAGGAAGCG CGTGGACGTCTCTAGAAGGATTC 

RUNX1T TCTGCAGAACTTTCCAGTCG AAGGCGCCTGGATAGTGCAT 

SMAD3 GCCTGTGCTGGAACATCATC TTGCCCTCATGTGTGCTCTT 

NUMB CGTTCGCACCGGAAAATGTA TTCCAGTTTTTCCAAAGAAGCCT 

MSI2 TGTTGTGGAGAAAGTCTGTGAGATT CATGGTGTAAGGCAGTCCCC 
 

Table 9. Sequences of oligonucleotides used for cloning of shRNAs. 

Name Sequence (5´--> 3´) Restriction site 
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shFAM30A _s GATCCGCACAGAGGGTTTGGCTTTTACTAGTAAA
GCCAAACCCTCTGTGCTTTTTG BamHI 

shFAM30A _as AATTCAAAAAGCACAGAGGGTTTGGCTTTACTAG
TAAAAGCCAAACCCTCTGTGCG EcoRI 

shMSI2 _s GATCCGCACAGAGGGTTTGGCTTTTACTAGTAAA
GCCAAACCCTCTGTGCTTTTTG BamHI 

shMSI2_as AATTCAAAAAGCACAGAGGGTTTGGCTTTACTAG
TAAAAGCCAAACCCTCTGTGCG EcoRI 

shHNRNPA1 _s GATCCACAACAATCAGTCTTCAAATTTACTAGTAA
TTTGAAGACTGATTGTTGTTTTTTG BamHI 

shHNRNPA1 _as AATTCAAAAAACAACAATCAGTCTTCAAATTACTA
GTAAATTTGAAGACTGATTGTTGTG EcoRI 

 

Table 10. Sequences of oligonucleotides used for in vitro transcription. 

Name Sequence (5´--> 3´) 

CTRL (Control RNA) _s GTAATACGACTCACTATAGGGCTTCTGCCTCCGGGTA
AAATAAACTGCAAAAAGGATTCCCAGGAAAC 

CTRL (Control RNA) _as CTGTAACCAAGGGCTGAAAGAGGGAACGGTTTCCTG
GGAATCCTTTTTGCA 

FAM (FAM30A repeats) _s GTAATACGACTCACTATAGGATGACATTCACATGAACG
GGCACATACAGGAAAACACGGTAATGTAATTAGAATA 

FAM (FAM30A repeats) _as TTCTGGCTACTTTTCTCTGACTATTCTAATTACATTACC
GTGTTTTCCTGT 

MMut (FAM30A repeats with 
mutated MSI2 binding sites) _s 

GTAATACGACTCACTATAGGATGACATTCACATGAACG
GGCACATACAGGAAAACACGGTAATGTAATATCAAAT 

MMut (FAM30A repeats with 
mutated MSI2 binding sites) _s 

TTCTGGGATCTTTTCTCTGAGATTTGATATTACATTACC
GTGTTTTCCTGT 

 

2.1.8.- Plasmids 
 

Table 11. Commercial vectors used for cloning. 

 

Name Antibiotic 
resistance 

Company (cat. no.) & 
Reference 

pCR™-Blunt II - TOPO™ Kanamycin Thermo Fisher Scientific 
(450245) 

pmirGLO Ampicillin (B. Busch et al., 2016) 
pLVX_Crimson-shRNA3-
Control (pLVX shC) Ampicillin Clontech (632164) 

pLVX_RFP (pLVX EV) Ampicillin (B. Busch et al., 2016) 
pmirGLO 
Promo+Stopp*HindIII Ampicillin Prof. Dr. Stefan Hüttelmaier,  
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Table 12. Plasmids used for eukaryotic expression. 

Final plasmid Vector Restriction sites 

pLVX_FAM pLVX_RFP PmeI, XhoI 

pLVX_shFAM30A pLVX_Crimson-shRNA3-Control BamHI, EcoRI 

pLVX_shMSI2 (shM1) pLVX_Crimson-shRNA3-Control BamHI, EcoRI 

pLVX_shHNRNPA1 (shA1) pLVX_Crimson-shRNA3-Control BamHI, EcoRI 

X2 RUNX1 pmirGLO Promo+Stopp*HindIII EcoRI, HindIII 

X3 RUNX1 pmirGLO Promo+Stopp*HindIII EcoRI, HindIII 

RUNX1 P1 promoter pmirGLO PmeI, XhoI 

RUNX1 P2 promoter pmirGLO PmeI, XhoI 
 

2.1.9.- Chemical compounds 
 

Table 13. Chemotherapeutics, inhibitors and detergents 

Name Company (cat. no.) & Reference 

CAS 285986-31-4 (STAT5 inhibitor) 573108-10MG. Sigma-Aldrich 

BC-96 (anti-human CD25 Antibody) 302602. BioLegend  

Cytosin β-D-Arabinofuranosid (Ara-Cytarabine) 147-94-4. Sigma-Aldrich 

Daunorubicin -hydrochlorid (Daunorubicin) 23541-50-6. Sigma-Aldrich 

NP-40 (IGEPAL®) 9002-93-1. Sigma-Aldrich 

Triton-X100 3051.3. Roth. 

Digitonin D1414-100MG. Sigma-Aldrich 

Emetine E2375. Sigma-Aldrich 

Cycloheximide C4859-1ML. Sigma-Aldrich 

Polybrene SC-134220. Santa Cruz Biotechnology 

Puromycin #P9620. Sigma-Aldrich 
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Protease/Phosphatase Inhibitor cocktail (100X) #5872S. Cell Signaling 

 

2.1.10- Instruments 
 

Table 14. List of used devices. 

Application / Experiment Name of the device (company) 

Imaging 

Nikon TE-2000E 
Nikon TS-100 
Leica SP5X 
Leica SP8X 

Infrared-Scanner LiCOR Odyssey Infrared Scanner 

SDS-PAGE NuPAGE® Bis-Tris Electrophoresis System (Life Technologies) 

Western Blot XCell IITM Mini-Cell Blot Module (Thermo Fisher) 

Magnetic Rack DynaMag™-2 Magnet (Invitrogen) 

Real-Time PCR Light Cycler 480 II 384-well plates (Roche) 
iCycler iQ 96-well plates (Bio-Rad) 

Spectroscopy  Tecan Spark® multimode microplate reader 
GloMax® 96 well Microplate Luminometer 

LC-MS / MS Orbitrap Q-Exactive Plus mass spectrometer (Thermo Fisher 
Scientific) 

Thermocycler Mastercycler Nexus II 96well (Eppendorf) 

Centrifuges 
Heraeus Biofuge Stratos 

Eppendorf Centrifuge 5424 R 
Eppendorf MiniSpin 

Ultracentrifugation OptimaTM L-90K Ultracentrifuge (Beckman Coulter) 

Agarose gel electrophoresis Peqlab PerfectBlue Mini L 

Cell counting  T20 Automated Cell Counter (Bio-Rad) 
Neubauer (0.1 mm / 0.0025 mm2) 

Flow cytometry MACSQuant Analyzer (Miltenyi Biotec) 

FACS sorting BD FACSMelody™ Cell Sorter (BD Biosciences) 
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2.2.- METHODS  

2.2.1.- Experiments involving cell culture 

2.2.1.1.-Cell cultivation 
The leukaemia cells used in this thesis, both AML cell lines (MV4-11, MOLM-13, ME-1, 

GDM-1 and KG-1a) and CML cell lines (K562), were cultured in Roswell Park Memorial 

Institute (RPMI 1640, Thermo Fisher Scientific) supplemented with 20% fetal bovine 

serum (FBS), 1% GlutaMAX (L-Alanyl-L-glutamin) and 1% (v/v) penicillin-streptomycin. 

For subsequent experiments, at every passaging fast-growing cells (MV4-11, MOLM-13 

ME-1, K562) were usually seeded at lower cell density (0.1-0.5 x 106 cells/mL) and slow-

growing and more stem-like cells (GDM-1 and KG-1a) were maintained at higher cell 

density (0.5-1 x 106 cells/mL).  

For the adherently growing HEK293T cell line, the cultivation conditions were in 

Dulbecco's modified Eagle’s medium (DMEM) supplemented in 10% FBS and 1% 

GlutaMAX. Prior to passaging, the medium was discarded and cells were washed with 

1x PBS. Following this, cells were detached via trypsinization (0.05% Trypsin and 0.4mM 

EDTA) and the process was halted by the addition of fresh DMEM supplemented with 

10% FBS. Afterwards, cells were counted and seeded into cell culture dishes. All cell 

lines were kept in the incubator at 37ºC and 5% CO2. 

2.2.1.2.-Lipofection of DNA  
Transfection of plasmid DNA into cells have been performed using the transfection 

reagents LipofectamineTM 3000 (Thermo Fisher Scientific), DharmaFECT kb (Horizon 

Discovery Ltd.) or Viromer Red (formerly known as Lipocalyx) and following 

manufacturer´s instructions. DharmaFECT kb was utilized as a substitute for Viromer 

Red due to the discontinuation of the latter's production. Regardless the transfection 

method employed, a day prior to transfection HEK293T cells were seeded at a density 

of 3.5 x105 cells/mL in a 6-well plate in a total volume of 2 mL of growing medium. For 

LipofectamineTM 3000, 2 μg of plasmid DNA and 4 μl of P3000 reagent were mixed in 

100 μl of serum-free medium (Opti-MEM, Thermo Fisher Scientific) in a 1.5 ml reaction 

tube. In a separate reaction tube, 4 μl of Lipofectamine 3000 were combined with 100 μl 

of Opti-MEM. The contents of both tubes were thoroughly mixed, incubated for 10 

minutes at room temperature, and then added drop-wise to the cell suspension. In the 

case of DharmaFECT, 4 μg of plasmid together with 7 μL of DharmaFECT kb reagent 

mixed in 200 μL of Opti-MEM was used per transfection. This transfection method was 

used in K562 cells as it yielded better transfection rates. Downstream analyses were 

performed 48-72 hours post transfection. Considering the typically low transfection rates 
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observed in leukemia cells with lipofection-based techniques, we ultimately resorted to 

lentiviral transduction to assess the long-term effects. 

2.2.1.3.-Lentiviral transduction and generation of stable cell lines  
To generate lentiviral particles, HEK293T cells were transfected using Lipofectamine 

3000 or DharmaFECT kb reagents following the manufacturer's protocol (refer to chapter 

2.2.1.2). Briefly, 3 x 106 HEK293T cells were seeded in 4 mL of growth medium in a 6 

cm culture dish the day prior transfection. Two packaging plasmids, psPAX2 (Addgene) 

and pMD2.G (Addgene), along with transfer plasmids (pLVX EV-RFP, pLVX FAM-RFP; 

pLVX shC – Crimson, pLVX-shFAM30A, pLVX-shMSI2, pLVX-shHNRNPA1) were diluted 

in Opti-MEM and transfected into the cells. Growth media were replaced 8 hours post-

transfection. Lentivirus was harvested at 24- and 48-hours post-transfection and filtered 

through a 0.45 μM filter. After an overnight incubation at 4°C, lentiviral particles were 

centrifuged at 2000 rpm at 4°C for 30 minutes. The resulting pellets were resuspended 

in 500 μl PBS and stored at -80°C if required in the long-term. Generally, the transduction 

of leukaemia cells (KG-1a, MV4-11 and K562 cells) was performed at the same day of 

the last harvest the media with the lentiviral particles including 10 μg/μL polybrene was 

carefully resuspended with 2 x 106 cells (previously washed with PBS) and the mix was 

centrifuged at 24°C for 1 hour at 1000 rpm and subsequently cells were grown for 

another 3 days incubated with 4 µg/mL for selection. Afterwards, cells were washed three 

times with PBS and grown in RPMI with 20% FBS. Cells expressing RFP and/or Crimson 

were sorted using a FACS Melody cell sorter. The viral titer was determined by 

fluorescence titering with a flow cytometer (Miltenyi Biotech). This method was entirely 

performed at the lab of Prof. Dr. Stefan Hüttelmaier. The stable cell lines were created 

using different constructs, as follows: 

KG-1a cells CTRL OE KD REC 

pLVX-shC + + - - 

pLVX-shFAM30A - - + + 

pLVX-EV + - + - 

pLVX-FAM - + - + 

 

KG-1a / K562 cells CTRL OE shM2/shA1 shM2/shA1 OE 

pLVX-shC + + - - 

pLVX-shMSI2/hnRNPA1 - - + + 

pLVX-EV + - + - 

pLVX-FAM - + - + 
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MV4-11 / ME-1 cells CTRL OE 

pLVX-EV + - 

pLVX-FAM - + 

 

2.2.1.4.-Cell viability  
Cell viability was assessed using the CellTiter-Glo® Luminescence Cell Viability Assay 

(Promega) following the manufacturer’s instructions. The assay relies on measuring 

intracellular ATP concentration as an indicator of metabolically active cells. Cells were 

seeded at a concentration of 0.5-2 x 105 cells/mL with fresh media in a 24-wells plate and 

cell viability was determined after 48-72 hours after. Then, CellTiter-Glo® reagent was 

added to the cell culture medium with cells at a 1:1 ratio and incubated for 10 minutes. 

The resulting luminescence signal generated by the luciferase reaction, was detected 

using a GloMAX® luminometer (Promega). Another method to measure cell viability was 

determined by counting viable cell numbers (trypan blue exclusion, Bio-Rad) in the TC20 

automated cell counter (Bio-Rad). This method was used for determination of cell 

expansion through time before seeding cells for colony-formation studies. 

2.2.1.5.-Cell cycle analysis 
For cell cycle analysis, cells were seeded at a concentration of 0.5 x 106 cells/mL in a 6-

wells plate 48 hours prior analysis. Afterward, cells were collected and washed with PBS, 

and then incubated in cold 70% ethanol for 1 hour on ice. Subsequently, the cells were 

centrifuged, washed twice with PBS, and incubated with 200 μl RNaseA (Roth) in PBS 

(100 μg/ml) for 30 minutes at room temperature. After another centrifugation step, the 

cells were stained with DAPI (4’,6-diaminidino-2-phenylindole; 1:5000). The stained cells 

were subjected to DNA content analysis using flow cytometry with a MACSQuant flow 

cytometer and the MACSQuantify Software (Miltenyi Biotec). 

2.2.1.6.-Colony-forming cell (CFC) assay  
Prior seeding out cells for colony-formation studies, cell expansion through a time-course 

(1 to 3 days) was calculated by counting viable cell numbers (trypan blue exclusion) in 

normal growth medium. Then, cells were seeded at 5000 cells/mL in 3 mL MethoCultTM 

(Stem Cell Technologies, H4434) in a 3.5 cm culture dish and placed in an incubator at 

37 ºC and 5% CO2. After 14 days of incubation, the number of colonies was manually 

counted and classified into each colony type following manufacturer´s instructions. 
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2.2.1.7.-Hypoxia  
Prior seeding cells in hypoxia conditions, cells were washed with PBS and seeded at a 

cell density of 0.5 x 106 cells/mL in a T75 flask. Then, cells underwent hypoxic treatment 

(0.5% oxygen, 5% carbon dioxide) which was performed in a humidified incubator 

(Innova CO-170; New Brunswick Scientific) and cells were maintained for 72 hours. 

Afterwards, cell viability numbers were determined by trypan blue exclusion. 

2.2.1.8.-Apoptosis assay 
To measure apoptotic levels after treatment with chemotherapeutics, cells were seeded 

and incubated for 48 hours before analysis. Afterwards, cells were pelleted and washed 

twice with PBS and incubated with the staining agents Annexin-V-FITC (1:2000) and 

DAPI in a solution of PBS with 1% Bovine Serum Albumine (BSA) for 1 hour at 4ºC in 

the dark. Annexin-V-positive cells were used as early apoptosis and Annexin-V-positive, 

DAPI-positive cells as late apoptosis. Then, cells were washed again with PBS and 

plated in a 96-well plate for subsequent analysis of early and late apoptosis using flow 

cytometry with a MACSQuant flow cytometer and the MACSQuantify Software (Miltenyi 

Biotec). 

2.2.1.9.-Luciferase reporter assay 
In order to examine of how FAM30A repeats affect activation of the transcriptional activity 

of RUNX1 via MSI2, stable K562 cell clones with overexpression of FAM30A repeats in 

combination with MSI2 knockdowns were used for this experimental set up. K562 stable 

cell lines were seeded one day before transfection at a cell density of 2.5 x 105 cells/mL 

in a 24-well plate. A day after, cells were transiently transfected using DharmaFECT kb 

with pmirGLO Promo+Stopp*HindIII plasmid (empty vector) comprising two and three 

palindromic RUNX1 binding sites (TGTGG) in the promoter region of the Firefly 

luciferase gene. Another plasmid system used in this experiment was pmirGLO (empty 

vector) with RUNX1 P1 and P2 promoters next to the Firefly luciferase (see Figure 36A). 

Renilla luciferase on the same plasmid served as the normalization control. The 

luminescence values from Firefly and Renilla luciferases were determined 48 hours post 

transfection by DualGLO (Promega) according to the manufacturer’s protocol 

2.2.1.10.-Sucrose-based fractionation and polysome profiling 
For the isolation of polysome fractions and polysome profiling, wild-type KG-1a or GDM-

1 cells were grown at a concentration of 0.5-1 x 106 cells/mL. The day before, a sucrose 

gradient diluted in Gradient Lysis buffer (15-45%) was carefully layered in centrifuge 

tubes used for ultracentrifugation. To achieve that, five sucrose solutions were prepared 

(15%, 22.5%, 30%, 37.5% and 45%) and by taking the 45% solution and then carefully 
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overlaying each cushion with the next solution (2 mL) till achieving 10 mL total volume. 

Then the centrifuge tubes were placed overnight at 4ºC for an optimal diffusion of the 

gradient. A day after cells were pelleted and washed once with PBS, lysed with Gradient 

Lysis Buffer for 5 minutes and centrifuged in a tabletop microcentrifuge at 13000 rpm for 

5 minutes. The supernatants were collected in new tubes and maintained on ice until 

further processing for polysome profiling. The equivalent of 10 million KG1-a/GDM-1 

lysated cells was layered onto each 11 mL of 15-45% linear sucrose gradient. Gradients 

were then centrifuged (40000 rpm, 2 hours, 4ºC) in a SW40 Ti rotor. Then, gradient 

fractions (11 in total) were collected at 500 µl intervals from which 200 µl and 50 µl was 

used for downstream analysis of RNA and protein, respectively. For measurements of 

RNA transcripts, each isolated polysomal fraction was mixed with 1 mL of TRIzol and 

standard RNA procedure was followed. Unfractionated cell lysates served as input 

material for downstream analysis to assess the relative abundance of transcripts in each 

isolated fraction of the sucrose gradient. 

2.2.1.11.-Subcellular fractionation 
For the separation of wild-type MV4-11 and KG-1a cells in nuclear and cytoplasmic 

fractions, 3 x106 cells per conditions were harvested, washed with PBS and lysed in Cell 

Fractionation buffer including 100 µg/mL of digitonin for MV4-11 and 200 µg/mL for KG-

1a cells (refer to 2.1.4.1 section). After 5 minutes incubation with digitonin, subcellular 

fractions were separated by centrifugation at 1000 g for 2 minutes and supernatant 

containing the cytoplasmic fraction was transferred to a new tube. The pellet was then 

subjected to another round of lysis in Gradient Lysis Buffer and centrifuged at 1000 g for 

2 minutes. Afterwards, supernatant was discarded and the remaining pellet containing 

the nuclear fraction was lysed in Total Lysis Buffer. Downstream analysis was performed 

by Western Blotting confirming subcellular fractionation by detecting EEF2 in the 

cytoplasmic and PTB in the nuclear fraction. 

2.2.1.12.-Compound testing  
To assess cell viability in response to varying concentrations of chemotherapeutic agents 

(Cytarabine/Ara-Cytarabine and Daunorubicin), stable cell clones of KG-1a, MV4-11 and 

ME-1 cells were plated in a cell density ranging 1- 2.5 x 105 cells/mL in a 24-well plate. 

Beforehand, IC50 values were calculated in wild-type cell lines by using GraphPad Prism 

8 and validated with published data in the same cell lines. Vehicle (water) or the 

respective compounds diluted in water (refer to 2.1.8 section) were added 24 hours post-

seeding at indicated concentrations and cells were incubated at 37ºC and 5% CO2. 

CellTiter-Glo was used 48-72 hours post-treatment for measuring cell viability, and 

instructions were followed according to the manufacturer´s protocol. 
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In the case of treating cells with chemical compounds used for blocking protein synthesis 

(emetine and cycloheximide), KG1-a stable cell lines were seeded 24 hours prior 

treatment at a higher cell density of 0.5 - 1 x 106 cells/mL in a 12-well plate. The day of 

treatment, cells were treated with vehicles (water or 0.1% DMSO, depending on the 

compound), 150 µM of emetine (in DMSO) and 100 µg/mL of cycloheximide (water) for 

3 and 6 hours and cells were harvested for downstream protein analysis via Western 

blotting. CMYC was used as a positive control due to its high mRNA turnover rate and 

ACTB as a loading control for normalization. 

2.2.1.13.- Flow cytometry and FACS staining 
In order to analysis expression of cell surface protein markers, KG-1a stable cell lines 

were maintained at a cell density of 0.5 - 1 x 106 cells/mL. The equivalent of 0.5 x 106 

cells was harvested per condition/ combination of antibody staining, washed once with 

PBS and centrifuged 2 minutes at 4000 rpm at a table microcentrifuge. Cells were 

incubated with the respective antibody (1:50 dilution) in PBS with 1% BSA for at least 30 

minutes at 4ºC in the dark. Then, stained cells were washed once more with PBS with 

1% BSA and plated in a 96-well plate for subsequent analysis in MACSQuant flow 

cytometer for the appropriate laser. Unstained KG-1a wild-type (no fluorescence) and 

unstained KG-1a stable cell clones (fluorescent with RFP and Crimson markers) were 

used for gating and positive staining. 

2.2.1.14.- Immunofluorescence and microscopy 
For examining whether subcellular localization of HNRNPA1 changes, 2.5 x 105 KG-1a 

stable cell clones were seeded onto glass coverslips which were previously treated with 

40% (v/v) ethanol and 60% (v/v) hydrochloric acid. Before seeding the cells in a 24-well 

plate, coverslips were coated with Poly-D-Lysine (A3890401, Thermo Fisher Scientific) 

diluted in PBS (1:1000). Cells were incubated with the coverslips for 30 minutes at 37 ºC 

and 5% CO2 and the plate was centrifuged at 500 rpm for 10 minutes to be certain of cell 

attachment to the coverslips. Standard immunofluorescence staining involved fixing cells 

with a 4% formaldehyde solution in PBS for 20 minutes at room temperature, followed 

by permeabilization of the membranes with 0.5% (w/v) Triton-X-100 in PBS for 4 minutes. 

Non-specific antibody binding was blocked with 5% BSA (w/v) in PBS for 45 minutes at 

room temperature. Primary (1:250 dilution) and fluorescently-labeled secondary antibody 

solutions (1:500) were prepared in 2% BSA in PBS (refer to 2.1.5 section) and then 

incubated for 1 hour at room temperature. For nucleus visualization, cells were stained 

with DAPI in PBS for 3 minutes. The coverslips were washed with water, dehydrated in 

99% ethanol three times and mounted on an object slide using ProLong™ Diamond 

Antifade (Thermo Fisher, Cat# P36970) to preserve fluorescent signals. The Leica SP5X 



Materials and Methods 

53 
 

or SP8X confocal microscopes were employed to capture images, utilizing a 63x oil 

objective. A white light laser was used to excite the fluorescent dye, and the emitted 

signals were captured by HyD detectors. Nucleus staining was visualized through DAPI 

excitation, achieved with a diode emitting light at a wavelength of 405 nm. 

2.2.2.- Molecular biology methods 

2.2.2.1.-Cloning 

2.2.2.1.1.- DNA amplification by polymerase-chain reaction (PCR) 
The process of cloning the FAM30A repeats into an overexpression plasmid (pLVX-RFP, 

TakaraBio) in order to generate stable cell lines involved first amplification of the desired 

sequence from cDNA of KG-1a cells. All desired sequences were amplified via a PCR 

reaction using Q5® High-Fidelity 2X Master Mix with corresponding oligonucleotides with 

flanking restriction sites (refer to Table 7, section 2.1.7). For the amplification, the 

following reaction mix was prepared: 

cDNA  100 ng  

10 mM dNTPs 0.5 µL 

10 µM oligonucleotides (sense/antisense) 1 µL each 

5x GC buffer (NEB) 4 µL 

Q5® High-Fidelity 2X Master Mix 10 µL 

Nuclease-free water Add up to 20 µL 

 

Afterwards, the reaction tubes were mixed and the amplification followed the adjusted 

program from the manufacturer´s instructions: 

Step Temperature Time 
Initial Denaturation 98 ºC 30 seconds  

Denaturation 98 ºC 10 seconds 

35-40 cycles Primer-annealing 55-65ºC 20 seconds 

Elongation 72ºC 20-30 seconds 

Final Extension 72ºC 2 minutes  

 

The resulting amplified cDNA was mixed with 6x DNA loading dye (NEB) loaded onto a 

1% agarose gel in 1x TAE buffer with ethidium bromide and separated through gel 

electrophoresis in 1x TAE buffer at 120 V. The Quick-load 2-log DNA-ladder (NEB) was 

used as size marker. Subsequent detection of the amplicon was achieved using UV light. 

Gel pieces containing amplicons of the expected nucleotide length were excised, and 

the DNA was extracted and purified using the Agarose Gel Extraction Kit, followed by 
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elution with ddH2O. The eluted PCR products underwent ligation into the linearized 

blunt-end vector pCR™-Blunt II - TOPO™, following the manufacturer's instructions. The 

solution containing the ligated plasmid was incubated with ultracompetent E. coli 

(TOP10) for 20 minutes at 4 °C. Transformation of the bacteria was carried out through 

heat shock at 42 °C for 1 minute, followed by a 10-minute resting phase on ice. Following 

transformation, the bacteria were cultured in 800 μL of LB growth medium for 1 hour at 

37 °C and then spread onto LB-agar plates containing 50 mg/mL Kanamycin for 

overnight growth. The clones on the plates underwent testing for successful insertion in 

a colony-PCR reaction with OneTaq® 2X polymerase Master Mix using flanking 

oligonucleotides provided by manufacturer, following the program:  

 

Step Temperature Time 
Initial Denaturation 98 ºC 30 seconds  

Denaturation 98 ºC 15 seconds 

25-30 cycles Primer-annealing 55-65ºC 30 seconds 

Elongation 68ºC 1 minute / kb 

Final Extension 72ºC 5 minutes  

 

Then, positive clones were subsequently cultivated in liquid LB-medium with 30 mg/mL 

Kanamycin at 37 °C overnight. 

Plasmid DNA was isolated using the Plasmid Mini-Prep Kit from Jena Bioscience, 

following the manufacturer’s protocol. Correct sequence insertions were analyzed by 

Sanger Sequencing at Eurofins Genomics GmbH. The final step of cloning into the final 

expression plasmid involved enzymatic digestion of 2 μg of the empty expression 

plasmids (refer to Table 11) and the pCR™-Blunt II - TOPO™ containing the valid gene 

sequence, using 1 μL per restriction enzyme (New England Biolabs) in the corresponding 

buffer, followed by separation on agarose gel electrophoresis. Then, the gel-extracted 

DNA including the linearized expression plasmid and target gene sequence, was eluted 

in 30 μL ddH2O. A ligation reaction was then performed, involving 8 μL insert, 2 μL 

linearized vector, 1 μL T4 DNA ligase (New England Biolabs), 2 μL corresponding 10x 

ligation reaction buffer and ddH20 up to a total volume of 20 μL. After a 2-hour incubation 

at room temperature, the ligation reactions were transformed into bacteria as described 

earlier. The subsequent steps, including plating, PCR testing, and liquid cultivation, 

followed the procedures outlined previously, with agar plates containing Kanamycin or 

Ampicillin for positive clone selection. Cloning of RUNX1 P1 and P2 promoters into the 
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final plasmids involved DNA amplification via PCR using genomic DNA from K562 cells 

as template (approx. 50-100 ng as template) and it followed the same protocol as 

described above. 

2.2.2.1.2.- Cloning via oligonucleotide annealing 
The cloning of shRNAs into the final plasmid utilized pLVX shC as the empty vector (see 

Table 11) and aimed to create constructs for establishing stable knockdowns of FAM30A, 

HNRNPA1, and MSI2. To initiate the process, oligonucleotides comprising the shRNA 

target sequences and flanking restrictions sites were annealed mixing 5 µL of sense and 

antisense oligonucleotides (100 µM each) and 10 µL nuclease-free water. Then, the mix 

was incubated at temperatures ranging from 95ºC and progressively decreasing to 65ºC 

for a total period of time of 10 minutes and afterwards cooled down at room temperature. 

Following the aforementioned protocol, the annealed oligonucleotides were ligated into 

the ultimate linearized plasmid. The cloning of palindromic RUNX1 binding sites into the 

pmirGLO Promo+Stopp*HindIII vector followed the same procedure, using 

oligonucleotide with flanking restriction sites and including palindromic RUNX1 binding 

sites. Due to unspecific annealing, two and three binding sites could be cloned (x2 and 

x3 RUNX1-BS) and both were used for downstream luciferase experiments. 

2.2.2.2.-Isolation of total RNA and genomic DNA from cells 
For cell culture samples, total RNA was extracted using guanidiniumthiocyanatphenol-

chloroform extraction, as described by (Chomczynski & Sacchi, 1987). Cells were 

washed with ice-cold PBS, lysed in 1 ml TRIzol (refer to Table 2) and transferred into an 

RNase-free 1.5 ml reaction tube. The sample was frozen and stored at -80°C if no 

immediate use was required. Upon thawing, RNA was extracted by adding 200 μl 

chloroform, thoroughly mixing the sample for 15 sec by inverting, and incubating for 3 

min at room temperature (RT). After centrifugation for 30 minutes at 13000x g and 4°C, 

the RNA-containing aqueous (upper) phase and transferred to a new RNase-free tube, 

mixed with 1 volume of ice-cold 2-isopropanol, vortexed and incubated for 20 minutes at 

RT for precipitation. The RNA was then precipitated by centrifugation at full speed for at 

least 45 minutes at 13000 x g and 4°C, washed twice with ice-cold 80% ethanol, and 

centrifuged for 10 min at 13000 x g and 4°C. After removing the ethanol with the air 

pump, the RNA was dried for a few minutes at room temperature and dissolved in 

nuclease-free water for 5 minutes. RNA concentration and quality was assessed using 

Tecan Spark® multimode microplate reader via measuring the ratio of absorbance 

(approx. 2) at wavelengths of 260 and 280 nm. Genomic DNA (gDNA) from human cell 

lines was extracted with the PureLink™ Genomic DNA-Minikit, following the 

manufacturer's instructions, and stored at -20°C or -80ºC for long-term storage. 
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2.2.2.3.-Reverse transcription  
A reverse transcription reaction was conducted by random hexamer priming to 

synthesize complementary DNA (cDNA). The master mix used for the reaction was the 

following:  

RNA (2 µg) diluted in ddH20  

10 mM dNTPs 1 µL 

5x M-MLV Reverse Transcriptase buffer (Promega, Cat #M531A) 4 µL  

M-MLV Reverse Transcriptase (Promega, Cat #M1701, 200U/μL) 0.5 µL 

RNase inhibitor (Promega, Cat #N2511, 2500 units) 0.25 µL 

ddH20 Add up to 20 µL 

After thorough mixing, the reaction tube underwent an incubation process in a 

thermocycler (Eppendorf), adhering to the manufacturer's instructions. This involved 

maintaining the temperature at 42ºC for 2 hours, followed by the subsequent inactivation 

of the reverse transcriptase enzyme at 75ºC for 15 minutes. Then, the generated cDNA 

diluted in ddH20 was used directly for RT-qPCR or stored at -20 ºC. 

2.2.2.4.-Quantitative Real-Time PCR (RT-qPCR) 
For the evaluation of mRNA relative abundances and expression changes among the 

different conditions, real-time quantitative PCR (RT-qPCR) was conducted using 

SYBRGreen I fluorescent dye. The amplification was performed using two different 

methods depending on the number of samples to be analyzed. For the first method, each 

well contained 2.5 μL of diluted (1:10 in ddH20) cDNA and 2.5 μL of ORA™ qPCR Green 

ROX L Mix (highQu, Cat #QPD0101) with 0.4 μM of each oligonucleotide sense/ 

antisense (100mM) and the analysis was performed on a 384-well plate using 

LightCycler 480 II Roche device. The other method consisted on a reaction mix on each 

well of 5 μL of diluted cDNA and 5 μL of GoTaq® qPCR Master Mix 2X (Promega, Cat 

#A600A) with 0.4 μM of each oligonucleotide sense/ antisense (100mM) and the analysis 

was performed on a 96-well plate using BioRadi Cycler iQ device. The oligonucleotides 

used for the qRT-PCR (refer to Table 8) were designed with Primer-Blast from NCBI 

website and settings were optimized to have a length of amplicon of 100-250 nucleotides 

and annealing temperature 60ºC. The PCR conditions were the following:  

Step Temperature Time 
Initial activation of polymerase 95 ºC 5 minutes  

Denaturation 95 ºC 10 seconds 

45 cycles Oligonucleotides annealing 60 ºC 10 seconds 

Elongation 72ºC 20 seconds 

Melting curve gradient* 55-95 ºC   
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*This final step was performed to confirm that the oligonucleotides were binding efficiently and no 
by-products (i.e. double peaks) were produced during the amplification. 

 

The quantification of newly synthesized double-stranded DNA involved assessing the 

intercalated fluorescent SYBRGreen dye. The determination of the cycle of quantification 

(Ct) was performed using the second derivative maximum. Calculations employing the 

ΔCt or the ΔΔCt method, elucidated changes in RNA expression levels relative to 

housekeeping genes (EEF2, ACT, PPIA) and control conditions (Livak & Schmittgen, 

2001) using the following formula: 

X = target RNA; N = housekeeping RNA 

2.2.2.5.- In vitro transcription 
The DNA templates for CTRL (control RNA), FAM (1) (one FAM30A repeat) and MMut 

(one FAM30A repeat with mutated MSI2-binding sites) were amplified through 

oligonucleotide annealing with specific oligonucleotides including flanking sequences for 

binding of the T7 RNA polymerase (refer to Table 10) with the PCR program provided by 

manufacturer and using the following mix:  

 

GoTaq® qPCR Master Mix 2X 60 µL 

ddH20 50 µL 

Oligonucleotides (sense/antisense) 5 µL each 

 

The PCR product was separated on a 2% agarose gel in TAE-buffer and DNA was 

extracted with Agarose Gel Extraction Kit (Jena Bioscience). This diluted DNA served as 

a template for subsequent in vitro transcription. In the case of FAM (6) (six FAM30A 

repeats), amplification was challenging so the pLVX-FAM vector was digested with XhoI 

for linearization and this was used as template for transcription as it includes a T7 

polymerase binding sequence before the six repeats. Transcription was carried out using 

the diluted DNA, with an additional 20 μL of Transcription Optimized 5x Buffer, 10 μL of 

100 mM DTT, 1 μL of 100 mM dNTPs (ATP, GTP, CTP), 0.3 μL of 100 mM unlabeled 

UTP, 1 μL RNAsin® Ribonuclease inhibitor, and 4 μL T7 RNA polymerase (all reagents 

acquired from Promega). In order to tag the newly synthesized RNA, 1 μL of 5mM 

biotinylated-UTP or Biotin-11-UTP (Jena Bioscience) was added to the reaction and 

ddH20 was added up to a total volume of 100 μL, and transcription was carried out at 37 

°C for 4 hours. After the reaction, the DNA template was digested by adding 5 μL RQ1-

Relative mRNA level = 2 (- ((Ct X-Ct N) target condition - (Ct X-Ct N) control condition)) 
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DNase (Promega) at 37 °C for 20 minutes, and RNA was extracted with TRIzol (refer to 

2.2.2.2 section). 

2.2.2.6.- Biotinylated-RNA pulldown  
To conduct RNA pulldowns, 15-20 μL of Dynabeads™ MyOne-Streptavidin-T1 (Thermo 

Fisher Scientific) per pulldown were placed into a reaction tube. The beads were washed 

three times with an equal volume of BW buffer (refer to Table 2) using a magnetic rack 

and then incubated with 0.5 - 1 μg of in vitro transcribed RNA. As a control, beads were 

incubated with no RNA for the beads control (namely BC) for 20 minutes at room 

temperature. Concurrently, cells were washed with PBS and lysed with Gradient Lysis 

buffer (Table 2) for 10 minutes and centrifuged for 5 minutes at 13000 rpm. The resulting 

supernatant was transferred to a new reaction tube, and 20 μL (1:10) of the lysate was 

used for the input sample for downstream protein analysis. Meanwhile, 200 μL of the cell 

lysate was mixed with each of the RNA-coupled streptavidin beads and incubated for 45 

minutes at room temperature. Following this, pulldown samples were washed three times 

with 200 μL of Gradient Lysis buffer and separated on a magnetic rack to eliminate 

nonspecific proteins and RNA. For the analysis of associated proteins, the beads were 

resuspended in 50 μL of 1x NuPage™ LDS sample buffer (Thermo Fisher Scientific) 

diluted with Gradient Lysis Buffer and boiled at 95 °C for 5 minutes to elute proteins. 

Then, samples were then separated from the beads on a magnetic rack and 

subsequently analyzed for downstream protein analysis through SDS-PAGE and 

Western blotting. 

2.2.3.- Protein-biochemical methods 

2.2.3.1.- Protein extraction, SDS-PAGE and Western Blot 
For the analysis of changes in protein abundances among the different samples and 

conditions, cells were harvested and pelletized by centrifugation at 4000 rpm for 3 

minutes in a 1.5 mL centrifuge tube, washed once with PBS and the supernatant 

discarded. If the protein sample was not needed immediately, the pellet was frozed in 

liquid nitrogen prior to storage at -80 ºC. 

In case the pellets were needed for protein expression analysis, total protein extraction 

was performed and cells were lysed in Total Lysis buffer (refer to Table 2) supplemented 

with 1 µL of benzonase or Turbo nuclease [Jena Bioscience, 250 U/μl]) for digestion of 

genomic DNA and protease and phosphatase inhibitor cocktails (1:1000) (Sigma-

Aldrich). After a 10-minute incubation, the lysate was centrifuged at 13.000 rpm for 5 

minute and the supernatant was then transferred to a new tube. Protein concentration 

was assessed using the colorimetric DC Protein Assay following manufacturer’s 
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instructions and then measuring absorbance at 700 nm with the GloMax® 96 well 

Microplate Luminometer. Protein samples were standardized to equal amounts via BSA 

quantification, mixed with 4x NuPage™ LDS sample buffer containing 50 mM DTT, and 

boiled at 95 °C for 5 minutes to achieve complete protein denaturation. The samples 

were loaded into a NuPAGE® Novex® 4-12% Bis-Tris protein gel and separated by SDS 

polyacrylamide gel electrophoresis (SDS-PAGE) using the corresponding NuPAGE® 

MOPS or MES SDS-containing running buffer (Thermo Fisher Scientific). Immobilized 

proteins in the gel were transferred to a nitrocellulose membrane (Amersham, GE 

Healthcare) employing NuPAGE transfer buffer with 10% methanol. If necessary, transfer 

was assessed by Ponceau S staining. Subsequently, the membrane underwent a 1-hour 

blocking step with 5% (w/v) skimmed milk in PBS-T. Primary and fluorescently-labelled 

secondary antibody solutions (refer to Table 3 and 4) were prepared in 5% milk in PBS-

T. Incubation with the primary antibody occurred for at least 2 hours at room temperature 

or overnight at 4°C, two washes with PBS-T followed by 1 hour incubation at room 

temperature for the secondary antibody and washed again three times with PBS-T. 

Fluorescent signals were then detected at 680 nm or 800 nm using the Odyssey Infrared 

Imaging System (LI-COR). Quantification of the protein levels based on intensities was 

carried out via Image Studio™ software (LI-COR) and relative protein amounts were 

determined based on loading controls and control conditions. 

2.2.3.2.- RNA immunoprecipitation (RIP) 
RNA co-immunoprecipitations were used to study the interaction of HNRNPA1 and MSI2 

to its RNA targets. First, KG-1a cells (8 × 106 per condition) were harvested and washed 

with PBS and then lysed using Immunoprecipitation buffer (see Table 2). Inputs for either 

RNA or protein (20 μL) were extracted from the lysates. For RNA, these inputs were 

combined with 980 μL TRIZOL, while for protein, they were mixed with 7 μL of 4x 

NuPage™ LDS sample buffer containing 50 mM DTT. 

Then, 10-15 µL of magnetic Protein G Dynabeads per condition (Life Technologies) were 

washed three times with 200 µL of Immunoprecipitation buffer and 5-10 μg/condition of 

anti-MSI2 (Bethyl) and anti-HNRNPA1 antibodies (see Table 3) were added and 

incubated for 15 minutes. The resulting supernatant with the protein lysate was incubated 

with the antibody-bound beads for 60 minutes at room temperature on a spinning-wheel. 

Following three washing steps with Immunoprecitation buffer, protein–RNA complexes 

were eluted using 100 µL of Immunoprecipitation buffer supplemented of 1% SDS and 

incubated at 65°C for 10 minutes and beads were separated in the magnetic rack. The 

supernatant containing the eluted protein-RNA complexes was transferred to a new tube 

and 20 µL was used for protein analysis and 80 µL for RNA analysis. Protein enrichment 
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was subsequently analyzed by Western blotting and co-purified RNAs were extracted 

using TRIzol and subjected to analysis by qRT-PCR. 

2.2.3.3.- Quantitative proteomics by LC-MS/MS 
For the analysis of associated proteins with FAM30 repeats, proteins were enriched 

using in vitro transcribed and biotinylated FAM30A repeats RNA compared to beads 

control with no RNA (BC) and a control RNA (CTRL) which is 500 base pairs before the 

repeats. The total cell lysate was extracted from 8 × 106 KG-1a wild-type cells lysed with 

Lysis Buffer for LC-MS/MS (see Table 2) suitable for mass spectrometry analysis 

followed by RNA pulldown as described above (see section 2.2.2.5). Following the third 

washing step with same lysis buffer, pulldown samples were maintained in the binding 

buffer. Subsequently, sample preparation and further analysis was carried out by Dr. 

Christian Ihling (AG Sinz, Institute for Pharmacy, Martin-Luther University) following the 

provided protocol by Dr. Ihling: pulldowns were prepared for liquid 

chromatography/tandem mass spectrometry (LC-MS/MS) following a modified FASP 

(filter-aided sample preparation) protocol (Wiśniewski et al., 2009). Protein samples were 

incubated and washed with 8 M urea in 50 mM HEPES ((4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid), 10 mM TCEP, pH 8.5). Washing steps were performed 

using 0.5 mL centrifuge filter units with a 30-kDa cutoff (Sigma Aldrich) and two 

centrifugation steps followed (14000 × g, 10 min). Afterwards, alkylation of proteins was 

performed with 50 mM iodoacetamide in 8 M urea, 50 mM HEPES, pH 8,5 at room 

temperature during 20 min in the dark. Samples were washed twice with 50 mM HEPES, 

pH 8.5 (18000 × g, 2 x 10 min) before they were incubated with 1 μg trypsin in 50 mM 

HEPES, pH 8.5 at 37 °C overnight. After enzymatic digestion, samples were acidified 

with trifluoro acetic acid (TFA) at 0.5 % (v/v) final concentration. Proteolytic peptide 

mixtures were analyzed by LC-MS/MS on an UltiMate 3000 RSLC nano-HPLC system 

coupled to an Orbitrap Q-Exactive Plus mass spectrometer (Thermo Fisher Scientific). 

Peptides were separated on reversed phase C18 columns (trapping column: Acclaim 

PepMap 100, 300 μm × 5 mm, 5 μm, 100 Å (Thermo Fisher Scientific); separation 

column: μPAC™ 75 cm C18 (Pharmafluidics). After desalting the samples on the trapping 

column, peptides were eluted and separated using a linear gradient from 3% to 35% B 

(solvent A: 0.1% (v/v) formic acid in water, solvent B: 0.08% (v/v) formic acid in 

acetonitrile) with a constant flow rate of 300 nl/min over 180 min. Data were acquired in 

data-dependent MS/MS mode with stepped higher-energy collision-induced dissociation 

(HCD) and normalized collision energies of 27%, 30%, and 33%. Each high-resolution 

full scan (m/z 375 to 1799, R = 140000 at m/z 200) in the orbitrap was followed by high-

resolution product ion scans (R = 17500) of the 10 most intense signals in the full-scan 
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mass spectrum (isolation window 2 Th); the target value of the automated gain control 

was set to 3,000,000 (MS) and 200,000 (MS/MS), maximum accumulation times were 

set to 100 ms (MS) and 250 ms (MS/MS). Precursor ions with charge states <3 + and 

>8 + or were excluded from fragmentation. Dynamic exclusion was enabled (duration 60 

seconds, window 3 ppm). 

2.2.4.- Experiments in vivo 
Human cell xenograft experiments were performed under complete supervision of Prof. 

Dr. David Vetrie (Wolfson Wohl Cancer Research Centre, University of Glasgow, The 

United Kingdom) and his laboratory staff. All mice were housed at the Beatson Research 

Unit (University of Glasgow, UK), and experimental protocols were approved by Karen 

Keeshan (Wolfson Wohl Cancer Research Centre, University of Glasgow, The United 

Kingdom). Before engraftment, KG-1a stable cell clones were cultured in RPMI with 20% 

FBS for five days for optimum cell growth at 37ºC and 5% CO2. KG-1a cells (2 × 106 cells 

per mouse) were diluted in ice-cold PBS and transplanted via tail vein injection into mice 

8-12-week-old sub-lethally irradiated or busulfan treated NRG-W41 immune-

compromised mice (NOD.Cg-Rag1tm1Mom KitW-41J Il2rgtm1Wjl/EavJ), with those 

showing evidence of human cell engraftment randomized for treatment. After 28 days of 

treatment, all mice were euthanized, and bone marrow (BM) was harvested from the hind 

legs (ilia, femurs, and tibias). BM was filtered and stained for flow cytometry using human 

anti-CD34-BV510 and human anti-CD38-VioBlue (see table 5). Engrafted human cell 

immunophenotypes were determined by flow cytometry (BD, FACSVerse). To assess 

level of engraftment of human cells, cells were gated for APC-positive cells as KG-1a 

stable clones emit RFP/Crimson fluorescence and also using transplanted mice as 

negative control (with no fluorescence). 

2.2.5.- Computational analysis  

2.2.5.1.- Conservation analysis 
To assess the phylogenetic conservation of FAM30A repeat across vertebrates, the 

sequence of a single FAM30A repeat (76 and 78 base pairs) was downloaded from NCBI 

gene website (https://www.ncbi.nlm.nih.gov/gene/) using its annotated sequence 

(NR_026800.2) and subsequently blasted against all taxonomic nucleotide databases 

using NCBI nblast tool (https://blast.ncbi.nlm.nih.gov/). Following the alignment of a 

single repeat through the NCBI nblast tool against various taxonomic nucleotide 

databases, the sequence exhibited alignment primarily with analogous sequences found 

in 21 primate species. Thus, the genome sequences of these species were downloaded 

from NCBI and ENSEMBL (https://www.ensembl.org): Aoutus nancymaae, Sapajus 

apella, Callithrix jacchus, Cenus capucinus, Cercocebus atys, Chlorocebus sabaeus, 
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Colobus angolensis, Macaca fascicularis, Macaca mulatta, Macaca nemestrrina, 

Mandrillus leucophaeus, Papio anubis, Piliocolobus tephrosceles, Rhinopithecus bieti, 

Rhinopithecus roxellana, Theropithecus gelada, Trachypithecus fracoisi, Hylobates 

moloch, Pan troglodytes, Gorilla gorilla and Homo sapiens.  

Then, in order to confirm that only the repeats region of FAM30A is evolutionary 

conserved, a longer sequence including the flanking regions of the repeats was 

downloaded (500 base pairs upstream and downstream) and blasted against the primate 

genomes where FAM30A repeat was detected. After multiple sequence alignment using 

M-Coffee software (Wallace et al., 2006) and a conservation score was extracted from 0 

(lowest) to 9 (highest) and the conservation along the 1500 base pairs was represented 

in a curve after locally weighted regression by Lowess algorithm using GraphPad 8.0. 

2.2.5.2.- Bulk RNA-sequencing and Gene Set Enrichment Analysis (GSEA) 
Total RNA-sequencing (bulk RNA-seq) utilized 1 µg of RNA from KG-1a stable cell clones 

(OE, CTRL, KD, REC) grown for five days in culture after transduction, puromycin 

selection and sorting (n=3). Novogene (Hong Kong) conducted library preparation and 

sequencing on an Illumina NextSeq platform. The initial processing was performed by 

Dr. Danny Misiak (group of Prof. Dr. Stefan Hüttelmaier). This involved the removal of 

low-quality read ends and residual sequencing adapters using Cutadapt (v2.8). 

Subsequently, reads were aligned to the human genome (UCSC GRCh38/hg38) using 

HiSat2 V2.1.0 (Kim et al., 2019), and FeatureCounts (v2.0) (Y. Liao et al., 2013) 

summarized gene-mapped reads. Annotations were based on Ensembl (GRCh38.102) 

(Yates et al., 2016). Differential gene expression (DE) analysis employed the R package 

edgeR (v3.34) (M. D. Robinson et al., 2010) with TMM (trimmed mean of M values) 

normalization on raw count data. RNA expression values were reported as FPKM 

(fragments per kilobase million mapped reads).  

The Gene Set Enrichment Analyses (GSEA) were conducted using GSEA software 

(V3.0) (Subramanian) on pre-ranked lists, with a focus on Hallmark and Gene Ontology 

(Biology Processes) gene sets from MSigDB (v6.2) (Liberzon et al., 2015) as well as 

leukemic stem cell signatures. The ranking of all protein-coding genes was based on fold 

changes observed in OE vs CTRL, KD vs CTRL and REC vs KD as determined by RNA-

seq. A permutation number of 1000 was implemented, and classical enrichment statistics 

were chosen for the analysis. 

2.2.5.3.- MSI2-CLIP data 
MSI2 (Musashi-2) CLIP peak data of K562 and NB4 cells were obtained from the Gene 

Expression Omnibus (GEO accession numbers: GSE62115; GSM2448651; GSE69583). 
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Peaks from the obtained 6 experiments were annotated to gene features (5' UTR, CDS 

and 3' UTR), summarized and visualized via an in-house R-script. The processing of 

data, analysis and visualization was performed by Dr. Danny Misiak (group of Prof. Dr. 

Stefan Hüttelmaier). 

2.2.5.4.- Kaplan Meier analysis 
Survival analysis for FAM30A, HNRNPA1 and MSI2 expression of patients was 

conducted using the Kaplan Meier plotter (Lánczky & Győrffy, 2021) integrating survival 

data from different gene datasets of Acute myeloid leukaemia patients (n=1608). 

2.2.5.5.- Functional annotation clustering 
The potential proteins bound by FAM30A repeats RNA versus beads control (no RNA) 

were clustered based on identified peptides (fold-change, P < 0,05) derived from LC-

MS/MS analysis and uploaded onto the Database for Annotation, Visualization, and 

Integrated Discovery (DAVID) (D. W. Huang et al., 2007). From the proteins significantly 

linked with FAM30A repeats RNA, a gene list was derived and underwent Gene Ontology 

(Biology Process) classification (http://david.abcc.ncifcrf.gov/). The most significant 

biological processed were selected and depicted. 

2.2.5.6.- Softwares, databases, datasets and visualization 
Western blot images were visualized, and the band intensities calculated using Image 

Studio™ Lite Quantification Software (LI-COR Biosciences). In case the orientation, 

brightness or contrast of the images needed adjustment, Adobe Photoshop or GIMP 

software were used. To visualize the sequencing files provided by Eurofins and to create 

plasmid maps, SnapGene software was used. The flow cytometry results were analyzed 

and graphs depicted using FlowJo™ v10.8 software (BD Life Sciences). Secondary 

structures of RNA were predicted and depicted using RNAFold web server (Kerpedjiev 

et al., 2015). Microsoft Word PowerPoint was used for including text boxes in the figures 

and GraphPad Prism 8 was utilized for making the graphs in the figures. The datasets 

used for MSI2-clip data were extracted from NCBI's Gene Expression Omnibus (GEO) 

databank: GSE62115 (n=1, K562 cells), GSE69583 (n=2, NB4 cells), GSM2448651 

(n=3, K562 cells). The clip data was depicted and visualized using Integrative Genomics 

Viewer (IGV) software (J. T. Robinson et al., 2011). RNA expression data from various 

tissues and tumour types were downloaded from deepbase v3.0: 

https://rna.sysu.edu.cn/deepbase3/, ENCODE: https://genome.ucsc.edu/encode/; 

TCGA: https://www.cbioportal.org/study/ and R2 platform: https://r2.amc.nl/ 

https://rna.sysu.edu.cn/deepbase3/
https://genome.ucsc.edu/encode/
https://www.cbioportal.org/study/
https://r2.amc.nl/
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For identification of RNA-binding protein motifs within the FAM30A sequence, the 

softwares RegRNA2.0: https://regrna2.mbc.nctu.edu.tw/ and RBPmap: 

https://rbpmap.technion.ac.il/overview.html were used. 

All schematic illustrations used for the figures were created with BioRender 

(biorender.com) and are applicable for publication with the following licences: 

GE270LR0IV, YP270LQUEK, BH270LQVYF, OP270LQP8V, RP270LR1NT, 

EE270LQXEU, RE270LR504. 

2.2.6.- Statistics 
Unless specified differently, all experiments were conducted using a minimum of three 

independent biological replicates. Statistical analyses were conducted using GraphPad 

Prism software (V8.0) or Microsoft Excel. Statistical significance was determined using 

unpaired two-tailed Student’s t-test, unless specified. Statistical analysis for phylogenetic 

conservation of the FAM30A repeats across vertebrates was performed using locally 

weighted regression of curve by Lowess algorithm in GraphPad. Gene expression 

correlations were assessed via Pearson correlation using the cBioPortal for Cancer 

Genomics website (cbioportal.org), or the Logrank test (Mantel–Cox) in GEPIA2 

(gepia2.cancer-pku.cn) and Kaplan Meier Plotter (kmplot.com). The number of replicates 

is indicated in the respective figure legend.

https://regrna2.mbc.nctu.edu.tw/
https://rbpmap.technion.ac.il/overview.html
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3. RESULTS 
3.1. Identification of FAM30A as a potential oncogenic lncRNA with 
functional relevance in AML LSCs 

3.1.1.- Transcriptome-wide expression analysis of lncRNAs in AML 
Over the past recent years, efforts in AML research have primarily concentrated on 

understanding the underlying genetics and biology of AML LSCs which are responsible 

for disease initiation, maintenance and chemoresistance in AML patients (Ishikawa et 

al., 2007; Lapidot et al., 1994; Shlush et al., 2014). Most of the studies have focused on 

identifying mRNA expression profiles of protein-coding genes and dissecting their 

molecular role in AML cell populations enriched for LSCs. In addition, further comparison 

of LSC-related gene signatures with normal haematopoietic stem cells (HSCs) gene 

signatures have led to the identification of core-enriched LSC transcriptional components 

that contribute to “stemness” and represent a useful tool to accurately predict initial 

therapy resistance (Elsayed et al., 2020; Eppert et al., 2011; N. Jung et al., 2015a, 2015b; 

S. W. K. Ng et al., 2016). Derived from these LSC-gene signatures, lncRNAs are being 

recognized as key drivers of stemness, cell differentiation and chemoresistance and AML 

LSC-associated lncRNA signatures have been recently described (Bill et al., 2019; 

Schwarzer et al., 2017). Nevertheless, the functional relevance from most of the 

identified lncRNAs remains unknown. 

In order to identify previously uncharacterized lncRNAs with oncogenic potential in AML 

LSCs, a transcriptome-wide expression gene profiling was performed using publicly 

available sequencing datasets (Figure 8). In this case, the GEPIA2 web server (Gene 

Expression Profiling Interactive Analysis) was chosen essentially due to several reasons: 

because of its recent updates and the fact that it comprises both AML tumour and healthy 

BM samples from the TCGA and the GTEX databases, respectively (Tang et al., 2017). 

Moreover, the dataset employed in this platform (TCGA-LAML) includes a 

heterogeneous set of AML samples (including both paediatric and adult patients) with 

associated clinical attributes. First, expression data of AML patients (AML tumour 

samples = 173 samples, healthy BM = 70 samples) was downloaded and subjected to 

selection and a list of overexpressed differentially expressed genes (DEG) was derived 

based on median gene expression in tumor versus normal samples (Figure 8A, left 

panel). This was performed to generate a total list of potential oncogenes in AML. A 

comparison of numbers of DEG revealed approx. 8000 genes with an FDR ≤ 0.01 and 

Fold Change (FC) >2. The list of overexpressed genes was then compared with a matrix 
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generated with Ensembl GRCh38.100 including biotype and gene names to assign gene 

annotation (Figure 8A, right panel). 

Figure 8. FAM30A is a highly upregulated lncRNA with oncogenic potential in AML LSCs. 
A) Representative graph of differentially expressed genes upregulated in AML samples (TCGA-
LAML, PanCancerAtlas) when compared to healthy bone marrow samples (GTEX) (left panel) 
and pie chart describing gene annotation of upregulated genes (right panel). B) Schematic 
representation of the compendium of AML LSC gene signatures selected for the screening of 
potential oncogenic lncRNAs in AML LSCs. C) Representative graph of the list of upregulated 
lncRNAs with gene annotations derived from A. Log2FC = Log2 Fold Change of gene expression. 

As expected, most of the upregulated DEG (62% and 4898 genes) were assigned to be 

protein-coding. The second most abundant gene class was lncRNAs (19,07% and 1506 

genes) and the rest were other classes of non-coding RNAs such as small nuclear RNAs, 

small nucleolar RNAs and pseudogenes. This thesis focused on upregulated lncRNAs 

for further analysis as it is a vastly uncharacterized class of gene types in the AML LSC 

context.  

The next step was to identify oncogenic lncRNAs related to stemness. As AML is a 

heterogenous type of leukaemia, “one size fits all” gene signature does not capture the 

cytogenetic landscape across a large cohort of AML samples. Thus, a screening was 

conducted across several established predictive and prognostic AML LSC gene 

signatures, encompassing both adult and paediatric AML. These signatures, which 

significantly correlate with the clinical outcomes of AML patients (i.e. response to 

chemotherapy), were also tested in independent cohorts (Figure 8B). When compared, 

there were only three genes present among all signatures: two well characterized 

protein-coding genes in AML LSCs (CD34 and SOCS2) and one lncRNA named 
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FAM30A (also called KIAA0125). Up to date, some studies using bioinformatic 

approaches (including the AML LSC signatures above mentioned) have only 

investigated FAM30A as an independent prognostic factor that contributes to worse 

clinical outcome in AML and myelodysplastic syndrome (MDS) (S. Guo et al., 2020; Hung 

et al., 2021; Y. H. Wang et al., 2021). Only one study has recently published preliminary 

studies investigating the potential relevance of FAM30A in AML (T. Zhang et al., 2023). 

However, on the mechanistic side, this study does not provide substantial insights into 

FAM30A function. This is why further validation in vitro and in vivo of FAM30A’s role in 

AML is surely required. FAM30A was eligible for further in-depth studies as it was also 

one of the most overexpressed lncRNAs in AML when compared to normal samples with 

a 51-fold change and p-value of 2.29E-04 (Figure 8C). 

Since FAM30A expression has been reported as a highly prognostic marker for AML and 

other myeloproliferative diseases, an analysis was conducted to determine whether its 

expression was ubiquitous across different tissues or specific to immune system-related 

organs. Therefore, RNA expression of this lncRNA was analyzed across various tissue 

and cancer types (Figure 9) using the database deepBase v3.0, which provides 

comprehensive expression profiles of lncRNAs based on TCGA and ENCODE datasets. 

Figure 9. FAM30A expression is predominant in haematopoetic tissues and AML samples. 
A) RNA expression of FAM30A (ENSG00000226777) values normalized in terms of Z-score 
across a variety of normal tissues extracted from ENCODE database. B) RNA expression of 
FAM30A normalized in terms of Z-score across a variety of cancer tissues extracted from TCGA 
database. 

As Figure 9A shows, FAM30A expression was the highest in spleen and to a lesser 

extent in the thymus, two organs which are part of the haemolymphatic system. Overall, 

there was low RNA expression in other tissues thus indicating a putative immune cell-

specific function of this lncRNA. Interestingly, FAM30A expression levels were also 
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relatively high in colon tissue which is further delineated in the discussion section. On 

the other hand, across cancer types, Figure 9B shows the highest levels of FAM30A 

expression in AML samples (LAML) to a big extent when compared to other cancer types 

extracted from TCGA. In the other two tumour tissues where FAM30A expression was 

high to some extent were Diffuse large B-cell lymphoma (DLBC, a type of lymphoid 

neoplasm) and in pheochromocytoma and paraganglioma samples (PCPG, 

neuroendocrine tumors).  

3.1.2.- FAM30A expression correlates with more aggressive karyotypes and 
negatively impacts overall survival in AML patients. 
As shown in Figure 9, FAM30A expression levels were substantially high in the immune 

system and especially in lymphatic organs that contain mature immune cells (spleen and 

thymus). These lineage-committed cells derived from primitive haematopoietic 

progenitors residing in the bone marrow (HSCs) with the capacity of long-term self-

renewal (Aguila et al., 1997). As other groups have previously suggested the potential 

relevance of FAM30A in AML LSCs, a comparison was conducted to examine the 

distribution of FAM30A expression in AML and other haematological malignancies 

versus healthy bone marrow. This aimed to confirm its clinical significance in this context 

(Figure 10A). Unfortunately, the deepBasev3.0 platform does not include other 

leukaemia subtypes and myeloproliferative diseases in order to analyze if FAM30A 

expression is restricted to AML patients only.  

Figure 10. High FAM30A expression negatively impacts overall survival of AML patients. 
A) Representative graph with FAM30A RNA expression data in leukaemia subtypes extracted 
from MILE study from acute myeloid leukaemia (AML) patients (n= 516), healthy bone marrow 
(BM) (n= 70), chronic myeloid leukaemia (CML) (n = 497), B-cell acute lymphoblastic leukaemia 
(B-ALL) (n= 80), T-cell acute lymphoblastic leukaemia (n = 165), chronic lymphoblastic leukaemia 
(CLL) (n = 428) and myelodysplastic syndrome (MDS) (n = 426). B) Kaplan-Meier analysis of 
overall survival data plotted using the Kaplan-Meier plotter using the cut-off of median FAM30A 
expression for separating high and low FAM30A expression groups. C) RNA expression of 
FAM30A in AML primary samples shown in red (TCGA, n=173) compared to bone marrow (n=70) 
expressed in log2 TPM (transcripts per million) from GEPIA.2 software.  
-Continued on next page- 
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Statistical significance was determined by unpaired two-tailed student t-test in (A,C) and and by 
Log-rank test (Mantel-Cox) in (B). (****- p<0,0001; *** - p<0,001; **- p<0,01; *- p<0,05).  Data is 
displayed as mean values and error bars represent SEM. ns = not significant. HR= Hazard ratio. 
AML= acute myeloid leukaemia. BM= bone marrow. 

Therefore, gene expression data was extracted from the MILE study (MIcroarray 

Innovations in Leukemia, n= 2096 patients) that comprises gene expression data from 

accurately-diagnosed 16 leukaemia classes, MDS and non-leukaemia/normal bone 

marrow (BM) (Haferlach et al., 2010). This diagnostic dataset is extremely robust in 

clinics as it also includes different subclasses of AML with karyotypes. When compared 

to BM from healthy donors, FAM30A expression was significantly higher in AML samples 

(P = 4.93E-14) than other leukaemia types (Figure 10A). The other highly significant 

leukaemia types were chronic myeloid leukaemia (CML, P = 3.56E-05), B-cell acute 

lymphoblastic leukaemia (B-ALL, P = 3.09E-07) and chronic lymphoblastic leukaemia 

(CLL, P = 8.19E-07). Then, the correlation between FAM30A expression and clinical 

outcome was analyzed. The AML patients (n=1608) were divided into two groups by the 

median value of the FAM30A/KIAA0125 expression. As Figure 10B shows, high FAM30A 

expression was significantly correlated with worse overall survival. AML patients with 

higher FAM30A expression showed an overall survival of 9.1 months and patients with 

lower FAM30A expression 20.7 months (P = 1E-16, hazard ratio 1.76). In addition, 

FAM30A expression was significantly higher in AML primary samples compared to BM 

from healthy donours (Figure 10C). 

  

Figure 11. FAM30A expression correlates with aggressive AML karyotypes. A) FAM30A 
expression data calculated was extracted from cBIO-portal (TCGA) and each karyotype was 
assigned to be favorable (n=32), intermediate (n=105) or poor (n=36) prognosis according to 
current guidelines. B) FAM30A expression data from A) assigned to each of the karyotypes 
cytogenetically tested in the clinical study from TCGA. C) FAM30A expression data extracted 
from the R2 platform (Bohlander, n=422) with AML subtypes assigned according to the French-
American-British (FAB) classification. Statistical significance was calculated using unpaired two-
tailed student t-test. Data is displayed as mean values and error bars represent SEM. 
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Next, a comparison was made to determine if certain genetic alterations found in AML 

patients correlated with FAM30A expression in order to assess the clinical relevance of 

FAM30A in specific mutational signatures (Figure 11). Data from the cBioPortal (TCGA) 

were retrieved, as it includes detailed descriptions of the mutational status of each AML 

patient. AML karyotypes were then categorized into favourable, intermediate, and poor 

prognosis based on current disease classifications (Döhner et al., 2015) and it emerged 

that FAM30A expression was significantly higher in AML patients with worse prognosis 

compared to favourable prognosis (P = 3.8E-11). Unfavourable AML karyotypes such as 

complex aberrant karyotype (with multiple unrelated mutations), monosomal karyotypes 

del(5q) and del(7q) associate with rapid disease progression and refractory disease upon 

standard treatment regimens (Breems et al., 2008; Stölzel et al., 2016). On the other 

hand, FAM30A expression was considerably lower in patients with better prognosis and 

more differentiated and chemo-sensitive karyotypes such as t (8;21), inv (16) and t 

(15;17), as previously shown (Figure 11A and B) (Y. H. Wang et al., 2021). Furthermore, 

an analysis was conducted to determine if well-known mutations in AML oncogene 

drivers correlate with FAM30A expression (Supplemental Figure 1). AML patients with 

FLT3-ITD (present in 30% of all AML cases) and high EVI1 expression (8-10% cases) 

showed significantly higher FAM30A expression (P < 0.0001). Both mutations are 

features of aggressive leukaemia and high failure rates to achieve complete remission 

after chemotherapy treatments (DiNardo et al., 2020). Interestingly, FAM30A expression 

was also significantly correlated with NPM1+ mutations (25-30% cases of all AML 

patients), which is associated with better prognosis in AML patients.  

From another perspective, FAM30A expression was also analyzed across different AML 

subtypes based on the widely used French-American-British (FAB) classification (Figure 

11C). The FAB system defines the various subtypes depending on the cell type that the 

leukaemia developed from and its degree of maturity. Despite this classification is slightly 

outdated, available AML datasets still stratify patients using this system. Moreover, this 

classification is still used as the model to better assign cytomorphology, and myeloid 

features of the AML cell lines (Skopek et al., 2023). Among the different subtypes, the 

highest expression values were seen especially in the M0 subtype (acute myeloblastic 

leukaemia, minimally differentiated and 2-3% of cases) and in the M1 subtype (acute 

myeloblastic leukemia with minimal maturation and 15% of cases) (Vakiti & Mewawalla, 

2023). In both M0 and M1 subtypes the differentiation blockade occurs at early myeloid 

stages thus explaining their highly undifferentiated states.  
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3.1.3.- FAM30A expression associates with AML LSC-enriched features 
In most AML cases, LSCs are considered to reside within the CD34+/CD38− cell fraction 

even though depending on the nature and developmental stage of the disease, some 

LSCs may also reside in CD34+/CD38+ subsets or even in CD34− subfractions (Hope 

et al., 2004a). Considering that FAM30A has been previously reported in LSC signatures, 

an existing LSC gene signature was curated to sort for different AML LSC fractions, 

aiming to investigate if FAM30A expression is specific for certain AML LSC 

subpopulations. Eppert et al. thoroughly investigated different AML LSC fractions and 

compared mRNA expression profiles shared between functionally validated LSCs and 

HSCs fractions to generate a gene signature (CE_HSC_LSC) that includes highly 

significant independent predictors of patient survival which are enriched for “stemness” 

(Eppert et al., 2011). FAM30A expression data was extracted from this study and was 

first compared between functionally validated LSC and non-LSC fractions showing that 

FAM30A is significantly higher in LSCs, as it was previously reported (Figure 12A).  

 

Figure 12. FAM30A is highly expressed in validated AML LSCs residing in the CD34+/CD38- 
fraction and correlates with LSC signatures. A) FAM30A expression values extracted from R2 
platform from validated LSC (n=29) and non-LSC fractions (n=25) (Eppert et al., 2011).  
-Continued on next page- 
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B) FAM30A expression data derived from validated LSC fractions with varying surface expression 
of CD34 and CD38 markers. C) FAM30A expression values extracted from (Rapin et al., 2014) in 
different haematopoietic cell lineages.D) Representative graph of GSEA analysis (C2 geneset) 
with the most significantly (cut-off P < 0.0001, Spearman correlation > 0.3 ) negatively correlated 
(red) and positively correlated (blue) genes with FAM30A. Correlation values were extracted from 
cBIO-portal (TCGA). Early HSC: early Hematopoietic Stem Cell, MPP: Multi-potent Progenitor, 
CMP: Common Myeloid Progenitor, GMP: Granulocyte/Monocyte Progenitor, MEP: 
Megakaryocyte/Erythroid Progenitor, NK: Natural Killer cell, mDC: myeloid Denditric Cells, PMN-
BM: Polymorphonuclear cells from Bone Marrow, PMN–PB: Polymorphonuclear cells from 
Peripheral Blood. Statistical significance was calculated using unpaired two-tailed student t-test. 
Data is displayed as mean values and error bars represent SEM. 
 

FAM30A expression levels were then analyzed in functionally validated LSC fractions 

(i.e. via xenotransplant assays) with varying expression of CD34 and CD38. Figure 12B 

shows that FAM30A expression is the highest in the CD34+/CD38- fraction most AML 

LSCs reside (Bonnet & Dick, 1997). FAM30A was significantly more expressed in 

CD34+CD38- when compared to CD34-CD38+ and CD34- CD38- fractions (4.49 and 

2.85 times more, respectively). Additionally, the FAM30A expression pattern in normal 

haematopoietic lineages was investigated to determine whether FAM30A might 

potentially also play a role in HSCs (Figure 12C). Interestingly, FAM30A expression 

levels were also the highest in early HSCs and early myeloid-committed progenitors cells 

like MPPs, CMPs and heavily decreased along the differentiation process (FAM30A is 

expressed 2.4 and 30.7 times more in HSCs compared to CD14+ monocytes and 

dendritic cells, respectively). The only exception for the relatively high expression of 

FAM30A was in B-cells and the possible explanation will be detailed shortly after this 

section.  

In support of this, GSEA analysis also indicated that the vast majority of leading-edge 

genes whose expression levels were the most significantly correlated with FAM30A are 

enriched for normal and LSC signatures (Figure 12D). On the other hand, the most 

negatively correlated genes are associated with more myeloid-related differentiation and 

down-regulation of LSC signatures suggesting a key role of FAM30A in the myeloid 

compartment. 

3.2 Basic characterization of FAM30A 

3.2.1.- Genomic localization of FAM30A 
FAM30A (also known as KIAA0125 and less commonly annotated as HSPC053 or 

C14orf110) is a transcript with an associated gene type of non-coding RNA. It is located 

at the end of the long arm of the human chromosome 14 (14q32.33) in a region 

previously reported to be correlated with predisposition of myeloproliferative neoplasms 

(Di Giacomo et al., 2021; Venditti et al., 1997). Moreover, FAM30A gene is also 
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embedded in antisense orientation to the locus of Immunoglobulin heavy chain (variable 

region) (IGH) (Figure 13A).  

The close proximity of the FAM30A gene to the IGH locus may elucidate the elevated 

expression levels in B-cells. This is because the IGH locus harbours genes crucial for 

antibody production, correlating with earlier research indicating significant upregulation 

of FAM30A post-vaccination (de Lima et al., 2019). Even though the length of the whole 

FAM30A transcript is 14664 nucleotides, the annotated and most validated processed 

transcript is 9643 base pairs (RefSeq NCBI: NR_026800 and Ensembl ID: 

ENST00000630242.2). 

 

 

Figure 13. FAM30A transcript lies within a genomic region with predisposition for onset of 
myeloid leukaemias and its sequence comprises tandemly repeated motifs. A) The FAM30A 
gene within the IGH locus and length of the unprocessed RNA transcript based on the NCBI 
database (GRCh38.p14). B) Depiction of the processed and annotated FAM30A transcript 
(NR_026800.2) with a highlight on the region with the sequences repeated in tandem after 
multiple sequence alignment in T-Coffee software. Highlighted in red are conserved nucleotides 
(highest consistency score among the sequences) and in yellow are less conserved nucleotides. 

In contrast to the six annotated exons depicted in the UCSC browser (using the 

prediction tool FANTOM5 for prediction of Transcription Starting Sites), RNA-seq data 

from CD34+ cord-blood cells was analyzed, where FAM30A is highly expressed and 

reads starting from exon 2 were detected. This makes a total of five expressed exons in 

haematopoietic cells where FAM30A will be further studied (Supplemental Figure 2).  

Next, the RNA sequence of FAM30A was broadly analyzed. An interesting region was 

identified at the end of the long exon 5. This region is comprised of six almost identical 

sequences (two sequences of 76 bp and four sequences 78 bp) repeated in tandem (a 

total of 464 bp). From another perspective, these tandems are organized into two larger 

repeats, each composed of one 76-bp segment followed by two identical 78-bp repeats. 

Following multiple sequence alignment of the six sequences using T-Coffee software 

(Wallace et al., 2006), Figure 13B demonstrates the high similarity scores observed 

among them. 

A) B) 
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3.2.2.- Screening of FAM30A expression in AML cell lines and experimental 
approach for genetic studies 
Considering the complexity and variety of AML karyotypes, it is particularly challenging 

to use a single cell line model that completely resembles the disease. In order to 

characterize FAM30A at the cellular and molecular level in an AML LSC-like cell line 

model, expression from genes included in the LSC17 signature (Ng et al., 2016) was 

measured in four available AML cell lines: MV4-11, MOLM-13, KG-1a and GDM-1. Two 

of them (MV4-11 and MOLM-13) are more differentiated AML blast-like type of cells and 

the other two resemble more AML LSC features (KG-1a and GDM-1). As expected, 

GDM-1 and KG-1a cell lines showed the best LSC17 gene expression profiles (Figure 

14A).  

 

 

 

Figure 14. FAM30A expression in AML cell lines and experimental design used to study 
the biological functions of FAM30A. A) Heatmap displaying RNA expression data (expressed 
in dCT normalised to ACTB) of LSC17 genes calculated from qRT-PCR analysis in four AML cell 
lines. Only 13 genes are presented as the other 4 showed technical difficulties due to very low 
expression values in all cell lines. B) Relative FAM30A RNA expression values (normalized to 
ACTB and to KG-1a cells) derived from RT-qPCR in AML cell lines. C) FACS analysis of surface 
markers CD34 and CD38 in KG-1a cell line. D) Representation of the location of the different 
primers used for detection of FAM30A. Exon 5i = beginning of exon 5, Exon 5e = end of exon 5. 
(end) = endogenous total FAM30A detection, (ex) = exogenous repeats and ACTB as a 
housekeeper gene are depicted. Data is displayed as mean values and error bars represent SEM. 
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The KG-1a cell line was selected as the cell line model for further characterization studies 

of FAM30A due to several reasons. It showed the highest levels of FAM30A expression 

(Figure 14B), it is also defined as an M0/M1 AML subtype displaying very immature 

leukaemic stem cell features and commonly used as an AML LSC-like cell line (She et 

al., 2012; Siveen et al., 2017). Moreover, these cells do not spontaneously differentiate 

into granulocytes or macrophages, remarkably keeping its CD34+/CD38- 

immunophenotype (Figure 14C). Moreover, KG-1a cells also display high 

chemoresistance properties with a very complex karyotype and aggressive phenotype 

with several structural aberrations including NRAS and TP53 mutations (Matou-Nasri et 

al., 2022; Mrózek et al., 2003).  

MV4-11 was also selected as an AML cell line that does not express FAM30A to study 

how exogenous expression of FAM30A affects its phenotypic features and 

chemoresistance.  

3.2.3.- Identification of a highly conserved region within the FAM30A sequence 
As mentioned above, NCBI and Ensembl databases displayed different expression 

patterns for the annotated exons in FAM30A when it was also compared to sequencing 

data in normal HSCs (Supplemental Figure 2). For that reason, the exon usage pattern 

of the expressed exons was determined to clarify which exons might be constitutively 

expressed in AML cells (Figure 15). As qRT-PCR analysis in Figure 15A shows, the 

particularly long exon 5 is the most constitutively expressed exon in AML cells (8.89 kb 

in length and accounting 94% of the total transcript).  

 

Figure 15. Determination of FAM30A exon usage in AML cell lines. A) qRT-PCR analysis of 
of FAM30A exons (dCT normalised to ACTB) using the five oligonucleotide combination described  
-Continued on next page- 
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in Figure 14D. B) Read distribution of FAM30A from RNA-sequencing analysis displayed using 
IGV software. Data is displayed as mean values and error bars represent SEM. 

In particular, KG-1a cells displayed the highest expression of exon 5. Among the other 

exons, exon 1 (196 bp) expression was relatively high and exons 2 (146bp), 3 (103 bp) 

and 4 (108 bp) did not show consistent expression levels among the cell lines. RNA-

sequencing analysis performed in KG-1a cells also confirmed that all five described 

exons were clearly expressed (Figure 15B).  

Exon 5 appeared to have a relevant function due to its constitutive expression across 

AML cell lines, with an especially high expression in KG-1a cells. Therefore, the RNA 

sequence of exon 5 was analyzed using RegRNA2.0 software to identify regulatory RNA 

elements such as conserved motifs for RNA-binding proteins. As previously described in 

Figure 13B, an interesting region within exon 5, including six highly similar sequences 

repeated in tandem, was identified. Although predicted RBP motifs were discovered 

sporadically along exon 5 (data not shown), most of them were located within each 

repeat, accounting for several putative RBP motifs (at least six) in each FAM30A 

molecule. 

Due to the intriguing pattern of these tandemly repeated sequences in FAM30A, the 

evolutionary conservation of this repeat across vertebrates was investigated (Figure 16). 

The presence of FAM30A homologs was only detected in primates. Then, genome 

sequences of primates which are representative of different clades were downloaded 

and subjected to alignment. Figure 16A shows detection of the repeat (76 and/or 78 bp) 

in the different taxonomic families of primates. The presence of one repeat was detected 

in the family of higher primates (also known as Anthropoidea or Simiiformes) and an 

increased number of repeats was observed in the Hominoidea clade where chimpanzees 

(Pan troglodytes), gorillas (Gorilla gorilla) and humans (Homo sapiens) are located. The 

latter showed the highest number of repeats (six repeats) among all investigated species.  

This posed the question if there was conservation of only the repeat and/or other parts 

of the RNA sequence. Thus, multiple sequence alignment was performed among 

primates for the sequences flanking the repeat region (500 bp downstream and 

upstream), including one repeat (complete alignment shown in Supplemental Figure 3). 

Interestingly, the region where the repeat begins shows the highest conservation score 

(Figure 16B). This underscores the relevance of the FAM30A sequence and prompted 

an in-depth examination of the molecular role of this repeat sequence, given the high 

evolutionary pressure to increase the number of repeats throughout the evolutionary 

process. 
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Figure 16. Analysis of FAM30A repeats sequences among primates. A) Representative 
taxonomic tree of primates with the species used for each clade. Highlighted in light blue is where 
at least one repeat was detected among the genome sequences and dark blue is where there 
more than one repeat detected. B) Conservation analysis depicted in terms of conservation score 
extracted from multiple sequence alignment (M-Coffee software) of a sequence range (500 bp 
upstream and downstream the repeat). For comparison, five primate genomes were extracted 
from NCBI and Ensembl databases. Statistical analysis was performed using locally weighted 
regression of curve by Lowess algorithm. Highlighted in red is the beginning of the Repeat 1 in 
the FAM30A sequence (see Figure 13B). C) Predicted secondary structure of the RNA sequence 
of one repeat (78bp) using RNAfold web server. The 5´end is highlighted with a red arrow. 

3.2.4.- FAM30A is a predominantly cytoplasmic lncRNA  
To gain insights into the functional role of FAM30A, its subcellular localization was initially 

studied. A digitonin-based cellular fractionation was performed extracting nuclear and 

cytoplasmic fractions. From these fractions, the abundance of FAM30A RNA in these 

subcellular compartments in KG-1a cells was measured (Figure 17A). ACTB and EEF2 

mRNAs were used as control cytoplasmic RNAs and U6 and NEAT1 as control nuclear 

RNAs, respectively. In line with their protein-coding function, ACTB and EEF2 essentially 

located in the cytoplasm (more than 9%) whereas NEAT1 and U6 were more abundant 

in the nuclear fraction of the cells as they elicit nuclear-restricted RNA functions 

(Clemson et al., 2009). Surprisingly, FAM30A was predominantly located in the 

cytoplasm (91% in the cytoplasm and 9% in the nuclear fraction). Early studies indicated 

that most of the lncRNAs are generally nuclear and localized to chromatin (Derrien et al., 

2012; Djebali et al., 2012) even though it is now becoming increasingly evident that many 

newly identified lncRNAs are exported to the cytoplasm where they exert their functions 

associated with proteins (Carlevaro-Fita et al., 2016). 
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In principle, cytoplasmic lncRNAs would have an increased chance of association with 

translation complexes and ultimately being translated. Therefore, even though FAM30A 

is predicted to be non-coding, its protein-coding potential was assessed using sucrose 

gradient-based fractionation, followed by targeted polysome profiling in KG-1a cells 

(Figure 17B).  

 

Figure 17. FAM30A is a cytoplasmic lncRNA. A) Relative RNA abundances in subcellular 
fractions (nuclear and cytoplasm) after digitonin treatment in KG-1a cells (n=3). NEAT1 and U6 
were used as control nuclear RNAs and ACTB and EEF2 were used as control cytoplasm mRNAs. 
B) Targeted profiling of FAM30A and ACTB in KG-1a cells (n=3) in non-polysome associated (1-
6) and polysomal fractions (7-11) isolated after sucrose-based gradient centrifugations. RPL7 is 
presented as a loading control for identification of the fractions. FAM30A (1) and FAM30A (2) 
represent different primers used for detection of FAM30A: Exon1-2 and Exon5i, respectively. Data 
is displayed as mean values and error bars represent SEM. 

 

This method provides valuable information about the translational status of a particular 

RNA depending on its association with ribosomal complexes (heavy fractions) and it 

might also identify RNAs that are not translated (Panda et al., 2017; Tanese, 1997). The 

abundances of FAM30A and ACTB mRNA were analyzed on the isolated fractions of the 

gradient. Moreover, RNA abundances were compared to protein distribution of RPL7, 

indicating the different ribosomal complexes. Based on RPL7 distribution, the fractions 

were classified as follows: small complexes (1st to 4th fractions), monosomal (4th to 6th 

fraction) and polysomal fractions (7 th to 11th fraction). As expected, ACTB was enriched 

in the low and high molecular weight polysomal fractions (87% of the total abundance). 

On the other hand, FAM30A was enriched in the small complex and monosomal fractions 

(70% of the total). This indicates that FAM30A does not associate strongly with the 

translational machinery in polysomes and thereby it is likely to be not efficiently translated 
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at steady-state conditions in KG-1a cells. This experiment was also performed in another 

AML LSC-like cell line, GDM-1, and the results were largely consistent (data not shown).  

In addition, the coding potential of FAM30A was also analyzed using coding potential 

scores from the established online tools phyloCSF (Lin et al., 2011) and the Coding 

Potential Calculator (CPC2.0) (Kong et al., 2007). Results show that the coding 

probability of FAM30A is relatively low when compared to known mRNAs (Supplemental 

Figure 4). 

3.3. Cellular function of FAM30A 

3.3.1.- FAM30A enhances AML progression and LSC-enriched gene signatures 
Previous in cellulo functional studies have only indicated the cellular function of FAM30A 

as a tumour-suppresor in colorectal cancer (Yang, Zhao, et al., 2019) and inconclusive 

preliminary data suggested an oncogenic role of FAM30A in AML (T. Zhang et al., 2023). 

However, there is so far no clear molecular function of FAM30A acting as an oncogene, 

as previously suggested by studies correlating high FAM30A expression levels with 

worse clinical outcome. In order to decipher FAM30A´s leukaemogenic capacity in AML 

LSC-like cells, stable knockdowns (via shRNAs) in combination with exogenous 

expression of the repeats were performed in KG-1a cells. In this cell line, four conditions 

were phenotypically analysed throughout this thesis: control cells (CTRL or C), 

overexpression (OE; of the conserved repeat region of FAM30A), endogenous FAM30A 

knockdown (KD) and recovery (REC; KD plus OE). Unfortunately, exogenous expression 

of the complete FAM30A transcript (almost 10kb) was troublesome due to the difficulty 

to overexpress such a long transcript.  

Also, the lack of information about FAM30A promoters made it difficult to design CRISPR-

activation-based systems in order to endogenously activate transcription of FAM30A. 

Therefore, the decision was made to exogenously overexpress only the region with the 

six highly similar sequences repeated in tandem (hereinafter referred to as repeats or 

FAM30A repeats) as previously described (Figure 13B). The rationale for this 

experimental setup was to address the effects of depleting total endogenous FAM30A 

and to evaluate if certain stem cell-associated phenotypes could be rescued solely 

through exogenous overexpression of FAM30A repeats. Figure 18A shows the 

experimental genetic approach utilized in this thesis for gene silencing (using shRNAs) 

and overexpression constructs as well as the oligonucleotide combinations for detection 

of endogenous/exogenous FAM30A repeats. 
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Figure 18. Quantification of RNA expression levels of endogenous FAM30A and its repeats 
in the stable cell lines used for RNA-seq analysis. A) Schematic depiction displaying the 
region where the shRNA targets FAM30A and the highlighted repeat region used for the 
overexpression construct. B) RT-qPCR analysis using oligonucleotides targeting different exons 
of FAM30A in the stable cell lines used. ACTB mRNA and CTRL cells were used for normalization 
for each condition. C) Quantification derived from RNA-sequencing performed in KG-1a stable 
cell lines. Data is expressed in terms of log2 Fold Change of the reads per million (RPM) of 
FAM30A repeat and the flanking region before the repeat (FAM30A endogenous), normalized to 
shC EV. D) Semi-quantitative PCR showing endogenous FAM30A repeats (FAM30A repeats end) 
and exogenous repeat levels (FAM30A repeats ex) of CTRL, OE, and REC cells in KG-1a cells 
(higher panel) and CTRL and OE MV4-11 cells (lower panel) cell lines. ACTB was used as a 
loading control. Data is displayed as mean values and error bars represent SEM. 

Quantification of the levels of exogenous repeats and endogenous FAM30A in the four 

conditions was also performed. RT-qPCR analysis showed that RNA expression levels 

of the different exons of FAM30A were uniformly downregulated upon FAM30A 

knockdown (KD) and slightly upregulated upon overexpression of the repeats (REC) 

(Figure 18B). This was also reflected after quantitatively assesing the raw read counts 

of endogenous FAM30A and the overexpressed repeats extracted from analysing the 

RNA-sequencing data (Figure 18C) and semi-quantitative PCR (Figure 18D). 

First, the impact of FAM30A modulation on AML progression was assesed by a Gene 

Set Enrichment analysis (GSEA) meta-examination of gene sets correlated with AML 

signatures (Figure 19). Figure 19A depicts that knockdown of endogenous FAM30A 
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(KDvsC) showed a significant downregulation of genes (negative NES) involved in 

canonical AML pathways in both adult and paediatric AML. 

In addition, overexpression of the repeats (OE vs C, REC vs KD) significantly correlated 

with upregulation of these oncogenic pathways (positive NES) (J. Chen et al., 2015). 

More importantly, among gene signatures affected by modulation of FAM30A expression, 

gene sets comprising AML LSC-specific gene signatures (EPPERT_LSC_R and 

EPPERT_CE_HSC_LSC, FDR < 0.001) were significantly enriched (Figure 19B). 

EPPERT_LSC_R gene signature comprises significantly upregulated genes in 

functionally defined AML LSCs and EPPERT_CE_HSC_LSC includes genes shared with 

normal HSCs which are highly expressed in AML LSCs versus their blasts counterparts 

(Eppert et al., 2011). This confirms the previous hypothesis that FAM30A, and more 

specifically its repeats, could be regulating leukemic stem cell characteristics. 

 
Figure 19. Transcriptomic analysis of AML-related signatures upon modulation of FAM30A 
expression. A) GSEA analysis (C2 dataset) performed in KG-1a stable cell lines showing 
enrichment of AML pathways. B) GSEA analysis showing enrichment of AML LSC-specific 
signatures in KG-1a stable cell lines.  
-Continued on next page- 
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C) Heatmap representing the most significantly enriched pathways (HALLMARKS) between 
samples from GSEA analysis based on NES with a cut-off FDR<0.001 and NES>2. NES = 
Normalized Enrichment Score. * p <0.05, ** p <0.01, *** p <0.001. 

This finding was also supported by GSEA analysis of transcriptional pathways 

(HALLMARKS) that shows significant enrichment (FDR<0.001) of pro-survival and 

maintenance pathways in AML LSCs such as TNF-α/NF-kB, hypoxia, IL2/STAT5 and 

TGF-β signaling pathways (Figure 19C) (Bruno et al., 2021; Guzman et al., 2001; Kagoya 

et al., 2014; Schepers et al., 2007; Tabe et al., 2013; Wingelhofer et al., 2018). 

Additionally, crucial receptors required to activate these pro-LSC pathways are also 

significantly correlated (FDR<0.01) with changes in expression of FAM30A and its 

repeats. For instance, PTCH1 (receptor involved in Hedgehog pathway) and CD81 

(involved in leukaemia stemness) were significantly downregulated upon FAM30A 

knockdown (log2FC= -2.07 and -1.89) and rescued upon ovexpression of FAM30A 

repeats (log2FC= 0.43 and 0.55, respectively).  

Altogether, these results suggest that transcriptional pathways and gene signatures that 

define and govern LSCs characteristics are downregulated upon FAM30A depletion and 

rescued by only exogenously expressing the repeats of FAM30A. 

3.3.2.- Relevance of FAM30A and its highly conserved region in regulating 
stemness-related features in AML 
Different phenotypic experiments were performed to assess the impact of FAM30A 

modulation on cell viability, resistance to hypoxic conditions, colony-formation potential 

and chemoresistance (Figure 20). Depletion of FAM30A (KD) greatly impacted cell 

viability in KG-1a cells (39% less compared to control) and overexpression of the repeats 

(OE, REC) increased cell viability when compared to their control counterparts (CTRL, 

KD). Overexpression of the repeats (OE) showed a 18% increase compared to control 

cells (OE vs CTRL) and a striking 193% increase in cell viability compared to FAM30A 

depletion (REC vs KD) (Figure 20A), indicating an pro-oncogenic effect of FAM30A and 

its repeats in this cell context. Analysis of cell cycle progression showed that 

overexpression of FAM30A repeats (OE, REC) significantly increased number of cells in 

G1 phase compared to their respective controls (CTRL, KD). In addition, depletion of 

FAM30A invoked a moderate but significant increase of cells in S phase which was 

recovered to control levels upon overexpression of the repeats (REC) (Figure 20B). 
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AML is initiated in the bone marrow where AML LSCs likely reside under local hypoxic 

niches where it competes with normal HSCs for similar microenvironmental support. 

Hypoxia-inducible Factor (HIF) pathway has been shown to be enhanced in AML LSCs 

when compared to healthy HSPCs which suggests that hypoxia contributes to AML LSC 

function and chemoresistance to maintain a quiescent state (Morrison & Scadden, 2014; 

Schito et al., 2017). 

 

Figure 20. FAM30A affects cell viability and resistance to hypoxic conditions in vitro in 
AML LSC-like cells. A) Graph showing the percentage change of cell viability in KG-1a stable 
cell lines normalised to CTRL after 72 hours in liquid culture. B) Graph showing percentage of 
KG-1a stable cell lines in indicated cell cycle phases as determined by flow cytometry (n=6). C) 
Analysis of hypoxic conditions applied to KG1-a stable cell lines depicted by western blot analysis. 
HIF1a/HIF1α/HIF1alpha was used as hypoxia marker and LaminB1 as loading control under 
normoxic (21% O2) and hypoxic (1% O2) conditions. D) Graph showing percentage of cell viability 
after 72 hours in liquid culture under hypoxic conditions normalized to cells grown in normoxia 
(n=3). Significance was calculated using unpaired two-tailed unpaired student t-test and 
compared to CTRL for OE and KD for CTRL and REC (****- p<0,0001; *** - p<0,001; **- p<0,01; 
*- p<0,05). Data is displayed as mean values and error bars represent SEM. 

As mentioned earlier, the hypoxia pathway is one of the most highly correlated pathways 

upon upregulation or downregulation of FAM30A and its repeats (Figure 19C). Therefore, 

the behaviour of KG-1a cells under hypoxic conditions was investigated upon modulation 

of FAM30A expression. HIF1α protein levels were assesed as indicator of the activation 

of the HIF pathway. Above 5% of oxygen (normoxia), the α subunit is rapidly degraded 

whereas under hypoxic conditions it is post-translationally stabilized and promotes 
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transcription of HIF target genes (Semenza, 2003). Figure 20C shows that upon hypoxic 

conditions, depletion of FAM30A (KD vs C) moderately affects HIF1α activation (28% 

less protein) and cell viability (P = 0.015) when compared to control cells. Interestingly, 

overexpression of the repeats (OE vs C, REC vs KD) greatly increases HIF1α activation 

compared to their respective control cells (2.42 and 1.57-fold more HIF1α protein). This 

translates into a significant increase in cell viability under hypoxia (13% and 8% more, 

respectively). 

It is well established that AML LSCs represent the root of AML relapse as 

chemotherapeutic drugs (i.e. Cytarabine or Daunorubicin) can only eradict most of the 

AML blast cells but not LSCs (Hanekamp et al., 2018). Given that KG-1a cells serve as 

an effective model for studying chemoresistance properties in CD34+/CD38- AML LSC 

(Farge et al., 2017), the contribution of FAM30A and its repeats to chemoresistance was 

investigated (Figure 21).  

Figure 21. Modulation of FAM30A expression affects chemosensitivity in AML LSC-like 
cells. A) Graph depicting percentage of cell viability after treatment with Cytarabine (3 µM) for 48 
hours in KG-1a stable cell lines normalized to untreated cells (n=6).  
-Continued on next page- 
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B) Graph showing percentage of cell viability after treatment with Daunorubicin (0.5 µM) for 48 
hours normalized to untreated cells (n=3). C) Graph depicting the quantification of apoptotic levels 
in KG-1a cells from B) after staining with Annexin-V and DAPI for detection of early and late 
apoptosis, respectively. D) Representative graphs from flow cytometry after staining with Annexin-
V and DAPI from B). Significance was calculated using unpaired two-tailed student t-test and 
compared to CTRL (OE) and KD (REC). Data is displayed as mean values and error bars 
represent SEM. 

Cytarabine arabinoside (Ara-C) and Daunorubicin were used as chemotherapeutic drugs 

and the IC50 values were calculated in KG-1a cells (± 3 μM and 0.5 μM, respectively) 

which were in line with previous studies (B. Chen et al., 2018). Figure 21A shows that 

upon overexpression of the repeats there is a substantial and significant increase in 

chemoresistance to Cytarabine when compared to control (OE vsC ) and moderately in 

the recovery when compared to knockdown (REC vs KD) (17% and 6%, respectively). 

In adittion, FAM30A depletion also affected sensitivity of KG-1a cells to Ara-C (8% 

reduction). Aligning with these results, KG-1a cells treated with Daunorubicin also 

showed the same trend but a greater increase in chemoresistance was seen upon 

overexpression of the repeats when compared to the control (OE vs C) and knockdown 

(REC vs KD) (11% and 21% increase, respectively) (Figure 21B). Increased 

chemoresistance upon overexpression of the repeats (OE, REC) was also translated into 

lower apoptosis levels in FACS-based cytotoxicity assay compared their respective 

controls (Figure 21C, D). Altogether, these findings confirm the significance of FAM30A 

and its repeats, in protecting KG-1a cells from chemotherapy treatment. 

3.3.3.- Modulation of FAM30A expression affects colony-formation potential and 
myeloid-lineage specification 
Haematopoietic stem and progenitor cells (HSPCs) as well as LSCs posses the ability 

to proliferate and form colonies in a semi-solid medium that includes cytokines and 

growth factors that resembles the BM microenvironment. When cultured in the 

appropriate methylcellulose-based medium, individual progenitor cells (also called 

colony-formation units or CFUs) proliferate and differentiate to form distinguishable cell 

clusters containing their visually recognizable progeny. In the myeloid lineage, these 

progenitor cells can be multipotential (CFU-GM) capable of generating myeloid-restricted 

blood cells such as granulocytes (CFU-G) or monocytes/macrophages (CFU-M) (Allieri 

et al., 1990; Kronstein-Wiedemann & Tonn, 2019; Sarma et al., 2010). The clonogenic 

capacity of KG-1a cells was assesed upon modulation of expression of FAM30A and its 

repeats. This was performed by counting the number and types of colonies in a CFU-

assay which provides information about the frequency and types of progenitor cells 

(Figure 22).  
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Figure 22. Effects of FAM30A expression changes on colony-forming abilities. A) Total 
number of colonies expressed in Colony-forming Cell (CFC) output values calculated from cell 
expansion rates in KG-1a stable cell lines cultured in methylcellulose-based medium for 14 days 
(n=4). B) Representative microscopy images at 40x magnification of KG-1a cells from A). C) Total 
numbers for each CFU type based on colony morphology (n=4) from A). Unpaired two-tailed 
student t-test was performed for statistical analysis. Data is displayed as mean values and error 
bars represent SEM. 

 

First, the total number of colonies or colony-forming cell (CFC) outputs was calculated 

based on cell expansion in liquid culture (data not shown) to assess the leukaemogenic 

potential of each cell population (Figure 22A). Upon overexpression of the repeats, the 

CFC outputs were significantly increased by approx. 2-fold compared to the control (OE 

vs C), indicating an increased clonogenic capacity in these cells. On the other hand, cells 

with depleted FAM30A (KD) showed a significantly lower count of total colonies when 

compared to control (approx. 20% less colonies) which was not recovered upon 

overexpression of the repeats (REC). As FAM30A was affecting colony numbers, it was 

next determined if the colony types were changing. Thus, it was necessary to identify 

and quantify the different colony types of KG-1a cells based on general colony 

descriptions from StemCellTechnologies. Figure 22B (and Supplemental Figure 5) 

A) B) 

C) 

CTRL OE 

KD REC 
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shows the strong changes in the morphology of the colonies upon expression changes 

in FAM30A and its repeats. As expected, as KG-1a is a primitive myelomonocytic 

leukaemia cell line, colonies in the control group (CTRL) were myeloid-restricted with a 

few multipotential CFU-GM and mostly CFU-M showing monocytes and macrophages 

spreading over the plate (Hartman et al., 1994). Upon overexpression of the repeats 

(OE), the number of CFU-GM (dense core of cells with monocyte/macrophages at the 

periphery) greatly increased suggesting that this population includes more primitive and 

multipotent CFUs capable to generate more CFU-M and CFU-G colonies. This type of 

colonies were also significantly increased compared to the control (Figure 22C). 

However, endogenous FAM30A knockdown (KD) was translated into far less CFU-M 

colonies, a moderate increase in CFU-GM (P = 0.044) and a massive increase in CFU-

G colonies (P = 2.38E-09). These results suggest that absence of FAM30A promotes the 

myeloid-comitted progenitor cell to differentiate towards the granulocytic path rather than 

the monocyte/macrophage lineage seen in the control. Interestingly, the REC population 

showed a strong increase in CFU-M colonies (macrophage-type of cells spreading in the 

plate) and no CFU-GM and CFU-G colonies were identified. This indicates that the REC 

cell population was differentiated and could not recover the more primitive type of cells 

seen before in the OE cell line. These results highlight the relevant role of FAM30A and 

its repeats in maintaining stemness and regulating myeloid-specific differentiation 

towards either monocyte/macrophage or granulocytes.  

The next step was to validate these changes in the differentation process at the 

immunophenotype level in the four cell populations (Figure 23, Supplemental Figure 6). 

Thus, several surface markers expressed at different stages of the differentiation process 

were analyzed: CD34, CD38 and CD45 to confirm whether these AML LSC-like type of 

cells are expressing classical HSC markers. CD33 was used as a early myeloid 

progenitor marker which has been shown to be enriched in the LSC population having 

the most engraftment potential (Qin et al., 2021; Tambaro et al., 2021; Taussig et al., 

2010). CD11B (also known as macrophage-1 antigen or ITGAM) was used as a 

differentiation marker as it is expressed in macrophages and granulocytes (Dziennis et 

al., 1995). HLA-DR or human leukocyte antigen-DR was used as it is a marker for 

functionally defined monocytes (Abeles et al., 2012; Joshi et al., 2023). Other myeloid 

differentation markers (for monocytes, macrophages and differentiated granulocytes) 

such as CD14, CD16, CD64 and CD86 were also used but data are not shown as 

expression levels were not readily detectable. Results from flow cytometry showed that 

the immunophenotype of the four populations were mainly CD34+, CD38-, CD45low. 

 



Results 

88 
 

 

 

Figure 23. FACS analysis of early and myeloid markers upon modulation of expression of 
FAM30A and its repeats. Representative graphs from flow cytometry analysis of CD34, CD38, 
CD45, CD33, HLA-DR and CD11B in KG-1a stable cell lines after 5 days in liquid culture. 

These are interesting findings as this immunophenotype has been functionally validated 

to have an enhanced colony formation and serial engraftment ability (Bonnet & Dick, 

1997; Ishikawa et al., 2007). Staining with HLA-DR and CD11B showed that 

overexpression of FAM30A repeats (OE) decreases the expression of these myeloid 

differentiation markers compared to control (CTRL), especially of CD11B. In addition, 

CTRL OE KD REC 
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this OE population also showed a substantial increased expression of CD33, suggesting 

a more primitive immunophenotype with an early myeloid-commitment. Depletion of 

endogenous FAM30A (KD) showed a substantially increased expression of the CD11B 

marker but no increase in HLA-DR indicating a shift more towards granulocytic 

differentiation (as shown in Figure 21C). There was only a mild increase on CD45 

expression in the cells overexpressing the repeats combined with the knockdown (REC 

vs KD). This was accompanied by an increased expression of HLA-DR in this population 

which suggests differentiation into monocytes/macrophages as previously seen visually 

as well in the CFU assays (Figure 22B). 

As evidence has suggested, FAM30A and its repeats region confers certain stemness 

features in AML LSC-like cells. Therefore, the relevance of FAM30A repeats concerning 

chemoresistance and clonogenic potential in AML cell lines, which have barely 

detectable levels of FAM30A expression (MV4-11 and ME-1 cells), was investigated. 

MV4-11 and ME-1 cells were treated with Cytarabine and Daunorubicin at the IC50 values 

previously calculated (data not shown). Overexpression of the repeats (OE) significantly 

conferred increased chemoresistance compared to control (CTRL) in both cell lines and 

both drugs (i.e. 14% and 26% more resistance to Cytarabine and 4% and 14% to 

Daunorubicin in MV4-11 and ME-1, respectively). Strikingly, OE also increases cell 

viability in normal liquid culture when compared to control (approx 30-40% more in both 

cell lines) which suggests an overall increased leukaemogenic capacity due to the 

presence of the FAM30A repeats (Figure 24). 

Figure 24. Overexpression of FAM30A repeats promotes chemoresistance in FAM30Alow 
AML cell lines. A) Graph representing percentage of cell viability of MV4-11 stable cell lines after 
72 hours cultured in normal conditions (untreated), with Cytarabine (1 µM) and Daunorubicin (0.1 
µM) and normalized to MV4-11 control cells (CTRL) untreated (n=3).  
-Continued on next page- 
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B) The same protocol was performed in ME-1 cells as in A) (n=3). Data is displayed as mean 
values and error bars represent SEM. Unpaired two-tailed student t-test was performed for 
statistical analysis. 

 

Moreover, to evaluate the effect of modulating FAM30A repeats on the leukaemogenic 

clonogenic potential of FAM30Alow AML cells, the colony number was determined in MV4-

11 cells after 14 days in methylcellulose-based medium (Figure 25).  

  

Figure 25. Overexpression of FAM30A repeats promotes clonogenic capacities in the 
FAM30Alow AML cell line MV4-11. A) Representative microscopy images at 40X magnification 
(upper) and the image of the plates (lower). B) Total numbers for CFU-M type based on colony 
morphology (n=3) from A). Data is displayed as mean values and error bars represent SEM. 
Unpaired two-tailed student t-test was performed for statistical analysis. 

 

Due to technical reasons, this experiment could not be performed in ME-1 cells as they 

did not form discrete colonies. MV4-11 cells were used a model to evaluate if these cells 

that express early and late monocyte/macrophage markers (i.e. CD33, CD15, CD64 and 

HLA-DR) are able to restore certain stemness features. Figure 25A shows that, upon 

overexpression of FAM30A repeats (OE), the morphology of the colonies does not 

substantially change as MV4-11 mainly forms CFU-M with monocyte/macrophages. 

However, in this OE population there was a significant increase on colony number (1.54-

fold more compared to control) though there was no apparent presence of CFU-GM that 

could indicate a restoration of stemness (i.e. more primitive cells). This finding was also 

confirmed via FACS analysis of stem cell markers (data not shown). Altogether, these 

results suggest that even though some of the effects of FAM30A repeats can be seen in 

MV4-11 cells, phenotypes associated with stemness are probably lost.  

100 µM 
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3.4. Molecular function of FAM30A 

3.4.1.- LC-MS/MS to identify protein interactors of FAM30A 
To further characterize the molecular function of FAM30A repeats, identifying interacting 

partners is essential for elucidating its relevance to "stemness" in the context of AML. 

Thus, RNA pulldowns were performed using biotinylated in vitro transcribed FAM30A 

repeats incubated with KG-1a cell lysates (Figure 26). After incubation and subsequent 

elution of proteins bound to the repeats, the pulldown samples were subjected to liquid 

chromatography with tandem mass spectrometry analysis (LC-MS/MS) for an unbiased 

approach to identify associated RNA-binding proteins (RBPs). The enriched proteins with 

FAM30A repeats over Bead Control (BC) are shown in Figure 26A.  

Figure 26. FAM30A repeats-associated proteins identified by RNA pulldown and LC-MS/MS 
analyses. A) Plot showing enriched proteins in FAM30A repeat pulldown (FAM) samples vs bead 
control (BC) based on identified peptides (Fold Change) in KG-1a cells (n=3). B) Functional 
clustering analysis using DAVID bioinformatic tool for significantly enriched proteins with FAM30A 
repeats vs bead control (P < 0.05). Highlighted in blue and green are biological processes 
associated to MSI2 and HNRNPA1, respectively. 

Among the most significantly enriched proteins, two of them were marked as potential 

candidates for different reasons: Musashi-2 or MSI2 (Fold Change over BC = 11.87 ; P 

= 9.56E-06) and Heterogenous ribonucleoprotein A1 or HNRNPA1 (Fold Change = 

98.32; P = 5.16E-05).  

Even though HNRNPA1 is a well-known splicing factor, it’s a multifunctional protein 

involved in a wide range of cellular processes such as gene transcription, splicing, mRNA 

export and translation (Jean-Philippe et al., 2013). This protein has been shown to 

abnormally shuttle to the cytoplasm in leukaemia cells and its abnormal high expression 

has also been reported in AML patients (J. Fang et al., 2017; S. Q. Li et al., 2020; Song 

et al., 2017). On the other side, MSI2 is a well-known cytoplasmic protein involved in 

AML progression through regulation of the oncogenic self-renewal program in LSCs and 

is recently being investigated as a therapeutic target for myeloid leukaemia (Byers et al., 
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2011; Minuesa et al., 2019; Park et al., 2015). In addition, functional clustering of 

significantly enriched proteins was performed (cut-off P < 0.05) using DAVID 

bioinformatics software (D. W. Huang et al., 2007) (Figure 26B). As expected, the 

majority of the most significantly enriched biological processes (Gene Ontology terms) 

were involved in RNA processes such as splicing and regulation of transcription. This 

could indicate non-specific binding as these proteins reside in the nucleus and FAM30A 

is located in the cytoplasm (complete list of significantly enriched proteins FAM/BC 

provided in Supplementary Table 1). However, some of these processes could be also 

attributed to high binding of the HNRNP- family of proteins to FAM30A repeats (including 

HNRNPA1, highlighted in green). Other relevant functions associated with enriched 

proteins were related to regulation of cytoplasmic mRNA translation. Interestingly, MSI2 

(highlighted in blue) has been shown by several studies to efficiently control the 

translation of crucial stemness factors in AML cells by directly interacting with their 

mRNAs (Hattori et al., 2017; Ito et al., 2010; Kharas et al., 2010).  

RNA sequences of FAM30A repeats were also subjected to in silico analyses to identify 

putative RBPs motifs using regRNA2.0 and RBPmap softwares that comprise prediction 

of functionally validated RBP sites. Several predicted binding motifs were found for MSI2 

and HNRNPA1 within the FAM30A repeats. This was in consonance with other previous 

studies that revealed the preferred binding sites for MSI2 (C. G. Bennett et al., 2016; 

Duggimpudi et al., 2018; Nguyen et al., 2020) and HNRNPA1 (Bruun et al., 2016). At 

least three and two binding sites were predicted to be located in each of the six repeats 

for MSI2 and HNRPA1, respectively (Figure 27).  

 

 

Figure 27. Predicted binding motifs for MSI2 and HNRNPA1 in FAM30A repeats. Depiction 
of the six repeats present in FAM30A sequence after multiple sequence alignment in T-Coffee 
software (in red highest score of sequence similarity and good score in yellow). Putative binding 
motifs are highlighted in blue (MSI2) and green (HNRNPA1) showing reported binding sites 
extracted from (Bruun et al., 2016; Duggimpudi et al., 2018). Left panel: IGV image of FAM30A 
repeats detected in MSI2-CLIP data from (Rentas et al., 2016). 

MSI2 motif 
HNRNPA1 motif 
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In addition, publicly available MSI2-CLIP data also showed that FAM30A was captured 

in the repeat region in an AML cell line (Rentas et al., 2016). 

3.4.2.- FAM30A associates with hnRNPA1 and MSI2 in vitro 
Next, the association of MSI2 and HNRNPA1 to FAM30A repeats revealed in the LC-

MS/MS experiment was validated via western blot analysis in two cell lines with high 

FAM30A expression: KG-1a and GDM-1 cells (Figure 28).  

Figure 28. FAM30A repeats associate with MSI2 and HNRNPA1 in vitro. A, B) Western blot 
analysis for MSI2 (A) or HNRNPA1 (B) of RNA pulldown samples from KG-1a and GDM-1 cell 
lysates with the RNAs CTRL, one (FAM (1)) and six FAM30A repeats (FAM (6)) and mutated 
MSI2-binding sites (MMut) used as baits. C, D) Western blot analysis for validation of 
immunoprecipitated MSI2 (C) or HNRPA1 (D) protein  and RT-qPCR analysis of associated RNAs 
(right) performed in KG-1a cells. Data is displayed as mean values and error bars represent SEM.  

 

For this reason, the same experimental procedure was performed but also using an RNA 

sequence (CTRL) 500bp immediately prior to the repeat region (464bp) to confirm that 

binding of these proteins is specific to the repeats. In addition, two biotinylated in vitro 

transcribed wild-type FAM30A repeats sequences were used: one repeat (FAM(1)) and 

six repeats (FAM(6)) in order to examine if the two proteins had differential binding affinity 

depending on the number of putative binding sites. To validate the specific interaction 

site between FAM30A repeats and MSI2/HNRNPA1, one additional construct was 

generated. This version included FAM30A repeat whose putative MSI2-binding motifs 

were mutated TAG → AAA (MMut). Only mutation within the MSI2-binding motif was 

performed due to technical reasons to generate mutated constructs for HNRNPA1 plus 

MSI2-binding sites are included to a large extent within HNRPNA1 binding sites (see 
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Figure 27). After RNA pulldown, western blot analysis for each of the RNAs showed that 

MSI2 and HNRNPA1 strongly associate to one (FAM(1)) and the six repeats (FAM(6)) in 

both cell lines, suggesting directing binding. The association of MSI2 with the repeats is 

abolished when the MSI2-binding sites are mutated, indicating the interaction sites 

between them. Nonetheless, even though association of HNRNPA1 to the mutated 

version is still detected, the severely decreased signal suggests that mutation of most of 

the MSI2-binding site also affects the association between the repeats and HNRNPA1 

(Figure 28B).  

Moreover, this interaction was investigated in more detail by immunoprecipitation (IP) of 

MSI2 and HNRNPA1 in KG-1a cells and subsequent analysis of associated RNAs was 

performed via RT-qPCR. The succesful immunoprecipitation of endogenous MSI2 and 

HNRNPA1 was validated by western blot. Figures 28C and 28D show that both proteins 

strongly associate with FAM30A RNA. ACTB and PPIA were used as negative RNA 

controls and experimentally validated targets of MSI2 (Kwon et al., 2015; Park et al., 

2014) and HNRNPA1 (Davis et al., 2021; Miao et al., 2022; Ryu et al., 2021) were used 

as positive controls. Binding ratios compared to the input showed that FAM30A RNA 

associates even more efficiently than well-known targets of both proteins. 

3.4.3.- Effects of modulation of FAM30A expression on HNRNPA1 protein levels 
and downstream pathways. 
Based on the in vitro association of FAM30A and HNRNPA1 and its potential relevance 

in the AML context, the correlation of their expression in AML patients was first 

investigated (data extracted from TCGA-cBioPortal). As Figure 29A shows, there was no 

significant correlation between FAM30A and HNRNPA1 expression. This does not imply 

there is no direct implication of FAM30A on HNRNPA1 molecular function as this protein 

is ubiquituosly expressed and there is no differential expression in normal HSCs and 

differentiated myeloid cells (R2 platform).  

As previously mentioned, abnormal cytoplasmic localization of HNRNPA1 has been 

reported in leukaemia but these findings required validation in AML cell lines (Figure 

29B). Results derived from cell fractionation studies indicate there is hardly any 

HNRNPA1 in the cytoplasmic fraction (less than 3% and 0.5% in MV4-11 and KG-1a 

cells, respectively). Moreover, immunostainings with an antibody against HNRNPA1 in 

KG-1a stable cells showed that there was no apparent difference in changes of cellular 

localization of HNRNPA1 protein that could suggest an interaction with FAM30A in the 

cytoplasm (data not shown). 
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Figure 29. FAM30A repeats do not alter HNRNPA1 protein levels. A) Levels of FAM30A and 
HRNPA1 RNA expression expressed in log2 RSEM (RNA-seq by Expectation-Maximization) 
extracted from cBioPortal, TCGA (PanCancerAtlas). Spearman´s correlation and p-values are 
extracted from regression line. B) Western blot analysis upon digitonin-based cell fractionation of 
nuclear (N) and cytoplasmic (C) fractions in KG-1a and MV4-11 wild-type cells depicting HRNPA1, 
PTBP1 (control for nuclear fraction) and EEF2 (control for cytoplasmic fractions) protein levels. 
C) Western blot analysis showing HRNPA1 protein levels in KG-1a, MV4-11 and ME-1 stable cell 
lines. VCL was used as loading control. (n=3). 

In addition, the alteration of HNRNPA1 protein levels was analyzed upon modulation of 

FAM30A expression and its repeats (Figure 29C). Neither an endogenous depletion or 

FAM30A (KD) nor exogenous overexpression of the repeats (OE, REC) changed 

HRNPA1 protein levels in FAM30Ahigh cells (KG-1a) and in FAM30Alow cells (MV4-11, 

ME-1). Moreover, results from sucrose gradients showed that upon overexpression of 

the repeats, HNRNPA1 proteins still remains in the lower (free) fractions compared to 

control thus indicating again that HNRNPA1 protein unlikely resides in the cytoplasm 

(data not shown).  

HNRNPA1 has been shown to heavily impact target gene splicing with subsequent 

haematopoietic defects independently of changes in its expression levels (J. Fang et al., 

2017). Although no apparent effects on HNRNPA1 protein levels were observed, the 

potential downstream effects after manipulating the expression FAM30A and its repeats 

on HNRNPA1 function were investigated. In the AML context, HNRNPA1 has been found 

to be overexpressed and contribute to leukaemic phenotypes (Song et al., 2017). One 

of the reported mechanisms involving HNRNPA1 is to be a major player in controlling the 

splicing of the RUNX1 isoform pool (Davis et al., 2021). RUNX1 is one of the critical 

haematopoietic transcription factors that regulates HSCs fate through its three main 

protein isoforms (RUNX1A, B and C) which have antagonistic functions (Miyoshi et al., 

A) 

C) 

B) 
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1995; Tanaka et al., 1995). Moreover, RUNX1 is one of the most commonly mutated 

genes in AML. In this regard, HNRNPA1 has been shown to be a potent repressor of 

RUNX1A formation via binding to the alternative exon 7A (Figure 30A). Thus, the relative 

fractions of RUNX1 isoforms were analyzed by RT-qPCR upon modulation of FAM30A 

expression and its repeats, along with concurrent depletion of HNRNPA1. This was 

performed to determine whether FAM30A repeats influence the RUNX1 splicing pattern 

via HNRNPA1. 

 
Figure 30. FAM30A repeats do not affect RUNX1 splicing pattern via HNRNPA1 but affect 
RUNX1 protein levels. A) Schematic overview of HNRNPA1 role on RUNX1 splicing, adapted 
from (Davis et al., 2021). B) Graph with fractions of RUNX1 isoforms after RT-qPCR analysis in 
KG-1a stable cell lines transduced with control (CTRL), overexpression of FAM30A repeats (OE), 
HNRNPA1 knockdown (shA1) and  HNRNPA1 knockdown with overexpression of FAM30A 
repeats (shA1 OE) constructs (n=3). RNA expression levels were normalised to ACTB. 
-Continued on next page- 
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C) RT-qPCR analysis in MV4-11 stable cell lines with control (CTRL), overexpression of FAM30A 
repeats (OE), HNRNPA1 knockdown (shA1) and  HNRNPA1 knockdown with overexpression of 
FAM30A repeats (shA1 OE) constructs (n=3). D) Western blot analysis in KG-1a cells from B), 
right (n=3). E) Western blot analysis in MV4-11 cells from C). VCL was used as loading control 
(n=3). Significance was calculated using multiple unpaired student t-test (***- p<0,001). Data is 
displayed as mean values and error bars represent SEM. 

Results in Figures 30B show that neither FAM30A nor its repeats were affecting 

substantially the distribution of RUNX1 isoforms in FAM30Ahigh cells (KG-1a). There was 

only a mild increase on RUNX1B isoform upon FAM30A knockdown (KD) and an 

increase on RUNX1C isoform upon overexpression of the repeats (REC) when 

compared to FAM30A knockdown (both not significant). As expected, HNRNPA1 

knockdown (shA1) showed a significant increase on RUNX1A isoform but 

overexpression of FAM30A repeats in this setting (shA1 OE) did not enhance nor restore 

the original levels. Similar results were seen in FAM30Alow cells (MV4-11) with no 

significant changes in splicing of RUNX1 isoforms (Figure 30C), suggesting that there is 

an unlikely cooperation between FAM30A repeats and HNRNPA1 in regulating RUNX1 

isoforms. 

Strikingly, western blot analysis under the same conditions showed that upon FAM30A 

repeats overexpression (OE), RUNX1 total protein levels were considerably higher with 

a 1.5 and 2-fold increase compared to control in KG-1a and MV4-11 cells, respectively 

(Figures 30D, E). These results were independent of HNRNPA1 knockdown which 

suggests that there is an unexplored mechanism via FAM30A repeats that enhances 

RUNX1 protein levels, an event that will be further discussed later in this thesis. 

 

3.4.4.- Characterization of the role of FAM30A on the oncogenic protein MSI2 
 

Since MSI2 is a central regulator of cancer stem cell programs, along with the herein 

revealed in vitro association of FAM30A and MSI2 in AML LSC-like cells, further 

investigation into the potential oncogenic role of FAM30A in relation to MSI2 function in 

this context is required. First, FAM30A and MSI2 RNA expression levels were examined 

in AML patients using data extracted from cBioPortal (TCGA, PanCancerAtlas). Analysis 

determined that their correlation score was highly significant (Figure 31A) with MSI2 in 

the top25 most positively correlated genes with FAM30A. Moreover, MSI2 expression 

was strongly correlated with worse clinical outcome. AML patients with higher MSI2 

expression had an overal survival of 15.5 months compared to 43.6 months (P < 0.001) 

from patients with lower MSI2 expression (Figure 31B). In this line, MSI2 protein and 
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RNA expression levels were significantly higher in AML primary samples compared to 

bone marrow samples from healthy patients (Figure 31C). 

  

Figure 31. FAM30A and its repeats affect protein levels of the oncogenic MSI2 protein. A) 
Expression levels of FAM30A and MSI2 RNA (log2 RSEM) extracted from cBioPortal, TCGA 
(PanCancerAtlas database). Spearman´s correlation and p-values are extracted from regression 
line. B) Kaplan-Meier analysis of overall survival data plotted using the Kaplan-Meier plotter using 
the cut-off of median MSI2 expression for separating high and low expression groups. C) RNA 
expression of MSI2 in AML primary samples shown in red (TCGA, n=173) compared to healthy 
bone marrow samples (n=70) expressed in log2 TPM from GEPIA.2 software. D) Western blot 
analysis in KG-1a stable cell lines. Statistical significance was determined by unpaired two-tailed 
student t-test in (A) and and by Log-rank test (Mantel-Cox) in (B). (*- p < 0,05). Data is displayed 
as mean values and error bars represent SEM. ns = not significant. HR= Hazard ratio. 

Subsequently, the effect of depleting endogenous FAM30A and overexpressing its 

repeats (MSI2-interacting region) on MSI2 protein levels was investigated. Results 

showed that exogenous overexpression of the repeats (OE) increased MSI2 protein 

levels (more than 60%) compared to control (CTRL). Conversely, FAM30A knockdown 

(KD) strongly decreased MSI2 protein levels by approx. 35% and these were restored to 

control levels after exogenous overexpression of the repeats (REC) (Figure 31D). 

Genome-wide analysis of MSI2-deficient AML LSCs revealed MSI2´s primary role in 

controlling pathways that are critical for leukaemia stem cell maintenance as well as to 

contribute to normal HSC engraftment and cell fate decisions (Kharas et al., 2010; Park 

C) A) B) 

D) 
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et al., 2014, 2015). To confirm its implication in stemness, the MSI2 expression pattern 

in haematopoietic cells shows that its expression levels are the highest in the early HSCs 

and multipotent progenitors and progressively decreases along differentiation (Kharas et 

al., 2010). MSI2 RNA expression levels were analyzed in a panel of leukaemia cell lines, 

including those resembling AML LSC-like cell features KG-1a and GDM-1 cell lines. 

These showed the highest MSI2 expression levels, which also correlated with high 

FAM30A levels (Supplemental Figure 7). Interestingly, when screening FAM30A 

expression amongst AML primary samples, the group with the highest FAM30A levels 

also showed a significant correlation with MSI2 expression (P = 6.73E-07, TCGA 

PanCancer Atlas).  

3.4.4.1.- Modulation of FAM30A and its repeats affects MSI2-targets at the post-
transcriptional level 
 

MSI2 protein is thought to function by binding mostly to the 3´ UTR – to a lower extent to 

CDS and 5´UTR – of target mRNAs. This usually involves MSI2-binding to the consensus 

sequence (UAG) to either enhance or repress the translation of mRNAs necessary for 

AML LSCs maintenance (Kawahara et al., 2008; Nguyen et al., 2020; Yeh et al., 2023) 

(Figure 32A). Some of the experimentally validated MSI2-targets are NUMB, TGFBR1, 

TSPAN3, SMAD3, BCL2, among others (Han et al., 2015; Kwon et al., 2015; Nishimoto 

& Okano, 2010). To establish the impact of FAM30A on MSI2 protein function, potential 

alterations in MSI2 targets were explored by modulating the expression of FAM30A and 

its repeats. Thus, in addition to generating stable KG-1a cell lines with FAM30A 

constructs for knockdown and overexpression of the repeats, K562 cells were subjected 

to MSI2 knockdown and FAM30A repeats overexpression. This approach was necessary 

because proper MSI2 knockdown could not be achieved in KG-1a cells. 

Protein levels of NUMB and SMAD3, two targets where MSI2 exerts opposite effects at 

the translational level, were analyzed. MSI2 is known to bind to the 3' UTR of NUMB and 

repress its translation, whereas it efficiently promotes the translation of SMAD3 mRNA 

(Han et al., 2015; Nishimoto & Okano, 2010). Western blot analysis in KG-1a cells shows 

that overexpression of FAM30A repeats dramatically decreases NUMB protein levels 

and significantly increases SMAD3 thus overall indicating an increased MSI2 activity 

(also MSI2 protein levels were higher compared to control). Conversely, when FAM30A 

was depleted in KG-1a cells, it induced a reverse impact on NUMB and SMAD3 protein 

levels, a pattern also mirrored with MSI2 knockdown in K562 cells. Notably, the effects 

of the reduced MSI2 function (in both FAM30A or MSI2 knockdown settings) were 

restored and even exceeded control levels upon the overexpression of FAM30A repeats 
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in both cell lines thus suggesting a positive direct link between FAM30A and MSI2 

function (Figure 32B). 

 

 

 

Figure 32. MSI2-targets are affected by modulation of FAM30A repeats expression. A) 
Schematic depiction of how MSI2 binds to its AML LSC-specific mRNA targets and subsequent 
maintains the self-renewal program. B) Western blot analyses of MSI2 targets -NUMB, SMAD3-, 
MSI2 and ACTB as loading control in stable KG-1a (left panel) and K562 stable cell lines (right 
panel) transduced with control (CTRL), overexpression of FAM30A repeats (OE), MSI2 
knockdown (shM2), FAM30A knockdown (KD) and  MSI2 knockdown (shM2 OE) or FAM30A 
knockdown (REC)  with overexpression of FAM30A repeats constructs (n=3).  
-Continued on next page- 
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C) Western Blot analysis of KG-1a stable cell lines transduced with control (CTRL), 
overexpression of FAM30A repeats (OE), FAM30A knockdown (KD) and  FAM30A knockdown 
with overexpression of FAM30A repeats (REC) constructs (n=3) after treatment with emetine (0, 
3 and 6 hours) (n=3). CMYC was used as a positive control and ACTB for loading control (n=3). 

As there was a clear impact on MSI2-targets at the protein level, it was next investigated 

whether these variations on MSI2-targets stem from alterations in mRNA stability, 

translational efficiencies or protein degradation. Initially, the impact on translation was 

analyzed, considering the established association between MSI2 and translational 

control. Emetine is well-known protein synthesis inhibitor whose mode of action is 

through binding to the 40S small ribosomal subunit which irreversibly prevents the 

elongation of the tRNA-mRNA complex (Jiménez et al., 1977). After incubating KG-1a 

cells with emetine for 3 and 6 hours, noticeable effects on significantly sustained SMAD3 

protein levels were observed upon the overexpression of FAM30A repeats (2.54-fold 

more in OE and 4.55-fold more in REC) when compared to their respective controls 

(CTRL, KD). Decreased protein levels in SMAD3 (33% and 50% less after 3 and 6 hours, 

respectively) were also observed upon FAM30A knockdown when compared to control 

cells (Figure 32C). In addition, available RNA-sequencing data from stable MSI2-

knockdown experiments in leukaemia cells were analyzed. MSI2 inhibition (either by 

genetic depletion or using an MSI2 inhibitor named Ro 08-2750) in MOLM13 (AML) and 

K562 (CML) cells showed shared downregulated genes seen upon FAM30A knockdown 

(approx. 30 targets). Moreover, certain downstream targets upregulated upon 

overexpression of the repeats in KG-1a cells were also upregulated in MSI2-

overexpressing HSCs in mouse (Supplemental Figure 8).  

3.4.4.2.- FAM30A affects RUNX1 activation via a MSI2-dependent mechanism 
 

Since previous findings demonstrated that changes in FAM30A expression affected 

RUNX1 protein but not RNA levels (Figure 30), an analysis was conducted to determine 

whether FAM30A differentially alters the pool of RUNX1 protein isoforms. Western blot 

analysis in KG-1a cells showed that overexpression of the repeats (OE) significantly 

increased RUNX1C (approx. 23% more) and RUNX1A (approx. 8%) as well as total 

RUNX1 protein levels by 2-fold compared to control. On the other hand, FAM30A 

knockdown (KD) showed the opposite trend as it greatly increased RUNX1B (approx. 

25% more), decreased RUNX1C (approx. 14% less) and slightly increased RUNX1A (5% 

more) without significantly altering RUNX1 total protein levels. Overexpression of the 

repeats in the knockdown setting (REC) recovers original RUNX1B and RUNX1C protein 

levels seen in the control with a slight increase on RUNX1 total protein levels (Figure 

33A, B). Interestingly, increased RUNX1C levels due to overexpression of the repeats 
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(OE, REC) were correlated with higher MSI2 protein levels compared to their controls 

(CTRL, KD). Results upon overexpression of the repeats in FAM30Alow cells (MV4-11) 

displayed a similar outcome as it increased both RUNX1B and RUNX1C protein levels 

(RUNX1A levels were not readily apparent) along with elevated MSI2 protein levels 

(Figure 33B).  

 

 

Figure 33. FAM30A and its repeats affect activation of the RUNX1 transcriptional network. 
A) Western blot analysis from KG-1a cells transfected with FAM30A constructs for knockdown 
and overexpression of the repeats (n=3). B) Quantification analysis of RUNX1 protein isoforms 
from A) normalized to total RUNX1 protein levels and against ACTB as loading control. C) 
Western blot analysis from MV4-11 cells transfected with FAM30A construct for overexpression 
of the repeats (n=3). ACTB was used as a loading control. D) GSEA analysis (C2 dataset) of 
RUNX1-related gene datasets in KG-1a cells transfected with FAM30A constructs for knockdown 
and overexpression of the repeats (n=3). OEvsC represents shC FAM vs shC EV; KDvsC is 
shFAM30A EV vs shC EV; RECvsKD is shFAM30A FAM vs shFAM30A EV. Significance was 
calculated using unpaired two-tailed student t-test (A, B) and in (C) shows FDR values. (***- 
p<0,001; **- p<0,01). Data is displayed as mean values and error bars represent SEM 

As overexpression of FAM30A repeats was overall increasing total RUNX1 protein levels, 

RNA-sequencing data in stable KG-1a clones was examined in order to see whether the 

RUNX1 transcriptional network was also promoted. Indeed, GSEA analysis confirmed 

that transcriptional regulation by RUNX1 (REACTOME_RUNX1) was massively 

C) A) D) 

B) 

KG-1a MV4-11 
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increased upon overexpression of the repeats (OEvsC, RECvsKD). In the same line, 

transcripts with putative RUNX1 binding sites in their promoters (RACCACAR_AML_Q6 

and AML_Q6 signatures) were significantly upregulated upon overexpression of the 

repeats. For instance, the direct RUNX1 target PU.1 (SPI1 gene) was strongly 

upregulated upon overexpression of FAM30A repeats (logFC 2.59, FDR < 0.001). 

Conversely, FAM30A depletion significantly decreased the RUNX1 transcriptional 

network along with a downregulation of its target genes (Figure 33D). This suggests that 

the FAM30A repeats region plays a role in controlling protein levels of RUNX1 isoforms 

and ultimately affecting activation of the RUNX1 pathway. 

MSI2 is known to bind thousands of target mRNAs mostly in the 3´UTR though 

differences in their translation efficiencies are restricted to a small fraction of these 

transcripts (Karmakar et al., 2022). Although there is no reported function of MSI2 directly 

regulating translation of RUNX1 mRNAs so far, this link was herein investigated in the 

AML context. First, publicly available MSI2 CLIP-seq data from three independent 

experiments conducted in NB4 (AML) and K562 (CML) cell lines were analyzed. MSI2 

was heavily detected in all experiments at the 3´UTR of RUNX1B and RUNX1C (but not 

at the 3´UTR of RUNX1A) and also at the 5´UTR of RUNX1A and RUNX1B and overall 

MSI2 was detected in the CDS of all RUNX1 isoforms (Figure 34A).  

 

Figure 34. MSI2 differentially associates with RUNX1 isoforms. A) Schematic representation 
of regions where MSI2 binding was detected in RUNX1 isoforms, extracted from three publicly 
available and independent CLIP-seq experiments in two cell lines (NB4, K562 cells). Blue peaks 
represent the number of times that MSI2 CLIP sites were detected in the RUNX1 sequence (in 
5´UTR, 3´UTR, CDS) (n=3). B) Western blot analysis after immunoprecipitation of endogenous 
MSI2 protein and subsequent RT-qPCR analysis of associated RNAs highlighting validated MSI2 
targets (blue), RUNX1 isoforms (green) and negative controls (black) (n=3) performed in KG-1a 
cells. Data is displayed as mean values and error bars represent SEM. 

These were interesting results as depending where MSI2 binds to its target mRNAs, it 

can either promote or inhibit its translation (Nguyen et al., 2020; Yeh et al., 2023). Since 
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there is mounting evidence suggesting a differential binding affinity of MSI2 to RUNX1 

mRNAs, these results were validated in vitro. Immunoprecipitation of endogenous MSI2 

protein and subsequent RT-qPCR analysis indicate that MSI2 heavily bind to RUNX1C 

mRNA and in a lesser extent to RUNX1A both in the same range as previously validated 

MSI2 mRNA targets (Figure 34B). Due to difficulties in designing specific primers for 

RUNX1B, primers targeting both RUNX1B and C isoforms were used. Since RUNX1B 

mRNA is much more abundant than RUNX1C in KG-1a cells (3:1 ratio in KG-1a wild-

type cells), it could be inferred that MSI2 does not strongly bind to RUNX1B.  

Given that FAM30A repeats promote MSI2 function (i.e. changes in MSI2-targets at the 

protein level) and MSI2 exhibits differential binding affinity to RUNX1 mRNAs, the 

changes in RUNX1 protein isoforms upon modulation of FAM30A expression were 

investigated when translation was blocked (Figure 35).  

 

Figure 35. Modulation of expression of FAM30A and its repeats differentially affect protein 
turnover of RUNX1 protein isoforms. A) Western blot analysis of KG-1a cells transduced with 
FAM30A constructs after treatment with emetine (0, 3 and 6 hours). CMYC was used as a positive 
control and ACTB for loading control (n=3). 
-Continued on next page- 
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B) Quantification analysis of RUNX1 protein isoforms after emetine treatment from A). Statistical 
significance was calculated using unpaired two-tailed student t-test OE vs CTRL, KD vs CTRL, 
REC vs KD normalised to each timepoint (***- p<0,001; **- p<0,01; *- p<0,05). Data is displayed 
as mean values and error bars represent SEM. 

 

Even after 6 hours of emetine treatment, western blot analysis shows that 

overexpression of the repeats (OE, REC) maintained significantly high levels of RUNX1C 

isoforms (2,58 and 3,87-fold more, respectively) compared to their respective controls. 

Moreover, RUNX1B protein levels were mildly higher in OE (1,39-fold) but in REC 

showed the opposite trend (1,28-fold decrease). RUNX1A protein levels followed the 

same direction after emetine treatment as in RUNX1B. On the contrary, FAM30A 

depletion (KD) sustained high RUNX1A (2,98-fold) and RUNX1B (4,08-fold) protein 

levels when compared to controls after 6 hours of treatment. In this condition, RUNX1C 

protein levels were dramatically decreased when compared to control after 3 and 6 hours 

of treatment (58% and 76% less protein, respectively). Similar results were seen when 

incubating cells with cycloheximide, another protein synthesis inhibitor (data now 

shown). In summary, the data indicates that FAM30A repeats enhance RUNX1C protein 

isoform levels, in alignment with higher MSI2 protein levels. Although RUNX1A protein 

levels were moderately higher, the increased overall RUNX1 total protein levels in this 

condition can be explained by MSI2's high binding affinity to RUNX1C and, to a lesser 

extent, RUNX1A. 

To investigate how endogenous RUNX1 activity is increased via the regulatory axis 

comprising FAM30A repeats and its partner MSI2, two different luciferase reporter 

constructs were generated and transfected into K562 cells. These were combined with 

stable K562 cell clones containing constructs for MSI2 knockdown and overexpression 

of FAM30A repeats (Figure 36A). This leukaemia cell line model was chosen because 

the luciferase intensity was more readily quantifiable compared to the low transfection 

rates observed in KG-1a cells. The first luciferase construct comprised palindromic 

RUNX1 binding motifs (TGTGG) in the minimal promoter region of a firefly luciferase 

gene to confirm whether overall RUNX1 activity is heightened. The other luciferase 

system consisted on the RUNX1 promoters (either P1 or P2) cloned next to the luciferase 

gene. Each of the P1 and P2 promoters lead to the production of RUNX1C and 

RUNX1A/B respectively. Moreover, they are known to bind to the promoter regions to 

control their own transcription (Martinez et al., 2016). The purpose of this construct was 

to elucidate whether increased RUNX1 activity was also connected to RUNX1 promoter 

usage. First, it was demonstrated via western blot analysis that MSI2 knockdown (shM2) 
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had a modest impact on RUNX1 protein levels, showing an approximate 20% reduction 

compared to the control (CTRL). These levels were restored to their original state when 

FAM30A repeats were overexpressed under this condition (shM2 OE). Furthermore, it 

was observed that overexpression of FAM30A repeats (OE) led to increased protein 

levels of both RUNX1B and RUNX1C (Figure 36B). The quantification of RUNX1A 

protein levels was challenging as its intensity was not easily detectable. Importantly, 

these results were validated by luciferase-based cell assays, which revealed that 

overexpression of FAM30A repeats in K562 cells led to a notable increase 

(approximately 30-50%) in RUNX1 transcriptional activity. 

 

 

Figure 36. The increased RUNX1 transcriptional activity is FAM30A- and MSI2-dependent. 
A) Schematic depiction of the luciferase reporter constructs transiently transfected into K562 cells 
together with MSI2 knockdown and overexpression of the repeats and analysed after 48 hours. 
The upper luciferase construct (A) contains besides a minimal promoter (CTRL promoter), two 
(x2 RUNX1 BS) or three (x3 RUNX1 BS) RUNX1 binding sites cloned in the promoter region of 
the firefly luciferase. The lower constructs (B) contains the P1 or P2 promoters of RUNX1.  
-Continued on next page- 
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The Renilla luciferase was used for normalization. B) Representative western blot of K562 stable 
cells transduced with control (CTRL), MSI2 knockdown (shM2), overexpression of FAM30A 
repeats (OE) and MSI2 knockdown with overexpression of FAM30A repeats (shM2 OE) 
constructs after 48 hours. ACTB was used as a loading control (n=3). C) Firefly luciferase activity 
was determined in K562 control (CTRL), MSI2 knockdown (shM2), overexpression of FAM30A 
repeats (OE) and MSI2-knockdown combined with overexpression of FAM30A repeats (shM2 OE) 
transduced with the three constructs to measure RUNX1 activation. Relative luciferase activity 
values from each condition were normalized to CTRL Rep and CTRL conditions. D) Firefly 
luciferase activity was determined in K562 cells transfected with RUNX1 promoters. Statistical 
significance was calculated using unpaired two-tailed student t-test OE vs CTRL, shM2 vs CTRL, 
shM2 OE vs shM2 normalised to each timepoint (****- p<0,0001; *** - p<0,001; **- p<0,01; *- 
p<0,05). Data is displayed as mean values and error bars represent SEM. 

This was accompanied by a significant increase on activation of the P1 promoter but not 

the P2 and a mild upregulation RUNX1B and RUNX1C mRNAs (Figure 36C, D; 

Supplemental Figure 9). On the other hand, MSI2 depletion significantly decreased 

RUNX1 activation followed by a considerable decreased on the P2 promoter activity. RT-

qPCR analysis showed a significant increase on RUNX1A mRNA but an overall 

moderate decrease on total RUNX1 mRNA. Decreased RUNX1 activation was 

considerable enhanced (56% more compared to MSI2 knockdown) through FAM30A 

repeats overexpression (shM2 OE) even though only P1 promoter activity was 

significantly elevated compared to MSI2 knockdown. This indicates that not only FAM30A 

repeats directly affect RUNX1C protein stability via MSI2, it also eventually enhances the 

activation of the P1 promoter of the RUNX1 gene that leads to production of RUNX1C 

isoform. 

3.4.5.- Impact of FAM30A repeats on a therapeutically targetable AML LSC pathway 
 

As mentioned above, modulation of the expression of FAM30A and its repeats greatly 

influences certain pro-survival AML LSC pathways, including the IL-2/ STAT5 pathway, 

which has been shown to be therapeutically targetable in AML (Wingelhofer et al., 2018). 

Particularly, overexpression of the repeats (OE, REC) was positively correlated with 

activation of this pathway (Figure 19C). Interleukin-2 receptor subunit alpha (IL2RA), 

also known as CD25 was among the massively upregulated mRNAs upon 

overexpression of the repeats (log FC 5.44, P = 0.00387). CD25 is an aberrant marker 

expressed on the surface of certain subsets of AML LSCs but not on normal HSCs (P. 

Liu et al., 2018) and its expression predicts adverse outcomes in AML patients (Fujiwara 

et al., 2017). Given that CD25 is transcriptionally controlled by STAT5, elevated CD25 

expression in AML subpopulations subsets is indicative of STAT5 activation (Z. Guo et 

al., 2014). Thus, it was further investigated whether a correlation exists between the 

upregulation of CD25 and the activation of STAT5, as phosphorylation at Tyrosine 694 is 

essential for STAT5 activation (Gouilleux-Gruart et al., 1997; Matsumura et al., 1999). 

Additionally, it was examined whether concomitant suppression of CD25 and STAT5 
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selectively affects cell viability in KG-1a stable cell lines with overexpression of FAM30A 

repeats (Figure 37). As depicted in Figure 37A, overexpression of FAM30A repeats (OE) 

led to a substantial increase in CD25 protein expression (approx. 40% of the total 

population) compared to control cells (CTRL), where surface expression levels were not 

readily detectable. Noteworthy, activation of STAT5 was positively correlated with 

overexpression of the repeats (OE, REC) as phosphorylated-STAT5 was greatly 

increased when compared to their respective controls (CTRL, KD) while total STAT5 

protein levels were slightly increased (Figure 37B). 

 

Figure 37. Overexpression of FAM30A repeats influences the therapeutically targetable 
IL2-STAT5 pathway by upregulating CD25. A) FACS analysis showing histogram of percentage 
of CD25-positive cells from KG-1a control (CTRL) and FAM30A repeats overexpression (OE) 
stable cell lines after 10 days in liquid culture and compared with their respective unstained (unst) 
controls. B) Western blot analysis of KG-1a stable cell lines for phosphorylated STAT5 at tyrosine 
694 (p-STAT5 (Tyr694)) and total STAT5 protein. RPL7 was used as a loading control. n=2 C) 
Microscopy images of the KG1-a OE stable cell lines grown in methylcellulose after 14 days, 
which were pre-treated with 3 µg/mL of IgG and anti-CD25 (α-CD25 or BC-96) antibodies for 48 
hours in liquid culture. D) Quantification of number of colonies from C). E) Area of the colonies in 
mm2 from C). Data is displayed as mean values and error bars represent SEM. 

Since it was previously demonstrated that overexpression of FAM30A repeats increased 

total CFC outputs compared to the control (Figure 22), it was further addressed whether 

targeting CD25 in this population would affect clonogenic potential. Recently, newly 

developed antibodies targeting CD25 have been shown promising results in vivo in 

specifically depleting CD25+ AML blasts (Flynn & Hartley, 2017; Pousse et al., 2023). 

A) 

B) 

C) 

E) 

D) 
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After prior incubation with α-CD25 (BC-96) for 48 hours, a striking decrease in CFC 

outputs was observed, not only in number of colonies (approx. 54% less) but also in the 

size of the colonies (Figure 37C, D, E) compared to a non-targeting control antibody 

(IgG). Accordingly, activation of STAT5 was assessed at the protein level after treatment 

with α-CD25 and compared to a STAT5 inhibitor (STAT5i) that targets the SH2 domain 

and disrupts STAT5 activation, dimerization, nuclear translocation, and STAT5-

dependent downstream gene transcription (IC50 value extracted from (Wingelhofer et al., 

2018)). Preliminary results showed that treatment with α-CD25 in the OE population 

mimicked the effects seen with the STAT5i at effectively decreasing phosphorylated 

levels of STAT5 (Supplemental Figure 10) when compared to control cells. However, 

STAT5i also impacted the total STAT5 protein levels in both cell lines, indicating a likely 

more robust overall effect. Thus, analysis of downstream effects from targeting this 

pathway by both inhibitors in this context should be performed as well as further 

experimental validation is required. 

Altogether, these results point towards a potential therapeutically targetable pro-LSC 

pathway that it is activated through FAM30A and its repeats. 

3.5 Potential clinical relevance of FAM30A in AML 
 

Based on the findings presented here, substantial evidence is provided demonstrating 

that FAM30A exhibits oncogenic potential within the context of AML. However, it is 

noteworthy that there are currently no reported in vivo studies examining the impact of 

FAM30A on tumour growth in any cancer type. Further exploration is needed to 

investigate whether FAM30A influences the initial engraftment of AML LSCs cells in the 

bone marrow, a crucial aspect of LSCs that is essential for the subsequent progression 

of AML. 

3.5.1.- PRELIMINARY RESULTS – Effects of FAM30A and its repeats in regulating 
leukaemic engraftment in vivo 

 

In this study, a transgenic mouse model (in collaboration with Prof. Dr. David Vetrie from 

University of Glasgow) was used to investigate whether depletion of FAM30A (KD) in 

AML cells is able to suppress leukaemic engraftment of human AML LSC-like cells (KG-

1a cells). In addition, we included control cells (CTRL) and FAM30A-depleted cells with 

overexpression of the repeats (REC) in order to examine if leukaemic engraftment 

potential is restored with FAM30A repeats.  
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After growing for 5 days in liquid culture, the stable KG-1a cell lines were trasplanted into 

immunocompromised mice and bone marrow and spleen was harvested after 30 days in 

order to analyse engraftment of leukaemic human cells in the bone marrow (Figure 31A). 

After quantification of APC+ positive human cells (as a mean of percentage of engrafted 

KG-1a human cells) in the bone marrow, no apparent engraftment of leukaemia cells 

was observed upon FAM30A depletion (KD) which was comparable with mice which had 

not been engrafted with fluorescently-labelled human cells (Supplemental Figure 11).  

 
Figure 38. FAM30A depletion impedes leukaemic engraftment of AML LSC-like cells in vivo 
and it is partially restored upon overexpression of FAM30A repeats. A) Schematic depiction 
showing experimental design followed in the in vivo experiment performed in immunodeficient 
mice with KG-1a cells.  
-Continued on next page- 
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B) Representative FACS images showing leukaemic engraftment in bone marrow after 30 days 
in KG-1a stable cell lines. Gating of APC-positive cells is based on mouse which have not been 
engrafted with fluorescent cells. C) Graphs showing quantitative analysis of leukaemic 
engraftment based on percentage of APC-positive cells in mouse bone marrow. Statistical 
significance was calculated using unpaired two-tailed student t-test. Data is displayed as mean 
values and error bars represent SEM. NSG: NOD scid gamma mouse. 

However, engraftment was partially recovered – though 50% less than control- in cells 

which had overexpression of FAM30A repeats (REC) thus indicating again an oncogenic 

role of this region of the lncRNA in promoting leukaemic engraftment (Figure 38B,C). 

Clear changes in leukaemic engraftment were observed upon modulation of expression 

of FAM30A and its repeats. It was then further investigated whether the 

immunophenotype of the AML cells engrafting in the bone marrow across the three 

different cell populations correlates with worse engraftment potential (Figure 39).  

 

Figure 39. FAM30A depletion eradicates the engrafting CD34+CD38- population, with 
partial recovery observed upon the overexpression of FAM30A repeats. A) Representative 
FACS staining images for analysis of CD34 and CD38 markers in APC-positive cells in mouse 
bone marrow of the three cell populations trasplanted to immunocompromised mice. B) 
Quantification of percentage of cells from each of the quadrants from A). Statistical significance 
was calculated using unpaired two-tailed student t-test (****- p<0,0001; *** - p<0,001; **- p<0,01; 
*- p<0,05). Data is displayed as mean values and error bars represent SEM. 

Although some reports have questioned this hypothesis, it is generally accepted that the 

predominant subset of human AML leukaemia-initiating cells are capable of engrafting in 
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SCID mice and forming abundant colony-forming progenitors that can differentiate into 

leukaemic blasts are identified as CD34+ CD38- (Blair & Sutherland, 2000; Bonnet & 

Dick, 1997; Lapidot et al., 1994). 

The immunophenotype of KG-1a cells is CD34+ CD38- (see Figure 21C) and FACS 

analysis of human APC+ cells in the mouse bone marrow show that most of the 

engrafting population in control cells are CD34+CD38- (approx. 60%) and their more 

differentiated progeny CD34+CD38+ (30%) (Figure 39). The percentages of CD34+ cells 

in both populations are severely diminished upon FAM30A depletion as the few 

engrafting cells were mostly CD34- (approx. 80%), probably non-stem AML cells which 

can explain the significantly lower percentage of engraftment. Notably, it was observed 

that the more primitive CD34+ engrafting population is partially recovered upon 

overexpression of FAM30A repeats in FAM30A-depleted cells (REC) which indicates that 

overexpression of the repeats is directly correlated with better leukaemic engraftment 

thus highlighting the oncogenic potential of this region. 

Please note that the experimental in vivo design is currently undergoing optimization, 

involving larger cohorts of mice, an increased number of cells injected per mouse, and 

an extended period of engraftment. This optimization aims to conclusively validate 

whether FAM30A depletion effectively eliminates leukaemic engraftment. Furthermore, 

the OE population would have to be included to assess whether the overexpression of 

FAM30A repeats induces a more aggressive phenotype.
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4. DISCUSSION 
One of the major factors contributing to the unfavourable prognosis of AML patients is 

the high disease relapse rate after following intense chemotherapy regimens. This 

recurrence is believed to be driven by the persistence of a subpopulation of 

chemotherapy-resistant leukaemia stem cells (LSCs), acting as the disease reservoir. 

Deciphering the expression and functionality of LSC-specific deregulated genes has 

marked a pivotal breakthrough in AML research as it enables the identification and 

targeting of LSCs, potentially leading to notable clinical improvements for AML patients 

(Elsayed et al., 2020; Eppert et al., 2011; S. W. K. Ng et al., 2016). Recently, aberrant 

long non-coding RNA (lncRNA) expression profiles and certain lncRNA signatures have 

been associated with clinical outcome in both paediatric and adult AML samples. 

Moreover, high expression of some of these lncRNAs was significantly correlated with 

LSC signatures and was proven in vitro and in vivo to be relevant for LSC activity (Al-

Kershi et al., 2019; Bill et al., 2019; H. Luo et al., 2019).  

In this particular context, FAM30A or KIAA0125 emerges as a prominent deregulated 

lncRNA with oncogenic potential in AML (Figure 8C). Although the precise molecular 

function in this disease has not been investigated, prior seminal studies have reported 

its prognostic role in other cancer types and diseases. For instance, upregulation of 

FAM30A was reported in ameloblastoma -a rare type of jaw tumour derived from the 

teeth- (Diniz et al., 2019) and laryngeal squamous cell carcinoma (Y. Shi et al., 2021). 

However, FAM30A has also been proposed as a tumour suppressor gene in diabetic 

pancreatic cancer (Yao et al., 2017), pancreatic ductal adenocarcinoma (Akrami et al., 

2023; L. E. Shi et al., 2020), lung adenocarcinoma (G. Wu et al., 2021) and colorectal 

cancer (Yang, Zhao, et al., 2019). The latter one was aligning with results from this thesis 

where colon tissue had relatively high FAM30A expression levels (Figure 9A). This is 

likely because the colon tissue exhibits high degrees of infiltration with immune cells, a 

cell type where high FAM30A expression was observed. Nevertheless, FAM30A was also 

suggested to sponge hsa-miR-29b-3p, regulate BCL2 expression and influence PI3K-

Akt signalling in colorectal cancer development (Yang, Zhao, et al., 2019). 

FAM30A shows a tissue-specific expression pattern in the immune system, with high 

levels observed in the spleen (where its sequence was first described by Nagase et al. 

in 1995) and the thymus (Figure 9A). Consequently, the tissue and cell-type specific 

expression and other functional evidence strongly support the notion that immune-

related lncRNAs possess unique features within the AML immune microenvironment (M. 

Zhang et al., 2024). This underscores the relevance of investigating the molecular role 
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of immune-related lncRNAs with differential expression in AML (i.e. FAM30A) which 

could uncover potential therapeutic targets and prognostic markers. 

High FAM30A expression has also been correlated with inflammatory and chronic 

immune responses (D. S. de Lima et al., 2019; Sentis et al., 2023) and deregulated 

FAM30A expression has been found in other haematological malignancies apart from 

AML, such as MDS (Y. H. Wang et al., 2021) and paediatric acute lymphoid leukaemia 

(Alsuwaidi et al., 2021). This hypothesized oncogenic function of FAM30A in the 

haematological context aligns with the findings presented in this thesis, which 

demonstrated elevated FAM30A expression levels compared to bone marrow samples 

from healthy donours, with the highest levels observed in AML patients (Figure 10A). As 

part of a prognostic cuproptosis-based lncRNA signature for AML, only one study has 

preliminary explored the function of FAM30A in the AML context but the results warrant 

extensive further experimental validation (T. Zhang et al., 2023). Overall, the biological 

role and clinical relevance of how FAM30A regulates LSC activity as well as it contributes 

to AML progression remain largely inconclusive. 

4.1.- FAM30A, a highly prognostic marker that correlates with LSC activity 
and worse clinical outcome in AML patients 
 

Only bioinformatic analyses have investigated the potential implication of FAM30A as 

adverse risk factor so far in AML (Y. H. Wang et al., 2021). Even though high LSC 

frequencies are well known to be associated with worse clinical outcome in AML patients 

(Ng et al., 2016), the results herein presented confirmed FAM30A´s potential as an 

independent LSC-specific prognostic factor in predicting poor patient survival (Figure 

10B) which aligns with the significantly higher FAM30A expression levels in patients with 

unfavourable karyotypes such as complex and EV1 or FLT3-ITD mutations (Figure 11A, 

B and Supplemental Figure 1). Interestingly, the prognostic relevance of FAM30A-

asocciated gene mutations in AML patients is also confined to the stem cell compartment. 

The proto-oncogene ectopic viral integration site-1 (EVI1) encodes a transcription factor 

with stem cell-specific function essential for HSC fate and mutations in the EVI1 gene 

are commonly associated with poor response to treatment (Birdwell et al., 2021; Hinai & 

Valk, 2016). FLT3-ITD is a driver mutation that induces constitutive activation of STAT5 

pathway and contributes to malignant transformation of HSCs by enhancing its self-

renewal capacity and block in differentiation (Choudhary et al., 2007). In this regard, it 

would have been interesting to profile via single-cell RNA-sequencing (scRNA-seq) how 

FAM30Ahigh AML LSCs behave post-chemotherapy treatment and whether clonal 
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mutations are selectively acquired in this subpopulation. In this line, further information 

could have been extracted by sorting functionally validated FAM30Ahigh CD34+CD38- 

LSCs fractions from AML patients with specific mutational signatures as the data 

extracted from (Eppert et al., 2011) are only immunophenotype and functionally validated 

LSC fractions but the mutational status is not provided. This might have reinforced the 

suggested oncogenic function of FAM30A within distinct subpopulations of leukaemia-

initiating cells, prompting the selection of a more tailored AML LSC-like cell line model to 

study FAM30A. On the other hand, expression of FAM30A was significantly lower in 

patients with more differentiated and less aggressive AML subtypes such as inv(16), 

t(15;17), NPM1 mutated or t(8;21), with particular interest drawn to the latter, a topic that 

will be further discussed. 

After performing a comprehensive analysis of AML LSC-specific upregulated genes, high 

FAM30A expression levels were consistently observed in established gene signatures 

used for the isolation and identification of AML LSCs fractions (Figure 8B, C) (Elsayed et 

al., 2020; Eppert et al., 2011; N. Jung et al., 2015, 2015; S. W. K. Ng et al., 2016). Based 

on RNA expression data extracted from (Eppert et al., 2011), the highest FAM30A 

expression levels were significantly correlated with the experimentally defined and 

functional CD34+ CD38- fraction and slightly lower in the CD34+ CD38+ LSCs fraction. 

Both subpopulations are where most AML LSCs or leukaemia-initiating cells reside 

(∼75%) (Bonnet & Dick, 1997; Eppert et al., 2011; Sarry et al., 2010) and FAM30A 

expression levels were the lowest in the CD34- fraction (Figure 12A, 5B). Despite the 

uncertainty about the nature of the clonal relationship between CD34+ and CD34- LSCs, 

it is generally accepted that the CD34- fraction originates downstream from the more 

immature CD34+ population, where the pre-leukaemic clone (pre-LSC) is even 

exclusively present (Quek et al., 2016). Moreover, the CD34- compartment of LSCs has 

been shown to be more therapy-sensitive, less immunogenic and leukaemogenic when 

trasplanted into the bone marrow niche of immunodeficient mice (Ishikawa et al., 2007). 

This implies a potential function of FAM30A within the more immature population of AML 

LSCs that exhibit higher self-renewal and chemoresistance potential (Eppert et al., 2011; 

Sarry et al., 2010). This also aligns with the highest expression profile of FAM30A in M0 

and M1 subtypes of AML which are known to be present a differentiation blockade 

occurring at early myeloid stages thus their immature myeloid features (Figure 11C). 

Consistently, conventional chemotherapy regimens yield disappointing results in the M0 

subtypes possibly due to the high frequency of chromosome abnormalities and complex 

karyotypes (Stasi et al., 1994; Venditti et al., 1997; Yokose et al., 1993). 
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High FAM30A expression levels are also seen in the most immature population of normal 

HSCs and progressively decreases upon differentiation of immune cells (Figure 12C). 

FAM30A expression also positively correlates with stem cell gene signatures -either HSC 

or LSC- and negatively correlates with differentiation of myeloid cells (Figure 12D), even 

though it is important to note that normal HSCs and LSCs share stem cell transcriptional 

programs which is potentially undistinguishable (Bonnet & Dick, 1997; Eppert et al., 

2011). However, GSEA analysis upon stable up- or downregulated FAM30A expression 

in AML LSC-like cells, not only showed a significant positive correlation with changes in 

LSC-related specific gene profiles such as LSC_R (comprising genes more highly 

expressed in LSC fractions) but also correlated with specific HSC genes that are 

differentially expressed in LSCs (termed CE_HSC_LSC (Eppert et al., 2011)) (Figure 

19B). Remarkably, FAM30A was part of both gene signatures from Eppert et al (Figure 

8B). This implies that FAM30A could play a potential differential role in the malignant 

transformation of HSC to LSC: while it could be regulating HSCs maintenance and 

normal haematopoiesis, aberrant FAM30A activation could promote the emergence of 

AML LSCs and subsequent onset of the disease. This hypothesis has been validated for 

other LSC-specific lncRNAs in the AML context. For instance, HOTTIP activation was 

shown to abnormally alter the self-renewal capacity of HSCs via activation of HOXA9 

and the Wnt/β-catenin pathway leading to AML progression (H. Luo et al., 2019). 

Similarly, the normally HSC-specific HOXA10-AS is an important regulator of 

maintenance of CD34+ HSCs and progenitor cells via regulation of myeloid 

differentiation but it is an oncogenic lncRNA in KMT2A-rearranged AML (Al-Kershi et al., 

2019). 

Based on this hypothesis, the herein presented study could have gained additional 

insights if FAM30A expression levels had been profiled in normal CD34+ CD38- HSCs 

from healthy donours, including more myeloid-committed progenitors such as GMP and 

other mature myeloid cells and compared those with their AML counterparts. For 

instance, scRNA-seq performed in primary AML samples (adult and paediatrict) and 

normal bone marrow could have better delineated whether FAM30Ahigh AML cells follow 

the same lineage identity as in normal haematopoiesis. Moreover, profiling FAM30A 

expression in pre-LSCs that are likely to become "primed" during clonal hematopoiesis 

(i.e. via screening of common gene mutations in epigenetic modifiers) could provide 

additional insights into the relevance of FAM30A before the emergence of fully competent 

AML LSCs. This would have also clarified whether these subpopulations of FAM30Ahigh 

AML LSCs give rise to most of their leukaemic progeny (AML blasts), even post-

chemotherapy treatment. In fact, another set of samples that could be included in this 
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scRNA-seq setting would be analyzing FAM30A expression levels in patients before 

relapse and comparing them with short and long-term relapsed and primary refractory 

samples. In this line, by stratifying these immature FAM30Ahigh chemoresistant-AML 

populations and correlating them with their acquired mutations at relapse could represent 

a strategy to predict whether patients would poorly respond to chemotherapy. 

This would have overall strengthened the hypothesis that FAM30A is differentially 

required in AML LSCs compared to normal HSCs. Despite these limitations, the 

significance of the stem cell-specific lncRNA FAM30A was addressed as a potential 

oncogenic driver in AML thus it was selected for further experimental characterization in 

AML cells. 

4.2.- Biological and molecular properties of FAM30A and its highly 
conserved region 
 

The FAM30A gene is located on chromosome 14 of the human genome (Figure 13A). 

Interestingly, chromosomal rearrangements (i.e. duplications, deletions or 

translocations) involving the genomic region where FAM30A is located -14q.32.33- are 

known to result in a predisposition to a number of adult-onset myeloproliferative 

neoplasms such as AML and it is associated with immature M0 and M1 acute myeloid 

leukaemias (Di Giacomo et al., 2021; Venditti et al., 1997). Another study also identified 

recurrent FAM30A amplifications more prevalent in ALL patients with gene fusions 

(Batista-Gomes et al., 2020). Other numerous haematological malignancies that were 

correlated with abnormalities within the 14q32 region include chronic B-cell leukemia 

(Bryant et al., 2023; Reindl et al., 2010) and multiple myeloma (Abaza et al., 2015; E. 

Tian et al., 2014). 

As previously shown, FAM30A expression was relatively high in B-cells compared to 

other mature blood cells (Figure 12C) and correlated with prevalence of B-cell leukaemia. 

This could be explained by its genomic vicinity to immunoglobulin genes (FAM30A gene 

is in antisense orientation to the IGH locus) necessary for the production of the heavy 

chains of the human antibodies, predominantly generated by B-cells (D. Jung et al., 

2006; Meffre et al., 2001). Moreover, FAM30A expression has been previously 

associated with B-lymphocyte-related genes as high FAM30A expression was correlated 

with high antibody production upon influenza vaccination (D. S. de Lima et al., 2019). 

Given that FAM30A expression is significantly higher in B-cell acute lymphoblastic 

leukaemia (B-ALL) compared to healthy bone marrow (Figure 10A), this poses the 

question of whether FAM30A has the same oncogenic significance in this context or if its 
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transcript is upregulated due to its genomic localization. Consequently, the potential 

oncogenic role of FAM30A in B-cell leukaemias could also represent a promising area of 

future research. 

In order to study FAM30A at the molecular level, the KG-1a cell line was selected as it 

robustly resembles different AML LSC features: highly correlated expression with the 

LSC17 gene signature (Figure 14A), the CD34+CD38- immunophenotype (Figure 14C), 

as well as it belongs to the group of M0/M1 immature AML subtypes (where FAM30A 

also displayed the highest expression levels) and complex karyotype with high 

chemoresistance properties. In addition, FAM30A expression levels in KG-1a cells were 

the highest in a panel of AML cell lines (Figure 14B). Noteworthy, FAM30A sequence was 

first described as a cDNA expressed in the parental KG-1 cell line (M1 subtype) (Nagase 

et al., 1995). Determination of exon usage via RT-qPCR and RNA-sequencing analysis 

in KG-1a cells as well as in CD34+ cord blood cells showed a total of 5 exons (Figure 

15, Supplemental Figure 2). This does not include an initial annotated exon which spans 

almost 800 bp, suggesting a different 5´ region not present in haematopoietic cells. A 

plausible reason would be that transcription of the FAM30A transcript starts earlier from 

an upstream promoter and this accounts for another less constitutively cell-type 

dependent expressed isoform. FAM30A may also be transcribed from various potentially 

complex promoters, such as bidirectional promoters that regulate other genes (i.e. genes 

transcribed from the IGH loci) and promoters located within the body of another gene. 

Thus, the precise identification of the FAM30A transcription start site (TSS) would have 

enabled the design of CRISPRa approaches to accurately perform targeted FAM30A 

gene activation (Chavez et al., 2015; Konermann et al., 2014). However, this strategy is 

likely to cause undesired perturbations of the neighboring genes, which may also lead to 

false identification of phenotypes (Goyal et al., 2017). 

Regarding the conservation across various species, FAM30A emerges as a lncRNA 

present in primates while absent in rodents (and no sequences from individual exons 

aligned with any gene). Across the FAM30A sequence, a particularly intriguing region is 

located at the terminal part of exon 5. Within this region, there exists a series of putative 

RNA-binding protein (RBP) motifs, organized in a homologous segment spanning 76-78 

base pairs which it is tandemly repeated six times. Throughout this thesis, this segment 

was identified as FAM30A repeats or simply repeats (as depicted in Figure 13B). 

Interestingly, this short tandem repeated region was already identified almost 30 years 

ago (Nagase et al., 1995) within the untranslated region of FAM30A but no function has 

been reported so far. Short tandem repeats have been structurally characterized by a 

sequential arrangement of repeat units, a large number of which lie within genes and 
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their regulatory regions. These genomic repetitive elements have been widely 

investigated since they play critical roles across the genome by driving evolution and 

regulating gene expression (X. Liao et al., 2023; N. M. Shah et al., 2023). Thus, they are 

an importance source of genetic variation with high polymorphisms rates that induce 

genome variability and they have also been associated with pathological conditions 

(Hannan, 2018; Ninomiya & Hirose, 2020). In particular, repeat-derived RNA sequences 

embedded in introns, untranslated regions or lncRNAs represent RNA functional 

elements important for protein-binding (Onoguchi et al., 2021) and functions of many 

lncRNAs depend on recruitment of multiple copies of specific RBPs to short tandem 

repeats. However, the role of these repeat-containing RNA sequences has only gained 

some attention in the recent years. For example, the AML-relevant lncRNA XIST 

comprises several tandem repeat regions relevant for recruiting transcriptional 

repressors and chromatin modifiers such as PRC2 or EZH2 (Elisaphenko et al., 2008; 

McHugh et al., 2015). However, the idea that such binding is essential for their function 

has been recently challenged, as many of these reported interactions may not occur in 

vivo (J. K. Guo et al., 2024). 

Notably, the FAM30A repeats exhibit a distinctive feature. The present study implies that 

there exist a substantial evolutionary pressure to specifically increase the number of 

repeats (but not its flanking regions) over time, with the highest repeat counts of six 

observed in humans. These units appear to have resulted from a tandem sequence 

duplication that occurred at least more than 30 million years ago as the existence of at 

least one repeat is present for the first time in the order of higher primates (Anthropoidea) 

(Figure 16A, B) (Groves, 1998). Moreover, each of the repeats was predicted to form 

stem-loop structures (Figure 16C) which could serve as functional tandem domains for 

RBP binding, as other studies have reported before (Raposo et al., 2021; Tichon et al., 

2016; Yap et al., 2018). This finding is compelling as regions from antisense lncRNAs 

that are enriched for translated ORFs or protein-RNA interactions are generally more 

conserved (Ruiz-Orera & Albà, 2019). However, no potential ORF within this particular 

region was detected, emphasizing the significance of this untranslated region for protein 

binding and potentially broader biological functions. 

Even though FAM30A is annotated as a non-coding RNA and computationally predicted 

to be non-coding RNA by the PhyloCSF, CPAT and CPC2.0 tools gave it borderline 

scores likely due to the presence of potential ORFs within FAM30A sequences. A short 

open reading frame (sORF) was identified in silico, predicted to code for 168 amino acids 

(17 kDa) at the beginning of exon 5 (data not shown). The protein query did not align 

with any hypothetical proteins (UniProt) in other primates but it would be worth 
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investigating the coding potential of this protein and whether it has any function in the 

cell. In this context, one study that correlated FAM30A expression with neuronal 

degeneration in Alzheimer disease identified another sequence in FAM30A that could 

encode for a protein of 8 kDa (LOC9834) but no function has been reported so far (Uhrig 

et al., 2009). Interestingly, the gene encoding for this hypothetical protein was found to 

be hypomethylated in pancreatic cancer (Tan et al., 2009) thus suggesting potential 

oncogenic functions of FAM30A-derived peptides.  

In principle, in line with the almost exclusive cytoplasmic localization of FAM30A at 

steady-state conditions, the nature of a cytoplasmic RNA would imply an increased 

chance of association with ribosomal complexes and ultimately being translated. 

Experimental validation in AML cell lines demonstrated that FAM30A resides in fractions 

not associated with heavy polysomes, where mRNAs typically reside. This provides the 

first evidence that FAM30A lacks protein-coding potential under steady-state conditions 

(Figure 17). However, this does not exclude the possibility that ribosomes transiently bind 

to FAM30A, as a substantial proportion of FAM30A -approx. 25% of the total transcript- 

was observed in the monosomal fractions (40+60S, 80S) with a minimal presence 

observed in the heavy polysomes. A possible explanation is that a substantial proportion 

of certain FAM30A transcripts are protein-coding and thereby bound to ribosomes. 

Preliminary, in silico prediction of lncRNA-encoded peptides using the LncPep tool was 

performed (data not shown). Several putative micropeptides ranging from 50-150 

aminoacids with high coding probability (i.e. via Riboseq, CPC and CPAT) were detected. 

Very interestingly, increasing evidence suggests that a novel class of lncRNAs-derived 

micropeptides contribute to cancer development (Setrerrahmane et al., 2022). For 

instance, it was recently revealed that a lncRNA-derived micropeptide named APPLE (a 

peptide located in the endoplasmatic reticulum) is overexpressed in various subtypes of 

AML and confers poor prognosis. This micropeptide was found to be enriched in the 

ribosomes and regulates translation initiation by promoting PABPC1-eIF4G interaction 

and eventually supporting a pro-cancer translation program (L. Sun et al., 2021). In this 

regard, in-depth comparison of ribosome occupancy around putative initiation codons 

along FAM30A sequence could give further insights about the likelihood to generate 

FAM30A-encoded peptides. Subsequently, the translation of these putative FAM30A-

encoded peptides should be evaluated in vitro using fluorescently tagged ORFs in both 

cultured cells and cell-free translation systems. 

Another proposed hypothesis to FAM30A colocalizing with ribosomes is that cytoplasmic 

lncRNAs have been repored to sporadically engage with both light and heavy polysomes, 

potentially facilitating their degradation (Carlevaro-Fita et al., 2016) which could explain 
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the tightly regulated stem cell-specific expression pattern of FAM30A compared to other 

differentiated immune cells. Moreover, prior studies have suggested that the length of a 

lncRNA is associated with the number of ribosomes it recruits (Van Heesch et al., 2014), 

implying that longer lncRNAs like FAM30A are highly prone to spontaneously engage 

with the translational machinery. 

Arguably the most attractive hypothesis is that FAM30A possesses functional roles in 

regulating translation. In fact, after incubation of in vitro transcribed FAM30A repeats with 

KG-1a cell lysate and subsequent pulldown followed by mass spectrometry, an 

enrichment of proteins involved in regulating translation was observed. Additionally, 

clustering analysis revealed the presence of proteins implicated in mRNA processing 

and stabilization in the cytoplasm (e.g. ATP-dependent RNA helicases) as well as nuclear 

proteins involved in RNA processes such as transcription or splicing, which were not 

included in subsequent analyses (Figure 26B, Supplementary Table 1). While the focus 

of this thesis was the identification of specific protein interactors of FAM30A repeats, 

there exists considerable potential for identifying numerous other protein binders along 

the FAM30A sequence. This could be accomplished through methods such as RNAse 

footprinting assay (i.e. Rfoot seq) which would enable the assessment of which regions 

of the lncRNA are bound by proteins, thereby shielding them from degradation. 

In silico prediction of potential RBP motifs within FAM30A repeats (Figure 27) along with 

confirmation via mass spectrometry analyses (Figure 26), pulldowns and 

immunoprecipitation studies (Figure 28) revealed association of HNRNPA1 and MSI2 to 

FAM30A repeats, which were selected for further studies. Even though HNRNPA1 is a 

well-known splicing factor with nuclear localization at steady state, this protein has been 

shown to abnormally shuttle to the cytoplasm in leukaemia cells and its abnormal high 

expression was found in AML patients (J. Fang et al., 2017; S. Q. Li et al., 2020; Song 

et al., 2017). After thoughtful consideration, the decision not to explore HNRNPA1 as a 

potential candidate relevant to FAM30A-mediated function was undertaken for multiple 

reasons: (1) changes in FAM30A and its repeats does not seem to affect HNRNPA1 

protein levels (Figure 29C) and (2) no observable shifts in the subcellular localization of 

HNRNPA1 were observed that might imply an interaction with FAM30A repeats in the 

cytoplasm (Figure 29B). In this context, significant changes in reported post-translational 

modifications (PTMs, e.g. phosphorylation) that would enable HNRNPA1-mediated 

mRNA transport and translation in the cytoplasm were reported before (Barrera et al., 

2020; Clarke et al., 2021; Emdal et al., 2022). Proper LC-MS/MS analyses could here 

provide additional insights how FAM30A repeats could regulate HNRNPA1 PTMs and 

thereby its function. The only reported function of HNRNPA1 in the AML context (KG-1a 
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cells) is the control of post-transcriptional regulation of RUNX1 isoforms via splicing and 

that contribute to healthy and aberrant haematopoiesis (Davis et al., 2021). (3) Moreover, 

no significant changes in the RUNX1 mRNA isoform pool were observed upon changes 

in FAM30A expression in combination with depleted HNRNPA1 that could suggest a 

cooperative function (Figure 30). 

4.3.- Unravelling the FAM30A-MSI2 axis potentially relevant for AML LSC 
activity  
 

The impact of alterations in FAM30A repeats expression on MSI2 was evident, leading 

to MSI2 emerging as the prime candidate as the relevance of MSI2 as a key pro-LSC 

regulator in AML is well established. High expression of MSI2 correlates with worse 

clinical outcome in AML (Figure 31B), in line with previous studies (Byers et al., 2011; 

Kharas et al., 2010). Significant alterations in total MSI2 protein levels were observed 

following changes in the expression of FAM30A repeats across diverse myeloid leukemia 

cell lines (Figures 33A, B and 36B). In addition, mutations of the three MSI2-binding sites 

in one FAM30A repeat completely abrogated MSI2 association with FAM30A repeats. A 

single FAM30A repeat encompasses three potential MSI2-binding sites, characterized 

by UAG (Duggimpudi et al., 2018; Ruth Zearfoss et al., 2014) or UAG-containing motifs 

+/‒ additional flanking nucleotides (C. G. Bennett et al., 2016). While there are three 

putative MSI2-binding sites in each FAM30A repeat, the close proximity of two binding 

sites reduces the likelihood of simultaneous binding by two MSI2 proteins. However, this 

supports the hypothesis that either multiple RBP binding sites or enhanced 

oligomerization promotes RBP regulation. This was previously reported for other similar 

RBPs involved in translational control (i.e. IGF2BP1) (Moreno-Morcillo et al., 2020; 

Nielsen et al., 2004). Furthermore, other MSI2-binding sites (at least 8) were predicted 

to be distributed throughout exon 5 of FAM30A. Overall, this suggests that a single RNA 

molecule of FAM30A could have the capacity to potentially bind at least 12 MSI2 proteins. 

Notably, conservation studies presented in this thesis indicate significant evolutionary 

pressure to increase the number of FAM30A repeats containing MSI2-binding sites, 

whereas the flanking regions without these sites show no such pressure (Figure 16). 

Altogether, this underscores the potential physiological relevance of FAM30A repeats for 

MSI2 function in human normal haematopoiesis which then, when both dysregulated, 

can promote malignant processes in myeloid leukaemias. 

The relevance and requirement of MSI2´s function in myeloid leukaemias have been 

thoroughly investigated by multiple research teams through a series of depletion and 

overexpression studies carried out in both mouse and human systems. MSI2 depletion 
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or inhibition was shown to strongly downregulate haematopoietic (De Andrés-Aguayo et 

al., 2011; Hope et al., 2004; Rentas et al., 2016) and leukaemic stem cell-renewal 

programs (Kwon et al., 2015; Minuesa et al., 2019; Nguyen et al., 2020; Park et al., 2015; 

Taggart et al., 2016). The potential collaboration between FAM30A and MSI2 in the stem 

cell compartment appears consistent with our findings from GSEA analysis, revealing 

that FAM30A depletion significantly correlated with the downregulation of HSC 

signatures (Figure 12D, Figure 19B), LSC signatures (Figure 19B), and pro-LSC 

signaling pathways, some of them reported to be controlled by MSI2 in AML, such as 

TGF-β/SMAD3 (Park et al., 2014) and TNF signalling via NF-kB (J. Zhao et al., 2021). 

Noteworthy, all of these LSC-specific signatures were significantly restored upon 

overexpression of the MSI2-interacting region of FAM30A. 

MSI2 and FAM30A expression levels are highly correlated in AML samples (Figure 31A) 

and both show high stem cell-specific expression in normal early HSCs and GMPs, 

progressively decreasing upon myeloid differentiation (Hemaexplorer; BloodSpot) (De 

Andrés-Aguayo et al., 2011; Koechlein et al., 2016; Park et al., 2014). Overexpression 

of the MSI2-interacting region of FAM30A in KG-1a cells resulted on increased cell 

viability (Figure 27A), a substantial increase of more primitive CFU-GM (Figure 22) and 

more immature CD34+CD38- cells (Figure 23) compared to control. These findings 

further support the hypothesis that FAM30A enhances MSI2's pro-stemness function as 

previous studies have shown that enforced MSI2 expression induces robust self-renewal 

effects on early HSCs and AML LSCs, as evidenced by the enhanced colony-formation 

potential of early myeloid progenitors (Hattori et al., 2017; Rentas et al., 2016; Vu, Prieto, 

et al., 2017). To functionally validate the increased self-renewal capacity of AML cells 

due to the overexpression of FAM30A repeats, serial replating of colony formation assays 

should be performed on this cell population. The effects should then be compared to 

cells overexpressing MSI2 alone and MSI2-depleted cells combined with FAM30A 

repeats overexpression to further demonstrate the FAM30A/MSI2-dependent 

mechanism. 

The effect on the clonogenic capacity was also consistently observed in MV4-11 cells -

FAM30Alow AML cell line- (Figure 25) but could not be observed in all AML cell lines. This 

inconsistency can be attributed to the heterogenous expression of MSI2 and the distinct 

mutational dependencies among the AML cell lines (Supplemental Figure 7). MV4-11 

cells (with FLT3-ITD mutation) have been previously shown to be MSI2-dependent for 

leukaemic growth as MSI2 depletion greatly diminished the colony-formation potential 

and concomitantly downregulated expression of oncogenic FLT3 by direct binding to its 

mRNA (Hattori et al., 2017). Interestingly, RNA-sequencing conducted on KG-1a cells 
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overexpressing the MSI2-interacting region of FAM30A repeats revealed a significant de 

novo increase in FLT3 mRNA expression (logFC: 5.45; FDR: 2E-48), despite the 

absence of MSI2-binding to FLT3 mRNA in control KG-1a cells after immunoprecipitation 

(data not displayed). This discrepancy could be attributed to the latent expression levels 

of FLT3 in this particular cell line. Given that AML patients exhibiting abnormal MSI2 

upregulation are statistically more prone to harbouring the FLT3-ITD mutation (Park et 

al., 2015), this finding holds significant implications as FAM30A also correlates with this 

mutational signature, thus suggesting a potential cooperation of FAM30A and MSI2 

within FLT3-ITD-mutated AML cells.  

Moreover, constituve activation of FLT3 (i.e. FLT3-ITD) has been strongly linked to 

increased STAT5 activation in response to IL2 stimulation (Choudhary et al., 2007) which 

is commonly seen in LSCs of high-risk AML patients (Cook et al., 2014). The IL2/STAT5 

pathway is therapeutically targetable and its inhibition efficiently targets CD34+ AML 

primary cells while sparing heathy CD34+ HSCs (Wingelhofer et al., 2018). The results 

presented in this thesis also reveals a significant correlation between FAM30A depletion 

and the downregulation of the IL2/STAT5 pathway, a correlation that is reversed upon 

enforced expression of the MSI2-interacting region of FAM30A (Figure 19C). 

Furthermore, the overexpression of FAM30A repeats induces de novo surface 

expression of the low affinity IL-2 receptor (IL2RA/CD25), heightened STAT5 activation 

and a substantial increase in colony-formation potential (Figure 30). Notably, CD25 

overexpression has consistently been associated with poor therapy response and 

adverse outcomes in AML patients (Cerny et al., 2013; Du et al., 2019; Fujiwara et al., 

2017; Gönen et al., 2012; Kageyama et al., 2018), prompting ongoing phase I trials to 

investigate the potential application of CD25-directed therapy in FLT3-ITD+ AML (clinical 

trials: NCT02588092, NCT00085150; (Flynn & Hartley, 2017)). The increased colony-

formation potential observed in CD25high cells due to FAM30A repeats overexpression 

are significantly mitigated upon specific CD25-targeted inhibition (with concomitant 

STAT5 inhibition). This aligns with previous findings revealing that CD25 overexpression 

inhibits differentiation and promotes stem cell-related properties in AML LSCs (i.e. 

chemoresistance) required for leukaemogenesis (Nguyen et al., 2020). The herein 

proposed hypothesis is that FAM30A may facilitate MSI2-mediated upregulation of FLT3, 

leading to enhanced signaling that induces constitutive activation of STAT5. 

Consequently, this activation results in elevated transcription of CD25 (Z. Guo et al., 

2014), establishing a positive feedback loop that confers a proliferative advantage to 

these cells. Altogether, these findings provide an illustrative example with therapeutic 

possibilities in the axis between FAM30A/MSI2 and FLT3-ITD/CD25/STAT5 signalling 
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pathway, suggesting their collaborative involvement in promoting agressiveness in AML 

LSCs. 

Inhibiting MSI2 expression and function also greatly decreased proliferation, induced cell 

cycle arrest and decreased colony-formation potential in various AML cell lines and 

patient samples (Han et al., 2015; Hattori et al., 2017; Kharas et al., 2010) as well as in 

AML LSCs (Minuesa et al., 2019; Park et al., 2015) and CML cell lines (H. Zhang et al., 

2014). Concomitantly, FAM30A knockdown mimicked the reduced leukaemia growth in 

vitro (Figure 20A) which is contradicted by the observed increase on S phase of the cell 

cycle (Figure 20B). These results may be misleading due to the broad approach used to 

analyze cell cycle phases, as DAPI staining alone cannot clearly distinguish between G1 

and S phases. To address this limitation, one could consider using lentiviral transduction 

of fluorescence ubiquitin cell cycle indicator (FUCCI)-based reporter gene systems. 

These systems enable live and in vivo monitoring of cell cycle progression more 

accurately. However, if validated, this apparent acceleration on cell cycle progression in 

FAM30A-depleted cells could be explained by the increased lineage commitment in this 

setting, displaying more CFU-G (Figure 22) and expression of granulocytic marker (e.g. 

CD11B) (Figure 23) (Schnerch et al., 2012). 

Modeling of CD34+ AML LSC in mice has shown that two main population coexist in 

most patients: the immature CD38- CD45RA+ population (similar to M0/M1 AML 

subtypes) and their progeny which is resembles a more GMP-like population (Goardon 

et al., 2011). Results from FAM30A knockdown could be explained with a study that 

correlated MSI2-knockdown with upregulation of a differentiation signature in GMPs 

(Kharas et al., 2010). Enforced expression of FAM30A repeats in this setting led to an 

accelerated differentiation towards the monocyte/macrophage phenotype, as indicated 

by surface markers (e.g. HLA-DR) and increase on CFU-M (Figures 22 and 23). Given 

that the parental KG-1 cell line comprises myeloblasts that typically differentiate into 

macrophages in response to certain cytokines (Koeffler et al., 1980; Skopek et al., 2023), 

it is proposed that FAM30A, and particularly its repeats, plays a pivotal role in 

determining cell fate within myeloid-committed LSC progenitors (i.e., GMP). Specifically, 

FAM30A appears to favor differentiation towards the monocyte/macrophage-committed 

lineage, while its absence leads to a shift in differentiation towards granulocytes. 

Nevertheless, further characterization of the immunophenotypes of the populations after 

FAM30A depletion/overexpression could strengthen this hypothesis (i.e. CD34, CD38 

antibody stainings in combination with CD90, CD45RA for LMPP-like and CD123, 

CD45RA for GMP-like populations). 
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The findings presented here provide novel evidence that FAM30A plays a direct role in 

regulating murine bone marrow (BM) engraftment of AML cells. A series of complex 

interactions between adhesion molecules, cytokines and their receptors influence the 

“homing”, long-term engraftment (defined as ≥1% leukemic cells in murine BM) (Eppert 

et al., 2011; Lapidot et al., 1994) and proliferation of CD34+ LSCs in the BM niche to 

create a malignant niche inhospitable for normal HSCs (Colmone et al., 2008). Although 

this study did not specifically assess homing, depletion of FAM30A completely abrogated 

leukaemic engraftment after 6 weeks which suggests that these CD34+ CD38- LSC-like 

cells have lost their characteristic in vivo long-term disease-initating and propagating 

capacity (Figure 38) (Bonnet & Dick, 1997; Hope et al., 2004; Lapidot et al., 1994). This 

phenomenon was partially reversed by enforced expression of the MSI2-interacting 

region of FAM30A which was reflected in the increased number of engrafted 

CD34+CD38- and their more differentiated CD34+CD38+ AML cells (Figure 32). 

However, the engraftment levels were not completely restored by the recovery. This is 

probably explained by the slightly lower levels of FAM30A repeats compared to control 

(Figure 18B) and that only a small part of FAM30A was used for recovery studies. 

Nonetheless, additional experiments involving combination of FAM30A and/or MSI2 

depletion and overexpression are necessary to validate this hypothesis. Interestingly, the 

results are consistent with previous experiments that revealed a significant loss in the 

engraftment potential of MSI2-depleted HSCs and AML LSCs which suggests that MSI2 

plays a critical role after BM transplantation and long-term reconstitution (Kharas et al., 

2010; Nguyen et al., 2020; Park et al., 2014). The pivotal role of FAM30A in the 

engraftment capacity of this population is highly relevant since AML LSCs predominantly 

inhabit the more immature, chemotherapy-resistant CD34+CD38- AML LSC subset. 

Moreover, these cells have been shown to exhibit enhanced self-renewal and 

engraftment capabilities in xenotransplantation assays (Eppert et al., 2011; Ishikawa et 

al., 2007; Sarry et al., 2010). Future in vivo experiments would include assessing whether 

FAM30A depletion completely abrogates disease onset over an extended period (i.e., 

survival analysis) and exploring the impact of FAM30A depletion on the engraftment of 

normal CD34+CD38- HSCs in the BM. 

Another notable feature of MSI2 is its relevance in therapy-resistant AML stem cells 

(Spinler et al., 2020). It has been demonstrated that suppressing or inhibiting MSI2 

significantly improves sensitivity to Daunorubicin (Han et al., 2015). Consequently, this 

study also reveals that depletion of FAM30A significantly elevates apoptotic levels and 

enhances sensitivity to chemotherapeutic agents such as Ara-Cytarabine and 

Daunorubicin (Figure 21). Importantly, these effects were reversed upon restoration of 
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the MSI2-interacting region of FAM30A, even in two FAM30Alow AML cell lines with 

different mutational background (Figure 24). These results confirmed previous predictive 

reports (F. Wang et al., 2018; Y. H. Wang et al., 2021) that correlated FAM30A expression 

with worse patients initial response to chemotherapy. Moreover, FAM30A expression 

levels were correlated with upregulation of ATP-dependent drug transporters important 

for chemoresistance in leukaemia (Marzac et al., 2011). Two additional lncRNAs have 

been found to be involved in increasing MSI2 expression and stabilizing important 

oncogenic mRNAs, leading to increased chemoresistance and stemness in gastric (Zhu 

et al., 2022) and liver cancer cells (T. Fang et al., 2017), mirroring the findings presented 

in this study.  

Mechanistically, the central regulator MSI2 has been demonstrated to efficiently control 

the stem cell-specific translatome in AML cells operating in essential oncogenic signaling 

pathways (Duggimpudi et al., 2018; Ito et al., 2010; Minuesa et al., 2019; Vu, Prieto, et 

al., 2017). Based on the hypothesis that FAM30A repeats affect MSI2-driven translation 

of its target RNAs, an increased association of MSI2 with polysomal fractions should be 

observed in this setting. Although no increase in MSI2 protein levels in the polysomal 

fractions was observed upon overexpression of FAM30A repeats (data not shown), 

strong downstream effects at the protein level on certain MSI2 targets were noted. Even 

though MSI2 has been demonstrated to influence a broad mRNA interactome in AML 

LSCs, translational variations are evident in merely a subset of these mRNAs (Karmakar 

et al., 2022; Nguyen et al., 2020). This aligns with the herein presented results, as MSI2 

was experimentally validated to bind to reported targets such as BCL2, TSPAN3, and 

TGFBR1 mRNAs (Figure 34B), yet no significant differences were observed at the 

protein level. This study also emphasizes the importance of FAM30A and its repeats, 

illustrating a consistent positive correlation with MSI2 activation at the molecular level. 

This correlation was demostrated based on the observed effects that align with the 

reported dual role of MSI2 as both translational activator (e.g. SMAD3) (Park et al., 2014, 

2015) or repressor (e.g. NUMB) (Ito et al., 2010) to direct mRNA targets crucial for 

leukaemia progression (Figure 32B and Figure 34B). The alterations of MSI2-targets at 

the protein level were confirmed using an inhibitor of translation elongation while mRNA 

levels remained unaffected (Figure 32C). Interestingly, both of these pathways -

Numb/Notch1 and TGFβ/SMAD3- have been suggested to be MSI2-dependent and 

LSC-specific as well as representing potential therapeutic targets in AML (Minuesa et al., 

2019; Nguyen et al., 2020; Nishimoto & Okano, 2010).  

The variability in MSI2-driven translation of its mRNA targets can be explained within the 

context of binding motifs, distinct MSI2 isoforms (M. Li et al., 2020; Wuebben et al., 
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2012), phosphorylation status (MacNicol et al., 2017) or the recruitment of additional 

cofactors, offering further insights. Regarding the latter one, a study that investigated the 

MSI2-interactome identified the protein SYNCRIP as an indirect MSI2 interactor and 

demonstrated that both co-regulated the myeloid leukaemia stem-cell program. The 

evidence indicates that MSI2 and SYNCRIP share a set of stem cell-specific RNA targets 

critical for leukaemia progression without affecting normal haematopoietic development 

(Vu, Prieto, et al., 2017). Notably, mass spectrometry following pulldown revealed 

SYNCRIP as one of the highly enriched proteins bound to FAM30A repeats (log2Fold-

Change: 4.52; P = 4.22E-06). Should this hypothesis be substantiated, it could imply that 

FAM30A serves as a scaffold facilitating the function of both MSI2 and SYNCRIP, working 

synergistically to regulate the translation of stem cell-specific targets in AML. Further 

experiments in AML cells overexpressing FAM30A repeats in combination with MSI2 

depletion/overexpression could globally identify candidate genes regulated by 

FAM30A/MSI2, such as measurement of newly synthesized proteins based on AHA 

incorporation. This approach would also confirm that the alteration of MSI2 targets at the 

protein level, due to overexpression of FAM30A repeats, is specifically due to changes 

in translational rates. 

Altogether, the results strongly suggest that FAM30A repeats promote MSI2 function, 

indicated not only by increased MSI2 protein levels but aso enhancing MSI2-driven 

downstream effects. To the best of our knowledge, there have been no reports so far of 

a non-coding RNA associating to and directly influencing MSI2 protein function. Only 

DANCR, which is notably abundant in AML LSCs, and NEAT1 stands out as the sole 

lncRNAs known to regulate MSI2 expression in bladder and ovarian cancer, respectively 

(Zhan et al., 2018; C. Zhao, Zi, et al., 2021). Unfortunately, the mechanism by which the 

interaction of FAM30A repeats positively influences MSI2 function could not be 

mechanistically addressed, though some possible scenarios are proposed in this thesis. 

The most scenario is that FAM30A serves as a scaffold for the MSI2 protein to bind to its 

target mRNAs and exert its translational control, involving the formation of a ternary 

complex (FAM30A/MSI2/target mRNAs). This hypothesis could be validated using 

chemiluminescent Electrophoresis Mobility Shift Assays (EMSA) to assess MSI2-RNA 

complexes in vitro, as described by Köhn et al. 2010 and Minuesa et al. 2019. By adding 

increasing concentrations of recombinant MSI2-tagged protein incubated with in vitro 

transcribed biotinylated FAM30A repeats and/or validated MSI2-RNA target oligos 

labelled with different fluorescent markers, this approach could evaluate whether the 

aforementioned ternary complex is formed. An additional possibility is that FAM30A 

repeats simultaneously enhance MSI2 protein stability either by (1) recruiting proteins 



Discussion 

129 
 

that perform post-translational modifications on MSI2 (e.g. phosphorylation at the C-

terminal region (MacNicol et al., 2017)), which could be assessed via mass spectrometry 

analyses in FAM30A repeat-overexpressing cells (OE, REC) compared to controls 

(CTRL, KD), or (2) shielding MSI2 from the protein degradation machinery. A different 

scenario is that FAM30A may act as a miRNA sponge. Similarly, the lncRNAs DANCR 

and NEAT1 have previously been proposed to sequester miRNAs that negatively 

regulate MSI2 levels. Some miRNAs, such as miR193a-5p, were predicted in silico to 

bind FAM30A (data not shown) so further investigations are required to validate miRNA 

binding to FAM30A. 

4.4.- Influence of FAM30A on RUNX1 transcriptional activation: the role of 
the differential MSI2-driven post-transcriptional regulation of RUNX1 
isoforms 
 

It is noteworthy that FAM30A has recently been identified as a significant mediator gene 

influencing the impact of t(8;21)/RUNX1-RUNX1T1 fusions on survival in AML patients 

(Hornung et al., 2018). Patients with RUNX1 point mutations, typically associated with 

poor outcomes, show higher levels of FAM30A expression, whereas FAM30A expression 

is significantly lower in those with the t(8;21)/RUNX1-RUNX1T1 translocation (Y. H. 

Wang et al., 2021). Furthermore, FAM30A is the most significantly downregulated gene 

in AML cells lacking the t(8;21) translocation (Ptasinska et al., 2012). These findings 

suggest that FAM30A may be involved in or serves as surrogate of cellular processes 

that influence survival of AML patients with RUNX1 alterations. While there is no direct 

evidence of a connection between FAM30A and RUNX1, a study has suggested the 

possibility of RUNX1 directly regulating the transcription of the FAM30A gene as several 

RUNX1-binding TGTGG core sequences were identified within the upstream sequence 

of FAM30A (Y. H. Wang et al., 2021), indicating the potential presence of a self-regulatory 

loop involving FAM30A and RUNX1. 

This potential association between FAM30A and RUNX1 was also clearly apparent in 

the present study, as changes in FAM30A expression not only influenced total RUNX1 

protein levels in AML and CML cell lines (Figure 33A, B and 36B), but also positively 

correlated with RUNX1-transcriptional activation based on RNA-sequencing analysis 

(Figure 33C). Moreover, overexpression of FAM30A repeats in an MSI2 knockdown 

setting transfected with luciferase reporter constructs confirmed that RUNX1 activation 

was both FAM30A- and MSI2-dependent in a leukaemia cell line (Figure 36C). Even 

though there has not been any direct link between MSI2 and RUNX1 so far, analysis of 
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available CLIP-seq data in different leukaemia cell lines (Figure 34A) and further 

confirmation via immunoprecipitation studies (Figure 34B) demonstrated that MSI2 is 

more heavily associated with the RUNX1C isoform (3´UTR) and to a lesser extent with 

the RUNX1A (5´UTR) and RUNX1B. Following treatment with a translation inhibitor, we 

herein unveiled a direct positive regulation between FAM30A repeats, increased MSI2 

protein and substantially elevated RUNX1C whereas FAM30A absence decreased MSI2 

and favoured RUNX1B (Figure 35). These observations were reflected in the favoured 

activation of P1-promoter (RUNX1C-specific) upon increased FAM30A repeats/MSI2, 

explained by the reported transcriptional auto-regulation of P1-promoter (Ferrell et al., 

2015; Martinez et al., 2016) (Figure 36). Nevertheless, MSI2 knockdown decreased 

RUNX1 activity that was only reflected on P2 promoter thus it cannot be ruled out that 

FAM30A could influence additional factors involved in the differential downstream 

activation of RUNX1 promoters. Further investigations into the hypothesized 

FAM30A/MSI2/RUNX1 axis could be conducted in RUNX1-mutated AML cell lines that 

require RUNX1 expression for survival (such as Kasumi-1, ME-1, and MOLM-13) (Ben-

Ami et al., 2013; Wilkinson et al., 2013). These studies would also help to determine 

whether increased MSI2 function due to FAM30A overexpression and the associated 

phenotypes seen in this study are independent of RUNX1 mutational status. 

Translation initiation is considered the rate-limiting step of translation and it is regulated 

by cis-acting elements, such as the length of the 3´UTR or secondary structures within 

the 5´UTR (Merrick, 1992; Szostak & Gebauer, 2013). A study demonstrated that 

alternative RUNX1 promoter usage coupled to translation control is essential for 

regulation of the temporally and cell type-specific RUNX1 isoform pool (Pozner et al., 

2000). RUNX1B and RUNX1C isoforms share the same 3´UTR and they only differ on 

their N-terminal sequences which is indicative of alternative translation initiation 

(Goyama et al., 2019). The 5´UTR of RUNX1B is remarkably long and comprises several 

GC-rich islands forming highly stable stem-loop structures and other non-canonical 

initiation codons (Levanon et al., 2001) that makes the translation of this isoform highly 

inefficient (Kozak, 1989, 1991) whereas the shorter 5´UTR of RUNX1C directs its 

efficient translation. Even though MSI2 is known to preferentially bind to the 3´UTR of 

the target mRNA and repress its translation (Ito et al., 2010; Kawahara et al., 2008), 

MSI2 can also promote translation of its target through 5´UTR-dependent processes (Vu, 

Prieto, et al., 2017; Yeh et al., 2023). Thus, a possibility would be that high FAM30A 

repeats increases MSI2 binding to the 3´UTR of RUNX1C and forms a structural loop 

that recruits the translational machinery to initiate the efficient translation at the 5´UTR. 

Nevertheless, further investigations are needed to explore how potential structural 
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disparities within these untranslated regions may impact the differential binding of MSI2 

to RUNX1C as opposed to RUNX1B. To investigate how MSI2 regulates different RUNX1 

mRNA isoforms differently (i.e. mRNA stability or translation), the distinct 5´- and 3´- 

UTRs of these isoforms could be cloned into luciferase reporter constructs. These 

constructs could then be transfected into K562 cells to evaluate how stable high levels 

of FAM30A repeats and MSI2, in combination with MSI2 depletion, affect luciferase 

expression levels.  

RUNX1 expression is significantly higher in primary LSC+ cells from AML patients (Ng 

et al., 2016) and recently RUNX1 has been shown to be critical for LSC maintenance 

(Wesely et al., 2020). Although RUNX1B and RUNX1C share a high degree of structural 

similarity, they serve distinct and specific roles in adult haematopoiesis. RUNX1C has 

been demonstrated to possess a greater binding capacity to its target genes (Telfer & 

Rothenberg, 2001), and its expression correlates with proliferative CD34+ 

subpopulations (Challen & Goodell, 2010; Ferrell et al., 2015). Consequently, it has been 

suggested that RUNX1C may be the stem cell-specific isoform in AML, as 

overexpression of RUNX1C in AML blasts has been shown to confer a phenotype more 

akin to haematopoietic stem cells (HSCs) (Wesely et al., 2020). This study showed that 

RUNX1 knockdown decreased LSC frequency and colony-formation potential within the 

CD34+ fraction as well as it abrogated their ability to engraft. Moreover, RUNX1C 

function has also been recognized to be relevant within the monocyte/macrophage 

compartment as it increases CFU-GM and CFU-M types (Navarro-Montero et al., 2017), 

a phenomenon also observed upon overexpression of FAM30A repeats (Figure 22). 

These effects may be achieved by regulating the expression of crucial haematopoietic 

transcription factors like GATA1, PU.1, as well as other cytokines and receptors essential 

for myeloid-committed progenitors, such as CSF1 (M-CSF) and CSF2 (GM-CSF) and 

their receptors (all showing significance with log2FC > 1 in the OE condition). Therefore, 

the increase in RUNX1 transcriptional activation resulting from the overexpression of the 

MSI2-interacting region of FAM30A is likely attributed to the heightened levels and 

activity of RUNX1C, as this isoform holds relevance in the AML LSC context, unlike 

RUNX1B. However, whether RUNX1C overexpression mirrors the phenotypes upon 

overexpression FAM30A repeats requires further validation. Additionally, AML patients 

with FLT3-ITD mutations exhibit elevated RUNX1 levels, and studies have shown that 

increased RUNX1 expression collaborates with FLT3-ITD to drive leukaemia progression 

(Behrens et al., 2017; Salarpour et al., 2017). Moreover, RUNX1 is a cofactor of STAT5 

in AML (Fan et al., 2023) and together with FOXP3, they drive the transcription of the 

CD25 gene (Rudra et al., 2009). Altogether, this implies a potential link between 
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FAM30A, MSI2 and increased RUNX1 activation that could work in conjunction with 

FLT3-ITD and IL2/STAT5 pathway to drive AML progression.  

 

4.5.- Targeting the FAM30A-MSI2 interaction: a promising therapeutic 
avenue to eradicate AML LSCs 
 

Given the central role of MSI2 in regulating key biological processes that are critical for 

cancer initiation, progression, and drug resistance, targeting MSI2 RNA-binding activity 

has emerged as a promising therapeutic strategy in several types of solid tumors (Lan et 

al., 2018; Yeh et al., 2023; X. Zhang et al., 2022) and notably in hematological 

malignancies (Minuesa et al., 2019; Sureda-Gómez et al., 2022). Noteworthy, a large 

chemical screen identified the druggability of MSI2 by developing a small molecule called 

Ro 08–2750 (Ro) that directly interacts with MSI2-RRM1 and competes for its RNA-

binding capacity and displaces MSI2-target mRNAs in biochemical and cellular assays 

in leukaemia cell lines (Minuesa et al., 2014). Treatment with Ro has been shown to 

specifically alter MSI2-specific oncogenic targets without impacting global translation. As 

a result, there is an increase in differentiation, apoptosis, and a decrease in disease 

burden in a aggressive murine AML model (Minuesa et al., 2019). Despite the potential 

of these MSI2 antagonists, their specificity and selectivity have not been fully 

characterized. Furthermore, the extent of off-target effects, particularly through 

interactions with other RNA-binding proteins (Walters et al., 2023), remains to be 

elucidated.  

The relevance of targeting in vivo certain stem cell-specific lncRNAs in AML has already 

been shown to have an impact on LSC features (Bill et al., 2019; H. Luo et al., 2019; X. 

Y. Ma et al., 2015). Due to the potential clinical relevance of FAM30A repeats in 

promoting LSC activity (i.e. colony-formation potential, chemoresistance, engraftment), 

a promising possibility would be designing Locked Nucleic Acid (LNA) Gapmers to 

silence endogenous FAM30A or to design specific small molecules that bind to FAM30A 

repeats and disrupt FAM30A-MSI2 interaction. While further research is needed to 

explore the biological significance of FAM30A in CD34+ HSPCs, as well as to confirm 

that FAM30A-induced effects are solely driven by enhanced MSI2/RUNX1 activity, the 

targeting of the FAM30A/MSI2 axis holds considerable promise as a therapeutic 

approach to target AML LSCs particularly as combination regimens (i.e. with 

chemotherapeutic agents). Although requiring further validation, the probable occurrence 

of FAM30A and MSI2 binding occurs via the RRM1 domain suggests the potential for Ro 
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or Gapmers to disrupt this interaction and subsequent downstream oncogenic activation 

(Numb/Notch1, TGFβ/SMAD3). Another possibility is that MSI2 is tightly bound to 

FAM30A repeats under steady-state conditions, shielding MSI2-RRM1 from being 

targeted by Ro. Future experiments could involve treating FAM30A-depleted KG-1a cells 

(KD) with Ro, alongside overexpression of FAM30A repeats in the same setting (REC). 

This approach would help determine whether targeting MSI2 RNA-binding capacity in 

the absence or presence of FAM30A repeats affects the phenotypic outcomes described 

in this thesis, as well as MSI2-targets at the protein level. Additionally, by comparing 

these results with stable MSI2 depletion, we can assess whether the observed effects 

are MSI2-dependent. The proposed differential necessity of both MSI2 (Nguyen et al., 

2020) and potentially FAM30A in AML LSCs presents a pathway for targeted therapy for 

AML patients. However, further studies are required to confirm whether targeting this 

oncogenic regulatory axis also safeguards normal haematopoiesis. 

In summary, this study uncovers an important role for the stem-cell specific FAM30A in 

in defining characteristic features of AML LSCs (stemness, chemoresistance, 

engraftment) that is mechanistically driven by the interaction of the conserved FAM30A 

repeat region with MSI2 and its downstream effects on oncogenic factors critical for 

leukaemia progression. Moreover, this interaction is influential not only on canonical AML 

LSC signatures but also impacts the transcriptional activation of RUNX1, highlighting its 

multifaceted role in LSC maintenance (Figure 40, next page).  

This underscores the need for further exploration into the regulatory mechanisms 

governed by FAM30A, not only within the AML context but also in normal 

haematopoiesis. 
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Figure 40. The relevant role of FAM30A and its partner MSI2 in AML leukaemia stem cells. 
A) Left panel: representative Kaplan-Meier showing how high LSC content negatively impacts 
survival of AML patients (Ng et al., 2016). Middle panel: microarray analysis of functionally sorted 
LSC fractions where there is high expression levels of FAM30A, MSI2 and in a lesser extent 
RUNX1, when compared to non-LSC fractions (Eppert et al., 2011). Right panel: hypothesis of 
the differential requirement of FAM30A and MSI2 (Kharas et al., 2010; Nguyen et al., 2020; Park 
et al., 2015) in AML LSCs necessary for disease onset. B) The data presented in this thesis 
supports an important role of how FAM30A influences the hallmarks of AML LSC activity 
(stemness, sustained proliferation, chemoresistance and increased engraftment) that is 
mechanistically driven by the novel direct binding of the pro-LSC regulator MSI2 to the highly 
conserved region of FAM30A. Consequently, there is an enhanced MSI2-driven translation of 
stem cell-specific mRNAs (i.e. RUNX1C), thereby inducing upregulation of AML LSC signatures 
(i.e. RUNX1, IL2/STAT5) essential for leukaemia progression. 

 

 

A) 

B) 
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5. SUMMARY 
Acute myeloid leukaemia (AML) is the most common leukaemia in adults and it is 

characterized by the uncontrolled proliferation of malignant myeloid precursors in the 

bone marrow (Döhner et al., 2015). High relapse and refractoriness rates after induction 

chemotherapy still contribute to the unfavourable prognosis of AML patients (Ferrara & 

Schiffer, 2013). This recurrence is thought to be sustained by a heterogenous subset of 

chemotherapy-resistant leukaemia stem cells (LSCs), serving as the disease reservoir 

(Misaghian et al., 2009). Understanding the molecular function of genes specifically 

deregulated in LSCs represents a significant breakthrough in AML research, offering a 

better understanding of LSC biology necessary to develop novel therapies to eradicate 

the LSCs. Long non-coding RNAs (lncRNAs) are increasingly emerging as pivotal 

prognostic markers and potential targets for cancer therapy in AML (Bill et al., 2019). For 

many years, high FAM30A expression has consistently been associated with specific 

gene signatures linked to AML LSCs activity and poor prognosis in both adult (Eppert et 

al., 2011; S. W. K. Ng et al., 2016) and pediatric AML (Elsayed et al., 2020; B. J. Huang 

et al., 2022). However, the molecular role of FAM30A in this context remains unknown. 

For the fist time, this study provides curcial insights into the role of FAM30A and its highly 

conserved repeats region in regulating LSC activity in the AML context. FAM30A 

depletion correlated with downregulation of canonical AML LSC signatures, decreased 

cell viability, increased apoptosis and sensitivity chemotherapeutics compared to control. 

This also led to decreased colony-formation potential, increased granulocytic 

differentiation and, importantly, abrogated leukaemic engraftment in murine bone marrow 

(BM) by 6 weeks post-transplant. Conversely, overexpression of FAM30A repeats in this 

setting resulted in increased stemness, proliferation, chemoresistance and murine BM 

engraftment compared to control. These findings could be explained mechanistically by 

association of the pro-LSC regulator MSI2 to FAM30A repeats. Additionally, changes in 

the expression of FAM30A and its repeats within stable KG-1a cells were found to 

influence MSI2-mediated post-transcriptional regulation of its stem cell-specific mRNAs 

which are critical for leukaemia progression. These investigations further unveiled a 

correlation between differential MSI2-binding to RUNX1 isoforms and variations in 

RUNX1 activity, a transcription factor commonly mutated in AML. Notably, we also 

confirm that RUNX1 transcriptional activation is both FAM30A- and MSI2-dependent 

thus implying a novel positive feedback loop involving FAM30A, MSI2 and RUNX1 

relevant for AML LSCs maintenance. We propose that a further exploration of this 

mechanism is warranted as a means of defining a therapeutically tractable pathway to 

target AML LSCs.
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7. APPENDIX 
7.1.- Supplementary data 
 

Supplemental Figure 1. FAM30A expression correlates with worse mutation patterns in 
AML. RNA expression levels of FAM30A expressed in terms of log2 in the most common mutations 
found among AML patients. Data extracted from R2 platform (Bohlander, n=422). + represents 
mutations in the gene, wt = wild-type; ITD= internal tandem duplication; TKD= mutation in the 
tyrosine kinase domain. Statistical significance was calculated using unpaired two-tailed student 
t-test. 

 

Supplemental Figure 2. Exon usage of FAM30A. A) Visualization of the most constitutively 
expressed exons in FAM30A shown from UCSC Genome browser (Refseq FAM30A / 
NR_026800) and showing results from FANTOM5 for prediction of Transcription Starting Sites 
(TSS).  
-Continued on next page- 
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B) Depiction from IGV software from the RNA-sequencing performed in normal CD34+ cord-blood 
cells. The image shows the main five exons of FAM30A with the highest raw reads. 

 

Supplemental Figure 3. Multiple sequence alignment of FAM30A repeat and its flanking 
region in human and primates. Results from multiple sequence using M-Coffee software. Upper 
legend shows conservation score in the species used for the alignment. Hs= homo sapiens; Hm= 
Hylobates moloch; Pa= Papio Anubis; Ca= Cercocebus atys; An= Aoutus nancymaae. 

 

 

 

Supplemental Figure 4. Protein-coding probabilities of FAM30A and other lncRNAs and 
mRNAs. Graph depicting coding probabilities of FAM30A and established cytoplasmic or nuclear 
long non-coding RNAs (lncRNAs) and compared with mRNAs with known protein-coding 
potential. All RNA sequences were extracted from NCBI website and aligned using two protein-
coding bioinformatic tools: Coding-Potential Assessment Tool (CPAT) and Coding Potential 
Calculator2.0 (CPC2.0). 
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Supplemental Figure 5. Colony-formation assay after modulation of expression of FAM30A 
and its repeats. Images of the plates in the different conditions captured with Licor-Oddysey. 
Scale bar represents 500 mm. 

 

Supplemental Figure 6. Representative gating strategy used for FACS staining. Images 
after analysis in Flow-Jo software for living cells (left), singlets (middle) and for negative staining 
(right). 

 

Supplemental Figure 7. FAM30A and MSI2 RNA expression levels in the leukaemia cell 
lines used in this thesis. RNA expression levels relative to ACTB and normalized against KG-
1a cell line that showed the highest expression values for both RNAs. Data is shown in terms of 
mean and error bars represent SEM. 
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Supplemental Figure 8. Altering the expression levels of FAM30A and MSI2 impacts only a 
small subset of common downstream targets. Venn diagrams showing number of significantly 
down- and upregulated targets upon modulation of FAM30A expression (and its repeats) in KG-
1a cells and MSI2 knockdown or overexpression in different leukaemia cell lines or in vivo 
experiments. RNA-sequencing and microarrays data for MSI2 was derived from publicly available 
datasets extracted from (Minuesa et al., 2019; Duggimpudi et al., 2018; De Andrés-Aguayo et al., 
2011). Ro 08-2750 = MSI2 inhibitor.  

 

 

 

 

 

 

 

 

Supplemental Figure 9. Alterations of RUNX1 isoforms at the RNA level remain unchanged 
after MSI2 knockdown. Graph depicting RT-qPCR analysis upon stable MSI2 knockdown in 
combination with FAM30A repeats overexpression in K562 cells. CTRL: control cells, shM2: MSI2 
knockdown, OE: FAM30A repeats overexpression, shM2 OE: MSI2 knockdown combined with 
FAM30A repeats overexpression.  
-Continued on next page- 
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Statistical significance was calculated using unpaired two-tailed student t-test. (*** - p<0,001; **- 
p<0,01; *- p<0,05). Data is displayed as mean values and error bars represent SEM. 

 

 

 

Supplemental Figure 10. Comparison of α-CD25 treatment and STAT5 inhibition on STAT5 
activation upon modulation of FAM30A repeats. Western blot analysis in stable KG-1a cells: 
shC EV (control cells) and shC FAM (FAM30A repeats overexpression) treated with 3 µg/mL of 
control IgG, BC-96 (α-CD25) and 10 µM of STAT5i (STAT5 inhibitor  (Wingelhofer et al., 2018)) 
for 48 hours. VCL was used as a loading control (n=1). 

Supplemental Figure 11. FACS staining of mice used for the study of how FAM30A and it 
repeats affect engraftment in the bone marrow.  
-Continued on next page- 
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Images after analysis with Flow-Jo software of all mice used for the engraftment of KG-1a cells, 
highlighting percentage of APC-positive cells as percentage of engraftment of human cells. A) 
control (CTRL), B) FAM30A knockdown (KD), C) FAM30A knockdown and overexpression of 
FAM30A repeats (REC), D) no engraftment of human cells (Unst). 

Supplementary Table 1. Mass spectrometry analysis of significantly enriched pulled-down 
proteins with FAM30A repeats. List of significantly pulled down proteins detected after RNA-
pulldown using in vitro transcribed FAM30A repeats as bait and compared to no RNA (BC) and a 
flanking region of FAM30A outside of the repeats (EV). The cut off used: log2 (abundance ratio) 
>3 and adjusted p-value < 0.001 vs BC and adjusted p-value < 0.05 vs EV). 

DESCRIPTION Abundance 
(FAM) / (BC) 

p-value: vs 
(BC) 

p-value: 
vs (EV) 

ATP-dependent RNA helicase A   DHX9   6,15 5,24E-11 0,000748 
Phosphatidylinositol 4-phosphate 5-kinase type-1 alpha   
PIP5K1A   5,04 5,24E-11 0,000935 

RNA-binding protein 28   RBM28   4,15 5,24E-11 0,00152 
Zinc finger protein 101   ZNF101   6,83 5,24E-11 0,008986 
Serine/arginine-rich splicing factor 9   SRSF9   3,49 2,83E-09 3,95E-06 
ATP-dependent DNA/RNA helicase DHX36   DHX36   5,06 1,18E-06 8,54E-05 
Target of EGR1 protein 1   TOE1   6,19 1,18E-06 0,000436 
5'-3' exoribonuclease 2   XRN2   3,64 1,18E-06 0,00707 
Ribosome biogenesis protein BRX1 homolog   BRIX1   5,89 1,94E-06 0,006528 
Nuclear fragile X mental retardation-interacting protein 1   
NUFIP1   4,26 2,17E-06 0,001497 

DNA-directed RNA polymerase, mitochondrial   POLRMT   3,16 2,19E-06 0,000173 
Double-stranded RNA-specific editase 1   ADARB1   4,76 2,4E-06 0,004724 
Zinc finger protein ZXDC   ZXDC   3,72 2,81E-06 0,006404 
Zinc finger protein 335   ZNF335   6,23 3,92E-06 0,027132 
Interferon-induced, double-stranded RNA-activated protein 
kinase   EIF2AK2   4,99 6,65E-06 0,000132 

Zinc finger protein 22   ZNF22   5,08 8,28E-06 0,029334 
rRNA 2'-O-methyltransferase fibrillarin   FBL   3,35 8,42E-06 0,016086 
Transcriptional activator protein Pur-beta   PURB   5,26 9,28E-06 6,26E-05 
RNA-binding protein Musashi homolog 2   MSI2   3,57 9,57E-06 0,005332 
Interleukin enhancer-binding factor 3   ILF3   5,13 9,63E-06 0,007458 
Hepatocyte growth factor   HGF   3,3 9,67E-06 0,000953 
Ribonucleases P/MRP protein subunit POP1   POP1   3,36 1,03E-05 0,000123 
CDKN2A-interacting protein   CDKN2AIP   5,22 1,17E-05 0,008337 
Heterogeneous nuclear ribonucleoprotein A0   HNRNPA0   6,21 1,23E-05 0,000114 
RNA-binding motif protein, X chromosome   RBMX   5,32 1,23E-05 0,004136 
ATP-dependent RNA helicase DHX30   DHX30   3,75 1,23E-05 0,027621 
Heterogeneous nuclear ribonucleoprotein U-like protein 2   
HNRNPUL2   3,61 1,31E-05 0,002005 

Lysine-rich nucleolar protein 1   KNOP1   4,44 1,45E-05 0,002492 
Nucleolar RNA helicase 2   DDX21   5,19 1,49E-05 0,004756 
Dol-P-Man:Man(5)GlcNAc(2)-PP-Dol alpha-1,3-
mannosyltransferase   ALG3   3,62 1,58E-05 8,11E-05 

Interleukin enhancer-binding factor 2   ILF2   5,46 1,6E-05 0,013791 
Nucleolysin TIAR   TIAL1   3,03 1,62E-05 0,000397 
rRNA N6-adenosine-methyltransferase ZCCHC4   
ZCCHC4   4,93 1,62E-05 0,012895 

Zinc finger protein 180   ZNF180   3,74 1,62E-05 0,026189 
Zinc finger CCCH domain-containing protein 8   ZC3H8   4,74 1,66E-05 0,008753 
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Zinc finger protein 652   ZNF652   4,79 1,66E-05 0,014006 
39S ribosomal protein L15, mitochondrial   MRPL15   3,41 1,84E-05 0,026004 
Heterogeneous nuclear ribonucleoprotein L   HNRNPL   7,15 1,86E-05 6,36E-05 
Zinc finger protein 324A   ZNF324   4,04 1,91E-05 0,002717 
U1 small nuclear ribonucleoprotein A   SNRPA   5,87 1,99E-05 0,001343 
Double-stranded RNA-binding protein Staufen homolog 1   
STAU1   4,17 1,99E-05 0,022655 

Activator of basal transcription 1   ABT1   4,4 2,02E-05 0,029861 
Nucleoside diphosphate kinase, mitochondrial   NME4   6,33 2,02E-05 0,038175 
GTP-binding protein 2   GTPBP2   4,02 2,07E-05 0,033891 
Chromodomain-helicase-DNA-binding protein 4   CHD4   5,14 2,12E-05 9,1E-05 
Interferon-inducible double-stranded RNA-dependent 
protein kinase activator A   PRKRA   3,35 2,55E-05 0,000813 

Mediator of RNA polymerase II transcription subunit 19   
MED19   3,4 2,56E-05 0,002356 

PHD finger protein 19   PHF19   3,44 2,59E-05 0,001905 
Lupus La protein   SSB   4,73 2,61E-05 0,004241 
S1 RNA-binding domain-containing protein 1   SRBD1   4,61 2,67E-05 0,032996 
ATP-dependent RNA helicase DDX55   DDX55   3,06 2,81E-05 9,76E-05 
Zinc finger protein 121   ZNF121   4,11 2,87E-05 0,000592 
Casein kinase I isoform delta   CSNK1D   3,24 2,96E-05 0,000997 
SAFB-like transcription modulator   SLTM   3,28 3,46E-05 0,007515 
Zinc finger protein OZF   ZNF146   7,95 3,53E-05 0,000183 
ATP-dependent RNA helicase DDX50   DDX50   3,41 3,53E-05 0,00135 
Heterogeneous nuclear ribonucleoprotein A3   HNRNPA3   7,52 3,68E-05 0,000371 
MKI67 FHA domain-interacting nucleolar phosphoprotein   
NIFK   3,72 4E-05 0,004192 

Ribosome production factor 2 homolog   RPF2   4,14 4,5E-05 0,009136 
U1 small nuclear ribonucleoprotein C   SNRPC   4,35 4,72E-05 0,013233 
Heterogeneous nuclear ribonucleoprotein A1   
HNRNPA1   6,62 5,16E-05 0,000138 

Probable RNA-binding protein 19   RBM19   4,1 5,41E-05 0,006029 
THAP domain-containing protein 11   THAP11   3,3 5,54E-05 0,004141 
Band 4.1-like protein 5   EPB41L5   4,02 5,69E-05 0,001217 
Heterogeneous nuclear ribonucleoproteins A2/B1   
HNRNPA2B1   7,55 5,8E-05 0,00027 

Terminal uridylyltransferase 7   TUT7   3,56 6,64E-05 0,012671 
Nucleolar MIF4G domain-containing protein 1   NOM1   3,42 6,99E-05 0,039197 
Beta-1,3-galactosyltransferase 6   B3GALT6   3,12 7,07E-05 0,004886 
Peptidyl-tRNA hydrolase 2, mitochondrial   PTRH2   4,88 7,5E-05 0,000114 
Transcriptional activator protein Pur-alpha   PURA   4,72 9E-05 0,001456 
H/ACA ribonucleoprotein complex subunit 2   NHP2   3,3 9,54E-05 0,020359 
Polyadenylate-binding protein 2   PABPN1   3,2 0,000124 0,006059 
Histone H1x   H1FX   3,72 0,000149 0,044075 
Non-histone chromosomal protein HMG-14   HMGN1   3,98 0,000154 7,28E-05 
PIN2/TERF1-interacting telomerase inhibitor 1   PINX1   4,07 0,000159 0,012531 
Cold-inducible RNA-binding protein   CIRBP   3,9 0,000166 0,000114 
Splicing factor, arginine/serine-rich 19   SCAF1   3,18 0,000176 0,020947 
Surfeit locus protein 6   SURF6   3,61 0,000225 0,004242 
Ras-responsive element-binding protein 1   RREB1   3 0,000386 0,000131 
3'-5' exoribonuclease 1   ERI1   4,07 0,000411 0,011435 
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TRAF2 and NCK-interacting protein kinase   TNIK   3,75 0,000537 0,012206 
Kinesin-like protein KIFC1   KIFC1   3,12 0,000552 0,039342 
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leukemia; TCGA: the cancer genome atlas; TET2: Tet methylcytosine dioxygenase 2; TF: 
transcription factor; TGFβ: Transforming growth factor beta; TGFβR1: Transforming growth factor 

beta receptor 1; TM4SF1: Transmembrane 4 L6 family member 1; TNF: tumour necrosis factor; 

tRNA: transfer RNA; TP53: tumour potein 53; TSPN3: tetraspanin3; UKH: Universitätsmedizin 

Halle; UTR: untranslated region; UTX/MLL:translocation of Ubiquitously transcribed 

tetratricopeptide repeat, X chromosome with mixed-leukaemia protein; U2AF1: Splicing factor 
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U2AF 35 kDa subunit; VCL: vinculin; v/v: volume per volume; VRK1: Serine/threonine-protein 

kinase VRK1; WHO: World health organization; w/v: weight per volume; XIST: X-inactive specific 

transcript; ZBTB46: Zinc finger and BTB domain-containing protein 46; ZRSR2: U2 small nuclear 

ribonucleoprotein auxiliary factor 35 kDa subunit-related protein 2; µg: microgram  
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